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CHAPTER ONE: GENERAL INTRODUCTION

The fate of global climate and its interactionghwdgarbon and water cycles are
currently of great concern to scientists and paohaigers. Evidence of the effects of
human activities on the global climate is mounijbg Trout et al., 2007). At the same
time, a large effort is being made to elucidaterties of terrestrial ecosystems in
global climate, how each one feeds back on therpfisevell as determine what the
potential consequences of future climate changelegramer et al., 2001; Nemani
et al., 2003; Friedlingstein et al., 2006; Torn &faite, 2006). Changes in forest cover
and structure have been reported to induce changks local and regional climate
(Lawton et al., 2001; Feddema et al., 2005), arditdiggic cycle (Kuczera 1985;
Sahin and Hall, 1996; Bradshaw et al., 2007) thinoclganges in the partitioning of
energy and evapotranspiration.

Argentina has suffered dramatic reductions indooever area in the last
century, primarily a result of human interventidhefenson, 1992; SAyDS, 2006).
Estimates of the total reduction in forest areayeafnom 40 to 75% (Montenegro et
al., 2004). During the last three decades, the Wtrgean government has
implemented several mechanisms to promote investméast-growing forestry
plantations as a way to reduce the net reductidorest land (SAGPyA, 1999;

Laclau, 2003). The use of afforestation with fasivgng species has been suggested
by many authors to be a sustainable option to eethelogging of natural forests
(Sedjo and Botkin, 1997; Binkley, 1999; HartleyD20Evans and Turnbull, 2004;
Friedman, 2006). The increase in productivity irtaie areas would allow other areas

to remain untouched for conservation. However, gjead afforestation in a



particular region using fast-growing species cautatlify the local environment,
resulting in deleterious consequences (Le Maitad.eP002; Kanowski et al., 2005;
FAO, 2007). For water resources in particular,itfeeease in productivity by forest
plantations is usually associated with increasegmase (Farley et al., 2005; Nosetto
et al., 2005). Afforestation is currently the meegpidly expanding land use activity in
northern Patagonia, Argentina.

Patagonia, in southern South America, where mgares site was located, has
several similarities with the Pacific Northwest (®INof North America. The two
regions are similar topographically. The Andes matmrange demarcates the
western boundary of Patagonia in Argentina andtesea sharp longitudinal
precipitation gradient, just as the Cascade Rangs oh the PNW. Dominant winds
come from the west carrying humidity from the Piaadcean, leading to annual
precipitations of 4000 mm in some places alongotbreler between Argentina and
Chile on the western slope of the Andes, and shagtline to 300 mm per year on
the extra Andean mesa only 100 km east of the bigheaks (Paruelo et al., 1998).
The precipitation regime in both regions is Med#eean, with more than 70% of the
annual precipitation falling during their respeetifalls and winters. The severe
precipitation gradient causes drastic differenogbe vegetation types and
productivity between the western and eastern slop#se mountains. However,
despite these many similarities, the species coitipas and types of forests in both
hemispheres are very different. In Patagonia, thgt&n mountainous region is
dominated by temperate evergreen broadleaf fordstentral region has mixed

patches of conifer and broadleaf forests, and thercastern region is contains



primarily conifer forests that range from densexdtato savanna-type forests
dominated by cordilleran cypresdustrocedrus chilensis (D. Don) Pic. Serm. et
Bizzarri). The boundaries between these foreststygpe irregular, following the
orographic rainfall pattern, soil characteristiesided from glacial or volcanic
activities, and fire regimes.

The distribution and structure of the vegetatio®atagonia has been largely
influenced by the European colonization of the afd® use of fire to clear the woods
and transform them into pasture and agriculturadi$awas the largest source of
disturbances. Among the dominant tree specieseofetion, cordilleran cypress was
affected the most by human-induced fires in thedteidf the 19th century (Veblen et
al., 1999). However, cordilleran cypress forestslpas persisted in the rocky
highlands and provided a seed source for recolbaizéKitzberger and Veblen,
1999). Episodic ENSO-related drought mortality égdrave also been reported to
have influenced the distribution of cordilleran oggs in the area (Villalba and
Veblen, 1998). Fire frequency declined in the edfth century, but human
exploitation of this species for its valuable wowdhich was commonly used for
construction in the area, continued. Despite tlmmemic importance of cordilleran
cypress and the changes threatening its survithimits own natural distribution
area, most of the national parks and natural resemere established in the western
mountainous areas of Patagonia to protect the praldematic humidNothofagus sp.
forests. Sheep grazing, now the most widespreadudigiral use of areas within the
natural distribution of cordilleran cypress, hagéy prevented the reestablishment of

cypress forests.



A new shift in land use is currently taking placehe forest-steppe ecotone;
afforestation with exotic conifers from the PNWtbé United States. In northern
Patagonia, Argentina, exotic ponderosa pRiays ponderosa Doug. ex. Laws) is
being used in over three quarters of afforestgtiapects (SAGPYA, 1999; Gallo et
al., 2005). Most of these forest plantations occaas where cordilleran cypress
forests were previously displaced by fires and ghraaches. In areas of the forest-
steppe ecotone where grazing pressure was reduatenlal recolonization by
cordilleran cypress can be observed, but is uncammareas where high density
ponderosa pine plantations have been establistedw®dod productivity of ponderosa
pine has been reported to be much higher tharoflerdilleran cypress. While the
wood productivity of cordilleran cypress stands emiditensive management ranges
from 4.5 to 11 mha' y* (Loguercio et al., 1999; Loguercio, 2005), thatrefnaged
ponderosa pine forests averages 2hat y* in the region (Gallo et al., 2005). Since
both carbon fixation and transpiration are regulditg stomatal conductance,
ponderosa pine stands are expected to transpire weder than cordilleran cypress
stands. To date, only approximately five percerthef2 million ha of land suitable for
afforestation has been planted (SAGPyA, 1999). stdading the interactions
between ponderosa pine plantations and the nanvéonment is critical, before the
exotic plantations become widespread, in orderevgnt potential damages to the
ecosystem.

In my dissertation, | focused primarily on the ewxps of ponderosa pine
plantations on water resources, which is a limitegpurce in the region. Previous

studies in the area (Gyenge et al., 2002; Nosétb,e2006) found greater water use



by young ponderosa pine plantations compared todkiee shrub/grasslands. In
physiological comparisons among individual treegei@e (2005) found that
ponderosa pine trees had the capacity to tranaphigher rates than cordilleran
cypress trees. However, no previous study had caedghe water consumption of
entire stands of exotic ponderosa pine with thatative forests during complete
growing seasons. The research presented in tiaerthsion was designed to address
several issues concerning the differences in wasaurce use between ponderosa
pine plantations and native cordilleran cypressdgaDetailed measurements of stand
structure, tree physiology and water fluxes thrawghwo growing seasons were
taken to help us understand the interactions oicgubetween the stands and the
environment and determine whether differences edisetween the two stands that
could lead to different total annual water use aghestand.

In the second chapter of this dissertation (tret flata chapter) we took
detailed measurements of soil water depletion abua depths and transpiration, to
compare the water use of a high density pondenosagtantation stand (HDPP) and a
pine-grass silvopastoral stand (Silvo; later call®dPP) against high and low density
native cordilleran cypress forest stands (HDCip BR€ip, respectively) throughout
the growing season.

The main hypothesis tested in this second chaydsrthat ponderosa pine
plantations have higher total annual transpiragtienhectare than native cordilleran
cypress stands of similar density. As a secondgppthesis, we investigated the
potential mechanisms that would allow ponderosa ptands to have higher

transpiration. Specifically, we tested whether maoda pine stands: 1) have higher



maximum transpiration rates, 2) utilize water cadonger season, 3) deplete soil
water to a lower moisture content level, and 4jyasttwater from deeper soil layers
than native cypress stands.

In the third chapter of the dissertation, we penfed measurements of above
and below canopy incoming precipitation in ordedé&termine the contribution of
interception losses to total evapotranspiratiothenstands. The primary objective of
this chapter was to test the hypothesis that rhint@rception was greater in native
cordilleran cypress stands than in planted pondgpoee forests with similar leaf
areas. We also investigated the effect of the @oation of transpiration and
interception loss on water balance in these twedis:

In the fourth chapter, we used structural and jgiygical measurements from
the same forest stands as in the previous chaptperameterize a detailed process-
based model. The model parameterization was ctdithiend validated using each of
the two separate growing seasons of transpiratiessorements. The fully
parameterized model was then used to assess tha@ldygidal sustainability of the
four forest stands under current climatic condsgiddydrological sustainability, as
defined in this study, occurred when total annwabetranspiration was lower than
total annual precipitation. The second objectivéned chapter was to use the
parameterized model to predict the potential imp&dtuture climate scenarios on

seasonal and annual water fluxes in all four fosemtds.
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Abstract

Ponderosa pind’(nus ponderosa Doug. ex. Laws) plantations represent more
than three quarters of afforestation projects emNlorthwestern part of Argentinean
Patagonia. Most plantations are located in thestesteppe ecotone within the natural
distribution area of cordilleran cypregsuétrocedrus chilensis (D. Don) Pic. Serm. et
Bizzarri). The productivity of ponderosa pine pkrdns is much greater than that of
the native cordilleran cypress forests, which waldgest a greater utilization of
water resources. Our primary hypothesis was thati@msa pine plantations have
higher total annual transpiration per hectare thetive cordilleran cypress stands of
similar density. As secondary hypotheses we testexther ponderosa pine stands: 1)
have higher maximum transpiration rates, 2) utizger over a longer season, 3)
deplete soil water to a lower moisture contentlleared 4) extract water from deeper
soil layers than native cypress stands. Throughmaous measurement of sap flow
and of soil water content at various depths (fromiege to 1.8 m), we examined the
total amount of water used by four forest standsgh density ponderosa pine timber
plantation (HDPP), a low density silvopastoral pemda pine plantation (Silvo), a
low density cordilleran cypress forest stand (LDGipd a high density cordilleran
cypress forest stand (HDCip). Measurements weirgedaout during two years that
had contrasting amounts of summer precipitationPRad the highest water use at
the stand level, averaging 64 % and 33% greaterkiCip in the wet and dry years,
respectively. Higher transpiration rate but noglénof the transpiration season

explained the difference in total annual transprabetween species. Water depletion



occurred simultaneously at all soil depths fotttadl plots even in the wet year.
However, the HDPP plot used a greater amount aémiedm deeper soil layers
compared to all the other plots. Our results emigkake need for caution when
planning afforestation projects at large scaleshasncrease in transpiration due to
conversion of native forests to high density poondarine plantations could have a

large impact on water resources.



10

I ntroduction

The increase in global demand for paper and wooduyzts is increasing
pressure on natural forests. Afforestation with-faswing species has been proposed
as a sustainable economic alternative that wowldae the harvest of native forests
(Sedjo and Botkin, 1997; Binkley, 1999; HartleyP20Friedman, 2006). Worldwide,
increased wood productivity is usually achieveglanting exotic species (Sedjo,
1999; Hartley, 2002; Siry et al., 2005; Fritzschalg 2006). However, the
introduction of exotic species could lead to a clax@rray of negative consequences
(Le Maitre et al., 2002; Kanowski et al., 2005; Hibs et al., 2005; FAO, 2007). In
semi-arid regions, for example, stands of fast-gngvexotic trees may deplete
already-scarce water resources. The eastern sfdpe Andes in Patagonia serves as
the water source for vast regions of Argentina, lange-scale afforestation efforts in
this region have the potential to drastically ategional water resource availability.
There are currently ~70,000 ha of planted foresteomhwestern Argentinean
Patagonia, with an additional ~2,200,000 ha thalkdcbe converted to plantation
forestry (Laclau and Andenmatten, 2005). Understanthe potential effects of
exotic pine plantations on water resources iscailiin Patagonia to prevent potential
negative consequences from the expansion of pldotests.

The Andean region of Patagonia in South Ameriggesgraphically and
climatically very similar to the Pacific Northwg®NW) of North America, and most
of the exotic plantations in this region utilizeesges from the PNW. The Andes range

creates an exponential decrease in annual praapitaom west to east, which is the
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predominant direction of the strong winds thattgpecal of Patagonia (Paruelo et al.,
1998). The western humid forests of the regiomawsstly protected in large national
parks established by the Administration of Natidhatks of Argentina. Therefore,
most of the plantations are located outside thaslespn the drier forest-steppe
ecotoneAs a result, around 80% of the afforestation mtsjéave used ponderosa
pine, which is well adapted to dry environmentg likose found in the forest-steppe
ecotone of Patagonia (Gallo et al., 2005).

The distribution and structure of the forest-seeppotone has been heavily
influenced by fire disturbances (Mermoz et al.,20Mn particular, the use of fire by
Native American hunters and, later, European ssftte transform woodlands into
pasture and agricultural lands has shaped therduigtribution of cordilleran cypress
(Veblen et al., 1999; Kitzberger and Veblen, 19993, dominant native tree species in
the area. Most ponderosa pine plantations occugpsarhere cordilleran cypress
forests were previously displaced by fires and glraaches. Natural recolonization
by the cordilleran cypress is occurring in largeaar of the forest-steppe ecotone, but it
is uncommon in areas where high density ponderimgggbantations have been
established.

The productivity of ponderosa pine plantationsiisch greater than the
productivity of the native vegetation they replg§8ehlichter and Laclau, 1998). Wood
productivity of native cordilleran cypress on indesely managed stands ranges from
4.5to 11 mha' y* (Loguercio et al. 1999; Loguercio et al. 2005)ctmtrast, annual
wood productivity of ponderosa pine plantationshi@ same region averages 20hm

1 y! (Gallo et al., 2005), and has been reported tasteigh as 40 frha’ y* (Girardin
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and Broquen, 1995). The higher growth rates of porgh pine plantations compared
with native cordilleran cypress in Patagonia sutggseater water use by the pines. In
forest ecosystems, water transfer from soil tcetineosphere is mainly mediated by
vegetation (Unsworth et al., 2004). Therefore,rammaase in transpiration due to a
change in land use could lead to a decrease itahl@aivater for other uses
downstream.

Higher consumption of water by tree plantationspared to natural
vegetation has been reported in other parts oivtiréd (Vertessy and Bessard, 1999;
Vertessy et al., 2002; Farley et al., 2005; Nosettal., 2005). Changes in
groundwater level have also been observed followngification of forest cover (Xu
et al., 2002; Pothier et al. 2003; Jackson et@52Jutras et al. 2006). Based on soill
water measurements, Gyenge et al. (2002) estinlaé¢goung ponderosa pine
plantations in Patagonia used about 90 mm morerwataugh the growing season
than the natural vegetation on the non-forestedcadit steppe. Physiological
comparisons concerning water use among individeabktof ponderosa pine and
cordilleran cypress have been done in the samg ahed (Gyenge et al., 2003;
Gyenge, 2005); however, no previous study has coedphe consumption of water
by forest stands of exotic ponderosa pine withvedibrests.

Although ponderosa pine plantations are maininteld in dense stands solely
for the purposes of wood production, we also evallia low density ponderosa pine
plantation, which had been studied previously seas the feasibility of silvo-pastoral

systems in the region (Fernandez et al., 2002; Gg/enal, 2002). Silvo-pastoral
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systems are not well developed in the region, butla large potential for acceptance
by landowners who traditionally work with grazingsgems.

The main objective of this study was to compaeewvttater use of a high
density ponderosa pine plantation stand (HDPP)egpide-grass silvopastoral stand
(Silvo) against high and low density native coetiéin cypress forest stands (HDCip
and LDCip, respectively) in Andean Patagonia thiotlige growing season. The main
hypothesis we tested was that ponderosa pine pilamddhave higher total annual
transpiration per hectare than native cordillengoress stands of similar density. As
secondary hypotheses, we tested potential mechainhwould allow ponderosa
pine stands to have higher transpiration. Spetiyicae tested whether ponderosa
pine stands: 1) have higher maximum transpiratides; 2) utilize water over a longer
season, 3) deplete soil water to a lower moistargent level, and 4) extract water

from deeper soil layers than native cypress stands.
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Methods

Sudy site

The study was carried out over two growing seagivas October 2004 to
April 2006) in Estancia Lemu Cuyén, Valle de Melimp (40.29° S, 71.13° W), in
Lanin National Park, Patagonia, Argentina. The ipr&tion regime is of
Mediterranean type with approximately 80% of thaewl precipitation occurring
during fall and winter, mainly as rainfall.

