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Abstract

In main mid–latitude mountain areas, both snow and forests, constitute prior-

ity resources that have major economic and environmental roles. The Pyren-

ees are not an exception, where both elements coexists and interact in the

altitudinal band comprised between 1600 and 2300–2500 m a.s.l., mostly com-

prising the subalpine belt. However, interactions between mountain forests

and snowpack had not yet been fully addressed in this region. Even less

was known regarding forest–snow interactions response to the warm–up pro-

cess that is happening in this mountain range and it is expected to be ac-

celerated in the following decades. This PhD Thesis overall objective is to

deepen the knowledge on the forest–snow interactions in the Pyrenees, from

an eco–hydrological perspective. It is presented as a compilation of four re-

search publications, in which different specific objectives are assessed.

The main part of this interdisciplinary study was performed in a mountain

valley located in the central Spanish Pyrenees, where the experimental setting

comprised four forest stands of Pinus uncinata located at different elevations

(from 1674 to 2104 m a.s.l.), exposure, forest structure and microclimatology

because of the complex topography in this mountainous area. Snow cover,

climate and soil conditions, tree phenology, xylogenesis, intra–annual radial

growth and the concentration of sapwood and needle non–structural carbo-

hydrates were intensively monitored in these forests stands over a time span

from 2015 to 2020. In this context, a first research publication provided addi-

tional information about the forest cover effects on snowpack dynamics in this

region and highlighted the similarities and differences in these effects among

nearby areas and during different snow seasons. A second research publication

identified for the first time a snow signal in the inter–annual radial growth
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of P. uncinata. The research was contextualized in a wider spatio–temporal

context, analyzing dendrochronologically 36 P. uncinata forests located in the

main mountain ranges of the NE Iberian Peninsula and considering the snow

conditions occurred there in last decades. A third research publication tested

how seasonal dynamics in snowpack characteristics modified certain micro-

climatic conditions and demonstrated that these snow influences determined

in a large way the intra–annual radial growth of P. uncinata forests in the

central Spanish Pyrenees experimental site. A fourth research publication

explored how future changes in the Pyrenean climate can affect those current

forest–snow interactions, by performing a sensitivity analysis by simulating

the shifts in snow conditions at sampled central Spanish Pyrenees forests un-

der various degrees of climate forcing.

This Thesis’ results have shown that snow cover and P. uncinata forests in-

teracted both ways in the studied sites, although these interactions are sub-

jected to important spatial and temporal sources of variability. On the one

hand, forest cover, mostly through canopy interception and energy balance

alteration, determined snowpack distribution, magnitude and timing. On the

other hand, snow cover, mostly through soil temperature conditions, influ-

enced P. uncinata inter–annual and intra–annual radial growth, independent

of the widely reported effect of growing season air temperature on P. un-

cinata tree–ring development. Furthermore, this Thesis has reported that

forest cover will affect the snowpack sensitivity to future changes in climate

in the Pyrenees. The issues addressed by this Thesis, entitled "Study of the in-

teractions between snowpack and forest cover in the Aragonese Pyrenees and

their eco–hydrological implications", are of high scientific interest, but also

involve results with potential present and future applicability in forest and

water resources management in the Pyrenees.
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Resumen

En las montañas de latitudes medias los bosques y la nieve constituyen re-

cursos naturales prioritarios, tanto desde el punto de vista medioambiental

como del económico. Los Pirineos no son una excepción, dado que en esta cor-

dillera ambos elementos coexisten e interaccionan complejamente en el rango

altitudinal comprendido entre los 1600 y los 2300–2500 m s.n.m., ocupado en

su mayor parte por el piso bioclimático subalpino. Sin embargo, las interac-

ciones que tienen lugar entre los bosques de montaña y el manto de nieve en

esta región no habían sido estudiadas en profundidad hasta el momento. Y

menos aún se sabía acerca de la respuesta de las interacciones bosque–nieve

al proceso de calentamiento que está aconteciendo en esta cordillera y que se

espera se vea acelerado en las próximas décadas. De manera que, el principal

objetivo de la presente Tesis Doctoral es avanzar en el conocimiento existente

sobre las interacciones que se producen entre los bosques de montaña y el

manto de nieve en los Pirineos, desde una perspectiva eco–hidrológica. La

misma, se presenta como un compendio de cuatro publicaciones científicas,

en las que diferentes objetivos específicos son evaluados.

La mayor parte de este estudio interdisciplinar tuvo lugar en un valle de

montaña (Baños de Panticosa) localizado en el Pirineo central. El diseño

experimental incluyó cuatro bosques de Pinus uncinata de diversas carac-

terísticas ambientales, entre las cuales cabe mencionar su diferente elevación

(desde 1674 a 2104 m s.n.m.), exposición, estructura forestal y microclimato-

logía debido a la compleja topografía de este enclave montañoso. En es-

tos bosques se monitorizó intensivamente, entre 2015 y 2020, la evolución

del manto de nieve, las condiciones climáticas y del suelo, la fenología de

los pinos, su xylogénesis, la variación intra–anual del radio de su tronco y

la concentración de carbohidratos no estructurales presentes en su albura
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y acículas jóvenes. En este marco se contextualizó la primera publicación

científica que compone esta Tesis, la cual informó con detalle sobre los efec-

tos que la cubierta forestal produce en la dinámica del manto de nieve en

esta región, destacando las similitudes y diferencias que existen entre áreas

cercanas y entre distintas temporadas de invierno. La segunda publicación

científica, identificó por primera vez una señal nival en el crecimiento radial

inter–anual de P. uncinata. Esta investigación se contextualizó en un con-

texto espacio–temporal más amplio, analizando dendrocronológicamente 36

bosques de P. uncinata localizados en las principales cordilleras montañosas

del NE Peninsular y las condiciones nivales acontecidas en los mismos en las

últimas décadas. La tercera publicación científica, describió cómo la dinámica

estacional del manto de nieve es capaz de modificar ciertas condiciones mi-

croclimáticas de los bosques estudiados en el valle de Baños de Panticosa, y

demostró cómo esta influencia nival determina en buena parte el crecimiento

radial intra–anual de P. uncinata. La cuarta publicación científica, exploró

cómo los futuros cambios del clima pirenaico podrían afectar a las actuales

interacciones bosque–nieve que tienen lugar en el valle de Baños de Panticosa.

Para ello, se simularon los cambios que experimenta la dinámica nival en los

bosques estudiados bajo varios grados de forzamiento climático.

Los resultados obtenidos en esta Tesis demuestran, por tanto, que el manto de

nieve y los bosques de P. uncinata interactúan en ambos sentidos en las áreas

de montaña analizadas, si bien, tales interacciones están sujetas a import-

antes fuentes de variabilidad espacial y temporal. Por una parte, la cubierta

forestal, principalmente debido a la intercepción que producen las copas de

los pinos y a la alteración que produce en el balance de energía, determ-

ina la distribución del manto de nieve, su magnitud y su temporalidad. Por

otra parte, el manto de nieve, principalmente mediante las modificaciones que

produce en el régimen de temperaturas del suelo, influye en el crecimiento ra-

dial intra e inter–anual de P. uncinata, independientemente del ampliamente

conocido efecto que tiene la temperatura del aire durante la temporada de

crecimiento en la formación de sus anillos. Además, esta Tesis sugiere que la

cubierta forestal puede tener un importante rol en la sensibilidad del manto

de nieve ante los futuros cambios que se esperan en el clima de los Pirineos.
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Las cuestiones abordadas en esta Tesis, titulada "Estudio de las interacciones

entre el manto de nieve y la cubierta forestal en el Pirineo Aragonés y sus

implicaciones eco–hidrológicas", son de gran interés científico, pero también

proporcionan una valiosa información de gran aplicabilidad en la presente y

futura gestión de los recursos hídricos y forestales del Pirineo.
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Chapter 1

Introduction

This section contains background information to allow the reader to under-

stand this Thesis statement and arguments. Firstly, some basic concepts

about the science of snow are described. Secondly, the fundamentals of moun-

tain forests ecology are presented. Thirdly, it is introduced how both elements,

snow and forests, interact both ways. Ultimately, the objectives and justific-

ation of this Thesis are addressed.

1.1 Snow

The cryosphere is a term derived from the Greek word kryos meaning cold.

The term is used to describe any place on Earth where water is in its solid

form at least one month of the year (Barry & Gan, 2011). Seasonally, the

cryosphere encompasses more than 50% of the land, while it covers ∼10%

of the land permanently (Vaughan et al., 2013). The components of the

cryosphere include ice caps and ice sheets, glaciers, permafrost (ground ice),

freshwater ice, sea ice, and snow cover, which is the largest component in

extension (Figure 1.1). Ice is the solid phase of water and it usually presents

a crystalline structure. There are other ices (e.g. dry ice), but they do not

concern us here. Snow is a porous medium consisting of air, ice crystals

and small amounts of chemical impurities. Ice crystals are formed in the

atmosphere from the water vapor at a temperature below 0ºC, comprising

the solid fraction of precipitation when falling to the Earth’s surface (i.e.

snowfall). Snow that has fallen on the ground and accumulated, is called

1



snowpack. The density of snow can vary considerably, ranging from about

100 kg·m-3 for new snow to 500 kg·m-3 for wet old snow (Seibert et al.,

2015). The freeze-thaw cycles of snowpack produce rounded large-grained

snow, that under increasing pressure is compressed, and may forms firn at

glaciers head surface. Firn or névé is the intermediate stage between snow and

glacial ice, and reaches higher density values than snow (500–830 kg·m-3).

Further compactation of firn results in glacial ice (850–917 kg·m-3), becoming

impermeable to air and water.

Almost all of the Earth’s snow-covered land area is located in the Northern

Hemisphere (∼98%), where seasonal snow cover reaches an annual maximum

extent of ∼47 million km2 in January and February and a minimum of ∼3

million km2 in August (Robinson & Frei, 2000). Snow cover is a key driver of

the Earth’s climate system, affecting local, regional and global atmospheric

circulation. The energy balance of the lower atmosphere and the surface is

strongly controlled by the physical particularities of snow cover, especially

its high albedo and low thermal conductivity (Cohen, 1994). The annual

snowfall fraction and the snow cover persistence increase in high latitudes and

altitudes (Figure 1.2). It is estimated that 1773 km3 of snowfall accumulates

over the world’s mountains each year (Daloz et al., 2020). Mountain snow

has a relevant hydroecological influence in those areas (Seibert et al., 2021),

as well as on surrounding regions (Huggel et al., 2015), as I will explain in the

next section (Subsection 1.1.1).

1.1.1 Hydrological and ecological role of snow

Snow cover, climate and streamflow are intimately connected. Water reserves

and seasonal variability of streamflows of snow-fed basins largely depend on

snowpack dynamics (Morán-Tejeda et al., 2017), although other factors (e.g.

variability in seasonal precipitation) may also affect (Sanmiguel-Vallelado et

al., 2017). The study of snow forms part of surface-water hydrology, but

groundwater hydrology is also involved since a part of the snow runoff behaves

like subsurface flow (Singh, 2001). Seasonal snow is a critical component of

the hydrological cycle particularly at high elevations and high latitudes (Arm-

strong & Brun, 2008) (Figure 1.3). Snow, together with surface water, soil
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Figure 1.1: Geographical limits of the cryosphere in the Northern and South-
ern Hemispheres. Note that some elements located at low latitudes are not
visible in this polar projection. Credit: Intergovernmental Panel on Climate
Change (IPCC) in the Special Report on the Ocean and Cryosphere in a
Changing Climate (2013).

and groundwater, is one major storage compartment of water which repres-

ents the 17% of the total terrestrial water storage in non-polar cold climate

zones (Güntner et al., 2007). During the cold season, snowpack in mountains

constitutes a natural reservoir of water, as it accumulates solid precipitation,
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Figure 1.2: Average snow persistence (SP), i.e. the fraction of the year that
snow is present on the ground, by latitude and elevation for North America,
South America, Africa, Asia, Europe and Oceania (2001-2016). Credit: Ham-
mond et al. (2018).

that contributes to the timing and magnitude of streamflow and affects water

resource availability (Stewart, 2009). In spring and early summer, snowpack

releases the stored water by melting and causes a peak in the annual runoff.

Rain-on-snow events, i.e. rainfall onto the snow cover, also promote snowmelt

and thus enhance the peak-shape of the hydrograph (Singh et al., 1997). A

portion of snowmelt infiltrates the ground, feeding soil moisture and rechar-
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Figure 1.3: Diagram of the water cycle of Earth taking into account both
natural and anthropogenic cycles. Water is always in movement on, above,
and below the Earth’s surface, and changing states between liquid, vapour
and ice. These processes operate on different spatial and temporal scales.
The direct groundwater discharge is included in river discharge. Credit: Oki
and Kanae (2006).

ging groundwater (Singh, 2001). This water release from snowpack occurs

when the water requirements of ecosystems and human activities are higher

over the year (e.g. agriculture) and is key in the supply of water resources

to nearby lowlands (Barnett et al., 2005; Biemans et al., 2019). In fact, it is

considered that snow melt supply water for 20% of Earth’s population and

for 30% of global irrigation (Steppuhn, 1981). Thus, efficient water manage-

ment requires knowledge of the snow storage and the expected melting rate

(Dozier, 2011). It may appear that the technical understanding of snow hy-

drology is a relatively recent phenomenon, though the natural philosophy of

the ancient Greek (Anaxagoras, 500–428 BCE) indicates an early understand-

ing of the relationships between snowpack dynamics and streamflows: "The

Nile comes from the snow in Ethiopia which melts in summer and freezes in

winter" (Aet. Plac. iv 1; 385); "And the Nile increases in summer because

water flow down into it from snow at the north" (Hipp. Phil. 8; Dox. 561)

(Fairbanks, 1898). However, there is a general lack of appreciation by society

of the importance of snow to everyday life (consumption, agriculture, hydro-
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power, and domestic, industrial and municipal water), particularly in those

arid regions whose headwaters are located in mountainous terrain. This is the

case of Western USA, where snow melting is the source of more than 50% of

total regional runoff (Li et al., 2017). Similarly, snowmelt runoff in the moun-

tainous eastern part of Turkey constitutes 60–70% of the total yearly runoff

(Acar et al., 2009). In Mediterranean regions, high-elevation areas (> 2000 m

a.s.l.) are commonly dominated by snowmelt, whereas rainfall defines most

of the hydrograph shape in the low-elevation areas (Fayad et al., 2017). Since

the snow cover regime (i.e. timing, duration) is highly sensitive to changes

in temperature and precipitation, the process of snow accumulation-melting

are hotpots for climate change impacts (Beniston, 2003). That is an issue

that I will address later at Subsection 1.1.3. Moreover, snow cover thickness

influences the thermal regime of glaciers, whose melt contribution to runoff

is of outmost interest in several glaciered basins (Kaser et al., 2010). This

has related consequences for glacier response to climate change and outburst

flood hazards. (Gilbert et al., 2012).

Snow cover is not only the environment, but also the mediator of snow-related

ecosystems, modifying interactions between atmosphere, soil, nutrients, mi-

croorganisms, plants and animals (Jones et al., 2001). It is not unusual that

seasonal snowpack covers the ground for more than half of the year in Ar-

tic and alpine regions. During this period, and afterwards, soil microclimate

(temperature and moisture) is conditioned by snow cover dynamics (Hardy

et al., 2001). Thus, soil organisms, vegetation and associated biogeochem-

ical processes are also influenced by snow (Löffler, 2007). A well developed

snowpack acts as a thermal insulator decoupling soil temperature from air

temperature because snow has high shortwave albedo and low thermal con-

ductivity (Zhang, 2005). This mechanism regulates the extent of soil freez-

ing during winter; however, it also delays warming of soil in spring (Decker

et al., 2003). Freezing soil temperatures during winter, induced by shallow

snowpacks, inhibit soil microbial respiration, nitrogen mineralization and fine

root growth in cold regions (Schimel et al., 2004; Wu, 2020). Moreover, a

scarce snow cover during winter impacts negatively on the abundance of soil

biota and changes in its community composition (Templer et al., 2012). Shal-
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low and therefore ephemeral snowpacks, induce earlier soil warm up date in

spring, which enhance soil microbial respiration by this time and may result in

increased overall annual greenhouse gas emissions (Arndt et al., 2020; Wilson

et al., 2020). On the other hand, snow melting provides water and nutrients

to soil (Johannessen & Henriksen, 1978; Maurer & Bowling, 2014). Thereby,

together with the above mentioned snow influences on microbial activity and

decomposition rates, snow dynamics can alter the amount and timing of plant-

available nutrients during the growing season (Rixen et al., 2008). The time of

snowmelt significantly affects the life-cyle of plants by defining the start of the

growing season and can influence plant growth (Kudo, 1991). Although I will

introduce later on this chapter (Subsection 1.3.2) the particular snow influ-

ences on forest growth and functioning, it is worth mentioning that the date

of snowmelt is one of the most important factors that define tree seasonal

growth and tree-ring development in cold regions (Kirdyanov et al., 2003).

Generally, increased snow cover, and therefore more lasting snowpack, negat-

ively impact on plant productivity (Wipf & Rixen, 2010). Whereas, vascular

plant, moss and lichen species in Arctic regions are highly dependent on the

evolution of snow conditions, where a shorter snow cover duration accelerates

their rates of extinction (Niittynen et al., 2018). Permanent and seasonally

snow covered lands are considered a limiting factor for the distribution and

ecology of terrestrial animals (Formozov, 1946). However, these areas also

constitute important habitats for arthropods, birds and mammals that are

adapted to snow-cover conditions (Rosvold, 2016). Some animal species are

snow-dependent too, such as the wolverine (Gulo gulo), whose successful re-

production depends on spring snowpack for providing suitable denning sites

(Magoun & Copeland, 1998). Both domestic and wild ungulate populations

diet comprise higher quality forage promoted by delayed plant phenology in-

duced by snowy winters (Mysterud & Austrheim, 2014). Predator-prey in-

teractions can also be determined by snow conditions. For example, it has

been observed how snow depth affects wolves kill rate, which increases in

deep snowpacks (Huggard, 1993). Snowpack dynamics also affect freshwa-

ter ecosystems. Productivity of mountain lakes is influenced by annual snow

conditions, because smaller spring snowpacks leads to warmer lake temper-
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atures and higher nutrient concentrations (because they are not diluted by

snowmelt) and, as a result, phytoplankton biomass is enhanced (Oleksy et

al., 2020; Sadro et al., 2018). Similarly, snow dynamics influence water tem-

perature and benthic organic matter of mountain streams, and thus, their

macroinvertebrate community composition (Schütz et al., 2001). Maritime

ecosystems are influenced by snow processes as well, especially those related

to melt water (Vogt & Braun, 2004).

1.1.2 Influencing factors on snowpack

Snow formation

Earth Systems interact with the cryosphere, determining snow formation and

snowpack development. The hydrosphere provides the water needed to form

snow. The chemical and physical processes of forming snowfall involve three

phases of water and occur in clouds, which form when supercooled water and

suitable aerosols are present (Barrie, 1991). The temperature and moisture

content of the atmosphere determine the type of snow crystal formed, which

in turn confers particular characteristics to the snowpack (structure and dens-

ity). The biosphere contributes to the snow crystal formation providing part

of the particles that support this process in the form of bacteria, pollen and

fungal spores (Christner et al., 2008). The external part of the geosphere,

the lithosphere, provides the other part of the aerosols which constitute snow

crystal condensation nuclei. The geosphere comprises the formation of moun-

tains whose elevation establishes if precipitation falls as snow or rain, which

determines the altitudinal limits of seasonal snowpack development (Theri-

ault & Stewart, 2008). This is because elevation is important in determining

temperature and precipitation gradients along mountainside. Air temperature

gradients are characterised by a gradual reduction of air temperature upwards

or polewards, determining where solid precipitations falls. But it is important

to note that the ratio of air temperature change per elevation unit is variable

in space and time due to their dependence on topography, seasonality and

meteorological conditions (Barry, 1992; Navarro-Serrano et al., 2018). The

relationship between precipitation and altitude is less consistent. Precipit-
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ation tends to increase with elevation through the orographic effect, since

atmospheric uplift is caused by relief (Barry & Chorley, 2009). Nevertheless,

this pattern can vary widely depending on the regions and synoptic situations

(Sevruk & Mieglitz, 2002). For example, tropic mountain chains show pre-

cipitation regimes with near-sea maxima, with mid-elevation maxima, and

those with approximately uniform precipitations rates across the altitudinal

gradient (Barry, 1992).

Snow distribution and development

Snow variability differs from different spatial scales, and each has its own im-

plications. At large spatial scales, snowfall distribution varies with latitude,

elevation, geomorphological characteristics and the proximity to large bodies

of water (Pomeroy & Brun, 2001). Nevertheless, snowfall distribution can

vary largely among nearby areas due to changes in slope, aspect, vegetation

and wind (Anderson et al., 2014). I will elaborate on the role of the forest on

snow distribution and development in Subsection 1.3.1 below. Gravitational

transport establishes a preferential snow deposition on moderate-angle slopes,

while steep slopes suffer snow removal. Slope steepness and aspect also induce

snow redistribution by avalanching (Kerr et al., 2013). Windy conditions re-

distribute the fallen snow over the landscape following these steps: (1) erosion

of snow cover by the shear strength of wind, (2) transport of the blowing snow,

and (3) snow deposition to favorable sites (high roughness or low exposure)

(Pomeroy, 1988). The average snow accumulation on the downwind slopes

is twice than on the windward slope, reaching a maximum in the downwind

slope cornice. Thus, aspect determines the redistribution of snow by wind

(Anderson et al., 2014).

Snowpack results from successive snowfalls, forming layers that are trans-

formed before being buried by the following snowfall. Hence, snowpack de-

velopment shares some similarities with geological stratification. Each layer

presents unique properties that enable them to be differentiated over most

of the snow season when we make a snow pit, for example. There is almost

always present a vertical temperature gradient within the snowpack, where

lower layers of the snowpack generally remains near to 0ºC while upper layers
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are affected by air temperature (Santeford & Smith, 1974). The direction

of the temperature gradient can change in a short lapse of time, with the

surface being sometimes warmer than the bottom, and vice versa. The tem-

perature gradient within the snowpack generates sublimation and condensa-

tion of water vapour that change the shape and size of snow crystals. As a

consequence, physical characteristics of snowpack change, including density,

albedo, permeability, hardness and heat conductivity (Colbeck, 1982). These

overall transformation processes are collectively referred to as metamorphism

(LaChapelle & Armstrong, 1977). For example, small temperature gradi-

ents result in more bonding between structures and thus in higher snowpack

density, while wide temperature gradients produce poorly bonded structures

which results in lower snowpack density (Dominé et al., 2003). The mass of

new snowfalls increases the pressure over the top layers of snowpack and also

can promote snowpack metamorphism. Also, wind is an important driving

force for snow metamorphism, since it changes snowpack mass and density

and deposits aerosols inside (Aoki et al., 2000; Pomeroy & Li, 2000). In ad-

dition, windy conditions enhance sublimation, which has a relevant role in

reducing the final snow accumulation in many cold regions (Strasser et al.,

2008).

Temperature evolution within the snowpack is governed by conservation of

energy, which is described by the first law of thermodynamics. It tells us that

snowpack can exchange energy with its surroundings (i.e. atmosphere and

ground) by the transmission of heat (Figure 1.4). The net energy exchanged

is then equal to the change in the total heat content of snowpack (”Q). Ac-

cordingly, the snow energy balance comprises the following energy fluxes: net

solar radiation (K), net thermal radiation (L), turbulent exchange compoun-

ded by sensible (Qh) and latent (Qe) heats, ground conduction (Qg) and

advected heat (Qp); see equation (1.1). Positive signs indicate energy fluxes

towards the snowpack (i.e. they are an energy source to the snowpack), while

fluxes away from the snowpack are considered to be negative. This means

that snowpack can gain or lose heat by means of one or more of these pro-

cesses depending on specific weather and snow cover conditions (Van Mullem
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& Garen, 2004). The sum of all energy fluxes is equal to the change in heat

content of snowpack for a given period (”Q/”t). That is,

”Q/”t = K + L + Qe + Qh + Qg + Qp (1.1)

Figure 1.4: Diagram of the snowpack energy budget. K terms represent the
solar inputs (incoming and outgoing). L terms represent longwave radiation
(incoming and outgoing). Turbulent fluxes are represented as Qe term (latent
heat) and Qh term (sensible heat). Qg term represents ground conduction.
Qp term represents advected heat. Credit: Donald Cline, National Oceanic
and Atmospheric Administration (NOAA), Washington DC, USA.

The net solar radiation is the difference between incoming minus reflected

shortwave radiation. The incoming solar radiation depends on latitude, sea-

son, slope, aspect, atmospheric diffusion and landscape obstacles which pro-

duce a shadow effect on snowpack. A large fraction of the incoming solar

radiation is reflected back into the atmosphere because the snow albedo is

high: it ranges from 0.8–0.9 for fresh snow to 0.4–0.7 for old snow (Barry &

Gan, 2011). Snow albedo usually decreases for a few days after a snowfall as

a result of metamorphism or wind-blowing, because snow structures becomes

more rounded and its ability to reflect incoming radiation decreases. Snow
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albedo also decreases due to particle accumulation on its surface (called light

absorbing particles), as black carbon, dust or microbial growth (Skiles et al.,

2018). The net thermal radiation is the difference between incoming long-

wave from the atmosphere, terrain, clouds and vegetation of the surroundings

minus the outgoing longwave from the snowpack. Sensible heat transfer oc-

curs at the snowpack surface if there is a temperature difference between snow

and air, being positive if the air is warmer than the snow and negative if it

is colder. Latent heat is exchanged with the surroundings in case of phase

change of water, being positive in case of freezing or condensation and negative

in case of evaporation, fusion or sublimation. Both turbulent fluxes, sensible

and latent heats, are enhanced on windy days when the cooled air near the

snowpack surface is mixed with warmer air above. Ground conduction occurs

at the bottom of the snowpack if there is a temperature difference between

snow and soil, being positive if the soil is warmer than the snow and negative

if it is colder. Advected heat transfer occurs during rain-on-snow situations,

being positive if rain temperature is warmer than the snow and negative if it

is colder.

Snow melt

Seasonal snowpacks gains density during the season through metamorphism

until the melt period, which is triggered by an increased input of solar ra-

diation and temperature. Absorbed energy from the surroundings raises the

snowpack temperature to a point at which the snowpack is isothermal (i.e.

temperature remains constant along the snowpack) at 0ºC. The energy re-

quired to bring the snowpack to isothermal conditions is the cold content of

the snowpack. When the entire snowpack is isothermal (”Q = 0), further

absorption of energy (i.e. positive values of ”Q) is used to melt snow. Then,

the interstitial space around snow structures is embedded into melt water,

which promotes a fast melting because heat is better transferred in liquid

than in air (Colbeck, 1973). At the time when the snowpack cannot retain

any more melt water in pore spaces, additional absorption of energy causes

water output, producing runoff, soil infiltration or evaporation. However, it

is necessary to consider that this is a simplified sequence of events. For ex-
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ample, it is not uncommon that melt water percolates into deeper snowpack

layers (where temperature is < 0ºC) and refreezes, or melting may start on

the snowpack surface before reaching the isothermal conditions within. Last

but not least, snowpack generally experiences a daily freeze-thaw cycle.

1.1.3 Snow conditions in a changing climate and its im-

plications

Studies dealing with historical snow trends stated that current climate change

has already altered key variables which drive both snowpack development and

ablation, resulting in annual anomalies in snow cover mass and extent (Figure

1.5). Warming temperatures have increased the liquid fraction of precipitation

(rain) at the expense of its solid fraction (snowfall) during winter (Mote et al.,

2005). On the other hand, earlier snowmelt and melt-out date are taking place

(Klein et al., 2016). This all results in reduced snow cover extent (Figure

1.6), diminished snow mass and shortened snowpack duration (Choi et al.,

2010; Notarnicola, 2020; Pulliainen et al., 2020). As a consequence, new

snow drought hot spots have emerged, including eastern Russia, Europe and

the western USA (Huning & AghaKouchak, 2020). Current warming have

affected snow cover differently at different elevations due to the elevation-

dependent warming (Pepin et al., 2015). Observations show a general decline

in low-elevation snow cover due to climate change in recent decades, in terms

of depth and extent, although its inter-annual variability is high. On average,

the duration of snow cover has declined 5 days per decade, with a likely

range from 0-10 days per decade (Hock et al., 2019). While, generalasing, at

higher elevations snow cover trends are insignificant or unknown. In addition,

contrasting findings arise from global to local scales, where in the latter case

no historical trends or even increasing snow magnitude have been found in

certain areas (associated to spatio-temporal variability of climate) (Pulliainen

et al., 2020; Schöner et al., 2019).

Other studies have investigated the potential impacts of climate change on

future snowpack conditions. Projections point to a continuous decline of snow

cover in almost all regions throughout the 21st century (Beniston et al., 2018;
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Figure 1.5: Twelve-month running anomalies of monthly snow cover extent
(SCE) over Northern Hemisphere lands as a whole and Eurasia and North
America separately plotted on the 7th month using values from November
1966 to December 2020. Anomalies were calculated from mean hemispheric
SCE for the full period of record (25.1 million km2). Credit: D.A. Robinson,
Global Snow Lab of Rutgers University, New Jersey, USA.

Dedieu et al., 2014; Fyfe et al., 2017; Terzago et al., 2014; Vicuña et al., 2011).

Hock et al. (2019) reported that a snow depth decrease by 10–40% is expected

at low elevations for 2031–2050, regardless the future emission scenario con-

sidered, compared to 1986–2005. While for 2081–2100 these reductions are

expected to increase by up to 50–90% considering the Representative Con-

centration Pathway 8.51. The change in the date when snowpack disappears

as the planet warms varies spatially, as evidenced by Evan and Eisenman

(2021) who estimated that faster ablation rates will occur in coastal regions,

the Arctic, the western USA, Central Europe and South America. All of the

previously mentioned problems associated with water resources management

in snow-fed basins may therefore increase as the climate continues warming

(Simpkins, 2018; Whitaker et al., 2008).

Snow-dominated basins are especially sensitive to climate variability (Barnett

1The Representative Concentration Pathways (RCPs) comprise future scenarios that
contain emission, concentration and land-use trajectories (Intergovernmental Panel on Cli-
mate Change, 2013). More specifically, RCP8.5 is a scenario in which the greenhouse gas
concentrations, that closely correspond to the emissions trends, follows the upper range in
the literature (i.e. high emission scenario) (van Vuuren et al., 2011).
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Figure 1.6: Spring Northern Hemisphere snow cover extent and linear least
squares trends from 1967 to 2020. Spring season was calculated using 3-
month means (March-April-May). Credit: D.A. Robinson, Global Snow Lab
of Rutgers University, New Jersey, USA.

et al., 2005). In those areas, as well as surrounding lowlands, recent and pro-

jected changes in snowpack affect physical, biological and human systems, as

I will describe below.

The most important effect is the influence on streamflow. The amount and

seasonality of runoff in snow-fed basins have changed towards a generalised

decoupling of mountain river regimes from headwater snowpack dynamics

(López-Moreno et al., 2020). The previously mentioned changes in snow

dynamics as a consequence of warming, have resulted in greater runoff in

winter but lower runoff in spring and summer (Adam et al., 2009; Mussel-

man et al., 2021). Earlier streamflow peaks are contributing to compromise

reservoir storage (Barnett et al., 2005), even producing important shortages

(AghaKouchak et al., 2014). That snow-related hydrological changes have

produced local impacts on agriculture performance (Nüsser & Schmidt, 2017)
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and on hydropower generation (Einarsson & Jónsson, 2010; Kopytkovskiy

et al., 2015; Weingartner et al., 2013). As a result of projected snow cover

decline, streamflows in snow-dominated river basins will change further in

amount and seasonality, producing enhanced negative impacts on agriculture,

hydropower and water quality (Qin et al., 2020) (Figure 1.7).

Partly due to reduced snow cover, species composition and abundance in sea-

Figure 1.7: Basins at risk from changes in snowmelt under 4 °C warming,
where irrigated agriculture is projected to be most vulnerable to snowmelt
hazards. Snowmelt hazard index (SHI) is the product of projected decreases in
the share of irrigation demand met by snowmelt runoff and expected increases
in the share of demand met by alternative water sources. Credit: modified
from Qin et al. (2020).

sonal snow-covered ecosystems have substantially changed, including plants,

mammals, arthropods, birds, fish, lichen and fungi (Slatyer et al., 2021). Here,

I provide some examples: the structure of several freshwater communities has

been altered (Leach & Moore, 2014), new habitats have become available for

absent plant species in the past (Bueno de Mesquita et al., 2018), the abund-

ance of certain animals adapted to cold environments have declined (Pedersen

et al., 2017), the plant productivity has increased in general (Wangchuk &

Wangdi, 2018), local plant species richness has been increased through upslope

migration (Winkler et al., 2016), some snow-dependent animal species ability

to reproduce has been negatively impacted (Saalfeld et al., 2019), and foraging
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and predation relations have been altered (Atmeh et al., 2018). The current

trends in snow-related changes in ecosystems are expected to continue, and

the derived impacts are bound to intensify (Mustonen et al., 2018).

The frequency, magnitude and location of related natural hazards have been

altered. In some regions, wet-snow avalanches have become more frequent

(Pielmeier et al., 2013), rain-on-snow floods have increased at high elevations

in winter (Freudiger et al., 2014) and, associated to early snowmelt, the quant-

ity and magnitude of wildfires have increased (Westerling, 2016). On the other

hand, people and infrastructure exposure to snow-related natural hazards has

increased due to socioeconomic development, tourism and growing popula-

tion (Haeberli & Whiteman, 2015). As snowpack continues to decline, most

related natural hazards are projected to change in frequency, magnitude and

areas affected (Agrawala, 2007; O’Gorman, 2014).

Snow-dependent economies have been negatively impacted in several regions.

The functioning of low-elevation ski resorts has been threatened (Beaudin &

Huang, 2014), some mountain routes have reduced their safety (Hoy et al.,

2016), and the cultural aspects of mountain landscapes (aesthetic, spiritual,

etc.) have been impacted causing a reduction of people well-being (Becken

et al., 2013). Future snow cover changes are expected to continue negatively

impacting recreational activities, tourism and cultural aspects of mountainous

areas (Hendrikx et al., 2012). Some adaptation measures have been imple-

mented to deal with the impacts of snow changes in tourism, agriculture or

water supply, but nowadays there is still limited evidence on their effectiveness

(Hock et al., 2019; Spandre et al., 2019; Sterle et al., 2020).

1.1.4 Snow in the Pyrenees

Mountainous regions that are under the influence of the Mediterranean cli-

mate receive most of the winter precipitation as snow, which is released as

melt water in the spring and summer. The high inter- and intra-annual cli-

mate variability of Mediterranean regions results in significantly different hy-

drologic processes from those found in other snow-influenced regions. Fayad

et al. (2017) reviewed the particularities of Mediterranean snowpacks, con-

cluding that: (1) they show high inter- and intra-annual variability in terms
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of snow depth, snow density and snow water equivalent; (2) they experience

higher densification rates; (3) radiation fluxes dominate their energy and mass

balances, accounting for most of the energy available for melt, while the con-

tribution of sensible and latent heat fluxes becomes notable towards the end

of melting season; (4) snow sublimation predominates in the high-elevation

areas while snowmelt dominates in the mid- to low-elevation terrain; and

(5) the melting process is affected by heatwaves, dust deposition and rain-

on-snow events. By the time snow melting happens, precipitation is scarce

in these regions, since the climate of the Mediterranean is hot and dry dur-

ing the summer and mild and wet during the winter (Lionello et al., 2006).

Snowmelt smooths seasonal variability of Mediterranean streamflows, as a

result of melting runoff contributions during the warm season, which in other

case would diminish steeply. Therefore, snowmelt becomes an essential wa-

ter resource for ecosystems and human activities settled in Mediterranean

mountains and downstream areas (López-Moreno et al., 2008). For example,

snowmelt provides essential runoff during the growing period of crops, being

the agriculture a major activity in these regions. Besides, future scenarios

for water resources in the Mediterranean region are expected to challenge its

sustainability, quantity, quality and management (García-Ruiz et al., 2011).

The Mediterranean region is expected to be one of the most sensitive regions

to climate change (Giorgi, 2006). Climate change over this region consists

of a pronounced warming and a sharp decline in annual precipitation at the

end of the 21st century, both especially marked in the warm season (Giorgi &

Lionello, 2008). The Mediterranean mountains are no exception to it (Nogués

Bravo et al., 2008). Currently the concern about their response to climate

change is strengthened considering the rate of warming increases with eleva-

tion (Pepin et al., 2015). Snowpacks of Mediterranean mountains are highly

sensitive to temperature increase, and among them, Pyrenean snowpacks are

expected to be the most impacted by climate change (López-Moreno et al.,

2017). The snow distribution in the Pyrenees shows large longitudinal, lat-

itudinal and elevational gradients (Figure 1.8). Snow probabilities, which

mean the average number of days covered by snow per year, increases from

the southeast towards the northwest (Alonso-González et al., 2020a). This
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Figure 1.8: (a) Pyrenean spatial pattern of the average number of days covered
by snow per year (temporal snow probability) during the 2000-2014 period.
(b) Distribution of the temporal snow probability values along the elevation
gradient in the Pyrenees. (c) Distribution of the inter-annual variability of
the temporal snow probability (CV values) along the elevation gradient in the
Pyrenees. Scatterplots (b, c) colours refer to the relative density of points,
ranging from blue (lower values) to red (higher values). Credit: elaborated
by compiling figures taken from Alonso-González et al. (2020a).

oblique gradient of Pyrenean snow distribution reflects, on the one hand, the

north-south precipitation transition induced by the topographic barrier effect

of this range to the winter weather types from the north and northwest (Ser-

rano & Moreno, 2017), and on the other hand, the east-west Mediterranean-

Atlantic gradient characterised by higher winter-spring precipitation west-

wards. The ground is snow-covered at least 50% of the time above 1600 m

a.s.l. between December and April (Gascoin et al., 2015). Furthermore, as

elevation increases, lower inter-annual variability of the temporal snow prob-

ability is observed (Alonso-González et al., 2020a). The winter North Atlantic

Oscillation has a large influence on annual snowpack accumulation and dura-

tion on the southern slopes of the Pyrenees, controlling the direction of the wet

air masses from the west and southwest related to this atmospheric pattern
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(Alonso-González et al., 2020b). In addition, African dust episodes are not a

rare event in these mountains, as a consequence, the deposition of these min-

eral dust particles produces significant spatial variability of snow albedo even

at very small scales (Pey et al., 2020). Pyrenean snowmelt water contributes

∼40% of the spring runoff for the Ebro headwaters, being an essential resource

for hydropower generation and lowland agriculture (López-Moreno & García-

Ruiz, 2004). Besides, snow supports in the Pyrenees the major economic

activity for several valleys throughout more than 30 ski resorts (Gilaberte-

Búrdalo et al., 2017). To the date, climate change has impacted snow dynam-

ics in the Pyrenees, where snowpack depth and duration has been reduced,

and also, an earlier and faster snow melting is taking place (López-Moreno

et al., 2020; Morán-Tejeda et al., 2017; Morán-Tejeda et al., 2014). It has

been already observed a reduced water availability in the southern Pyrenees

over the 20th century in response to the negative trend of snow accumula-

tion, together with the occurred changes in precipitation, temperature and

increased vegetation density in headwaters areas (López-Moreno et al., 2008).

Fluvial regimes also reflect the mentioned changes in Pyrenean snow dynam-

ics, with a reduced importance of spring discharge and the earlier occurrence

of high waters peak (Morán-Tejeda et al., 2017; Sanmiguel-Vallelado et al.,

2017). All of these changes occur as water demand increases, especially for

agricultural activities. The evidence is clear: water managers have adapted

long ago a reservoir management strategy based on a dramatic reduction in

the water released downstream the dams, which corresponds to the minimum

ecological flow for most of the year, to address with the progressive reduction

of Pyrenean discharge (López-Moreno et al., 2004).
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1.2 Mountain forests

Mountain2 forests definitions usually include altitude, slope and local elev-

ation range (Schönenberger & Brang, 2004). On a global scale, mountain

forests can be defined as those forests growing in slopes located at 300–2500

m a.s.l. that show pronounced changes with elevation increment within a short

distance or, as those forests growing at 2500 m a.s.l. or higher, regardless of

the slope (Kapos et al., 2000). Thus, steep mountain forests can occur in the

lowlands, especially on volcanic islands as the Caribbean where they occur

at 300 m a.s.l. Whereas there are sites in certain tropical and subtropical

mountain chains where mountain forests grow at elevations over 4000 m a.s.l.

(Kappelle, 2004). Mountain forests cover 9 million km2 on Earth’s surface,

comprising the 23% of total forest covering. In Europe, mountains cover more

than 40% of the territory (Price et al., 2004), of which 41% is covered by forests

(Price et al., 2011a). They are present on every continent, except Antarctica,

and in every climatic zone. Both coniferous and broadleaved species can com-

pound mountain forests. Forest growth is generally slower in mountains than

in the surrounding territories, due to the thoughest environmental conditions;

including more extreme climates, shallower soils and shorter growing seasons

(Körner, 2003). They are hotspots of biodiversity and provide essential eco-

system services to human communities settled in mountains and surrounding

areas such as regulation of water cycles, carbon uptake and soil formation,

among others (Millennium Ecosystem Assessment, 2005). Furthermore, such

areas are considered as natural laboratories, since mountain ecosystems are

highly sensitive to global change (Loeffler et al., 2011). From a hydrological

point of view, mountain forests strongly influence the quantity and quality

of water supplies in those areas and lowlands (Hewlett, 1982). Mountain

forest cover has experimented two different trends in recent decades: steady

loss in developing countries due to deforestation, principally in tropical areas,

2Two well-stablished definitions of mountains are below indicated. In Blyth (2002),
the world’s mountainous terrain is defined by elevation alone if > 2500 m a.s.l. or by a
combination of elevation, slope and local elevation range at lower elevation (i.e. 1500–2500
m a.s.l. and slope > 2º, 1000–1500 m a.s.l. and slope > 5º or local elevation range (7 km
radius) > 300 m, 300–1000 m a.s.l. and local elevation range (7 km radius) > 300m). On
the other hand, Körner et al. (2011) made no distinction by elevation, but apply a minimum
200 m elevational amplitude among 3x3 = 9 grid points of 30ÕÕ in 2.5Õ pixels.
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and progressive expansion in industrialised countries by means of plantations

and forest encroachment into grassland and scrubland after agricultural land

abandonment (Price et al., 2011b).

1.2.1 Mountain forests ecosystem services

Ecosystem services refer to the benefits that people directly or indirectly ob-

tain from the nature (Millennium Ecosystem Assessment, 2005). They can

be categorised as provisioning, regulating, supporting, or cultural services

(Haines-Young & Potschin, 2012). Based on Glushkova et al. (2020), the

ecosystem services provided by mountain forests include the following:

Provisioning services: Mountain forests can provide wood (for use as fuel or

as building material), food (e.g. berries, mushrooms, wild-game meat, honey,

insects and fruits), medicines, and pasture for livestock (Butt & Price, 2000).

Regulating and supporting services: Mountain forest have a key role in pre-

venting soil erosion and they actively reduce snow and rock avalanches since

forest trees act as physical barriers that impede downslope mass movements,

and passively mitigate their impacts below (Dorren et al., 2004). Mountain

forests condition the hydrological cycle: they have a complex role in affect-

ing evapotranspiration, soil moisture, surface roughness, water interception

from precipitation or mist, and snow processes (Band et al., 1993; Juez et al.,

2021). I will explain the latter below, in Subsection 1.3.1. Mountain forests

exerts an active but slow mitigation of climate change through CO2 absorp-

tion in biomass and soils (carbon sequestration), explained by the slow tree

growth and biochemical processes that take place at high altitudes (Price et

al., 2011c). Many of them are also global hotspots for biodiversity providing

several habitats for different species and functioning as corridors and refuge

areas (Estreguil et al., 2013).

Cultural services: Mountain forests also provide non-material benefits, includ-

ing recreational and tourism potential (Peña et al., 2015). Moreover, several

human communities settled in mountainous areas link their traditions and

beliefs to these environments. Hence, in mountain regions around the world,

forested areas are considered as sacred and are protected, often associated
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with strong aesthetic, mythological, cultural and spiritual values (Hong et al.,

2002).

1.2.2 Influencing factors on tree growth in mountains

It is known that montane vegetation shows a strong elevational zonation since

von Humboldt and Bonpland (1807) studies, at least. Environmental condi-

tions (temperature, humidity, soil properties, wind and solar radiation) are

linked with elevation, defining bioclimatic levels. In the course of evolution,

plants developed adaptations to the particular conditions obtaining at each

bioclimatic level and, as a result, vegetation changes at distinct elevations

forming vegetation belts (Figure 1.9). These changes in climatic paramet-

ers are exacerbated in mountains, where steep elevation gradients take place.

Four major vegetation belts can be defined from foothills to summits, with

varying vegetation among them: colline (on the foothills, if its vegetation dif-

fers from that of the lowland zone), montane (at mid-mountain), subalpine

(just below the forest limit) and alpine (above the forest limit) (Pedrotti,

2013). Along the mountainside, species richness decreases with increasing

altitude, though endemism increases due to topographic isolation (Pedrotti,

2012).

Tree’s crown, stem and roots are able to react to environmental conditions

and determine the timing, rate and dynamics of tree growth. Stem radius

changes are driven by two main processes: the growth of tree tissues and

their hydration (i.e. shrinking and swelling) (Tatarinov & Čermák, 1999).

Therefore, stem radius partly reflects the changes in stem water content, which

are widely correlated with daily precipitation among others (Mäkinen et al.,

2003). Here it is noteworthy to mention that tree growth occurs in two ways,

including primary and secondary growth. Primary growth refers to root and

shoot development which results in increases in height and length. While

secondary growth refers to root, stem and branch increases of thickness. When

we peel the bark off a branch, a white layer appears below the bark and above

the wood: this is the cambium or cambial zone. Every year, the cambium

creates new wood (i.e. xylem), on the inside and new bark on the outside

(i.e. phloem or living bark) (Prislan et al., 2013). Therefore, xylogenesis is
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the process of wood formation, which in conifers is made of two types of cells:

tracheids (they constitute > 90% of the tissue and perform both the water

conduction and the mechanical support) and parenchyma cells (they store and

transport compounds). In temperate and cold seasonal regions, trees develop

annually concentric structures called tree-rings or growth rings (Rathgeber et

al., 2016). Dendrochronology is the study of tree-ring variables through the

dating and measurement of annual rings. If growing conditions are favorable,

the developed annual rings are wider than those created during poor growth

conditions (Fritts, 1976). Nevertheless, tree-ring width also reflects internal

tree factors, as age. As a tree gets older, its growth decreases (Serre, 1979).

Xylem radial growth rate generally peak around the summer solstice, when the

photoperiod is maximal, if we do not take into account environmental stress.

This period usually marks the transition between the wood produced at the

beginning of the growing season (i.e. earlywood) and the wood produced

at the end of the growing season (i.e. latewood) (Cuny et al., 2014). Both

woods anatomically and functionally differs, and that differentiation is driven

by tracheid morphology (Rathgeber et al., 2006), since earlywood is formed

by wide and thin-walled cells while latewood is formed by narrow and thick-

walled cells (this pattern is generally observed in conifers) (Figure 1.10). It

is important to note that the timing of actual xylem development differed

from the timing of changes in stem radius (Mäkinen et al., 2003). The xylem

carries water and nutrients from the root upward, while the phloem carries

sugars from the leaves downward (Kozlowski & Pallardy, 1996). Through

photosynthesis, trees produce sugar using sunlight, water and carbon dioxide.

Sugar can be stored in the stem and roots as starch. Both sugar and starch

(i.e. carbohydrates) are used to provide energy for tree maintenance (e.g.

respiration, chemicals production, cell repair) and growth. Tree growth fixes

more carbon from the atmosphere than respiration released back into it, thus

world’s forests constitute a large and persistent net sink of carbon (Pan et al.,

2011).

