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Global warming will affect the maximum potential abundance of
boreal plant species

Sara Villén-Peréz, Juha Heikkinen, Maija Salemaa and Raisa Makipaa

S. Villén-Peréz (https:/forcid.org/0000-0003-1832-1817) 2 (sara.villen@gmail.com), Global Change Ecology and Evolution Group, Dept of Life Sciences,
Univ. de Alcald, Alcald de Henares, Madrid, Spain. — ]. Heikkinen, M. Salemaa and R. Miikipid, Natural Resources Inst. Finland (Luke),
Helsinki, Finland.

Ecography Forecasting the impact of future global warming on biodiversity requires understanding
43: 1-11, 2020 how temperature limits the distribution of species. Here we rely on Liebig’s Law of
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that a species can attain at a certain location. We develop 95%-quantile regressions to
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sum that was consistent in temperature-only models and in all-predictors models,
which also included cumulative precipitation, soil texture, soil fertility, tree species
and stand maturity as predictors. For species with significant and consistent responses
to temperature, we forecasted potential shifts in abundance for the period 2041-2070
under the IPCC A1B emission scenario using temperature-only models. We predict
major potential changes in abundance and average northward distribution shifts of
6-8kmyr'. Our results emphasize inter-specific differences in the impact of global
warming on the understory layer of boreal forests. Species in all functional groups
from dwarf shrubs, herbs and grasses to bryophytes and lichens showed significant
responses to temperature, while temperature did not limit the abundance of 10 species.
We discuss the interest of modelling the ‘maximum potential abundance’ to deal with
the uncertainty in the predictions of realized abundances associated to the effect of
environmental factors not accounted for and to dispersal limitations of species, among
others. We believe this concept has a promising and unexplored potential to forecast
the impact of specific drivers of global change under future scenarios.

Keywords: boreal forests, climate warming, quantile regression models, species
distribution

Introduction

The biogeographical distribution of plant species is changing as a response to current
global warming, and this trend is expected to continue over the next decades (Lenoir
and Svenning 2015). This is especially likely in boreal and arctic environments,
where changes in climate are predicted to be larger than at more equatorial laticudes
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(IPCC 2013). At northern latitudes, the effects of warming
on vegetation have been already described in terms of upslope
shifts of species ranges in mountainous regions (Felde et al.
2012), thermophilisation of communities at high altitudes
(Gottfried et al. 2012) or increase of plant biomass and shifts
in relative species abundances at high latitudes (Sistla et al.
2013, Vuorinen et al. 2017). For terrestrial plants, latitudinal
migrations are far less reported than altitudinal shifts (Lenoir
and Svenning 2015), maybe because the latter are more easily
studied (Jump et al. 2009). Moreover, the response of differ-
ent species to warming is highly variable, in both magnitude
effect and direction (Lenoir et al. 2010, Chen et al. 2011),
even within given taxonomic groups and regions (Parmesan
and Hanley 2015). For instance, in the well-studied tundra
biome, warming lead to an increase in the cover of shrubs,
forbs and graminoids, while a decrease occurred in the cover
of mosses and lichens (Walker et al. 2006, Elmendorf et al.
2012, Lang et al. 2012). Temperature sensitivity of vegeta-
tion has been widely analysed by using observed or predicted
average monthly temperatures, where daily temperature
data have not been available (Prevéy et al 2017), but grow-
ing degree-days may better forecast timing of the biological
events (Pauling et al. 2014). In order to take advantage of best
practices for conservation and ecosystem management, the
effects of warming on vegetation may need to be forecasted.
This is a challenging objective given the intrinsic complexity
of species environmental responses and between-species posi-
tive and negative interactions, and only some studies have
attempted to predict latitcudinal shifts of northern vegeta-
tion under future global warming scenarios to date (but see
Gignac et al. 1998, Bakkenes et al. 2002, Beauregard and de
Blois 2016).