Four plots (approximately 0.25 ha each) were ilestan an alluvial plane of
the Caleufu River, at an altitude of 810 m. Soits@eep with a sandy loam texture,
with pebbles and small rocks (mixed with the seditseincreasing in abundance with
depth. Three plots were installed the first ye@0@2005), and were comprised of a
dense stand of 25-year-old ponderosa pine plant@d®PP), a 25-year-old silvo-
pastoral managed stand of planted ponderosa pithegvésses (Silvo), and a natural
pure cordilleran cypress stand (HDCip). The secaat (2005-2006), a lower density
cordilleran cypress plot (LDCip) was establishedaagentle slope at the base of a hill,
which aimed to be more representative of the ndtixest stands that occupy the
hillslopes of the forest-steppe ecotone of theaegin the first year, measurements
started on Decembef'bf 2004, and ended on March™&f 2005, while in the
second year measurements were started on OctotheoflZ005, and ended on April
15" of 2006. Tree densities were 1135, 2662, 350 &8ci@es per hectare for HDPP,
HDCip, Silvo and LDCip, respectively. Bifurcateests were considered individual

trees. Average dominant tree height in all thegpleas approximately 15 m. The main
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criterion used to select the native forest plotBQip and LDCip) was the similarity
of environmental conditions to the plots with pkohpines. Thus, before deploying
the measuring devices, we visually assessed thastgnof the leaf area, height, and
soil type of the native forest plots to the pondarpine plots. Moreover, plots had to
be located within a radius of 500 m from the pondarpine plots.

Due to the intensive measurements and the natdne @equipment required
for this study (e.g., measurement systems for @apdind soil water content requiring
a central energy source and dataloggers), it wapassible to replicate the
treatments. This was a case study, designed taderoetailed, stand-level

measurements of water use in native and exoticgiarels at high and low densities.

Meteorological data

Meteorological data were acquired from a permaneieorological station
installed 7 km from the study plots. A portable ewblogical station was located next
to the permanent station to calibrate sensorslamih an open grassland near the
study plots for 15 days during two different pesdd check for possible discrepancies
in the meteorological conditions between the tweatmns. The permanent station
was a personalized Campbell Scientific (Logan, USA) weather station with
sensors for air temperature and relative humidigigala, CS500) at 1.5 m high, wind
speed and direction (RM Young Wind Sentry, Moddd@B5) at 2 m, precipitation
(TE525MM Tipping bucket rain gauge) at 0.4 m, so&tiation (LI200X
pyranometer) at 2 m high, and soil temperature l(18mperature probe) at 0.05 m

depth. The portable station had sensors for aipégature and relative humidity
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(Vaisala, HMP45A) at 1.5 m high, wind speed (MeeOmstruments, Grants Pass,
OR, USA, model 014A-L) at 2 m high, photosynthdticactive radiation (Li-190SA)
at 2 m high, and precipitation (TE525MM Tipping katrain gauge) at 0.4 m. Sensor
output was recorded every 15 sec and averaged 80aryn with a Campbell CR10X
datalogger. Long term data (23 years of monthlgipration averages) were obtained
from a meteorological station (70 km south of thelyg site) at the Bariloche airport,

managed by the Argentinean National Meteorolodgs&bice.

Leaf Area Index

The leaf area index (LAI) of all the plots wasatdhted using the total leaf
biomass and the specific leaf area (SLA) of tataf larea for each of the plots. The
SLA of cordilleran cypress plots was measured f&thsamples of foliage collected
from full sun and shaded areas of the canopy, ftbrdifferent trees at both
cordilleran cypress plots. Leaf areas were detexthusing ImageJ software
(Rasband, 2006) on digital images of the greeadeli SLA of ponderosa pine was
obtained from Gyenge (2005), who measured thanpatex in the same plots for a
previous study. The mass of the dried samples wesrdined using a 0.001g
precision balance. Total leaf biomass was calcdlapplying allometric equations
described by Laclau (2003) for every tree in thagpthat had DBH larger than 5 cm.
Those equations were developed using trees ofdpaties from different stands

around the region, which included plots at the skoation of this study.
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Transpiration

We measured sap flow continuously using 20 mmteongower thermal
dissipation probes (Granier, 1987). Sap flow sesa@re installed in 15, 18, 18 and
24 trees, randomly selected, in the Silvo, HDPPCldand HDCip plots,
respectively. The sampled trees represented appadely 50 percent of the sapwood
basal area in the plots. In eight trees of the HD®ot that had stems of irregular
circumference, multiple sensors per tree were liestéo check for differences in sap
flow density between the different parts of thevsteigosity (flat, convex and concave
positions). There were no consistent differencesamflow density among the flat,
convex and concave positions of the stem surfalteseAsors were installed in the
outermost part of the xylem at 1.4 m height, onghethern side of the stems. All
sensors were replaced between the two measureeaist gnd new sensors were
installed in different trees or at different pasits in the same tree if no other trees
were available in the plot. At least 10 cm of wvaatiand horizontal distance was left
between old and new sensor installation placem@ntisig of thermal and radiation
insulation (Mexpd!, 9mm) was placed around the stems, covering thsose and at
least 20 cm above and below them, to avoid a tHegradient effect on the stems.
Sensor output was measured every 15 sec and aderagey 30 min with a Campbell
CR10X data logger and AM416 multiplexer. These detee transformed to sap flow
density on a sapwood area basis following Grardi@8T).

Previous studies involving several tree speciaaddigher sap flow density in
the outer part of the sapwood area than in the zlwser to the heartwood (e.g.

Cermék and Nadezhdina, 1998; Jiménez et al., 2600e et al., 2002; Nadezhdina et
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al., 2002; Delzon et al., 2004; Ford et al., 20@&counting for this decline in sap
flow density across the stem is particularly impattfor ponderosa pine because it has
a large sapwood depth, usually more than five titheglepth of the sap flow sensors
in the trees of this study. Therefore, at the dngbth seasons (beginning in January
16" in 2005, and in March 1in 2006, for a minimum of 15 days) sapflow sensors
were installed at several depths in four treeo#t the HDPP and the Silvo plots.
Sensors were installed in depth by drilling a 16 diameter hole until the desired
starting depth to make the measurement. Initigiyisors were installed at increasing
depth in a spiral up the stem, incrementing thetdbptween each sensor by 1cm
(sensors depths were: 0-2; 3-5; 6-8; 9-11; 12-1p Gims pattern of sensor
installation proved inappropriate due to heat bupdduring the night. Heat
interference between sensors was verified by thease in temperature during the
night in unheated sensors. To remove heat interéeramong sensors, only three
sensors per tree were left heated. In the secoadoydy two or three sensors were
installed per tree, depending on the sapwood daptbur other ponderosa pine trees.
Similar to other authors’ findings (Ford et alD02; Fiora and Cescatti, 2006)
the ratio between the instantaneous sap flow des%if the outmost and inner sensors
was variable among hours of the day and treesedoce this variation, ratios
between the outermost sensor and the inner sewsoescalculated using the daily
values from each sensor. The position of the sap $ensor was normalized by the
total sapwood depth to make comparable the ragbgden sensors in trees of
different sizes. Although the best fit was givenab§aussian function, it improved the

Pearson’s7by only 3% compared to a simple linear equatidrer€&fore, for
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simplicity a linear decrease function was usedrtukate the radial variation of sap
flux density across the stem (Figure 2.1). Sapwaegath in the cordilleran cypress
trees is much shallower than in ponderosa pinely@&xceeding four centimeters.
Consequently, the amount of error that could belpeed by not accounting for the
radial decline in sap flow density is much lowecypress than pine. The same
relative radial decline function was used to sirreiladecrease in sap flow density in
cordilleran cypress stems as in ponderosa pinesstem

Sapwood depth was measured by taking incremeasdoym 30 trees of each
species growing adjacent to the study plots. Spespecific allometric equations
derived from those measurements were used to aegdcille sapwood area of trees
inside the plots. Sapwood area per ground arexalaslated through measurement
of the diameter at breast height (DBH) of all treest in the plots.

By integrating the sap flux density across thenstea 1 cm increase in
sapwood depth, the following function was derivedalculate a radial correction

multiplier, depending solely on the stem radius.

2 [(r-ri)? - (r-rien)® 1% (ri- r)/(ro-rn)

{rr)°

where r is the radius of the cambium from the pitlis the radius of the heartwood
from the pith; g is the radius of the outmost sap flow sensas, the radius from the
pith of the i iteration.

The following equation was used for scaling trarajon to the stand level:
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E =Bpw * J* SAI

where E is transpiration at the stand Ie{B@S;the radial correction multiplier for the

average DBH of the stang,, is the density of water; i3 the average sapflow density

of the stand; SAl is the sapwood area per groued. a

The lengths of the measurement periods were diitan the two years; the
second year measurements were started a monthlaiflearlier than the first year
and ended a month later. Therefore, in order topayetotal seasonal transpiration
between the two years, estimates of total transpiravere standardized to a 180-day
period from the middle of the spring to the middfehe fall (the “transpiration
season”). All the daily values throughout this pdrof time were added to get the
total transpiration for each season. Missing daglijes within the measurement
period (<2% of the data) were assumed to be equakt30-day average around the
day of the missing data; missing daily values fa beginning and the end of the first
year, when there were no measurements availabte, agsumed to be equal to the
average of the first and last 15 days of measuagal flom that same year,
respectively. Data from the second year of measemggrsuggested that this was a

reasonable assumption.

Soil water depletion
Multiple sensor, frequency domain capacitance p¢Bentek EnviroSMART, Sentek

Pty Ltd., Adelaide, Australia) were used to continsly monitor volumetric soil water
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content; data were recorded every 15 seconds antrifie averages were stored in a
CR10X Campbell Scientific datalogger. The Senteksneement system employs
long probes, which are inserted into 5.5 cm diam@Y&C casings; the casings, in turn,
are installed in holes augured into the soil. Qubps were 2 m long, with six sensors
per probe at 10, 20, 40, 80, 140, and 180 cm dethise first year, we used four
probes randomly distributed in each of the thre¢splin the second year, we used
three probes in each of the four plots. In the LibQlbt we could not use the 180 cm
sensor due to shallower soils.

Daily average soil water content was determinectfmh sensor, and soil water
depletion was calculated as the difference betvgeenessive days. We calculated the
total volumetric water content through the 2 m Hegfteach probe assuming a linear
gradient of soil water content between sensors.

Gravimetric measurements of soil water content warded out during the second
season to perform a site-specific calibration ef@entek EnviroSMART sensors. A
total of 642 soil samples were collected with ageawat approximately 60 cm from

the probes, at intervals of 20 cm up to a depth6® cm, every two to three weeks
throughout the second year of measurements. Samplesdried at 108C. The

calibration equation used was:

WCs= 1.0752 * WGy + 4.766, =0.7297, P>0.001.
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where WGgsis the percent of volumetric water content derifredh soil samples;
WCs is the water content reported by the Sentek sensing the manufacturer’s

calibration.

Reference Evapotranspiration

The FAO Penman-Monteith method was used to cdkwkues of “reference
evapotranspiration” (Efy) following the procedure detailed in FAO Irrigatiand
Drainage Paper 56 (Allen et al., 1998) for dailyneltic data. E'Esrepresents the
maximum potential evapotranspiration of a hypottatieference crop, with no water
deficiency, growing under the same meteorologioalditions as measured in the field

site.
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Results

Stand structure was markedly different betweerhtgke and low density plots
and relatively similar between plots of similar digy (Figure 2.2). LAl was
approximately doubled in the high density plotd (@d 9.0 for HDCip and HDPP,
respectively) compared to the low density plot§ @hd 3.1 for LDCip and Silvo,
respectively; Figure 2.2). Basal area was 97, @05 and 27.5 frha* for HDCip,
HDPP, LDCip and Silvo, respectively, while sapwarda was 43.7, 59.7, 21.7 and
25.9 for HDCip, HDPP, LDCip and Silvo, respectivalgsulting in a lower leaf area
per sapwood area in ponderosa pine (0.15 and 07 t2nthfor HDPP and Silvo,
respectively) than in cordilleran cypress plot@{0xf cmi? for both HDCip and
LDCip). For any particular measure of stand densityh density plots were about
twice the value of the low density plot for the saspecies. Comparability of densities
between species was based on the similarity of Halwever, high and low density is
used throughout the manuscript as a qualitativergesr of the plots and not as a
variable causal of response.

Precipitation was different between the two grayweasons. While the total
cumulative precipitation from June to July was ob\..3 mm for the two years of
measurements, summer precipitation between NoveamrseMarch was 154 mm
greater in the second year (2005-2006) (Figure R18)jeover, the first (dry) and
second (wet) seasons of measurements correspamtheitower and upper limits of 1

standard deviation of the 23-year mean summer gtaton.
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The HDPP plot had the highest total cumulativagparation of all the plots in
both years. Total estimated transpiration for theyegar (2004-2005) was 479.4,
361.6 and 332.9 mm for HDPP, HDCip and Silvo, resipely, compared with 901.6
mm for ETer. Total estimated transpiration for the wet yef056-2006) was 657.8,
402.3, 394.8, 252.7 mm for HDPP, HDCip, Silvo aria(dip, respectively, compared
with 851.7 mm for EL+.

As a consequence of more cloudy, rainy and coodather the second year,
ET. decreased by 6% between the first and second iearever, all of the plots
showed a notable increase in total transpiratigdh@énsecond year. Total transpiration
increased by 37%, 11% and 19% for the HDPP, HD@gSilvo plots, respectively,
between years one and two, thus enhancing thedliite in transpiration between the
HDPP and the rest of the plots.

During both years, Ed; was greater than the actual transpiration ratalfadhe
sites throughout the whole season (Figure 2.4)irguhe dry year, the daily
transpiration rate of HDPP was greater than HD@psgfor the first two thirds of the
measurement period. The Silvo plot had lower dadyspiration rates than HDPP and
HDCip until the middle of the summer. Over thiséntranspiration rates in the HDPP
and HDCip plots steadily declined, while the trarejpon rates of the Silvo plot
remained relatively unchanged. In early Februaandpiration rates of all plots were
fairly similar (Figure 2.4); thereafter, the Silptot had higher transpiration rates than
both HDPP and HDCip plots until the beginning df thll rains in March.

In the wet year, HDPP had the highest daily traatipn rates throughout the

whole growing season, and the LDCip site had theest. The Silvo and HDCip plots
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showed a pattern of seasonal transpiration sirtol#iie previous year, but the Silvo
plot transpiration started to be higher than thea#iD10 days later than the previous
year (Figure 2.4).

To compare the length of the “transpiration seasomong plots, we expressed
transpiration rates as a percent of the daily marinof each season for each site, and
arbitrarily defined as the end of the season whente daily values dropped and
remained below 30% of the season’s maximum. There wo consistent differences
in length of the transpiration season among sitegwlar densities using this
criterion. While in the dry year the transpirateeason was 15 days shorter at HDPP
than at HDCIip, in the wet year the season was 6 ldamger at HDPP than at HDCip
(Figure 2.5). In both years the Silvo plot hadlatreely high and steady rate of
transpiration despite the summer drought periodlediDPP and HDCip rates were
consistently decreasing. No differences were oleskenv the length of the season
between the Silvo and the LDCip plots.

Despite the high frequency of rains in the winieet at the beginning of
measurement periods of both years there was ledsstol water to 1.8 m in HDPP
than in all the other plots (Figure 2.6). The loweil water content in HDPP persisted
for the whole season in both years. This coulddwesed by incomplete refilling of the
soil during the winter of the water used by the HLOR the previous year, by greater
water use in springtime before the measuremenbgeor by a lower water holding
capacity of the soil. The latter is less likelyht@ave occurred given the proximity of the

plots and similarity in parent material of the sofror all plots, the amount of soill
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water available at the beginning of the measuresngattiod in the first (dry) year
averaged 100 mm lower than in the second (wet). year

Water depletion was observed simultaneously ahalisured depths for all
sites in both years (Figure 2.7); the amount olewatithdrawn from deeper layers
increased as the water content in upper layeredsed. However, water was depleted
from deep layers of the soil even when there wasnmavailable near the surface.
From the initiation of measurements until the freh event in the dry year, more than
60% of the depleted water was supplied by thelapdrs below 80 cm. In contrast, in
the wet year more than 60% of the total amountsefluvater came from the upper 80
cm.