Tree growth and forest productivity3 are largely controlled by climate condi-

3Forest productivity refers to woody biomass accumulation (tons per hectare), which is
also expressed as wood volume increment (cubic meters per hectare).
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(a)

(b)

Figure 1.10: (a) Typical tree-ring structure in conifers. Between the latewood
and the phloem is the cambial zone (CZ). Credit: Cuny et al. (2014). (b)
Seasonal cycle of cambial activity and tree ring formation in temperate coni-
ferous trees. The black circle represents the solar calendar; the orange/green
circle illustrates the seasonal evolution of cambial activity, while the blue and
red circles illustrate the seasonal evolution of wood formation (enlargement
and thickening period respectively). Wood formation critical dates are lis-
ted in the adjacent table along with their corresponding environmental cues
(question marks indicate uncertain roles or missing evidence). Arrows indic-
ate causal relationships between phenological phases. In the center, two cross
sections show the cambium and the xylem of a Scot pine tree during winter
(A), and spring (B). Credit: Rathgeber et al. (2016).

tions during the year of ring formation and the previous year, as well as by

past climate conditions and historical management (Marqués et al., 2021). A

major limiting factor for forest growth and development in mountainous areas,

including treeline formation, is cold air temperature (Harsch & Bader, 2011;

Körner, 2012). With elevation increment, air temperature decreases reaching
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a point where tree growth is no longer possible due to a very short growing

season. Moreover, mountain soils are usually shallower at higher altitudes,

poorer in nutrients, experiment rapid erosion and usually show low water-

holding capacities, which neither help to forest development (Müller et al.,

2016). Thus, elevation determine forest stand structure and composition in

mountain forests, as well as tree growth and form. Tree growth requires a

minimum length of the growing season of 94 days and a mean of 6.0–6.4ºC

of air temperature across all these days (Paulsen & Körner, 2014). Where

these conditions are hardly fulfilled because of altitude, mountain forests ex-

perienced a strong decline in tree height and density, delimiting an ecotone

called treeline or forest limit (Holtmeier, 2009). These areas are character-

ised with marked low air temperature, short growing seasons, strong winds

and heavy snowfalls, hence, beyond this altitude forests have big difficulties

for survival and regeneration. Although air temperature during the grow-

ing season is the primary factor causing the treeline position at global scale,

other second-order factors significantly affect treeline formation at landscape

scale, as nutrient limitation, insufficient carbon supply, limited regeneration,

forest management, climatic stress (wind, snow abrasion) or natural disturb-

ances (Camarero et al., 2015; Speed et al., 2010; Treml & Chuman, 2015;

Wieser & Tausz, 2007). The altitude of the treeline varies greatly around

the world, depending on latitude and climate, ranging from 700 m a.s.l. in

the far North (e.g. northernmost white spruce in Alaska reach a latitude of

∼68.7°N (Wilmking & Juday, 2005)) to 4800–4900 m a.s.l. in certain areas

of the sub-tropical Andes and in the southeast Tibet (He et al., 2016; Miehe

et al., 2007).

Growth-climate relationships in mountain forests vary from species to spe-

cies, from site to site, and from year to year. Low air temperature during

the cold season can damage the living tissues of trees (Jobbágy & Jackson,

2000). To avoid this fact, trees go through a period of dormancy to survive

the harsh environmental conditions during winter in temperate and cold re-

gions, while in tropical regions trees may grow all year round (Breitsprecher

& Bethel, 1990; Delpierre et al., 2016). Together with increased temperature

in spring and summer, photoperiod acts as the main environmental driver of
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the end of dormancy to the active period (i.e. growing season) (Körner, 2006).

Warm spring and summer air temperatures lengthen the growing season by

accelerating snowmelt, which increases soil temperatures, and all together

can promote faster leaf, shoot and stem growth (Körner, 1998). Soil tem-

perature influences nutrient uptake and root growth which may be reflected

in aboveground tree growth rate (Weih & Karlsson, 2001). In xeric sites

of subtropical and Mediterranean mountains, tree establishment and later

growth can be strongly controlled by soil moisture availability, which depends

on rainfall regime and/or snowmelt timing (Andrus et al., 2018; Villalba et

al., 1994). Particular snow influences on forest dynamics will be introduced

further in this chapter (Subsection 1.3.2). Slope aspect and steepness influ-

ence air temperature, soil moisture and incoming solar radiation, being major

factors influencing tree growth. Thus, topographic position can determine the

distribution and composition of mountain forests (Villalba et al., 1994). For

example, in the Northern Hemisphere, earlier snow depletion and warmer sum-

mers may benefit tree growth on north-aspect (shaded) hillsides, while could

also promote drought conditions on south-aspect (sunny) hillsides (Peterson

& Peterson, 2011). Furthermore, it has been hypothesised for a long time

that CO2 may exert a fertilisation effect of tree growth, but is still unclear

if current rising CO2 concentrations promote photosynthetic rates (Hararuk

et al., 2019; Nicolussi et al., 1995).

Natural and anthropogenic disturbances are critical drivers of composition,

structure and functioning of mountain forests. Both types of disturbance

regimes vary over time (Bebi et al., 2017; Senf & Seidl, 2021). Moreover,

natural disturbances are highly climate-sensitive (Dale et al., 2001). One

example of the strong influence exerted by human activities on forest dynam-

ics is the fact that forest cover has significantly increased since 19th century

due to the abandonment of agricultural activity in several mountain ranges

of industrialised countries (Kozak, 2003; Rudel et al., 2005). In European

mountains forests, the most frequent natural disturbances are produced by

windstorms, insect outbreaks, snow avalanches and fires (Kulakowski et al.,

2017). Dominant types of disturbances vary among regions, forest type, cli-

mate, topography, and the degree of cultural landscape modification. Wind
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disturbances have been a relevant natural driver of mountain forest dynamics

in Europe over the last several centuries (Janda et al., 2017). Outbreaks of

bark beetles and defoliators affect European forests dominated by pine, fir and

spruce, among others, where low temperatures or poor forest connectivity are

not a limitation (Stadelmann et al., 2013). In the ancient times, fires were

spread in association to various land-use practices, as agriculture, pasture

clearance and charcoal production (Vannière et al., 2008). The later cessation

of transhumance during the late 19th century in Europe could also promote

wildfire incidence and subsequent deforestation (Camarero et al., 2021). In re-

cent centuries, the size and frequency of fires has declined in general, because

of the implementation of fire management and increased forest fragmentation

(Conedera et al., 2017). Lastly, favourable conditions for avalanche releases

below treeline have decreased during the last decades (Teich et al., 2012), as

a result, tree growth has been enhanced in the affected areas and the frag-

mentation of those forested landscapes has been reduced (Kulakowski et al.,

2006).

1.2.3 Mountain forests responses to climate change

Mountain forests are particularly exposed to warming as a consequence of

their location in high elevation areas (Pepin et al., 2015). However, the high

topographic complexity of mountainous areas modulates the impacts of cli-

mate change on mountain forests, in other words, spatial heterogeneity con-

tributes to ecological resilience (Albrich et al., 2020). The combined effects of

recent increases in temperature and decreases in water availability in moun-

tain forests have been already reported, including: changes in community

composition and distribution (Lenoir et al., 2010), the establishment of new

forest species (Walther et al., 2007), declining resilience to wildfires (Stevens-

Rumann et al., 2018) and changes at the treeline (Vittoz et al., 2008) (Figure

1.11). Vegetation shift is an adaptation mechanism that allows populations

to find climatically suitable sites. However, non-climatic factors can limit

such shifts, including soil properties, nutrient availability, grazing, landscape

fragmentation or species particularities (e.g. mycorrhizal symbiosis, dispersal

capacity, etc.) (Camarero et al., 2015). Similarly, the colonization of new
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forest habitats, rather than previously forested habitats, may not be success-

ful (Ibanez et al., 2009). Furthermore, recent warming has increased the size

and frequency of natural disturbances across Europe mountains forests (Janda

et al., 2017; Panayotov et al., 2017).

Future climate conditions are expected to produce changes in dominance of

some tree species (Périé & de Blois, 2016). For example, simulations show

that current dominance of conifers and abundant large trees in Central Alps

mountain forests will experience a transition towards a broadleaved-dominate

system with smaller trees (Albrich et al., 2020). Under warmer conditions, an

upslope migration of the treeline is expected, as well as a tree encroachment

and densification within the treeline ecotone (Harsch et al., 2009). However,

forest expansion into alpine areas because climate warming can be strongly

limited by geomorphic and geologic factors (Macias-Fauria & Johnson, 2013).

In moisture-limited mountain forests, tree recruitment and tree growth is

likely to decline due to drought-induced dieback, which may constrict certain

species distributions (Allen et al., 2010; Andrus et al., 2018; Pompa-García

et al., 2021). Warmer temperatures during growing season are expected to

enhance growth rates, and thus, wood formation (Millar et al., 2004). But

increasing temperatures will also drive phenology toward the species pho-

toperiod threshold (Basler & Körner, 2012). Besides, warmer winters may

enhance the survival possibilities of young trees (Klimeö, 2006). Therefore,

winter warming is considered one of the most relevant drivers of treeline ad-

vance (Harsch et al., 2009). The expected forest expansion will improve the

protection against natural hazards (Price et al., 2011c). While rising tem-

peratures benefit tree growth, they also may enhance the expansion of forest

pests to higher altitudes, affecting forest that are currently too cold to support

beetle populations (Logan et al., 2003). In addition, regions that are becoming

warmer but also drier, are likely to have higher risk of fire (Rocca et al., 2014).

All in all, it is likely that the frequency and extent of forests disturbances

will be promoted with future climate conditions, increased forest closure and

expansion (Millar & Stephenson, 2015; Seidl et al., 2014). Climate change im-

pacts on mountain forest may be irreversible, since cool-adapted specialists are

expected to not being able to recover their dominance because warm-adapted
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Figure 1.11: Tree encroachment at a Pyrenean treeline between 1999 and
2009 (Foratarruego, Central Spanish Pyrenees, Spain). Credit: Camarero et
al. (2015).

generalists will be widely expanded (Albrich et al., 2020). Nevertheless, local

effects of climate change on mountain forests can be heterogeneous due to

the variability of current stand characteristics (Bircher, 2015), microclimatic
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conditions (Engler et al., 2011) and intrinsic spatial heterogeneity of climate

change in mountain regions (Shafer et al., 2005).

1.2.4 Pyrenean mountain forests

Over half of the Pyrenees area is covered by forests (Price et al., 2011a).

Pyrenean forests are classified into the temperate mountain systems of Europe,

together with the Alps (FAO, 2012) (Figure 1.12). The overall temperate do-

main lies in a region where >10ºC is the average temperature from 4 to 8

months of the year. However, the temperate mountain systems share several

characteristics of the boreal domain, as they are snow covered during a large

part of the year, and often are also composed by conifer forests (de Rigo et al.,

2016).

The vegetation zonation of the entire Pyrenean mountain system was de-

scribed in Ninot et al. (2007) from a geobotanic point of view. A summary of

its characteristics is following presented. The high mountain zone, or central

core, is characterised by Boreo-Alpine flora. The surrounding area comprises

one Atlantic territory, one Mediterranean and one Submediterranean area

(Figure 1.13a). The cliseries show a gradual shift from the Atlantic to the

Boreo-Alpine flora on most of the French northern side, as well as on the

Iberian side in eastern Navarre and in mild northeastern Catalonia. In the

rest of the Iberian southern side and in the Pre-Pyrenees, there is a complex

transition from the Mediterranean lowlands, through the Sub-Mediterranean

and Atlantic domain, to the Boreo-Alpine flora. An illustrative example of the

most general associations along the altitudinal gradient on the Iberian side

of the axial Pyrenees is shown in Figure 1.13b. Within the same belt, poten-

tial vegetation experience noticeable shifts depending on lithologic character

of soils and exposition mainly, but also other factors such as topoclimates

or continentality may induce variability. Focusing on dominant tree species

of the potential forests of this mountain range, the coline belt (600–900 m

a.s.l.) holds Atlantic mixed woodlands (Quercus robur or Fraxinus excel-

sior in cooler aspects and Quercus petraea or Quercus humilis in drier areas)

and Mediterranean sclerophyllous forests (Quercus rotundifolia in the inland

Mediterranean area and Quercus ilex on the Mediterranean maritime part
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Figure 1.12: Ecological zonation of European forests elaborated by the Food
and Agriculture Organisation of the United Nations (FAO). The Pyrenees
mountain system is labelled. Credit: modified from FAO (2012).

of the chain). The submontane belt extends to 1110–1300(1500) m a.s.l. in

the Iberian side and in the Pre-Pyrenees, and holds forests of marcescent

oaks (Quercus humilis, Q. faginea and hybrids) and related pinewoods (Pinus

nigra subsp. salzmannii, Pinus sylvestris). The montane belt, whose upper

limit is at 1600–1700 m a.s.l. on north-facing slopes and 1700–1900 m a.s.l.

on south-facing slopes, holds beechwoods of Fagus sylvatica and mixed forests

of F. sylvatica and Abies alba (in areas with Atlantic influence or most hu-

mid places on the Iberian face), acidophilous oak woods (Q. petraea, common
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on the Atlantic side and restricted to acidic bedrocks of central and eastern

Iberian face), pinewoods of P. sylvestris (on the Iberian side) and fir forests

(of A. alba in areas with mild and subcontinental bioclimate were F. sylvat-

ica is rare or absent). The subalpine belt is mainly the domain of the Pinus

uncinata pinewoods, which extent to 2300–2500 m a.s.l. up to the treeline,

while A. alba and a few deciduous trees can accompany it in the lower part of

the belt. The upper edge of the subalpine belt gives way to a typical alpine

mosaic with shrub krummholz pine (small-grown and deformed individuals

encountered at the treeline ecotone), alpine scrublands and grasslands (tun-

dra) (Camarero et al., 2000).

Therefore, Mountain pine (Pinus uncinata Ram.) or pino negro in Spanish

forms the treelines in the Pyrenees and sets the upper limit of forests in the

Iberian Peninsula (Bosch et al., 1992; Camarero, 1999; Cantegrel, 1983). The

species name, uncinata, refers to the asymmetrical and hook-shaped scales

present on the seed cones (Figure 1.14). It is treated either as an independent

species or as a subespecies of the Dwarf Mountain pine (Pinus mugo Turra),

i.e. P. mugo subsp. uncinata (Lewandowski et al., 2000). P. uncinata is

native of the Pyrenees, Western Alps and some scattered populations in the

NE Iberian Peninsula mountain ranges, and widely overlaps with P. mugo

subsp. mugo in eastern Swizterland and western Austria (Figure 1.14). It

is an evergreen, shade-intolerant, conifer that grows at high altitudes (Ruiz

de la Torre et al., 1979). Mature individuals are 12–20 m height, showing

straight trunks of 0.5–1 m in diameter. P. uncinata is able to hybridize

with P. sylvestris where they co-occur, since P. sylvestris dominates at lower

elevations than P. uncinata in the Pyrenees (Ruiz de la Torre et al., 1979).

This pine species is long-lived and slow-growing (Bosch et al., 1992; Cantegrel,

1983). Its growing season starts at the end of May and ends in October, with

major tree-ring formation occurring between May and July (Camarero et al.,

1998). P. uncinata growth has been widely reported to be enhanced by warm

springs and prior early autumn temperatures, while the influence of other

climate variables may depend on local factors (Creus Novau & Puigdefábregas,

1976; Galván et al., 2014; Gutiérrez, 1991; Ruiz Flaño, 1989). The subalpine

belt of the Pyrenees has been intensively deforested for centuries to extend
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a

b

Figure 1.13: (a) Floristic territories of the Pyrenees. (b) Distribution of the
main potential domains in the Iberian side of the axial Pyrenees on the north-
facing slopes (top) and on south-facing slopes (bottom). OEa, Oxytropo-
Elynetum var. of Artemisia umbelliformis; Ac, Androsacion ciliatae; SM,
Saxifrago-Minuartietum sedoidis; Ns, Nardion strictae; RA, Rhododendro-
Abietetum; BF, Buxo-Fagetum; LF, Luzulo-Fagetum; OF, Oxytropido-
Festucetum; Fe, Festucion eskiae; FP, Festuca scoparia-Pinus uncinata com-
munity; PPt, Primulo-Pinetum teucrietosum; Qr, Quercion roboris; BQr,
Buxo-Quercetum rotundifoliae. Blue lines indicate the treeline location in
the mountain range. Credit: modified from Ninot et al. (2007).

the pasture surface, a process called alpinisation. This process was more

pronounced in on the Atlantic face and in the valleys with softer relief of the
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a b
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Figure 1.14: (a) Botanical illustration of Pinus uncinata. Credit: Philippe
Bougeret, Plantes et Fleurs, Planche nº 13 (https://plantes.bougeret.fr). (b)
Photography of some young P. uncinata individuals growing in the Central
Spanish Pyrenees at 2100 m a.s.l. Credit: Sanmiguel-Vallelado, A. (c) Distri-
bution map of Pinus mugo subespecies. Credit: The European Commission
Joint Research Centre (Caudullo et al., 2017).
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Iberian face, and during the Middle Ages (Ninot et al., 2007). Transhumance

was the main deforestation factor in the subalpine belt and largely determined

the altitudinal distribution of Pyrenean forests (García-Ruiz et al., 2020).

The abandonment of traditional land use has enhanced forest recovery in the

subalpine belt, through encroachment and densification, and these land-use

changes have played a more important role than climate in driving forest

dynamics at a landscape scale over the last decades (Améztegui et al., 2010;

Camarero & Gutiérrez, 2004; Sanjuán et al., 2018).

1.3 Forest-snow interactions

It is estimated that about a ∼19% of Northern Hemisphere snow cover over-

laps boreal forests (Rutter et al., 2009) and accounts for 17% of global water

storage (Güntner et al., 2007). Other areas at lower latitudes, as mid-latitude

mountain regions, also hold snow-covered forests at least during a part of the

year. Subsequently, in these areas were both elements co-occur, forest-snow

feedbacks play a critical role in influencing snowpack dynamics, as well as in

regulating tree growth and functioning.

1.3.1 Forest effects on snow processes

Forests differ from other vegetated sites in its complex structure, which varies

in space (e.g. between patches or due to different tree heights) and time

(e.g. successional dynamics). Most forested areas hold a mosaic of clearings

(gaps) and denser patches. The snowpack depth and the timing and rate of

ablation are very different between areas beneath the tree canopy and open

areas. These differences are consequence of terrain characteristics, climate

conditions, and their various and complex interactions also exert influence

(Lundquist et al., 2013).

Snow accumulation differs significantly between forested and open areas be-

cause of interception, sublimation and wind redistribution processes (Pomeroy

& Gray, 1995). Forest canopies can intercept large masses of snow and, as a

result, usually less snow accumulates beneath the forest canopies than in forest

openings (Golding & Swanson, 1978). The degree of difference in snow accu-
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Figure 1.15: Possible pathways for
intercepted snow by tree canopy.

mulation between forested and open areas is related to the size of the clearing

(Golding & Swanson, 1986). Moreover, canopy interception efficiency depends

on stand density, species composition, snowfall amount, temperature, canopy

closure, wind speed, leaf area index, existing intercepted snow, and time since

the last snowfall (Hedstrom & Pomeroy, 1998; Moore & McCaughey, 1997;

Schneider et al., 2019). Not all intercepted snow reaches the ground (Figure

1.15). The intercepted snow at forest cover can follow different pathways: it

may sublimate, melt, unload, or be resuspended and redistributed by wind

(Pomeroy & Schmidt, 1993). Forest aerial biomass modifies surface roughness

and, as a result, wind velocity is largely reduced within forest stands. As a

result, usually greater snow accumulation occurs in downwind of forest areas

(Hiemstra et al., 2006).

Alongside interception effects, the radiation characteristics of forest cover

(trees are a large intercepting and radiating biomass) alters snow energy bal-

ance, and thus, the snow melting process (Geiger et al., 1965). Net solar

radiation often dominates the snow energy balance during the melting season

in conifer forests (Ellis et al., 2010), since the forest effectively decouples the
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above-canopy and sub-canopy atmospheres resulting in a large reduction of

turbulent fluxes (Harding & Pomeroy, 1996). The incident solar radiation on

snowpack is reduced by forest cover producing a shading effect, while the re-

flected solar radiation from the snow surface depends on deposited forest litter

on and within snowpack which reduces its albedo (Melloh et al., 2001; Sicart

et al., 2004). Moreover, the shortwave albedo of forest cover is low (0.10-0.15

in conifers), thus radiation absorption is high (Jeffrey, 1965). Radiation ab-

sorbed by forest cover is later dissipated as longwave radiation, being a major

source of heat to snowpack in forested areas and near surroundings (Essery

et al., 2008; Pomeroy et al., 2009).

Besides, subalpine forests structure and composition affect snow avalanches

(that affect snow redistribution), even reducing the probability of avalanche

disturbances in case of dense and large crown covered stands (Bebi et al.,

2009).

1.3.2 Snow influences on forest growth and functioning

Snowpack dynamics affect soil microclimate throughout the year (Wilson et

al., 2020), that ultimately may condition the growth of high-elevation forests

in different ways. Scarce snow cover during winter promotes soil freeze that

impacts negatively on root dynamics (Tierney et al., 2001), tree growth (Re-

inmann et al., 2019; Repo et al., 2008) and tree physiology (Comerford et al.,

2013); in the end, complicating the ability of trees of taking water from soil and

causing tissue damages. On the other hand, shallower snowpacks are related

to earlier start of spring, and thus, longer growing seasons, through snowpack

effects on soil temperature (Chapin & Körner, 2013). These conditions are

related in turn to enhanced root production (Fukuzawa et al., 2021), pro-

moted tree radial growth (Kirdyanov et al., 2003; Peterson & Peterson, 2011;

Vaganov et al., 1999) and favoured encroachment (Fagre et al., 2003; Peterson

et al., 2002). Leaf and shoot expansion for several subalpine tree species do

not begin until complete snow depletion (Hansen-Bristow, 1986). Ultimately,

although some studies have suggested that earlier snowmelt (which can led

to longer growing seasons) could enhance carbon sequestration, other stud-

ies have pointed out that water supplied by the spring snowmelt is critical
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for subalpine forest carbon uptake and it is reduced during years with longer

growing seasons, leading to less carbon sequestration (Hu et al., 2010; Mon-

son et al., 2002). Snow melting contributes to soil moisture during growing

season, which may exert a positive influence on seedling establishment, forest

productivity and tree growth (Andrus et al., 2018; Hankin & Bisbing, 2021;

Lubetkin et al., 2017; Trujillo et al., 2012). While its role varies among species

and sites, it is more relevant in water-limited stands (Cooper et al., 2020).

Snow and wind storms can induce damage on mountain forests by causing leaf

abrasion, breaking the stem and branches of trees inducing tree falling, mainly

in those stands less heterogeneous and with more exposed crowns (Díaz-Yáñez

et al., 2019; Martín-Alcón et al., 2010). Moreover, snow avalanches affect

structure and composition of subalpine forests located in vulnerable places

where avalanches can overwhelm several tens or hundreds of hectares (Bebi

et al., 2009).

1.4 Objectives and justification

In main mid-latitude mountain areas, both snow and forests, constitute prior-

ity resources that have major economic and environmental roles (see Section

1.1 and Section 1.2). The Pyrenees are not an exception, where both ele-

ments coexists and interact in the altitudinal band comprised between 1600

and 2300–2500 m a.s.l., mostly comprising the subalpine belt. That forest-

snow shared terrain accounts for the largest part of this mountain range, which

only exceed 3000 m a.s.l. at some mountain summits. However, interactions

between mountain forests and snowpack have yet to be fully addressed in the

Pyrenees. Even less was known regarding forest-snow interactions response

to the warm-up process that it is happening in this mountain range and it

is expected to be accelerated in the following decades (Nogués Bravo et al.,

2008).

The overall objective of this PhD Thesis is to deepen the knowledge on the

forest-snow interactions in the Pyrenees, from an eco-hydrological perspective,

through intensively monitoring of Pinus uncinata forests. It is a topic of high
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scientific interest, but it also involves results with potential applicability in

forest and water resources management in the Pyrenees.

This overall objective is divided into three specific objectives, which are de-

veloped in the subsequently chapters of this manuscript coinciding with the

research papers that compose this Thesis.

1. Firstly, this Thesis attemps to account for the uncertainty on the mag-

nitude of forest effects on snowpack among nearby areas and during

different years, and this can affect the representativeness of a study site

and study period that is used for research. Since very few studies previ-

ously documented the different ways that forests modify the snowpack

dynamics in the Pyrenees (Subsection 1.3.1), this first objective is a

great potential to deepen understanding of forest-snow interactions in

this region. The published research paper Sanmiguel-Vallelado et al.

(2020) is featured in Chapter 3, and it highlights the similarities and

differences in the spatial and temporal effects of P. uncinata forest cover

on snowpack among nearby areas and during different snow seasons in

the Baños de Panticosa experimental site.

2. Secondly, this Thesis attemps to discern how and where snow dynamics

affects P. uncinata growth and functioning, which may help us under-

stand future responses of Iberian mountain forests to forecasted hy-

droclimatic change. This influence had not been researched yet for P.

uncinata, which sets the upper limit of forests in the Iberian Penin-

sula. This second objective was developed regionally and locally, and

at two different temporal scales: inter- and intra-annually. The pub-

lished research paper Sanmiguel-Vallelado et al. (2019) is featured in

Chapter 4, and it contextualizes the associations between snow condi-

tions and P. uncinata forests growth into a wider framework of space-

time in the NE Iberian Peninsula mountains during the last decades.

While the published research paper Sanmiguel-Vallelado et al. (2021)

is featured in Chapter 5, and it aims to demonstrate how seasonal

dynamics in snowpack characteristics modify microclimatic conditions

(soil temperature and moisture) and tests if these modifications influ-
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ence intra-annual growth and functioning of P. uncinata forests in the

Baños de Panticosa experimental site.

3. Thirdly and lastly, this Thesis explores how forest cover can affect the

snowpack sensitivity to changes in climate in the Pyrenees. Since climate

mediates the forest effects on snowpack dynamics, we would expected

that snowpacks in areas beneath forest canopy and in forest openings

might respond differently to a changing climate. This third object-

ive may allow us to anticipate future hydrological responses of forested

mountain basins under climate change conditions. The published re-

search paper Sanmiguel-Vallelado et al. (2022) is featured in Chapter

6, and aims to explore how changes in climate variables (air temperat-

ure and precipitation) can affect current forest-snow interactions in P.

uncinata forests in the Baños de Panticosa experimental site.
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Chapter 2

Methodology

This section presents the materials and methods that were used to do this

Thesis, allowing readers to evaluate the reliability and validity of the research.

Firstly, the chosen methodological approach is explained. Secondly, the spa-

tial context in which the research was carried out is described. Thirdly, the

different environmental variables studied are presented. Fourthly, the way in

which the data were collected is explained. Ultimately, the way in which the

data were analyzed is described.

2.1 Methodological approach

Before describing what data were needed and where and how these data were

collected, it is important to introduce the overall research design of this Thesis.

Saunders and Tosey (2013) use the metaphor of the Research Onion to illus-

trate how the ultimate elements of the research (i.e. onion core) need to be

considered in relation to other design elements (i.e. outer layers) (Figure 2.1).

Research creates new knowledge. But, researcher’s personal vision determines

what constitutes acceptable knowledge and what are the suitable methods to

obtain it. That is called the research philosophy and comprises the outermost

layer of the Research Onion. Several views may be adopted depending of the

field of knowledge in this regard. Since this Thesis is concerned with law–like

generalisations such as cause and effect, the developed research is framed in

the philosophy of the positivism. Positivism establishes that reality is stable

and can be observed and described from an objective point of view, that is,
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Figure 2.1: The Research Onion. Credit: Saunders and Tosey (2013).

without interfering with the phenomena that is being studied (Levin, 1988).

To this end, this Thesis adopted the scientific method to propose hypotheses,

via induction, based on previous observations that lead us to ask questions.

Hypotheses were tested with highly–structured and measurable data, thus

large samples of quantitative data and statistical testing were involved. In

the end, hypotheses were refuted or rejected based on the experimental find-

ings, which may entail a revision of the underlying theory. The following layer

of the Research Onion addresses the methodological choice; including quant-

itative methods, qualitative methods or a mixture or both, such as the used in

this Thesis. More specifically, it was used a multimethod quantitative design

which implied more than one quantitative data collection technique with as-

sociate statistical analysis procedures, and following this, a mixed method

complex design was used which comprised quantitative analyses techniques to

analyze qualitative data, for example, to statistically compare the magnitude

of different variables between different groups. This reflects the interdiscip-

linary approach followed in this Thesis, which comprised information, data,

techniques, tools, perspectives, concepts and theories from several disciplines
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within the physical and life sciences (such as hydrology, forest ecology and

climatology) to achieve the defined objectives. The next layer of the Research

Onion includes the strategy or strategies followed within to answer a research

question. The main methodologies used in this Thesis are field experiments,

although part of it is based on simulations. It is important to note that

boundaries between research strategies are permeable, as evidenced by the

simulations carried out in this Thesis which were based on experimental data

collected in the field. The time horizon in which the research is undertaken

is determined by the final layer of the Research Onion, before reaching the

core. In this Thesis, certain research questions were addressed at a particular

time, and thus, in these cases the research could be considered cross–sectional.

While in other cases, data from an extended period of time (e.g. 30 years)

was needed to address the research question, and therefore, the research could

be considered longitudinal.

The above presentation of the methodological approach followed in this Thesis

will help to ensure that the data collection techniques and analysis procedures

used, which I will describe below, are both appropriate and coherent.

2.2 Study areas

The main part of this Thesis was performed in a mountain valley (Baños de

Panticosa) located in the central Spanish Pyrenees, while a minor part of it

was carried out in a wider spatial context comprising the main NE Iberian

Peninsula mountains. Therefore, the common context in which this Thesis

is framed are the high mountains under the influence of the Mediterranean

climate. The Mediterranean climate was already included in the Köppen

(1936) classification of the different climates on Earth. This climate occurs in

the regions around the Mediterranean Sea, but also in coastal areas of Central

Chile, California, South Africa and Southwest Australia (Figure 2.2). All of

these areas lie between about 30º and 45º latitude and at the western flank

of continents. Mild wet winters and warm–to–hot summers with often little

precipitation characterize the Mediterranean climate (Lionello et al., 2006).

Focusing on the Mediterranean region, mountains cover 21% of its surface,
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occupying more than 50% of the land in many countries. In the case of Spain,

Figure 2.2: Areas under the influence of the Mediterranean climate (in red).
Credit: Latron et al. (2009).

mountains cover 42% of the territory, and the mountains of the NE of the

Iberian Peninsula constitute a large part of it. The complex morphology

and topography of the Mediterranean region highly determine the oceanic

and atmospheric circulation. The high mountain ranges that surround the

Mediterranean sea produce sharp climate features that differ from the general

climate. As a consequence, mean annual temperature is much lower in the

Mediterranean mountains than in the lowlands, and annual rainfall is largely

increased, although the characteristic summer drought period is maintained

(Olcina, 2007). In those areas, precipitation during winter accounts more than

80% of the annual precipitation (November to March) and usually falls as

snow, highly influencing related river regimes (Fayad et al., 2017). Although

most population and economic activities are concentrated in the lowlands

and coastal areas of the Mediterranean region, its mountains host ∼10% of

the total population (i.e. 66 million people), and critical water resources of

lowlands and costs depend on mountain snow pools (d’Ostiani, 2004).
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Figure 2.3: Location of the forest stands studied in this Thesis at the main
mountains in the NE Iberian Peninsula. The black dots represent those sites
analysed in Chapter 4, considering a regional scale. The green star highlights
the location of the Baños de Panticosa experimental site, where the bulk of
this Thesis (Chapters 3, 5 and 6) has been developed considering a local scale.
Source of elevation data: European Digital Elevation model (EU-DEM v1.1)
from Copernicus Land Monitoring Service, 25 m spatial resolution.
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2.2.1 Regional scale: mountains in the NE Iberian Pen-

insula

The selection of this regional scale in this Thesis (Chapter 4) responds to

the distribution of Pinus uncinata in the Iberian Peninsula. This pioneer,

shade-intolerant and long-living pine species grows in the northeastern high

mountains, mainly in the Pyrenees but also in some isolated and high areas

in the Iberian System (see Figure 1.14). Furthermore, both mountain ranges

host seasonal snowpacks every year, being in the Pyrenees deeper and longer

lasting than in the Iberian System due to the latitudinal gradient, continent-

ality, precipitation patterns and the higher elevation shown by the Pyrenees

(Alonso-González et al., 2020a).

The Pyrenees is a West–East aligned mountain range and extends 450 km

between the Mediterranean Sea and the Atlantic Ocean, over France, Andorra

and Spain. This range reaches a maximum elevation of 3404 m a.s.l. (Aneto

peak). The Atlantic climate strongly influences the westernmost Pyrenean

edge and the northern side of the range, while Mediterranean conditions are

widely shown by lower areas along the southern side. Moreover, orography

produces contrasting conditions between the north side (Atlantic influence)

and the central part of the southern side (Continental influence) through

foehn winds (Ninot et al., 2017). The Spanish side of the Pyrenees ex-

tends southwards over secondary ranges known as the Pre–Pyrenees, where

scattered P. uncinata populations grow. This lower mountain range acts as a

transition between the Pyrenees and the flatter lowlands, although it shows

peaks that may exceed 2000 m a.s.l. The Pre–Pyrenees are mainly formed of

lime bedrock and show contrasting relief, where canyons and steep slopes are

widespread. Their north–facing slopes receive a greater influence of Contin-

ental climate whilst the Mediterranean influence seems higher for south–facing

slopes (Gutiérrez, 1991).

The Iberian System is located further inland on the Iberian Peninsula, and

on the other side of the Ebro basin. This mountain range separates the Ebro

basin from the Central Spanish Plateau along ∼600 km. It is aligned North-

west–Southeast and reaches a maximum elevation of 2314 m a.s.l. (Moncayo
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peak). This Thesis focused on the northwestern and southeastern extremes

of the Iberian system where two relict populations of P. uncinata are located,

being the southernmost distribution limit of this species in Europe. The

northwestern extreme of the range shows greater Continental influence, while

the greater Mediterranean influence is shown by the southeastern extreme

(greater intensity of the summer drought) (Camarero & Gutiérrez, 2008).

In total, 36 pine forests stands were studied within these mountains based on

the available tree-ring chronologies (Galván et al., 2012) and environmental

conditions (Alonso-González et al., 2018) during the 1980–2010 period, cover-

ing the whole geographical distribution of this species in the Iberian Peninsula:

33 sites in the Pyrenees (3 of them in the Pre–Pyrenees) and 3 sites in the

Iberian System (Figure 2.3). The sampled forests were 334 ± 108 years old

and they were located between 1750 and 2451 m a.s.l. Please see Figure 1

and Table S1 in Chapter 4 for more details about the geography, topography,

forest characteristics and average environmental conditions of sampled sites.

2.2.2 Local scale: Baños de Panticosa experimental site

(Central Pyrenees)

The bulk of the research developed in this Thesis (Chapter 3 ,Chapter 5 and

Chapter 6) took place at the Baños de Panticosa experimental site, which

comprises a mountain valley located in the Spanish Central Pyrenees (Fig-

ure 2.3). The Central Pyrenees usually refers to the geographical part of the

Pyrenees which extends approximately between the Somport mountain pass

(in the West) and the Maladeta massif (in the East). The Baños de Panticosa

valley constitutes the headwaters of the Caldarés river that drain to Gállego

river, a main tributary of the Ebro river. The Continental climate is dominant

in this place (Del Barrio et al., 1990). The bottom of the valley is located

at 1630 m a.s.l., while the highest summits reach more than 3000 m a.s.l. P.

uncinata dominates the landscape from the valley’s bottom to 2300–2500 m

a.s.l. A depth and long lasting seasonal snowpack is formed every year (from

November to May–June) within the altitudinal range in which P. uncinata

grows. These circumstances, together with the abrupt topography that in-
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duces contrasting aspects, slopes, microclimates, and forest structure within

the valley, represent ideal characteristics for the study of forest–snow interac-

tions at local scale under various environments. Another important reason for

the selection of this study area was the ease of access by road, which was even

viable during most of the winter, as well as, the dense network of hiking trails

that permit access to diverse P. uncinata forests. The experimental site at

the Baños de Panticosa valley consisted of four P. uncinata forest stands (38

± 7 years old) located between 1674 and 2104 m a.s.l. with differing exposure,

forest structure and microclimatology (Figure 2.4). One plot of approximately

450 m2 was settled in each of the four forest stands. The plots were named

based on their locations in the valley (from NE to SW) as plot 1, plot 2, plot

3 and plot 4. At each experimental plot, five P. uncinata individuals were

monitored (2016–2018 period) as well as environmental conditions (2015–2020

period). Specific characteristics, including topography, forest structure and

average environmental conditions of sampled sites during the study period are

shown in Table 2 in Chapter 3, Table 1 in Chapter 5 and Table 1 in Chapter

6.

It is noteworthy to mention the complex logistics required for data collection

in this study area all–year–round. To reach the studied forest stands from the

bottom valley it was necessary to walk between 30 minutes and 1 hour and a

half, which can take up to 2 hours if the snow conditions were inappropriate.

The difference in altitude to reach each studied forest stand ranged from 33 to

474 m. This particular environment, and the fact that most of the field work

was carried out during the snow season, boots, snowshoes and mountain skis

were a must to access the studied forest stands, with the added difficulty of

carrying the measurement equipment on the back. The time required just to

get to the studied forest stands, added to the time required for maintenance

of the installed devices and manual data collection, only allowed us to work

on two sites per day. Therefore, each fieldwork campaign required spending

two consecutive days in this study area. It should be noted that the choice

of field work days, in order to ensure safe conditions for the staff involved,

was conditioned by the mountain weather forecast1 and the avalanche danger

1Weather mountain forecast for the Aragonese Pyrenees elaborated by the State Meteor-
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Plot 1 Plot 2

Plot 3 Plot 4

Plot 2

Plot 1

Plot 3

Plot 4

a

b

Figure 2.4: (a) General view of the plots in the experimental site at the
Baños de Panticosa valley during the snow–free season. The lake placed at
the bottom of the valley, visible in both photographs, serves as a reference
point. At left: southwest mountainside. At right: northeast mountain side.
(b) Detail view of each of the plots during the snow season.

ological Agency (AEMET) (http://www.aemet.es/es/eltiempo/prediccion/montana?w=
&p=arn1)
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bulletin2. Furthermore, research group members were trained in avalanche

terrain safety, acquiring the tools and knowledge necessary to operate safely in

avalanche terrain (accreditation ACNA – Association for Snow and Avalanche

Knowledge – Level 1).

2.3 Study variables

The following is a brief description of the main environmental variables that

have been addressed in this Thesis. In the previous Chapter 1 the reader will

find background information about the concepts outlined herein.

Snow–related data

Snowpack depth: A snowpack can be described in many different ways, but

perhaps the simplest way is to quantify its depth. Snow depth is defined as

the vertical distance from the snow surface to the ground and is reported in

centimetres (cm).

Snow density: Density is defined as the amount of mass that an object has

compared to its volume, and it is widely expressed in kg·m-3. On average, 1

m3 of freshly–fallen snow has an average of ∼50 kg. However, the density of

snow can vary by more than an order of magnitude as a function on formation

conditions in the clouds, the atmospheric conditions during snowfall and the

subsequent metamorphism after falling on the ground. The spatial variability

of snow density is relatively small in comparison to snowpack depth (López-

Moreno et al., 2013). Besides that, the measurement of snow density is much

more difficult and time consuming than snow depth.

Snow Water Equivalent: The more relevant property of a snowpack from

a hydrological point of view is the snow water equivalent (SWE). The SWE

is defined as the amount of liquid water contained in the snowpack per unit

ground surface area and may directly contribute to runoff. It is normally

expressed in millimetres of water equivalent (mm) or kg·m-2 (Seibert et al.,

2Avalanche danger bulletin (in Spanish Boletín de Peligro de Aludes, BPA) for the valley
of Canfranc elaborated by A Lurte (https://www.alurte.es/boletin.php).
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2015). SWE, snowpack depth, snow density, and water density are directly

related as is shown in Figure 2.5.

Figure 2.5: The Snow Water Equivalent (SWE) is a measure of the water
content of the snow.

Snow energy fluxes: Snowpack can exchange energy with its surroundings,

thus energy fluxes towards the snowpack mean gains and energy fluxes away

from the snowpack mean losses. The snow energy balance (SEB) includes the

following types of fluxes: incoming solar radiation, thermal radiation, sensible

heat, latent heat, ground conduction and advected heat. They are expressed

in W·m-2 in the International System of Units (SI).

Tree–related data

Tree–ring width: To assess long–term growth responses to environment it

is necessary to perform retrospective analyses of tree–ring width chronologies.

Based on the idea that trees form one ring per year, by coring a living tree

and cross-dating and measuring tree–rings from the present backwards, it is

possible to determine the year in which each ring was formed (i.e. tree–ring

dating) and how much it grew wider. Thus, resulting cross–dated tree–ring

width series can inform if past to current environmental conditions have been

favorable or not for tree radial growth based on the thickening of tree rings.

Cell production or xylogenesis: The intra–annual xylem development in-
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volves a series of phases from cambial division onset to cell maturation, result-

ing in a new tree–ring. During the developmental stage, cells showed different

shapes and stained with different colours when wood samples are processed

in a laboratory, which makes it possible to differentiate between different cell

types (Antonova & Stasova, 1993). The main characteristics of each type

of cell are here listed: cambial cells have similar and small radial diameters

and thin walls; radially elongating tracheids showed wider radial diameter

and contain a protoplast enclosed by a thin primary wall; wall–thickening

tracheids corresponded to the onset of secondary cell wall formation and were

characterised by cell corner rounding; secondary walls glistened under polar-

ised light and walls turned blue due to wall lignification; and mature cells

did not contain cytoplasm and presented completely blue walls (Deslauriers

et al., 2015; Rossi et al., 2006). The xylogenesis monitoring produces data on

critical dates (e.g. onset of cell enlargement, timing of maximal growth rate,

cessation of cell wall lignification), as well as derived variables that quantify

rates of cell production (e.g. nº mature tracheids·day-1) (De Micco et al.,

2019). This information can be used to assess short–term ecophysiological

responses to environment.

Stem radius variations: The study of stem radius variation throughout

the year can provide useful information on tree growth process and water

status. Thus, it is necessary to bear in mind that two processes occur sim-

ultaneously: (1) an irreversible stem expansion due to cell growth, and (2) a

reversible shrinking and swelling of the stem induced by changes in the water

balance of tissues (Kozlowski, 1972). These changes can be detected on a very

short–term, even at hourly resolution. These data series are usually expressed

as rates of stem radial increment in µm·day-1.

Phenology of shoots and needles: This refers to the study of the temporal

pattern of tissue allocation on apical meristems3, which can provide useful

information to establish relationships between the primary growth of trees

and environmental conditions. Critical dates of shoot and needle elongation

3Meristems are regions of cells capable of division and growth in plants. Apical meristems
are responsible for the vertical growth of trees (primary growth), while lateral meristems
located in the cambium are responsible of trees thickening (secondary or radial growth).
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(e.g. onset of elongation) can be visually tracked in the field, as well as, the

elongation extent.

Non–structural carbohydrate (NSC) concentrations: Carbohydrates

are products of the photosynthesis, which is the chemical combination of

carbon dioxide and water by using the energy from the absorption of visible

light. The structural carbohydrates (e.g. cellulose) are the building blocks for

tree biomass used to form cell walls, and thus, to provide structural support

for trees. Otherwise, the non–structural carbohydrates, mainly sugars and

starch, are the major substrates for tree metabolism and growth, and can

be used as osmolites for regulating turgor; that is, for tree functioning. The

quantification of NSC (%) in tree tissues where carbohydrates are stored, such

as sapwood (the part of living wood where sap flows) and needles, is widely

used to link seasonal tree responses to environmental conditions (Blumstein

& Hopkins, 2021; Peltier et al., 2021).

Forest structure: According to Smith (1993), the description of a forest

structure may include measures of species composition, diversity, age–class

distribution, stem height, stem diameter at breast height (dbh), basal area

(proportion of the ground occupied by the stems, expressed in m2 per ha),

and tree density (number of trees per unit area). The sampled pine forests

in this Thesis, characterised by being mono–especific, did not require the

description of the first two measurements. Additionally, due to the nature of

the studies that were carried out, it was of particular interest to determine:

the canopy cover, which is the proportion of the forest floor covered by the

vertical projection of the tree crowns expressed as a % (Korhonen et al., 2006),

and the Leaf Area Index (LAI), which is the projected area of leaves over a

unit of land (m2·m-2) (Waring & Running, 2007).

Climate–related data

Air Temperature: It refers to surface air temperature, generally measured

at 1.25–2 m above ground, and here it is expressed in ºC. In mountainous

areas, it shows a particularly complex relationship with altitude (Navarro-

Serrano et al., 2018).
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Air humidity: Humidity is the amount of water vapor present in the air.

Air humidity is usually expressed as relative humidity (%), which indicates

the amount of water vapor in the air at a given temperature relative to the

maximum amount of water vapor that air can hold at that temperature.

Wind speed: Wind is caused by the movement of air following a pressure

gradient, amongst other forces, as a result of differential heating of the Earth’s

surface. Wind speed is expressed in m·s-1 in SI units.

Total precipitation: Total precipitation refers to the amount of water reach-

ing the ground at the weather station as rain, dew, hail or snow. It is expressed

in mm, which is equivalent to L·m-2.

Global solar irradiance (GSI): Solar irradiance is the electromagnetic ra-

diation from the Sun reaching Earth’s surface described as power per unit

area (W·m-2 in SI units). Global radiation, also called total incoming solar

radiation at surface, includes that obtained directly from the solar disk, the

diffuse radiation from the sky scattered through the atmosphere, and terrain

contributions.

Potential solar irradiation: Solar irradiance is often integrated over a given

time period in order to report the radiant energy emitted into the surround-

ing environment during that time period. This integrated solar irradiance is

called solar irradiation, solar exposure, solar insolation, or insolation. It is

expressed in W·h·m-2. Potential solar irradiation refers to the estimated

solar irradiation that could be received at surface. In this Thesis, it was con-

sidered interesting to estimate this variable in order to compare it with field

measurements.

Soil–related data

Soil moisture: Soil moisture or soil water content is the amount of water,

including the water vapor, in an unsaturated soil. One of the most widely

used parameters for quantifying soil moisture is the volumetric water content

(VWC), which is the ratio of volume of water to the unit volume of soil

(m3·m-3). This Thesis focused on the surface soil moisture, considering the

water that is in the upper 10–20 cm of soil.
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Soil temperature: Here it refers to surface soil temperature (ºC), consider-

ing a depth of 10–20 cm from the top of soil.

2.4 Data acquisition proceedings

2.4.1 Field work

The bulk of the data used in this Thesis came from fieldwork carried out

in both study areas: the main mountains in the NE Iberian Peninsula, and

especially, the Baños de Panticosa experimental site. Given that the monit-

oring tasks carried out at the Baños de Panticosa experimental site changed

throughout the study period, in Figure 2.6 is shown a graphical scheme of its

temporal course. Photographs of the materials and methods used during that

monitoring can be found in Figure 2.7 and Figure 2.8.

Snowpack depth was manually and semi–automatically measured at the

Baños de Panticosa experimental site during three snow seasons (2015/16,

2016/17 and 2017/18), from the onset of snow accumulation (November) to

the end of melting (May–June). Two different methods were adopted to collect

data on snowpack depth; both are explained hereafter. The derived data were

used in the preparation of Chapter 3, Chapter 5 and Chapter 6.

• Fixed snow poles, whose graduated marks (every 25 cm) could be read at

a distance, were used to obtain permanent point measurements through-

out the snow season. Three poles were placed in a forest opening (O),

and five were placed beneath the forest canopy (F) at each plot. Snow

poles were automatically photographed by time–lapse cameras (Bush-

nell, Trophy Cam, KS) several times a day. From the photographs,

daily snow depth was subsequently extracted by image analysis, process

which is subsequently described. Maintenance and data downloading of

these facilities was carried out every 10–15 days during the snow season.

• Spatially distributed measurements of snow depth were done every 10–15

days using an extensible 1–cm–graduated snow depth probe (Snowmet-

rics Inc., Fort Collins, CO) that was manually inserted into the snowpack
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Figure 2.6: (a) Monitoring seasonality at the Baños de Panticosa experimental
site throughout an annual period. The intra-annual period over which each
variable (grouped by type) was measured is indicated by a dark bar. Note
that each studied annual period does not correspond to a natural year, and
comprised the last months of the previous year. (b) Monitoring period at the
Baños de Panticosa experimental site. The inter-annual period over which
each variable was measured is indicated by a dark dot. It is highlighted the
different nomenclature used when naming each annual period according to
the focus of the study: tree growing season (e.g. 2016) or snow seasons (e.g.
2015/16).

down to the ground surface. 10 O and 10 F sites were selected in a dis-

tributed manner at each plot in order to cover its entire surface, then

10 replicates were taken about 1 m apart per F–O site. Within F sites,

measurements were taken from the tree trunks to the edge of the pro-

jections of the tree canopies to the ground, covering all aspects, to make

sure that most of snowpack spatial variability was collected.

SWE was manually surveyed at the Baños de Panticosa experimental site

during three snow seasons (2015/16, 2016/17 and 2017/18), from the on-

set of snow accumulation (November) to the end of melting (May–June).
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Samples were taken every 10–15 days using a snow cylinder and scale (ETH

core sampler, Swiss Federal Institute of Technology, Zurich) at snow pits dug

down to the soil surface. One F and one O site were selected at each plot,

where two replicates were collected per F–O site. Technical difficulties arose

when trying to increase the number of locations for measurements of snowpack

density during field work by digging snow pits, due to the time–consuming

nature of the task in snowpacks as deep as the ones found here (maximum

thickness found ∼3 m). The derived data were used in the preparation of

Chapter 3, Chapter 5 and Chapter 6.