Forecasting species distributions under global warming
scenarios requires relying on information emerging from
the current relationship between species and temperature
in order to predict how projected temperature changes will
affect species in the future. However, an important concern
related to this approach is that temperature may not be the
only factor directly limiting plant species abundance. The
limiting effect of other variables, such as soil characteristics
(Salemaa et al. 2008, Bertrand et al. 2012, Beauregard and
de Blois 2014), light regime (Nieto-Lugilde et al. 2015), and
water availability (Greenberg et al. 2015) might be more
relevant in some circumstances. On the other hand, ecological
facilitation may ameliorate physical stress and allow species
to survive at locations that would a priori be beyond their
environmental tolerances (Michalet and Pugnaire 2016). For
instance, dense forest canopies buffer climatic extremes and
create microrefugia for understorey plant species (Davis et al.
2019). Thus, the response of species to temperature may vary
among regions with different combinations of environmental
variables (Pefiuelas et al. 2004), land management (Garcia-
Valdés et al. 2015, Tonteri et al. 2016) and biotic interactions
(Shi et al. 2015). This includes locations where temperature
may be the factor limiting abundance, as well as locations

where other factors may oust temperature from limiting
species abundance (Gibson-Reinemer and Rahel 2015,
Beauregard and de Blois 2016). Liebig’s law of the minimum
predicts that only one of these environmental factors will be
the active limiting constraint of species abundance at any
given point in time and space (Hiddink and Kaiser 2005).
However, the reality is that it is difficult to identify which
factor is limiting species abundance at each point in space
at present time, and it is almost impossible to predict the
shift of all potential limiting variables under future global
change scenarios. Therefore, if the intention is to forecast
how temperature changes will affect species distribution, we
need to focus on locations where temperature will actually
constrain species performance.

Quantile regression models are beneficial for estimat-
ing the effect of a limiting factor when it is known that
other unmeasured factors could also be the active limit-
ing constraint at some locations (Cade et al. 1999, Cade
and Noon 2003, Koenker 2005, Austin 2007, Vaz et al.
2008). For instance, it may be possible to model the limit-
ing effect of temperature; i.e. the maximum potential abun-
dance that a species could attain at each given temperature
(Greenberg et al. 2015, Carrascal et al. 2016). Notably,
this maximum potential abundance may reflect the whole
potentiality of the species, either if it is determined by the
fundamental niche or by facilitation allowing persistence
beyond it (Bruno et al. 2003). That may be an approach to
the maximum ecological response of a species to tempera-
ture, in principle not affected by the limiting effect of other
environmental factors. We think this makes the method
especially suited to forecast the fate of species under future
scenarios of global warming for two reasons. First, as much
as the model captures the isolated effect of temperature, it
avoids confounding effects from other limiting environ-
mental factors. Second, forecasting the maximum poten-
tial abundance is an implicit recognition of uncertainties
on future realized distributions related to species’ dispersal
capacities and to reliability of land-use change scenarios.
Although the technique is gaining popularity with time
(Eastwood et al. 2003, Schroder et al. 2005, Vaz et al. 2008,
Chessman 2012, Cozzoli et al. 2014), quantile regression is
not yet widely used by ecologists, and has virtually never be
used for forecasting the effects of global warming (but see
Jarema et al. 2009).

The objective of this work is to forecast the effect of global
warming on the maximum potential abundance of boreal
forest understory plants for the upcoming decades. We rely
on the hypothesis that the effect of temperature — when sig-
nificant — is reflected in the maximum potential abundance
that a species can attain at a certain location. Forecasts were
restricted to a selected group of species with a significant
response to temperature that was maintained stable when
including other environmental factors in the model such as
precipitation, texture and fertility characteristics of soil, stand
basal area and proportion of deciduous tree species.



Methods

Study area and data

We used soil and vegetation data from locations across
Finland surveyed in 1985-1986 on a systematic sampling
network established by the Finnish national forest inven-
tory (Mikipdd and Heikkinen 2003). Vegetation, tree and
basic soil measurements were available from all 3009 per-
manent sample plots (Makipad and Heikkinen 2003), while
more complex soil analyses were available from 453 plots
(Tamminen and Starr 1990, Tamminen 2000). The 300 m?
circular monitoring plots formed a regular network of clus-
ters (Fig. 1; Reinikainen et al. 2000, Mikipii and Heikkinen
2003). In southern Finland, each cluster consisted of four
plots at 400 m intervals, with one cluster per 16X 16km
square. In the north, there were three plots per cluster at
600 m intervals, with one cluster per 24 X32km rectangle.
In order to avoid pseudo-replication issues derived from
the aggregated nature of plots, we randomly selected one
plot per cluster for analysis. Moreover, we focused on for-
est plots on mineral soils (excluding peatlands, i.e. peat layer
> 30cm or peatland vegetation covers > 70% of forest floor,
and non-forested plots, i.e. bare lands with tree growth
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Figure 1. Sampling design of the vegetation survey carried out as
part of the Finnish national forest inventory in 1985-1986. The
map shows the locations of all clusters containing at least one
sample plot on forested land. Arrangement of plots within cluster is
shown in diagrams for northern Finland (a) and southern Finland
(b). Distribution of 2m?-vegetation quadrats within each plot is
represented in diagram (c).