The soil water content measurements showed timdallavas the only
significant input of water into these systems, whadowed us to perform a mass
balance analysis to compare water depletion frarstils with water use by trees,
estimated from sapflow measurements. In genemlmbasured amount of water lost
from soils to 180 cm depth exceeded the amountavémiranspired by the trees
(Figure 2.8). This is because our measurementsatidccount for all of the pathways
of water leaving the soil, such as deep seepades\aporation or transpiration by
herbaceous plants. On the other hand, in HDPP thasean apparent net negative
balance between soil water depletion and transpiré both growing seasons
(Figure 2.8). The unbalanced water budget in HD&Rdcbe explained by a higher
extraction of water below 1.8 m deep by deepersraothe HDPP plot. The average
daily differences between soil water depletion sapl flow were -0.98, 0.33 and 0.16

mm d*for HDPP, HDCip and Silvo, respectively, in thesfiyear, and -0.44, 0.48,
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0.65, -0.25 for HDPP, HDCip, Silvo and LDCip, resfreely in the second year. In
the early season of both years in Silvo, soil wdegletion exceeded tree water use
(Figure 2.8), most likely due to transpiration loé tgrasses and evaporation from the

soil.
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Discussion

In an effort to reduce the net loss of forest afegentina has been actively
promoting forestry plantations with exotic fastgrog species through subsidies and
tax exemption policies (Laclau, 2003). The incraageroductivity by the introduction
of fast-growing species occurs at the cost of wagsources in many situations (Van
Wilgen et al., 1996; Vertessy and Bessard, 1998ut al., 2002; Jackson et al.,
2005; Nosetto et al., 2005). This cost is partidylenportant for places where water
is a limiting resource, such as in Mediterranearsgstems like the forest-steppe
ecotone of Argentinean Patagonia.

In Northern Argentinean Patagonia, ponderosa pvh&h is native to the
western states of the United States of Americasesl in over three quarters of
afforestation projects (Gallo et al., 2005). Poondarpine plantations have
approximately 4 times the productivity of nativeditieran cypress growing in
optimal conditions (Girardin and Broquen, 1995; uergio et al., 2005). As carbon
uptake and water loss by plants occur mainly thinahg same pores, the stomata, we
hypothesized that transpiration of ponderosa pioelavbe substantially greater than
that of cordilleran cypress growing under similanditions.

As expected, our measurements showed greaterf wsday resources
throughout the year by ponderosa pine compareuketoative cordilleran cypress
plots growing under similar conditions and comp&gaddvels of stand density.
Differences in transpiration among stands were ecd during the year with higher

precipitation during the summer, when all the pfotlowed a seasonal transpiration
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pattern similar to a crop with no water limitationghile in the dry year HDPP had
33% greater total transpiration than the HDCipt therence was almost doubled
(64%) during the year with relatively moist summenditions. As potential
mechanisms for an increase in total annual waterws tested the hypotheses that
ponderosa pine had higher transpiration rates¢bedtilleran cypress, and/or that it
utilizes water over a longer season. Either ofé¢legotheses implies that ponderosa
pine is able to utilize soil water resources thiatreot used by native forests.
Alternative possibilities are that ponderosa pioel@d access water from deeper soil

layers, and/or that it could deplete soil waterteanto lower levels of soil moisture.

Transpiration rates

The greater total water use by ponderosa pindailans compared to native
cypress stands was associated with higher maximamsgiration rates throughout the
transpiration seasons. Moreover, at comparabléd@festand density, transpiration
rates of ponderosa pine were always higher tharofr@rdilleran cypress, suggesting
a higher maximum stomatal conductance of pondeigatrees given the similar
LAI for pine and cypress forests at comparablelkwéstand density.

Stand-level maximum transpiration rates in the ROt of this study were
from 1.6 to five times greater than the values rgabfor ponderosa pine forests in
North America (Anthoni et al., 1999; Ryan et aD0Q; Law et al., 2001; Irvine et al.,
2002; Kurpius et al., 2003; Irvine et al., 2004n8nin et al., 2007).

The increase in transpiration rates between theud the wet year were

noticeably greater in the high density pine comgaoethe high density cypress (37%
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and 11% increase, respectively), suggesting theastcapable of utilizing water
resources at a faster rate when they were availabtethat it was more sensitive to
drought than the native forest. This could imphkgk interannual fluctuations in
productivity of ponderosa pine plantations compdoedative cordilleran cypress
forests. The differences in measured transpirdigiween the two years may be
explained by a much larger depletion of water ftbm surface soil layers during the
early to middle spring of the dry year (2004), ebefore our measurements were
initiated. The lack of rainfall throughout the griogy season kept the upper soil dry.
This result is consistent with results reportedNgrren et al. (2005), who found that
the amount of water used by ponderosa pine wasgyradependent on water
potential at 20 cm of soil depth, even when theas abundant water available to
deeper roots. A potential explanation for this grattis that the early depletion of soll
water content during the dry year could have led thange in soil-root resistance
through the remainder of the season. It is welvkmehat soil water conductivity
decreases exponentially with water content depidigaxton et al., 1986; Brandyk et
al. 1989). Furthermore, as the upper soil layecolne depleted of water, the active
root surface area to leaf area ratio also decregtaesincreasing the total resistance of

the water pathway.

Length of the transpiration season
In a Mediterranean climate, where summer predipitas low, the length of
the transpiration season is often determined byadfa® amount of soil water that is

available in the soll. It is possible for two specwith similar rates of stand-level
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transpiration to have different annual water usagae of them can sustain
transpiration longer into the summer drought pertidilarly, it is possible for two
species with different maximum transpiration ratekave similar annual water usage.
A possible consequence of high maximum transpimatabes, such as in the dense
ponderosa pine plantation of our study, might Bb@tened period of active
transpiration, which would ultimately result in gian total water use by the different
stands, only distributed differently over time. Hawer, for the pines to acquire more
water over a similar length of season as the natess would require an ability to
extract water either at lower tensions or from tgedepths.

Our results showed that the length of the traasipin season was similar for
the high density ponderosa pine and native cordileypress plot. The greater
transpiration by pines was not simply a result tdrager period of transpiration. Also,
there was no evidence of a tradeoff between hayspiration rates and a shorter
season of transpiration. The ponderosa pine tress Inave been able to extract more
water from the soil throughout the season.

We did find different lengths of transpiration seas between the high density
pine and the silvopastoral plots during the dryryeden the HDPP showed signs of
water stress and the Silvo did not. Moreover, aitfiothe silvopastoral and high
density cypress plots used approximately the sataéamount of water throughout
the season, the silvopastoral plot followed temipmead similar to that of a crop with
no water limitations (E;L;) throughout the summer, while the high densityregp
stand sharply reduced its rate of transpiratioiésecond half of the summer. This

pattern of sustained transpiration in the silvopadtplot throughout the drought



32

season is consistent with a previous study, whidwed that ponderosa pine trees
growing in low density plantations in Patagonia @& to sustain consistently high
transpiration rates from spring to autumn (Gyenga.e2003). During the second
year of measurements when water was more pleraifidtands followed the E&F

temporal trend more closely.

Access of water from soil layers

As the input of water to these ecosystems is mambugh precipitation
during the winter and fall, a higher total annuwahspiration can imply greater
extraction of water from soil reserves. We examitvea hypotheses (not mutually
exclusive) as possible strategies for ponderosatpinvithdraw more water from the
soil than cordilleran cypress: deplete soil watartent to lower levels of soil
moisture; or extract water from deeper soil layers.

Concerning the first strategy, the soil water eahtdata gave us contradictory
results. Although the high density pine plantatmaed up with a lower level of soill
water content in both years than the high densjityess, the low density silvopastoral
plot had a higher level of soil water content tkfaa low density cypress at the end of
the season. Our results suggest that ponderosam@nedeed able to deplete water to
a lower soil water content level than the nativeddleran cypresses, but that the
available soil water was sufficient to last throaghthe season for the pines in the
silvopastoral system.

To investigate the second hypothesized strategyneasured the soil water

content at six depths continuously over the twonginoyears, to a maximum depth of
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1.8 m. The relative contribution of each soil stratto daily total water depletion did
not show any conclusive pattern of differential @aise by depth per species,
suggesting that both species could access water aii.8 m of depth.

However, a mass balance examination of the watde in our study plots
suggests another interpretation. In the two cyppésts there was a close match
between estimated depletion of water from theaudl total use of water by trees.
However, in the high density pine plot, transpoatestimated from sapflow greatly
exceeded the soil water content depletion estinfabed measurements in the 1.8 m
soil profile. This difference between the soil walepletion and sap flow estimates
suggests that approximately 33% in the dry year2#8d in the rainy year of the total
annual water consumed by trees in the high depsity plot was extracted by deep
roots below 1.8 m (the maximum measured in thidygtun the case of the
silvopastoral plot, the reverse situation occuatthe beginning of both seasons; soil
water content depletion exceeded estimated watebysrees. This is likely due to
evapotranspiration from soil and grass. If true, plartitioning of water resources in
the Silvo plot over the season would amount to ®%anspiration by trees and 16%
of evapotranspiration from soil and grasses. #i$® possible that deep drainage could
have accounted for some additional soil water kgs¢he silvopastoral plot.

The mass balance approach supports the hypothasisonderosa pine can
access soil water from deeper soil layers tharcoadilleran cypress. Schulze et al.
(1996) in a study along a precipitation gradienfPatagonia also found that although
native woody species had deep roots, they didindtuse of water from deep soil

depths. Despite the fact that their conclusionsvaderived from a period of time
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when water was available at the upper layers o$dhleit suggests the possibility that

native woody vegetation in Patagonia makes limiteel of deep soil water resources.

Management implications

Despite the limited scale and scope of this cas#ysour results emphasize a
need for caution when planning afforestation prgjet large scales. The management
practices used in the high density ponderosa dargation plot in our study are
representative of those used in ponderosa pinggtians throughout Northwestern
Patagonia, Argentina. If the differences in traremn between treatments found in
our study were extrapolated across a large rethenncrease in evapotranspiration
due to conversion of native forests to high densttgderosa pine plantations could
have a large impact on water resources.

Exports of groundwater from this region are patady important for large
areas of Argentina that get water from the rivergioating in this mountainous area.
The dominant winds in this region come from thetwesrrying humidity from the
Pacific Ocean. The rain shadow effect of the Anmsses a dramatic precipitation
gradient from west to east, with annual precipiatf 4000 mm at some spots at the
border between Argentina and Chile declining to 800 at the extra Andean mesa
only 100 km away from the highest peaks. Precipiatemains consistently low
across the mesa to the Atlantic coast, where nfakeexcess water from the
Argentinean Patagonian Andes is discharged. Albigglong path, water from the
Andes provides critical services for the rest @f tountry, such as hydropower, which

provides approximately 32% of the power consumptibthe country, and irrigation
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of around 130,000 ha of agricultural land in theyimces of Neuquén and Rio Negro
(Fiorentino, 2005).

At the watershed scale, runoff water from foresteshs is particularly
important for the traditional long-established aityi of sheep grazing (Paruelo et al.,
2000; Nosetto et al., 2006). The most valuable@oductive areas in the region for
grass production are wet meadows called “malliri€slluscio et al., 1998; Paruelo et
al., 2000) usually located in the bottom of thdesysd where there is an input of
groundwater from the uplands (Gandullo and Sch&00,1; Nosetto et al., 2006).

This study highlights the potential to reduce ¢basumption of water by
ponderosa pine plantations through managemenanfl stensity at least up to levels
that native cordilleran cypress may achieve inréggon. Further studies are needed to
assess potential management practices that wadddea sustained reduction in leaf
area along the rotation period. Moreover, it wdnddcritical to explore the potential
change in water use efficiency with stand densitgrder to be able to optimize the
land use for both wood production and water coregern. Furthermore, although this
study focused on estimates of evapotranspiraticoutih sap flow and soil water
depletion, there are other aspects of the hydrologgle that could be different
between the native cordilleran cypress foreststaadast growing exotic conifers. We
are conducting parallel studies to elucidate pdssilfferences in rain interception
and stemflow dynamics by the different types ohdta what will help to close the

water budget for the different systems.
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Figure 2.1 - Radial decline of sap flow density acrossthe stem. X axis represents

the relative distance from the heartwood (x = Ghevcambium (x = 1). Y axis
represents the daily sap flow density ratio of msensors relative to outermost sensor
in the same tree. Each data point is a fifteen dagsage. Error bars represent
standard errors. Dotted line represents the hbefsiniction tested, and solid line
represents the linear decline used in this stugyggnircle represents the average

position of the outermost sensors used as refesence
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Figure 2.4 - (continued) (normal dry summer season). Lower chart is 2005530t
summer season). Open circles represent the pdteméipotranspiration, solid
triangles HDPP, grey triangles Silvo, solid line €lip, and dotted line LDCip. The
response to greater soil water content availaliityhe second year was more
pronounced in the ponderosa pine sites (both HDRIFSdvo). Note that in the

second season measurements were started eatler $pring.
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Figure 2.5 (continued) season per site per day. Etref was standardized relative to the
maximum calculated ETref rate of each season. Uglpet is season of year 2004-
2005 (dry summer year). Lower chart is the 200562Q02t summer year). Open
circles represent the potential evapotranspiragsohd triangles HDPP, grey triangles

Silvo, solid line HDCip, and dotted line LDCip.
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Figure 2.6 - Total soil water content (mm) of water stored in the soil up to 180 cm

deep per sitefor both seasons. Calculated from daily averages of volumetric water
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Figure 2.6 (continued) content measurements from 3-4 probes per sitesgnsors
per probe at different depths (10, 20, 40, 80, d4d 180 cm from soil surface). Solid

triangles represent HDPP, grey triangles Silvaddote HDCip, and dotted line

LDCip.
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Figure 2.7 (continued) measurements. Blank areas represent periods without

measurements, or rain events plus two days, whaterwepletion was not calculated.
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Figure 2.8 - Mass balance analysis. Difference between soil water depletion and
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Figure 2.8 (continued) sapflow estimates of water use (mif).dPositive values
represent a higher estimate of water depletion soihmeasurements than
transpiration estimates from sapflow measurem@&ukd triangles correspond to

HDPP, grey triangles to Silvo, solid line to HDCgmd dotted line to LDCip.
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Abstract

In the forest-steppe ecotone at the base of tlie&iMountains in northwest
Patagonia, Argentina, lands that were originalgactkd for livestock grazing are now
being converted to plantations. Exotic ponderosa |i#inus ponderosa Doug. ex.
Laws) is being used in over three quarters of afftation projects in the natural
distribution area of cordilleran cypregsuétrocedrus chilensis (D.Don) Pic. Ser. et
Bizzarri). Previous studies found that seasonalkspaation in ponderosa pine
plantations was between 33 to 64 % greater tharoflfwrdilleran cypress under
similar growing conditions. Despite transpiratigpitally being the largest
component of evapotranspiration (ET) in closed pgrforests, evaporative losses of
rainfall water intercepted by the canopy) @ould account for a large proportion of ET
in forest ecosystems. The structure of the canopitlae morphology of leaves are
very different between ponderosa pine plantationsardilleran cypress stands,
suggesting that there may be potential differemtdés The primary objective of this
study was to test the hypothesis that intercepifaminfall is greater in native
cordilleran cypress stands than in planted pondegpo®e forests at similar leaf areas.
We also sought to compare the combined effectamispiration and interception loss
on water balance in these two forests located iriféon Argentinean Patagonia.
Additionally, water storage capacity of cut brarckes measured in the lab. We
found that the lof cordilleran cypress stands was much larger thanof ponderosa
pine stands. Total annual canopy ET did not difiestween species, but was higher in

high density plots as compared to low density plots
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I ntroduction

Since the beginning of the last century, the ratiarests in Argentina have
been dramatically reduced (Merenson, 1992; SAyD86 In just the last decade,
the loss of natural forests was estimated to Begisas 200,000 ha y{Montenegro
et al., 2004; UMSEF, 2007). To reduce pressureabuaral forests, plantation forestry
using fast-growing species has been proposed akeginative to logging native
forests (Sedjo and Botkin, 1997; Hartley, 2002;isvand Turnbull, 2004). In this
way, the productivity can be maintained by increggiroductivity in certain patches
of the landscape, while leaving the others untoddbeconservation. Following this
rationale, the Argentinean government has beemedgtpromoting the expansion of
forest plantations for the last three decades (SXGR999; Laclau, 2003).

Although the use of fast-growing species couldioedogging pressure on
native forests and at the same time support ra@@nies, this change in land
vegetation cover could bring its own environmegtats. For water resources in
particular, this vegetation change could reducehraént water yields through an
increase in evapotranspiration (ET; Vertessy, 20@0kson et al., 2000; Nosetto et al.,
2005). In order to minimize the potential negaiimpact on the regional water cycle it
is necessary to understand how changing the végetgpe will alter ET.