Meteorological data was automatically monitored at the Baños de Panticosa

experimental site all year round by means of two different devices, described

below. The derived data were used in the preparation of Chapter 3, Chapter

5 and Chapter 6.

• One weather station (HOBO U30 NRC, Onset Co., Bourne, MA) was

installed in an O site at each plot. Each one collected data on GSI4, wind

speed, air temperature and relative humidity every 15 min from October

2016 to June 2020. Maintenance and data downloading (HOBOware

software, Onset Co., Bourne, MA) of facilities was carried out seasonally.

• One autonomous self–recording data–logger (Tinytag–Plus– 2; model

TGP–4017, Gemini DataLoggers UK Ltd., Chichester, West Sussex,

UK), that was equipped with a naturally ventilated radiation shield

(Datamate ACS–5050 Weather Shield; Gemini DataLoggers UK Ltd.,

Chichester, West Sussex, UK), was installed at each forest stand hanging

from a tree branch. They collected data on air temperature and relative

humidity every 15 min from November 2015 to June 2020. In a previ-

ous test, paired data–loggers were installed at both F and O areas at

each plot and the obtained series were compared, showing no significant

differences between them. These sensors supported the data acquis-

ition by meteorological stations. Maintenance and data downloading

4The installed pyranometers in HOBO weather stations present a spectral range from
0.3 to 1.1 µm. The shortwave radiation range is narrowly defined to include radiation with
a wavelength between 0.2 µm and 3.0 µm. Thus, in addition to the fact that there is little
radiation flux to the Earth’s surface outside that range, in Chapter 6 the measured solar
irradiance were considered as incoming shortwave radiation.
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(Tinytag Explorer software, Gemini DataLoggers UK Ltd., Chichester,

West Sussex, UK) of facilities was carried out seasonally.

Soil temperature and humidity data was automatically monitored at the

Baños de Panticosa experimental site all year round from November 2015 to

June 2020. Two different devices were used for that purpose, below described.

The derived data were used in the preparation of Chapter 5 and Chapter 6.

• Four to six miniature temperature loggers (Thermochron iButton; DS–1922L

model, Dallas Semiconductors, Texas, USA) were buried in the ground

(at a depth of 10–20 cm) at each plot in a distributed manner, covering

both F and O areas. They collected soil temperature data every hour.

The dataloggers were wrapped with laboratory film and duct tape to

prevent corrosion and tied to metallic picks to facilitate their later re-

trieval. Maintenance and data downloading (1–Wire Software, Maxim

Integrated, CA, USA) of facilities was done seasonally.

• ECH2O probes (EC–5 model, Decagon Devices, Pullman, WA, USA)

were installed in a distributed manner at each plot: two sensors were

buried in the ground (at a depth of 10–20 cm) in F areas and two in O

areas. They collected soil moisture data every 1.5 hours. The first month

of measurements was discarded in order to ensure a proper settling time

after field installation. Maintenance and data downloading (ECH2O

Utility software, Decagon Devices, Pullman, WA, USA) of facilities was

done seasonally.

Stem radius variations were automatically monitored every hour at the

Baños de Panticosa experimental site all year round, from April 2016 to June

2020, by using stainless–steel band dendrometers (DR 26, EMS Brno, Czech

Republic) (n = 10) installed on two or three P. uncinata individuals stems (at

a height of ∼150 cm) at each plot. The external layer of dead bark was previ-

ously removed. Maintenance and data downloading (Mini 32 software, EMS

Brno, Czech Republic) of these facilities was done seasonally. The derived

data were used in the preparation of Chapter 5.

Xylogenesis was manually monitored at the Baños de Panticosa experi-
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mental site during two years (2016 and 2017), since before the start of tree

growth (April) to the end of the growing season (October). Two wood samples

of 2 mm diameter and 15–20 mm length, called microcores, were collected

weekly or bi–weekly from five P. uncinata individual at each plot. One of the

samples was subsequently processed while the other was kept as a guarantee

in case of sample loss during laboratory processing. Microcores were collected

applying a Trephor® increment puncher at 1–1.5 m height on the individuals

stems, following an ascending spiral pattern, and each sample was taken at

least 5 cm from previous sampling points following the procedure reported in

Deslauriers et al. (2015). Microcores were immediately fixed in 50% ethanol

solution and stored at 5 ºC to preserve cells from degradation until to their

further processing in the laboratory, later described. The derived data were

used in the preparation of Chapter 5.

NSC concentrations in stem sapwood and young needles were manually

monitored at the Baños de Panticosa experimental site in 2016. NSC concen-

trations were quantified in five P. uncinata individuals at each plot. Three

apical shoots and one core, taken at breast height (1.3 m) with a Pressler

increment borer (Haglöf, Sweden), were seasonally collected and stored at 5

ºC. The samples were then processed in the laboratory, as explained below.

The derived data were used in the preparation of Chapter 5.

Phenology of shoots and needles were manually monitored at the Baños

de Panticosa experimental site during 2016 and 2017, since before the start of

tree growth (April) to the end of the growing season (October). Measurements

were done weekly or bi–weekly with a ruler (1 mm precision) following Rossi

et al. (2009) procedure. Five lower branches, from all exposures, were selected

in five P. uncinata individuals at each plot. On the branches, the elongation

of apical shoots was measured, and on each shoot, five developing needles

were randomly selected and measured. The derived data were used in the

preparation of Chapter 5.

Tree–ring width data series came from an updating of tree–ring chronologies

from 36 forests sampled at the main mountains in the NE Iberian Peninsula

and published by Galván et al. (2012). Thus, the related field work and

Methodology 89



subsequent laboratory processing (described later in this section) was carried

out before the start of this Thesis by the mentioned research team. Cores

were collected between 1994 and 2010 from 5 to 65 P. uncinata individuals

randomly selected in each forest. Two or three cores were taken at breast

height (1.3 m) with Pressler increment borers (Haglöf, Sweden) from each

tree individuals. The derived data were used in the preparation of Chapter 4.

Forest structure was recorded in representative subplots of 15 ◊ 15 m, con-

sidering one subplot per study plot, at the Baños de Panticosa experimental

site. The diameter at breast height at the beginning of the study period

(dbh0) was measured using tapes. Tree height was measured using clinomet-

ers. Canopy cover was estimated by measuring two crown projections (one

perpendicular and one parallel to the slope line) in each pine, then two area

values were calculated from these measurements. The cover area of each pine

was expressed as a percentage of the subplot area. Finally, all individual

canopy cover percentages were aggregated. Because the canopies of different

individuals may overlap, the total cover may exceed 100%. Tree age was es-

timated from dbh0 values based on an age–dbh linear regression obtained in

a nearby P. uncinata forest. Density was calculated by counting the number

of pines per subplot and then dividing by the subplot area. Basal area of

each stand was calculated by summing the individual basal areas of each pine

and dividing by the subplot area. Individual basal areas were calculated by

measuring the diameter of each pine at the breast height (1.3 m). LAI val-

ues were indirectly estimated from hemispherical photographs of the canopy,

which were taken from the ground at the locations of the fixed snow poles us-

ing a fisheye lens. These forest structure data were used in the preparation of

Chapter 3, Chapter 5 and Chapter 6. On the other hand, biometric (dbh and

tree height) variables were recorded for each individual tree in sampled sites

at the main mountains of the NE Peninsula using similar methods. These

data were used in the preparation of Chapter 4.

2.4.2 Geographical Information System (GIS) data

Potential solar irradiation received by each plot was calculated using the

Points Solar Radiation tool included in ArcGIS 9.3 software (ESRI, USA).
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Figure 2.7: (a) Graduated fixed snow poles installed beneath the forest can-
opy in one of the studied plots at the Baños de Panticosa experimental site.
(b) One of the time–lapse cameras installed to photograph the snow poles on
a daily basis in order to obtain snow depth data. (c) Measuring SWE using
a snow cylinder and scale (ETH core sampler) inside a snow pit. (d) Snow
depth manually data collection using a graduated snow probe. (e) HOBO
U30 NRC weather station registering solar irradiance and wind speed data.
(f) Tinytag–Pus–2 data–logger inside a radiation shield registering air tem-
perature and moisture data.
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Figure 2.8: (a) Collecting microcores with a Trephor increment puncher to
monitor xylogenesis. (b) One of the wood samples (microcore) fixed in eth-
anol solution. (c) Measuring shoot and needle elongation with a ruler to
monitor tree phenology. (d) Installed dendrometer (DR 26, EMS Brno) regis-
tering stem radius variations. (e) Collecting cores with a Pressler increment
borer to quantify sapwood NSC. (f) Soil moisture sensor (ECH2O probe). (g)
Miniature temperature logger (Thermochron iButton). Credit of the image
a: Centro Studi per l’Ambiente Alpino, Universita’ degli Studi di Padova.
Credit of the rest of images: Sanmiguel–Vallelado, A.
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This tool calculates the total amount of radiation for particular locations

and for specific time periods; in our case, studied plots in the Baños de

Panticosa experimental site and over each month of the year. The calcu-

lation of potential solar irradiation are repeated for every location on the

topographic surface, producing insolation maps for an entire geographic area.

Digital Elevation Models of the analyzed area were required for calculations

(source: IDEAragón–Infraestructura de Datos Espaciales de Aragón, https:

//idearagon.aragon.es/, 20 m resolution). Calculations were performed as-

suming clear–sky conditions (transmissivity value: 0.5)5. The derived data

were used in the preparation of Chapter 3.

2.4.3 Image processing

To obtain daily data on snow depth from the photographs of the snow poles

at the Baños de Panticosa experimental site, photographs were processed

using ImageJ software (Rasband, 1997) following this process: (1) from a

snow–free photograph of the poles of each plot, I measured in the ImageJ

units the length of each pole, already knowing its real length in cm; (2) on

each photograph taken during the snow season, I measured in the ImageJ

units the length of each pole section above the surface of the snowpack; (3)

by subtracting this last measurement–step 2–from the total length of the pole

–step 1–, and converting the ImageJ units to cm, I obtained daily snow depth

values for each pole. In case of doubt, the coloured graduation marks helped

to determine the snow depth value for each pole. Using this methodology, we

assumed an error of about 5 – 10 cm in the measurement. The derived data

were used in the preparation of Chapter 3, Chapter 5 and Chapter 6.

On the other hand, averaged LAI value for each plot at the Baños de Panticosa

experimental site was extracted from hemispherical photographs using the

Gap Light Analyzer software (Simon Fraser University, New York, USA).

LAI 4 Ring variable was considered, which is the effective leaf area index

5Transmissivity is a property of the atmosphere that is expressed as the ratio of the
energy reaching the Earth’s surface to that which is received at the upper limit of the
atmosphere (extraterrestrial). Values range from 0 (no transmission) to 1 (complete trans-
mission). Typically observed values are 0.6 or 0.7 for very clear sky conditions and 0.5 for
only a generally clear sky.
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integrated over the zenith angles 0 to 60º (Stenberg et al., 1994). The derived

data were used in the preparation of Chapter 6.

2.4.4 Data provided by governmental agencies

The Spanish State Meteorology Agency (AEMET) provided daily sum of total

precipitation data during the study period, which were recorded by the 9451A

AEMET’s meteorological station located at the Baños de Panticosa experi-

mental site (1630 m a.s.l.). This information on precipitation was supported

by the nearby meteorological station (E235) operated by the Automated Hy-

drological Information System for the Basin of the Ebro River (SAIH) of the

River Ebro Hydrographic Confederation (CHE). Moreover, daily maximum

SWE series from 2008 to 2019 were provided by a tele–snow gauge operated

by SAIH–CHE (N0004 Bachimaña). These data sets were used in the prepar-

ation of Chapter 6.

2.4.5 Laboratory procedures

To obtain tree–ring width data from collected cores at the studied forests

stands located in the main mountains in the NE Iberian Peninsula, wood

samples were air dried and sanded until tree–ring boundaries were clearly vis-

ible. Then, a LINTAB measuring device (Rinntech, Heidelberg, Germany)

was used to measure at 0.01 mm resolution the ring widths. The individual

ring width series were compared among coexisting trees of the same species

and site in order to check the cross–dating quality, and for this purpose the

COFECHA software (Holmes, 1983) was used. The resulting data are cross-

dated tree–ring width (RWL) series, which were used in the preparation of

Chapter 4. I would like to recall that tree–ring data series came from an

updating of tree–ring chronologies published by Galván et al. (2012). Thus,

the laboratory processing described above was carried out before the start of

this Thesis by the mentioned research team.

To monitor xylogenesis from collected microcores at the Baños de Panticosa

experimental site, wood samples were freezing and then transversally sec-

tioned (15–20 µm thick) using a sliding microtome (Leica SM2010 R) with
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Figure 2.9: (a) Transversal microcore sections mounted on glass slides and
stained. (b) A frozen microcore ready to be sliced using a sliding microtome
(Leica SM2010 R). (c) Compiled image of one microcore section using a cam-
era mounted on a light microscope (Olympus BH2). From right to left can
be seen (A) the bark, (B) the cambium, (C) the first row of cells forming
the incipient tree–ring, (D) the ring formed the previous year (darker rows of
cells form the latewood and lighter rows form the earlywood), and finally (E)
appears a part of the ring formed two years earlier.

temperature Controlled Freezing Stages for Microtomes (Physitemp BFS–30MP).

Wood sections were mounted on glass slides, stained with 0.05% cresyl vi-

olet and fixed with Eukitt®. Then, sections were examined with visible and

polarised light at 40–100x magnification, and photographs were taken when

necessary using a digital camera mounted on a light microscope (Olympus

BH2, Olympus, Hamburg, Germany). Samples usually comprised the pre-

ceding 4–5 rings alongside the developing ring with the cambial zone and

adjacent phloem. The number of cambium cells, radially enlarging tracheids,

wall–thickening tracheids and mature cells were counted and averaged on five

radial lines per ring following Deslauriers et al. (2015) procedures. Photo-

graphs of the materials used during microcore processing at laboratory and

the augmented view of one wood section can be found in Figure 2.9. The

derived data were used in the preparation of Chapter 5.

To determine NSC concentrations in collected stem cores and needle

samples at the Baños de Panticosa experimental site, procedures described
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in Sangüesa-Barreda et al. (2012) were followed. NSC measured after ethanol

(80%) extraction is referred to as soluble sugars (SS), carbohydrates measured

after enzymatic digestion in glucose equivalents are referred to as starch, and

the sum of SS and starch is referred to as total NSC (TNC). The derived data

were used in the preparation of Chapter 5.

2.4.6 Climatic modeling

Daily snow depth and temperature data from 1980 to 2010 for the studied

sites at the main mountains in the NE Iberian Peninsula were extracted from a

gridded meteorological dataset created by Alonso-González et al. (2018). The

dataset was obtained by simulation from Weather Research and Forecasting

(WRF; Skamarock et al. (2008)) model. The WRF model was driven by ERA-

Interim (Berrisford et al., 2011) reanalysis and coupled offline with Factorial

Snow Model (FSM 1.0; Essery (2015)), a physically based energy and mass

balance snow model. WRF outputs were projected to the target elevation,

and the new projected meteorological information was used as driving data

of FSM. Part of this final dataset was used in the preparation of Chapter 4,

representing one of its many possible applications, which comprises the whole

Iberian Peninsula at different elevations from 1980 to 2014 and is freely avail-

able for download from Zenodo (https://doi.org/10.5281/zenodo.854618).

2.4.7 Hydrological modeling

Hourly SWE series and energy fluxes for each plot at the Baños de Panticosa

experimental site were simulated from 2016/17 to 2019/20 snow seasons, dis-

tinguishing areas beneath the forest canopy (F) and forest openings (O). For

that purpose, the Cold Regions Hydrological Model (CRHM; Pomeroy et al.

(2007)) was used. SWE series and energy fluxes were outputs from the Snobal-

CRHM and CanopyClearingGap modules. CRHM was fed by climate data

registered at the Baños de Panticosa experimental site, mostly by our own

weather stations, and part of it (precipitation data) provided by Governmental

Agencies (AEMET and SAIH–CHE). The input dataset were transformed into

CRHM observations using the CRHMr R package (Shook, 2016). The eval-

uation of model performance consisted of comparing the model outputs with
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observed daily SWE in F–O areas at each plot during the 2016/17 and 2017/18

snow seasons. Subsequently, a sensitivity analysis was performed to assess the

response of forest effect on snow processes to changing climate conditions. To

this end, SWE and energy fluxes were simulated under scenarios of combined

increased temperature (from +1ºC to +4ºC) and varying precipitation (from

-20% to +20%) following the future climate projections for the Mediterranean

mountains and associate uncertainty (Knutti & Sedláček, 2013; Nogués Bravo

et al., 2008). In total, 14 scenarios of perturbed climate conditions were sim-

ulated. CRHM outputs consisted on SWE and energy fluxes hourly series

that were post–processed using the CRHMr R package (Shook, 2016) to ob-

tain the maximum and mean value reached each day, respectively. It was

tested whether the studied snow seasons were representative of a wider range

of local snow conditions, by comparing them with the series obtained from

a near tele–snow gauge operated by SAIH–CHE (N0004 Bachimaña). The

derived data were used in the preparation of Chapter 6. In that chapter, the

reader will find the particularities of the CRHM modelling platform, as well

as the details about the model implementation and validation, the simulation

process and the sensitivity analysis performed.

2.5 Data processing

Snow–related data

Daily snow depth series for each plot at the Baños de Panticosa exper-

imental site, distinguishing F–O areas, were obtained after: (1) processing

photographs from the monitoring system composed of time–lapse cameras

and fixed snow poles, as previously described; (2) estimating missing data

in the daily snow depth series obtained at each pole using a non–parametric

iterative imputation method called missForest method6 (Stekhoven & Buhl-

mann, 2012), which is implemented in the MissForest R package (Stekhoven,

2013); and (3) averaging daily snow depth series for the F–O poles at each

experimental plot. These data series were used to estimate daily SWE series,

6The missForest method fits a Random Forest regression to the observed part and then
predicts the missing parts of the input data (Breiman, 2001)
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presented further and used in the preparation of Chapter 3, Chapter 5 and

Chapter 6.

Daily snow density series for each plot at the Baños de Panticosa experi-

mental site, distinguishing F–O areas, were obtained after: (1) averaging the

SWE and depth values of the replicates taken in the manual measurements

performed every 10–15 days in snow pits; (2) calculating the snowpack density

from SWE and depth values using the following equation for each F–O area

at each experimental plot:

fls =
SWE · flw

H
(2.1)

where fls is the snow density, flw is the water density and H is the snow

height; and (3) estimating daily snow density series by linear interpolation

between each pair of density measurements from consecutive surveys. These

data series were required to estimate two types of SWE series, below presented

(daily and spatially distributed), and used in the preparation of Chapter 3,

Chapter 5 and Chapter 6.

Daily SWE series for each plot at the Baños de Panticosa experimental site,

distinguishing F–O areas, were inferred from data on daily snow depth and

estimated daily snow density using the equation 2.1. Therefore, these data

series can be considered estimations. Only data in a continuous snowpack

period were considered, i.e. from the first day of 14 or more consecutive

days with snow on the ground to the last date with a snow record. Daily

rates of snow accumulation (positive values) and melting (negative values)

were calculated from daily SWE series by performing first–order differencing,

day–by–day. Finally, forest effects on snow processes were calculated as a

percentage (increase or decrease) comparing F–O data on snowpack duration,

cumulative SWE, and accumulation and melting rates (annual medians). This

dataset was used in the preparation of Chapter 3, Chapter 5 (where data from

F and O areas were averaged to obtain a single representative value for each

plot) and Chapter 6.

Spatially distributed SWE series with ∼biweekly temporal resolution for

each plot at the Baños de Panticosa experimental site, distinguishing F–O
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areas, were obtained after: (1) averaging the snowpack depth values of the

replicates taken in the distributed measurements manually performed every

10–15 days using a snow probe; and (2) inferring SWE values from these data

on snow depth and calculated snowpack density of each survey day using

the equation 2.1. Series of spatial CV of SWE were obtained from spatially

distributed SWE series by calculating the ratio of the standard deviation to

the mean value of SWE of each F–O area at each experimental plot (averaging

the 10 sites measured at each F–O area). Finally, forest effects on cumulative

SWE and SWE CV were calculated as a percentage comparing obtained values

in F–O areas (annual median). This dataset was used in the preparation of

Chapter 3.

Indices describing seasonal snow conditions were calculated from daily

snow depth series obtained by WRF-FSM simulations for the studied sites

located at the main mountains in the NE Iberian Peninsula, including: average

November snow depth, average February snow depth and average March snow

depth. These indices aimed to reflect previous autumn, winter and spring

snow conditions, respectively, based on the cumulative nature of snow (López-

Moreno, 2005). These data series were used in the preparation of Chapter 4.

Indices describing annual snow conditions were calculated from daily

SWE series obtained by CRHM simulations (in some cases performed under

climate–forced conditions) for each plot at the Baños de Panticosa experi-

mental site, distinguishing F–O areas. Calculated annual snow indices in-

cluded: accumulation onset (i.e. date of first day having SWE > 5 mm), melt

out date (i.e. last date having SWE > 5 mm), snow duration (i.e. number of

days annually having SWE > 5 mm; López-Moreno et al. (2020)), peak SWE

(i.e. maximum annual amount of SWE), peak SWE date, and the annual

median melting rate. In turn, from the obtained snow indices, I calculated:

(1) the relative change of snow indices under combined temperature and pre-

cipitation perturbed scenarios with respect to observed conditions; and (2)

the forest effects on snow processes as a percentage (increase or decrease) of

snow indices magnitude. This dataset was used in the preparation of Chapter

6.
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Tree–related data

Series of dimensionless ring–width indices (RWI) were obtained for the

studied sites located at the main mountains in the NE Iberian Peninsula from

RWL series by removing age or size trends and temporal autocorrelation using

the ARSTAN V. 44 software (Cook, 1985). Residual or pre-whitened RWI

series were obtained by removing long–term trends of ring–width data fitting

negative linear functions, followed by 30–year cubic smoothing splines, and

then by eliminating the first–order autocorrelation of the resulting residuals.

After that, individual series were averaged by using a bi–weight robust mean

for each site. These mean site RWI series were used in the preparation of

Chapter 4.

Daily rates of mature tracheid production for each studied forest stand

at the Baños de Panticosa experimental site were obtained from data on xylem

development. Firstly, and following Camarero et al. (1998) and Rossi et al.

(2003) methodologies, the Gompertz function was used to model the increase

in the number of mature tracheids at plot level. It is defined in Cheng and

Gordon (2000) as:

Y = A · exp[−e(β−k·t)] (2.2)

where Y is the weekly cumulative sum of mature cells (sum of earlywood

and latewood mature tracheids), A is the upper growth asymptote, — is the

x–axis placement parameter, k is the rate of change parameter, and t is the

time in day–of–year (DOY). For this purpose, there was used the non–linear

regression tools included in the growth–models R package (Rodriguez Perez,

2013). Secondly, resulting Gompertz–adjusted series were limited to the main

P. uncinata growing season period from April–May to October (Camarero

et al., 1998). Finally, first–order differences were calculated between the val-

ues of two consecutive days of the Gompertz–adjusted series to obtain daily

rates of mature tracheid production. Apart from that, some annual indices

were calculated from these resulting series, including: production of mature

tracheids, maturation onset, maturation cessation, maturation duration, max-

imum rate of mature tracheid development, and timing of maximum rate of

mature tracheid development; details on their calculation can be found in
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Table A.1 of Chapter 5. These datasets were used in the preparation of

Chapter 5.

Daily rates of radial increment were calculated for each studied P. un-

cinata individual at the Baños de Panticosa experimental site from data on

hourly stem perimeter variations, considering a daily approach, and following

these steps: (1) collected data on stem perimeter variations were transformed

into radial changes, assuming that stems were circular in shape, and know-

ing the initial diameter of the trunk at the beginning of the study (dbh0);

(2) the dendrometeR package (van der Maaten et al., 2016) was used to ob-

tain daily maximum radius series; (3) resulting series were limited to the

main P. uncinata growing season period (April–May to October)(Camarero

et al., 1998) and set to 0 on April 1 every season (except in 2016, when the

series were set to 0 the May 1 due to data availability); (4) Gompertz func-

tions were adjusted to daily maximum radius series at plot level following

the procedure described in the previous paragraph; and (5) first–order dif-

ferences were calculated between the values of two consecutive days of the

Gompertz–adjusted series to obtain daily rates of mature radial increment.

Apart from that, some annual indices were calculated from these resulting

series, including: total stem radial increment, stem radial increment onset,

stem radial increment cessation, stem radial increment duration, maximum

rate of radial increment, and timing of maximum rate of radial increment;

details on their calculation can be found in Table A.1 of Chapter 5. This

dataset was used in the preparation of Chapter 5.

Annual indices describing shoot and needle pheonology were calcu-

lated for each studied P. uncinata individual at the Baños de Panticosa ex-

perimental site from data on shoot and needle elongation. Calculated indices

include: onset of shoot elongation (i.e. first day when an increment in shoot

length was recorded after dormancy), shoots final length (i.e. maximum shoot

length value recorded), onset of needle elongation (i.e. first day when an incre-

ment in needle length was recorded after dormancy), and needle final length

(i.e. maximum needle length value recorded). This dataset was used in the

preparation of Chapter 5.
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Climate–related data

Climate series (including air temperature, relative humidity, wind speed,

global solar irradiation and precipitation) were obtained from several weather

stations located at each plot in the Baños de Panticosa experimental site, as

previously mentioned. Less than 1% of the data were outliers caused by errors

in sensor measuring, and they were removed. Missing data were estimated

using the previously mentioned missForest method. Hourly and daily average

series at each experimental plot were calculated, except in the case of pre-

cipitation data which was only available for the valley bottom by a AEMET

weather station (1630 m a.s.l.). Climate data registered by another meteoro-

logical station operated by us (apart from the stations installed at each plot)

located at the valley bottom, and the SAIH–CHE meteorological station, were

included in the data imputation process. These data series were used in the

preparation of Chapter 3, Chapter 5 and Chapter 6.

Indices describing monthly average temperatures were calculated from

daily mean temperature series obtained by WRF–FSM simulations for the

studied sites located at the main mountains in the NE Iberian Peninsula, in-

cluding: November mean temperature, February mean temperature, Novem-

ber–February mean temperature, December–February mean temperature, Janu-

ary–February mean temperature, May mean temperature, March–May mean

temperature and April–May mean temperature. These data were used in the

preparation of Chapter 4.

Indices describing annual energy conditions were calculated from daily

energy fluxes series obtained by CRHM simulations (in some cases performed

under climate–forced conditions) for each plot at the Baños de Panticosa ex-

perimental site, distinguishing F–O areas. From these CRHM outputs, the

annual average values from October to June were calculated. In turn, from

the obtained annual energy fluxes values, I calculated: (1) the relative change

of annual values of energy fluxes under temperature perturbed scenarios, with

respect to observed conditions; and (2) the forest effects on snow energy con-

tent as a percentage (increase or decrease) in energy fluxes indices magnitude.

This dataset was used in the preparation of Chapter 6.
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Soil temperature and humidity data

Soil series (including temperature and moisture) were obtained for each plot

at the Baños de Panticosa experimental site, distinguishing F–O areas, using

automatic devices. Less than 1% of the data were outliers caused by errors in

sensor measuring, and they were removed. In Chapter 5, missing values in the

soil temperature and moisture series were filled using the missForest method

(previously detailed), and data from F and O areas were averaged to obtain a

single representative value for each plot. In Chapter 6, missing values in the

soil temperature series were filled by linear or spline interpolation using the

function interpolate included in the CRHMr R package (Shook, 2016).

All data processing was performed using R statistical software (Team, 2020)

2.6 Statistical analyses

Normality tests were often a first step when analyzing data since many sub-

sequent statistical analyses have normality as an assumption, and if analyzed

data do not meet that requirement, a different statistical approach will be

needed. The Shapiro–Wilk test was used to examine if data of the analyzed

variables followed a normal or gaussian distribution. The null hypothesis

considered in this test is that a variable is normally distributed in some pop-

ulation. If p-value < – this hypothesis was rejected and thus, it was conclude

that the analyzed variable was not normally distributed. In the opposite case

(p-value > –), this hypothesis was accepted and therefore it was conclude

that the analyzed variable was normally distributed. These tests were done

considering a significance level (–) of 0.05.

Correlations were used to determine the statistical association between pairs

of continuous variables. Firstly, the relationship between each pair of variables

was visually examined by means of scatterplots. Then, the strength and the

direction of the relationship were quantified using a linear correlation coeffi-

cient. Prior to this, and when necessary, variables were detrended to prevent

spurious correlation7. Two types of correlation coefficients were used in this

7A spurious correlation describes a relationship between two variables that seems to
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Thesis: when data of the analyzed variables were normally distributed, the

Pearson coefficient was used; in the opposite case, the non–parametric Spear-

man coefficient was calculated. Hypothesis tests of the significance of the

correlation coefficient were used to decide if the calculated correlation coeffi-

cients were close to zero (H0 or null hypothesis) or significantly different from

zero (H1 or alternative hypothesis). Thus, when the p-value obtained from

these test was less than –, H0 was rejected and H1 was accepted, conclud-

ing that there was a significant linear relationship between the two analyzed

variables. In the opposite case (p-value > –), H0 was accepted, concluding

that the two analyzed variables were not linearly correlated. These tests were

done considering a significance level (–) of 0.05. In Chapter 3, correlation

tests were used to determine the influence of environmental variables on the

detected effects of forests at the Baños de Panticosa experimental site. In

Chapter 4, correlation tests were used to explore the variations of tree growth

responses to snow conditions along biogeographical gradients at the main

mountains in the NE Iberian Peninsula. In Chapter 5, were used to determ-

ine (1) the temporal variability of the linear soil VWC response to snowmelt,

(2) the influence of snowpack duration on soil temperature over time, and (3)

intra–annual microclimate effects on tree growth at the Baños de Panticosa

experimental site.

Partial correlations only differ from the above-mentioned correlations in

that they control for the effect of one or more other continuous variables

called covariates. This analysis is used to avoid the misleading results that

can be obtained when a correlation coefficient is calculated between two vari-

ables but there is another variable that is related to both of them. In Chapter

4, partial correlations were calculated between RWI series and snow depth

data by partially removing the effects of air temperature, because the aim

was to infer the pure effect of snow on tree growth at the studied sites located

in the main mountains in the NE Iberian Peninsula. Similar to the above,

hypothesis tests were done for calculating the partial correlations, which con-

sidered the non–parametric Spearman coefficient since the data distribution

have a cause–and–effect connection, but in reality they are absolutely uncorrelated. This
correlation without causation is induced by a third factor, such us a common trend exhibited
by both analyzed variables.
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of the analyzed variables was not normal. These tests were done considering

a significance level (–) of 0.05. Prior to this, snow and temperature variables

were detrended to prevent spurious correlation.

Simple linear regressions were used to model the relationship between two

continuous variables in which one variable (the predictor or independent vari-

able) may explain the variability of other variable (the response or dependent

variable) by fitting a linear equation to data. They can then be used to pre-

dict changes in the response variable for a given change in the predictor value.

As mentioned, this type of models assumes that the relationship between the

predictor and response variable is linear. The regression line describes how

much the mean response of Y values changes when the X variable does, and

it takes this form:

Y = —0 + —1 · X + ‘ (2.3)

where Y represents the response variable, X is the predictor variable, —0 is

the Y when X is 0 or the intercept, —1 is the estimated regression coefficient

which represents the change in Y relative to a one unit change in X, and ‘ is

the residual term which represents the deviations of the Y values from their

the mean response (i.e. the line). R2 statistic, called coefficient of determ-

ination, measures how well data fit the regression model. More specifically,

it determines the proportion of variance in the response variable that can be

explained by the predictor variable. In Chapter 5, the relationships between

snow melting and soil VWC were modeled by means of simple linear regres-

sions at the Baños de Panticosa experimental site to investigate influences of

snowpack on soil moisture.

Polynomial regressions are one option to model a nonlinear relationship

between above-mentioned predictor and response variables by fitting a poly-

nomial equation to data. The fitted curve takes this form:

Y = —0 + —1 · X + —2 · X2 + ... + —h · Xh + ‘ (2.4)

where h refers to the degree of the polynomial. In Chapter 5, the relationships

between SWE and soil temperature were modeled by means of polynomial re-
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gressions at the Baños de Panticosa experimental site to investigate influences

of snowpack on soil temperature.

Multiple linear regressions model the relationships between two or more

predictor variables (covariates) and a response variable by fitting a linear

equation to data. The basic approach is the same as the one introduced above

in the case of the simple linear regressions, but the equation takes another

form:

Y = —0 + —1 · X1 + —2 · X2 + ... + —n · Xn + ‘ (2.5)

where n are the distinct number of predictor variables. Caution must be taken,

because when increasing the number of predictor variables in the model, the

R2 will increase reaching a maximum R2 value (R2 = 1) when the number

of covariates equals the number of observations - 1. Therefore, in multiple

regression a common goal is to determine which predictor variables contrib-

ute significantly to explaining the variability in the response variable. In this

Thesis, I used the stepwise regression as a variable selection method. This

method tests together various combinations of variables, and allows to intro-

duce variables that substantially improve the model by rejecting those that

may be redundant. The first step will identify the best one-variable model,

and subsequent steps will identify the best two-variable, three-variable, etc.

models. Training models were compared using the Akaike Information Cri-

terion (AIC) value considering the smaller AIC, which points to the most

parsimonious model (i.e. a model that achieves a maximised R2 using as few

explanatory variables as possible) (Burnham & Anderson, 2003). The MuMIn

R package (Barton & Barton, 2018) was used to perform an automated model

selection. In Chapter 4, stepwise linear regressions were used to infer whether

the snow depth or temperature conditions were the best predictors of RWI at

the studied sites located in the main mountains of the NE Iberian Peninsula.

Principal component analysis (PCA) is a multivariate method that re-

duces the dimensionality of large data sets while preserving as much inform-

ation (variability) as possible. The objective is to obtain a reduced number

of new uncorrelated variables (called principal components, PCs) that are

lineal combinations of the original variables and keep much of the variance
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contained in them (Jolliffe, 2005). A PCA involves five steps: (1) variable

standardisation; (2) covariance matrix computation to identify correlations

between variables; (3) eigenvalues and eigenvectors computation from the co-

variance matrix to identify the PCs of the data set; (4) selection of the PCs we

decide to keep based on the Kaiser criterion, preserving those with eigenvalues

greater than 1 (Kaiser, 1974); and (5) classification of the original variables

into the selected PCs by following the maximum loading rule. PCA results

were graphically represented as vectors, indicating (i) the direction in which

the value of the vector increases, and (ii) the correlation magnitude among

vectors and between vectors and component axes (low angles correspond to

high correlations). In Chapter 5, PCAs were performed to identify the most

influencing microclimate variables (i.e. climate, snow and soil conditions) on

xylogenesis and tree radial increment at the Baños de Panticosa experimental

site.

To detect statistical differences among groups, that is, to determine

if two or more data samples are different from one another in a statistically

significant manner, two different tests were used depending on the number

of groups considered. In case of comparing three or more groups, I used the

Kruskal–Wallis test, which is the non–parametric equivalent one-way AN-

OVA, for testing if samples were originated from the same distribution. In

case of comparing two groups, I used the non–parametric Wilcoxon test, which

is often described as the non–parametric version of the two–sample t–test.

The Dunn test was used for post–hoc pairwise test to determine which groups

differed from each other when results from a Kruskal–Wallis test were statist-

ically significant, since both tests use the same rankings of the data. The null

hypothesis of all of these tests is that the data distributions of the compared

groups do not differ. Therefore, when the p-value obtained from the test was

less than –, H0 was rejected and it was concluded that the analyzed groups

statistically deferred from each other. A significance level (–) of 0.05 was con-

sidered. All three mentioned tests were non–parametric since the assumption

of normality in data distribution within the groups of analyzed variables was

not always met. In Chapter 3, the Wilcoxon test was used to detect the sig-

nificance of observed different snow conditions between F and O areas, which
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allow to detect several forest effects on snowpack at the Baños de Panticosa

experimental site. In the same chapter, the Kruskal–Wallis test was used to

assess whether there were statistically significant differences in the detected

effects of forests on snowpack among plots, snow seasons, and periods in the

snow seasons at the same study site. In Chapter 4, the Kruskal–Wallis test

was used to identify statistically significant different tree growth responses

to snow conditions among groups of sites along biogeographical gradients at

the studied sites located in the main mountains of the NE Iberian Peninsula.

In Chapter 5, the Kruskal–Wallis test was used to assess whether there were

statistically significant differences in certain analyzed variables (i.e. air and

soil temperatures, soil VWC, and NSC concentrations) among plots or years

at the Baños de Panticosa experimental site. In Chapter 6, the Wilcoxon

test was used to detect the significance of obtained differences between F and

O areas in snow conditions and their sensitivity under different scenarios of

perturbed climate at the Baños de Panticosa experimental site.

Trend analyses quantify and explain monotonic trends in a data set over

time. Here, it is important to note that there are two main kinds of trends: a

gradual change over time in one direction (monotonic trend) and an abrupt

shift at a specific point in time (step trend). Thus, linear trends are a type of

monotonic trends. In this Thesis, the statistical importance of trends in ana-

lyzed time series was evaluated using the non–parametric Mann–Kendall test

(Kendall & Gibbons, 1975; Mann, 1945), since the data did not conform to a

normal distribution. The null hypothesis of this test is that data do not follow

a trend on time, while the alternative hypothesis affirms that there is a mono-

tonic trend. However, that trend can be positive (i.e. an upward monotonic

trend) or negative (i.e. a downward monotonic trend). The Mann–Kendall

test was used in conjunction with the Theil–Sen’s slope estimator (Sen, 1968;

Thiel, 1950), which computes the magnitude of the statistically significant

trend detected. The Theil–Sen’s slope estimator is a non–parametric tech-

nique for estimating the slope of the fitted line to sample points in the plane

(i.e. linear regression) by choosing the median of all slopes between paired

values. Trend analyses were carried out using the zyp R package (Bronaugh

et al., 2009), which includes a trend–free pre–whitening method for removing
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serial autocorrelation. In Chapter 3, trend analyses were used to detect and

quantify trends of the effects of forests on snowpack during the study period

at the Baños de Panticosa experimental site. In Chapter 4, trends in RWL

and snow data series analyses were analyzed at the studied sites located in

the main mountains of the NE Iberian Peninsula following these methods to

quantify and explain the change over time in snow conditions and tree radial

growth.

All statistical analyses were performed using R statistical software (Team,

2020).
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Abstract

Snowpacks and forests have complex interactions throughout the large range of alti-

tudes where they co-occur. However, there are no reliable data on the spatial and

temporal interactions of forests with snowpacks, such as those that occur in nearby

areas that have different environmental conditions and those that occur during dif-

ferent snow seasons. This study monitored the interactions of forests with snow-

packs in four forest stands in a single valley of the central Spanish Pyrenees during

three consecutive snow seasons (2015/2016, 2016/2017 and 2017/2018). Daily

snow depth data from time-lapse cameras were compared with snow data from field

surveys that were performed every 10–15 days. These data thus provided informa-

tion on the spatial and temporal changes of snow–water equivalent (SWE). The

results indicated that forest had the same general effects on snowpack in each forest

stand and during each snow season. On average, forest cover reduced the duration

of snowpack by 17 days, reduced the cumulative SWE of the snowpack by about

60% and increased the spatial heterogeneity of snowpack by 190%. Overall, forest

cover reduced SWE total accumulation by 40% and the rate of SWE accumulation by

25%. The forest-mediated reduction of the accumulation rate, in combination with

the occasional forest-mediated enhancement of melting rate, explained the reduced

duration of snowpacks beneath forest canopies. However, the magnitude and timing

of certain forest effects on snowpack had significant spatial and temporal variations.

This variability must be considered when selecting the location of an experimental

site in a mountainous area, because the study site should be representative of sur-

rounding areas. The same considerations apply when selecting a time period for

study.

K E YWORD S

mountain forest, snowpack, spatial and temporal variability, SWE

1 | INTRODUCTION

The snowpack of a mountain plays a fundamental role in several eco-

logical and hydrological processes, in that it provides water for forest

growth, and it also affects the water cycles and economies of mid-

latitude mountainous regions (Barnett, Adam, & Lettenmaier, 2005;

Beniston, 2012; Jones, Pomeroy, Walker, & Hoham, 2001; Pulliainen

et al., 2017). Such is the case in the Mediterranean basin, in which
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winter snow dynamics influence the streamflow of many rivers

(Darwish et al., 2015; Gil'ad & Bonne, 1990; López & Justribó, 2010;

López-Moreno & García-Ruiz, 2004; Morán-Tejeda, Lorenzo-Lacruz,

López-Moreno, Rahman, & Beniston, 2014; N'da et al., 2016;

Sanmiguel-Vallelado, Morán-Tejeda, Alonso-González, & López-

Moreno, 2017), and water from spring snowmelt is an essential

resource in the lower watersheds, which are drought-prone regions

(Ceballos-Barbancho, Morán-Tejeda, Luengo-Ugidos, & Llorente-

Pinto, 2008; García-Ruiz, López-Moreno, Vicente-Serrano, & Lasanta–

Martínez, & Beguería, 2011; López-Moreno et al., 2014).

The variable climate of the mountainous headwaters induces high

inter- and intra-annual variability in snowpack characteristics

(i.e., distribution, depth, density and snow–water equivalent [SWE];

Fayad et al., 2017). The characteristics of the snowpack also depend

on interactions between topography and forest cover (Huerta,

Molotch, & McPhee, 2019; Jenicek, Pevna, & Matejka, 2018; Jost,

Weiler, Gluns, & Alila, 2007). Forest cover reduces snow accumulation

on the ground because the tree canopies intercept some of the snow-

fall (Storck, Lettenmaier, & Bolton, 2002). Thus, the snowpack is

smaller in forested areas than open sites (Moeser, Stähli, & Jonas,

2015; Veatch, Brooks, Gustafson, & Molotch, 2009). Snow that is

intercepted by the forest canopy may return to the atmosphere by

sublimation or may reach the ground as it melts or by direct mass

release (Storck, 2000). The efficiencies of canopy interception and

subsequent process depend on local climate and forest structure

(Varhola, Coops, Weiler, & Moore, 2010). Furthermore, forest cover

influences snow melt by altering the energy balance (Nakai, Sakamoto,

Terajima, Kitamura, & Shirai, 1999). For example, forested areas have

reduced turbulent heat transfer because of their reduced wind speeds

(Marks, Kimball, Tingey, & Link, 1998; Yamazaki & Kondo, 1992). The

forest canopy can also reduce energy inputs by shading the snowpack

from solar radiation (Ellis, 2011; Musselman, Molotch, & Brooks,

2008) and the snowpack beneath a canopy receives increased long-

wave radiation from trees (Pomeroy et al., 2009), which have higher

rates of emissivity than the atmosphere (Essery, Pomeroy, Ellis, & Link,

2008; Lawler & Link, 2011). In addition, litter on the snow surface

(needles, leaves, etc.) can increase the net radiation during the melting

period due to a reduction in the snow albedo (Hardy, Melloh, Robin-

son, & Jordan, 2000).

The Pyrenees, a mountain range located in the transition of the

temperate-continental Atlantic-Eurosiberian and mild-dry Mediterra-

nean climate, has a snowpack above 1,600 m a.s.l. that usually lasts

until late spring (López-Moreno et al., 2010). In the central Spanish

part of this range, the dominant trees in the subalpine forests are

mountain pine (Pinus uncinata Ram.) from 1,600 to 2,500 m a.s.l. and

Scots pine (Pinus sylvestris L.) from 1,200 to 1,900 m a.s.l. (de la

Torre & Ceballos, 1979). Therefore, snowpack and forests interact at

altitudes of 1,600 to 2,500 m a.s.l. Most of the Pyrenees are in this

altitudinal band, and elevations only occasionally exceed 3,000 m a.s.l.

However, few studies have examined the impact of forest on snow in

the Spanish Pyrenees, despite the climatically transitional nature of

this range, which could make it vulnerable to dry conditions in a

warmer future (López-Moreno & Latron, 2008a; López-Moreno &

Latron, 2008b; Revuelto, López-Moreno, Azorin-Molina, Alonso-

González, & Sanmiguel-Vallelado, 2016). Examination of the impact of

the forest canopy on snow processes in the Pyrenees will improve our

understanding of hydrological responses to future hydroclimatic

changes (climate warming) in this region (El Kenawy, López-Moreno, &

Vicente-Serrano, 2012; López-Moreno et al., 2010; Morán-Tejeda

et al., 2014).

Previous studies have documented the different ways that snow-

packs and forests interact at different altitudinal ranges in mid-latitude

mountain ranges (Huerta et al., 2019; Jenicek et al., 2018; Lundquist,

Dickerson-Lange, Lutz, & Cristea, 2013). However, there is uncer-

tainty on the magnitude of these interactions among nearby areas and

during different years, and this can affect the representativeness of a

study site and study period that is used for research. Thus, the loca-

tion of the experimental site and time span of the study are key con-

siderations when undertaking research on a mountain area and

designing the experimental setup. To account for this uncertainty, it is

necessary to have reliable data on the spatial and temporal variability

of snow–forest interactions under contrasting environmental

conditions.

This study assessed the sources of uncertainty in the magnitude

of interactions among nearby areas and during different years by

determining which characteristics of the forest–snow interactions

remained constant and which varied among different nearby areas

and during different consecutive snow seasons. Our purpose was to

highlight the similarities and differences in the spatial and temporal

effects of forest on snowpack. Thus, we used a snow monitoring ini-

tiative based on ground data that were developed in the central Span-

ish Pyrenees to compare forest openings (O) and areas beneath forest

canopy (F). The specific objectives of this study were to: (a) identify

and quantify the influences of forest canopies on the duration of

snowpacks, amount of SWE, SWE distribution and SWE accumulation

and melting rates in the study area; (b) identify similarities and differ-

ences in the effects of forest canopies on the snowpacks of four

nearby forest stands and during three consecutive snow seasons, in

which there were different snow and climatic characteristics; and

(c) determine the representativeness of the selected experimental

setup, based on results from localized daily estimations of SWE and

spatially distributed SWE measurements across each plot every

10–15 days.

2 | DATA AND METHODS

2.1 | Experimental setting

This study was performed in the central Spanish Pyrenees, in the

northeastern Iberian Peninsula (Figure 1a). The selected valley is

Balneario de Panticosa, which constitutes the headwaters of the Cal-

darés River, a Pyrenean tributary. The experimental area consists of

four forest stands that have different elevations (1,674 to 2,104 m a.

s.l.), exposure, forest structure and climatology because of the abrupt

topography in this area (Figure 1b). There was one plot of
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approximately 450 m2 in each of the four forest stands. The plots

were designated based on their locations in the valley (from NE to

SW) as plot 1, plot 2, plot 3 and plot 4 (Figure 1a). The studied forest

stands mainly consisted of P. uncinata, although plot 3 also contained

P. sylvestris.

2.2 | Meteorological data

Global solar irradiance (GSI) and wind speed series were obtained

from an automatic weather station (HOBO U30 NRC, Onset Co.,

Bourne, MA) that was located at forest openings within each plot.

These were installed in November 2016, so GSI and wind speed data

were not available during the first snow season (2015/2016), but they

were available during the other two snow seasons (2016/2017 and

2017/2018). Measurements were recorded every 15 min. Potential

irradiation received by each plot was calculated using the Points Solar

Radiation tool implemented in ArcGIS 9.3 software (ESRI, USA). This

tool allows calculation of the amount of radiant energy for specific

time periods (monthly) and specific locations (plots). These calcula-

tions were performed under clear-sky conditions (transmissivity: 0.5)

and were based on a 20 m resolution digital elevation model (source:

IDEAragón–Infraestructura de Datos Espaciales de Aragón, https://

idearagon.aragon.es/). Air temperature and humidity series were

obtained using autonomous self-recording data-loggers (Tinytag-Plus-

2; model TGP-4017, Gemini DataLoggers UK Ltd., Chichester, West

Sussex, UK) that were equipped with naturally ventilated radiation

shields (Datamate ACS-5050 Weather Shield; Gemini DataLoggers

UK Ltd., Chichester, West Sussex, UK). One data-logger was installed

at each forest stand, and measurements were recorded every 15 min

during the three snow seasons.