< 1m’yr™"), including the full range of soil fertility, silvi-
cultural treatments, tree species and age classes. Considering
these restrictions, we included 868 sample plots in
the analyses.

The percentage cover of understory plants was estimated
visually on 2m? sampling quadrats located systematically
within the plots (Fig. 1). Species plot-level abundance was
estimated as the mean cover over 3—6 quadrats. If the plot
included different stand compartments or land types, we used
only the quadrats equivalent to the central point. We studied
25 major understory species with a minimum prevalence of
150 observations over the 868 plots. These species belonged
to the plant groups of dwarf shrubs (6), graminoids (4), herbs
(5), mosses (9) and lichens (1), and had a mean prevalence
of 388 plots in the 868 (range 150-797; Supplementary
material Appendix 1). A minimum prevalence of 150 was
established to minimize error type I in quantile regression
models (Cade et al. 2005).

Past temperature and precipitation data was provided by
the Finnish Meteorological Inst. (FMI) at a daily resolution
for a grid scale of 1 X 1km? (Veniliinen et al. 2005). These
values are an approach to those experienced by plant species,
considering fine-scale thermal heterogeneity and differences
between measured air temperatures and ground-level
temperatures. We derived effective temperature sums and
cumulative precipitation for each year and sample plot, and
averaged them for a period of 25 yr prior to forest inventory
(1961-1985). We used annual precipitation, since beside
summer precipitation water volume of snow have importance
for soil moisture (Ilvesniemi et al. 2010). The effective
temperature sum (growing degree days GDD °C) was defined
as the sum of the positive differences between diurnal mean
temperatures and 5°Cyr~". The GDD is a measure of heat
accumulation widely used by phenological and agricultural
studies to forecast state of vegetation (Pauling et al. 2014).
For future temperatures, we used predictions for the period
2041-2070 derived by the FMI considering the IPCC
emission scenario A1B (Jylhd et al. 2004), which is very
similar to the more recent RCP 6.0 scenario (Moss et al.
2010, IPCC 2013).

Other predictors included in the analyses were soil tex-
ture, soil fertility, the total basal area of the stand, and
the proportion of deciduous tree species. Soil texture indi-
cated soil water holding capacity and moisture availabil-
ity. Soil texture was assessed for each vegetation quadrat
using a ten-point scale ranging from bare rock to grain
size < 0.002 mm, and averaged per plot as a gross measure
of the physical structure of the soil. In the subset of 453
plots with more precise soil data, we confirmed that soil
texture was significantly related to both clay content in
soil (t-statistic=9.610, p-value << 0.001) and soil median
grain size (t-statistic = —4.981, p-value << 0.001). Soil fer-
tility was a factor of four levels that indicated soil nutrient
availability. It was defined in the field based on vegeta-
tion composition and stand characteristics, using an eight-
point scale where 1 corresponds to the highest fertility



(Hotanen et al. 2008). We merged classes 1 +2 and 5-8
because of a low number of observations from extreme
classes. In the subset of 453 plots we showed that the
reclassified variable was significantly related to the carbon/
nitrogen ratio of the soil organic layer (t-statistic = 14.02,
p-value << 0.001). Stand basal area was used as a proxy
for light availability for the understory vegetation, and was
measured from three relascope plots that included area of
the primary sampling plot. The proportion of deciduous
trees calculated from the basal area of all trees was used
as a surrogate of biotic interactions, via canopy shading,
throughfall and litter quality. All tree species were identi-
fied as a part of stand inventory, but we used two classes
according to dominant species and their functional influ-
ence on understory vegetation: 1) conifer species, mainly
including Scots pine Pinus sylvestris and Norway spruce
Picea abies, and 2) deciduous species including silver birch
Betula pendula, downy birch Berula pubescens, common
aspen Populus tremula, grey alder Alnus incana, common
alder Alnus glutinosa and other minority deciduous spe-
cies. Correlation between predictors was moderated or
low: temperature sum — precipitation (0.64) and soil fer-
tility — basal area of tree stand (—0.38) showed the larg-
est values, while other pairs of predictors showed absolute
values below 0.28.