In the forest-steppe ecotone at the base of tlie&iMountains in northwest
Patagonia, Argentina, lands that were originalgactkd for livestock grazing are now
being converted to plantations. In this area wigtarcrucial limiting resource, and

exotic ponderosa pin®inus ponderosa Doug. ex. Laws) is being used in over three
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qguarters of afforestation projects (Gallo et 002, Sarasola et al., 2006). Little or no
regeneration of the native cordilleran cypre&ssi(rocedrus chilensis (D. Don) Pic.
Serm. et Bizzarri) occurs in typical ponderosa pimder plantations. To date, only
around five percent of the total amount of landatle for afforestation has been
planted (SAGPyA, 1999), but there is large potémtiaexpansion of plantations in
the region (Schlichter and Laclau, 1998; Laclau Andenmatten, 2005). Knowledge
of the differences in ET between cordilleran cyprasd ponderosa pine will help land
managers evaluate the potential tradeoffs betwesmtywroduction and impacts on
water resources before plantations become widedprea

In water-limited ecosystems, a large proportioamfiual precipitation is
returned to the atmosphere as ET, regardless ofetipetation type, leaving a
relatively small proportion available for runoff sseamflow (Zhang et al., 2001;
Wilcox et al., 2003; Le Maitre, 2004; Huxman et aD05). ET has three components,
evaporation (E) of water from the soil surfaceermeption loss () of precipitation
and subsequent evaporation from the wet canopytrandpiration (T) which involves
uptake of water by roots, transport through stemfsltage, and evaporation from
leaves through stomata. Changes in the partitipafrET among these components
can have a critical impact on productivity, sin@nspiration is the only flux of the
three that is directly related to productivitymibre water is available for transpiration,
stomata can remain open for longer periods of amakleaves can assimilate more
carbon through photosynthesis.

Transpiration is the dominant pathway of watenfraoil to the atmosphere in

closed canopy forest ecosystems (Unsworth et@D4 In a previous study, we
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found that transpiration in ponderosa pine plaotegtiwvas between 33 to 64 % greater
than that of cordilleran cypress under similar grmaconditions and stand density
(Licata et al., in press). Despite transpiratigpidally being the largest term in ET for
forests, | is often the primary source of differences in EToagforest ecosystems
(Crockford and Richardson, 2000). Among the thmamonents of ET, lis the least
studied (Savenije, 2004), and the potential impégionderosa pine plantations qn |
and consequently on ET partitioning, is unknown.

I_ is likely to change when the structure of the ggnor the morphology and
distribution of leaves changes (Pypker et al, 2B0&erts, 2007). These
characteristics can vary greatly, as is the casedss planted ponderosa pine and
native cypress forests. Ponderosa pine plantatisnally have a homogeneous
distribution of tree crowns that would likely resinl a different aerodynamic
resistance than the more heterogeneous nativessyptands. Moreover, pine needles
are longer (~15, 0.5 cm for ponderosa pine andiltenah cypress, respectively) and
have smoother surfaces than the scale-shaped lebweslilleran cypress, which may
affect canopy water storage capacBy These structural and morphological
differences between the two forest types are likelyyanslate into differences in |

The primary objective of this study was to test llypothesis that interception
of rainfall is greater in native cordilleran cypsegands than in planted ponderosa pine
forests at similar leaf areas. We also soughotopare the combined effect of trees
transpiration and interception loss on water badndhese two forests located in

northern Argentinean Patagonia.
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Methods

Field Ste

The study site is in northwestern Patagonia, Aigar(40.29° S, 71.13° W).
Average annual rainfall (1980-98) at the site igragimately 800 mm (AIC, 2005)
with a Mediterranean weather regime, where appratety 80% of the annual
precipitation occurs during fall and winter, mosly rainfall. Maximum and minimum
annual average temperatures are 17.1°C+0.5(SBE)‘@xR.1(SE), respectively. Soils
are deep (> 1.8 m) with a sandy loam texture arallgmebbles.

Four forest plots were installed in the CaleufueRivalley, at an altitude of
810 m. Treatments consisted of a high density pasadepine (HDPP), a low density
ponderosa pine with grass understory (LDPP), a degtsity cordilleran cypress stand
(HDCip), and a low density cordilleran cypress dtéoDCip). Cordilleran cypress
stands were the result of natural regenerationredsethe ponderosa pine stands were
planted for both timber production (HDPP) and timéied pasture production
(LDPP). The size of each of the plots was approteigal00 nf and 200 rhfor low
density and high density plots, respectively. Plagse assessed visually and selected
within larger stands based on leaf area, heiglut sail type. All plots were located
within a radius of 500 m of one another. Despifeedences in the number of stems
per hectare and basal area among the plots, leafirdex (LAI) was similar between
plots with the same stand density (e.g., low dghditigh density plots had
approximately double the LAI of low density plotstbe same species (Table 1).
Although the plots were carefully selected to milsir to those commonly planted in

the region, the current study was installed asqfaah existing trial that does not
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replicate treatments. Thus, the results shoulcbbsidered a case study and not as
representative of all ponderosa pine plantatiofdWh Patagonia. This study was
designed to provide detailed, stand-level measun&sred water fluxes in native and

exotic pine stands growing under the same envirom@heonditions.

Meteorological data

Half hourly values for relative humidity, air teemature, wind speed, solar
radiation and gross precipitation were measured pgrmanent low-maintenance
meteorological station within 7 km of the studytpland daily values were obtained
from two highly maintained meteorological statidosated in the closest city to the
study site (Bariloche, 70 km south of the studygloVe also used a portable
meteorological station which was placed near thermaintenance station and in an
open grassland near the study plots to check fesiple non-random discrepancies in
the meteorological conditions between the low-neaiahce station and the study

plots.

Potential Evapotranspiration (PET)

Daily potential evapotranspiration (PET) was chdtad following the FAO
Penman-Monteith method as detailed in FAO Irrigaand Drainage Paper 56 (Allen
et al., 1998) for daily climatic data. PEdpresents the maximum potential
evapotranspiration of a hypothetical reference cnath no water deficiency, growing

under the same meteorological conditions as measuthe field site.
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Net and Gross precipitation

Two independent measurement methods were emptoyeéasure
precipitation above (gross precipitatior;) Rnd below the canopy (net precipitation,
Pn) in the study plots: manual rain gauges (MRG) tpyping buckets with troughs
(TBT). Manual rain gauges were used for measuoie precipitation data from
individual rain events, whereas tipping bucket®rded cumulative precipitation
every 10 minutes.

The manual rain gauges were employed in arragsé &fVC pipe rain gauges
per plot. An additional set of 30 roving rain gasigeere moved from one plot to
another to check the accuracy of the permanentegaWgater collected from the
gauges was measured manually in a 100 ml gradagtiedler to a resolution of 1 ml.
The collection area for each gauge was 86.7 Gross precipitation was measured
with five rain gauges placed in a 50-m-wide fire¢ adjacent to the plots having a
North-South orientation. To reduce the potentigdaict of evaporation on the gauges
in the open fire cut, each was surrounded witteogifre insulation material (Mexpal
9 mm). Measurements were taken on all plots afteryerain event, from December
4™ 2005 to May 26 2006.

The second method consisted of two sets of fimainig buckets (model
TE525MM, CSI, Logan, UTyvith custom-made troughs and collectors, plus an
additional tipping bucket located in the open. lasiwere set at 45 degree angles
(relative to the ground), and consisted of two 280long PVC tubes, each with a
~1.75 cm wide and 175 cm long opening cut intottipeof the tube. Once cut, the

width of the slot was measured every 10 cm to ately calculate the collection area
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of each trough. Since only two plots could be mea$at the same time, we measured
the HDPP and LDCip plots first and the LDPP and Hbi@ter.

Evaporation of collected water and flow distortmfrprecipitation by wind are
the most important factors creating systematicrsrirorain gauge measurements
(Michelson, 2004). Both factors would be expectadeha larger effect on the rain
gauges located in the open area, resulting in engpiat underestimate ofsP
Underestimation of would in turn generate underestimates of interoadbss (1)
at all the sites, as the samgWRlue was used for all the sites. A rough estiratbe
potential error that wind speed distortion coulgtdgenerated (based on Michelson,
2004) was as high as 10.1 % under average windigge@6 m &) and low intensity
rainfall (0.5 mm hi') conditions typical at our site. However, ourdsults were
higher than those published in the majority of fairinterception studies (Carlyle-
Moses, 2004, Llorens and Domingo, 2007), indicativgg it is unlikely that our
results underestimatesPFurthermore, even if we underestimategddur conclusions

would not differ.

Semflow

We performed preliminary measurements to evalietémportance of
stemflow in our study plots. If stemflow is notcacinted for explicitly, our
measurement approach will overestimateStemflow measurements were made on
five trees in each of the HDPP and LDCip plots gsir2 cm diameter garden hose cut
in half longitudinally and attached in a spiralifem around the stem of the trees. The
bottom of the hose fed into a plastic containernefstemflow water was collected.

We found that stemflow represented 3% and 1.5%adgprecipitation for ponderosa
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pine and cordilleran cypress, respectively. Thedees are relatively small and only
slightly increase the differences in interceptiosses found between species.

Consequently, we did not pursue these measurerutiter.

Canopy hydrologic parameters

A simplified version of the Gash model (Gash, 1,948k et al., 2004; Pypker,
et al. 2005) was used to calculate interceptiosdssThis model requires knowledge

of canopy hydrologic parameters, such as canopggdccapacitys), direct

throughfall(p) and average evaporation rate to rainfall rate (éz’l_?). A system of

two linear regressions was fittedRg vs. Py (Figure 3.1) and was used to calculate the
canopy hydrologic parameters that regulate raiifitédirception losses, as explained in
the mean method in Klaassen et al. (1998) forgaumges, and similarly applied in
Link et al. (2004) and Pypker et al. (2005) fopiipy bucket data. This approach was
used to fit the results from the manual rain gayyRG; each point being an
individual storm event), and the tipping bucketthwiroughs (TBT; each point being
the ten minute average of the cumulative precipmat The first linear regression
corresponds to the pre-saturation period for th& @Bta (i.e., the small storm events
insufficient to saturate the canopy and be colgkatehe MRG) and has only one
parameter (the slope;). The second linear regression corresponds tpdke
saturation period of the rain event for the TBTad@ir the storm events sufficient to
saturate the canopy for the MRG data), and hagpawameters (slope and intercept,
andb,, respectively).

Therefore, canopy hydrologic parameters were tatied as follows:
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Direct throughfall (p):

LDp=a

Average evaporation rate to rainfall rate raﬁdﬁ):

(2)ER=1 -2

Canopy storage capacity (S), assuming evaporatianglwet-up:

(3)S=-b,

Amount of gross rainfall necessary to saturatectreopy Ps):

)
(4) Ps=
al_bZ

Maximum Storage Capacity of Branches

A second method was used to corroborate the sefsulhd using the two
linear regression method described above. A sethwnches of cordilleran cypress
and 6 branches of ponderosa pine of different siee collected in the field and
returned to the laboratory. Shortly thereafter,fteeh weight, length and diameter of

the branches were measured. Branches were theanslexspfrom a beam and wetted
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continuously with a sprinkler until 2 minutes aftbe branches started dripping.
Branches were left to drain and were weighed imatetli after dripping stopped. The
water storage capacity was measured as the waffgredce before and after wetting.
All foliage from the branches was removed and daedOC to obtain the dry weight

of the leaves per branch.

Calculation of Annual Interception Losses

The Gash model is commonly used to prediend has been used in a broad
variety of forest types under various climatic cibiods (Loustau et al., 1992; Valente
et al., 1997; Deguchi et al., 2006; Cuartas eR80;7). It requires a small set of
parameters and is constrained by the followingragsions (Gash, 1979): (1) rainfall
is composed by discrete storm events separatéténidong enough to allow the
canopy to dry; (2) the meteorological conditionmaén constant throughout each

storm event; and (3) there is no drip from the gnduring wet-up.

The average evaporation to rainfall rate raE_ab:Q][ was calculated in the

canopy hydrologic parameters, and generally israsduto be representative of all the
rain events in a particular forest stand. Howethex time of the year when the manual
rain gauge measurements were taken was warmewtiam the majority of the rain

events occurred (in the fall and winter, when tite was inaccessible by car due to

snow-covered mountain passes), and we consideppropriate to use tigR value

calculated from those measurements to prediat bther times of the year. Therefore,

we corrected th&/R value using the actual potential evapotranspinaiRETy) for

each day. To do so, we calculated the average BiEhd days of rainfall
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measurements (PEJ, and the PEJfor the days with rainfall events for the two ygar
of transpiration measurements. Then, for each sevent we included a correction
coefficient equal to the ratio PETPET,. In addition, to make the model easier to
use, we did not partition water flow and evaporatetween stems and canopy. For
each individual storm event the following simpldi&ash model was used:

If Pg <Ps (presaturation condition), then:

(5) .= (2 -p) Pg

If Pg >Ps (post saturation condition), then:

PET,
PET,

m

PET,
PET,,

6) I.= E/R Pg +Ps (1-p -E/R

Daily meteorological data were used to predictuahh in the study plots for
each set of parameters. However, the use of datly @s. hourly data) can prove
problematic when it rains for several days at atithis not possible to determine
whether the canopy dried out between consecuting days or whether the canopy
remained saturated throughout continuous daysimf kost likely, some combination
of these two conditions occurs. To deal with tmsertainty, we performed two
analyses for each set of parameters of the Gasklmatth different storm event size
configurations, one with each day’s rainfall prétpon equaling a single storm
event, and the other with each set of continuoys dérain grouped into one storm

event. Averages of these two storm event size gordtions were used to estimate |



62

When analyzing the troughs and tipping bucketa dat encountered two type
of problems worth mentioning to improve the desiffuture studies. At certain times
the tipping buckets below the canopy recorded pration that exceeded the one of
the open area. During high intensity rains the nawf water captured by the troughs
was not able to drain out of the device and stangukbding the tipping mechanism. If
there was not enough time to reach canopy satarbttore the tipping mechanism
was affected, then the data for that storm evested used.

A second type of problem relates to the storm evehvariable intensity or
intermittent rain periods where partial drying aedetting of the canopy occurs.
Using data from this type of storm to parametetimeGash model would induce a
large overestimation of the evaporation to rainfalé ratio. For that reason, in the
parameterization of the canopy hydrologic paransetgth the manual rain gauges we
did not to use any rain event larger than 30 m@angrstorm event longer than one

day.
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Results
Gross (Pg) and Net Precipitation (Pn)

Total annual gross precipitation was 122 mm highersecond year of
measurements (May 2005 - April 2006), comparedhédfitst year of measurements
(May 2004 - April 2005). The distribution of prettgtion throughout the year (Figure
3.2) also varied between the two years. The fiestr pf measurements (hereafter, the
“dry year”) showed a typical Mediterranean disttibn of precipitation with only 14
% of the total annual precipitation falling durisgring and summer. In contrast,
spring and summer precipitation represented 30%eofotal annual precipitation in
the second year of measurements (hereafter, thieyaee”). In absolute terms, spring
and summer precipitation was 148.8 mm greateramitét year than in the dry year.

Net precipitation was consistently lower below ta@opies of the cordilleran
cypress stands than below the ponderosa pine dtiarmdgyhout the period of
measurements with rain gauge measurements (Fig8ixeFar all the storms measured
from December %, 2005 to May 28, 2006 (n=13), relative net precipitation averaged
61% (S.E. 5.9%), 65.6% (S.E. 3.6%), 38.0% (S.E).8nd 41.5% (S.E. 4.8%) of
gross precipitation for HDPP, LDPP, HDCip and LDQigspectively. Average daily
potential evapotranspiration for all of the manah gauge measurements was 2.98
mm (S.E. 0.34 mm, n=13). The percentage of watesfoem event passing through
the canopies increased with storm size (total adliper event) up to 30 mm of rain,
and then remained constant in the ponderosa pnestwhile it decreased to a lower
rate in the cypress stands (Figure 3.3). Stormtsvarger than 30 mm were events

that comprised more than two consecutive daysiof vehich could have allowed for
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partial drying and rewetting of the canopy. Instirms greater than 5 mm, more
water reached the forest floor in ponderosa piaeds compared to cordilleran
cypress stands (Figure 3.4). There were no considiferences in the total or

relative amount of Pbetween stands of the same species with diffelemsities.