2.3 | Forest structure

The structure of the forest stand of each plot was characterized by

measuring the following variables in representative subplots of

15 × 15 m (1 subplot per study plot):

F IGURE 1 (a) Left: Study location (Balneario de Panticosa) in the Spanish Pyrenees. Right: Location of the experimental plots in the Balneario

de Panticosa Valley (orthophoto source: PNOA 1:25,000 n!145). (b) General view of the experimental plots in situ. (c) Example of the semi-

automatic snow depth monitoring system in plot 2, based on time-lapse cameras and snow poles
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• Canopy cover (%): Canopy cover refers to the proportion of the

forest floor covered by the vertical projection of the tree crowns

(Korhonen, Korhonen, Rautiainen, & Stenberg, 2006). For estima-

tion, two crown projections (one perpendicular and one parallel to

the slope line) were measured in each pine. Two area values were

calculated from these measurements and were then averaged for

each pine. The cover area of each pine was expressed as a per-

centage of the subplot area. Finally, all individual canopy cover

percentages were aggregated. Because the canopies of different

individuals may overlap, the total cover may exceed 100%.

• Density (trees per ha): Number of pines per unit area.

• Basal area (m2 per ha): Proportion of the ground occupied by the pine

stems. The diameter of each tree was measured at 1.3 m above the

bare ground surface, the area was calculated, and the individual basal

areas were then summed and divided by the subplot area.

2.4 | Snow monitoring

Snow data were collected during three snow seasons (2015/2016,

2016/2017 and 2017/2018), from the onset of snow accumulation

(November) to the end of melting (May/June). This provided the fol-

lowing data series:

• Snowpack density: SWE was manually surveyed every 10–15 days

using a snow cylinder and scale (ETH core sampler, Swiss Federal

Institute of Technology, Zurich) at snow pits dug at two single loca-

tions in each plot, one in a forest opening (O) and one below the for-

est canopy (F). Two replicates per F–O site were collected. Snow

density was calculated from the collected data using the equation:

ρs =
SWE "ρw

H

where ρs is snowpack density (kg m−3), SWE is the measured

equivalent water of the snowpack (m), H is measured snowpack

depth (m) and ρw is water density (kg m−3). Daily snow density

series were estimated by linear interpolation between each pair of

density measurements from consecutive surveys.

• Spatially distributed SWE series: Snow depth was manually mea-

sured every 10–15 days. In total, 200 depth measurements were

taken using a snow depth probe (Snowmetrics Inc., Fort Collins,

CO) that covered the entire area of each plot (about 450 m2), clus-

tered in 10 forest openings (O) and 10 sites beneath forest canopy

(F), with 10 replicates per F–O site. The samples consisted of

10 replicates (about 1 m apart) that had homogeneous distribu-

tions in each F–O site. Within F sites, effort was made to collect

most of the snowpack spatial variability caused by canopy cover.

Thus, measurements were taken from the tree trunks to the edge

of the projections of the tree canopies to the ground, covering all

aspects. Spatially distributed SWE series for F–O sites (Figure S1)

were inferred from spatially distributed snow depth measurements

and density values (described above).

• Daily SWE series: Eight fixed snow poles and time-lapse cameras

were used to measure snow depth each day at several spots in a

single representative location of each plot (Bushnell, Trophy Cam,

KS) (Figure 1c). Three poles were placed in a forest opening, and

five were placed beneath the forest canopy. Daily snow depth

series for each pole were manually extracted from collected photo-

graphs using ImageJ software (Rasband, 1997). Missing data were

estimated at each pole using the missForest method (Stekhoven &

Bühlmann, 2012), which is implemented in the MissForest R pack-

age (Stekhoven, 2013). This is a nonparametric iterative imputation

method that accounts for missing data based on Random Forests

(Breiman, 2001). For each variable, the missForest method fits a

Random Forest regression to the observed part, and then predicts

the missing parts of the input data. The algorithm proceeds itera-

tively until a stopping criterion is met or a user-specified maximum

number of iterations are achieved. Average daily snow depth series

for the F–O poles at each experimental plot were calculated. The

estimated daily SWE series for the F–O poles at each experimental

plot (Figure 2) were inferred from data on daily snow depth and

estimated daily snow density (described above).

Daily records provided high temporal resolution data, but were

restricted to small areas; spatially distributed measurements had low

temporal resolution, but provided an overview of snowpack charac-

teristics for the whole plot and allow quantification of spatial variabil-

ity. Use of both data sources allowed determination of whether

continuous local data are representative of a larger neighbouring area

at the plot scale.

2.5 | Statistical analyses

Some derived variables were calculated from the SWE series

(Table 1). The Wilcoxon test was used to detect the significance of

differences in the cumulative SWE and derived variables between

forest canopy areas (F) and forest openings (O). Comparisons were

only performed when snowpack was present in both areas. When a

forest effect was detected (i.e., statistically significant differences in

the variables at F and O areas), the increase or decrease of a variable

associated with the forest canopy relative to the original variable

was calculated as a percentage. The Kruskal–Wallis test and then

the Wilcoxon test were used to assess whether there were statisti-

cally significant differences in the detected effects of forests among

plots, snow seasons, main accumulation periods and main melting

periods.

The Mann–Kendall test was used to detect trends of the effects

of forests during each snow season, and the Theil-Sen slope estimator

was used to compute the magnitude of this trend. Trend analyses

were carried out using the zyp package (Bronaugh & Consortium,

2019), which includes a trend-free pre-whitening method for remov-

ing serial autocorrelation. Spearman correlations were calculated to

determine the influence of environmental variables on the detected

effects of forests.
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F IGURE 2 Daily snow–water equivalent at each experimental plot and each snow season in areas beneath forest canopies (F, green lines)

and in forest openings (O, blue lines)

TABLE 1 Criteria used for statistical analysis (top) and derived variables calculated from SWE series (bottom)

Criteria for statistical analysis Description

Continuous snowpacka Start Date of the first day of 14 or more consecutive days with snow on the ground

End Last date with a snow record

Duration Time between the start and end dates

Main accumulation period Date of continuous snowpack start to the date of peak SWE

Main melt period Date of peak SWE to the end of the continuous snowpack

Days of accumulationb SWE difference between consecutive days >0

Days of meltingb SWE difference between consecutive days <0

Derived variables Source of data Description

Spatial CVc Spatially distributed SWE series Ratio of the SD to the mean value of SWE of each survey day

Accumulation rates Daily SWE series Positive values obtained when performing first-order differencing,

day-by-day. Units: mm day−1

Melting rates Daily SWE series Negative values obtained when performing first-order differencing,

day-by-day. Units: mm day−1

Abbreviations: CV, coefficient of variation; SWE, snow–water equivalent.
aOnly data in a continuous snowpack period were considered.
bAssuming that the main processes in SWE gain and loss were snowfall and snow melting, although other processes may have contributed (e.g., snow

redistribution by wind).
cFor each area, CV shows the extent of spatial variability in relation to the SWE average.
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None of the analysed variables had normal distributions (Shapiro–

Wilk test: p < .05), so non-parametric methods were used in all analyses.

The criteria considered for statistical analysis are in Table 1. The results

commented below are all statistically significant (p < .05). Both significant

and insignificant results can be seen in the respective tables. All analyses

were performed using R statistical software (R Core Team, 2018).

3 | RESULTS

3.1 | Characteristics of the plots

Table 2 shows the major topographic and climatic characteristics of the

forests in each plot. Plot 1 had the greatest tree density, canopy cover

and basal area per ha, and its forest openings were rather small. Plot

1 was also the steepest plot and mostly faced southward, so it could

potentially receive the greatest amount of solar radiation. However,

actual measurements indicated that the forest openings in plot

1 received the least radiation and also had the lowest wind speed values

(close to 0) because of the sheltering effects of trees. Plot 2 had a rela-

tively dense forest and the smallest basal area per ha. Its exposure was

mostly eastward, and its winter temperatures and March snow depth

were similar to those of plot 1 (intermediate among all plots). Plot 3 had

the lowest elevation, was the flattest plot, and it faced westward. This

plot had a relatively high canopy-cover and received a relatively high

irradiance. Plot 3 also had the highest winter temperatures and the thin-

nest snowpacks. Plot 4 had the highest elevation and faced northeast-

ward. This plot had the lowest tree density and amount of canopy-

covered forest, so it could potentially receive the least amount of solar

irradiation. However, measurements indicated this plot had the largest

irradiance, as well as the greatest wind speeds, the coldest winter tem-

peratures and the deepest snowpacks.

3.2 | Characteristics of the snow seasons

The study area had notable interannual variability in snow accumula-

tion and melting from 2015 to 2018 (Table 3; Figure 2). The longest

snow season was 2017/2018, and this season had the largest SWE

peak values. Snow accumulation started much earlier and ended much

later during this snow season, and the shortest melt period occurred

afterwards. In contrast, the 2016/2017 snow season was the shortest.

Heavy snowfalls occurred, as indicated by the magnitude of the SWE

peak, but snow accumulation occurred over a short period of time,

and was followed by a long melt period. In 2015/2016, a smaller snow

accumulation was recorded but the duration of snow cover was lon-

ger than in 2016/2017.

3.3 | Effects of forest on snowpack duration

Snow disappeared 17 ± 10 days earlier when it was beneath forest

canopies than in forest openings, on average (Table 4). Plot 3 had the

greatest forest-mediated reduction in snow duration, and plot 1 had

the least. Plot 4 had the greatest interannual variability in forest-

mediated reduction of snow duration. The 2016/2017 snow season

had the strongest forest-mediated reduction of snow duration.

3.4 | Effects of forest on snowpack distribution:

cumulative SWE

Daily measurements showed there was significantly less SWE beneath

forest canopies than in forest openings (Figure 3a). Forest reduced

the cumulative SWE by an average of 64.2 ± 10.8% (Figure 3b). The

magnitude of this forest effect varied significantly among snow sea-

sons and among plots (Table 4). Forest had the greatest effect in plot

3, and the smallest effect in plot 1. This forest effect was significantly

stronger during 2015/2016 and significantly weaker during

2017/2018 and was also greater during the main melting period than

the main accumulation period (73.8 ± 15.4% vs. 59.4 ± 13.1%). In

most cases, this forest effect significantly decreased when near the

SWE peak, but increased towards the end of the melting period

(Table 5; Figure 4).

Spatially distributed measurements also showed a significantly

lower SWE beneath forest canopies than in forest openings

TABLE 2 Average values of forest structure, topography and climatology in the four plots

Plot

Elevation

(m a.s.l.) Aspect Slope (!)

Canopy

cover (%)

Density

(indiv ha−1)

Basal area

(m2 ha−1) DJF T (!C)

March

SD (cm) RH (%)

Wind

speed (m s−1)

MAM potential

irradiation

(1,000 W h m−2)

MAM measured

GSI (W m−2)

1 2,008 S 29.4 156 1,689 45.1 −0.44 101.4 70.0 0.04 165.3 154.4

2 1,814 E 20.4 85 844 13.7 −0.43 113.9 69.3 0.40 129.6 167.6

3 1,674 W 9.3 119 533 35.3 0.29 78.8 68.9 0.49 140.2 192.7

4 2,104 NE 22.7 29 356 26.6 −1.95 246.5 66.9 0.78 122.6 195.1

Note: The source of climate data is in Section 2.2. The methods used to obtain forest structure data are in Section 2.3. The methods used to obtain snow

data are in Section 2.4.

Abbreviations: DJF T, winter mean air temperature from December to February; March SD, average snow depth in March; RH, average relative humidity

for the whole snow season (November to May); Wind speed, average for the whole snow season (November to May); MAM potential irradiation, average

from March to May; MAM measured GSI, average global solar irradiation from March to May.

Source of data: daily records in forest openings.
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(Figure S2a). Similarly, the overall forest-mediated reduction in cumulative

SWE was 56.9 ± 11.8% (Figure S2b). The magnitude of this forest effect

varied significantly among snow seasons and among plots (Table 4). This

forest effect was significantly greater in plot 3 than in the other plots and

was also significantly greater during the main melting periods than the

main accumulation periods (68.3 ± 11.2% vs. 51.2 ± 16.1%).

3.5 | Effect of forest on snowpack distribution:

SWE coefficient of variation

Spatially distributed measurements showed that the SWE spatial coeffi-

cient of variation (CV) was significantly greater beneath the forest cano-

pies than in forest openings (0.5 ± 0.2 vs. 0.2 ± 0.1; Figure 5a and

Table 6). On average, forest increased the SWE CV by 190.0 ± 118.0%

(Figure 5b). The magnitude of this effect varied significantly among

snow seasons and among plots (Table 4). Thus, the forest in plot 2 had

the smallest effect on the SWE CV, and forests during the 2017/2018

snow season had the greatest effect on the SWE CV. There were no

statistically significant differences in the effects of forest on the SWE

CV between the main accumulation and melting periods.

3.6 | Effect of forest on accumulation and melting

rates of SWE

Based on daily series, there was a significantly lower accumulation rate

of SWE beneath the canopies relative to forest openings (Figure 6a).

TABLE 3 Characteristics of the three snow seasons

Snow season Plot

Date of

accumulation

onset

Date of

SWE peak

SWE

peak (mm)

Date at

end of melt

Days of SWE

accumulation

Days of

SWE melting

Continuous

snowpack

duration (days)

2015/2016 1 2 January 16 February 388.7 24 April 46 69 114

2 21 November 20 March 436.2 26 April 121 38 158

3 2 January 15 March 247.0 20 April 74 37 110

4 21 November 13 April 1,012.7 30 May 145 48 192

2016/2017 1 10 January 14 February 476.3 23 March 36 38 73

2 23 November 13 February 390.0 8 April 83 55 137

3 11 January 7 February 318.7 10 April 28 63 90

4 14 November 25 March 1,113.7 25 May 132 62 193

2017/2018 1 1 December 10 April 645.4 7 May 131 28 158

2 1 December 20 March 738.8 5 May 110 47 156

3 1 December 11 April 578.3 5 May 132 25 156

4 5 November 29 April 1,245.2 2 June 176 35 210

Note: The methods used to obtain snow data are in Sections 2.4 and 2.5.

Source of data: daily records in forest openings.

TABLE 4 Average effects of forests ± SDs among snow seasons (top) and among plots (bottom)

Season or Plot

Forest effects

Reduction

in snow

duration

(days)

Decrease in cumulative

SWE (%)

Increase of

SWE CV (%)

Decrease in rate

of SWE

accumulation (%)

Increase in

rate of SWE

accumulation (%)

Decrease in

melting rate

of SWE (%)

Increase in

melting rate

of SWE (%)DS DM

2015/2016 11 ± 7 69.8 ± 12.0a 61.6 ± 11.3 a 148.0 ± 93.3 a 55.8 ± 7.6 a 31.7 ± 18.7 57.3 ± 2.5 a 54.9 ± 10.4

2016/2017 26 ± 8 63.5 ± 6.5 a 46.8 ± 8.6 a 112.2 ± 60.2 b 56.4 ± 4.2 b 30.3 ± 30.0 47.1 ± 1.8 a 47.1 ± 14.7

2017/2018 14 ± 10 59.3 ± 12.9 a 62.3 ± 10.1 309.7 ± 95.7 a,b 47.6 ± 7.3 a,b 48.7 ± 16.8 53.8 ± 9.5 a 54.3 ± 20.0

Plot 1 10 ± 8 56.8 ± 6.2 a 51.0 ± 11.0 a 215.2 ± 92.4 a 48.6 ± 3.6 a,c 55.5 ± 17.7 52.2 ± 4.2 54.0 ± 3.4 a

Plot 2 15 ± 6 60.1 ± 7.5 a 55.9 ± 8.0 b 101.2 ± 114.5 a,b,c 50.3 ± 6.7 b 24.6 ± 20.2 48.6 ± 6.3 a,b 51.6 ± 26.1 b

Plot 3 26 ± 5 73.4 ± 9.3 a 63.7 ± 20.2 a,b,c 274.4 ± 162.4 b 59.3 ± 5.0 a,b 28.7 ± 34.6 57.6 ± 9.4 a 61.4 ± 9.0 c

Plot 4 18 ± 16 66.5 ± 14.6 a 56.9 ± 6.6 c 169.2 ± 66.4 c 55.0 ± 10.0 c 38.2 ± 10.6 52.6 ± 6.9 b 41.4 ± 8.9 a,b,c

Note: Daily SWE series (DS) were used to determine the effect of forest on snowpack duration and accumulation and melting rates of SWE. Spatially

distributed SWE measurements (DM) were used to determine the effect of forest on the SWE CV. Both sources of data were used to determine the effect

of forest on the cumulative SWE. Identical superscript letters in the same column indicate significant differences for snow seasons or plots (Wilcoxon

test, p < .05).
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Overall, forest reduced SWE accumulation by 40.3 ± 13.5% when con-

sidering all accumulation days. Analysis of snowmelt indicated there

were significantly lower melting rates of SWE beneath the canopies

than in forest openings (Figure 6b). Overall, forest also reduced SWE

melting by 25.1 ± 9.9% when considering all melting days. On average,

a forest had a 70.4 ± 59.8% greater effect on accumulation than melting

(Figure 6c). This imbalance was greatest in plot 3 and smallest in plot 1.

Forest cover reduced the SWE accumulation rate on 84.5% of

the days when accumulation occurred. If only these days were consid-

ered, forest reduced the SWE accumulation rate by 53.30 ± 7.2%

(Figure 7a). The magnitude of this forest effect varied significantly

between snow seasons and among plots (Table 4). During the

2017/2018 snow season, this forest effect was significantly weaker.

Plot 1 had the smallest forest-mediated reduction in accumulation

rate, and plot 3 had the greatest. The forest-mediated reduction in

accumulation rate was significantly greater after the SWE peak than

before the SWE peak (59.7 ± 13.6% vs. 52.2 ± 8.0%). There were no

significant intra-annual trends in the forest-mediated effect on accu-

mulation rate (Table 7).

The rates of SWE accumulation were only occasionally greater

beneath the forest canopies (occurring on 15.5% of accumulation

days), and the mean increase was 37.5 ± 21.2% (Figure S3a).

However, the magnitude of this effect had no significant variations

among snow seasons, among plots or within snow seasons (Table 4).

Forest canopies reduced the melting rates of SWE on 73.6% of the

days when melting occurred. When considering these days alone, forest

canopies reduced the melting rates of SWE by 52.7 ± 6.8% on average

(Figure 7b). The magnitude of this forest effect varied significantly

between snow seasons and among plots (Table 4). During the

2016/2017 snow season, this forest effect was significantly weaker, and

during the 2015/2016 snow season, it was significantly stronger. Plot

2 had the smallest forest-mediated reduction in melting rate. There were

no statistically significant differences in the forest-mediated reduction in

melting rate during periods before and after the SWE peak. The effect of

forest on melting rate significantly increased from the SWE peak towards

the end of the snow depletion in three plots (Table 7).

The rate of SWE melting was greater beneath forest canopies on

26.4% of the days when melting occurred, and the mean increase on

F IGURE 3 (a) Cumulative snow–water equivalent (SWE) in areas beneath forest canopies (F) and in forest openings (O). (b) Reduction of SWE

in forested areas. Box indicates 25% and 75% percentiles; central line represents the median; whiskers indicate 1.5 × interquartile range (IQR);

and points indicate outliers (>1.5 × IQR and <3 × IQR). Dashed lines: averages of each plot during each snow season. Statistical differences

between plots, snow seasons and covers are indicated by same letters or an asterisk (Wilcoxon test, p < .05). Source of data: daily records

TABLE 5 Mann–Kendall linear trends

in the intra-annual change of

forest-mediated reduction in the

cumulative SWE in each plot

Period Snow season Plot 1 Plot 2 Plot 3 Plot 4

Before SWE peak 2015/2016 0.14* 0.11* 0.17* −0.21

2016/2017 −0.10 −0.15* −0.40* −0.03

2017/2018 −0.30* −0.28* −0.06 −0.24*

After SWE peak 2015/2016 0.27* 0.54* 0.43* 0.55*

2016/2017 0.10 0.56* 0.60* 0.73*

2017/2018 0.22 0.51* NA 0.60*

*p < .05.

Source of data: daily records.
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these days was 37.5 ± 21.2% (Figure S3b). The magnitude of this

effect varied significantly among plots, but not between snow sea-

sons (Table 4). The effect was significantly weaker in plot 4 than the

other plots. The forest-mediated increase in melting rate was signifi-

cantly larger after than before the SWE peak (63.2 ± 18.3%

vs. 47.5 ± 17.7%).

F IGURE 4 Temporal changes in the effect of forest on reducing cumulative of snow–water equivalent (SWE). Continuous lines: moving

means for each plot over a 20-day period; dashed lines: general linear adjustments according to the main period of accumulation (A) and melting

(B). Arrows indicate the date of peak of SWE. Statistically significant Mann–Kendall linear trends (p < .05) are indicated by asterisks. Table 5

provides related statistics. Source of data: daily records

F IGURE 5 (a) Snow–water equivalent (SWE) coefficients of variation in areas beneath forest canopies (F) and in forest openings (O).

(b) Changes of SWE variability in forested areas. Box plots, dashed lines and statistical differences are as described in Figure 3. Source of data:

spatially distributed measurements from field surveys
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3.7 | Role of environmental variables on intra-

annual variability of effects of forests on snowpack

Several environmental factors influenced the effects of forests on the

rate of accumulation of SWE, melting and the SWE CV (Table 8). The

strongest effect was a reduction of SWE accumulation by forest cano-

pies and snowfall magnitudes, with significant correlations in all plots.

As a result, the reduced rate of SWE accumulation by forest canopy

was greater during seasons with less snowfall. We also observed larger

SWE CVs beneath the canopy generally occurred when the snowpack

was thinner, with significant correlations in plot 1. Similarly, the forest-

mediated reduction of melting rate of SWE was lower when the snow-

pack was thicker, with significant correlations in plots 1 and 3. Higher

irradiance increased the forest-mediated reduction in melting rate, but

this only occurred after the SWE peak, and these correlations were only

significant in plots 3 and 4. Higher temperatures significantly reduced

the forest-mediated reduction in melting rates in plots 1 and 2.

4 | DISCUSSION

This study examined the spatial and temporal changes of the interactions

of forests and snowpacks, and identified characteristics that varied and

those that remained constant. The results highlight the need to consider

spatial and temporal sources of uncertainty when undertaking research

in a mountain area, in particular when designing the experimental setup

and selecting the location and time span of a study.

4.1 | Spatial and temporal sources of uncertainty

Topographic factors, such as elevation, aspect and slope, can affect

snowpack accumulation, insolation, air and soil temperatures, and

other important factors (Hungerford, Nemani, Running, & Coughlan,

1989; Sartz, 1972). Consequently, the different topography of the

plots we studied meant they had different microclimates, snowpack

regimes and forest characteristics (Table 2). However, our results indi-

cated the effects of forest on snow processes were generally the

same in all plots. Local topography and vegetation cover strongly

affect snow accumulation, distribution and melting in forested areas

(Duyar, 2018; Jost et al., 2007). We found significant spatial variability

among our four forest stands in terms of the magnitude of certain

influences. In contrast, the typically high temporal variability of cli-

mate in mountainous headwaters induces high inter- and intra-annual

variability in snowpack characteristics (Fayad et al., 2017). Conse-

quently, the three snow seasons that we examined had different

snowpack regimes (Table 3). Forests had the same basic effects on

snowpack during all three snow seasons, but the magnitude of certain

effects varied among snow seasons. Previous research indicated that

TABLE 6 Absolute SWE CV values in forest openings (O) and

beneath forest canopy (F) areas (average ± SDs)

Season or plot O F

2015/2016 0.2 ± 0.1 0.4 ± 0.3

2016/2017 0.2 ± 0.1 0.4 ± 0.2

2017/2018 0.1 ± 0.0 0.6 ± 0.2

Plot 1 0.2 ± 0.1 0.5 ± 0.2

Plot 2 0.2 ± 0.1 0.4 ± 0.2

Plot 3 0.2 ± 0.1 0.7 ± 0.4

Plot 4 0.1 ± 0.0 0.3 ± 0.1

F IGURE 6 (a) Accumulation and (b) melting rates of snow–water equivalent in areas beneath forest canopies (F) and in forest openings (O).

Statistical differences are indicated by asterisks (Wilcoxon test, p < .05). (c) Effect of forest on accumulation rates and on melting rates. Dots:

overall forest effect; whiskers: mean increase and mean decrease. Source of data: daily records
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such variability is related to differences in the intensity of snowfall,

accumulated snowpack, timing of accumulation and melting events

and other climatic conditions (López-Moreno & Latron, 2008a; López-

Moreno & Stähli, 2008; Mellander, Laudon, & Bishop, 2005).

4.2 | Effects of forest canopy on snowpack

distribution

We found that forest canopies had a large effect in reducing the

cumulative SWE of snowpack (average from daily records: 64.2%,

average from spatially distributed measurements: 56.9%); in contrast,

previous studies reported mean reductions in the range of 40–50%

(Jenicek et al., 2018; Jost et al., 2007; López-Moreno & Latron,

2008b; Lundberg, Nakai, Thunehed, & Halldin, 2004; Musselman

et al., 2008; Revuelto, López-Moreno, Azorin-Molina, & Vicente-Ser-

rano, 2015; Winkler, Spittlehouse, & Golding, 2005). We found that

the magnitude of the forest effect significantly varied among plots

and was greatest in plot 3 and weakest in plot 1. Plot 3 is at the low-

est elevation, had the warmest temperatures, and the shallowest

snowpacks, and therefore received the least amount of snow. Boon

(2009) reported that when the amount of snow is small, forest usually

has a greater impact on snow accumulation (Boon, 2009). This is con-

sistent with our results (Table 7), which showed that forest had the

F IGURE 7 Effect of forest on reducing the rate of accumulation (a) and melting (b). Significant differences among plots and snow seasons are

indicated by the same letters (Wilcoxon test, p < .05). Boxes and dashed lines are as described in Figure 3. Source of data: daily records
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greatest impact on cumulative SWE at plot 3. Plot 1 had a dense can-

opy with very small forest openings; consequently, its trees had a

sheltering effect on the forest openings, and the forest cover had a

greater influence than in other plots. This meant that the effect of for-

est on reducing cumulative SWE was smallest in plot 1.

The magnitude of the effects of forest also varied significantly among

the snow seasons. As noted above, previous studies reported that the

effect of forest cover increases as snowpack depth decreases (Boon,

2009;López-Moreno & Latron, 2008b; Revuelto et al., 2015). In agree-

ment, we found that the 2015/2016 snow season, when snow accumula-

tion was lowest, forest had the greatest effect on reducing cumulative

SWE; the 2017/2018 snow season, when snow accumulation was

greatest, forest had the weakest effects. The same reasoning explains the

intra-annual variability for this effect: forest caused a significantly greater

reduction in cumulative SWE after the SWE peak (main melting period)

than before it, and this effect was greater towards the end of the snow

season. These results are similar to previous findings of studies in the

Pyrenees (López-Moreno & Latron, 2008b; Revuelto et al., 2015).

Our study confirms the results of previous research (López-

Moreno & Latron, 2008a; Talbot et al., 2006; Winkler & Moore, 2006),

in that areas with forest cover had increased (190.0% on average)

small-scale spatial variability of snowpack thickness compared to open

areas. The magnitude of this effect of significantly varied among plots

and snow seasons, but there was no significant intra-annual variability.

4.3 | Effects of forest canopy on snow

accumulation and melting rates

The interception of snow by forest canopies explains why daily accumu-

lation rates were greater in forest openings (53.3% on average), consis-

tent with previous research (Garvelmann, Pohl, & Weiler, 2013;

Hedstrom & Pomeroy, 1998; Lundberg et al., 2004; Stähli, Jonas, &

Gustafsson, 2009). The magnitude of the forest-mediated reduction in

accumulation rate significantly varied among plots, among snow sea-

sons, and within each snow season. This effect was significantly greater

in plot 3, which had the least snowfall, and weaker during 2017/2018

and during the main accumulation period of each year, periods that had

greater snowfall. Thus, our observations indicated that the forest-

mediated reduction in SWE accumulation rate was inversely related to

the amount of snowfall (Table 7). This is because trees have a limited

capacity of snow interception (Boon, 2009; Keller & Strobel, 1982;

López-Moreno & Latron, 2008a; Mellander et al., 2005; Revuelto et al.,

2016). Enhancement of the SWE accumulation rate beneath the forest

TABLE 7 Mann–Kendall linear trends in the intra-annual changes of forest-mediated reduction in the SWE rates of accumulation and melting

in each plot

Type of forest-mediated reduction Period Snow season Plot 1 Plot 2 Plot 3 Plot 4

Accumulation rate Before SWE peak 2015/2016 −0.09 0.21 0.13 −0.09

2016/2017 −0.23 −0.10 −0.12 −0.16

2017/2018 −0.12 −0.16 0.03 −0.01

After SWE peak 2015/2016 −0.16 0.43 −0.40 0.20

2016/2017 0.06 0.51* −0.03 NA

2017/2018 −0.33 −0.33 NA NA

Melting rate Before SWE peak 2015/2016 NA NA NA −0.17*

2016/2017 −0.21 −0.01 −0.04 0.12

2017/2018 −0.11 −0.10 −0.11 0.18*

After SWE peak 2015/2016 0.24 0.36* −0.05 0.37*

2016/2017 0.17 0.05 0.20 0.46*

2017/2018 −0.27 0.08 −1.00 −0.12

*p < .05.

Source of data: daily records.

TABLE 8 Spearman correlation coefficients for the relationships between forest effects and environmental variables in each plot

Forest effects Environmental variables Plot 1 Plot 2 Plot 3 Plot 4

Increase of SWE CV Snow depth −0.63* 0.01 −0.04 −0.26

Decrease in rates of SWE accumulation Daily snow accumulation −0.57* −0.54* −0.62* −0.42*

Decrease in rates of SWE melting Snow depth −0.23* −0.06 −0.26* −0.05

Decrease in rates of SWE melting Global solar irradiance (†) 0.01 0.03 0.39* 0.33*

Decrease in rates of SWE melting Air temperature −0.13* −0.23* 0.05 0.10*

*p < .01.
†Significant correlations only occurred during the main melting period (after SWE peak).
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canopy was infrequent (15.5% of accumulation days). This may be

because there was a delayed snow loading from the forest canopy on

days with no snowfall, or because wind released some of the inter-

cepted snow. The magnitude of this unusual forest-mediated increase

in the SWE accumulation rate did not vary significantly among plots,

among snow seasons or within snow seasons.

Our analysis of snow melting indicated that forest reduced the

melting rate of SWE by 52.7% on average. Many previous studies also

reported that forest canopies reduce the snow ablation rate by atten-

uating solar radiation, because they reflect incoming shortwave radia-

tion back to the atmosphere (Ellis, 2011; Jenicek et al., 2018; López-

Moreno & Stähli, 2008; Molotch et al., 2009; Musselman et al., 2008;

Musselman, Pomeroy, & Link, 2015; Pomeroy, Fang, & Ellis, 2012;

Revuelto et al., 2015; Schnorbus & Alila, 2013; Sicart et al., 2004). We

found that the magnitude of this effect varied significantly among

plots and snow seasons. The low irradiance in plot 2 may explain why

the forest there had the weakest effect on melting rate, in agreement

with the previous observations of Sicart et al. (2004) and Musselman

et al. (2015). Although we did not find significant differences in the

magnitude of this effect when comparing the main accumulation and

main melting periods, it was greater near the end of the ablation

period. This is likely because the level of incoming solar radiation is a

function of the time of year (shortwave) and air temperature

(longwave) (Lundquist et al., 2013).

In addition, during early summer, the solar angle is higher and the

amount of incoming radiation blocked by the forest canopy is there-

fore greater relative to open areas. This is because of enhanced shad-

ing compared to earlier in the season (Lundquist et al., 2013;

Schnorbus & Alila, 2013). Thus, towards the end of the snow season,

when the irradiance is greater, the enhanced shading was responsible

for the greater effect of forest on snow melting (Table 7). It is also

worth mentioning that on 26.4% of days with SWE melting we

observed higher ablation rates beneath forest canopies than in forest

openings. Longwave emission from evergreen conifers, enhanced by

warmer temperatures, can increase melting beneath a forest canopy

(Davis et al., 1997; Essery et al., 2008; López-Moreno & Stähli, 2008;

Lundquist et al., 2013; Sicart et al., 2004). The most common effect of

forest that we observed was reduced melting rate, thus suggesting that

the effect of shadowing by the forest canopy exceeded the effect of

release of longwave radiation from trees. The magnitude of this forest-

mediated increase in the melting rate of SWE varied significantly among

plots and within years, but not among snow seasons. The forest in plot

4, which had the lowest temperatures, had the weakest effect on SWE

melting rate. Lundquist et al. (2013) reported similar observations.

4.4 | Effects of forest canopy on snowpack

duration

We observed a shorter duration of snowpack beneath forest canopies

(more than 2 weeks on average). This may be explained by forest vari-

ations among plots and among snow seasons. Lundquist et al. (2013)

reported similar results for regions with warm winters; their average

December–January–February temperatures were higher than −1!C,

and this value was −0.63 ± 0.94!C in our study area. These

researchers argued that the forest canopy enhanced longwave radia-

tion and this was the main driver for earlier snow depletion in forested

areas, especially during winter. However, we only occasionally

observed a forest-mediated increase in the melting rate in our forest

stands, as mentioned above. Thus, our observations are consistent

with those of Lundquist et al., but only to a limited extent. The shorter

duration of snowpacks beneath forest canopies in our study can be

mostly explained by the more intense forest-mediated reduction in

accumulation (40.3% on average) than on melting (25.1% on average),

when considering the overall effect of forest on all days of accumula-

tion and melting together. Dickerson-Lange et al. (2017) also reported

a greater effect of forest on accumulation than melting in several

mountainous forests of the Pacific Northwest in the United States.

4.5 | Study limitations and future research

We only studies four forest stands over three snow seasons, thus lim-

iting our ability to definitively identify the different roles of climate,

topography and forest characteristics on the observed variability in

forest–snow interactions. It is difficult to increase the number of

study plots when using manual or semi-automated measurements

because of the significant manual labour required in the field. Thus,

further research is needed to better quantify the influence of these

factors on the observed variability of forest–snow interactions. We

also experienced technical difficulties when trying to increase the

number of locations for measurements of snowpack density during

field work by digging snow pits. Because snowpack density has spatial

variation, this could contribute to uncertainty in these measurements.

We analysed the effect of forest on the cumulative SWE using

two sources of SWE data—SWE daily estimations and spatially distrib-

uted SWE measurements. The results from both data sources were

similar in magnitude, and indicated similar spatial and temporal vari-

ability in the effect of forest on snow. Therefore, our experimental

design, which employed intensive field work during 3 years, daily

SWE estimations at snow poles, and bi-weekly spatially distributed

measurements, confirmed that accurate local data could be represen-

tative of a larger area at the plot scale. The combination of such field

measurements with spatially distributed modelling of energy and mass

balance of snow (Bair, Davis, & Dozier, 2018; Liu et al., 2019) and

emerging techniques of measurements based on airborne LIDAR

(Laser Imaging Detection and Ranging) or UAVs (Unmanned Aerial

Vehicle) (Bühler, Adams, Bösch, & Stoffel, 2016; Currier et al., 2019;

Mazzotti et al., 2019; Painter et al., 2016; Webster & Jonas, 2018) will

be key to obtaining reliable large-scale results in the future.

5 | CONCLUSIONS

1. We found that forest canopies reduced the duration and cumu-

lative SWE of snowpacks, and increased small-scale spatial
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variability relative to forest openings. Forest canopies also

reduced the accumulation rate and melting rate of the SWE. In

addition, there was a more intense forest-mediated reduction

of SWE accumulation than SWE melting and this, in combina-

tion with the occasional enhancement of SWE melting, was

responsible for the earlier snow depletion beneath forest

canopies.

2. Forests had the same general effects on snowpacks in all four

of our forest stands and during all three snow seasons. How-

ever, the magnitude of these effects varied significantly among

the forest stands (despite their proximity) and among different

snow seasons. We also observed an intensification during the

main period of melting (from the SWE peak to complete snow

depletion) for certain forest effects. Thus, the magnitude and

timing of the effects of forest on snowpack had significant spa-

tial and temporal variations among plots in the same valley.

This finding highlights the need to consider the effects of for-

ests as a source of uncertainty when undertaking research in

mountain areas, when designing field experiments and when

selecting the location of the experimental site and time span of

a study.

3. Our experimental design provided localized daily estimations of

SWE and spatially distributed measurements of SWE across each

plot every 10–15 days. This approach allowed verification that

local data were representative of a larger area at the plot scale.
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Figure S1. Snow-water equivalent (SWE) at each experimental plot and each 

snow season in areas beneath forest canopies (F, green lines) and in forest 

openings (O, blue lines). Confidence intervals: mean ± standard deviation. 

Source of data: spatially distributed measurements from field surveys. 

 



 

 

 

Figure S2. (a) Cumulative SWE in areas beneath forest canopies (F) and in forest 

openings (O). (b) Reduction of SWE in forested areas. Box indicates 25% and 

75% percentiles; central line represents the median; whiskers indicate 

1.5×interquartile range (IQR); and points indicate outliers (>1.5×IQR and 

<3×IQR). Dashed lines: averages of each plot during each snow season. 

Statistical differences between plots, snow seasons, and covers are indicated 

by same letters or an asterisk (Wilcoxon test, p < 0.05). Source of data: spatially 

distributed measurements from field surveys. 

 
 

  



 

 

 

 

Figure S3. Effect of forest on reducing the rate of accumulation (a) and melting 

(b). Significant differences among plots and snow seasons are indicated by the 

same letters (Wilcoxon test, p < 0.05). Boxes and dashed lines are as described 

in Figure S2. Source of data: daily records. 
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A B S T R A C T

Climate warming is responsible for observed reduction in snowpack depth and an earlier and faster melt-out in
many mountains of the Northern Hemisphere. Such changes in mountain hydroclimate could negatively affect
productivity and tree growth in high-elevation forests, but few studies have investigated how and where recent
warming trends and changes in snow cover influence forest growth. A network comprising 36 high-elevation
Pinus uncinata forests was sampled in the NE Iberian Peninsula, mainly across the Spanish Pyrenees, using
dendrochronology to relate tree radial growth to a detailed air temperature and snow depth data. Radial growth
was negatively influenced by a longer winter snow season and a higher late-spring snowpack depth. Notably, the
effect of snow on tree growth was found regardless the widely reported positive effect of growing-season air
temperatures on P. uncinata growth. No positive influence of moisture from spring snowmelt on annual growth of
P. uncinata was detected in sampled forests. Tall trees showed a lower growth responsiveness to snow than small
trees. Decreasing trends in winter and spring snow depths were detected at most Pyrenean forests, suggesting
that the growth of high-elevation P. uncinata forests can beneficiate for a shallower and of shorter duration
snowpack associated with warmer conditions. However, water-limited sites located on steep slopes or on rocky
substrates, with poor soil-water holding capacity, could experience drought stress because of early depleted
snow-related soil moisture.

1. Introduction

Mountain forests are particularly susceptible to climatic variation
because low temperatures typically limit radial growth and pro-
ductivity near the uppermost edge of tree distribution ranges (Körner,
2012). Recent warming trends have induced shifts in tree recruitment
(Smithers et al., 2018; Sangüesa-Barreda et al., 2018) and have en-
hanced radial growth (Innes, 1991; Tardif et al., 2003; Camarero et al.,
2015a; Zhuang et al., 2017), excepting few sites were warming have
induced some drought stress (Camarero et al., 2015c; Galvön et al.,
2015). Most studies have focused on the direct effects of rising tem-
peratures on tree growth (e.g. Del Barrio et al., 1990; Gutiérrez, 1991;
Tardif et al., 2003; Andreu et al., 2007; Galván et al., 2014; Camarero

et al., 2017; Franke et al., 2017; D’Orangeville et al., 2018; Sanchez-
Salguero et al., 2018; Wang et al., 2019). Research focused on the in-
direct effects of climate warming, such as the influence of snow dy-
namics on forest productivity, is still scarce (Vaganov et al., 1999;
Kirdyanov et al., 2003; Helama et al., 2013; Watson and Luckman,
2016; Carlson et al., 2017).
Snow accumulation requires a combination of precipitation and low

temperatures to initiate snowfall and persistent below-zero tempera-
tures to sustain the snowpack (Beniston et al., 2011; López-Moreno
et al., 2011). Due to the high sensitivity of snow cover to seasonal
temperatures (Morán-Tejeda et al., 2013a), a warmer climate can easily
impact the process of snow accumulation/melting (Beniston, 2003). An
increase in winter temperature leads to a precipitation shift from snow
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towards rain, and warmer spring conditions induce earlier and faster
snowpack melting (Morán-Tejeda et al., 2014). Reduced snowpack
depth and duration have been reported in the main mid-latitude
mountain ranges (López-Moreno, 2005; Marty, 2008; McCabe and
Wolock, 2009; Beniston, 2012; Morán-Tejeda et al., 2013a) including
Mediterranean (drought-prone) areas such as the Pyrenees (Morán-
Tejeda et al., 2017).
Snow dynamics may influence forest growth (e.g., Kirdyanov et al.,

2003). Early snowfalls in the autumn may shorten the growing season
and lead to a reduction in the assimilation of carbohydrates, and this
can negatively affect growth in the following year (Carlson et al., 2017).
A lack of snow cover during the winter can cause premature yellowing
and shedding of needles of shrubby krummholz individuals during cold
and dry winters and repeated freeze-thaw cycles (winter drought), re-
ducing growth in the following spring (Helama et al., 2013; Camarero
et al., 2015b). Larger snow accumulation and a longer snowmelt period
may negatively affect tree radial growth by slowing the increase of soil
temperature, delaying the growing period, and thus shortening the
growing season (Vaganov et al., 1999; Kirdyanov et al., 2003; Watson
and Luckman, 2016). On the other hand, snowmelt effects on soil
moisture have been reported to positively influence tree growth during
the next growing season (St. George, 2014; Watson and Luckman,
2016). All these observations suggest that the radial growth of trees can
be related to winter snowpack, melt-out date and spring snow depth.
In the main mountains of the NE Iberian Peninsula (Pyrenees, Pre-

Pyrenees, Iberian System), increasing trends in mean temperatures and
an increment in precipitation variability have been observed during the
second half of the 20th century (López-Moreno et al., 2010; El Kenawy
et al., 2011). Such consequent water stress increase may also limit tree
growth in high-elevation forests (Tardif et al., 2003; Andreu et al.,
2007). Nevertheless, high-elevation mountain pine (Pinus uncinata)
forests and treelines are forecasted to show enhanced growth during the
late 21st century due to a longer and warmer growing season (Sánchez-

Salguero et al., 2012; Camarero et al., 2017). Climate warming has also
affected mountain hydrology and influences the accumulation, duration
and melt-out of snow, leading to a shallow snowpack or a longer snow-
free season (Morán-Tejeda et al., 2013a, 2013b). Discerning how and
where snow dynamics affects forest growth may help us understand
future responses of mountain forests to forecasted hydroclimatic
change.
The main hypothesis of the present study is that snowpack depth

and duration influence radial growth of high-elevation P. uncinata
forests. It was expected that snow cover affects tree radial growth, in
addition to the widely reported temperature effects on growth
(Gutiérrez, 1991; Rolland and Schueller, 1994; Camarero et al., 1998).
It was also expected that there would be greater impact of snowpack
depth and duration on growth in high-elevation forests with a shorter
growing season, since elevation indirectly controls the effects of climate
on P. uncinata growth by modifying growing season air temperature
(Tardif et al., 2003; Galván et al., 2014). These hypotheses were tested
by analyzing the radial growth of a P. uncinata dendrochronological
network in the main mountain ranges of NE Iberia in relation to snow
cover conditions at site level. The specific objectives of the present
study were: (1) to evaluate the associations between snow conditions
and radial-growth variability of P. uncinata forests; (2) to explore the
influence of biogeographical patterns and tree characteristics on tree
growth responses to snow depth; and (3) to estimate and compare the
temporal evolution of radial growth and snow trends for the 1980–2010
period.

2. Materials and methods

2.1. Study species

The mountain pine (Pinus uncinata Ram.) is a long-lasting and light-
demanding conifer, which shows a wide ecological tolerance regarding

Fig. 1. Top panel: Timing of P. uncinata tree-ring formation based on Camarero et al. (1998). Red boxes indicate the most influencing months to P. uncinata radial
growth by temperature (Tardif et al., 2003; Galván et al., 2014). Bottom panels: monthly median snow depth (SD, blue line), melt-out date frequency (MOD, bars)
and monthly median temperature (T, red line) of sampled sites in NE Iberian Peninsula from 1980 to 2009 hydrological years. Shaded areas show the 25–75
percentile ranks.
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topography (slope, aspect, elevation) and soil type (Cantegrel, 1983)
and forms high-elevation forests. The natural habitat of P. uncinata
includes central and southwest European mountains, while its southern
geographical limit is reached in the Iberian System (Spain). It is
dominant in the subalpine belt of the central and eastern Pyrenees
(1800–2500m a.s.l.). Its growing season starts at the end of May and
ends in October, with major growth rates occurring from the end of
May to July (Camarero et al., 1998). Warm autumn and spring tem-
peratures before and during tree-ring formation enhance P. uncinata
radial growth, whereas summer precipitation during the growing
season is the main positive climate driver of growth in certain xeric sites
located in the Pre-Pyrenees and southern Iberian System (Gutiérrez,
1991; Camarero et al., 1998; Tardif et al., 2003; Andreu et al., 2007;
Galván et al., 2014). The timing of P. uncinata tree-ring formation is
schematized in Fig. 1.

2.2. Study sites

The 36 studied forests are located in the main mountain ranges of
the NE Iberian Peninsula (Fig. 2): 33 are located in the Pyrenees, (3 of
them in the Pre-Pyrenees, the Pyrenees’ foothills), and the other 3 sites
are located in the Iberian System. Two of the sites sampled in the
southern Iberian system (VATE, VA1U) constitute the southernmost
distribution limit of the species in Europe. Sampled sites cover the
whole geographical distribution of the species in the Iberian Peninsula.
The elevation of the sampled sites ranges from 1750 to 2451m a.s.l.
and the mean slope of the terrain is 35°±16° (see Table S1 in the
Supplementary Material). Mean diameter at breast height (dbh) mea-
sured at 1.3m of sampled trees is 66± 7 cm, and their age is 334±108
years on average (Table S1).
The location of the Pyrenees, between the Atlantic Ocean on the

west side and the Mediterranean Sea in the east, causes a fast climatic
transition, while the Central Pyrenees shows a greater continental

influence (Del Barrio et al., 1990). In the western areas, most of the
annual precipitation falls during the cold winter season, whereas pre-
cipitation falls mainly during spring and autumn in the east (Del Barrio
et al., 1990). Air temperature changes depend on elevation with
-5.17 °C km−1 being the mean temperature lapse rate across the Pyr-
enees (Navarro-Serrano et al., 2018). The annual 0 °C isotherm is lo-
cated at 2900m a.s.l. (Del Barrio et al., 1990), whereas it falls to
1600m a.s.l. between December and April, establishing the lower limit
of the seasonal snowpack (López-Moreno et al., 2011). Snow accumu-
lation also shows a correlation to Atlantic–Mediterranean proximity
and distance from the main divide of the mountain range (Revuelto
et al., 2012). Monthly mean values of temperature, snow depth and
melt-out date from1980 to 2009 hydrological years for all sampled sites
are presented in Fig. 1.

2.3. Dendrochronological data

Dendrochronological data correspond to an updating of data from
36 forests sampled and published by Galván et al. (2012, 2014). Wood
samples were collected between 1994 and 2010 from 5 to 65 dominant
individual trees of different sizes and ages, randomly selected in each
site. From each tree, two or three cores were taken at 1.3 m height with
Pressler increment borers. The sapwood length was measured in the
field, and topographic (elevation, slope and aspect) and biometric (dbh
and tree height) variables were also recorded for each individual tree.
Wood samples were air dried and sanded until tree-ring boundaries

were clearly visible. Then, they were visually cross-dated and measured
at 0.01mm resolution using a LINTAB measuring device (Rinntech,
Heidelberg, Germany). Cross-dating quality was checked using the
program COFECHA (Holmes, 1983) by comparing the individual ring-
width series among coexisting trees of the same species. Finally, cross-
dated tree-ring width (RWL) series were obtained.
Dimensionless ring-width indices (RWI) series were obtained by

Fig. 2. Map of sampled mountain P. uncinata sites in NE Iberian Peninsula (black dots, see sites’ codes in Table S1) and distribution of the study species in Europe
(inset, top right).
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removing age or size trends and temporal autocorrelation to reflect
growth response to climate. Residual RWIs were obtained by removing
long-term trends of ring-width data fitting negative linear functions,
followed by 30-year cubic smoothing splines, and then by eliminating
the first-order autocorrelation of the resulting residuals using the soft-
ware ARSTAN V. 44 (Cook, 1985). A bi-weight robust mean was then
computed to obtain residual or pre-whitened chronologies (mean site
series) for each site, which were used in subsequent analyses.