Forecasting maximum potential abundance (MPA)
of species

The relationship  between species abundance and
environmental factors was analysed with quantile regression
models, using the rq() function in the R package quantreg
(Koenker 2019, R Core Team). At an exploratory stage,
we found that most plant species displayed zero-inflated
abundance data, and for most species, the abundance-
temperature plot showed polygonal point clouds and
heteroscedastic error distributions rather than curvilinear
relationships (see example in Fig. 2). Beyond the above-
mentioned conceptual advantages of quantile regressions, the
technique also deals well with this type of data (Cade et al.
2005, Vaz et al. 2008). Furthermore, we decided to use
quadratic terms of our predictors to allow for non-linear
responses. After through exploration, we disregarded the
more flexible nonparametric additive version of quantile
regression models because they presented large and highly
heterogeneous confidence intervals. All models were defined
at the upper 95% quantile (tau=0.95), which was chosen
as the best compromise solution between defining the upper
response and minimizing error type I (Cade et al. 2005).
Thus, the 95% quantile is an approach to the upper response
at 100%, whose calculation is not computable by quantile
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Figure 2. Comparison of 95% quantile regression model (QR, blue solid line) and generalized linear model (GLM, light blue dashed line)
explaining the effect of the effective temperature sum on the maximum potential abundance and on the average abundance of Dicranum
polysetum, respectively. Both models include the linear and quadratic terms of effective temperature sum. Quantile regression model was
developed using qr() function of quantreg R package, and generalized linear model was developed using the glm() function of stats R
package (R Core Team). Blue shaded areas indicate confidence intervals at 95% for each model. The 868 sample sites included in the model
are represented with black transparent points, so that darker regions indicate point superposition. The small graph is a zoom into the smaller

values of abundance (0-2) in the larger graph.



regression models. In order to consider the proportional
nature of the response variable and to restrict predictions
between 0 and 100, we followed a procedure based on Orsini
and Bottai (2011) that relies on the equivariance of quantiles
to monotonic transformations. We added a small number to
all observed abundance values (specifically half the smallest
observed non-0 abundance) and logit-transform them prior
to applying rq() function. Afterwards, we back-transformed
the estimated values and subtracted the ‘small number’.

We developed two sets of explanatory models. Temperature-
only models related species abundance in 1985 to average
effective temperature sum in the period 1961-1985 in models
that did not include any other covariate. All-predictors mod-
els related species abundance in 1985 with effective tempera-
ture sum, cumulative precipitation, soil texture, soil fertility,
stand basal area and proportion of deciduous tree species. We
analysed the response in the two models in order to select the
species for which we will actempt forecasting. Specifically,
we selected those species that showed a response to tempera-
ture that was significant in both temperature-only models
and all-predictors models and consistent between them (see
Supplementary material Appendix 2 for more details). The
consistency between the two models protects our results from
the potential effect of predictor collinearity.

The predictive performance of models was assessed using
the measure proposed by Li and Peng (2017), based on the
check loss functions, coupled with two-fold cross validation.
Training and validating datasets for cross-validation were
built from plots within clusters: for each cluster we ran-
domly assigned one plot to the training dataset and one to
the validating dataset. This way we avoided spatial autocor-
relation in evaluation procedures (Roberts et al. 2017). Both
temperature-only and all-predictors models were fitted to the
training dataset, they were used to predict the 95% quantiles
associated to the predictor values of the validating set, and
check losses were computed in the logit-scale between the
predictions and the observed abundance values in the vali-
dating set. We repeated this evaluation procedure for 10 000
random partitions of the dataset into training and validating
subsets, and calculated the mean check losses L,  (temper-
ature-only model) and Z,  (all-predictors models over the
plots in the validating subsets and over the 10 000 repeti-
tions, for each species (sp). Lower L-values indicate a better
predictive capacity.

We used temperature-only models to forecast the MPA
of species in Finland under the IPCC AlB scenario of
global warming for the 2041-2070 period. The use of
temperature-only models avoided reliance on environmental
variables for which there are not reliable forecasts for future
(e.g. basal area of trees or tree composition, which depend
on forest management). As the response of species to novel
temperatures is unknown, no extrapolation was attempted to
areas whose effective temperature sum is beyond the range in
training models (Dormann 2007).

We calculated latitudinal = shifts of the abundance
distribution by identifying comparable points of the

predictions for 1985 and 2040-2070. Specifically we
calculated the minimum and maximum latitude of the
values corresponding to 75%, 50% and 25% the maximum
absolute value of MPA predicted for the species. Then, for
each species, we focus on the range limits that fell within
Finland for the two dates. We excluded those predicted to
fall at the maximum or minimum absolute latitudes of the
country, as we could not assess whether they would reach
further locations if they would have the possibility. For
species with predominantly southern distributions in 1985,
the latitudinal shift was calculated for their northern limits
(i.e. for the maximum latitude at which these 75%, 50%,
25% MPA abundance values were found). For northern
species, the latitudinal shift was calculated for their southern
limits (i.e. the minimum latitude at which these abundance
values are found).