Canopy Hydrologic parameters

For all the parameterization methods, HDCip hadhighest canopy storage
capacity §). Parameterization using the manual rain gaugeG)data yielded values
of Sof 2.28, 0.70, 3.78 and 1.65 mm for HDPP, LDPP (ifband LDCip,
respectively (Table 2). Parameterization using &tata the tipping buckets with
troughs (TBT) yielded values &of 3.93, 3.69, 8.88 and 2.66 mm for HDPP, LDPP,
HDCip and LDCip, respectively. The amount of grpsscipitation necessary to
saturate the canopg) followed a pattern similar t§, except for the LDPP plot
where the TBTPs estimate was double the MR® estimate (Table 2). MRG
estimates oPswere 4.03, 2.57, 7.28 and 4.09 mm for HDPP, LOHPCip and
LDCip, respectively. TBT estimates B were 4.56, 5.13, 9.47 and 5.63 mm of Pg for
HDPP, LDPP, HDCip and LDCip, respectively (TableRirect throughfall ) was
higher in the low density plots for both methods;ept in the estimate obtained with

the MRG data where both cypress stands had siw@laes ofp (Table 2). Average

evaporation to rainfall rate ratié/@) was also higher in the low density plots

compared to the high density plots of the sameispgexcept in the TBT estimate

where both ponderosa pine stands had similar ValLER (Table 2).
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The overall regression of modeled versus obsePveidr the MRG data
produced adjusted r squared values of 0.99, 0.93,and 0.94 for HDPP, LDPP,
HDCip and LDCip, respectively, and none of the ioépts and slopes were different
from a 1:1 line with a 95% CI. The sum of squargdrs was 2.66, 8.91, 7.76 and
6.39 mnf for HDPP, LDPP, HDCip and LDCip, respectively. Theerall regression
of modeled versus observed for the TBT data gave values of adjusted r squared
above 0.98 for all sites, and none of the inteicepd slopes were different from a 1:1
line with a 95% CI. The sum of squared errors w#3,310.04, 2.03 and 0.62 rAfior

HDPP, LDPP, HDCip and LDCip, respectively.

Maximum Storage Capacity of Branches

Differences in branch water storage capacity cordd the observed
differences betwee8 (canopy water storage capacity) measured in tlierdift forest
stands (Table 2). Water storage capacity normalgeithe dry weight of the branches
was significantly higher in cordilleran cypress qmared to ponderosa pine branches
(Figure 3.5). Average water storage was 1.5 (SE 0.38) and (3B83.04) g watery
leaf for cordilleran cypress and ponderosa pinpeetively. Water storage per branch
was highly correlated with basal area of the braifragure 3.5); correlation
coefficients were 0.97 (p<0.001) and 0.98 (p<0.G6d rordilleran cypress and
ponderosa pine, respectively. Moreover, basal laasabeen observed to be highly
correlated with leaf area in both species in aipre/study (Laclau, 2003), which
used trees of both species from various standgimegion, including several plots in

the same location as this study. Applying the @quatdeveloped by Laclau (2003) to
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transform storage capacity estimates to a groued laasis, estimated valuesSokere

3.1, 1.3, 7.1 and 3.6 mm for HDPP, LDPP, HDCip BBCip, respectively.

Total annual interception loss (1) estimates

Total annual I was highest in HDCip during both years, and battdidleran
cypress stands clearly had highethlan the ponderosa pine stands in both years
(Figure 3.6). In the dry year (2004-2005) total @ar, was 224.5 (SE 75.8), 203.9
(SE 72.2), 337.0 (SE 54.2) and 315.0(SE 62.3) mmifaPP, LDPP, HDCip and
LDCip, respectively. In the wet year (2005-2006at@nnual | was 281.4 (SE 53.2),
252.5 (SE 32.5), 409.0 (SE 72.1) and 353.2 (SE)5tr8 for HDPP, LDPP, HDCip
and LDCip, respectively. Relative tg,fterception losses were as high as 26, 24, 39
and 37% in the dry year, and 30, 27, 43 and 38#bdrwet year for HDPP, LDPP,
HDCip and LDCip, respectively. Total annual Pg eased 122 mm from the dry to
the wet year, and net precipitation for each pioteased 25.9, 34.2, 10.8 and 44.6
mm for HDPP, LDPP, HDCip and LDCip, respectivelyveen the two years.
However, as the distribution of precipitation wésoalifferent from the dry to the wet
year, the net precipitation per plot for spring andmer increased 120.6, 121.6,
101.8, 122.3 mm for HDPP, LDPP, HDCip and LDCipectively. When total |
was added to the transpiration estimates fromdheesplots (Licata et al. in press) in
both years, as an estimate of total annual candpyhere were no significant
differences between stands of similar levels ofsagr{Figure 3.7). Total canopy ET
during the dry year was 703 (SE 159), 536 (SE a41)698 (SE 110) mm for HDPP,

LDPP and HDCip, respectively (there were no tramgioin estimates for the LDCip
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plot that year). Total ET during the wet year w88 @SE 168), 647 (SE 114), 811 (SE

135) and 605 (SE 88) mm for HDPP, LDPP, HDCip abdClip, respectively.
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Discussion

To reduce logging pressure on natural forestsAtigentine government is
promoting industrial forestry plantations using gxdast-growing species (Laclau,
2003). In the forest - steppe ecotone of southwegtegentina, approximately 80% of
afforestation projects have been planted with gestving ponderosa pine, which has
greater productivity than the native tree specsehlichter and Laclau, 1998).
However, this increase in productivity is linkedato increase in transpiration (Licata
et al., in press), which could have an impact otewaesources, thereby altering water
balance downstream. It is generally believed thateased canopy evapotranspiration
(ET) will decrease runoff (R) in humid landscapahey and Jackson, 1997; Jackson
et al., 2000), but it is debatable if the same elese in R will happen in water-limited
environments, like those in the forest-steppe ewto Patagonia (Zhang et al., 2001,
Wilcox, 2002). In humid environments, gross prdeifpon usually exceeds ET and the
remainder leaves the landscape as runoff. In asttthere is minimal water
remaining for runoff in water-limited environmer{i/ilcox et al., 2003), leaving little
room for variation in total ET for plants to incesatranspiration. However, changes in
the partitioning of ET between interception losd &mranspiration may allow for an
increase in productivity without reducing runoff.the forest-steppe ecotone in
Patagonia, where water is a limiting resource ofipctivity, exotic ponderosa pine
plantations have higher transpiration rates thaiveaordilleran cypress (Licata et al.,
in press). However, our results show that diffeesnin interception loss between

cordilleran cypress and ponderosa pine plantatemds of similar leaf area were
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large enough to compensate for the increased tratisp of the exotic pine
plantation, resulting in a net difference in ETzefo between the two species.

The estimates of interception loss found in thuslyg for cordilleran cypress
are larger than those typically found in other éemiorests (Valente et al., 1997;
Lankreijer et al., 1993; Pypker et al., 2005; lelal., 2006). However, when
compared to other scale-leaved species growingyiemvironments our interception
loss values (37% to 43%) are within the range reyldoy other studies. Owens et al.
(2006) reported an average interception loss of Bb3tiniper rangelands, whereas
Thurow and Hester (1997) reported values as higt0o&s when litter layer
interception was also included in the calculatibh oOur estimates of ponderosa pine
interception loss (24% to 30%) are on the higher @rthe range of estimates reported
by other studies for pinus sp. forests (Loustaal.etl992; Gash et al., 1995; Valente
et al., 1997; Bryant et al., 2005).

Interestingly, species differences were much nmoportant than LAI in
interception losses in our study. Despite thedatidference in LAl between stands of
different density, total annual interception losaese only slightly different between
stands of the same species. This may be explayadimultaneous decrease in
canopy storage capacity and an increase in evaporate from wet surfaces when
the number of trees per hectare decreased. Therathife in tree density between high
and low density plots of the same species wasHdihge the difference in leaf area.
Therefore, while canopy storage capacity decreasbd_Al, the reduction of trees
per hectare may have increased the turbulencenathiei canopy and consequently

increased the aerodynamic conductance. A highedgeamic conductance will, in
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turn, lead to an increase in evaporation rate fn@hsurfaces (Teklehaimanot et al.,
1991). In addition, low density stands did not sadwan increase in direct throughfall
proportional to the decrease in canopy cover. iBligely due to the high winds
predominant in the region, and the lack of gapgdanough to let the angled
incoming precipitation reach the ground withoutdioing the canopy. Transpiration,
on the other hand, was dramatically different betwsites of different densities
(Licata et al. in press). Consequently, our resatigcate that management of stand
density could be more effective than species coitiposn reducing total annual ET,
as well as decreasing impacts on water resourcssniportant to note, however, that
in the low density stands, other potential souofdsT (soil and understory) were not
measured. While ET from soil and understory is eigubto be similar between same-
density stands of different species, these coutdwat for the differences in canopy
ET between stands of different densities.

Among the structural and morphological differenbesveen the stands of
ponderosa pine and cordilleran cypress, we betieateleaf morphology was the most
important factor contributing to the larger intgstien loss of cordilleran cypress
native forest. Canopy water storage capacity has heghlighted by various authors
as the most important factor influencingValente et al., 1997; Klaassen et al., 1998;
Crockford and Richardson, 2000; Llorens and GalR000; lida et al., 2005). Our
experiment with artificially wetted branches showedy large differences in
maximum canopy storage capacity per unit leaf weagll basal area between
cordilleran cypress and ponderosa pine. Moreotiese two species showed

contrasting values of stand canopy water storagaaity, irrespective of the method
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used to estimate it. These results suggest thi-k=ved species should be treated as
a separate group from the rest of conifers forfadlimterception analyses, as their
rainfall interception losses will most likely beghier than other vegetation types of
similar leaf area.

Our findings showed that canopy ET was similabssrspecies. An average of
about 95% and 80% of total precipitation (in higid ow density plots, respectively)
was either lost by evaporation or transpiratiorowdver, the partitioning of ET into
interception and transpiration differed drasticdlgtween species, with cordilleran
cypress having higher interception but lower tramradipn than ponderosa pine. This
raises interesting questions about the evolutiopasgesses that would lead to high
interception rates, and has important implicati@mmsnanagement.

From an evolutionary perspective, it seems prab#idt plants growing in a
water limited environment would evolve towards & lcanopy interception of
precipitation in order to have more water availdbletranspiration, and consequently,
more carbon assimilation. However, although atsthed level a low interception of
precipitation could allow for an increase in trangon, this mechanism will not
guarantee that the benefits from letting more waitder the soil are going to be
harvested by the plant that is actually making li@ispen. On the other hand, it is not
clear how the increase of interception could berefiarticular plant unless they were
able to take in some of the intercepted watereatdhf level. However, in
Mediterranean climates where most of the precipiiabccurs while the plants are not
actively transpiring, having a large interceptidrprecipitation might not be a

competitive disadvantage either, as long as itdatsugh water pass through the
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canopy to reach the maximum water holding capaxitie soil by the end of the
rainy season. Indirect benefits could arise wherhilgh interception plant has access
to deeper water, or tolerates lower soil water eotst than its neighbors. Then, by
preventing neighboring plants from getting watewauld eventually eliminate the
competition.

Concerning water management, there is increasimigece that in water-
limited environments total ET is more dependeninpuit precipitation than on type of
vegetation cover (Zhang, et al. 2001; Wilcox 20Q@hn et al., 2007), as long as
rooting depth and storage capacity of the soihatechanged (Seyfried and Wilcox,
2006). Therefore, replacement of vegetation cogerguplants with lower interception
lossex<ould greatly affect the productivity of the landpe, as interception losses
affect the amount of water that reaches the graamdfill the soil and will be
available for transpiration.

There are two not mutually exclusive strategies would allow plants to
increase productivity in water-limited environmergahancement of the intrinsic
water use efficiency and increase of the abilitpeoess water for transpiration. A
great deal of work has been done to improve pleodyxtivity in dry environments
through genetic selection of material with highextev-use efficiency. However, low
interception losses are not commonly taken int@actin genetic improvement
programs or in land management programs. Decre#simigiterception of incoming
precipitation would allow plants to access moreawatithout the cost of other
mechanisms like increasing rooting depth or de@ngasinimum leaf water potential.

Moreover, by reducing thaterception losses without necessarily changirg th
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intrinsic water use efficiency of the plants, tb&at water use efficiency - measured in
terms of total annual ET/total annual productivityould be largely improved at the

landscape level.
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Figure 3.1 - Example of rainfall inter ception model parameterization using

tipping bucketswith troughs data. Rain event of day 108. Empty circles are 10
minute cumulative net precipitatioR4{) average in the low density cordilleran cypress
stand. Dotted line is the 1:1 line and straightdimare linear regressions fitted to
measured data.
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Figure 3.2 - Total monthly precipitation distribution of the measur ement seasons
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Bariloche, Argentina (approx. 70 km south from study site).
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Figure 3.5 - Storage of water on branchesunder simulated rainfall. (a) Average
water holding capacity per leaf biomass. (b) Stavater per branch as a function of
basal area of the branch.



79

it

:

8 @ iiii

= 3 “ééﬁéﬁﬁﬁﬁi

© N Aééiéé AHDPP
ﬁi o

é
| :
@{w}%%”@

- 1T¥ pa3dddt

£ méw b mmgi

_C_%ZOO: 5 ‘M i ZIuM

g 1 @é@q}q} @iiii

Bel it
|
|8

0Q T
1-May 31-May 30-Jun  30- Jul 29- Aug 28- Sep 28- Oct 27-Nov 27-D ec 26 Jan 25- Feb 27 Mar  26- Apr

Figure 3.6 - Modeled Rainfall I nterception L oss per site per year. Cumulative

interception loss according to the simplified Gasbdel with correcte@/R by the
daily potential evapotranspiration. Error bars esent standard errors between the
four model parameterizations per site.



80

1200 -
3 Interception loss
i O Transpiration
1000 -
S
é -
2
2 800 -
c
i) 1
=1
]
© 600 -
[
= 1
+
c
2 400 -
<
£ |
(2]
&
S 200 |
0 T T T T T T T T T
HDPP HDPP HDCip HDCip LDPP LDPP LDCip
'04-'05 '05-'06 '04-'05 '05-'06 '04-'05 '05-'06 '05-'06

Figure 3.7 - Total Transpiration plusInterception Loss per site per year.

Cumulative interception loss according to the sifiggd Gash model E/R was
corrected using the daily potential evapotransipinaterror bars represent standard
errors between the four model parameterizationsipeplus standard errors of
transpiration estimates.



Tables

81

Table3.1- Stand structure. Tree density (trees Hp LAl (m? leaf area 117 ground
area), Basal area (BATha), sapwood area (SATha?), leaf morphology, presence
of understory and spatial distribution of the meaduplots.

HDPP LDPP HDCip LDCip

Treesha-1 1135 350 2662 668

LAI 9.0 31 9.1 4.6

BA 65.5 27.5 97.0 50.7
Height 145 13.7 14.1 151

L eaf type 15 cm needle 15 cm needle 1-3mm scale 1-3mm scale
Understory None Herbaceous None Herbaceous
Distribution Homogeneous Homogeneous Clumped Clumped
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Table 3.2 - Canopy hydraulic parameters per site and method of measurement.

MRG are the parameters derived from the manualgailges measurements; TBT are
the parameters derived from the tipping bucketh widughs measurementBirect
throughfall (p), gross precipitation necessary to saturate the gafiRgp, canopy

storage capacity§| and average evaporation to rainfall rate refidz).