2.4. Climatic and snow data

Daily snow depth (SD) and temperature data (T) for the studied sites
were extracted from a gridded meteorological dataset obtained by si-
mulation from Weather Research and Forecasting (WRF; Skamarock
et al., 2008) model. The WRF model was driven by ERA-Interim
(Berrisford et al., 2011) reanalysis and coupled offline with Factorial
Snow Model (FSM 1.0; Essery, 2015), a physically based energy and
mass balance snow model. WRF outputs were projected to the target
elevation, using hygrobarometric formulas and lapse rates and the new
projected meteorological information as driving data of FSM. The
methodology to develop the snow dataset and its validation is shown in
Alonso-González et al. (2018).
Several annual snow indices were created from the daily snow data

as indicators of specific snow conditions all year round, based on Fig. 1:

- Average November snow depth (Nov SD) as previous autumn snow
conditions indicator.
- Average February snow depth (Feb SD) as winter snow conditions
indicator.
- Average May snow depth (May SD) as spring snow conditions in-
dicator.

The selection of these monthly SD values for representing snow
seasonal conditions is based on the cumulative nature of snow. Thus,
the snow depth value at the end of the season will be representative of
the accumulated snow and the meteorological conditions of the pre-
vious months (e.g. López-Moreno, 2005; Morán-Tejeda et al., 2016).
Snow indices were not highly correlated with each other, showing an
average coefficient of correlation lower than rs= 0.55 (Spearman Rho).
Variables were detrended prior to the correlation analyses. Correlation
coefficients (rs) were: 0.48 for Nov SD–Feb SD, 0.33 for Nov SD–May SD
and 0.54 for Feb SD–May SD.
Given that snow depth conditions of a given month are highly in-

fluenced by the temperature of previous months, the following monthly
aggregations (averages) of temperature data were computed for sta-
tistical analyses: November mean temperature (Nov T), February mean
temperature (Feb T), November-December-January-February mean
temperature (Nov-Feb T), December-January-February mean tempera-
ture (Dec-Feb T), January-February mean temperature (Jan-Feb T),
May mean temperature (May T), March-April-May mean temperature
(Mar-May T), April-May mean temperature (Apr-May T).

2.5. Statistical analyses

We searched for snowpack effects on subsequent tree-ring devel-
opment, considering the period from November (previous to tree-ring
formation) to May, based on snow cover presence at the sampled forests
(Fig. 1).
The growing-season air temperature is a major and widely reported

determinant of P. uncinata growth (Gutiérrez, 1991; Rolland and
Schueller, 1994; Camarero et al., 1998; Tardif et al., 2003; Andreu
et al., 2007; Galván et al., 2014). However, temperature also de-
termines the large variability of snowpack among elevations (López-
Moreno, 2005; Morán-Tejeda et al., 2013b). Because the aim was to
control the temperature effect on growth (RWI) and infer the pure effect
of snow, the computed snow indices from the influence of temperature

were isolated. This was done by considering the aforementioned snow
depth and temperature indices as predictors of RWI by means of step-
wise linear regressions. First, Spearman non-parametric correlations (rs)
were computed between the snow depth indices (Nov SD, Feb SD, May
SD) and the whole set of temperature monthly aggregations. Tem-
perature aggregations that best correlated with snow indices were
November T, Jan-Feb T and Mar-May T for Nov SD, Feb SD and May SD
(See Supplementary Material Table S2). These best-correlated tem-
perature aggregations, together with mean May temperature, because
its influence on tree growth is widely reported as the most important
(e.g., Tardif et al., 2003) and the snow depth indices were then used as
predictors in the stepwise linear models (Eq. 1). The stepwise model
allows introduction of variables that substantially improve the model
by rejecting those that may be redundant. This prevents greatly auto-
correlated variables from being included in the model and allowed us to
infer whether the snow depth indices or temperature indices were the
best predictors of RWI. Linear models were performed individually for
each site, as well as a regional model for the whole set of sites. The
models can be formulated as follows:

y = β0+ β1 x1+ β2 x2+⋯+ βn xn + ε (1)

where, y is the response variable (i.e. RWI values), β0 is the inter-
cept, x1 to xn are the predictors (i.e., snow depth and temperature in-
dices), β1 to βn are the estimated partial regression coefficients and ε is
the error. The models were compared using the Akaike Information
Criterion (AIC) value; the smaller the AIC, the better the fit (most
parsimonious model) since it penalizes complex models (Burnham and
Anderson, 2003). Only the best model for each site and the one run for
the whole set of sites are shown in the results, including the following
information: the explained variance (adjusted R2), the statistical sig-
nificance (p) and the partial coefficients of the regressions. Automated
model selection was performed with the MuMIn package (Barton and
Barton, 2018) of the R language version 3.1.0 (R Core Team, 2014).
Additionally, partial correlations using the Spearman coefficient

were calculated between RWI and SD indices by partially removing the
effects of temperature (Table S2). Non-parametric methods were used,
since not all analyzed variables had normal distributions (Shapiro–Wilk
test, p< 0.05). Snow and temperature variables were previously de-
trended.
Variations of tree growth responses to snow conditions along bio-

geographical gradients for a subset of sites where a snow index was the
best predictor in the aforementioned stepwise models were in-
vestigated. The following variables were considered: latitude, long-
itude, slope, elevation of the terrain, dbh, tree height, sapwood and tree
age (Table S1), and annual maximum snow depth (Max SD) (as an in-
dicator of site differences in snow accumulation). Statistically sig-
nificant different responses among groups of sites whose models se-
lected the same best predictor using the non-parametric Kruskal-Wallis
test were identified along gradients. Non-parametric Spearman corre-
lations were calculated, considering the amount of radial growth var-
iance explained by snow variables (adjusted R2 from the stepwise
models) as the dependent variable and biogeographical gradients as
independent variables. Complementary correlation analyses were done
using partial correlation coefficients between tree growth and snow
depth as dependent variables (in Supplementary Material Fig. S3).
Trend analysis for tree-ring width (RWL series) as well as for snow

indices was performed using the Mann-Kendall test and Theil-Sen's
slope estimator for computing the magnitude of the trend, considering a
subset of sites where any snow – growth significant relationship was
previously found. Trend analysis was carried out using the zyp package
in R language (Bronaugh et al., 2009), which includes a trend-free pre-
whitening method for removing serial autocorrelation.
RWI and RWL series were shorter than the snow series at some sites.

Thus, all analyses were performed for the longest common period
available, for example, from 1981 to last formed tree-ring measured
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(number of available years for each one is indicated in Table S1).

3. Results

3.1. Growth responses to snow variables

Stepwise linear models (Table 1) pointed out snow indices as main
predictors of P. uncinata radial growth in 47% of sites (17 out of 36
sites; with 11 out of the 17 showing a statistically significant model).
These 17 sites (Fig. 3) were selected and used in later analyses. Average
explained variance by models in these sites was 24% (30% for statis-
tically significant models). The site in which predictors explained the
larger variance of RWI was CONU (adjusted R2=0.81; Table 1). May
SD was the best predictor in 64% of sites where snow indices were the
most important predictors and their models were statistically sig-
nificant (Fig. 4). It was followed by Feb SD (selected in 27% of these
sites) and Nov SD (only selected in one of these 11 sites). All snow
indices negatively influenced radial growth (RWI) in all sites, except for
Nov SD, which positively influenced tree radial growth in VA1U site.
In total, 17% of statistically significant models (6 out of 36 sites)

pointed out temperature indices as main predictors of P. uncinata radial
growth. Jan-Feb T was selected as the best predictor of RWI in 5 out of 6
of these sites, and Mar–May T was selected in only one site.
For the regional model, which takes into account all of the 36 site-

chronologies combined (Table 1, bottom), Nov SD was selected as the
most important predictor (despite it only explained 5% of the total
variance). When a subset of statistically significant sites was included in
the general model, May SD was the most important predictor again
explaining 13% of the total growth variance.
Complementary to stepwise linear models, partial correlations also

noted the prevalence of Feb SD, with respect to the other two snow
indices, in terms of influencing radial growth of P. uncinata (Table S3
and Fig. S1, Supplementary Material). Most sites (67%) showed a Feb
SD negative influence on radial growth (mean rs=−0.34; SD=0.18),
being five of them statistically significant. For May SD, one site showed
statistically significant partial correlation with radial growth.

3.2. Influence of biogeographical patterns and tree characteristics on growth
responses to snow depth

Tree characteristics determined the response of growth to snow
(Fig. 5a). The presence of small trees strengthen the linkage between
snow and growth in sites where a snow index was the main driver of
RWI (rs=−0.61, p= 0.03) (Fig. 5b). It was observed that sites where
a snow index was the statistically significant main driver of P. uncinata
radial growth were mostly located in the Pyrenees (at western and
central area of this mountain range), with the exception of one forest
stand located in the southern Iberian System (VA1U) (Fig. S2). May SD

Table 1
Statistical parameters of stepwise linear models between radial growth (response variable RWI) and snow and temperature indices (predictors) in each site, for all
sites (All sites), and for all statistically significant sites (Sig sites). See sites codes in Table S1 and Fig. 2.

Site N Coefficients Adjusted R2 p

Intercept Nov SD Feb SD May SD Nov T May T Jan-Feb T Mar-May T

ACHE* 30 0.99 −0.15 0.11 0.041
AIRO* 16 1.00 −0.16 0.04 0.50 0.019
BIEL* 16 1.01 −4.30 0.20 0.046
BLLA 30 0.99 0.03 0.03 0.25 0.098
CAVI 30 1.01 −0.36 −0.07 0.02 0.16 0.090
COLU 30 –
CONU* 14 0.99 −0.77 −0.11 −0.56 −0.08 0.81 0.001
CORT 30 1.00 −1.80 0.08 0.072
CUTA 17 1.00 −0.03 0.17 0.058
EAMI* 29 1.00 −0.55 0.23 0.005
EGER* 30 0.99 −0.17 0.02 0.21 0.019
ELLA 29 –
ENEG* 29 0.99 −0.32 −0.02 0.26 0.006
EPER* 17 0.99 0.07 0.44 0.002
FORA 29 –
GUAU 30 –
LACO 19 –
LEST 13 1.00 −0.29 0.18 0.084
MAVA* 17 1.00 0.09 0.29 0.016
MIRA 29 1.00 0.05 0.10 0.055
MIRE* 18 0.99 −0.18 0.19 0.041
MONE 29 1.00 −0.08 −1.36 0.19 0.082
NURI* 21 0.99 −0.03 0.05 0.42 0.005
PEDR 26 1.00 0.03 0.10 0.063
PIAR 14 1.01 0.04 0.21 0.059
RATE 29 0.99 0.76 0.06 0.109
RESP 30 1.00 −0.04 0.08 0.071
SAMA* 16 0.98 0.08 0.20 0.047
SARU* 15 1.00 −0.27 0.25 0.034
SECA 29 –
SETU 19 –
SOBR 29 –
TESO* 15 0.97 0.08 0.28 0.024
VA1U* 26 1.00 1.77 −2.83 0.17 0.030
VAMU* 14 1.02 −0.23 0.35 0.015
VATE* 26 0.99 0.08 0.15 0.028
All sites – 0.99 0.08 −0.03 −0.01 0.01 0.01 −0.01 0.05 0.00
Sig sites – 0.99 −0.13 −0.01 0.02 0.01 −0.01 0.13 0.00

N: data series length starting from 1981 (years). Statistically significant sites (model p<0.05) are followed by*. The best predictor for each model (site) is indicated
in bold characters. Hyphen indicates null models (any significant predictor).
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was the main RWI predictor across the Pyrenees and also in the
southern Iberian System site.
Additional biogeographical analyses based on growth-snow partial

correlations showed that greater and statistically significant negative
snow influence on tree growth was found in high-elevation sites (Nov

SD index) and sites with bigger tree dbh (Feb SD index) (Fig. S3).

3.3. Tree radial growth and snow indices trend analysis

Five of thirteen forests presented statistically significant RWL
trends, only one of them showed a positive slope for RWL trend while
all the others showed a negative slope (Fig. 6b; Fig. S4). There were
found statistically significant trends for May SD and Feb SD variables, in
35% and 12% of sites where snow index was the main driver of P.
uncinata radial growth respectively, but nor for Nov SD. All these sta-
tistically significant snow trends show negative slopes.
A statistically significant correlation was found between growth

trends (RWL) and snow (Feb SD) trends (rs=−0.68; p=0.01)
(Fig. 6a). From the regional perspective, only in the Pyrenees there
were found statistically significant trends in snow variables (all of them
with negative coefficients as mentioned above).

4. Discussion

There is evidence that previous snow cover conditions influence P.
uncinata tree-ring formation, in addition to the widely reported growing
season air temperature effects, as hypothesized. The used methodology
allowed us to infer the pure effect of snow on tree-ring growth by
controlling the temperature influence on snowpack evolution. First, the
most correlated monthly temperature aggregations to snow indices

Fig. 3. Tree-ring width indices (RWI, lines) and confidence intervals (shaded areas) stepwise linear models for selected sites. Scatter plots show correlatios between
observed and RWI values (right y-axes) predicted by the model (adjusted R2), and its statistical significance (red: not significant; blue: significant, p < 0.05).

Fig. 4. Tree-growth variance (adjusted R2) explained by stepwise linear models
for selected sites. Values are displayed aggregated by best model predictor
(snow indices only). Sites related to each model are labelled. Statistical sig-
nificance of models is represented in red (p> 0.05) and blue (p< 0.05) colors.
See sites codes in Table S1 and Fig. 2.
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were detected (Table S2), including other key temperature indices (May
T) for P. uncinata growth; second, both temperature and snow indices
were taken into account as predictors in radial growth stepwise linear
models and by using partial correlations as complementary analyses.
Similar procedures were used in Carlson et al. (2017) and Helama et al.
(2013). Results provide additional information about the effects of
climate on high-elevation P. uncinata radial growth. Previous studies
showed that radial growth of P. uncinata was mainly limited by
growing-season air temperature (Rolland and Schueller, 1994;
Camarero et al., 1998; Tardif et al., 2003; Andreu et al., 2007; Galván
et al., 2014) and, only in certain drought-prone sites, by low early
summer precipitation (Andreu et al., 2007; Galván et al., 2014).
The influence of snow cover on radial growth had not been re-

searched for P. uncinata, but it has been researched for other species of
Pinaceae (Walsh et al., 1994; Kirdyanov et al., 2003; Helama et al.,

2013; Watson and Luckman, 2016; Carlson et al., 2017; Franke et al.,
2017; Appleton and George S., 2018; Fkiri et al., 2018; Legendre-Fixx
et al., 2018; Truettner et al., 2018). In this study, almost half the
sampled forests in the main mountain ranges of the NE Iberian Pe-
ninsula showed certain snow-growth interaction (most of them were
statistically significant).
The date of cambial initiation is a key factor for climate-growth

associations. This date is related to the date when snowmelt occurs
(Kirdyanov et al., 2003) and, consequently, with snow accumulation
throughout the winter. The presence of abundant snowpack in late
spring may induce a late melt-out and, as a result, a delay in the onset of
the P. uncinata growing season because the persistent snow cover may
cool the soil (Kirdyanov et al., 2003; Helama et al., 2013). This would
explain the dominant negative spring snow (May SD index) influence
on P. uncinata annual growth found in this study (Table 1, Fig. 4). In

Fig. 5. (a) Effects of geographical, nival gra-
dients and tree influences on growth-snow
variance (adjusted R2) established by
Spearman correlations (rs). The southern
Iberian System sites were omitted in latitude
analyses. (b) Scatterplot of single obtained
statistically significant correlation between
growth-snow variance and biogeographical
gradients (tree height) (p< 0.05). Histograms
show sites frequency of distribution along this
gradient.

Fig. 6. (a) Mann-Kendall linear trends (tau) for tree-ring width (RWL) and Feb SD snow index of selected sites from 1981 to last year with data (see series’ lengths in
Table S1) and (b) geographical representation of trend analyses results. Pyrenees and Iberian System (IS) locations are indicated.
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this regard, Franke et al. (2017) reported that the average monthly
snow cover during the current year’s May correlated negatively with P.
sylvestris chronologies. Likewise, northern conifers showed delayed
cambial activity when snow melt was delayed in the beginning of the
growing season (Vaganov et al., 1999; Kirdyanov et al., 2003). Previous
studies of P. uncinata have demonstrated that this pine species is ne-
gatively affected by the preceding growing-season low air temperatures
because the onset of cambial activity is triggered by a typical rise in
temperature during spring (Tardif et al., 2003; Galván et al., 2014).
Since no positive relation was found between May SD snow index and
RWI series in the performed models, we cannot report that moisture
from spring snowmelt promotes annual growth of P. uncinata in sam-
pled forests. The positive influence of snow on tree growth, explained
by a moisture-limitation, widely reported in more arid places as well as
in large snow accumulation areas (St. George, 2014; Watson and
Luckman, 2016; Carlson et al., 2017), was not detected in the few
possible drought-prone sites (Pre-Pyrenees and southern Iberian
System) sampled in this study. Winter precipitation is less likely to
contribute to the soil moisture reservoir used by trees during the fol-
lowing growing season if spring precipitation is abundant and shows
low year-to-year variability as is the case. Spring rainfalls would in-
troduce an extra source of water that would sum up to the water from
snowmelt, and thus, the positive influence of snow on tree growth
based on moisture-limitation was not detected.
As discussed above, large winter snow accumulation likely produces

larger snow presence in spring and this, in turn, causes a delayed melt-
out. It is not easy to isolate the impact of winter snow on radial growth,
compared to that of late spring snow, because they both are related;
however, we did observe that May SD was selected 60% more than Feb
SD as best predictor of RWI in the performed models (Table 1). In this
regard, Watson and Luckman (2016) evidenced a relation between
larger snow accumulation and delays in P. ponderosa and Pseudotsuga
menziesii growing seasons in some regions of Canada. Fkiri et al. (2018)
also reported that winter snow is a major factor limiting growth of P.
nigra in NW Tunisia. Other studies, however, pointed to a positive in-
fluence of winter snowfall on tree-ring growth due to snowmelt waters
may constitute much of the available resource to trees during the be-
ginning of the following growing season (St. George, 2014).
A possible explanation for the scarce influence of preceding

November snow conditions on growth observed in our study is that
occasional early-season snowfalls before November did not contribute
to overall autumn snow accumulation, thus it was relegated to accu-
mulation occurred in the season last month. As a consequence, small
snowpacks were found in November. Furthermore, this late autumn
snow depth accumulation has a minor influence on the presence of late
spring snow (Nov SD and May SD indices were not correlated,
rs=0.33), which was pointed out in this study as the most important
seasonal snow component influencing P. uncinata growth. Contrary to
our results, Carlson et al. (2017) in P. albicaulis forests and Helama et al.
(2013) in P. sylvestris forests detected significant negative effects of
autumn snowfall and autumn snow depth on radial growth, respec-
tively. The early snowfall in autumn and soil cooling can be related to
the cessation and shortening of the growing season (Carlson et al.,
2017). In this instance, other physiological tree processes are affected:
among others, (1) the reduction of photosynthate storage for the fol-
lowing year growth resumption (Fritts, 1976), (2) the reduction of
mycorrhizal activity (Peterson and Peterson, 1994), and (3) the in-
hibition of carbon transfer into radial growth and later carbon storage
for the following year (Hoch and Körner, 2003). Moreover, previous
studies have demonstrated that P. uncinata is sensitive to previous
November low temperatures, when synthesis and storage of carbohy-
drates can affect later radial growth (Tardif et al., 2003; Galvön et al.,
2014).
Evidence of tree characteristics’ influence on the snow-radial

growth relationship was found. Smaller trees showed to be more sen-
sitive to snow effects (Fig. 5b), which could be due to a more efficient

hydraulic functioning (Galván et al., 2012) or to a lower influence of
snowpack on microclimate and phenology in the case of tall trees. Zhu
et al. (2015) reported that large trees have higher recovery rates from
snow damage than smaller trees. With regard to geographical dis-
tribution of snow-growth interactions, in the Pyrenean sites (central
and western areas) occurred almost all of the significant snow-growth
correlations, but also the negative snow-growth influence was detected
in the drier Iberian System site. Any snow influence on P. uncinata
growth was found in the Pre-Pyrenees or eastern Pyrenees sampled
sites. Previous studies (Tardif et al., 2003; Galván et al., 2014) have
demonstrated that elevation plays a major role in P. uncinata radial
growth-index responses to climate. Galván et al. (2014) observed an
elevation pattern regarding temperature: November temperature con-
ditions during the year prior to tree-ring formation influence P. uncinata
growth mainly in mid-elevation sites, whereas at higher elevations,
growth was more dependent on May temperature conditions during the
year of tree-ring formation. However, no statistical significant relation
was found regarding the elevation gradient determine whether P. un-
cinata radial growth is influenced by a specific snow index. Thought
results from partial correlation analyses indicate that the main negative
snow influences on tree growth were found at higher elevations (Fig.
S3), this study did not produce sufficient evidence to confirm our initial
hypothesis. We expected that upper and therefore colder forest sites
could be the most sensitive to snow-growth influences. The decrease in
near-surface air temperature produced by an increase in elevation
(Navarro-Serrano et al., 2018) was suggested to limit the maximum
elevation of tree growth due to a short growing season (Körner, 2012).
Consequently, snow conditions could be expected to be the most lim-
iting factor for radial growth at high elevations which further reduces P.
uncinata growth period, especially linked to late spring snow cover. But
more detailed information on elevational gradients of snow features are
needed to test it.
Significant and decreasing trends were detected in winter and

spring snow depths along the Pyrenees (although trend coefficients are
very dependent on the selected study period), similar to other main
mid-latitude mountain ranges (López-Moreno, 2005; Marty, 2008;
McCabe and Wolock, 2009; Beniston, 2012; Morön-Tejeda et al., 2013a;
Buisán et al., 2015) (Fig. 6b). A significant and negative response of P.
uncinata growth to the negative trends in winter snow was found
(Fig. 6a), but it was not ubiquitous. Thus, trends of P. uncinata growth
were not consistent through all forests, thought almost all the statisti-
cally significant coefficients found were negative (only there was one
increasing growth trend). This may be related, however, to the length of
the radial growth data series. Overall results suggest that P. uncinata
radial growth could benefit from the predicted shallower snowpack in
these mountain ranges (López-Moreno, 2005; Morán-Tejeda et al.,
2013a) over the next decades by a prolongation of the growing season,
especially in high elevation forests. Likewise, climatic warming is ex-
pected to promote forest growth in the Pyrenees in a similar way (Tardif
et al., 2003). However, growth could be declined in some dry sites
where the amount of soil water available to trees in the growing season
relates to the previous months’ snowpack (Pederson et al., 2011).
Therefore, in xeric sites, a shallower snowpack due to warmer tem-
peratures could lead to limited soil water content in spring and reduce
growth (Walsh et al., 1994; Truettner et al., 2018). It has been reported
that these thermal stress sites are dependent on early summer pre-
cipitation (Richter et al., 1991; Andreu et al., 2007; Galván et al.,
2014), but this has not been observed so far in our studied sites. This
may be related to limitation in the data used in this study. The length of
the radial growth data series was not consistent throughout the sampled
sites, ranging from 30 to 13 years of available data per sampled forest.
The temperature and snow depth data were a product of a climate si-
mulation with the WRF model, with a spatial resolution (10 x 10 km)
that could be too coarse to represent their real spatial variability on the
complex terrains of the forests. The regional nature of this study pre-
vented consideration with finer-scale climatic observations.
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This study seeks to further research with higher spatial and tem-
poral resolution data, including in-situ climatic and snow cover records,
and other environmental variables (such as soil moisture, wind, and
solar radiation) in order to improve understanding of how snow-growth
relations occur in P. uncinata mountain forests.

5. Conclusions

Radial growth of P. uncinata forests is affected by snow cover depth,
independent of the widely reported effect of growing season air tem-
perature on their wood formation. P. uncinata growth is negatively in-
fluenced by a larger winter and late spring snowpack depth.
Geographical and topographical gradients and some tree characteristics
as height explained differences in snow–growth relationships. This
study suggests that a future shallower and more transitory snowpack in
the studied mountains may benefit the growth of P. uncinata over the
next decades, although a few forests could experience warming-induced
drought stress.
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Supplementary data 

Table S1. Pinus uncinata sampled sites and their geographical, topographical, 

ecological and nival characteristics. Values are means ± standard deviation. 
 

Mountain 
range 

 
Site (code) 

Analysed 
years 

Latitude 
N (º) 

Longitude 
–W, +E (º) 

Elevation 
(m a.s.l.) 

Slope (º) dbh (cm) 
Age 

(years) 
Max 

SD (m) 

Pyrenees 
 

Acherito 
(ACHE) 

30 42.89 -0.75 1850 – – – 
2.31 ± 

0.61 

Airoto 
(AIRO) 

16 42.70 1.03 2300 47 ± 29 
58.5 ± 

13.5 
288 ± 100 

2.54 ± 
0.70 

Bielsa (BIEL) 16 42.70 0.18 2000 88 ± 4 45.1 ± 9.4 270 ± 67 
1.14 ± 

0.36 

Barranc de 
Llacs 

(BLLA) 
30 42.53 0.92 2250 44 ± 38 

71.7 ± 
20.0 

616 ± 175 
2.65 ± 

0.86 

Conangles 
(CONU) 

14 42.62 0.73 2106 43 ± 15 56 ± 14.5 318 ± 117 
1.94 ± 

0.61 

Corticelles-
Delluí 

(CORT) 
30 42.56 0.93 2269 24 ± 17 

83.1 ± 
28.8 

509 ± 177 
1.26 ± 

0.47 

Las Cutas 
(CUTA) 

17 42.62 -0.08 2150 20 ± 5 33.3 ± 8.3 129 ± 16 
1.31 ± 

0.49 

Estany 
d’Amitges 

(EAMI) 
29 42.58 0.98 2390 40 ± 21 69 ± 26.0 355 ± 106 

1.51 ± 
0.59 

Estany 
Gerber 
(EGER) 

30 42.62 0.98 2268 15 ± 15 
53.5 ± 

14.6 
426 ± 147 

2.24 ± 
0.64 

Estany de 
Lladres 
(ELLA) 

29 42.55 1.05 2120 35 ± 12 52.1 ± 9.8 313 ± 123 
1.03 ± 

0.54 

Estany 
Negre 
(ENEG) 

29 42.55 1.03 2451 35 ± 18 71 ± 26.0 411 ± 182 
1.68 ± 

0.66 

Estanys de 
la Pera 
(EPER) 

17 42.45 1.61 2360 30 ± 0 
65.2 ± 

11.0 
339 ± 117 

0.94 ± 
0.39 

Foratarruego 
(FORA) 

29 42.62 0.10 2031 37 ± 11 
49.5 ± 

18.3 
433 ± 50 

1.83 ± 
0.83 

Larra (LACO) 19 42.95 -0.77 1750 38 ± 24 
46.4 ± 

14.0 
350 ± 108 

1.90 ± 
0.53 

La Estiva 
(LEST) 

13 42.68 0.08 2000 – – – 
1.10 ± 

0.32 

Mata de 
València 
(MAVA) 

17 42.63 1.07 2019 19 ± 10 43.2 ± 3.6 237 ± 72 
1.65 ± 

0.58 

Mirador 
(MIRA) 

29 42.58 0.98 2180 33 ± 18 
55.1 ± 

25.8 
401 ± 132 

1.06 ± 
0.41 

Mirador del 
Rey (MIRE) 

18 42.63 -0.07 1980 25 ± 10 
53.3 ± 

15.3 
117 ± 18 

0.94 ± 
0.29 

Monestero 
(MONE) 

29 42.56 0.98 2280 28 ± 13 
64.4 ± 

16.1 
346 ± 110 

1.28 ± 
0.49 

Vall de Núria 
(NURI) 

21 42.38 2.13 2075 – – – 
0.49 ± 

0.27 



 

 

Pic 
d’Arnousse 

(PIAR) 
14 42.80 -0.52 1940 32 ± 4 65.4 ± 5.1 248 ± 83 

2.80 ± 
0.67 

Ratera 
(RATE) 

29 42.58 0.98 2170 40 ± 5 28.3 ± 8.1 380 ± 146 
1.04 ± 

0.40 

Respomuso 
(RESP) 

30 42.82 -0.28 2350 70 ± 19 
49.5 ± 

15.1 
280 ± 83 

4.61 ± 
1.17 

Sant Maurici 
(SAMA) 

16 42.58 0.98 1933 16 ± 15 38.2 ± 5.7 204 ± 23 
0.67 ± 

0.22 

Sarradé 
(SARU) 

15 42.55 0.89 1950 – – – 
1.65 ± 

0.51 

Senda de 
Cazadores 

(SECA) 
29 42.63 -0.05 2247 49 ± 12 

60.9 ± 
16.5 

337 ± 145 
1.60 ± 

0.76 

Setcases 
(SETU) 

19 42.40 2.28 2080 – – – 
0.68 ± 

0.35 

Sobrestivo 
(SOBR) 

29 42.67 0.10 2296 38 ± 2 
61.7 ± 

17.5 
341 ± 97 

2.06 ± 
0.88 

Tessó de 
Son (TESO) 

15 42.58 1.03 2239 42 ± 14 
74.5 ± 

18.8 
346 ± 202 

1.15 ± 
0.37 

Vall de 
Mulleres 
(VAMU) 

14 42.62 0.72 1800 34 ± 13 69 ± 26.0 437 ± 184 
1.27 ± 

0.35 

Pre-
Pyrenees 

Cap de 
Boumort 
(COLU) 

30 42.23 1.12 1915 – – – 
0.35 ± 

0.22 

Guara 
(GUAU) 

30 42.28 -0.25 1790 – – – 
0.62 ± 

0.32 

Pedraforca 
(PEDR) 

26 42.23 1.70 2100 – – – 
0.69 ± 

0.37 

Iberian 
System 

Vinuesa 
(CAVI) 

30 42.00 -2.73 2050 21 ± 1 
85.6 ± 

23.0 
368 ± 148 

1.31 ± 
0.39 

Valdelinares 
(VATE-
VA1U) 

26 40.37 -0.37 1955 10 ± 5 
63.8 ± 

12.4 
214 ± 107 

0.57 ± 
0.32 

 

Table S2. Coefficients from Spearman correlations (rs) between snow indices 

and temperature monthly aggregations. Arrow indicates which monthly 

aggregation of temperature is best correlated to each snow index and is then 

used in further analysis. 

 

Temperature indices 
Snow indices 

Nov SD Feb SD May SD 

Nov T -0.34** ←   

    

Feb T  -0.63**  

Nov-Feb T  -0.57**  

Dec-Feb T  -0.63**  

Jan-Feb T  -0.64** ←  

    

May T   -0.55** 

Mar-May T   -0.57** ← 

Apr-May T   -0.56** 

Values followed by ** are statistically significant at p < 0.01. 



 

 

Table S3. Correlation coefficients from partial correlations calculated between 

tree-ring width and snow indices. 

 

Site 
Nº 

analyse
d years 

Spearman correlations coefficients (rs) 

Nov SD Feb SD May SD 

ACHE 30 -0.09 -0.27 -0.22 

AIRO 16 -0.24 -0.23 -0.41 

BIEL 16 0.32 -0.34 -0.12 

BLLA 30 0.09 -0.09 -0.13 

CAVI 30 -0.23 -0.35 -0.33 

COLU 30 0.01 0.14 0.03 

CONU 14 -0.06 -0.78** -0.51 

CORT 30 -0.02 -0.26 -0.18 

CUTA 17 -0.30 0.01 0.07 

EAMI 29 0.14 -0.23 0.03 

EGER 30 0.05 -0.29 -0.38* 

ELLA 29 0.19 0.21 -0.16 

ENEG 29 0.06 -0.23 -0.12 

EPER 17 -0.45 -0.56* 0.09 

FORA 29 0.15 0.06 0.20 

GUAU 30 0.13 0.17 0.06 

LACO 19 0.22 -0.25 -0.31 

LEST 13 0.14 -0.31 0.31 

MAVA 17 0.17 0.08 0.15 

MIRA 29 0.06 -0.23 -0.05 

MIRE 18 -0.05 -0.47 0.37 

MONE 29 0.02 -0.26 -0.21 

NURI 21 0.11 -0.13 0.09 

PEDR 26 0.04 -0.21 -0.25 

PIAR 14 0.32 0.07 0.28 

RATE 29 0.33 0.12 -0.24 

RESP 30 -0.15 -0.15 -0.27 

SAMA 16 0.33 0.05 -0.43 

SARU 15 -0.06 -0.54* -0.12 

SECA 29 0.26 0.25 0.10 

SETU 19 -0.15 0.07 -0.11 

SOBR 29 -0.09 -0.29 -0.08 

TESO 15 -0.01 -0.63* -0.18 

VA1U 26 0.34 0.06 0.07 

VAMU 14 0.19 -0.71** 0.10 

VATE 26 0.18 -0.34 -0.15 

Values followed by * and ** are statistically significant at p < 0.05 and p < 0.01, respectively. 
Note that data length differs between sites.  

  



 

 

Figure S1. Partial correlation coefficients (Spearman, rs) calculated between 

tree-ring width and snow indices. Sites where a statistically significant 

correlation was found are labelled. Statistical significance of models is 

represented in red (p > 0.05) and blue (p < 0.05) colors. 

 

 

 

Figure S2.  Latitude, longitude and elevation distribution patterns for groups of 

sites with the same RWI main drivers. Pre-Pyrenees (Pre-Pyr) and Iberian 

System (IS) locations are indicated where applicable. NA indicates sites whose 

selected model was null. Stars indicate sites whose selected model was 

statistically significant (p < 0.05). 

 

 
  



 

 

Figure S3. (a) Effect of geographical, nival gradients and tree influences on 

growth-snow partial correlations (Spearman correlations, rs). The southern 

Iberian System sites were omitted in latitude analyses. (b) Scatterplots of 

statistically significant correlations (p < 0.05) obtained between growth-snow 

partial correlations and biogeographical gradients. Histograms show sites 

frequency of distribution along gradients. 

 

 

 

  



 

 

Figure S4. Theil-Sen's slopes (variable’s units in mm·year-1) for tree-ring width 

(RWL) and snow indices trends of selected sites from 1981 to last year with data 

(series’ lengths are shown after site codes). Statistically significant values at p < 

0.05 are represented with stars. Blank values in RWL mean data is not available 

for these sites. 
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A B S T R A C T   

Snow dynamics are key to understanding tree growth in mountain forests and future response to climate change. 
However, precise monitoring of microclimate conditions and variables related to tree growth and functioning are 
lacking. To advance on those issues, snow cover and microclimate conditions, tree phenology, xylogenesis, intra- 
annual radial growth and the concentration of sapwood and needle non-structural carbohydrates were in-
tensively monitored in four Pinus uncinata forests along an altitudinal gradient over three years in a Pyrenean 
valley (NE Spain). Snow dynamics exerted strong influence on soil temperature and moisture, particularly before 
and during the early growing season. Soil temperature was the most relevant microclimate variable during the 
overall xylogenesis, mainly influencing the production of mature tracheids. Large snow accumulation resulted in 
later snow depletion and a consequent delay in soil warming onset. Low soil temperatures in the spring, related 
to prolonged snow persistence, retarded cambial reactivation and led to lower growth rate. Despite strong spatial 
variability among plots, wood production was determined by snow dynamics in three out of the four studied 
plots. This study highlights the major role played by early and late growing season soil temperatures on radial 
growth of mountain conifers. The results of this study suggest that a future shallower and more transitory 
snowpack in the studied forests, together with warmer soil and air temperatures, may increase radial growth and 
productivity of similar mid-latitude, young mountain forests.   

1. Introduction 

Climate plays a major role as driver of forest productivity, stem 
wood formation and radial growth (Babst et al., 2019). In mountainous 
areas, regional climate is greatly controlled by topographic complexity 
(elevation, aspect, slope) and also by the presence of forest patches, 
resulting in the creation of large microclimatic variability 
(Albrich et al., 2020; Dan Moore et al., 2005). In cold, high-elevation 
forests and alpine treelines, low air and soil temperatures limit tree 
growth by shortening the growing season and reducing growth rates 
(Körner, 2012). There is a minimal air temperature threshold for 
cambial activity of many conifers around 5°C (Rossi et al., 2008). Air 
temperatures can also impact tree growth by retarding or accelerating 
snowmelt (Barnett et al., 2005). Snow dynamics have been reported to 
influence forest productivity, radial growth and xylogenesis in sub-
alpine and subarctic forest ecosystems (Carlson et al., 2017;  
Helama et al., 2013). A deep snowpack, together with low air 

temperatures, can delay the melt-out date, resulting in later soil 
warming, delayed root growth and cambial onset, thus reducing growth 
(Kirdyanov et al., 2003; Rossi et al., 2011; Vaganov et al., 1999). Other 
studies, however, have not found that soil temperature strongly influ-
ences stem growth and, in such cases, air temperature was considered 
to be the main factor limiting xylogenesis (D'Orangeville et al., 2013;  
Lupi et al., 2012; Rossi et al., 2007). Additionally, snowmelt enhances 
water infiltration into deep soils (Woelber et al., 2018) and can posi-
tively influence tree growth by reducing soil moisture-limitation in 
seasonally dry mountain areas from mid to low latitudes (St. George, 
2014; Watson and Luckman, 2016; Zhang et al., 2019). 

Mountain forests from mid to high latitudes, where growth is mainly 
controlled by low temperatures, are very exposed to climate warming 
(Albrich et al., 2020). Rising air temperatures are expected to promote 
tree growth by extending the growing season and increasing growth 
rates (Camarero et al., 2017; Zhang et al., 2017). A likely shallower 
shorter-lived snowpack in mid-latitude mountain ranges 
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(Beniston, 2012; McCabe and Wolock, 2009; Morán-Tejeda et al., 2017;  
López-Moreno et al., 2017) will allow the soil temperature to rise ear-
lier in the year, consequently prolonging the growing season. However, 
a shorter-lived snowpack may also lead to less available snowmelt 
water at the end of spring, intensifying periods of water shortage in 
drought-prone regions such as the Mediterranean mountains 
(Pederson et al., 2011; Truettner et al., 2018). 

Understanding how snow dynamics affect tree grow in mountain 
forests will allow us to anticipate their future responses to forecasted 
climate change. That is especially relevant in the Spanish Pyrenees, 
which is a mountain range located in the transition of temperate-con-
tinental Atlantic-Eurosiberian and dry Mediterranean climate influ-
ences (Del Barrio et al., 1990; El Kenawy et al., 2011; López- 
Moreno et al., 2010; Morán-Tejeda et al., 2017). This study investigates 
how seasonal dynamics in snowpack characteristics modify microcli-
matic conditions (soil temperature and moisture) and tests if these 
modifications influence intra-annual growth and functioning in Moun-
tain pine (Pinus uncinata). For that purpose, microclimate conditions, 
shoot and needle phenology, xylogenesis, radial growth, sapwood and 
needle non-structural carbohydrate (NSC) concentrations were mon-
itored in four P. uncinata forests situated along altitudinal gradients 
over three consecutive years in a Pyrenean valley. The objectives of the 
study were (1) to determine the extent to which small-scale variations 
in soil temperature and moisture are influenced by snowpack magni-
tude and duration; (2) to characterize seasonal growth and functioning 
in P. uncinata; and (3) to analyze the influence of intra-annual snow 
dynamics on P. uncinata growth through snowpack contribution to 
microclimate. The main hypothesis is that snow dynamics influence 
intra-annual growth patterns through their impact on soil temperature 
and moisture. 

2. Data and methods 

2.1. Study species 

The Mountain pine (Pinus uncinata Ram.) is a long-lived and shade- 
intolerant conifer which dominates in high-elevation areas of the 
Pyrenees, western Alps, and Iberian System (Cantegrel, 1983). Spain's 
geographical distribution is limited to the subalpine forests of the 
Pyrenees (1600 - 2500 m) and to two isolated populations in the Iberian 
System, where it reaches its southern distribution limit (Ruiz de la Torre 
and Ceballos, 1979). P. uncinata begins to form the annual tree ring in 
April-May and ends growing in October, with main growth peaks from 
May to July (Camarero et al., 1998). A positive effect of warm air 
temperatures during the autumn before ring formation and during the 
growing season has been widely reported in tree-ring studies. 
(Andreu et al., 2007; Camarero et al., 1998; Galván et al., 2014;  
Tardif et al., 2003). In addition, there is evidence that a preceding 
abundant snowpack negatively influences P. uncinata radial growth at 
inter-annual scale (Sanmiguel-Vallelado et al., 2019). 

2.2. Study site 

The study was performed in the central Spanish Pyrenees 
(Figure 1a), where climate is continental (Del Barrio et al., 1990). The 
experimental setting comprised four forest stands located in the Bal-
neario de Panticosa valley (Figure 1b); all stands have different eleva-
tions (from 1674 to 2104 m a.s.l.), exposure, forest structure and mi-
croclimatology because of the complex topography in this area (see  
Table 1 and Figure 1c). During the study period, the average annual 
sum of precipitation registered in the valley bottom (1630 m) was 1493 
mm. In each forest an experimental plot of approximately 450 m2 was 
designed. The plots were labeled (plot 1, plot 2, plot 3 and plot 4) based 
on their locations in the valley (from N to S). P. uncinata dominates the 
studied stands, although plot 3 contained a few individual Pinus syl-
vestris L. At each experimental plot, five young individual P. uncinata 

were monitored and their diameter at breast height (Dbh0) and full 
height were measured using tapes and clinometers, respectively. 

2.3. Data collection 

A graphical description of the monitoring procedures and measures 
variables is shown in Figure A.1. 

2.3.1. Microclimate data 
Air temperature (T) and humidity (H) series were obtained using 

dataloggers (Tinytag-Plus-2; model TGP-4017, Gemini DataLoggers UK 
Ltd., Chichester, West Sussex, UK) that were equipped with naturally 
ventilated radiation shields (Datamate ACS-5050 Weather Shield; 
Gemini DataLoggers UK Ltd., Chichester, West Sussex, UK). One data-
logger was installed at each plot stand, hanging from a tree branch, and 
measurements were recorded every 15 minutes from November 2015 to 
December 2018. 

The soil temperature (T soil) series was obtained using miniature 
temperature loggers (Thermochron iButton; DS-1922L model, Dallas 
Semiconductors, Texas, USA). Four to six dataloggers were installed at 
each studied forest stand in a distributed manner, covering both forest 
openings and beneath forest canopy areas. The dataloggers were 
wrapped with laboratory film and duct tape to prevent corrosion, tied 
to metallic picks to facilitate their later retrieval, and buried in the 
ground at a depth of 10 – 20 cm. Soil temperature data were collected 
every hour from November 2015 to December 2018. 

The soil moisture series was obtained using ECH2O probes (EC-5 
model, Decagon Devices, Pullman, WA, USA). Soil moisture sensors 
were installed in a distributed manner at each plot: two sensors were 
installed in forest openings and two beneath forest canopy areas. 
Sensors were buried in the ground at a depth of 10 - 20 cm. Volumetric 
water content (VWC) of soil was registered by the ECH2O datalogger 
every 1.5 hours from November 2015 to December 2018. The first 
month of measurements was discarded in order to ensure a proper 
settling time after field installation. 

Snowpack data were collected from November 2015 to June 2018. 
Each year comprised snow data collected from the onset of snow ac-
cumulation to the end of melting. The snow depth series was obtained 
from automatic time-lapse cameras (Bushnell, Trophy Cam, Kansas, 
USA) shooting every day at eight fixed snow poles at each plot: three 
poles were placed in an open area and five were placed beneath the 
forest canopy at each plot. Photographs were processed using ImageJ 
software (Rasband, 1997) to manually obtain a daily snow depth series. 
The average daily snow depth series for the set of poles at each ex-
perimental plot was calculated. Snow Water Equivalent (SWE) was 
manually surveyed every 10 to 15 days using a snow cylinder and scale 
(ETH core sampler, Swiss Federal Institute of Technology, Zurich) at 
snow pits dug at two single locations in each plot, one in a forest 
opening and one below the forest canopy. Two replicates per location 
were collected. Snow density data was calculated from SWE collected 
data using the equation (Eq. 1): 

=

SWE

H

·

s

w

(1) 

where ρs is the snowpack density (kg•m−3), SWE is the measured 
equivalent water of the snowpack (m), H is the measured snowpack 
depth (m), and ρw is the assumed water density (kg•m−3). Daily snow 
density series were estimated by linear interpolation between each pair 
of density measurements from consecutive surveys. Daily SWE series for 
the set of poles at each experimental plot were inferred from data on 
daily snow depth and estimated daily snow density. The methodology 
to obtain the snow dataset is described in  
Sanmiguel‐Vallelado et al. (2020). 

2.3.2. Stem radius variations 
Changes in stem perimeter were monitored on two to three 
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individual P. uncinata at each plot, using stainless-steel band dend-
rometers (DR 26, EMS Brno, Czech Republic). Dendrometers (n = 10) 
were installed at a height of ~ 150 cm on the individual stems. The 
external layer of dead bark was previously removed. Hourly stem 

perimeter variations data (1 μm resolution) were collected from April 
2016 to December 2018 and transformed into radial changes, assuming 
a circular shape of the stem and measuring the diameter at breast 
height (1.3 m) at the beginning of the study (Dbh0). Data downloading 

Figure 1. (a) Distribution of the study species (Pinus uncinata) in Europe (black areas) and location of the study area location (Balneario de Panticosa) in the Spanish 
Pyrenees (green dot). (b) Location of the experimental plots in the study valley. (c) On the left: daily time series of snow depth (light blue areas), mean soil 
temperature (red lines) and mean air temperature (grey lines) by plot during 2018. On the right: daily time series of snow melting rates (grey bars), mean soil VWC 
(blue lines), and precipitation sum (black bars) by plot during 2018. Precipitation data source was a meteorological station located in the study area at 1630 m a.s.l. 
(note that this series contained NA periods). 

Table 1 
Topography, microclimate conditions, tree characteristics, and forest structure in the four plots. Mean ± standard deviations are presented.               

Plot Elevation (m 
a.s.l.) 

Aspect Slope (°) DJF air T 
(°C) 

TGS air T 
(°C) 

Max SD 
(cm) 

MAM GSI  
(W•m−2) 

Dbh0 (cm) Height (m) Age (years)† Density 
(indiv•ha−1) 

Basal area  
(m2•ha−1) 

1 2008 S 29.4 -0.5 11.1 133.2 154 20.4 ± 4.0 9.2 ± 0.3 38 ± 6 1689 45.1 
2 1814 E 20.4 -0.4 11.4 169.3 168 18.8 ± 4.6 8.6 ± 1.2 35 ± 7 844 13.7 
3 1674 W 9.3 0.3 12.2 95.3 193 22.4 ± 2.9 9.5 ± 1.1 42 ± 4 533 35.3 
4 2104 NE 22.7 -2.0 10.3 260.4 195 20.2 ± 4.0 9.1 ± 0.3 37 ± 6 356 26.6 

Abbreviations: DJF T, winter mean air temperature from December to February; TGS, Thermal Growing Season (see 2.4 section); Max SD, maximum snow depth; 
MAM GSI, average global solar irradiation from March to May; Dbh0, diameter at breast height at the beginning of the study. Note: The methods used to obtain stand 
structure data were described in Sanmiguel‐Vallelado et al., (2020). (†) Tree age was estimated from Dbh0 values based on an age-Dbh linear regression constructed 
in a nearby P. uncinata forest.  
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(Mini 32 software, EMS Brno, Czech Republic) was done seasonally (i.e. 
four times per year, every three months). 

2.3.3. Xylogenesis 
To study xylogenesis (xylem phenology and development), wood 

samples (microcores of 2 mm diameter and 15-20 mm length) were 
collected from five individual P. uncinata at each plot to monitor wood 
formation. Microcores (n = 20) were taken weekly or bi-weekly from 
May to October during 2016 and 2017. The individuals were punched 
with a Trephor® increment puncher at 1-1.5 m height, following an 
ascending spiral pattern, and each sample was taken at least 5 cm from 
previous sampling points (Deslauriers et al., 2015). The samples usually 
contained the preceding 4–5 rings and the developing ring with the 
cambial zone and adjacent phloem. Microcores were immediately fixed 
in 50% ethanol solution and preserved. 

Transversal wood sections (15-20 μm thick) were obtained using a 
sliding microtome (Leica SM2010 R) with temperature Controlled 
Freezing Stages for Microtomes (Physitemp BFS-30MP), which allowed 
freezing the samples for optimal sectioning. Sections were mounted on 
glass slides, stained with 0.05% cresyl violet and fixed with Eukitt®. The 
mounted and fixed sections were examined with visible and polarized 
light within 10–30 min of staining. Images of sections were first taken 
at 40–100x magnification, using a digital camera mounted on a light 
microscope (Olympus BH2, Olympus, Hamburg, Germany). We counted 
and averaged, on five radial lines per ring, the number of cambium 
cells, radially enlarging tracheids, wall-thickening tracheids and mature 
cells (Camarero et al., 2010; Deslauriers et al., 2015). Images allowed 
verifying cell counts and distinguishing earlywood (EW) and latewood 
(LW) tracheids according to their lumen and cell wall thickness, dis-
tinguishing earlywood from latewood tracheids as a function of their 
radial lumen diameter and wall thickness following (Denne, 1989). In 
the developmental stage, cells showed different shapes and stained with 
different colors (Antonova and Stasova, 1993); cambial cells had similar 
and small radial diameters and thin walls; radially elongating tracheids 
showed a wider radial diameter and contained a protoplast enclosed by 
a thin primary wall; wall-thickening tracheids corresponded to the 
onset of secondary cell wall formation and were characterized by cell 
corner rounding; secondary walls glistened under polarized light and 
walls turned blue due to wall lignification; and mature cells did not 
contain cytoplasm and presented completely blue walls. 