Results

Significance, consistency and model predictive
performance

The predicted response of species to effective temperature
sum was generally consistent between temperature-only
models and all-predictors models: trends were alike in
15 of the 16 species that showed significant responses to
effective temperature sum in both models (Supplementary
material Appendix 1, 3). Temperature-only models and
all-predictors models showed similar predictive perfor-
mances, especially for those species with significant and
consistent responses to temperature sum (Supplementary

material Appendix 1, 3, 4).

Species’ response to effective temperature sum and
future projections

MPA limits imposed by effective temperature sum were
predicted with temperature-only models for each point in
Finland in 1985 and 2040-2070, and two main types of
patterns were identified (Fig. 3, Supplementary material
Appendix 5). In a first group of species, MPA values were
significantly higher at higher temperatures. These species
reached their highest MPA in the hemiboreal and southern
boreal subzones of Finland in 1985 (see Calamagrostis
arundinacea, Dicranum polysetum, Maianthemum bifolium
and Trientalis europaea in Supplementary material Appendix
5). In the future, their MPA will increase northwards,
potentially reaching northern regions where they were rare in
1980s (see 2040-2070 predictions in Fig. 3, Supplementary
material Appendix 5). Specifically, their northern range edge
is predicted to move northwards over 500km from 1985 to
2040-2070 (Table 1, Supplementary material Appendix 6).
In the future climate, these species could also face changes in
their abundance in southern Finland, but we cannot assess
that in our data.
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Figure 3. Maximum potential abundance of four example species in 1985 (central panels) and 2041-2070 (right panels), as predicted from
95% quantile regression models (blue line in left panels). This model defines the upper percentile (tau=0.95) of the relationship of species
abundance with the linear and quadratic terms of effective temperature sum along 868 plots of the Finnish national forest inventory in
1985, and was used to predict maximum potential abundances of this species across Finland in 1985 and under temperatures forecasted for
2041-2070 and IPCC A1B scenario. No extrapolation was attempted for temperatures beyond those in the training model of 1985, so areas
with novel climates or not represented by sampling plots are in grey. Solid, dashed and dotted lines in graphs indicate 75%, 50% and 25%
maximum abundance values, respectively. The same lines in maps represent the latitudinal limits of these abundance values. For southern
species (Calamagrostis arundinacea, Dicranum polysetum), these lines indicate the northern limits (i.e. the maximum latitude at which these
abundance values are found), while for boreal species (Carex globularis, Vaccinium vitis-idaea) these lines indicate the southern limits (i.e.
the minimum latitude at which these abundance values are found). Predicted latitudinal shift is computed as the distance between these
lines in 1985 and 2040-2070 projections (Table 1).



Table 1. Mean latitudinal shift in northern and southern range limits
of different thresholds in the maximum potential abundance (25%,
50% and 75% MPA) from 1985 to 2040-2070, and the mean of
these three thresholds (Mean shift), across species. Shift are
calculated when possible given data limitations (see Methods), and
mean shift is the pondered mean of these three values. Thus, n
indicate the number of species across which mean values are
calculated. All latitudinal shifts are given in km.

Shift 25% Shift 50% Shift 75% Mean
Range limits MPA MPA MPA shift
Northern 494 (n=2) 607 (n=4) 529 (n=4) 553
Southern 390 (n=6) 424 (n=7) 433 (n=10) 419

Other species show lower abundances at higher tem-
perature sums, indicating that they are limited by the high-
est temperatures (see Carex globularis, Dicranum scoparium,
Hylocomium  splendens, Pleurozium schreberi, Polytrichum
Juniperum,  Solidago  virgaurea, Vaccinum  uliginosum,
Vaccinum vitis-idaea in Supplementary material Appendix 5).
According to 1985 data, the MPA of these species peaked in
the middle and northern boreal sub-zones. Thus, these spe-
cies are predicted to reach highest abundances at higher lati-
tudes and to decrease under future warming scenarios. The
southern range limits of these species are expected to move
northwards an average of 376km from 1985 to 2040-2070
(Table 1, Supplementary material Appendix 6).