MRG HDPP LDPP  HDCip  LDCip
P 0.33 0.48 0.21 0.18
P (mm) 4.03 257 7.28 4.09
S (mm) 2.28 0.70 3.78 165
E/R 0.10 0.25 0.27 0.42
TBT HDPP LDPP  HDCip  LDCip
D 0.06 0.24 0.03 0.35
P, (mm) 4.56 5.13 9.47 5,63
S (mm) 3.93 3.69 8.88 2,66
E/R 0.07 0.05 0.03 0.18
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Abstract

Understanding the interactions between the enmient and vegetation is
fundamental for determining the potential impadtiand use change on carbon and
water cycles, as well as determine potential feekkbto the atmosphere. In northern
Patagonia, Argentina, the species most commonly fmgeafforestation projects is
ponderosa pineP{nus ponderosa Doug. ex. Laws), which has been used in
approximately 80% of new plantations in the natdrsiribution area of native
cordilleran cypressAustrocedrus chilensis (D. Don) Pic. Serm. et Bizzarri. In
previous studies we found that ponderosa pine giints transpired more than
cordilleran cypress stands of similar density dyspring and summer, while
cordilleran cypress stands had larger annual rhintarception losses than ponderosa
pine stands. However, there are no estimates alailer the whole water budget for
a complete year. Moreover, afforestation project®mperate regions usually imply a
long-term change in land use, and changes in gldimahte may alter forest
ecosystems carbon and water fluxes. We paramedesizietailed process-based
model to four forest stands of cordilleran cyprasd ponderosa pine of different
densities to predict annual water fluxes, and esgnpotential outcomes under
different climate change scenarios. Hydrologicaltsinability (defined as ET<
precipitation) was evaluated under each scenaigh Hensity ponderosa pine
plantations were not hydrologically sustainableamahy scenario, while high density
cordilleran cypress stands were sustainable ordgiucurrent climate conditions, but

not in any future climate scenarios. Warmer andrdronditions, as projected by the
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IPCC A1B scenario, indicate that stressful summeught conditions will be worse
than under current climate. Reductions of standithem both native cordilleran
cypress and ponderosa pine plantations would bessacy to reduce the impact of

future climate change on water resources.
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I ntroduction

The impact of human activities on carbon and weyetes, and their feedback
on global climate are areas of major concern irsthentific community and the
global political arena. Forest ecosystems are gaalponents of terrestrial
environments that interact dynamically with carlama water fluxes. Human activities
regarding forest and land management have impadi®th water and carbon cycles.
In the Kyoto protocol, afforestation with highlyqutuctive species has been proposed
as a mechanism to increase the function of carinds & land ecosystems (Schulze
et al., 2002). However, increases in productiviy generally linked to an increase in
water use (Farley et al., 2005; Nosetto et al. 6200/hile carbon is being fixed
through photosynthesis, water is being lost thrawmghspiration. Both fluxes occur at
the stomata level, which is regulated differentlyomg plant species. Understanding
the interactions between the environment and véagates fundamental for
determining the potential impacts of changes iul lase on carbon and water cycles,
as well as potential feedbacks to the atmospheriz@ment.

In northern Patagonia, Argentina, the species immsimonly used for
afforestation projects is ponderosa piRen(s ponderosa Doug. ex. Laws), which has
been used in approximately 80% of new plantati@S3PyA, 1999). Recent studies
have pointed out the lower invasiveness of pondepase compared to the other
species used in afforestation in the region (S#aataal., 2006), which makes it
‘safer’ to use than the other species. Neverthetesdeliberate change in land

vegetation cover by forest plantations from natovexotic species could have
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deleterious impacts on ecosystems processes. Wiauk here on potential
alterations of the water cycle by the introductodiponderosa pine plantations
compared to native cordilleran cypress forest st@fastrocedrus chilensis (D. Don)
Pic. Serm. et Bizzarri) in the forest-steppe ecetanthe base of the Andes Mountains
in northwestern Patagonia, Argentina, where mo#tt@plantations are being planted.

In a previous study, we found that planted ponsiemne forests transpired
more than cordilleran cypress stands of similasdgmuring spring and summer
(Licata et al., in press). Later, we measured diffees in interception loss between
the sites and found that cordilleran cypress sthaddarger rainfall interception
losses than ponderosa pine stands (Licata eharep.). The magnitudes of the
differences estimated for annual interception lzetsveen the two species were
comparable to the differences in spring and suntraaspiration found between the
stands. Unfortunately, however, while we feel cdeffit in our measurements, the
scope of our conclusions are somewhat limited byfdlot that our data were not
collected throughout the entire year. Also, theeere estimates available for all the
components of the water cycle to close the annaéémbudget. Moreover,
afforestation projects in temperate regions usuaijyly a long-term change in land
use and climate change may alter forest ecosystarhen and water fluxes (Nemani
et al., 2003; Boisvenue and Running, 2006). Consetty it is critical that reliable
tools be used to predict the potential outcomesatiiral and planted forests under
future climate scenarios (Magnani et al., 2004).

Most climate models converge on an increase ipésature during the next

century in southern South America (Boulanger et28l06; Vera et al., 2006).
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Conversely, in a comparison of seven of the modsdsl in the Intergovernmental
Panel on Climate Change (IPCC) third assessmeattrdgoulanger et al. (2007)
found that the predictions for precipitation striyndiverged from one model to
another for South America. However, in the IPCCtsstirecent assessment report
(fourth; AR4), the 21 climate models used unanirhopeedicted either no change or
a decrease in precipitation for the southern Andegion of South America
(Christensen et al., 2007). Under the A1B emissm®nario, an intermediate scenario,
the models used by the panel predicted a decredetal annual precipitation of 25%
by the end of the Zicentury for the region that included our studeg.sih addition,
the largest relative changes in precipitation veeqgected to occur during the summer
months. In a drought-prone area, like in the festsppe ecotone where we conducted
our study, where the driest part of the year néifuogcurs during the summer, it
becomes even more important to prevent changé®iwater cycle since these could
increase the risk of summer fires (Westerling et24106), and drought-induced tree
mortality (Allen, 2007). Understanding how changethe physical environment
could affect the vegetation and vice versa woulg pelicymakers make sensible
decisions about land use management. One approaphetdicting changes in water
fluxes through space and time is with the use ot@ss-based models. Accurately
describing the ecophysiological mechanisms invoivetthe control of water fluxes
from the soil to the atmosphere allows us to prtadiat these fluxes would be under
different environmental conditions.

The process-based model we used in this studheisdil-plant-atmosphere

(SPA) continuum model (Williams et al., 1996). TBiRA model is unique in that it
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explicitly inter-connects water and carbon dioxildees by stomatal conductance
behavior under different stimuli. It uses a detaidysiological approach, with a time
step of thirty minutes and multiple canopy and swilt layers. Water supply to the
leaf is regulated by the water potential gradiert the total soil-root-stem hydraulic
resistance. Leaf water potential is calculatechahdimestep and it is prevented to fall
below a threshold value. Meteorological data Wkedspeed, photosynthetically
active radiation (PAR), relative humidity, air teempture and precipitation are
required to calculate micrometeorological condiidor each canopy layer. The SPA
model has been applied successfully to severalystamss, including temperate
hardwood forests (Williams et al. 1996), Artic tuadWilliams et al., 2000), open
ponderosa pine forests (Law et al., 2000; Williaghal., 2001a-b; Schwarz et al.,
2004), and the Amazon rainforest (Williams et B998; Fisher et al., 2007),
demonstrating that it is an appropriate model ®fos predicting seasonal changes in
water and carbon fluxes fo@lant ecosystems.

The first objective of this study was to paramieteand validate the SPA
model for forest stands of exotic ponderosa pirterative cordilleran cypress grown
at different densities using data collected atfmld sites, in order to estimate total
annual water fluxes and assess their hydrologicstesability. Hydrological
sustainability, for the purposes of this study,ussavhen precipitation exceeds
evapotranspiration.

The second objective was to use the parametemetd| to predict the
potential impact of future climate scenarios orsseal and annual water fluxes in

forest stands of exotic ponderosa pine and nabveilieran cypress.
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Methods

Sudy site

Model parameterizations and validations were basesheasurements made
on four plots located in northwestern Patagonigeftina (40.29° S, 71.13° W). Plots
consisted of a high density ponderosa pine (HDRw density ponderosa pine with
grass understory (LDPP), a high density cordillergoress stand (HDCip), and a low
density cordilleran cypress stand (LDCip). Cordédle cypress stands were the result
of natural regeneration, whereas the ponderosagpamels were planted for both
timber production (HDPP) and timber and pasturelpction (LDPP). All plots were
located within 500 m of each other in the CaleuiveRvalley. Edaphic conditions up
to a tree height of 150 cm were assessed visuallgifilarity before installing the
plots. The LAI of high density plots was approxielgttwice that of low density plots
of the same species (Table 1). Ponderosa pinewtsts pruned up to a height of four
meters in 50 and 100 % of the trees in the highlewddensity plot, respectively.

Average annual rainfall (1980-98) at the sitegpraximately 800 mm (AIC,
2005) with a Mediterranean distribution, where appnately 80% of the annual
precipitation occurs during fall and winter, mosly rainfall. Maximum and minimum
annual average temperatures are 17.1°C+0.5(SBE)‘@xR.1(SE), respectively. Soils
are deep (> 1.8 m) with a sandy loam texture arallgmebbles.

The nature of this study required labor intensheasurements of stand level
water fluxes and physiological characteristicsreés in each plot. Logistical and

economical constraints limited the study to onlg oeplicate per density and species.
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However, plots were selected to be similar to tremsamonly planted in the region.
Furthermore, the SPA model is highly mechanistit accounts for most of
environmental and biological variables known tduahce transpiration and
productivity in C3 plants. Thus, the experimeng&dults presented here should be
considered a case study, and modeled scenariodiaative of potential outcomes of
ponderosa pine plantations and cordilleran cypnassig genetic backgrounds and

developmental histories similar to the trees is gtudy.

Model description

The SPA model is a multiple layer process-basedathavhere the structure of
the canopy is divided into 10 layers and the sud 20 layers to represent the vertical
variation in the physical and biological environmhéfhe SPA model uses a pipe
hydraulic scheme approach, and assumes that eachyckyer is served by an
independent water supply system of roots. It alepleys an unbranched hydraulic
pathway scheme, using an electric circuit analqgpr@ach. Every 30 minutes the
absorption of photosynthetically active radiati®AR) and other wavelengths, leaf
boundary layer conductance, and soil water avdiitalaire determined for each
canopy layer. Leaf water potential varies with s@ination, which is calculated using
the Penman-Monteith equation. The variation of fgajtosynthetic capacity
parameters changes with foliar nitrogen distribumnong canopy layers, following
Harley et al. (1992).

The key assumption governing the biological congots of the model is that
stomatal conductance (gs), is controlled to max@naiarbon gain per unit nitrogen (N)

within the limits set by the rate of water uptake @anopy water storage. The soil-
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roots sub-model has 20 layers, allowing for a dedaiepresentation of root
distribution through depth. The soil water conteotiductivity and water potential of
each layer are calculated every timestep, and aegthe soil-to-leaf water flux.
Detailed explanations of the fundamental equatansstructure of the model can be
found elsewhere (e.g., Williams et al., 1996, Lawle 2001; Williams et al., 2001).
To better represent the vegetation of the low dgrssands, the original code in the
SPA model was modified to allow for the presenca tdw canopy layer that has

access to water from the upper soil layers.

Field Measurements

Meteorological data

Half-hourly measurements of relative humidity, teimperature, wind speed,

total solar radiation and gross precipitation wex@rded by an automated low-
maintenance meteorological station within 7 kmhaf $tudy plots. A portable
meteorological station was used to check for paenon-random differences
between the study plots and the permanent metepcalcstation. Additional data
from a highly maintained meteorological stationdtsdl in the closest city (Bariloche,
70 km south of the study plots) was used to fijaps in the meteorological data. We
determined the nonlinear relationships betweerv#niables at both locations in order
to fill in gaps in the field station data. The aahmeteorological driver for the
current-condition simulation model runs was caltedaby averaging the
meteorological conditions from the two growing sees(2004-2005, 2005-2006) for

which we had data. Precipitation data were notayedt between seasons, but instead
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half of the precipitation events measured in eaassn were included in the current
conditions meteorological driver. Air temperaturel grecipitation were then

corrected to match the historic (23 year) monthigrages.

Soil properties

Soil texture variation with depth was determineddach plot by taking
samples every 20 cm, up to a depth of 160 cm. Baniple analyzed was a composite
of 18 samples from different locations within egtbt. Textural analyses were
performed by the soil laboratory at INTA EEA Badhe (Figure 4.1).

Soil water holding at field capacity was measwedindisturbed soil samples
from four samples of the topmost 30 cm of the nmahsoil profile. Plastic tubes 10.1-
cm in diameter with a sharpened edge were pouneetally into the soil. Care was
taken to minimize compaction and to excavate sasnplele maintaining the soil
structure intact. The lower end of the core waseskaith plastic which was then
perforated in the lab to add water to the tubes saturation was reached. Samples
where capped to reduce evaporation and were alltovdchin until the weight was
constant for 24 hours.

Bulk density was measured from 4 samples taken &ach plot, at each of
three depths, 10, 20 and 40 cm, and 2 samples8fbamd 140 cm at each plot
(Figure 4.2).

Hydraulic conductivity and soil water potentialefery 20 layers of soil are
calculated by the SPA model at each timestep agituns of soil moisture content

according to the generalized equations describeslaxyon et al. (1986). The input
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parameters of these equations are percent of sehday, and proportion of saturated
pores at field capacity. An improved and more comiynased tool (Rosetta; Schaap
et al., 2001) than the equations described by $attal. (1986) have been developed
to predict soil hydraulic properties from sevenabgs of measured parameters from
the soil. Therefore, instead of using the meastexudire data as input parameters for
the model, we generated the soil hydraulic parareetging measured values of sand,
silt and clay percent, bulk density and water hadiapacity as inputs of the Rosetta
software to create the soil characteristic cunge®aling to van Genuchten (1980)
equations. Then, sand and clay percent parame&eswaried as input on the Saxton
equations extracted from the SPA model to matclstilecharacteristic curve of each

plot generated by the Rosetta-van Genuchten mégtigdre 4.3).

Leaf photosynthetic capacity

The algorithms used to model photosynthesis irSfh& model are based on
kinetics described in Farquhar and Von Caemme@824)l where photosynthesis is
limited by Vcmax (rubisco activation rate), Jmaglft saturated rate of carboxylation
limited by electron transport), and, Rate of respiration in the presence of light)eTh
maximum rates of these parameters were calculatgetborming net CQ
assimilation versus calculated internal carbon idi@xneasurements (A—Ci curves).
A-Ci curves were calculated in the field using &&r-6400 portable photosynthesis
system (LICOR, Lincoln, Nebraska) on one-year-elavkes growing under full sun
conditions, on five trees per species. The progefiibage area in the cuvette was
quantified digitally using image J software (Ragha&2006) on digital images of the

green foliage. Average Vcmax, Jmax and Rd were asedput parameters for the top
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of the canopy and adjusted proportionally to tHefaitrogen content of each canopy
layer. Our photosynthetic parameters might undenas¢ the maximum potential for
photosynthesis of both species, as measuremengstakem towards the end of the
growing season. Jmax and Vcmax usually reach thakimum values at the middle

of the growing season (Panek, 2004).

Vertical distribution of leaf nitrogen

Total nitrogen concentration (% weight) of leafrgdes was measured using
samples taken from three vertical positions indieopy (top, middle and bottom) and
three positions in the horizontal distribution ofi&ge within the tree (external, middle
and internal). Nine samples per plot were analyaad,each analyzed sample was a
pool of leaves from 5 different trees. Nitrogen cemtration was transformed to a leaf
area basis by multiplying it by the specific leeda (SLA; cni g*) of each canopy
layer. SLA was measured at five heights on fivegrper plot, except for the LDPP
plot where the lower canopy layer was nonexisteettd pruning. The leaf area of
these 95 leaf samples was determined by digitaiysing the fresh samples, together
with pieces of black cardboard having known araad,the images later analyzed
using ImageJ software (Rasband, 2006). The pidoesrdboard used as references
were cut into shapes similar to the leaves in otd@void border effects on the
calculation of the area. Leaf samples were drietD& for 72 hours and weighed with
a 1 mg precision balance. Leaf area vertical ¢hgtion was estimated from side
pictures of the trees, which we considered more@pjate than assuming an equal

distribution of leaf area from the top to the battof the canopy. Phenological
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gualitative observations were transformed into angjtative change of leaf area,
assuming a 25% leaf turnover per year and a limeagase in leaf area from bud

brake until full stem expansion, and from beginriom@nd of leaves dropping.

Root Biomass distribution

Root biomass was measured at five locations pérghl20, 40, 80, and 140 cm
depths, and in three locations per plot at 180 eapdSamples were extracted with 10
cm diameter cores pounded horizontally in previpdsig pits. Roots were not
separated into live and dead roots. These datawseic as a starting point to estimate
fine root density per layer and rooting depth, tigio an iteration process where root
density was varied as a proportion of measured datto 140 cm deep. An
exponential decline was assumed for roots deepeartd0 cm.

Root resistivity in the model is constant along tboting profile, which could
lead to a misrepresentation of the rooting denmitfile determined by an iteration
procedure as shallow roots may have higher resistivan deep roots (Jackson et al.,
2000). In addition, fine root biomass has beenldeesn found to vary seasonally
(Tierney et al., 2003), while it is maintained ctamd throughout the season in the

model.

Model parameterization

The SPA model requires values for a large numbstamd level parameters in

order to accurately represent the processes ingdatvearbon and water fluxes.
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Therefore, data available from previous studigb@tsame site or species were used
when possible. Estimates of LAI (Licata et al.pness), minimum leaf water potential
(Schwarz et al., 2004; Gyenge et al., 2005), aimdaldinterception parameters
(Licata et al., in prep) were available.