2.3.4. Shoot and needle phenology 
Following the procedure reported in Rossi et al. (2009) the dy-

namics of shoot and needle growth on five individual P. uncinata were 
monitored at each experimental plot. Shoot and needle measurements 
were taken weekly or bi-weekly from May to October during 2016 and 
2017. Five lower branches, from all exposures, were selected on each 
tree. On the branches, the developing apical shoots were measured with 
a ruler (1 mm precision). On each shoot, five developing needles were 
randomly selected and measured. 

2.3.5. Non-structural carbohydrate concentrations 
Non-structural carbohydrate (NSC) concentrations were quantified 

in stem sapwood and young needles of stems from individual five P. 
uncinata at each experimental plot. Three apical shoots and one core, 
taken at breast height (1.3 m) with Pressler increment borers (Gestern, 
Germany), were seasonally collected from selected trees in 2016. The 
concentrations of soluble sugars (SS) and starch (as non-soluble sugars 
NS) were measured in current-year needles and stem sapwood. 
Following Sangüesa-Barreda et al. (2012), SS were extracted with 80% 
ethanol solution and a colorimetric approach to determine their con-
centration. The undissolved fraction of carbohydrates after ethanol 
extraction was enzymatically reduced to glucose and then analyzed, as 
in Palacio et al. (2007). NSC measured after ethanol extraction is re-
ferred to as SS; carbohydrates measured after enzymatic digestion in 
glucose equivalents are referred to as starch; and the sum of SS and 

starch is referred to as total NSC (TNC). 

2.4. Data analyses 

From the raw microclimate series, a few (<1%) outliers caused by 
errors in sensor measuring were removed. Missing data were estimated 
using a non-parametric iterative imputation method called missForest 
(Stekhoven and Buhlmann, 2012), which is implemented in the Mis-
sForest R package (Stekhoven, 2013). For each variable, the missForest 
method fits a Random Forest regression to the observed part and then 
predicts the missing parts of the input data (Breiman, 2001). Average 
daily series at each experimental plot were calculated. Data from forest 
openings and beneath forest canopy areas were averaged for SWE, soil 
temperature and soil moisture series. Snowmelt was calculated by first- 
order differencing from SWE daily series. Only snow data in a con-
tinuous snowpack period were considered; that is, from the date of the 
first day of 14 or more consecutive days with snow on the ground (i.e. 
snow accumulation onset) to the last date with a snow record (i.e. melt- 
out date). Air warming onset was defined as the day when the 7-day 
running mean air T reached a threshold of 5°C after the date of 
minimum air T, because 5°C is the minimal temperature threshold for 
cambial activity of many conifers (Rossi et al., 2008). Soil warming 
onset was determined the same way, with the soil temperature series. 
Therefore, the most favorable thermal growing season (TGS) comprises 
the period when air temperatures overcome the 5°C threshold. Snow-
melt infiltration in soil was assumed when there was a rise of 0.01 
m3•m−3•day−1 of soil VWC (Harpold et al., 2015).   

Regressions at plot level (i) were performed between monthly sums 
of snowmelt and monthly averages of soil VWC and (ii) between 
monthly averages of SWE and soil T to investigate influences of 
snowpack on soil conditions. Linear and polynomial adjustments 
were done, respectively. The linear soil VWC response to snowmelt 
allowed inference of temporal variability of this relationship by 
performing correlation analysis between snowmelt weekly sums and 
soil VWC weekly averages, grouping by month and plot. The influ-
ence of snow duration on soil T over time was determined by per-
forming correlation analysis between the melt-out date and the 
(current and following) monthly average values of soil temperature 
by plot and year.   
From xylem development data, the increase in the number of mature 
tracheids was modelled at plot level with a Gompertz function 
(Eq. 2) (Zeide, 1993) using the non-linear regression procedure in-
cluded in the growthmodels R package (Rodriguez Perez, 2013), 
following Camarero et al. (1998) and Rossi et al. (2003). 

=Y A k t*exp[ exp( * )] (2)  

where Y is the weekly cumulative sum of mature cells (sum of early-
wood and latewood mature tracheids), A is the upper growth asymp-
tote, β is the x-axis placement parameter, k is the rate of change 
parameter, and t is the time in day-of-year (DOY). Adjusted functions 
were again limited to the main P. uncinata growing season period 
(Camarero et al., 1998). Daily rates of mature tracheids production 
(Number of mature tracheids •day−1) were estimated by first-order 
differencing the values of two consecutive days of the Gompertz-ad-
justed series. 

For the stem radius variations data series, calculating daily mean 
and maximum values allows removal of the effect of temperature and 
soil moisture fluctuations on stem diameter changes over daily periods 
(Deslauriers et al., 2007). However, a daily approach was preferred 
because the temporal resolution of most available microclimate vari-
ables was not high enough to perform further analysis for selecting a 
stem cycle approach. Dendrometer raw data were processed using the 
dendrometeR package (van der Maaten et al., 2016) to obtain the daily 
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maximum radius series. Dendrometer data was delimited to the main P. 
uncinata growing period (Camarero et al., 1998), and was set to 0 on 
April 1 every season (in 2016 the series was set to 0 the May 1 due to 
data availability). Gompertz functions were adjusted to daily maximum 
radius series at plot level following the procedure described above 
(Eq. 2). Daily rates of radial increment (µm•day−1) were estimated by 
first-order differencing the values of two consecutive days of the 
Gompertz-adjusted series. Some annual indices were extracted from 
mature tracheid production, stem radial increment and phenology data 
to characterize tree growth (see Table A.1). 

Intra-annual microclimate effects on tree growth were examined by 
performing correlation analyses between weekly averages of micro-
climate variables and weekly maximum growth rates. Correlations were 
grouped by month and plot. Additionally, principal component analyses 
(PCA) were performed to identify the most representative microclimate 
variables of tree growth rates during the whole growing period. The 
first PCA was performed using weekly microclimate averages and 
maximum rates of mature tracheid production; the second PCA was 
performed using weekly microclimate averages and maximum rates of 
radial increment. A set of non-correlated variables (principal compo-
nents, PCs) was obtained; these were linear combinations of the original 
variables (Jolliffe, 2002). The number of PCs selected in each PCA was 
based on the Kaiser criterion (Kaiser, 1974), preserving those with ei-
genvalues > 1. The original variables were classified into the selected 
PCs by following the maximum loading rule. Original variables were 
represented as vectors, indicating (i) the direction in which the value of 
the vector increases, and (ii) the correlation magnitude among vectors 
and between vectors and component axes (low angles correspond to 
high correlations). 

The non-parametric Kruskal-Wallis test was used to assess whether 
there were statistically significant differences in certain variables 
among plots or years, (i.e. air and soil temperatures, soil VWC, and NSC 
concentrations). This test was selected because the assumption of nor-
mality in data distribution within the groups of analyzed variables was 
not always met (Shapiro-Wilk test: p < 0.05). If the Kruskal–Wallis test 
was significant, the Dunn test post-hoc analysis was performed to de-
termine which groups differed from each other. In correlations, Pearson 
coefficients were calculated when data distribution of the analyzed 
variables was normal (Shapiro-Wilk test: p > 0.05), otherwise, 
Spearman coefficients were calculated. All analyses were performed 
using R statistical software (R Core Team, 2018). 

3. Results 

3.1. Influence of snowpack on microclimate 

Snow accumulation occurred from November to January, whereas 
the snow melt-out dates occurred throughout April and May (DOY 
122 ± 21; average value ± SDs among all years and plots), with a snow 
cover lasting 143 ± 39 days (Table A.2). Snow accumulation usually 
peaked in mid-March (DOY 74 ± 25), reaching maximum depths of 
120 ± 67 cm. Larger snow accumulation involved later melt-out dates 
(r = 0.91, p < 0.05) (Figure A.2) and a longer duration of annual snow 
cover (r = 0.87, p < 0.05). More variability in snowpack duration and 
magnitude was found among plots (CV = 0.24, CV = 0.50) than among 
years (CV = 0.16, CV = 0.29). 

Soil temperatures were highly influenced by snowpack magnitude 
during the snow-covered period. Both variables presented a non-linear 
relationship (Figure A.3); thus, snow presence induced soil cooling until 
insulation. Snowpacks with more than a 65 cm depth (on average) in-
sulated the ground from winter air temperatures and, consequently, 
freezing of the soil surface was very rare. On average, soil temperature 
was 3.3°C higher than air temperature during winter. During spring, the 
snowpack also insulated the ground; in this case, soil temperature was 
on average 2.8°C lower than air temperature. Soil warming onset oc-
curred in early May (DOY 125 ± 22), 4 ± 8 days after the melt-out 

date, and 26 ± 23 days after air warming onset (early April; DOY 
99 ± 24) (Table A.2). Soil warming onset differed among plots 
(SD = 18 days), contrary to air warming onset (SD = 6 days). Soil 
warming onset was driven by the melt-out date (r = 0.94, p < 0.05;  
Figure A.2). May and June soil temperature was negatively influenced 
by melt-out date (Figure A.3). There were lagged effects (1 – 2 months) 
of snow persistence on soil temperature (in May r = -0.76, p < 0.05; in 
June r = -0.71, p < 0.05). Soil temperature also was correlated to air 
temperature during these months (in May: r = 0.69, p < 0.05; in June: 
r = 0.66, p < 0.05). From July onwards, soil temperature was mostly 
correlated to air temperature. 

Soil water infiltration occurred during all snow-covered periods. 
Soil VWC peaked in late April (DOY 120 ± 17), 46 ± 36 days after the 
SWE peak, either before (2 ± 28 days) or after (23 ± 27 days) the melt- 
out date (Table A.2). No significant correlation was found in timing or 
magnitude between the soil VWC and SWE peaks. Positive relationships 
were found between snowmelt and soil VWC on a monthly scale 
(Figure A.4), being more frequent in Plot 1. This influence was stronger 
when larger melt occurred, i.e. in April and May (Figure A.4). No sta-
tistically significant correlations were found when lagged effects (1 or 2 
months) of snowmelt on soil moisture were analyzed (data not shown). 

Different microclimatic conditions were observed across plots and 
years (Table 1; Table A.2). Plot 4 showed the longest and thickest 
snowpacks, and the coldest air and soil temperatures during winter and 
TGS. Plot 3 showed the shortest and shallowest snowpacks, the warmest 
winter air temperature and TGS, and the highest soil VWC all year 
round. Plots 1 and 2 presented similar winter temperature and March 
snow depth. Plot 2 showed the warmest soil temperature during TGS. 
Plot 1 showed the lowest soil VWC values during TGS and reached the 
minimum soil VWC values earlier. In 2018, the longest and deepest 
snowpack, and the largest soil VWC and air humidity values during TGS 
were reached. In 2016, significantly warmer air and soil TGS tem-
peratures were observed, whilst during 2017 the opposite was found. In 
2017, the shortest snow season and, as a result, the earliest melt-out 
dates were observed. 

3.1. uncinata radial-growth characterization 

Stem radial increment lasted on average 91 ± 44 days; it began in 
mid-May (DOY 130 ± 15) and finished in August (DOY 221 ± 33) 
(Figure 2a; Table 2). Overall, the annual stem radial increment was 
1.0 ± 0.7 mm. More variability in the duration of the radial increment 
period was found among plots (CV = 0.40) than among years 
(CV = 0.23). More variability in seasonal radial change was also found 
among plots (CV = 0.75) than among years (CV = 0.21). Based on 
estimated daily rates of stem radial increment (Figure 2b, Table 2), 
growth peaked in mid-June (DOY 162 ± 9). Again, more variability 
was found in the magnitude of maximum rates of radial increment 
among plots (CV = 0.49) than among years (CV = 0.22). 

In 2018, the duration of the radial increment period was longer, the 
radial increment was higher and rates of radial increment were the 
lowest, followed by 2017. The maximum rates occurred earlier in 2017 
than in other years. Plot 4 showed the longest radial increment periods, 
the highest and latest rates of radial increment and the largest total 
radial increment; followed primarily by plot 3. Plot 1 showed the lowest 
values for the mentioned variables. 

The onset of tracheid formation, i.e. when the first enlarging trac-
heids were formed, occurred in mid-May (Figure 3a). The number of 
radially enlarging tracheids peaked from mid-May to late June. Trac-
heid maturation ended in October, when the thickening phase finished. 
Based on Gompertz models adjusted to the cumulative sum of mature 
cells, the estimated timing of growth season differed slightly from the 
previously noted (Figure 3b). The formation of mature tracheids started 
in early June (DOY 160 ± 7) and finished in October (DOY 286 ± 20) 
(Table 2). Maximum rates of production of mature tracheids 
(0.57 ± 0.28 cells day−1) occurred in mid-July (DOY 202 ± 20) 
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(Figure 3c). A high variability was found in the magnitude of maximum 
rates of production of mature tracheids among plots (CV = 0.51), but 
not among years (CV = 0.17). 

The production of mature tracheids started and peaked earlier in 
2017 but lasted longer in 2016 (Figure 3c). Plot 4 showed the longest 
period of production of mature tracheids, and the highest production 
rate, followed by plot 3, whereas plot 1 showed the lowest values for 
the mentioned variables. 

3.2. Needle and shoot phenology 

In 2016, the onset of shoot elongation occurred earlier (May) than 

in 2017 (early June). A 55% smaller shoot length was reached in 2016 
than in 2017 (Figure A.5.). For needles, the onset of elongation oc-
curred later in 2016 (late June) than in 2017 (early June). A 15% longer 
needle was formed in 2016. The highest shoot and needle growth rates 
took place in plot 1, whilst the smallest rates were observed in plot 4. 

3.3. Needle and sapwood non-structural carbohydrate (NSC) 
concentrations 

Sapwood SS and starch concentrations peaked in October, whereas 
needle SS concentrations peaked in August or before (April, June). 
Needle starch concentrations peaked in June (plots 1 and 2), April (plot 

Figure 2. (a) Time series of stem daily maximum radius by tree (solid lines) and same series adjusted to Gompertz function at plot level (dashed lines) during 2016, 
2017 and 2018. (b) Estimated daily rates of stem radial increment by plot during 2016, 2017 and 2018. Timing is represented by the day of the year (DOY). Dashed 
lines in the bottom panels represent daily growth rates equal to 3 μm•day−1. 
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3) or October (plot 4). In 2016, maximum NSC concentrations in nee-
dles were reached in April in plot 4, June in plot 2 and August in plots 1 
and 3 (Table 3). In sapwood, maximum TNC were reached in all plots in 
October. There was no significant difference in needle and sapwood 
NSC concentrations among plots. 

3.4. Microclimate influences on growth 

Soil temperature was the microclimate variable most related to 
xylogenesis during June (when the first mature tracheids were ob-
served) and September (during the final phase of tracheid maturation) 
(Figure 4a). The positive influence of soil temperature on growth 
mainly occurred throughout the entire spring. Soil temperatures (7-day 
mean) were 10.4 ± 1.4 °C and 7.9 ± 2.8 °C when the first and last 
mature tracheids were formed, respectively. A later soil warming onset 
can delay and therefore shorten the growing season, and this was re-
lated to a lower growth rate (see Figure A.6). This was observed in 3 out 
of the 4 studied plots, with plot 4 not showing this relationship. Air 
temperature showed positive correlations to xylem development rates 
in May, when the first radially enlarging tracheids were detected. Air 
and soil temperatures (7-day mean) were 6.1 ± 3.1 °C and 5.6 ± 3.6 °C, 
respectively, when the first radially enlarging tracheids were observed. 
Mostly negative correlations of xylem development rates with soil VWC 
were found during September and during the spring in plot 4. An ex-
ception was the positive correlation found in plot 1 with April soil VWC. 

For radial increment rates, air temperature was the variable that 
most related to these rates during May in all plots (Figure 4b). In most 
plots, soil temperatures were also relevant to the onset of stem radial 
increment. Air and soil temperatures (7-day means) were 8.4 ± 4.5 °C 
and 5.9 ± 4.7 °C respectively, when the stem radial increment began. 
July air H and July-August soil VWC were positively correlated to stem 
radial increment rates in all plots. Maximum radial increment rates 
occurred about 10 days earlier ( ± 9 days) than maximum day length. 

The first principal component (PC1) of the first PCA explained 
55.3% of the variability (Table A.3). Air T, soil T and xylem develop-
ment rates spread along the PC1 axis increasing in same direction, 
while soil VWC increased in the opposite direction. Rates of production 
of mature tracheids were highly and positively related to soil tem-
perature, followed by air temperature (Figure 5a). As air H spread along 
the second principal component (PC2), explaining only a small per-
centage of variability (18.16 %), its influence on formation of mature 
tracheids was low. The PC1 of the second PCA, performed considering 
all microclimate variables and radial increment rates, explained 49.9% 
of the variability. All microclimate variables spread along the PC1 axis, 
where air and soil T increased in the opposite direction of air H and soil 
VWC (Table A.3). Radial increment rates spread alone along the PC2 
axis (22.1 %). Among microclimate variables, soil VWC was related to 
radial increment rates (Figure 5b), followed by air H. 

4. Discussion 

Evidence has been presented to show how snow dynamics influence 
seasonal growth dynamics by influencing soil temperature in mountain 
forests. Soil temperature was the microclimate variable most relevant to 
the production of mature tracheids, highly influencing timing (onset 
and cessation) and resulting growth rates. As snowpack duration de-
termines soil warming at the beginning of the growing season, a larger 
and more lasting snowpack induces a retarded cambial reactivation and 
is related to lower growth rates. Hence, this study at intra-annual scale, 
confirms what Sanmiguel-Vallelado et al. (2019) found at inter-annual 
scale in a tree-ring network of P. uncinata forests. The results provide 
additional information about the effects of climate and soil temperature 
and humidity conditions on radial growth 

The winter snow accumulation, the time of melt-out date, the onset 
of the growing season and the growth rates were strongly interrelated 
(Helama et al., 2013; Kirdyanov et al., 2003). In this study it was ob-
served that larger snow accumulation involved later snow depletion 
that, in connection with lower spring air temperatures, produced a 
delay in soil warming onset and in tracheid maturation. Therefore, the 
most limiting factor to xylem development found in this study was low 
soil temperature in June. On the one hand, the soil cooling induced by 
snow presence can be explained by the effects of high snow albedo and 
high latent heat due to snowmelt is a heat sink (Zhang, 2005). On the 
other hand, low soil temperatures had been reported to inhibit root 
activity (Alvarez‐Uria and Körner, 2007), which could explain an in-
direct effect on cambium reactivation in the spring, since roots provide 
water and nutrients to meristems such as the cambium. Several po-
tential physiological mechanisms by which cool soils may limit conifer 
growth have been described in the literature. Kozlowski (1964) sug-
gested that trees cannot uptake water through their roots and initiate 
hydraulic and metabolic processes until snowpacks wane to a threshold 
at which soil temperatures increase and viscosity decreases. CO2 uptake 
was decreased at low root temperatures and appeared to be influenced 
by the pattern of nitrogen translocation (Vapaavuori et al., 1992). In 
cold substrates (< 5°C), root growth in P. sylvestris has been found to be 
constrained by plasma membrane H+‐ATPase (PM‐ATPase) transport, 
which has multiple functions in cell growth (Iivonen et al., 1999). 
Furthermore, Peterson and Peterson (2001) suggest that increased 
cloudiness, associated with cool springs and late-lying snowpacks, 
could reduce solar radiation and increase the frequency of photo-
inhibition following cold nights. 

The highest correlation between air temperature and xylem devel-
opment rates in most plots was found when the first radially enlarging 
tracheids were formed. By this time, the observed mean air temperature 
(6°C) is similar to the 5°C minimal air temperature threshold proposed 
by Rossi et al. (2008) for conifers from cold sites. Previous tree-ring 
studies demonstrated that low air temperatures during the growing 

Table 2 
Growth characteristics considering stem radius increment and production of mature tracheids. Average values during 2016, 2017 and 2018 at each plot are shown.                  

Stem radius increment Mature tracheids 
Year Plot Total radial 

increment  
(mm•y−1) 

Onset 
(DOY) 

Cessation 
(DOY) 

Duration 
(days) 

Max rate 
(µm•d−1) 

Timing of 
max rate 
(DOY) 

Cell production 
(N° mature  
trach•y−1) 

Onset 
(DOY) 

Cessation 
(DOY) 

Duration 
(days) 

Max rate (n° 
mat  
trach•d−1) 

Timing of 
max rate 
(DOY) 

2016 1 0.26 159 191 32 10 171 30 163 297 134 0.23 221  
2 0.46 153 185 32 24 163 25 162 285 123 0.28 201  
3 0.57 143 199 56 15 162 70 162 302 140 0.62 222  
4 1.99 123 247 124 28 163 90 172 305 133 0.89 228 

2017 1 0.49 125 189 64 9 149 21 161 246 85 0.42 182  
2 0.74 131 189 58 21 150 32 155 282 127 0.41 190  
3 0.81 120 210 90 12 153 35 151 272 121 0.76 172  
4 2.04 116 242 126 29 157 78 153 298 145 0.97 197 

2018 1 0.69 132 235 103 6 173 ‒ ‒ ‒ ‒ ‒ ‒  
2 0.91 115 221 106 11 154 ‒ ‒ ‒ ‒ ‒ ‒  
3 0.94 123 245 122 9 169 ‒ ‒ ‒ ‒ ‒ ‒  
4 2.50 114 295 181 23 174 ‒ ‒ ‒ ‒ ‒ ‒ 
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season limit growth of P. uncinata (Andreu et al., 2007; Camarero et al., 
1998; Galván et al., 2014; Rolland and Schueller, 1994; Tardif et al., 
2003). Nevertheless, due to the stronger coupling between mature 
tracheids and soil temperature observed in this study, we argue that 
10°C soil temperature when first mature tracheids were developed 

should be also considered. 
Tracheid maturation onset always occurred after complete melt-out. 

In most cases, it was observed that a later tracheid maturation leads to a 
shorter growing season and, therefore, limits growth and wood pro-
duction (Lenz et al., 2013). The observed reduction in growth rates 

Figure 3. (a) Number of cambial cells and number of tracheids in the radial enlarging, wall-thickening and mature phases during 2016 and 2017. Median values by 
plot are shown. Bars represent inter-tree variability (standard deviation). Over the top of the plot the onset of shoot and needle elongation for each study plot and 
year are indicated. (b) Observed (dots) and Gompertz-modelled (lines) function of the number of mature tracheids during 2016 and 2017. (c) Estimated daily rates of 
production of mature tracheids by plot (daily number of produced mature tracheids) during 2016 and 2017. Timing is represented by the day of the natural year 
(DOY). 
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induced by snow-related cold soil temperatures is more relevant to 
wood production than growing season duration (Cuny et al., 2015). 
Apart from that, low soil temperatures in September reduced xylem 
development; therefore, the soil cooling in early autumn seems also to 
affect the last phases of xylogenesis (Cuny et al., 2014). These results 
agree with the negative influences that Sanmiguel- 
Vallelado et al. (2019) found between winter snow accumulation and 
late spring snow presence on P. uncinata growth and provide an in- 
depth explanation at a finer temporal resolution. 

Although the highest NSC concentration in sapwood was found in 
the coldest plot, no difference in NSC concentration was found among 
plots along the altitudinal gradient, and there was no link with growth 
dynamics. Similarly, Gruber et al. (2011) did not find evidence that an 
insufficient carbon balance limits growth at their upper elevational 
limit. This confirms that radial growth and the storage and mobilization 
of carbon pools are not necessarily coupled (Körner, 2012). The needle 
starch concentration was observed when needles started elongating 
during June in some plots (e.g. plot 2), and this was followed by a peak 
in SS concentration in August, suggesting the differential use of these 
NSCs to build the new foliage. Since highest NSC concentration in 
sapwood occurred in October, when xylogenesis finished, the observed 
dynamics of sapwood NSC did not follow xylogenesis, whereas in other 
studies they were more coupled to latewood formation 
(Oberhuber et al., 2011). 

The onset of stem radial increment in P. uncinata (DOY 130 ± 15), 
occurred on average 15 days in advance of the onset of mature tracheid 
formation, probably reflected the date when stem re-hydration started 
(Zweifel et al., 2000). We observed a value of 6 °C in 7-day average soil 
temperature for the onset of stem radial increment, which agrees with 
the fact that soil temperatures lower than 6°C inhibit water uptake by 
roots in several conifers (Alvarez‐Uria and Körner, 2007). As water 
from snow melting infiltrates into the soil during winter, it is available 
for trees even before the complete snow depletion, once the soil starts 
warming and triggers fine root activity. Warmer air temperatures in 
May – we observed a value of 8 °C in 7-day average air temperature for 
the onset of stem radial increment – promoted stem radial increment 
rates in the study area, may be because they facilitated water release 
from snow – we observed an important water contribution to soil 
moisture from snowmelt in that time – and stimulated cambium re-
sumption (Camarero et al., 1998) Radial increment rates were mainly 
driven by soil moisture and air humidity, reflecting the strong linkage 
between stem radial fluctuations and changes in tree water status even 
in high-elevation forests (Zweifel et al., 2000). However, only a positive 
influence of early spring snowmelt on xylem development was observed 
in plot 1, where the lowest soil moisture values are found. Therefore, 
we cannot demonstrate that snowmelt water promoted P. uncinata 
growth in the study site. Similarly, Turcotte et al. (2009) reported that 
growth initiation in black spruce was not limited by the spring rehy-
dration. This soil moisture limitation was reported in more arid 
mountain ranges (St. George, 2014). The cessation of the stem radial 

increment period and the start of latewood formation are triggered by 
warm-dry air and soil conditions in summer. 

We found no clear microclimate influences on maximum rates of 
production of mature tracheids or radial increment, neither in terms of 
timing nor in magnitude. It has been reported that the maximum 
growth rates of conifers from cold sites synchronized with the longest 
day in the year (Rossi et al., 2006). Our observations agree with this 
idea since stem radial maximum rates occurred around 10 days earlier 
than the summer solstice. 

We also observed a high variability in small spatial scale in micro-
climate conditions and also in tree growth and NSCs. All plots showed 
similar snow influences on seasonal growth dynamics, with some var-
iation in strength; however, when considering annual snow-growth 
effects and the inter-plot variability, plot 4 stepped out of line. This plot 
(the coldest site situated at highest elevation and with a northern as-
pect) showed the longest growing season and largest growth rates de-
spite the presence of the longest-lasting snowpacks, contrary to what 
was expected. This behavior in plot 4 could be explained by high solar 
radiation values in spring. In addition, more water availability, and for 
longer periods, may prevent P. uncinata from drought, in contrast to 
what can occur when water is scarce during summer in shallow and 
rocky soils (Galván et al., 2014). However, more research will be 
needed to determine which ultimate factors determine the differences 
between plots. Therefore, P. uncinata growth was determined, to a large 
extent, by snow dynamics in 3 out of the 4 studied plots. Excepting plot 
4, a later snow melt-out date delayed and shortened the P. uncinata 
growing season, thus reducing growth. Rossi et al. (2011) previously 
confirmed that delayed snowmelt reduced growth in boreal forests of 
Picea mariana in Quebec, Canada. Previously, Vaganov et al. (1999) 
found that in the Russian taiga conifers showed a lower growth when 
snow melt was delayed in the early growing season. This study extends 
these observations to high-elevation mountain forests of mid-latitude 
ranges such as the Pyrenees, and highlights the need to consider the 
small-scale variability of microclimate effects on individual tree growth 
of mountain forests. 

The abovementioned inter-plot variability in microclimate condi-
tions and tree growth was much larger than inter-annual variability in 
most cases. Inter-annual variability in growth dynamics may be induced 
by microclimate conditions, at least in a part. For example, in 2016, the 
warmest air and soil temperatures observed during the TGS might 
promote the highest production of mature tracheids. All our four sites 
are mainly characterized by temperature limitation of growth, as we 
have discussed previously. Therefore, low temperatures during the 
growing season limit the tree growth (Rossi et al., 2008). In 2017, the 
earliest melt-out dates might lead to the earliest starting and peaking 
date of mature tracheids production. We previously mentioned that the 
energy-limited influence of snow on studied forest, due to long-lasting 
snowpacks, could be an appropriate explanation for the positive influ-
ence of soil temperature on tree growth found in this study 
(Helama et al., 2013; Kirdyanov et al., 2003). In 2018, the highest 

Table 3 
Average needle and sapwood concentrations (%) as soluble sugars (SS), starch and total non-structural carbohydrates (TNC) during 2016.              

Plot Needles  Sapwood 
April June August October  April June August October 

SS 1 5.6 6.7 5.4 4.8  0.7 0.7 0.6 1.4  
2 4.6 7.6 10.5 7.2  3.9 4.0 3.9 5.6  
3 10.2 14.2 15.8 12.0  4.6 4.7 4.6 6.9  
4 5.4 4.6 3.9 4.2  0.5 0.7 0.7 1.0 

Starch 1 14.1 20.4 6.7 7.9  3.4 3.9 3.7 4.8  
2 19.5 25.0 10.6 12.1  3.9 4.6 4.4 5.8  
3 5.5 4.6 5.2 4.8  0.6 0.6 0.8 1.1  
4 8.9 5.4 9.9 4.9  3.0 3.5 3.4 4.3 

TNC 1 14.3 10.0 15.2 9.7  3.6 4.1 4.2 5.5  
2 5.9 4.7 7.0 4.2  1.5 0.8 1.1 1.2  
3 9.3 6.9 5.5 6.4  4.3 4.7 4.4 5.2  
4 15.2 11.6 12.5 10.6  5.8 5.5 5.4 6.4 
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radial growth observed might reflect the largest soil moisture condi-
tions during the growing season. As previously stated, we found evi-
dence that stem radial fluctuations were strongly related to tree hy-
drous state in the studied forests (Zweifel et al., 2000).Under the 

current climate warming context, increasing trends in air temperature 
had been already reported in the Spanish Pyrenees (El Kenawy et al., 
2011). Future warmer air and soil temperatures are expected to prolong 
the P. uncinata growing season, and therefore, to enhance growth of 

Figure 4. Spearman rho correlation coefficients calculated by month and plot between microclimate variables (weekly averages) and tree growth rates data series 
(weekly maximum values) of P. uncinata during the main growing period. (a) Xylem development rates corresponding to the production of mature tracheids 
comprised two years (2016, 2017) and (b) radial increment rates series comprised three years (2016, 2017, 2018). Therefore, the number of samples varied among 
correlations; as a consequence, critical values for Spearman coefficients varied too. Asterisks highlight significant correlations (p < 0.05). 
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Pyrenean high-elevation forests and treelines during the late 21st cen-
tury (Camarero et al., 2017; Sánchez-Salguero et al., 2012). An increase 
in precipitation variability has been also reported in this mountain 
range (López-Moreno et al., 2010). Therefore, these forecasts could be 
amplified if climate change also affects snow dynamics (accumulation, 
duration and melting) leading to shallower snowpacks and a longer 
snow-free period (Alonso-González et al., 2020; Morán-Tejeda et al., 
2017; López-Moreno et al., 2017). Overall, growth of high-elevation P. 
uncinata novel forests could be benefited from the projected future 
snow and air temperature projections. This positive effect could be 
explained by a longer growing season, and a subsequently enhanced 
growth rate due to an earlier rise and a later cooling of soil tempera-
tures. Faster growth rates are related to shorter tree longevity, and it is 
expected to lead to a reduced capacity of old forest ecosystems to store 
carbon under warmer future (Büntgen et al., 2019), but new young 
forests could also represent relevant carbon pools. 

5. Conclusions 

The seasonal growth dynamics of high-elevation P. uncinata forests 
were affected by snow dynamics. Soil temperature was the most re-
levant microclimate variable during the overall xylogenesis, mainly 
influencing the production of mature tracheids. Larger snow accumu-
lation involved later snow depletion that produced a delay in soil 
warming onset. Low soil temperatures in spring, due to prolonged snow 
persistence, retarded the cambial onset and reduced growth rates. 
Wood production was affected by snow dynamics in three out of the 
four studied plots through a delayed and shorter growing season. This 
study highlights the large role of early and late growing season soil 

temperatures on radial growth, in addition to the widely reported effect 
of air temperature. A future shallower and more ephemeral snowpack 
in similar mountain, young forests, together with warmer air and soil 
temperatures, may enhance productivity and tree growth by prolonging 
the growing season through an earlier onset and a late cessation of 
xylogenesis. 
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Figure 5. Principal component analysis of microclimate variables (weekly averages) and P. uncinata tree growth rates (weekly maximum values) during the main 
growing period. (a) Xylem development rates series corresponding to the production of mature tracheids comprised two years (2016, 2017) and (b) radial increment 
rates series comprised three years (2016, 2017 and 2018). 
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Appendix    

Figure A.1. (a) Monitoring seasonality throughout 2016 as an example of one year of data collection, and (b) differences in variables acquired among years.  

Figure A.2. Scatterplot of the relationships between (a) SWE peak and snowmelt out date and (b) between snow melt out date and soil warming onset. Pearson 
correlation coefficients between indices and p values are shown. 
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Figure A.3. (a) Polynomial regressions between monthly averages of SWE and soil temperature by plot for the four study plots considering data collected during 
2016, 2017 and 2018. (b) Scatterplots of timing of melt-out date and May and June soil temperatures considering data collected during 2016, 2017 and 2018. 
Pearson correlation coefficients and p values are shown. 
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Figure A.4. (a) Linear regressions between monthly sums of snowmelt and monthly averages of soil VWC by plot considering data collected during 2016, 2017 and 
2018 (b) Spearman correlation coefficients calculated by month and plot between snowmelt weekly sums and soil VWC weekly averages considering data collected 
during 2016, 2017 and 2018. Asterisks highlight significant correlations (p < 0.05). Note that the number of samples and significance levels varied among months 
and plots. 

Figure A.5. Time series of needle (top panel) and shoot (bottom panel) length during the 2016 and 2017 growing seasons (dots: mean values; error bars: standard 
deviation). Timing is represented by the day of the natural year (DOY). 
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Figure A.6. Boxplots of related soil temperature and xylogenesis variables: (a) soil warming onset, (b) tracheid maturation onset, (c) tracheid maturation duration 
and (d) rate of production of mature tracheids. In grey, plot 4 was highlighted since it presented “outlier” microclimate conditions and growth characteristics. 

Table A.1 
Descriptive indices calculated from tree growth data.      

Index Description    

Stem radial increment Total stem radial increment Parameter A of Gompertz function adjusted to daily maximum radius series (upper asymptote). 
Stem radial increment onset Date when daily rates of radial increment exceeded 3 μm•day−1. 
Stem radial increment cessation Date when daily rates of radial increment fell below 3 μm•day−1. 
Stem radial increment duration Time between the onset and cessation dates of stem radial increment. 
Maximum rate of radial increment Maximum value obtained from estimated daily rates of radial increment series. 
Timing of maximum rate of radial increment Date when maximum rate of radial increment was reached. 

Mature tracheids Production of mature tracheids Parameter A of Gompertz function adjusted to mature cell number increase series (upper 
asymptote); i.e. number of mature tracheids developed per year. 

Maturation onset Date when first mature tracheid was completely developed, obtained from Gompertz function 
adjusted to mature cell number increase series. 

Maturation cessation Date when last mature tracheid was completely developed, obtained from Gompertz function 
adjusted to mature cell number increase series. 

Maturation duration Time between the onset and cessation dates of tracheid maturation. 
Maximum rate of mature tracheid 
development 

Maximum value obtained from estimated daily rates of mature tracheid development series. 

Timing of maximum rate of mature tracheid 
development 

Date when maximum rate of mature tracheid development was reached. 

Shoot and needle phenology Onset of shoot elongation First day when an increment in shoot length was recorded after dormancy. 
Shoots final lenght Maximum shoot length recorded. 
Onset of needle elongation First day when an increment in needle length was recorded after dormancy. 
Needle final length Maximum needle length value recorded.    
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A B S T R A C T   

Mountain forests affect spatial and temporal variability of snow processes through snow interception and by 
modifying the energy balance of snowpack. The high sensitivity of snow cover to seasonal temperatures in 
mid–latitude mountains is well known and is of particular interest with regard to a future warmer climate. The 
snowpack in the Pyrenees is expected to be the most impacted by climate change in the Mediterranean moun-
tains, where future climate trends project rising temperatures and decreasing precipitation. This study analyzes 
how changes in temperature and precipitation can affect current forest–snow interactions in four forests, located 
near each other but under contrasting topographic settings, in the Spanish Pyrenees. This understanding will 
allow us to anticipate the future hydrological responses of Pyrenean forested mountain basins. The research was 
accomplished by performing a sensitivity analysis using simulations from the Cold Regions Hydrological Model 
(CRHM) and by comparing forest canopy sites (F) vs. openings (O). The CRHM platform focuses on the incor-
poration of physically based descriptions of snow–dominated regions hydrological processes. It was found that 
forest cover induced different snowpack sensibility to climatic change conditions in the studied forests. Delayed 
onset of snow accumulation (F: 13 days⋅

◦C−1; O: 5 days⋅
◦C−1) and reduced snowpack duration (F: 28 %⋅

◦C−1; O: 
23 %⋅

◦C−1) under warmer temperatures were more intense in areas beneath the forest canopy compared to 
openings. A lower annual peak of snow water equivalent (SWE) (F: 81 mm⋅

◦C−1; O: 129 mm⋅
◦C−1), earlier melt- 

out date (F: 8 days⋅
◦C−1; O: 10 days⋅

◦C−1) and slower melting rates (F: 0.4 mm⋅day−1
⋅
◦C−1; O: 

0.5 mm⋅day−1
⋅
◦C−1) with increasing temperatures were more intense in forest openings. The forest–driven 

reduction in snowpack duration (40%) was signiicantly enhanced with warming (10% per ◦C). Lower precipi-
tation (20% precipitation reduction) could increase the response of this forest effect to warming (32%), while 
higher precipitation (20% precipitation increment) could reduce it (−26%). There was relevant topographic 
variability in the forest−snow interactions in response to climate change among the study stands, despite their 
proximity.   

1. Introduction 

The importance of snow in mountains ranges from its role as an 
essential eco–hydrological resource to the economic activities associated 
with it. Mid–latitude mountain snowpacks represent a natural fresh-
water reservoir by storing solid water in winter and releasing it as 
snowmelt runoff in spring–summer, when human activity demands are 
usually highest (Barnett et al., 2005). Additionally, snowpack variability 
affects ecological processes such as forest growth (Vaganov et al., 1999), 

plant phenology (Asam et al., 2018), soil water stress (Harpold, 2016) 
and wildire activity (Westerling, 2016). 

Seasonal snowpack is affected by complex interactions between 
meteorological conditions, topography and vegetation (Bednorz, 2004; 
Ellis et al., 2013; Huerta et al., 2019; Lundquist and Cayan, 2007). Snow 
processes are heavily inluenced by forest cover, since mid– and high-
–elevation forests co–exist across a large range of altitudes with moun-
tain snow (Broxton et al., 2020). Tree leaves and branches intercept 
snow during winter, which affects under–canopy snow accumulation 
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(Varhola et al., 2010). Canopy interception generally leads to shallower 
snowpacks in forested areas relative to open areas, because a signiicant 
proportion of the snow stored in the canopy sublimates or melts 
(Molotch et al., 2007; Storck et al., 2002). Trees shelter the surface from 
wind, which modiies snow transport by wind and, thus, snow accu-
mulation patterns compared to open areas (Hiemstra et al., 2002). 
Additionally, mountain forests alter the energy balance of the snowpack 
and, thus, condition snowmelt in different and complex ways (Sicart 
et al., 2004). For example, forest litter deposited over the under–canopy 
snowpack reduces snow albedo and increases shortwave absorption by 
the snowpack (Hardy et al., 2000). Forest cover can diminish melting 
rates by reducing shortwave radiation reaching the snowpack surface (i. 
e. “shading” effect) (Ellis et al., 2011; Musselman et al., 2015). On the 
other hand, longwave radiation can be enhanced in forested areas as a 
result of shortwave absorption by trees and consequent heating during 
the day; the forest canopy generally has a higher thermal emissivity than 
the clear sky during the night (i.e. “heating” effect) which can 
compensate for shortwave reduction by the shade effect, with conse-
quent increase of melt rate (Essery et al., 2008; Lundquist et al., 2013; 
Sicart et al., 2006). The balance between reduced accumulation and 
diminished (or enhanced) melting determines snowpack duration in 
forests, which can be shortened or extended relative to open areas 
(Dickerson-Lange et al., 2017). The nature and extent of forest in-
luences on snowpack rely on forest structure, topography, orientation, 
elevation, seasonality, and regional climate, among others (Currier and 
Lundquist, 2018; Jost et al., 2007; López-Moreno and Stähli, 2008; 
Moeser et al., 2016; Pomeroy et al., 2002; Roth and Nolin, 2017). 

Many studies have investigated the impacts of current climate 
change on snow processes and related effects on stream lows in the 
main mid–latitude mountain ranges, such as reductions in snow accu-
mulation and accelerated rain–on–snow processes which are expected to 
induce a shift to earlier snowmelt onset and melt out (e.g. Adam et al., 
2009; Beniston, 2012; Fang and Pomeroy, 2020; Marshall et al., 2019; 
Morán-Tejeda et al., 2017; Pomeroy et al., 2015; Rasouli et al., 2015; 
Sun et al., 2016). However, the sensitivity of snow processes to climate 
change may differ depending on regional climates and the physio-
graphic characteristics of different mountain ranges (Evan and Eisen-
man, 2021; López-Moreno et al., 2017; Marshall et al., 2019; Shrestha 
et al., 2021). This issue is especially relevant in Mediterranean climate 
mountains, as they are considered hot spots for climate change impacts, 
and the consequences may seriously affect the ecosystems, hydrological 
resources and the economy of these regions (Giorgi and Lionello, 2008; 
Vicente-Serrano et al., 2011). The future climate trends projected for 
Mediterranean mountains indicate rising temperatures 
(between + 1.6 ◦C and + 8.3 ◦C for 2085) as well as a reduction of 
precipitation (between −4.8% and −17% for 2085) (Nogués Bravo et al., 
2008). Previous research determined that Mediterranean snowpacks are 
very sensitive to temperature increases (López-Moreno et al., 2017), 
although the extent of the change varied among mountain ranges. The 
Spanish Pyrenees is expected to be the European mountain range most 
impacted by climate change in terms of mean SWE and snowpack 
duration (López-Moreno et al., 2017). Understanding how forest cover 
can affect the sensitivity of snowpack to changes in climate will allow us 
to anticipate future hydrological responses of Pyrenean forested 
mountain basins under climate change conditions (Ellis et al., 2013; 
Fang and Pomeroy, 2020; López-Moreno et al., 2020; Rasouli et al., 
2019; Tennant et al., 2017). 

Research regarding the interactions between forest and snow in the 
Spanish Pyrenees (e.g. López-Moreno and Latron, 2008; Revuelto et al., 
2015; Sanmiguel-Vallelado et al., 2020) observed that snow accumula-
tion was 40–50% lower in areas beneath the forest canopy compared to 
forest openings, while the overall melting rate was reduced by 25% in 
forested areas. The forest cover reduced the annual peaks of snow 
accumulation by >50% and the snowpack duration by more than two 
weeks. The relative earlier snow disappearance in forested areas was 
mainly explained by greater forest–driven reduction of accumulation 

rate, in combination with occasional forest–driven enhancement of 
melting rate. However, the magnitude and timing of these forest–snow 
interactions had signiicant spatial and temporal variations. Based on 
these observations and on related previous research, a series of hy-
potheses [H1 to H4] were raised on how forest effects on snow may 
respond to climate change conditions in the Pyrenees. Since climate 
mediates forest–snow interactions involving snow accumulation 
(Currier and Lundquist, 2018) and melting processes (Dickerson-Lange 
et al., 2017), [H1] it was expected that snowpacks in areas beneath 
forest canopy and in forest openings might respond differently to a 
changing climate. Previous work has attributed higher canopy inter-
ception eficiency to warmer temperatures (Friesen et al., 2015) and to a 
lower amount of snowfall (Revuelto et al., 2015). Thus, [H2] it was 
expected that forest effects on snow accumulation processes might be 
enhanced under warming climate conditions, especially in a scenario 
that has less precipitation. In a warmer climate, the main melt season is 
projected to occur earlier and, thus, to shorten to a period of lower 
available energy to melt (Musselman et al., 2017). As the melt period 
shifts earlier in the year away from the summer solstice, the forest 
shading effect might be weaker because of the lower solar zenith angle 
(Lundquist et al., 2013). In a snowmelt scenario of lower energy, the 
forest heating effect might be smaller due to lower penetration of solar 
radiation into the forest (i.e., lower shortwave absorption by trees) and 
the subsequent lower thermal emissivity (Lundquist et al., 2013). In 
addition, the shift in melt timing with warming also decreased net 
longwave radiation as melt–period air temperatures decreased, because 
the shift of snowmelt timing can have a greater effect on air tempera-
tures than the induced warming (Jennings and Molotch, 2020). This 
might contribute to diminishing the forest heating effect on melting. 
Thus, [H3] it was expected that both forest effects (shading and heating) 
on snow melting processes might be diminished with warming. It has 
been previously observed that the magnitude and timing of the forest 
effects on snow processes varied signiicantly among forest stands, 
despite their proximity (Sanmiguel-Vallelado et al., 2020). Topography, 
elevation and forest structure are relevant factors, among others, that 
explained why the forest–snow interactions vary spatially (Jenicek et al., 
2018a; Musselman et al., 2012; Roth and Nolin, 2017). Thus, [H4] it was 
expected that the sensitivity of forest effects on snow processes to 
climate change might show signiicant spatial variability in nearby 
areas. 

This study investigates how forest cover can affect the snowpack 
response to changes in climate in four nearby sub–alpine conifer forests 
in the Pyrenees. For this purpose, a sensitive analysis was done by 
simulating the shifts in snow water equivalent (SWE) and snowpack 
energy balance (SEB) at each forest stand under various degrees of 
climate forcing, comparing areas beneath forest canopy (F) and forest 
openings (O), during four snow seasons (2016/17–2019/20). Simula-
tions were done using the forest–snow process modules in the Cold 
Regions Hydrological Model (CRHM), which were evaluated against 
ield observations. CRHM is particularly well suited to the aim of this 
study and the study area, since this model has focused on the incorpo-
ration of physically based descriptions of cold regions hydrological 
processes, such as forest canopy snow interception, drip and unloading, 
blowing snow, canopy inluence on radiation, energy balance snowmelt 
or long–wave radiation in complex terrain (Pomeroy et al., 2007). The 
speciic objectives of this study were as follows: (1) to estimate how 
forest cover affects the sensitivity of snowpack to changes in climate; (2) 
to evaluate whether forest–driven effects on snow processes were 
enhanced or reduced under changing climate conditions; and (3) to 
explore spatial variability in the sensitivity of forest effects on snowpack 
to changing climate conditions. 
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2. Data and methods 

2.1. Study sites 

The study was performed in the central Spanish Pyrenees, in the 
northeastern Iberian Peninsula (Fig. 1). This mountain range is located 
in the transition area of the temperate–continental Atlantic–Eurosiber-
ian and mild–dry Mediterranean climates (Del Barrio et al., 1990). The 
experimental setting comprised four forest stands located in the Bal-
neario de Panticosa valley, which constitutes the headwater of the 
Caldarés River, a Pyrenean tributary of the Ebro river basin. In each 
forest an experimental plot of approximately 450 m2 was designed. The 
plots were labeled (plot 1, plot 2, plot 3 and plot 4) based on their lo-
cations in the valley (from NE to SW and from 1674 to 2104 m a.s.l.). 
Pinus uncinata Ram. dominated the studied stands, which is a pioneer, 
long–lived and shade intolerant conifer; although plot 3 contained a few 
Pinus sylvestris L. individuals. Different microclimate conditions, 
topography and forest structure were observed across plots (Table 1). 
Plot 1 had the greatest tree density and canopy cover, and its forest 
openings were rather small. Plot 1 was also the steepest plot and mostly 
faced southward; it also had the lowest wind speed values. Plot 2 had a 
relatively dense forest. Its exposure was mostly eastward, and its winter 
temperatures and snow accumulation were similar to those of plot 1. 
Plot 3 had the lowest elevation, was the lattest plot, and faced west-
ward. This plot had a relatively high canopy–cover and received a 
relatively high irradiance. Plot 3 also had the warmest winter temper-
atures, the largest irradiance and lower snow accumulation. Plot 4 had 
the highest elevation and faced northeastward. This plot had the lowest 
tree density and canopy–cover, the greatest wind speeds, the coldest 
winter temperatures and the deepest snowpacks. 

2.2. Data sources 

From October 2016 to May 2020 (2016/17, 2017/18, 2018/19 and 
2019/20 snow seasons) information on climate was recorded at each 
experimental plot. This included air temperature (T), air relative hu-
midity (RH), wind speed (Wind) and incoming shortwave radiation 
(QSI). Air temperature and relative humidity series were obtained using 
dataloggers (Tinytag-Plus-2; model TGP-4017, Gemini DataLoggers UK 
Ltd.) that were equipped with naturally ventilated radiation shields 
(Datamate ACS-5050 Weather Shield; Gemini DataLoggers UK Ltd.). 
One datalogger was installed at each plot, hanging from a tree branch, 
and measurements were recorded every 15 min. Wind speed and 
incoming shortwave radiation series were obtained every 15 min from 
automatic weather stations (HOBO U30 NRC, Onset Co.) located at 

forest openings within each plot. Average hourly T, RH, Wind and QSI 
series at each experimental plot were calculated. The Spanish State 
Meteorology Agency (AEMET) provided information on precipitation 
during the study period (2016/17, 2017/18, 2018/19 and 2019/20 
snow seasons). The daily sum of total precipitation (ppt) was recorded 
by the 9451A AEMET’s meteorological station located at the bottom of 
the Baños de Panticosa valley (1630 m a.s.l.). Missing data in the climate 
series were estimated using the missForest method (Stekhoven and 
Buhlmann, 2012), which is a nonparametric iterative imputation 
method based on Random Forests (Breiman, 2001) available in the 
missForest R package (Stekhoven, 2013). Climate data registered by 
another meteorological station operated by us and located beside the 
AEMET station was included in the T, RH, Wind and QSI data imputation 
process. The ppt data imputation process included information on pre-
cipitation provided by the meteorological station (E235) operated by the 
Automated Hydrological Information System for the Basin of the Ebro 
River (SAIH) of the River Ebro Hydrographic Confederation (CHE) and 
located at the Baños de Panticosa valley bottom mountain lake. 

Snowpack data were collected during the two irst snow seasons 
(2016/17 and 2017/18) from the onset of snow accumulation to the end 
of melting. The snow depth series were obtained from automatic time-
–lapse cameras (Bushnell, Trophy Cam, Kansas, USA) shooting every day 
at eight ixed snow poles at each plot: three poles were placed in a forest 
opening (O) and ive were placed beneath the forest canopy (F) at each 
plot. Photographs were processed using ImageJ software (Rasband, 
1997) to manually obtain a daily snow depth series for the set of poles at 
each experimental plot. Snow Water Equivalent was manually surveyed 
every 10 to 15 days using a snow cylinder and scale (ETH core sampler, 
Swiss Federal Institute of Technology, Zurich) at snow pits dug at two 
single locations in each plot, one in a forest opening and one below the 
forest canopy. Two replicates per location were collected. Snow density 
data was calculated from SWE collected data during each survey. Daily 
snow density series were estimated by linear interpolation between each 
pair of density measurements from consecutive surveys. Daily SWE se-
ries for the set of poles at each experimental plot were inferred from data 
on daily snow depth and estimated daily snow density. The methodology 
to obtain the snow dataset and its validation is described in Sanmiguel- 
Vallelado et al. (2020). 

Soil temperature data (T_g) was obtained using miniature tempera-
ture loggers (Thermochron iButton; DS-1922l model, Dallas Semi-
conductors). Four to six dataloggers were installed at each studied forest 
stand in a distributed manner, covering both forest openings and 
beneath forest canopy areas. The dataloggers were wrapped with labo-
ratory ilm and duct tape to prevent corrosion, tied to metallic picks to 
facilitate their retrieval, and were buried in the ground at a depth of 10 – 

Fig. 1. Study location (Balneario de Panticosa valley) in the Spanish Pyrenees (at left) and location of the experimental plots in the study area (at right).  
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20 cm. Soil temperature data were collected every hour during three 
snow seasons (2016/17, 2017/18 and 2018/19). Missing values in the 
T_g series were illed by linear or spline interpolation using the function 
interpolate included in the CRHMr R package (Shook, 2016), which is a 
CRHM implementation in the R statistical software (R Core Team, 2020) 
for pre– and post–processing. 

Forest stand density, canopy cover, Leaf Area Index (LAI) and 
average height of P. uncinata individuals at each plot were obtained. The 
methods used to obtain stand structure data were described in Sanmi-
guel-Vallelado et al. (2020). 

2.3. Hydrological modelling 

2.3.1. CRHM implementation 
The CRHM platform is a lexible and physically based modeling 

system created to simulate a range of hydrological processes in moun-
tainous and cold regions. The full description of CRHM is provided by 
Pomeroy et al. (2007) and the software is available for downloading at 
https://research-groups.usask.ca/hydrology/modelling/crhm.ph 
p#Download. CRHM has been applied to diverse environments 
including artic, alpine and subalpine areas (DeBeer and Pomeroy, 2010; 
Ellis et al., 2010; Fang and Pomeroy, 2020; Krogh et al., 2015; López- 
Moreno et al., 2020; Rasouli et al., 2015). The CRHM platform has a 
modular structure that can address the wide range of processes typical of 
regions where snow has a key role in the cycle, e.g. snow redistribution 
by wind, snow interception by forest canopies, snow sublimation or 
snow melting. Users can construct their own model by selecting modules 
from the platform library, based on input data availability, the predic-
tive variable of interest and research scale. It can be used to forecast, 
diagnose and understand hydrological processes, due to its heavy reli-
ance on physically based process parameterizations. 

CRHM was applied at each study plot, which were divided in two 
hydrological response units (HRUs) on the basis of forest cover, i.e. 
forest openings (O) and areas beneath forest canopy (F). Selection of the 
CRHM modules was based on the characteristics of the study plots and 
the available climate data, as presented in Table A1. Parameters have 
been adapted to each study plot, based on ield measurements or by 
estimation based on other similar snow–dominated areas (Table A2). 
Climate data for the period 2016/17–2019/20 were used as the input to 
the CRHM platform. The climate database was converted into CRHM 
observations using the CRHMr R package (Shook, 2016). 

Outputs of interest include hourly values of SWE and SEB compo-
nents (net all wave radiation, net longwave radiation, net shortwave 
radiation, net latent heat turbulent lux, net sensible heat turbulent lux, 
energy from rainfall advection, net ground heat lux, and the change in 
internal energy of snow) for each HRU during the period 2016/ 
17–2019/20 (4 snow seasons). CRHM resolves the snow energy balance 
as the sum of irradiative, turbulent, advective and conductive energy 
luxes (Ellis et al., 2010). SWE series and energy luxes were outputs 
from the SnobalCRHM module. The exception was the net long and 
shortwave radiation luxes, which were outputs from the Can-
opyClearingGap module. CRHM output databases were post–processed 

using the CRHMr R package (Shook, 2016). Hourly series were con-
verted into daily data by taking the maximum value reached each day, in 
the case of SWE series, and the mean value of each day, in the case of 
energy luxes. 

The studied snow seasons were representative of a wider range of 
local snow conditions. Daily maximum SWE series from 2008 to 2019 
were obtained from a near tele–snow gauge operated by SAIH-CHE 
(N0004 Bachimaña). Values of peak SWE, seasonal average SWE and 
snowpack duration of analyzed snow seasons were within the range of 
percentiles 20–35 of the whole series. 

2.3.2. Evaluation of model performance 
Observed SWE daily series at each plot and HRU during the 2016/17 

and 2017/18 snow seasons were compared to the model outputs to 
evaluate model performance in terms of the ability to represent:  

a) The variation in peak SWE and snowpack duration between HRUs. 
The peak SWE is the maximum annual amount of SWE recorded at 
each HRU, while the duration of the snowpack was calculated as the 
number of days per year having a SWE > 5 mm (López-Moreno et al., 
2020).  

b) The magnitude of daily SWE at individual sites. 

For a) and b) above, model performance was assessed by the 
following three measures described in Ellis et al. (2010): the model bias 
index (MB), the model eficiency index (ME), and the root mean square 
error (RMSE). The MB index compares the total simulation output to the 
total of observations, the ME index gives an indication of model per-
formance compared to the mean of the observations, and the RMSE 
index quantiies the absolute unit error between simulations and 
observations. 

Correlations using the Spearman coeficient (rho) were calculated 
between modeled and observed SWE variables. This non–parametric 
method was used since analyzed variables had not normal distributions 
(Shapiro–Wilk test, p–value < 0.05). 

SWE estimates showed general good agreement with observed SWE 
during both analyzed snow seasons (Fig. 2) (MB = 1.01). A slight 
overestimation of daily SWE in areas beneath forest canopy in plots 1 
and 4 during 2016/17 snow season was observed (Table A3). This could 
point to an underestimation of the interception effect by forest. On the 
other hand, certain snow accumulation events were underestimated, e.g. 
April-2017 in plot 4. Estimates represented pretty well the inter–plot 
variability in general (ME = 0.94), although the model’s eficiency is 
reduced in areas beneath forest canopy. The RMSE value for all sites was 
49 mm of daily SWE; greater absolute errors were found in forest 
openings. A high positive correlation was found between modeled and 
observed daily SWE data (Fig. A1), when all areas beneath forest canopy 
(rho = 0.91; p–value < 0.001) were considered and all forest openings 
(rho = 0.95; p–value < 0.001). Certain inter–plot variability was 
observed in the correlation between modeled and observed daily SWE 
data but, in all cases, it was statistically signiicant (rho > 0.87). In all 
cases, the percentage of total variance of the modeled SWE explained by 

Table 1 
Average values of topography, microclimate conditions and forest structure in the four forest stands.  

Plot Elevation (m a.s. 
l.) 

Aspect Slope 
(◦) 

DJF T 
(◦C) 

Peak SWE 
(mm) 

MAM GSI 
(W⋅m−2) 

RH 
(%) 

Wind 
(m⋅s−1) 

Canopy cover 
(%) 

Density (ind.⋅ 
ha−1) 

LAI 

1 2008 S  29.4  0.61 645 154 70  0.05 156 1689  1.92 
2 1814 E  20.4  0.84 739 164 69  0.37 85 844  2.11 
3 1674 W  9.3  1.91 578 207 65  0.47 119 533  1.83 
4 2104 NE  22.7  −0.68 1245 202 68  0.83 29 356  2.55 

Abbreviations: DJF T, winter mean air temperature from December to February; Peak SWE, maximum snow water equivalent value annually recorded in forest 
openings; MAM GSI, average global solar irradiance from March to May. 
Notes: Climate data belongs to 2016/17–2019/20 snow seasons (November to May). Snow data belongs to 2016/17 and 2017/18 snow seasons. The methods used to 
obtain forest structure data were described in Sanmiguel-Vallelado et al. (2020). Canopy cover values higher than 100% indicate overlapping tree crowns projections 
on the ground. 
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the regression was higher than 78% (Fig. A1). Apparently, over-
estimation errors happened more frequently when low daily SWE values 
occurred in forested areas, especially in plots 1 and 4 (Fig. A2). Simi-
larly, underestimation errors in forested areas were more frequent when 
greater daily SWE occurred, especially above 400 mm. No evident 
relationship between model errors and the observed magnitude of SWE 
in forest openings was found. 

Simulations showed minor underestimation of peak SWE 
(MB = 0.94) (Fig. 2). This strong correspondence occurred in both forest 
openings and areas beneath forest canopy. Estimates also represented 
well the peak SWE variability among plots, based on the ME index value 
(ME = 0.94), although the model eficiency was reduced in areas 
beneath forest canopy. The RMSE of peak SWE (78 mm) in areas beneath 
the forest canopy was slightly greater than that found in forest openings. 

In general terms, the simulation of snow duration was accurate 
(MB = 0.99), despite SWE being slightly overestimated in areas beneath 
the forest canopy and slightly underestimated in forest openings (Fig. 2). 
Model eficiency in snow duration (ME = 0.80) was higher in areas 
beneath the forest canopy than in forest openings. The RMSE of snow 
duration was 17 days for all sites and areas; in forest openings it was 
7 days higher than in areas beneath forest canopy. 

Summarizing, the CRHM model performed suficiently well in 
capturing the snow accumulation and ablation magnitude and timing to 
be used for sensitivity analysis to climate in the four study sites and F–O 
areas. Estimates did not show systematic errors that might interfere with 
conclusions drawn from subsequent climate analysis. 

2.4. Sensitivity analysis 

A sensitivity analysis was performed to assess the response of forest 
effect on snow processes to changing climate conditions. For this pur-
pose, SWE and energy luxes were simulated under scenarios of com-
bined temperature and precipitation departs from the control period 
(2016/17–2019/20). Air temperature and precipitation were modiied 
in the observation module of the CRHM platform. Temperature was 
forced to increase from +1 ◦C to +4 ◦C and precipitation was considered 
to change from −20% to + 20% yielding a total of 14 scenarios of 
perturbed climate. The ± 20% value approximates the uncertainty of 
precipitation simulated in climate models for the Mediterranean region 
(Knutti and Sedláček, 2013). Relative humidity was assumed to be 
constant under temperature forcing. 

Climate–forced CRHM outputs were again postprocessed using the 
CRHMr R package (Shook, 2016). Hourly series were converted into 
daily data by taking the maximum value reached each day in the case of 
the SWE series and the mean value of each day in the case of energy 
luxes. From the modeled daily SWE series, several snow indices were 
derived for each HRU at each plot for further analysis: (i) the snow 
accumulation onset (date of irst day having SWE > 5 mm); (ii) the 
melt–out date (last date having SWE > 5 mm); (iii) the snow duration 
(number of days annually having SWE > 5 mm (López-Moreno et al., 
2020)); (iv) the peak SWE (the maximum annual amount of SWE) and 
(v) the date of peak SWE. Daily melting series were calculated by per-
forming a irst–order differencing, day–by–day, from the modeled daily 

Fig. 2. At left: Time series of observed (solid lines) and modeled (dashed lines) daily SWE in areas beneath forest canopies (F, green lines) and in forest openings (O, 
blue lines) at plot level during 2016/17 and 2017/18 snow seasons. At right: Comparison of observed (boxplots shaded in grey) and modeled (boxplots without 
shading) mean SWE, peak SWE and snow duration in areas beneath forest canopies (F) and in forest openings (O) of all plots. Box indicates the interquartile range 
(IQR, Q1: 25% to Q3: 75 %); central line represents the median; inner red point represents the mean; whiskers indicate 1.5 × IQR; and points indicate outliers 
(>1.5 × IQR and < 3 × IQR). Model bias index (MB), model eficiency index (ME), and root mean square error (RMSE) of simulated daily SWE, peak SWE and snow 
duration at opening areas (O) and forest areas (F) during 2016/17 and 2017/18 snow seasons are shown. See Table A3 to check these index values at individual sites. 
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SWE series. Only those days when melting (mm⋅day−1 
< 0) occurred at 

both HRUs were considered, and when the melting rate value was higher 
than −1 mm⋅day−1. From daily melting series, another snow index was 
derived: (vi) the melting rate (median value for each HRU at each plot). 
Sensitivity of snow indices magnitude to combined temperature and 
precipitation changes was calculated for each HRU at each plot. The 
relative change of snow indices under combined temperature and pre-
cipitation perturbed scenarios, with respect to observed conditions, was 
calculated for each HRU at each plot. Forest effects on snow processes 
were calculated as a percentage (increase or decrease) in snow indices 
magnitude for each HRU at each plot. 

The Wilcoxon test was used to detect the signiicance of differences 
between HRUs in the snow indices magnitude and in percentage of 
change under the different climate variations. This non–parametric 
method was used since none of the calculated indices had normal dis-
tributions (Shapiro – Wilk normality test: p < 0.05). 

3. Results 

3.1. Sensitivity of snow processes to climate perturbation in F and O areas 

Under increasing temperatures, the modeled seasonal snowpack 
experienced a decrease in magnitude and duration (Fig. 3). In scenarios 
that combined increased temperatures and diminished precipitation, 
these effects were exacerbated (Fig. A3). To better discriminate the ef-
fects of climate perturbation on forest–snow interactions, hereafter this 
study focuses on snow–index responses in F and O areas. 

Increasing temperatures induced a shorter snow accumulation 
period, more noticeable in F areas, due to the delayed timing of snow 
accumulation onset and to an earlier timing of peak SWE (Table 2). 
Increasing temperature also induced a shorter melting period, slightly 
more pronounced in O areas, due to an earlier timing of melt out. 
Overall, increasing temperatures induced 30 days shorter snowpack 
duration per ◦C of warming in both O and F areas, which was driven by 
later snow accumulation onset in F areas and by earlier snow depletion 

in O areas. Snowpack duration in F areas was signiicantly more sensi-
tive to increasing temperatures than in O areas (Table A4). Sensitivity of 
snow duration to warming showed low spatial variability (F CV = 0.1; O 
CV = 0.2). Nevertheless, plot 4 showed the largest sensitivity values in 
both F and O areas, followed by plot 2, while plot 3 showed the smallest 
sensitivity (Table A5). Plots 4 and 2 presented the longest lasting 
snowpacks, while plots 3 and 1 presented the most ephemeral snow-
packs. A−20% precipitation reduction aggravated snow duration 
sensitivity to warming in a similar way in both F and O areas (22% on 
average); while a + 20% precipitation increment reduced it (19% on 
average) (Fig. 4). 

Increasing temperatures reduced peak SWE values in absolute terms, 
especially in O areas (Table 2). In relative terms, the percentage of 
change of peak SWE with warming did not signiicantly differ between O 
and F areas (Table A4). All plots showed similar peak SWE sensitivity to 
warming (F CV = 0.1; O CV = 0.1). Nevertheless, plot 4 showed the 
largest sensitivity values in both F and O areas, while plot 3 showed the 
lowest sensitivity (Table A5). Plot 4 presented the largest peak SWE, and 
plot 3 presented the smallest peak SWE values. The sensitivity of peak 
SWE to warming was intensiied with 20% precipitation reduction, 
especially in O areas (F: 23%; O: 29%); while 20% precipitation incre-
ment reduced it (F: 27%; O: 35%) (Fig. 4). 

Melting rates experienced an overall slowdown with increasing 
temperature, more pronounced in O areas in absolute terms (Table 2). In 
relative terms, the percentage of change of melting rates with warming 
did not signiicantly differ between O and F areas (Table A4). The 
response of melting rates to warming was not linear since, at lower 
degrees of warming, a slight increase in melting rates occurred in most 
cases. Large spatial variability was found in the sensitivity of melting 
rates to warmer temperatures (F CV = 0.9; O CV = 3.6). Melting rates 
were reduced with warming in plots 2 and 4. Conversely, melting rates 
were increased under warmer conditions in plot 1 (only in O areas) and 
plot 3. Plot 4 showed the highest sensitivity to warming in snow melting, 
in absolute and relative terms, followed by plot 2; while plots 3 and 1 
showed the lowest sensitivity (Table A5). Plots 4 and 2 experienced the 

Fig. 3. Sensitivity of daily SWE to temperature change in areas beneath forest canopy (F, green lines) and in forest openings (O, blue lines). Lines represent the 
median value and ribbons represent the interquartile range (Q1: 25% to Q3: 75%) of the four–modeled snow seasons (2016/17 – 2019/20). See Fig. A3 to check 
sensitivity of daily SWE to combined temperature and precipitation changes. 
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largest melting rates, while plots 1 and 3 experienced the lowest. The 
overall reduction in melting rates with warming was intensiied in a 
similar way in both F and O areas when a 20% precipitation reduction 
was considered (188% on average); while with a 20% precipitation 
increment it was reduced (114%) (Fig. 4). 

3.2. Sensitivity of forest effects on snow processes under different climate 
perturbations 

Under observed climate conditions, statistically signiicant forest 
effects on snow were found (Table A4): a delayed snow accumulation 
onset (4 days, on average), an earlier date of snowmelt (12 days, on 
average) and a peak SWE reduction (40%, on average) in F areas with 
respect to O areas. Other effects under observed climate were reduction 
in snowpack duration (17%, on average) and an overall reduction in 
melting rates (14%, on average). However, two different forest effects 
over melting rates could be discerned, depending on the individual sites: 
(i) forest cover enhanced the melting rates compared to O areas in plots 
1 and 3 (1% and 12%, on average), which present the most ephemeral 
snowpacks; (ii) melting rates were reduced in plots 2 and 4 (33% and 
36%, on average), where the longer lasting snowpacks occurred. 

Under warming scenarios, the forest effect driving delay in snow 
accumulation onset was enhanced (7 days per ◦C, on average) (Fig. 5). 
This forest effect on snow remained statistically signiicant under most 
warming climate scenarios (Table A4). Conversely, the effect of forest 
driving earlier snowpack melt out was reduced with warming (2 days 
per ◦C, on average). As a result, this forest effect ceased to be statistically 
signiicant under perturbed climate conditions (Table A4). All in all, the 
forest–driven reduction on snow duration was enhanced + 10% per ◦C 
warming, on average. Thus, this forest effect was statistically signiicant 
under all warming scenarios (Table A4). The sensitivity of the forest 
effect on snow duration to warming showed some spatial variability 
(CV = 0.4). Plot 2 showed the largest sensitivity values for this forest 
effect, while plot 3 showed the smallest. Under combined temperature 
increase and − 20% precipitation reduction, the forest–driven reduction 
on snow duration was aggravated (32%, on average); while 20% pre-
cipitation increment reduced it (26%, on average). 

Under increasing temperatures, the forest–driven reduction of peak 
SWE did not show a substantial response (1% increased per ◦C, on 
average) (Fig. 5). Nevertheless, this forest effect remained statistically 
signiicant under most climate perturbation scenarios (Table A4). Large 
spatial variability was found in the sensitivity of the forest effect on peak 
SWE to warming (CV = 1.81). In plots 1 and 4 the forest–driven 
reduction of peak SWE showed small enhancement values per ◦C; in 

plots 2 and 3 it did not show a clear response. With 20% precipitation 
reduction and no warming, forest–driven reduction of peak SWE was 
enhanced (14%). But, under combined temperature increase and pre-
cipitation change, the forest effect on peak SWE did not show a clear 
response. 

The overall forest–driven reduction of melting rates became lower 
under increasing temperatures (2% per ◦C, on average) (Fig. 5), but the 
response was not linear and varied highly among sites (CV = 4.3). In 
plots 1 and 3, it was observed an enhancement of melting rates by forest 
under non–disturbed climate conditions. However, under warmer con-
ditions the forest effect shifted, and a reduction of melting was observed. 
On the contrary, the forest–driven reduction in melting observed under 
current climate in plots 2 and 4 became lower under warming condi-
tions. Precipitation changes did not produce a clear response in the ef-
fects of forest on melting rates. 

3.3. Sensitivity of snow energy balance to increasing temperatures 

Under observed climate conditions, snowpacks beneath forest can-
opy had 42% lower seasonal stored energy than snowpacks in forest 
openings, on average. Net all–wave radiation was 70% lower in F areas 
than in O areas, on average. This is because the higher net longwave 
radiation in the forest did not compensate for the lower net shortwave 
radiation (Fig. A7). Net all–wave radiation contributed the most to the 
seasonal snow energy balance (SEB) (69%) in O areas, followed by 
ground heat (36%, on average) (Fig. A8). The ground heat was 67% 
higher in F areas than in O areas, on average. This energy lux was the 
most relevant component of seasonal SEB in F areas (101%); followed by 
net all–wave radiation (35%, on average). Latent heat was a negative 
component in both areas, but in F areas its magnitude was higher than in 
O areas, and it was much more relevant to the SEB (F: 61%; O: 10%, on 
average). Sensible heat was only a relevant component of seasonal SEB 
in F areas (F: 22%; O: 3%, on average). Advected heat from precipitation 
was not a relevant component of seasonal SEB in F or O areas (F: 3%; O: 
2%, on average). Plot 4 showed the greatest values of net all–wave ra-
diation, turbulent luxes and advected heat from precipitation in both F 
and O areas, and the smallest values of ground heat. Plot 4 also pre-
sented the lowest compensation between the higher net longwave ra-
diation in the forest and the lower net shortwave radiation. This plot, 
located at the highest elevation, presented longer lasting snowpacks that 
were exposed to a higher insolation time of the year (late spring/early 
summer) (Fig. A7). Conversely, plot 3 showed the greatest magnitude of 
ground heat lux in both F and O areas and presented the greatest 
compensation between the higher net longwave radiation in the forest 

Table 2 
Snow indices change per ◦C of temperature increment with regard to the non–perturbed conditions. Both types of changes in magnitude and percentage of change are 
presented. The different areas analyzed at each study site (F: beneath forest canopy; O: forest openings) are distinguished. Sites average value of the four modeled snow 
seasons (2016/17–2019/20) medians are shown. See Table A5 to check snow indices change per ◦C at each site.  

Area Accum. onset Melt out date Peak SWE date Snow duration Peak SWE Melting rate 
(days) (%) (days) (%) (days) (%) (days) (%) (mm) (%) (mm⋅d-1) (%) 

F 13 32 −8 −4 −7 −5 −31 −28 −81 −30  −0.4 −5 
O 5 13 −10 −5 −7 −5 −30 –23 −129 −27  −0.5 −3  

Table 3 
Snow energy content and individual snow energy luxes change per ◦C of temperature increment with regard to the non–perturbed conditions. Both types of changes in 
magnitude and percentage of change are presented. The different areas analyzed at each study site (F: beneath forest canopy; O: forest openings) are distinguished. 
Sites average value of the four–modeled snow seasons (2016/17–2019/20) means are shown. See Table A6 to check snow indices change per ◦C at each site.  

Area Change in stored energy of snow Net radiation Latent heat1 Sensible heat Precipitation heat Ground heat 
(W⋅m−2) (%) (W⋅m−2) (%) (W⋅m−2) (%) (W⋅m−2) (%) (W⋅m−2) (%) (W⋅m−2) (%) 

F  −2.7 −34  −1.2 −44  1.6 34  −0.8 −47  −0.1 −24  −2.3 −29 
O  −3.8 −29  −3.2 −36  0.4 29  −0.2 −25  −0.1 −19  −0.8 −15  
1 Latent heat lux is a negative component, so positive changes values lead to reductions in the component’s magnitude. 
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and the lower net shortwave radiation. This plot, located at the lowest 
elevation, was the warmest, presented the densest forest, and experi-
enced the most ephemeral snowpacks. 

Under increasing temperature scenarios, the average seasonal energy 
stored in the snowpack experienced an overall decrease, more pro-
nounced in O areas in absolute terms (Table 3). However, in relative 

terms, seasonal energy stored in the snowpack was relatively more 
sensitive to increasing temperatures in F areas. Net all–wave radiation 
experienced a reduction with warming, more pronounced in O areas 
(but F areas were relatively more sensitive), and its contribution to 
seasonal SEB was also reduced (F: 5% per ◦C; O: 9% per ◦C, on average) 
(Fig. 6). Differences in net shortwave and net longwave radiation 

Fig. 4. Snow indices percentage of change, with regard to the non–perturbed conditions, to combined temperature and precipitation changes. The different areas 
analyzed at each study site (F: beneath forest canopy; O: forest openings) are distinguished. Median values of the four modeled snow seasons (2016/17–2019/20) are 
shown. See Figs. A4, A5 and A6 to check sensitivity of snow indices magnitude to climate perturbation. 
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between F and O areas were reduced under warmer conditions (3 W⋅m−2 

[24%] per ◦C and 2 W⋅m−2 [51%] per ◦C, respectively and on average) 
(Fig. A8). Thus, the higher longwave radiation in the forest tended to 
compensate for the lower shortwave radiation with increasing temper-
atures. Ground heat was reduced under warmer temperatures, much 
more pronounced in F areas in absolute and relative terms, but its 
contribution to seasonal SEB was enhanced (F: 41% per ◦C; O: 9% per ◦C, 
on average). The sensitivity of turbulent luxes to warming was much 
more pronounced in F areas in absolute and relative terms, where latent 

heat was increased and sensible heat was reduced. The contribution of 
both turbulent luxes to seasonal SEB experienced a reduction with 
warming (−29% and − 8% per ◦C respectively in F areas, on average, 
with almost no change in O areas). In absolute terms, plot 4 showed the 
largest reductions in net–all wave radiation and turbulent luxes, while 
it presented the smallest reductions of ground heat (Table A6). However, 
in relative terms, plot 4 was the least sensitive to changes in the most 
relevant energy lux components to the SEB (net all wave radiation and 
ground lux), while plot 3 was the most sensitive. 

Fig. 5. Sensitivity of forest effects on snow processes (values in F areas with regard to the O areas, expressed as days apart or percentage) to combined temperature 
and precipitation change. Colors indicate the different studied plots. Data from the four modeled snow seasons (2016/17–2019/20) are shown as dots (median 
values) and whiskers (percentiles 25 and 75). 
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4. Discussion 

This study conirms the sensitivity of forest effects on snow processes 
to perturbed climate conditions (increasing temperature and varying 
precipitation) in subalpine forest stands of the Spanish Pyrenees and 
highlights how it varies spatially even among close sites. Understanding 
the relationship between mountain forests and snow processes under 
changing climate conditions will beneit future water and forest man-
agement objectives in similar mid–latitude mountains and related low-
land regions. Overall, our results show that the CRHM model suficiently 
represented the quantity and timing of snow accumulation and ablation 
beneath forest cover and in forest openings (e.g., in all cases the per-
centage of total variance of the modeled SWE explained by the regres-
sion was higher than 78%, and the Spearman correlation coeficient 

between the modeled and observed SWE variables was higher than 
0.87). The model was able to capture the differences in snow processes 
in forest stands with varying microclimate conditions, topography and 
forest structure. This supports the statement of Ellis et al. (2010) 
claiming that the CRHM model is a useful analytic and predictive tool for 
snow processes in coniferous forest environments. Since CRHM con-
siders the full array of physical processes involved in snow redistribu-
tion, snowmelt dynamics, and runoff generation, as well as the main 
processes that mediates in the interaction between snow and canopy, we 
think that obtained indings should not be affected by model selection. 
The presence of forest cover affected the snowpack response to climate 
perturbations, as expected [H1], which is consistent with Tennant et al. 
(2017). Some other factors that have been reported to induce variability 
in the response of snowpacks to a changing climate are elevation, slope 

Fig. 6. Sensitivity of seasonal snowpack energy balance under warmer conditions. Represented energy luxes are net latent heat turbulent lux, net sensible heat 
turbulent lux, energy from rainfall advection, net ground heat lux, and net all wave radiation. The different areas analyzed at each study site (F: beneath forest 
canopy; O: forest openings) are distinguished. Mean values of the four–modeled snow seasons (2016/17 – 2019/20) are shown. See Fig. A8 to check the monthly 
snowpack energy balance under non–perturbed climate conditions. 
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and aspect (López-Moreno et al., 2014; Pierce and Cayan, 2013). It was 
observed that forest effects on snow accumulation processes were highly 
sensitive to warming temperatures; as a consequence, the forest–driven 
reduction in snowpack duration was signiicantly enhanced with 
warming. In general, the forest effects on snow melting processes were 
diminished with warming. 

4.1. Sensitivity of forest effects on snow accumulation processes to climate 
perturbations 

We expected to ind that forest effects on snow accumulation pro-
cesses were enhanced with warming climate conditions, especially in a 
scenario with lower precipitation [H2]. However, our hypothesis can be 
only partially conirmed. Forest–driven reductions on snow accumula-
tion were clearly enhanced with warmer climate conditions during the 
beginning of the snow season. Nevertheless, the forest–driven reduction 
in maximum accumulation was more sensitive to changes in precipita-
tion. More detail about each of these arguments is provided in the par-
agraphs that follow. 

Forest effects on snow accumulation were mostly enhanced with 
warming climate during the beginning of the snow season, when the irst 
snowfalls begin to form the snowpack. First snowfalls occurred in late 
autumn in the study site, when temperatures are still relatively warm. 
Previous studies related these conditions, lower amount of snowfall and 
warm temperatures, to more effective snow interception by forest can-
opy (Friesen et al., 2015; Revuelto et al., 2015). Under increasing tem-
peratures, it has been reported that the snowfall fraction of precipitation 
is reduced (Mote et al., 2005); consequently, snow interception by forest 
canopies was promoted. It has been previously reported that intercep-
tion is inversely related to snowfall magnitude (Sanmiguel-Vallelado 
et al., 2020) since trees have a limited capacity of snow interception 
(Revuelto et al., 2015). Dickerson-Lange et al. (2017) described another 
reason why accumulation rates between O and F areas could differ in 
warmer climates. Under warmer temperatures, the dominant mecha-
nism for loss of snow stored in the canopy is melting rather than subli-
mation, while wind unloading of snow and subsequent redistribution 
under the forest canopy are expected to be lower due to the higher 
cohesion of warm snow (Kobayashi, 1987; Shidei, 1952). This could 
explain the increasing differences in accumulated snow at the beginning 
of the season between F and O areas simulated under warming condi-
tions, as well as the 7% per ◦C enhancement of the forest–driven 
delaying of snow accumulation. 

The enhancement of the forest–driven reduction of snow accumu-
lation processes under warmer conditions was not markedly relected in 
the peak SWE values. The forest–driven reduction in peak SWE remained 
signiicant under warmer conditions, but it was not signiicantly 
enhanced by warming (1% per ◦C). This forest effect was more sensitive 
to precipitation changes than to temperature warming, as 20% reduc-
tion in precipitation and no warming induced 15% enhancement of the 
forest–driven reduction in peak SWE. Greater declines of peak SWE were 
found in forest openings compared to under forest canopies for every ◦C 
of warming, according to Fang and Pomeroy (2020) projections. In 
relative terms, peak SWE decreased 29% per ◦C across all sites, which 
corresponds to the > 20% decrease per ◦C sensitivity values of mean 
SWE to warming that have been reported in previous studies developed 
in the Pyrenees (López-Moreno et al., 2013; 2017). 

4.2. Sensitivity of forest effects on snow melting processes to climate 
perturbations 

Warming can accelerate the initiation of snowmelt (Rasouli et al., 
2015). Thus, it was observed that the date of peak SWE occurred earlier 
under warming conditions. Although the main period of snowmelt 
shifted forward into a lower solar irradiance period, the melt–out date 
occurred earlier as temperatures increased (Rasouli et al., 2015). In O 
areas this response was more pronounced, due to the greater decline of 

peak SWE with warming compared to forest areas. Roth and Nolin 
(2017) observed how the effects of reduced solar inputs in forests 
become secondary and the eficiency of the canopy interception is the 
main factor controlling the melt–out date. Therefore, differences be-
tween F and O areas in the timing of melt out signiicantly decreased 
with warming, and the effect of forest driving earlier snowpack melt out 
was reduced (2 days per ◦C, on average). 

The overall forest shading effect on melting that takes place in our 
study area was diminished under warmer conditions (2% per ◦C). 
Conversely, no clear inluence of precipitation changes was found in that 
response. As previously mentioned, the melt season occurred earlier 
with increasing temperatures, thus, it shortened to a period of lower 
available energy. This means that, in a warmer world, much less 
snow–cover will be exposed to high energy luxes suficient to drive 
moderate to high snowmelt rates (Musselman et al., 2017). For this 
reason, an overall reduction in melting rates with warming 
(−0.4 mm⋅day−1 per ◦C) was observed. This melting slow–down under 
warmer temperatures was more pronounced in O areas: they experi-
enced a greater shortening of the period of higher energy because of a 
larger advancement to earlier melt–out dates. As a consequence, O areas 
showed larger reductions in the available energy to melt. Therefore, the 
overall differences between F and O areas in the available energy to melt 
(and thus, in melting rates) decreased with warming, and the overall 
forest–driven reduction of melting rates was reduced. In addition, this 
forest effect over melting rates may be undermined under an earlier 
snowmelt scenario because the solar angle will be lower and the amount 
of incoming radiation blocked by the forest canopy will therefore be 
smaller (Lundquist et al., 2013). 

4.3. Different seasonal SEB responses to climate perturbation in forested 
and open areas 

Some differences arose in seasonal SEB and its sensitivity to warming 
between F and O areas. Most studies that have focused on both 
measuring and modeling the snow cover energy balance reported that 
radiation and turbulent luxes are the main energy sources for melting 
(e.g. Ellis et al., 2010; Gelfan et al., 2004; Hardy et al., 1998; Hedstrom 
and Pomeroy, 1998; Hotovy and Jenicek, 2020; López-Moreno et al., 
2017; Sicart et al., 2004). Our results partially agree with their indings 
because net all–wave radiation and ground heat, followed by latent heat, 
dominated the seasonal SEB. Ground heat generally represents a rela-
tively minor component in seasonal SEBs (Hotovy and Jenicek, 2020). 
Nevertheless, in this study, ground heat lux became especially impor-
tant in F areas, maybe due to better radiance transmission to the soil in 
these partially snow–covered areas (Lund et al., 2017). Turbulent energy 
luxes were found to be more relevant contributions to seasonal SEB in F 
areas relative to O areas, contrary to Marks et al. (1998) observations. 
Advected heat from precipitation adds rather negligible additional en-
ergy to the seasonal SEB in any of the studied sites, similar to that re-
ported by other studies (Hotovy and Jenicek, 2020). In a warmer 
climate, the importance of rain heat input into the snowpack is expected 
to increase, as more precipitation will fall as rain than as snow (Jenicek 
et al., 2018b; Musselman et al., 2018), but a relevant increase of rain 
advected heat contribution to seasonal SEB was not observed. 

It is known that forest cover attenuates the transmittance of short-
wave radiation and enhances longwave irradiance to the snow surface 
(Ellis et al., 2011; Essery et al., 2008; Lundquist et al., 2013; Musselman 
et al., 2008). Shortwave energy reduction was the dominant effect in the 
study area; hence, net all–wave radiation and melting were reduced in F 
areas, as previously reported (Dickerson-Lange et al., 2017; Link and 
Marks, 1999; Musselman et al., 2012; Sicart et al., 2004). Under warmer 
conditions, net radiative luxes decreased as a result of earlier snowmelt 
timing, especially in O areas. This decline is mainly caused by reduced 
shortwave radiation, leading the melt period to shift earlier in the year 
towards lower solar zenith angles and shorter daylight lengths (Jennings 
and Molotch, 2020; Lundquist et al., 2013). Additionally, overall 
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longwave radiation decreased with warming because of the earlier melt 
period. Jennings and Molotch (2020) observed that the advance of 
snowmelt timing decreased melting–period air temperatures and resul-
tant incoming longwave radiation, which has a greater effect than the 
applied melting. 

4.4. Spatial variability of forest–snow interactions under a changing 
climate 

In a previous study, it was observed that the magnitude and timing of 
the forest effects on snow processes varied signiicantly among closely 
located stands in the study area (Sanmiguel-Vallelado et al., 2020). In 
the current study, deeper and more persistent snowpacks were found in 
forest stands with more snow accumulation and lower rates of ablation 
promoted by a more eficient forest shading effect (plots 2 and 4), 
whereas shallower snow conditions were found in forest stands with 
lower snow accumulation and higher rates of ablation promoted by a 
more eficient forest heating effect (plots 1 and 3). Broxton et al. (2020) 
attributed the differences in accumulation and ablation under forest 
cover to the prevailing aspect (north or south) of the slopes. Our results 
indicate differential behavior of snow accumulation and ablation under 
forest canopy in the sites more exposed to sunlight (west and south faced 
slopes, i.e. plots 3 and 1) with respect to north and east faced slopes 
(plots 4 and 2); however the small number of experimental plots does 
not allow to statistically attribute the observed differences to the slope- 
dependent response of snowpack to forest cover observed by Broxton 
et al. (2020). It has been reported that a regional increase in temperature 
may have different effects on snow processes at the local scale, 
depending on elevation, topography, and exposure to wind and solar 
radiation (López-Moreno et al., 2013). In accordance with this, and 
conirming [H4], it also was found that sensitivity of forest–snow in-
teractions to perturbed climate conditions largely varied among neigh-
boring forest stands. 

Higher and slightly colder sites have been reported to be less sensi-
tive to the effects of climate warming on snow accumulation, snow en-
ergy balance, and snowmelt (Harpold et al., 2012; Kapnick and Hall, 
2012; López-Moreno et al., 2017; Mote et al., 2018; Musselman et al., 
2017; Rasouli et al., 2019). Our results cannot conirm these observa-
tions, probably because of the local scale of our study. The coldest and 
highest site analyzed in this study (plot 4) showed the largest reductions 
in snow accumulation and energy available for melting (and thus, the 
largest reductions in melting rates) with warming. 

The reported increased eficiency in snow interception with warming 
temperatures (Friesen et al., 2015) and subsequent enhanced forest-
–driven reduction in snow accumulation (Revuelto et al., 2015) could be 
more pronounced in plots with higher LAI values (Hedstrom and Pom-
eroy, 1998; Varhola et al., 2010). This may explain the observed 
enhanced forest–driven reduction in snowpack duration with warming, 
especially in plot 2, while the warmest and lowest site with the lowest 
LAI values (plot 3) showed the least sensitivity. 

It is known that conifer forests modify the snowpack energy balance 
by reducing the total amount of shortwave radiation and enhancing total 
longwave exchange with that emitted by trees, which results in both 
shading and heating effects, respectively (Sicart et al., 2004). In this 
study, one forest effect prevailed over the other during the snow season, 
depending on the analyzed forest stand. In plots 2 and 4, the forest-
–driven reduction in melting rates (shading effect) was more pro-
nounced than in plots 1 and 3. Plots 2 and 4 presented longer lasting 
snowpacks than plots 1 and 3, mainly due to higher snow accumulation. 
More ephemeral snowpacks did not resist long enough into the late 
spring to beneit from the forest shading effect (Lundquist et al., 2013; 
Roth and Nolin, 2017; Sicart et al., 2004). Thus, in plots 1 and 3 there 
was more marked forest–driven increment in melting rates (heating ef-
fect). In these stands, the higher longwave radiation by trees compen-
sated the lower shortwave radiation. Under warmer conditions, both 
heating and shading forest effects were reduced in the studied forest 

stands, as expected [H3]. It was found that under an earlier snowmelt (i. 
e. lower incoming energy) scenario, melting rates beneath the forest 
canopy became similar to those in open areas because differences in net 
shortwave and net longwave radiation between F and O areas were 
reduced under warmer conditions. Thus, the higher longwave radiation 
in the forest tended to compensate for the lower shortwave radiation 
with increasing temperatures. Therefore, in those sites where the forest 
shading effect was prevalent (plots 2 and 4), the high melt rate period 
experienced a greater constriction (i.e. high energy period) and, thus, a 
higher reduction of melting rates was observed. The undermined 
shading effect of forest over snowpack under an earlier snowmelt sce-
nario was especially pronounced in plot 2. The forest heating effect was 
reduced in those sites where it was prevalent (plots 1 and 3), may be 
because of the lower tree absorption of solar radiation and subsequent 
lower thermal emissivity that occurs earlier in the year (Lundquist et al., 
2013). In addition, the shift in melt timing with warming also decreased 
net longwave radiation as melt–period air temperatures decreased, 
because a shift of snowmelt timing can have a greater effect on air 
temperatures than induced warming (Jennings and Molotch, 2020) and 
might contribute to diminishing the forest heating effect on melting. The 
undermined warming effect of forest over snowpack under an earlier 
snowmelt scenario was especially pronounced in plot 3. 

Our simulations of snow-forest interactions were restricted to four 
forest stands, each of them showing particular environmental charac-
teristics. This represents certain limitation for identifying the different 
roles of climate, topography and forest structure on the observed vari-
ability in forest effects on snow processes and energy balance under 
climate change conditions. Our simulations were validated with manual 
and semi-automated measurements, making it dificult to increase the 
number of study sites due to the signiicant manual labor and time 
required for ieldwork in such environments. 

5. Conclusions 

Forest–snow interactions showed large sensitivity to perturbed 
climate conditions in the studied mountain forests. 

Forest–driven reductions on snow accumulation were clearly 
enhanced with warmer climate conditions during the beginning of the 
snow season. Nevertheless, the forest–driven reduction in maximum 
accumulation was more sensitive to changes in precipitation. On the 
other hand, an increase in temperature reduced the heating and shading 
effects of the forest on snowmelt. It was found a signiicant enhancement 
of forest–driven reduction in snowpack duration under warming con-
ditions (+10% per ◦C). 

In a drier and warmer climate scenario, the forest effects on snow 
accumulation processes could be enhanced, while greater precipitation 
could partially mask these effects. Under warmer conditions, both 
shading and heating forest effects could be reduced, but no clear re-
sponses were found under combined temperature and precipitation 
perturbations. 

The sensitivity of forest effects on snow processes to perturbed 
climate conditions varied among nearby stands. Sites with higher can-
opy interception showed higher warming sensitivity in forest effects on 
snow accumulation processes, while the duration of the snowpack 
seemed to determine the prevailing effect of the forest on melting pro-
cesses (shading or heating) and thus its response to warming. The ability 
to identify the different roles of climate, topography and forest structure 
is, however, limited by the low number of forest stands considered in the 
simulations. 
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Appendix A. Supplementary data  

Table A1. Selected CRHM Modules and particular specifications included in our simulations. 

Module Variation Characteristics and particular specifications 

Basin  Holds commonly used physical and control parameters. 

Global  Calculates theoretical shortwave radiation using the method proposed by Garnier and 

Ohmura (1970). 

Obs  Converts measurement observations to HRU variables with corrections, original 

interval version. 

calcsun #1 Calculates sunshine hours to replace field data. Use observed incident shortwave 

variable to estimate sunshine hours. 

longVt  Calculates incoming longwave radiation variable using terrain view factor (Sicart et al., 

2006). Using observed incident shortwave variable to calculate daily average. 

Netall  Models net all–wave radiation from sunshine hours, temperature and humidity using 

Brunt formulation. 

Evap  Calculates interval evaporation using Granger, Priestley–Taylor or Penman–Monteith 

methods. 

CanopyClearingGap #1 Prototype all season canopy/clearing module. Calculates short–, long– and all–wave 

radiation components at the snow surface. Inputs are observed incident shortwave 

radiation and calculated incoming long–wave radiation. Areas beneath forest canopy 

at studied sites were classified as “canopy” areas in the module and forest openings as 

“gap” areas. 

albedo_Richard  Calculates snow cover albedo from a method proposed by Essery (2013). 

walmsey_wind  A parametric version of the wind flow model (Mason and Sykes, 1979). 

pbsmSnobal #1 Calculates snow transport and sublimation (Essery et al., 1999). Uses adjusted wind 

speed from Walmsley_wind module instead of observed wind speed. 

SnobalCRHM #1 A model using the energy balance to calculate snowmelt (Marks et al., 1998). Use 

variables incident shortwave and longwave at snow surface from module 

CanopyClearingGap. Hourly soil temperature could not be used as observed variable 

since there was a year of missing data (2019/20). Thus, median values at each plot and 

snow season, distinguishing gap and canopy areas, were calculated and included as 

parameters in this module. 

 

 

 

 



 

Table A2. Parameters used in the CRHM modeling framework. Individual models were performed at each plot. Two 

hydrological response units (HRUs) were distinguished at each plot: O – forest openings or gaps–, and F – areas beneath 

forest canopy, forested. 