Two critical parameters describing stand hydraudie practically impossible
to measure accurately: above ground plant condtyc{i@,), and root resistivity (R).
Consequently, several nested sensitivity analysze performed and compared to the
daily transpiration estimates from Licata et al.§ress) to determine the value of
these parameters. The parameterization procedsecdivided in two phases. In the
first phase, only gand Rywere varied to visually fit model output to trarsyion and
soil water content data. In the second phase, edlsored and estimated variables were
varied + 20% to select for the best set of paramme¢tgough a more objective
methodology. The goodness-of-fit indicators usesdiect the best set of parameters
were the root mean square error (RMSE), and agriatted indicator (lgey) Of the
goodness-of-fit of the regression parameters betwesdel vs. measured data. An
lingex Of 1.0 would indicate that all parameters in tbgression between model vs.
daily measured transpiration are equal to the idalale (slope =1, intercept = 0, and
r> = 1). Approximately 3,000 runs per plot were parfed for the iterative
parameterization process. Among all the runs, ¢hefsparameters selected

corresponded to the one with the lowest RMSE oflthf with the highest,hex
Model validation

Two growing seasons of transpiration estimate§422005, and 2005-2006)

were available for most of the stands, with theegxion of the LDCip, where there
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were only estimates for the 2005-2006 season. ftaton was markedly different
between the two seasons. The 2004-2005 seasondrat than normal summer,
while the 2005-2006 season was an exceptionalhy summer. For each of the
stands, one season of estimates was used to talibeastands and the other season
was used to validate the parameterizations. Posdgrme stands were calibrated
using the 2004-2005 transpiration data, while threlideran cypress stands were

calibrated with the 2005-2006 measurements.

Potential future climate scenarios

As a reference for the potential future scenasiagiobal climate change, we
used the predictions made in the IPCC report, sceA4B (Christensen et al., 2007).
There is general agreement among the models us#uefoeport that air temperature
in the region will increase about 20 (mean annual temperature), corresponding to a
2.5 C increase during December, January and Februamynter) and a 1.5C
increase for the period of June, July and Augusttex). Total annual precipitation,
on the other hand, is expected to be reduced bpzrippately 25% by the end of the
century. Due to the natural Mediterranean distidyubf precipitation, the 25%
decrease in mean precipitation corresponds to adéi¥ease during summer months,
and a 20% decrease during the winter. None of thm@dels used in the IPCC
predictions showed an increase in annual, wintsuarmer precipitation.

We generated nine meteorological data driveraufidata files) in which the
IPCC predictions represented the center of vanaimong scenarios. The potential

climate scenarios corresponded to a zero, two @mddegree@) increase in air



99

temperature, and a zero, 25% and 50% decreaswlratmual precipitation over
current climate conditions, as well as all possdadmbinations of these changes.

The impact on water resources was evaluated byaong the total annual
and seasonal changes in evapotranspiration obtlstftypes under the potential
future climate change scenarios against the cucamditions predicted by the SPA
model. All vegetation types were assumed to be gm@wnder the same edaphic
conditions for the future climate scenarios. A 7@&ad and 5% clay soil was used for
the model runs. Soil profile was assumed to regsttl ater capacity at the beginning

of each modeled year.
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Results

Analysis of soil and vegetation properties used to parameterize the model

Both vegetation types had the same root condig§i0.2 mmol ¢ s* Mpa*
(Table 4.2) and most of the plant resistance tewi@dw was located above ground
(approximately 8 times larger than below ground)o¥e ground plant conductivity
was 5.8 and 6 mmol s Mpa* for high and low density ponderosa pine stands,
respectively and 4 mmol frs* Mpa* for both cordilleran cypress stands. Maximum
photosynthetic parameters were similar betweeniepeand were only different
between stands because of the different nitrogatenb per leaf area basis among the

stands (Figure 4.4).

Analysis of root biomass distribution

Measured root biomass density was larger in th€igBite than in all the
other sites by 2.4, 1.9 and 1.5 times for HDPP, BRRd LDCip respectively. Root
biomass of both cordilleran cypress stands wadasinm the first 10 cm, while both
ponderosa pine stands had similar values of ramsitiealong the entire rooting
profile (Figure 4.5). Fine root biomass resultsyirthe fitted parameterization of the
SPA model yielded an average proportion of fineltatot biomass of 0.14, 0.06, 0.14
and 0.3 for the HDPP, HDCip, LDPP and LDCip, respety. Larger fine over total
root biomass of ponderosa pine stands compareattidleran cypress stands could be
due to the older age of the cypress stands (appfbyears older). As fine roots have a

faster turnover than coarse roots (Gill and Jack®00), the proportion of fine/total
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root biomass will decrease over time as a buildugparse roots occurs. The fitted
parameterization of SPA yielded deeper rooting laeponderosa pine stands than
cordilleran cypress stands. Fitted rooting deptbsev.5, 2.75, 3.3, and 2.5m for
HDPP, HDCip, LDPP and LDCip, respectively. Morequehile cypress stands had
60% of their fine roots in the upper 30 cm, pondarpine stands had only 36% of

their fine roots in the upper 30 cm.

Model parameterization

The set of parameters selected through the iberatiocess for each of the
forest stands accurately predicted the measuréygtdanspiration of the four forest
stands throughout the season of measurements ¢Mdalx. Spa model predictions
explained most of the variation registered throughbe calibration of the growing
season, yieldingfvalues of 0.86, 0.90, 0.84 and 0.85 for HDPP, HDCDPP and
LDCip, respectively. Regression analyses of predietgainst observed data (Figure
4.7a) revealed than none of the fitted curves ditfdrom a 1:1 line. Slope values
were 1.07, 0.99, 1.01 and 1.00, while interceptesiwere 0.00, 0.02, 0.02 and 0.11
for HDPP, HDCip, LDPP and LDCip, respectively. Romtan square errors were
0.54, 0.37, 0.18 and 0.24 mrit,depresenting a relative error of 23, 13, 10 abh@4l

for HDPP, HDCip, LDPP and LDCip, respectively.
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Modd validation

The parameterized SPA model accurately predicadg ttanspiration
measurements of the growing season data (FiguyeNo8 surprisingly, the goodness-
of-fit indicators for the validation year were ity poorer than for the calibration
year, but still satisfactory. In the ponderosa @tesds, where the calibration was
performed during the dry year growing season, tbdehslightly underestimated
transpiration during the rainy year growing seaspian average of 0.13 and 0.4 mm
d™ for HDPP and LDPP respectively. On the other hamthe HDCip stand, where
the calibration was performed during the rainy ygrawing season, model predictions
for the dry year growing season had the same bi@d mm & as the rainy year
(calibration) predictions. Model predictions fol thle validation growing seasons
yielded f values of 0.82, 0.87 and 0.78 for HDPP, HDCip BB&P, respectively
(there were no data available to validate the LDgzipameterization). Regression
analysis of predicted against observed data fovadation growing seasons (Figure
4.7b) yielded slope values of 0.97, 0.81 and 1.Bilenntercept values were -0.01,
0.26 and -0.32 for HDPP, HDCip and LDPP, respebtiiRoot mean square errors
were 0.68, 0.36 and 0.54 mrif,depresenting a relative error of 17, 14 and 2B6

HDPP, HDCip and LDPP, respectively.

Model predictions for the current climate

The annual precipitation used for the current atermeteorological driver was

799 mm ¥, distributed mainly in fall-winter (80% of the amal total). Mean annual
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air temperature was 7.€, with February being the warmest month with agrage
temperature of 1&, and July being the coldest month with an avetaggerature of
1.6'C.

Total annual evapotranspiration estimates forenirclimatic conditions using
the parameterized SPA model were largest in thePHBXBnd (Figure 4.9). Absolute
total annual ET was 960, 799, 628 and 557 riinfoy HDPP, HDCip, LDPP and
LDCip, respectively. Transpiration was the main poment of ET in all stands,
representing 78.2, 65.6, 70.7 and 57.6 % of tatabal ET for HDPP, HDCip, LDPP
and LDCip, respectively. Both high density standgveed a decline in ET beginning
in early summer (January) due to the reductioroihvgater, while low density stands
maintained their ET rate until the beginning of thkk (March; Figure 4.9). Modeled
runoff was larger in the low density stands thahigh density stands, and was larger
in ponderosa pine stands than in cordilleran cypséands, although this may be an
artifact of the assumption that all forest startdsted the water year with soils at field
water capacity. Only in the high density pondenois& stand was the annual water
balance negative, suggesting an imbalance betweenput precipitation and the
output of water from the natural system. The pataneed SPA model predicts a
decline in soil water storage of 130 mm in the HD®Rile in the rest of the sites
there was an excess of water of 1, 171, and 267anfDCip, LDPP and LDCip,

respectively.
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Future climate scenarios - air temperature increase

The increase in air temperature without any chamgéotal precipitation
caused an increase in total annual ET on all fatastds. However, the effect of
increasing temperature on total annual ET was targihe low density stands than in
the high density stands independent of speciesl &onhual ET was 39.0, 26.1, 54.0
and 29.8 mm y greater than current conditions for &ancrease in air temperature
on HDPP, HDCip, LDPP and LDCip, respectively. Tiizidcrease scenario yielded
increases in ET of 68.8, 49.2, 107.4 and 56.9 mhfogr HDPP, HDCip, LDPP and
LDCip, respectively.

The seasonal variation in ET in the high dendiiynds showed an earlier onset
of summer drought under the warmer scenarios. Whdencrease in air temperature
created a higher ET rate at the beginning of the@® by the middle of the summer
warmer scenarios showed a smaller ET rate thaautrent climate (Figure 4.10). On
the other hand, in the low density stands the as®en ET rate in warmer scenarios
was maintained throughout the season (Figure 4THE absolute difference in ET
under current conditions for the winter months (J#h a 2C (4C) increase
scenario was 12.9 (13.8), 10.7 (11.1), 7.4 (8.8)&6 (7.6) mm for HDPP, HDCip,
LDPP and LDCip, respectively. The absolute diffeeem ET under current
conditions for the spring months (SON) with’& Z4 C) increase scenario, was 32.0
(30.6), 15.3 (13.0), 18.4 (18.2) and 10.2 (9.2) forHDPP, HDCip, LDPP and
LDCip, respectively. The absolute difference in @ider current conditions for the
summer months (DJF) with a2 (4 C) increase scenario was 1.3 (-6.7), -3.2 (-3.9),

17.4 (16.3) and 6.0 (5.2) mm for HDPP, HDCip, LD&# LDCip, respectively. The
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absolute difference in ET under current condititmighe fall months (MAM) with a 2
‘C (4C) increase scenario was -7.2 (-7.9), 3.3 (2.98 (10.2) and 7.0 (5.6) mm for

HDPP, HDCip, LDPP and LDCip, respectively.

Future climate scenarios - reduction in precipitation

The decrease in total annual precipitation wittlchanges in air temperature
caused a decrease in total annual ET for all fatestds. However, the effect of
reductions in annual precipitation on total anriiglwas larger in the high density
stands than in the low density stands, indepemafespiecies. Total annual ET
decreased 51.6 (159.2), 40.5(124.3), 16.5(36.72ml (56.5) mm V from current
conditions for 25% (50%) reductions in annual préation in HDPP, HDCip, LDPP
and LDCip, respectively.

The seasonal variation of ET in high density ssasttbwed an earlier onset
and steeper reductions in ET because of droughtrsusratress under precipitation
reduction scenarios, which caused a reductioraimspiration rates (Figure 4.12). The
reduction of annual precipitation had a negliginipact on ET rates at the beginning
of the season, but the reductions in ET causegeitigh density stands starting in the
middle of the summer were steeper than those cdustte temperature increase
scenarios (Figures 4.10 and 4.12). On the othed,harthe low density stands, the
reduction in precipitation rates caused reductiorisT, mainly through reductions in
interception loss. ET differences among scenarieewarger in the LDCip plot than
in the LDPP plot and were distributed evenly thitoagf the season (Figure 4.13). The

absolute difference in ET under current condititltighe winter months (JJA) with a
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25% (50%) decrease scenario was 0.1 (-0.9), 0.3)(-D.2 (-1.4) and -0.1 (-1.8) mm
for HDPP, HDCip, LDPP and LDCip, respectively. Tdlesolute difference in ET
under current conditions for the spring months ($@ith a 25% (50%) decrease
scenario was -4.6 (-7.9), -10.8 (-11.9), -4.0 (+3u6d -4.6 (-9.3) mm for HDPP,
HDCip, LDPP and LDCip, respectively. The absolutéedence in ET under current
conditions for the summer months (DJF) with a 25%96) decrease scenario was -
13.7 (-47.1), -14.8 (-35.5), -7.2 (-6.4) and -9BL(0) mm for HDPP, HDCip, LDPP
and LDCip, respectively. The absolute differenc&inunder current conditions for
the fall months (MAM) with a 25% (50%) decreasersue was -33.4 (-51.6), -15.3
(-34.4), -5.2 (-8.9) and -8.5 (-12.0) mm for HDPQCip, LDPP and LDCip,

respectively.

Future climate scenarios - combined effect of temperature and precipitation
Variations in total annual ET were caused mainlghanges in total annual

transpiration (Figure 4.14). In a linear regressoalysis of ET and transpiration for
all the plots, the generdl was 0.94. The’values from the individual plot regressions
were 0.99, 0.91, 0.90 and 0.61 for HDPP, HDCip, BD¥~nd LDCip, respectively.
The reduction in precipitation reduced differeniceannual ET between temperature
scenarios in the high density stands, while it ecbkd the differences in the low
density stands (Figure 4.15). Changes in total anprecipitation were more
important than temperature changes in the highigestands regardless of the
species. On the other hand, in the low densitydsté@mperature changes had a

greater effect on the total annual ET than changpsecipitation, regardless of the
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species (Figure 4.15). Total annual ET increaseavanage of 9.3, 9.7, 27.2 and 14.1
mm per degree Celsius increase in air temperatuid®PP, HDCip, LDPP and
LDCip, respectively. Total annual ET decreasedawrage, at a rate of 3.4, 2.3, 0.7
and 1.1 mm per every 1% reduction in annual pretipn for HDPP, HDCip, LDPP

and LDCip, respectively.
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Discussion

There is general consensus among scientists lthtzlglimate has been
affected by human changes in the carbon cycle (eatlet al., 2007). Among the
achievements of the Intergovernmental Panel on &érchange (IPCC), one of the
most important was sending an unequivocal messate tpolicymakers that climate
change is occurring, and that actions should bentéé mitigate ensuing impacts on
global, regional and local economies. The scientémmunity, then, must provide
tools and information to help policymakers evaluatecosts and benefits to society
and help them make rational decisions (Lawton, 20D&cisions regarding land use
management have direct influences on climate chandet the same time generate
feedback on water and carbon fluxes (Marland e28D3). In northern Patagonia, the
Argentinean government is subsidizing the use stkg@owing species in forest
plantations to help develop rural economies anegdoce the environmental impact of
the destruction of native forests (SAGPyYA, 199%)e Tain species used for
afforestation in the region is ponderosa pine, Wisccommonly planted at high
densities (>1200 trees ha-1). Most of the plantstiare being located in the natural
distribution area of cordilleran cypress. Underdiag the interaction between current
vegetation cover, water resources and climate doellol prevent potential damages to
the environment before widespread changes in lamdrcoccur. The purpose of this
study was to parameterize a detailed process-bmaeddl to forest stands of exotic
ponderosa pine and native cordilleran cypress graivdifferent densities, in order to

estimate total annual water fluxes and assesshidimological sustainability. In
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addition, we used the parameterized model to etatha potential effects that
changes in temperature and precipitation of futlireate scenarios could have on the

seasonal and annual water fluxes of ponderosagmdeordilleran cypress stands.

Model parameterization and validation

The detailed structural and physiological measear@mtaken on the four
forest stands in our study allowed us to paranetdghie SPA model, and accurately
explain the interactions between the plants anid gigsical environment. The
iteration process to fit the hydrologic parametgetded values similar to those found
by Schwarz et al. (2004) for a mature ponderosa giand in Oregon that also had a
similar height as the stands in our study (~14 Ith fBhe fit against the measured data
for the calibration runs was successful as it @rptdmore than 80 % of the observed
variation in daily transpiration for all forest st#s; the values of slope and intercepts
did not differ from 1:1. Despite lower goodnessfibfndicators for the model
validation, the parameterized SPA model accurggedglicted transpiration in the
second set of data (the growing season not usezhlitaration) that had a strongly
contrasting precipitation regime, suggesting a gepiesentation of vegetation
processes.

The largest discrepancies between model predgaod field measurements
of transpiration occurred during the two days aféén events in the summer of the
dry year. The SPA model predicted larger transipinatates for those days than were
actually measured. A possible explanation for plagern could be that after a long

drought season the roots located in the upperdayfethe soil lose functionality by
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cavitation. Therefore, transpiration response atexin event is delayed until water
reaches the functional roots, or roots become fonak again. In the model
predictions, on the other hand, roots do not Ibs& functionality, nor is their
resistivity changed at any time throughout the sea€onsequently, the model
predicted that trees started transpiring at higats as soon as soil water was

available.

Model predictions for the current climate

Estimates of total annual ET by the parameter&led model suggest that the
high density ponderosa pine plantations (HDPPslbi used in timber production,
like the one in this study, are not hydrologicalstainable as total ET exceeds input
precipitation in the forest-steppe ecotone of neet Patagonia under current
meteorological conditions. This could translate@iatreduction of stored soil water
over time and a reduction in productivity when shered water becomes depleted. It
is also possible that the high density ponderosa gystem is using excess water from
other areas of the landscape that drains intoabezone of the ponderosa pine
plantation. In that case, water yield in the catehtrwould be reduced and,
potentially, the water table level lowered, as wétat usually leaves the system is
now used to refill the soil under the high dengibnderosa pine plantation. In the high
density cordilleran cypress stand there was a clagteh between input precipitation
and total ET. Despite the classification of ‘hyamically sustainable’ adopted in this
study, this result also suggests that if the metegical data used in the study

represents the average climatic conditions, thehadinof the years the high density
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cordilleran cypress stand will be using more wétan is input. In addition, soil water
discharge is not considered in the hydrologicatanability concept and with
precipitation occurring mostly when transpiratisminimal, then it is very likely that
there is going to be some water discharge in miateoyears unbalancing the water
budget. In the low density forest stands of bgicges the hydrological sustainability
does not appear to be compromised under currenatei

Interestingly, total annual ET predictions by 8fA model present a different
picture than our previous estimates for canopyrethé same stands (Licata et al., in
prep). This could be attributed to several diffeenbetween the methods used for
each estimate. In the previous estimates (Licadh @&t prep), transpiration was only
calculated for the spring and summer and interoadtss was estimated for the
whole year, while in the SPA model predictions @f&rresponded to transpiration,
soil evaporation and interception losses for thele/llyear. The meteorological data
driver used in the SPA model predictions was neniital to the data from either of
the growing seasons measured in the previous shudyyas instead a mix of both
growing seasons, plus data adapted from a neachyidm for the end of the fall and
winter. Moreover, the meteorological data driveswodified to make it match
historic monthly averages of temperature and pitatipn. Furthermore, the
interception algorithms between the two methodscarneeptually different and
operate at different timescales. Although the estia® of interception loss between the
two methods were fairly similar during the calilioatperiod, the estimates from the
previous method were double those from the SPA ifodéhe rest of the year. In

both cases, the cordilleran cypress stands hadsélmwize as much interception loss
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as the ponderosa pine stands. It is not possildetermine which of the methods is
more accurate unless direct measurements of ipigoodoss are carried out during
the whole year. We have reason to believe that inetthods have their strengths and
weaknesses, and most likely the real values arewbere in between. A greater
interception loss on all the stands, would redheedifferences between stands of
different species, but would also result in lesst@nable situations for all forest

stands under all the climate change scenarios veeled.

Model predictions for future climate scenarios

SPA model predictions suggest that both natunaliberan cypress and exotic
ponderosa pine plantations in the region wouldffected by changes in future
climate, as predicted by the fourth IPCC assessnegott. Warmer and drier
environmental conditions will reduce transpiratioore drastically during the summer
in high density ponderosa pine plantations thaemny other forest stand. Predicted
changes in both precipitation (decrease) and testyrer (increase) indicate that
stressful summer drought conditions will be wotsantunder current climate
conditions. Moreover, the negative impact on t&talwill be larger in the high
density stands than in low density stands. At #maestime, high density stands
showed a tighter relationship between ET and tiaauspn than low density stands,
suggesting that high density stands may have higgmebilities in productivity than
the low density plots because of climate variapilit

The increase in air temperature caused an increaaporative demand and,

therefore, an increase in the ET rate for all fotgses when water availability was
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not limiting. Therefore, the effect of increasimgrperature on total annual ET was
larger in the low density stands than in the highgity stands, independent of species.
High density stands showed a larger increase ithgi low density stands at the
beginning of the season because of the increaaie iemperature, but also showed an
earlier onset and a more severe drought impadirgjan early summer.

The different impacts of temperature and predijpitachanges on transpiration
in the forest stands suggest that the identificatiba limiting climatic driver to plant
growth, as proposed by Nemani et al. (2003) orobajlscale, could be modified at
the local level by vegetation structure. While ighdensity stands of this study the
limiting factor was water availability, in the logensity stands, the limiting factor was

mean air temperature.

Management implications

The hydrological sustainability results under eatrclimatic conditions
suggest the need for land use management reguattdhe catchment level to
mitigate the impact the typical high density poruder pine plantations will have on
water resources before they become widespreadcdihplete coverage of a
particular catchment with high density ponderose glantations could induce an
imbalance of the natural water cycle that wouléljkreduce the water that gets to
streams. Modification of the natural cycle of wateurses could result in permanent
deleterious consequences on the environment.

Current climate change projections for the regimuld cause an earlier and

more severe manifestation of summer drought in degisity forest stands, which



114

may also impact natural fire regimes. Earlier speonditions and drought
manifestation have already been shown to incraes&&quency (Westerling et al.,
2006) and an increase in burn area was predictéerdRCC climate scenarios
(Lenihan et al., 2007) in the western United Statd®ere the precipitation regime is
similar to that experienced in northern Patagonia.

Reductions in stand density would improve foréshd resistance to drought
stress and help reduce fire risks (Allen et al.208ligher densities and increased
drought stress would also predispose forest stanaore frequent and severe insect
attacks (Waring and Pitman 1985; Allen, 2007). @lepersal oSrex noctilio, a
damaging plague of pine trees already presentimgion, is know to be favored by
the presence of stressed trees (Wylie, 2001). Magdlye stand density of forest

stands could be crucial to protect forest investsien

Caveats

It is important to highlight the fact that the ést stands evaluated in this study
were located in the best position in the landsé¢ap#rest growth; at the bottom of
the valley with very deep (>2.5 m) and well-drairseds. To assess the sustainability
of ponderosa pine plantations at the catchment,lgwegould be necessary to further
estimate the ET requirements of forest standshargtositions in the landscape and
determine how much of each landscape position maelse area as a whole. It is
very likely that plantations on steep hillslopesupper elevations or on shallower

soils would have a lower ET than the trees measuardds study.
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SPA model predictions for future climate scenansy not be totally realistic
since the assumption of soils under field capaatthe beginning of the season may
not be achieved under lower precipitation scendapthe high density stands, as
assumed here (to provide similar initial conditidoisthe model runs). Under
persistent water deficit conditions, plant commiesitvould eventually modify their
structure to reduce evapotranspiration and be uilibgum with the available water.
Changes in total leaf area, or modifications oflda# area per sapwood area ratio
have been documented in ponderosa pine stands (MalDet al., 2006). However,
none of these structural changes would occur witbetrimental effects on the
environment and plant growth. Reductions in leabamply tree mortality and
modifications in leaf area to sapwood area ratiplynpersistent drought stress

conditions in individual trees.
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Figure4.1 - Soil texture variation with depth per experimental plot.

Measurements were taken every 20 cm up to a défdiBOocm. Each analyzed sample
was a pool of 18 smaller samples. The grey lineasgmts the percent of sand, the
dashed line the percent of silt and the solid blaekthe percent of clay.
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Figure4.2 - Average bulk density at different depths. Error bars are standard
deviations. Samples were taken from each of thegtmis.
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Figure 4.3 - Water release curvesfor all four experimental plots. Lines are the
output of the van Genuchten equation, with hydriglpgrameters obtained using the
Rosetta software. Symbols represent the outputeoiviater release curves used in the
SPA model.
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Figure 4.5 - Root Biomass distribution. Error bars represent one standard deviation.



121

6 A HDPP meas
HDPP model

_1)

A LDPP meas
- = = =LDPP model

daily transpiration (mm d

Date year 2004-2005

7 -
6 - O HDCip meas
P HDCip model
' 5 O LDCip meas
©
- = = =-LDCip model
= R
c
S
s
=
2]
c
s
>
©
©
0 T O\ T T T T 1
30-Sep 30-Oct 29-Nov 29-Dec 28-Jan 27-Feb 29-Mar

Date year 2005-2006

Figure 4.6 - SPA model parameterization. Measured and modeled daily

transpiration (mm d) for the parameterization runs in each forestdsguring the two
growing seasons for which we had data.



122

6 -
A
S 54 tAA
= A
£ a o
E 4 o @OA@O S
15 ° o o
T o, Q2 o
£ 34 A% a8 o A HDPP
: N o $oo © HDCip
% 2 - . A e o ° A LDPP
% o ° o] LDC.|p
g 1. A S —1:1line
o ° Ao o A
0 T T T T T 1
0 1 2 3 4 5 6
measured transpiration (mm d l)
6 1 A
R
N Aka A A
51 A Ax A A A‘
o A, A A 4
S A A A
E 47 4 A / Al
S A "oa N
S 5. 09 A L a
§ o %8 4 AAAA A
s o Aﬂﬁ A, 4 A HDPP
= i o
3 2 ° ng A o HDCip
© S A
3 & e A AAA% A LDPP
E 11 o A{% ﬁ%@ —1:1line
o) AR
oA
VLR
AN
O T T T T T 1
0 1 2 3 4 5 6

measured transpiration (mm d '1)

Figure 4.7 - Regression showing model fit. Modeled vs. measured daily transpiration
of all stands for the calibration period (upperg@amand the validation period (lower
panel).



123

A HDPP meas
HDPP model

A LDPP meas
- - - -LDPP model

_1)

daily transpiration (mm d

Date year 2005-2006

0 HDCip meas
T 5 — HDCip model
=)
g
E 4
c
K=l
s 34
‘a
2]
c
<
52
>
K
©
1
0 T T T T T T 1
30-Sep 30-Oct 29-Nov 29-Dec 28-Jan 27-Feb 29-Mar

Date year 2004-2005
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Figure4.9 - Total daily ET in mm d™* (Transpiration + Soil evaporation +

I nter ception loss) per vegetation type under current climate conditions. Lines
represent 5-day moving averages.
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Figure 4.10 - Seasonal change of daily ET in high density ponderosa pine
plantations (HDPP) and cordilleran cypress (HDCip) under different air

temper atur e change scenarios. Solid black lines represent the modeled ET under
current conditions, blue and red lines represerdeteal ET under scenarios with an
increase in air temperature of 2 an@ 4respectively.
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Figure4.11 - Seasonal change of daily ET in low density ponderosa pine
plantations (L DPP) and cordilleran cypress (L DCip) under different air
temper atur e change scenarios. Solid black lines represent the modeled ET under
current conditions, blue and red lines represerdeteal ET under scenarios with an

increase in air temperature of 2 an@ drespectively.
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Figure 4.12 - Seasonal change of daily ET in high density ponderosa pine
plantations (HDPP) and cordilleran cypress (HDCip) under different

precipitation reduction scenarios. Solid black lines represent the modeled ET under
current conditions, blue and red lines represerdateal ET under scenarios with a
decrease in precipitation of 25 and 50 %, respeistiv
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Figure 4.13 - Seasonal change of daily ET in low density ponderosa pine
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plantations (L DPP) and native cordilleran cypress (L DCip) under precipitation

reduction scenarios. Solid black lines represent the modeled ET ucderent

conditions, blue and red lines represent modelediitier scenarios with a decrease in

precipitation of 25 and 50 %, respectively.
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Table4.1 - Mode parametersobtained from previous studies.
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HDPP HDCip | LDPP |LDCip Units Source

LAI 9 9 3.1 4.6 | m2 m-2 | Licata et al., in
press

Min Leaf WL min -2 -15 -2 -1.5 | Mpa Gyenge, 2005

Canopy Storage 3.1 7.5 2.2 2.7 | mm Licata et al., in
prep

Direct throughfall 0.1 0.1 0.4 0.25 Licata et al., in
prep

Height 145 13.7 14.1 151 | m Licata et al., in

prep
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Table4.2 - Modéd soil and vegetation parameters measured and fitted in this

study.
HDPP | HDCip | LDPP | LDCip Units
Top leaf Nitrogen 2.9 2.18 32| 278 gm™
Above ground plant conductivity 5.8 4 6 4 | mmolm™s™*Mpa®
Root conductivity 0.2 0.2 0.2 0.2 | mmolg tgt Mpa'1
Full sun Vcmax 29 25| 325 32 pmol m % s™
Full sun Vjmax 98 98 110 125 pmol m 2 s™
Average soil sand % 75 70 60 73 %
Average soil clay % 3.1 5 4 2.7 %
Rooting depth trees 3.5 2.75 3.3 2.5 m
Understory rooting depth - - 15 15 m
Understory LAl - - 0.5 0.5 m?m™
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CHAPTER FIVE: GENERAL CONCLUSIONS

The results from the studies in this dissertasibbowed that high density
ponderosa pine stands had the highest total atraunaipiration of all the measured
sites. High density stands had higher total antraakpiration than low density stands.
When comparing among species, the higher obseotaldannual transpiration by
ponderosa pine was due to consistently higherpieat®n rates throughout the year
by ponderosa pine compared to the native cordilleggress plots growing under
similar conditions and comparable levels of staedsity. Differences in transpiration
among stands were greater during the year withenigrecipitation during the
summer, when all the plots followed a seasonakpaation pattern similar to a crop
with no water limitations. High density stands otlb species showed a decline in
transpiration rates due to summer drought duriegyar of measurements with lower
summer precipitation, while the decline was almwstoticeable in the low density
stands.

In both species, soil water depletion occurreduimmeously (although at
decreasing rates) at different depths up to 1.&epdThis suggested a very low root
resistivity, which was then confirmed by the moplatameterization results. The mass
balance approach between the transpiration estihtgtsapflow measurements and
the soil water depletion indicated that high dgngdnderosa pine stands should be
using water from deeper soil layers than the oneasured (>1.8m). Spa model
parameterization suggested a rooting depth of B3aon in the high density

ponderosa pine stand, and up to 2.7 m in high tdeogpress.
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Rainfall interception losses are not trivial. Adtlgh the annual estimates
produced by the different methods (chapter 3 vaptdr 4) used to calculate
interception losses were considerably differentnflane another, the relative
differences between species persisted. In botrschsaever, including interception
losses in the results had a large impact on tted éonclusions. The leaf morphology
of cordilleran cypress likely creates a much langater storage capacity than that of
ponderosa pine. The amount of water that is logttasception in cordilleran cypress
is almost double that of ponderosa pine. This alsans that more water is available
for transpiration in the ponderosa pine stands thaordilleran cypress, and would
consequently translate in higher productivity. Blr&kingly different values observed
between species, but not between stand densitiggest that, generally speaking, any
comparison in water use between species that heeedt leaf morphology should
include some estimate of their relative effectsrtarception loss.

Finally, the use of a process-based model madmtbgration of the
accumulated knowledge about the systems possidldelped close the water budget
of the different forest stands. Estimates of tatatual ET by the parameterized SPA
model suggest that typical high density ponderasa plantation for timber
production, such as the one in this study, ardgdtologically sustainable under
current meteorological conditions in the forespptecotone of NW Patagonia.

SPA model predictions further suggest that waramer drier environmental
conditions, as projected by the IPCC ARA4 for tieigion, will reduce transpiration
more drastically during the summer in high denpinderosa pine plantations than in

any other forest stand. Both, predicted changg@saaipitation (decrease) and
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temperature (increase) indicate that stressful seingmought conditions will be worse
than under current climate. None of the speciel dansity stands would be
hydrologically sustainable under these predictédréuscenarios.

Higher temperature scenarios may increase prodiyotif the low density
stands in both species, but would increase the sirdrought severity in the high
density stands, compromising any potential incréageoductivity that may occur at
the beginning of the season.

Overall, these dissertation results highlightribed for stand density
management in order to reduce the ongoing impaleighf density ponderosa pine
plantations on water resources. Reductions of stendity in dense stands of both
species would also improve forest stand resiligaarought stress and help reduce

fire risks.
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