Module Parameter Units 

Plot 1 Plot 2 Plot 3 Plot 4 

O F O F O F O F 

Shared 

basin_area [km2] 4.5·e-4 4.5·e-4 4.5·e-4 4.5·e-4 

hru_area [km2] 2.25·e-4 2.25·e-4 2.25·e-4 2.25·e-4 2.25·e-4 2.25·e-4 2.25·e-4 2.25·e-4 

hru_ASL [°] 194 194 120 120 262 262 300 300 

hru_elev [m] 2008 2008 1814 1814 1674 1674 2104 2104 

hru_GSL [°] 29.4 29.4 20.4 20.4 9.3 9.3 22.7 22.7 

hru_lat [°] 42.8 42.8 42.8 42.8 42.8 42.8 42.8 42.8 

Ht [m] 0.08 9.20 0.08 8.60 0.08 9.00 0.08 9.10 

Inhibit_evap [-] 0 0 0 0 0 0 0 0 

Zwind [m] 3 3 3 3 3 3 3 3 

Albedo_Richard 

a1 [s] 1.08·e7 1.08·e7 1.08·e7 1.08·e7 1.08·e7 1.08·e7 1.08·e7 1.08·e7 

a2 [s] 7.20·e5 7.20·e5 7.20·e5 7.20·e5 7.20·e5 7.20·e5 7.20·e5 7.20·e5 

Albedo_Bare [-] 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 

Albedo_Snow [-] 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 

amax [-] 0.84 0.84 0.84 0.84 0.84 0.84 0.84 0.84 

amin [-] 0.4 0.2 0.4 0.2 0.4 0.2 0.4 0.2 

smin [mm·int-1] 10 15 10 15 10 15 10 15 

Annandale krs [-] 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 

CanopyClearingGap 

Alpha_c [-] 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

B_canopy [-] 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038 

CanopyClearing [-] 2 0 2 0 2 0 2 0 

Gap_diameter [m] 12 12 20 20 32 32 47 47 

LAI [-] 0.1 1.92 0.1 2.11 0.1 1.83 0.1 2.55 

Sbar [kg·m-2] 1 40 1 30 1 15 1 55 

Surrounding_Ht [m] 9.2 9.2 8.6 8.6 9.0 9.0 9.1 9.1 

unload_t [°C] 0 0 0 0 0 0 0 0 

unload_t_water [°C] 1 1 1 1 1 1 1 1 

Z0snow [m] 0.005 0.010 0.005 0.010 0.005 0.010 0.005 0.010 

Zref [m] 2 2 2 2 2 2 2 2 

Zvent [-] 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

Evap 

evap_type [-] 1 1 1 1 1 1 1 1 

F_Qg [-] 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

rs [d·m-1] 

8.100·e-

4 

2.315·e-

3 

8.100·e-

4 

2.315·e-

3 

8.100·e-

4 2.315·e-3 

8.100·e-

4 

2.315·e-

3 

Global Time_Offset [H] -2 -2 -2 -2 -2 -2 -2 -2 

LongVt 
epsilon_s [-] 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 

Vt [-] 0.6 0.6 0.5 0.5 0.3 0.3 0.6 0.6 

pbsm_Snobal 

A_S [m] 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 

distrib [-] 1 1 1 1 1 1 1 1 

fetch [m] 1000 1000 1000 1000 1000 1000 1000 1000 

inhibit_bs [-] 0 0 0 0 0 0 0 0 

inhibit_subl [-] 0 0 0 0 0 0 0 0 

N_S [m-2] 1 350 1 200 1 126 1 100 

SnobalCRHM 

HRU_F_g [W·m-2] 0 0 0 0 0 0 0 0 

Hru_rho_snow [kg·m-3] 100 100 100 100 100 100 100 100 

Hru_t_g [°C] 1 1.7 1.00 1.87 2 2 0.39 0.7 

KT_sand [-] 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 

maxh2o_vol [-] 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

max_z_s_0 [m] 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 

rain_soil_snow [-] 1 1 1 1 1 1 1 1 

relative_hts [-] 1 1 1 1 1 1 1 1 

T_g_or_G_flux [-] 0 0 0 0 0 0 0 0 

z_0 [m]  0.001 0.1 0.001 0.1 0.001 0.1 0.001 0.1 

z_g [m]  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

z_T [m]  2 2 2 2 2 2 2 2 

z_u [m]  3 3 3 3 3 3 3 3 

obs catchadjust [-] 3 3 3 3 3 3 3 3 



ClimChng_flag [-] 0 0 0 0 0 0 0 0 

ClimChng_precip [-] 1 1 1 1 1 1 1 1 

ClimChng_t [°C] 0 0 0 0 0 0 0 0 

ElevChng_t [-] 0 0 0 0 0 0 0 0 

HRU_OBS[1] [-] 5 5 5 5 5 5 5 5 

HRU_OBS[2] [-] 5 5 5 5 5 5 5 5 

HRU_OBS[3] [-] 5 5 5 5 5 5 5 5 

HRU_OBS[4] [-] 5 5 5 5 5 5 5 5 

HRU_OBS[5] [-] 5 5 5 5 5 5 5 5 

Lapse_rate 

[°C·100m-

1] 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 

Obs_elev[1] [m] 2008 2008 1814 1814 1674 1674 2104 2104 

Obs_elev[2] [m] 1630 1630 1630 1630 1630 1630 1630 1630 

Ppt_daily_distrib [-] 0 0 0 0 0 0 0 0 

Precip_elev_adj [100m-1] 0.06 0.06 0.18 0.18 0.6 0.6 0.07 0.07 

Snow_rain_determination [-] 2 2 2 2 2 2 2 2 

Tmax_allrain [ºC] 4 4 4 4 4 4 4 4 

Tmax_allsnow [ºC] 0 0 0 0 0 0 0 0 

Walmsley_wind 

A  3 3 3 3 3 3 3 3 

B  2 2 2 2 2 2 2 2 

L  1000 1000 1000 1000 1000 1000 1000 1000 

Walmsley_Ht [m] 100 100 100 100 100 100 100 100 

 

 

 

 

 Table A3. Determined model bias index (MB), model efficiency index (ME), and root mean square error (RMSE) for 

simulations of daily snow water equivalent (SWE) at the four study plots considering areas beneath forest canopy (F) and 

forest openings (O). Data of 2016/17 and 2017/18 snow seasons is shown. 

Plot Area MB ME RSME (mm) 

Plot 1 
F 1.11 0.76 43 

O 1.06 0.94 42 

Plot 2 
F 0.96 0.95 24 

O 0.98 0.98 26 

Plot 3 
F 1.04 0.78 18 

O 1.03 0.95 29 

Plot 4 
F 1.11 0.81 77 

O 0.96 0.95 83 

 

 

 

 

 
Table A4. Statistically significant differences (p < 0.05) between areas beneath forest canopy (F) and forest openings (O) in 

the magnitude and percentage of change of snow indices. Wilcoxon tests were performed using data from all plots and snow 

seasons. 

Δpp 

(%) 

ΔT 

(ºC) 

Index magnitude Index % of change 

Accum. 

onset 

Melt out 

date 

Peak 

SWE date 

Snow 

duration 

Peak 

SWE 

Melting 

rate 

Accum. 

onset 

Melt out 

date 

Peak 

SWE date 

Snow 

duration 

Peak 

SWE 

Melting 

rate 

+20 

0 < 0.05       < 0.001         < 0.01     

1 < 0.01     < 0.05 < 0.001         < 0.01     

2 < 0.01     < 0.05 < 0.01         < 0.01     



3 < 0.01     < 0.01 < 0.05         < 0.01     

4 < 0.01     < 0.01           < 0.01     

0 

0 < 0.05 < 0.05     < 0.001   - - - - - - 

1 < 0.05     < 0.05 < 0.001         < 0.01     

2 < 0.01     < 0.01 < 0.05         < 0.05     

3 < 0.05     < 0.01 < 0.05         < 0.05     

4 < 0.05     < 0.01           < 0.05     

-20 

0 < 0.05       < 0.001   < 0.01     < 0.01     

1 < 0.05     < 0.01 < 0.01 < 0.05       < 0.01     

2 < 0.05     < 0.01 < 0.05 < 0.01       < 0.01     

3 < 0.05     < 0.01   < 0.05       < 0.01     

4       < 0.01           < 0.01     

 

 

Table A5. Snow indices change per ºC of temperature increment with regard to the non–perturbed conditions at each site. 

Both types of changes in magnitude and relative change are presented. The different areas analyzed at each study site (F: 

beneath forest canopy; O: forest openings) are distinguished. Median values of the fourmodeled snow seasons (2016/17 – 

2019/20) are shown. 

 

 

Table A6. Individual snow energy fluxes per ºC of temperature increment with regard to the non–perturbed conditions at 

each site. Both types of changes in magnitude and relative change are presented. The different areas analyzed at each study 

site (F: beneath forest canopy; O: forest openings) are distinguished. Median values of the four modeled snow seasons 

(2016/17 – 2019/20) are shown. 

1Latent heat flux is a negative component, so positive changes values lead to reductions in the component’s magnitude. 

 

Type of change 

per ºC 

Site Accum. 

Onset 

Melt out 

date 

SWE peak 

date 

Snow 

duration 

SWE peak Melting 

rate 

F O F O F O F O F O F O 

In magnitude 

(days; days; 

days; days; mm; 

mm·day-1)·C-1 

Plot 1 13 6 -7 -12 -8 -6 -30 -30 -79 -110 -0.4 0.3 

Plot 2 18 3 -10 -15 -12 -12 -33 -32 -75 -105 -0.5 -0.7 

Plot 3 14 7 -6 -9 -4 -7 -22 -27 -59 -99 0.1 0.5 

Plot 4 9 2 -10 -5 -4 -14 -40 -30 -112 -201 -0.7 -1.9 

Relative (%·C-1) Plot 1 28 18 -4 -6 -6 -4 -30 -23 -30 -28 -6.2 4.3 

Plot 2 18 48 -6 -5 -4 -9 -23 -31 -28 -32 4.3 -7.3 

Plot 3 48 9 -5 -7 -9 -2 -31 -24 -32 -26 -7.3 -8.1 

Plot 4 9 31 -7 -3 -2 -3 -24 -29 -26 -30 -8.1 1.9 

Type of change 

per ºC 

Site Net radiation Latent heat1 Sensible heat Precipitation heat Ground heat 

F O F O F O F O F O 

In magnitude 

(W·m-2·C-1) 

Plot 1 -1.1 -3.0 1.0 0.3 -0.1 0.0 -0.05 -0.04 -2.3 -0.5 

Plot 2 -0.7 -3.0 1.5 0.3 -0.8 -0.2 -0.07 -0.06 -2.8 -0.6 

Plot 3 -0.6 -2.3 1.3 0.3 -0.5 -0.3 -0.07 -0.09 -2.6 -2.1 

Plot 4 -2.5 -4.3 2.8 0.7 -1.7 -0.2 -0.06 -0.05 -1.3 -0.1 

Relative (%·C-1) Plot 1 -43.0 -35.1 37.6 29.0 -58.2 10.2 -23.9 -14.9 -30.4 -12.2 

Plot 2 -49.6 -36.3 34.9 28.2 -49.2 -45.8 -27.5 -20.2 -31.6 -14.2 

Plot 3 -41.3 -43.6 30.5 29.1 -39.1 -42.4 -29.3 -28.5 -32.9 -27.0 

Plot 4 -41.2 -27.7 33.8 28.5 -40.6 -23.5 -16.5 -11.3 -19.7 -4.9 



 
 

Figure A1. Scatter plots of modeled daily SWE vs. observed daily SWE in areas beneath forest canopy (F, green lines) and in 

forest openings (O, blue lines). Data of 2016/17 and 2017/18 snow seasons is shown. Spearman coefficient of correlation (rho) 
and p–values are labeled. 

 



 
 

Figure A2. Error plots (error = modeled daily SWE – observed daily SWE) about daily SWE simulations in areas beneath 
forest canopy (F, green lines) and in forest openings (O, blue lines). Data of 2016/17 and 2017/18 snow seasons is shown. 

 

 



 
 

Figure A3. Sensitivity of daily SWE to combined temperature and precipitation change (a: -20%; b: +20%) in areas beneath 
forest canopy (F, green lines) and in forest openings (O, blue lines). Lines represent the median value and ribbons represent 

the interquartile range (Q1: 25% to Q3: 75%) of the four modeled snow seasons (2016/17 – 2019/20). 

 



 
 

Figure A4. Sensitivity of snow indices magnitude to temperature changes. Colors indicate the different areas analyzed at each 
study site (F: beneath forest canopy; O: forest openings). The average magnitude change per ºC with regard to the non–
perturbed conditions is labeled. Dots: median values; whiskers: interquartile range (Q1: 25% to Q3: 75%); lines: linear 
adjustments. Data from the four modeled snow seasons (2016/17 – 2019/20) is shown. 

 



 
 

Figure A5. Sensitivity of snow indices to combined temperature and +20% precipitation change. The colors indicate the 
different areas analyzed at each study site (F: beneath forest canopy; O: forest openings). The average magnitude change per 
ºC with regard to the non–perturbed conditions is labeled. Dots: median values; whiskers: interquartile range (Q1: 25% to Q3: 
75%); lines: linear adjustments. Data from the four modeled snow seasons (2016/17 – 2019/20) is shown. 

 



 
 

Figure A6. Sensitivity of snow indices to combined temperature and -20% precipitation change. The colors indicate the 

different areas analyzed at each study site (F: beneath forest canopy; O: forest openings). The average magnitude change 

per ºC with regard to the non–perturbed conditions is labeled. Dots: median values; whiskers: interquartile range (Q1: 25% 

to Q3: 75%); lines: linear adjustments. Data from the four modeled snow seasons (2016/17 – 2019/20) is shown. 

 



 
Figure A7. Monthly average differences in net shortwave radiation and net longwave radiation between areas beneath the 

forest canopy (F) and forest openings (O). Represented values correspond to the subtraction of F energy flux values from O 

values under non–perturbed climate conditions and under warmer conditions. Mean values of the four modeled snow 

seasons (2016/17 – 2019/20) are shown. 

 



 
 

Figure A8. Monthly snowpack energy balance under non–perturbed climate conditions. Represented energy fluxes are net 

latent heat turbulent flux, net sensible heat turbulent flux, energy from rainfall advection, net ground heat flux, and net all–

wave radiation. The different areas analysed at each study site (F: beneath forest canopy; O: forest openings) are 

distinguished. Mean values of the four modeled snow seasons (2016/2017 – 2019/20) are shown. 
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Chapter 7

Discussion

This section is the common thread of this Thesis’ findings on forest-snow
interactions, since the importance, meaning and relevance of the results ob-
tained from each research have been already stated in the previous sections
(Chapter 3, Chapter 4,Chapter 5,Chapter 6). Moreover, it is described the
applicability of the outcomes in forest and water resources management in
the Pyrenees. Ultimately, future work lines are proposed in order to advance
the understanding of the two-way interactions between snowpack and forest
cover in mountainous terrain.

The terrain in which this Thesis has been carried out is the high mountain.
The Earth’s mountains comprise some of the most breathtaking landscapes,
a quarter of all terrestrial biodiversity, virtually all the major rivers sources,
a wide variety of habitats, refugia and migration corridors, and play a major
role in determining the climate at regional and continental scale (Hoorn et al.,
2018). The global importance of mountains lies in the fact that they cover
almost 40 million km2, i.e. ∼27% of the Earth’s land surface, and directly sup-
port 22% of the people who live within them (Blyth, 2002). Lowland people
also depend on mountain environments for their livelihood or culture because
of the wide range of goods and services provided, including water, energy,
timber, biodiversity maintenance and opportunities for recreation and spir-
itual renewal. In view of these circumstances, mountain regions are priority
candidates for global conservation action (Kollmair et al., 2005).

Among all the diverse elements that make up the entity and environmental
role of mountains, this Thesis focused on snow and high-altitude forests. In
this Thesis’ introduction, snow was presented as the main component of the
cryosphere in terms of extension with a critical role in the hydrological cycle
(Armstrong & Brun, 2008) and climate system (Cohen, 1994). Furthermore,
snow is one of the most important factors governing the ecology of moun-
tain ecosystems (Jones et al., 2001) and a fundamental pillar in those socio-
economic systems based on the snow tourism industry (Gilaberte-Búrdalo et
al., 2017). On the other hand, mountain forests were presented as hotspots of
biodiversity and sources of essential ecosystem services to human communit-
ies (Millennium Ecosystem Assessment, 2005), with a strong influence on the
quality and quantity of water resources (Hewlett, 1982). Single-discipline
studies have resulted in a deeper understanding of the processes related to
current and future snow conditions and forest development in the mountains
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around the world. The emergence of ecology as an integrative discipline has
led to integrate this knowledge across disciplines, for a better understanding
of mountain environments. This is the framework in which this multidisciplin-
ary Thesis has been conducted, allowing for the research of the relationships
established between these both elements, snow cover and mountain forests,
using methods taken from hydrology, climatology, forest ecology and botany.

Forest effects on snow processes have been previously assessed in mid-latitude
mountain ranges at different altitudinal ranges (Huerta et al., 2019; Lundquist
et al., 2013; Musselman et al., 2008), while studies on snow influences on tree
growth have been more extensively developed at high latitudes across boreal
forests (Kirdyanov et al., 2003; Reinmann et al., 2019; Vaganov et al., 1999).
In any case, forest-snow interactions had not been researched in depth in the
Mediterranean mountains and, more specifically, in the Pyrenees, where many
significant differences in their biotic, ecological, physical and environmental
characteristics are exhibited (Vogiatzakis, 2012). This is the main goal that
this Thesis has sought to address. For that purpose, we have intensively mon-
itored four Pinus uncinata forests in a mountain valley (Baños de Panticosa)
located in the central Spanish Pyrenees over a time span from 2015 to 2020,
while part of the Thesis has been contextualized into a wider spatio-temporal
framework in the NE Iberian Peninsula mountains. To detect and analyze
the forest-snow interactions in such forest stands, a great field work effort
had to be done to perform weekly and/or biweekly manual monitoring of
snow conditions, tree growth, and metabolism dynamics. In addition, manual
measurements were complemented with automatic and semi-automatic meas-
urements on tree growth as well as snow, soil and climate conditions using
snow stakes, time-lapse cameras, dendrometers and a wide variety of environ-
mental sensors placed within the studied forests stands.

Mountain forests and snow cover interact in diverse and complex ways

The results obtained show that snow cover and P. uncinata forests interac-
ted both ways in the studied Pyrenean sites. On the one hand, forest cover,
mostly through snowfall interception and snow energy balance alteration, de-
termined snowpack distribution, magnitude and timing (Chapter 3). Canopy
interception of snowfall explains the relevant forest effect in reducing the snow
accumulation observed in the studied sites (Varhola et al., 2010). As a con-
sequence, shallower and more variable snowpacks were observed in areas be-
neath the forest cover relative to openings. Additionally, the capacity of trees
to modify the energy balance of snow was expressed in different ways (Sicart
et al., 2004). The forest effect in reducing the snow melting (i.e. shading ef-
fect; Ellis et al. (2011)) was more common than the forest-driven enhancement
of melting (i.e. warming effect; Essery et al. (2008)) in the sampled forests. It
is known that the balance between reduced accumulation and diminished (or
enhanced) melting determines snowpack duration in forests (Dickerson-Lange
et al., 2017). Thus, in the studied sites, snowpacks were shortened under
the forest cover relative to openings due to a more intense forest-mediated
reduction on accumulation than on melting, in combination with the occa-
sional enhancement of melting. Since few studies have previously examined
the effect of forest cover on snow dynamics in the Pyrenees (López-Moreno &
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Latron, 2008; Revuelto et al., 2015), this Thesis provide additional informa-
tion on it (Chapter 3). Furthermore, although previous studies have already
documented the different ways that snowpacks and forests interact in other
mid-latitude mountains, this Thesis evaluated the magnitude of these interac-
tions among nearby areas and during different years thanks to a reliable data-
set derived from the intensive monitoring of contrasting environments. This
is of great relevance to the representativeness of the experimental designs,
which I will address below.

On the other hand, snow cover, mostly through affecting soil temperature,
influenced P. uncinata inter-annual (Chapter 4) and intra-annual growth
(Chapter 5), regardeless of the widely reported effect of growing season air
temperature on their tree-ring development (Andreu et al., 2007; Camarero
et al., 1998; Galván et al., 2014; Rolland & Schueller, 1994; Tardif et al.,
2003). There are two major ways that existing literature has demonstrated
that snow influences tree radial growth. Both are based on the strong influ-
ence that snow dynamics exert on soil temperature and moisture availability
(Wilson et al., 2020), particularly before and during the early growing sea-
son as shown here (Chapter 5). The first relationship is based on moisture-
limitation. It has been reported that spring snowmelt affects positively on
soil moisture and therefore on tree growth during the next growing season
in drought-prone mountain areas (Watson & Luckman, 2016; Zhang et al.,
2019). This relationship is more typical of semiarid or seasonal dry forests
from mid to low latitudes (St. George, 2014). This moisture-limitation was
not even detected in the potential drought-prone sampled sites in this Thesis
(Pre-Pyrenees and southern Iberian System), suggesting no drought stress,
while the rest of sites (Pyrenees and northern Iberian System) are considered
to be under cool and wet conditions (Chapter 4). One explanation might be
that since snowmelt water infiltrated into the soil during winter, it was avail-
able for trees even before the complete snow depletion, once the soil starts
warming and triggers fine root activity (Chapter 5). The 6ºC soil temperat-
ure was considered the threshold for the water up-taking by roots in conifers
(Alvarez-Uria & Körner, 2007). According to this, the onset of stem radial in-
crement began when that soil temperature threshold was reached in the Baños
de Panticosa site, reflecting stem re-hydration (but not yet wood formation).
Another explanation might be that the role of snowmelt on tree growth can
be overshadowed by spring rainfalls which would introduce an extra source of
water to the snowmelt. Although radial increment rates were mainly driven
by soil moisture (and air humidity) in those forests, which reflected the strong
linkage between stem size and water dynamics (King et al., 2013; Zweifel &
Häsler, 2000), no clear positive influence of moisture from snowmelt on intra-
or inter-annual growth of P. uncinata was detected (Chapter 4, Chapter 5).
Therefore, this Thesis cannot demonstrate that moisture from spring snow-
melt promoted P. uncinata growth in the studied sites. The second relation-
ship is based on energy-limitation, in which delayed soil warming in spring
induced by long-lasting snowpacks negatively influences tree growth since it
delays root activity and cambial onset, thus truncating the next growing sea-
son length (Kirdyanov et al., 2003; Rossi et al., 2011; Vaganov et al., 1999).
This energy-limitation can explain the negative influence of winter and, more
especially, spring snow depth on inter-annual P. uncinata growth found in the
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studied sites (Chapter 4). In addition, it has been presented evidence that
snow dynamics influenced intra-annual P. uncinata growth dynamics by influ-
encing soil temperature (Chapter 5). What is more, cold soil temperature was
proved to be the most constraining microclimate variable to the production of
mature tracheids (a key phase in wood formation), highly influencing timing
(onset and cessation) and resulting growth rates in P. uncinata. This Thesis
proposed a 10ºC minimal soil temperature threshold to tracheid maturation
onset in high-elevation forests of P. uncinata, which always occurred after
complete snow depletion. This temperature threshold should be considered
critical for P. uncinata wood formation, together with the 6ºC minimum air
temperature observed for cambial activity onset which substantially agrees
with the 5ºC threshold proposed by Rossi et al. (2008) for conifers from cold
sites. Therefore, this Thesis findings confirm for the first time the influence of
snow cover on P. uncinata growth and provide additional information about
the effects of climate and soil conditions on it.

Spatio-temporal variability of forest-snow interactions

Forest-snow interactions, in both ways, were subjected to spatial and temporal
sources of variability. Snow cover influences on tree growth and functioning
showed higher spatial variability than temporal variability (Chapter 5), while
the opposite happened in the case of forest cover influences on snow conditions
(Chapter 3). In the vast majority of cases, the spatial (regional and local)
and temporal (inter- and intra-annual) variability showed by the forest-snow
interactions involved differences in their strength and timing. That was to
a large extent due to (1) the topographic complexity (e.g. elevation, aspect
and slope) results in the creation of large microclimatic variability from the
regional climate and, consequently, involves different snow regimes (Albrich
et al., 2020; Hungerford et al., 1989); (2) the forest structure (Jenicek et al.,
2018; Musselman et al., 2012); (3) the typically high temporal variability of
climate in mountainous areas which induces inter- and intra-annual variab-
ility in snow conditions (Fayad et al., 2017); and (4) the time of the year
which determines the quantity of incoming solar radiation and air temperat-
ure (Lundquist et al., 2013). Whereas, only in certain cases, the nature of
the forest-snow interactions showed spatio-temporal variability. That was the
case of the observed geographical distribution of P. uncinata growth response
to snow along the NE Iberian Peninsula mountains (Chapter 4): while the
central and western Pyrenean P. uncinata forests were particularly sensitive
to snow cover conditions, any snow influence on P. uncinata growth was found
in the Pre-Pyrenees, eastern Pyrenees, and in most Iberian System sampled
sites. This geographical variability reflect in a broad sense the different snow
climatologies presented by these mountain areas, since a snowpack depth was
the most negatively influence on P. uncinata growth in those forests where
deeper and longer lasting seasonal snowpacks occurred (Alonso-González et
al., 2020a). Another example is the case of the dynamic nature of the forest
cover effect on snowmelt, since two different types of effect have been ob-
served in the Baños de Panticosa sites: shading and heating (Chapter 3).
Which one was more prevalent seemed to depend on the time of the year
and site characteristics (e.g. average winter temperature, snowpack duration,
irradiation and forest structure), as previous studies had been reported (Lun-
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dquist et al., 2013). The variable mountain climatology, together with the
complex topography of the studied mountainous area, allowed this Thesis to
obtained reliable data on the spatial and temporal variability of forest-snow
interactions under contrasting environmental conditions. Therefore, the ob-
tained results allowed to assess for the uncertainty on the magnitude of these
interactions, and thus to highlight the importance to take into account this
uncertainty when evaluating the representativeness of a study site and study
period.

Future responses of forest-snow interactions to forecasted hydroclimatic change

The issue, also addressed in this Thesis, takes on even greater importance
since the Mediterranean region is expected to be one of the most sensitive to
climate change (Giorgi, 2006). Therefore, the potential impacts of the future
changes in this transitional climate zone, which will affect water resources,
ecosystems and human livelihood, requires particular attention. During the
21st century this climate zone is expected to be expanded northward and east-
ward over both the Euro-Mediterranean and western North America, as well
as its equatorward margins are expected to be replaced by more arid climate
types (Alessandri et al., 2014). More particularly, the future climate trends
projected for Mediterranean mountains indicate rising temperatures and a
reduction of precipitation (Nogués Bravo et al., 2008), as mentioned above
(Chapter 1). Among the most likely impacted elements are snowpacks and
high-elevation forests, since both are highly sensitive to climate factors (Ca-
marero et al., 2017; Galván et al., 2014; López-Moreno et al., 2017; Martínez
et al., 2012; Morán-Tejeda et al., 2017). In fact, the Spanish Pyrenees are
expected to be the Mediterranean mountain range most impacted by climate
change in terms of mean SWE and snowpack duration (López-Moreno et al.,
2017). However, although there has been some discussion of the future re-
sponses of forest-snow interactions to forecasted hydroclimatic change, no
specific research on the subject had been undertaken in this region until this
research was accomplished. The importance of this topic lies in the fact that
the knowledge derived from its research will benefit future water and forest
management objectives in these mountains and related lowland areas.

This Thesis seeks to make a small contribution to this issue by exploring
how changing climate conditions can affect current forest-driven effects on
snow processes in the Baños de Panticosa experimental site (Chapter 6).
To this end, we performed a sensitivity analysis of snow conditions at each
forest stand under various degrees of climate forcing. We used the physically
based the Cold Region Hydrological Model platform (CRHM) as the modelling
tool. Obtained results confirmed the sensitivity of forest-driven effects on
snow processes under changing climate conditions, which was expected as
climate mediates forest–snow interactions involving both snow accumulation
(Currier & Lundquist, 2018) and melting processes (Dickerson-Lange et al.,
2017). In addition, it is worth mentioning how that sensitivity varied spatially
even among close sites. It was highlighted the sensitivity of forest-driven
reduction on snowpack duration to perturbed climate conditions, which was
enhanced in the studied forest stands under increasing temperature and lower
precipitation conditions. This was mainly due to a delay in the onset of
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snowpack development under the forest canopy, as a result of an increased
forest-driven reduction on snow accumulation at the beginning of the snow
season, which in turn was attributed to higher canopy interception efficiency
(Friesen et al., 2015) and to a lower amount of snowfall (Revuelto et al.,
2015) under that perturbed climate conditions. Thus, according to this Thesis
findings and those found by Tennant et al. (2017), the presence of forest
cover must be added to the list of factors that can induce variability in the
response of snowpacks to a changing climate, such as elevation, slope, aspect
and atmospheric humidity (Harpold & Brooks, 2018; López-Moreno et al.,
2020; López-Moreno et al., 2014; Pierce & Cayan, 2013). Accurate modelling
of the climate change effects on snow dynamics and related hydrology should
include changes in vegetation in future climates. As a matter of fact, effects of
vegetation changes can be as large as those of climate change alone (Rasouli
et al., 2019).

The other half of the issue, that is, what will be the future response of forests
to snow dynamics under changing climate conditions, is more complicated to
address, so it may be a potential field of work for future research. In this
Thesis, only some assumptions have been made in this regard (Chapter 4,
Chapter 5). The starting point is that P. uncinata growing season length
and growth rates are expected to be enlarged and enhanced, respectively, by
future warmer air and soil temperatures during the late 21st century, and
therefore, high-elevation forests and treelines growth will likely be promoted
in the Pyrenees (Camarero et al., 2017). This Thesis suggests that these
projections could be amplified if we take into account that climate change
also affects snow dynamics, leading to the expected shallower and less lasting
snowpacks over the next decades (López-Moreno et al., 2017; Morán-Tejeda
et al., 2017). This is based on the generalized positive response of P. uncinata
radial growth to the negative trend showed by the snowpack depth that we
found in the studied sites during the last decades, suggesting that these novel
high-elevation forests could be benefited from predicted snow conditions where
soil conditions allow it (Chapter 4). This positive effect could be explained
by a longer growing season, and a subsequently enhanced growth rate, con-
sequence of an earlier rise and a later cooling of soil temperatures (Chapter
5). However, in moisture-limited sites which depend on snowmelt, a shallower
snowpack due to warmer temperatures could lead to limited soil water con-
tent in spring and reduce tree growth (Pederson et al., 2011; Truettner et al.,
2018). In addition, future soil moisture declines related to an earlier snow-
melt may involve compositional changes in mountain forests because the role
of spring snowpack on high-elevation conifers varies among species (Hankin &
Bisbing, 2021). Therefore, this Thesis highlights the importance of consider-
ing snow conditions to accurately interpret the drivers of forest encroachment
and densification in further studies about past, recent and future forest ex-
pansion in this region. The reasoning behind this is that the way in which
soil microclimate will respond to climate change, and thus plant-soil interac-
tions, largely depends on future snow cover dynamics. Since soil is the key
interface that allows snow influences on forest growth, future research needs
to advance the understanding of those soil characteristics that may play a role
in forest-snow interactions and their future changes.
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Applicability of the outcomes in forest and water resources management

The snow phenomena plays a key role in the Pyrenees hydrology, as it was
highlighted previously (Chapter 1). The overall findings of this Thesis showed
that forest cover induced shallower and shortened snowpacks in the studied
sites, and although there was a forest-driven reduction in snow melting rates,
the date of snow disappearance was most affected by the forest-driven reduc-
tion in snow accumulation through canopy interception (Chapter 3). These
results suggest that certain forest cover changes at the montane and subalpine
belts, as forest harvesting or forest encroachment, could have an important
impact on the water storage capacity provided by the seasonal snowpack and
it may ultimately be reflected in streamflow changes. However, it should be
considered that the effects of forest cover changes on hydrology are watershed
specific and complex (Zhang & Wei, 2014). Snow-feeding basins, that are also
forest covered in the range comprised between 1600 and 2300–2500 m a.s.l.,
should be the most sensitive to natural or anthropic forest cover disturbances
in the Pyrenees in terms of snow hydrology. In case of forest cover reduction
(due to harvesting, pest defoliation or forest burning), snow accumulation can
be increased due to the lack of snow interception by canopies (Schelker et al.,
2013). In the opposite case, if high-elevation forest cover increases (Camarero
et al. (2017) reported that subalpine forests are densifying and encroaching
into alpine grasslands and shrublands induced by combined non-management,
land-use abandonment and climate warming), snow interception can be en-
hanced. Nevertheless, this does not necessarily result in deeper and more last-
ing snowpacks in the first case, or in shallower and more ephemeral snowpacks
in the second case. Although reduced forest cover implies an increase in in-
coming solar radiation to snowpack, and therefore faster snow melting rates
might be expected (Boon, 2012), it is wise not to oversimplify and remember
that snowmelt rates do not only depends on this energy flux. For example,
the direction and magnitude of a forest cover reduction on net radiation for
snowmelt can depend on slope and aspect (Ellis et al., 2011), the expected
enhanced snowmelt rates may be boosted by increased needle litter after a
pest defoliation reducing snow albedo (Pugh & Small, 2012), and snowmelt
rates can even be reduced contrary to what one might initially think (Jeníček
et al., 2017). Therefore, a deep understanding of the consequences for the
snow energy balance in case of forest cover change would be also necessary
in order to foresee the dates of snow disappearance, which highly determines
the snow signal in mountain river regimes (Morán-Tejeda et al., 2014). This
highlights the complex interrelationships between mountain forests and water-
shed response in snow dominated hydrologic regimes, as the Pyrenean. Snow
hydrology response to forest management practices or natural disturbances
is highly variable, but certainly forest cover changes are able to modify both
mean and peak flows over the snowmelt period (Pomeroy et al., 2012). In this
regard, Dickerson-Lange et al. (2020) presented a decision tree model that syn-
thesises the forest-snow relationships and guide decisions that consider how
and where forest can be management to optimise water storage. During the
following decades, the following snow and hydrological scenario is expected
as a consequence of climate change in the Pyrenees: 30 days shorter duration
of the snow bulk reserves, 28% decrease in the average snow accumulation
and 2.4% reduction in the average flow (Lastrada et al., 2021). However, it
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is necessary to assess the impact of combined climate–vegetation–soil changes
on future snow dynamics and related hydrology in a global change context
(Rasouli et al., 2019). As a starting point in this region, this Thesis find-
ings about how current forest cover determines the sensitivity of snowpack to
warming and lower precipitation (Chapter 6), provides crucial information for
estimating future shifts in the timing and contribution of snowmelt to runoff.
So, if at some point managers consider intervening in those mountain forests,
the information derived from this Thesis can be very useful in order to realize
the importance of certain forest treatments (such as forest gap-thinning, har-
vesting and pruning) that can be favourable for snow accumulation, since this
ultimately affects runoff production and it may also be beneficial in reducing
the risk of fire or maintaining forest health and productivity in some cases
(Ellis et al., 2013; Revuelto et al., 2016; Zhang & Wei, 2014).

Future work lines

Accurate quantification of seasonal snowpack is critical for hydrological man-
agement in snow-fed basins and to validate model predictions (DeWalle &
Rango, 2008; Hedrick et al., 2018). The spatial distribution of SWE is a key
variable for these purposes. Snow surveying is a proven approach to quantify
snowpack SWE from snow depth and density measurements (Haberkorn,
2019), and our experimental design confirmed that accurate local SWE data
in forested landscapes could be representative of a larger area at the plot scale
(Chapter 3). To resolve the spatial variability of snowpack beneath the forest
canopy at larger scales (local, regional and global), remote sensing techniques
are being used. However, the advance in the measurement of snowpack density
across space has not been concurrent to the revolution in snow depth measure-
ment (Kinar & Pomeroy, 2015a). Satellite remote sensing applicability across
forested mountain basins is difficult mainly because forest canopy obscure the
underlying snowpack, it is not always available, and it does not provide direct
measurements of SWE in all settings (Nolin, 2010). However, major improve-
ments are being made in optical satellite-based snow cover monitoring over
forested landscapes by evaluating the algorithms performance based on reli-
able in-situ data, such as those collected in this Thesis, which have already
been used for this purpose (Muhuri et al., 2021). The emerging techniques
of remote sensing based on Unmanned Aerial Vehicles (UAVs) represent a
promising opportunity to overcome some of the satellite remote sensing limit-
ations. UAVs will be applied in the Pyrenees to obtain reliable high-resolution
and large-scale sub-canopy snow depth information in the future, particularly
those equipped with LIDAR technology (Laser Imaging Detection and Ran-
ging) (Harder et al., 2020). However, since the ultimate variable of interest is
SWE, the obtained snow depth must be combined with density values that be
measured manually with available technologies (Kinar & Pomeroy, 2015b), or
simulated from physically based snow models (McCreight & Small, 2014).

The findings of this Thesis may have significant implications for interpreting
annual and sub-annual tree-ring width and wood anatomical properties as
paleo-environmental proxies for past snow conditions. Tree-ring chronologies
offer an opportunity for reconstructing, quantifying, and understanding long-
term mountain snowpack dynamics (Woodhouse, 2003). In our case, the
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found snow-related energy limitation of tree-ring development could represent
a snow-sensitive proxy variable to paleo-snow reconstruction, such as past
snow droughts (Coulthard et al., 2021). This represents a great opportunity
for future work on tree-ring-based reconstruction that will provide unique
information on past Pyrenean snow conditions.

Although there has not been detected a clear moisture-limitation of radial
growth in the analyzed mountain forests, snow and climate conditions are
expected to change, and thus this tree growth limitation could become more
relevant in certain drier forest stands. Future work could make use of C,
H, and O stable isotopes in wood to track the exact use of snowmelt water
by high-elevation trees (Hu et al., 2018). This issue may give rise to predict
future tree dependency on different sources of soil moisture, focusing on snow-
melt, thus contributing to the understanding of future responses of Pyrenean
mountain forests to hydroclimatic change.

Further research is needed to analyze the specific mechanisms by which snow
affects Pyrenean mountain forest growth and functioning focusing on soil
structure, properties and processes. For example, snow cover impacts on soil
microbial activities and hence on element biochemical cycling in mountain
forests, which in turn can condition tree growth (Tan et al., 2014). This will
serve as a basis for assessing the combined impact of climate–vegetation–soil–snow
changes on future Pyrenean ecosystems and hydrology in a global change con-
text.

Last but not least, the existence of feedback processes among snow dynamics
and tree growth is definitely not something that we should just write off.
However, this is a difficult subject to verify. Long-term studies could take up
the challenge of answering questions such as the following:

• Will a more or less dense forest cover result in a more or less durable
snow cover, which in the long term may affect the forest growth?

• Will a more or less durable snow cover result in a more or less dense
forest, which in the long term may affect the snow accumulation?
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Chapter 8

Conclusions

This Thesis investigated the forest-snow interactions in the Aragonese Pyren-
ees, from an eco-hydrological perspective, through intensively monitoring of
Pinus uncinata forests. In the following paragraphs, the conclusions raised
from the specific objectives stated in this Thesis (see Section 1.4) are presen-
ted:

• First objective: To deepen understanding of forest-snow interactions in
the Pyrenees, as well as to account for the uncertainty on the mag-
nitude of forest effects on snowpack among nearby areas and during
different years. This objective was developed in Chapter 3. It can be
concluded that forest cover, relative to forest openings, on average re-
duced the duration of snowpack in more than two weeks, reduced the
snow accumulation by about 60% (in terms of SWE) and increased the
small-scale spatial variability of snowpack by 190%. The most com-
mon effect of forest that was observed in the studied forest stands was
reduced melting rate, thus suggesting that the effect of shadowing by
the forest canopy exceeded the heating of trees. The contrary case can
be considered to have taken place only occasionally, since it was ob-
served a forest-mediated increase in the melting rate on 26% of days
with snow melting. Therefore, the observed earlier snow depletion be-
neath forest cover can be mostly explained by the overall more intense
forest-mediated reduction in accumulation (40% on average) than on
melting (25% on average), and it can be facilitated by the occasional
forest-mediated enhancement of melting rate. The same general forest
effects on snowpack were found in all studied forest stands and during
all snow seasons. However, the magnitude and timing of these effects
experienced significant differences at local scale and temporal (inter-
and intra-annual) variability. This research highlights the need to con-
sider the effects of forests as a source of uncertainty when selecting the
location of the experimental site and a time period for study when un-
dertaking snow science research in mountain areas.

• Second objective: To discern how and where snow dynamics affects
P. uncinata growth and functioning. This objective was developed in
Chapter 4 and Chapter 5. It can be concluded that inter- and intra-
annual growth dynamics of P. uncinata forests were affected by snow
cover conditions. Snow dynamics influenced P. uncinata growth dy-
namics by influencing soil temperature in mountain forests, whereas
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it could not be demonstrated that snowmelt water exerted a relevant
influence on P. uncinata growth in the study sites. It was observed
that larger snow accumulation involved a prolonged snow persistence in
spring that produced a delay in soil warming onset, and those resulting
low soil temperatures in spring retarded and reduced the production of
mature tracheids, which is an essential step during xylogenesis. How-
ever, the magnitude and timing of the snow influence on forest growth
showed relevant spatial differences at both regional and local scales,
and inter-annual variability. In addition, some tree characteristics (as
height) also explained differences in the mentioned forest-snow interac-
tions. This research highlights the large role of early and late growing
season soil temperatures on P. uncinata radial growth, in addition to
the widely reported effect of air temperature. Furthermore, this re-
search suggests that a future shallower and more ephemeral snowpack
in similar mountains forests, together with warmer temperatures, may
benefit the growth and productivity of P. uncinata over the next dec-
ades by prolonging the growing season through an earlier onset and a
late cessation of xylogenesis, although certain forests might experience
warming-induced drought stress.

• Third objective: To explore how forest cover can affect the snowpack
sensitivity to changes in climate in the Pyrenees, as well as how these
changes in climate can affect current forest effects on snowpack. This
objective was developed in Chapter 6. It can be concluded that under
warmer conditions, areas beneath the forest cover (compared to open-
ings) experienced a more intense delay in the onset of snow accumulation
(F: 13 days·ºC-1; O: 5 days·ºC-1) and a larger reduction in snowpack
duration (F: 28%·ºC-1; O: 23%·ºC-1). Whereas, the forest covered
areas experienced a weaker reduction in SWE peak (F: 81 mm·ºC-1;
O: 129 mm·ºC-1), a less intense earlier melt-out date (F: 8 days·Cº-1;
O: 10 days·ºC-1) and a less pronounced slower melting rates (F: 0.4
mm·day-1·ºC-1; O: 0.5 mm·day-1·ºC-1) with increasing temperat-
ures. It was observed that forest effects on snow accumulation processes
were highly sensitive to warming temperatures during the beginning of
the snow season. As a consequence, the forest-driven delaying onset
of snow accumulation was enhanced with warming, which mostly ex-
plained the significant enhancement of the forest-driven reduction in
snowpack duration obtained (10% per ºC). Drier conditions increased
the response of this latter mentioned forest effect to warming. Whereas,
the forest-driven reduction in maximum snow accumulation was more
sensitive to changes in precipitation. In general, the forest effects on
snow melting processes (heating and shading effects) were both dimin-
ished with warming. However, the sensitivity of forest effects on snow
processes to perturbed climate conditions showed relevant variability
at local scale. This research highlights the influence of forest cover in
the snowpack response to climate perturbations, which will allow us to
anticipate the future hydrological responses of Pyrenean forested moun-
tain basins, and thus, to benefit future water and forest management
objectives in similar mid-latitude mountains and surrounding regions.
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Conclusiones

Esta Tesis ha investigado las interacciones que tienen lugar entre los bosques
de montaña y el manto de nieve en el Pirineo Aragonés, desde una perspectiva
eco-hidrológica, y mediante el monitoreo intensivo de bosques de Pinus un-
cinata. En los siguientes párrafos, se presentan las conclusiones extraídas de
acuerdo con los objetivos específicos establecidos en esta Tesis (ver Sección
1.4):

• Primer objetivo: Profundizar en el conocimiento de las interacciones
bosque-nieve en los Pirineos, así como evaluar la variabilidad de los
efectos del bosque sobre el manto de nieve entre zonas cercanas y dur-
ante diferentes años. Este objetivo ha sido desarrollado en el Capítulo
3. A este respecto, puede concluirse que la cubierta forestal redujo la
acumulación de nieve en un ∼60% (en términos de SWE acumulado),
redujo de media la duración del manto de nieve en más de dos semanas,
y aumentó en un ∼190% la variabilidad espacial a pequeña escala del
manto de nieve en comparación con los claros de bosque estudiados.
En cuanto al efecto del bosque sobre el proceso de fusión de la nieve,
se produjo principalmente una ralentización de la fusión, lo que sugiere
que el efecto sombra de la cubierta forestal dominó sobre el papel de los
árboles como emisores térmicos. La situación contraria tuvo lugar de
manera ocasional, dado que sólo se observó un aumento de la tasa de
fusión bajo la cubierta forestal el 26% de los días que se produjo fusión
de nieve. La temprana desaparición del manto de nieve bajo la cubierta
forestal puede explicarse en buena medida debido al mayor efecto que
ejerce el bosque reduciendo la tasa de acumulación de nieve (un 40%
de media) que ralentizando su tasa de fusión (un 25% de media), y que
además es promovido por el ocasional incremento de la fusión. Consid-
erando los diferentes bosques y temporadas analizadas, se observó que
el tipo de efectos que ejerció el bosque sobre el manto de nieve fue el
mismo. Si bien, la magnitud y la temporalidad de dichos efectos ex-
perimentaron diferencias significativas local y temporalmente (a escala
inter- e intra- anual). Por tanto, esta tesis señala la necesidad de con-
siderar los efectos del bosque como fuente de incertidumbre a la hora
de seleccionar el emplazamiento del lugar y el periodo de estudio en el
desarrollo de estudios nivológicos en zonas de montaña.

• Segundo objectivo: Determinar cómo y dónde los procesos que exper-
imenta el manto del nieve afectan al crecimiento y funcionamiento de
P. uncinata. Este objetivo ha sido desarrollado en el Capítulo 4 y en
el Capítulo 5. A este respecto, puede concluirse que la dinámica de
crecimiento inter- e intra-anual de los bosques de P. uncinata estuvo
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influenciada por las condiciones nivales. El manto de nieve condicionó
el crecimiento de P. uncinata al determinar la temperatura del suelo
de estos bosques de montaña, mientras que no se pudo demostrar que
el agua procedente de la fusión de la nieve afectara de manera relev-
ante a dicho crecimiento en los sitios estudiados. Se observó que una
mayor acumulación de nieve conllevó a una prolongada persistencia de
la nieve en primavera que a su vez produjo un retraso del calentamiento
del suelo. En consecuencia, la resultante baja temperatura del suelo
en primavera, retrasó y redujo la producción de traqueidas maduras,
siendo este un proceso esencial durante la xylogénesis. Sin embargo, la
magnitud y la temporalidad del efecto de la nieve sobre el crecimiento
forestal mostró importantes diferencial espaciales (a escala regional y
local), así como una gran variabilidad inter-anual. Así mismo, determ-
inadas características de los árboles (como su altura) también pudieron
explicar parte de la recién mencionada variabilidad espacio-temporal en
el efecto de la nieve sobre el bosque. Esta Tesis destaca el importante
papel de la temperatura del suelo al comienzo y final de la temporada
de crecimiento en el crecimiento radial de P. uncinata, que se suma al
ampliamente reportado efecto de la temperatura del aire sobre dicho
crecimiento. Además, esta Tesis sugiere que un futuro manto de nieve
previsiblemente menos profundo y más efímero, junto con el aumento
de las temperaturas, podría beneficiar el crecimiento y la productividad
de P. uncinata en las siguientes décadas en bosques de montaña de
características similares a los aquí estudiados, como resultado del pro-
longamiento de su temporada de crecimiento al dar comienzo antes la
xylogénesis y finalizar más tarde. Si bien, determinados bosques podrían
experimentar estrés hídrico inducido por el calentamiento del clima.

• Tercer objetivo: Explorar cómo la cubierta forestal puede condicionar la
sensibilidad del manto de nieve ante posibles cambios que experimente el
clima de los Pirineos, y evaluar cómo un cambio climático puede alterar
los actuales efectos del bosque sobre la nieve. Este objetivo se ha desar-
rollado en el Capítulo 6. A este respecto, puede concluirse que al consid-
erar un clima más cálido, las áreas situadas bajo una cubierta forestal
(en comparación con los claros de bosque) experimentaron un mayor
retraso en el comienzo de la acumulación de nieve (F: 13 días·ºC-1;
O: 5 días·ºC-1) y una mayor reducción de la duración del manto (F:
28%·ºC-1; O: 23%·ºC-1). Estas mismas áreas, situadas bajo la cu-
bierta forestal, ante un incremento de las temperaturas, experiment-
aron una menor reducción del pico de SWE (F: 81 mm·ºC-1; O: 129
mm·ºC-1), una menos temprana fecha de final de la fusión de la nieve
(F: 8 días·Cº-1; O: 10 días·ºC-1), y una menor ralentización de las tasas
de fusión (F: 0.4 mm·day-1·ºC-1; O: 0.5 mm·day-1·ºC-1). Se observó
que los efectos del bosque sobre el proceso de acumulación de la nieve
fueron muy sensibles al incremento de las temperaturas al comienzo de
la temporada de nieve. Como consecuencia, el retraso en el comienzo
de la formación del manto de nieve que produce el bosque fue poten-
ciado por el calentamiento, lo que a su vez explica en su mayor parte el
significativo incremento del efecto del bosque sobre la reducción de la
duración del manto (10% per ºC). La sensibilidad de este último efecto
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del bosque sobre la nieve ante el calentamiento se potenció al considerar
un clima más seco (menor precipitación). Mientras que, la reducción
que produce el bosque del pico de SWE fue más sensible a los cambios
en la precipitación que a los cambios en la temperatura. Por otra parte,
los efectos del bosque sobre el proceso de fusión de la nieve (sombreo de
las copas y emisión térmica de los árboles) se redujeron al considerar un
aumento de las temperaturas, en general. Sin embargo, la sensibilidad
de los efectos del bosque sobre los procesos nivales ante condiciones cli-
máticas alteradas mostró una importante variabilidad espacial a escala
local. Esta Tesis pone de manifiesto la influencia que tiene la cubierta
forestal en la respuesta del manto de nieve ante los cambios del clima,
lo que puede permitirnos anticipar la futura respuesta hidrológica de
las cuencas forestadas de los Pirineos, para el beneficio de los futuros
objetivos en la gestión del agua y forestal en cordilleras montañosas de
caracterísiticas similares a las estudiadas y regiones circundantes.
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