The response of species to effective temperature sum was
not related to the functional group to which the species
belong: all functional groups showed a variety of patterns and
thermal optimums (Fig. 4).

Species response to other environmental factors

In addition to temperature sum, understory plant
species showed significant responses in MPA to tree
stand composition, soil fertility and annual precipitation
(Fig. 5, Supplementary material Appendix 7). Calamagrostis
arundinacea, Dicranum majus, Epilobium angustifolium,
Luzula pilosa, M. bifolium and T. europaea had significant
positive response to high levels of soil fertility (class 1), while
Calluna vulgaris, Cladina arbuscula, C. rangiferina, Empetrum
nigrum and P schreberi had highest MPA in lowest fertility
class (class 4). Abundance of Vaccinium myrtillus increased
and V. vitis-ideae decreased with increasing precipitation.
Trientalis europaea had significant positive and P schreberi
significant negative response to increase in the proportion
of deciduous trees. Higher canopy cover measured as stand
basal area had positive influence on abundance of V. myrzillus,
M. bifolium and a bryophyte D. majus. On the other hand,
E. angustifolium, L. pilosa and Polytrichum commune showed
significant negative response to increase in stand basal area.

Discussion

The fate of boreal understory plants in a warmer future

We predict that locations capable of supporting the maxi-
mum abundances of fifteen boreal plant species will move an
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Figure 4. Predicted maximum potential abundance across the
effective temperature sum gradient, for all 15 understory species
with significant and consistent responses to temperature. These are
quantile regression models at tau=0.95 including the linear and
quadratic terms of effective temperature sum. Plant functional
groups are distinguished with different colours.

average of 6.6kmyr™'. This means a total move of ca 460 km
(range: 49-607 km) northwards from 1985 to 2041-2070
(see 75% MPA in Table 1, Supplementary material Appendix
6). We predict similar shifts for other range limits (see 25%
and 50% MPA in Table 1), though the retraction of species
that are currently dominating the north may be faster (mean
shift of 553km, at a pace of 7.9kmyr™") than the expan-
sion of southern species (419km, at 6kmyr™). Our results
are in accordance with those of Loarie et al. (2009), as they
predicted that boreal species would need to move between
0.01 and 10 kmyr™" to remain in the same temperature niche
assuming there are minimal changes in other environmen-
tal conditions. Notably, our estimates fall in the upper part
of the range, indicating that temperature sensitive species in
Finland may experience some of the highest pressures for
range shift across the boreal region. The monitoring of the
future changes in the species range and abundance would pro-
vide indicator of the effects of climate change in the forests.
Our results emphasize inter-specific differences in
responses to temperature and the impact of global warming
on the understory vegetation of boreal forests. Species in all
functional groups from dwarf shrubs, herbs and grasses to
bryophytes and lichens showed significant responses to tem-
perature, though the direction of effects varied. Calamagrostis
arundinacea, M. bifolium, 1. europaea and D. polyserum,
showed a positive significant and consistent response to
effective temperature sum, and are forecasted to potentially
expand northwards. The abundance of a bryophyte species
D. polysetum has increased in southern and middle boreal
zone since 1950s (Mikipdd and Heikkinen 2003), and the
present results suggest that the change is partly driven by
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Figure 5. Quantile regression models at 95% of the partial effect of different environmental factors on the abundance of Dicranum polysetum
as an example species. Models were developed using data of 868 nation-wide plots sampled in Finland in 1985 and climate data from 1961
to 1985. Abundance of species is measured as percentage cover. The partial effect of each variable is controlled by the average effect of all
other variables in all-predictors models. All variables are included with linear and quadratic terms, except for the factor fertility level, which
is only included in its simple term. Confidence intervals at 95% are shown with a shaded area. Temp. sum: effective temperature sum (°C),
Cumul. precip.: cumulative precipitation (mmyr™"), Basal area: stand basal area (ha™), Soil texture: soil texture (index 1-10, from bare rock
to grain size < 0.002 mm), Soil fertil.: soil fertility (index 1-4, from high to low fertility), Decid. trees: proportion of deciduous tree species

(% of tree basal area).

climate warming. Based on our nation-wide vegetation data
from Finland we are not able to predict their responses beyond
temperature range within country. Therefore, we cannot pre-
dict their future abundance in southern Finland where novel
climates are forecasted for 2040—-2070. Nonetheless, since
C. arundinacea, M. bifolia and T europaeus are currently very
common in the Baltic countries south from Finland (Hultén
1971), they will likely maintain or increase their abundance
in southern Finland under future climates.

A second group of species currently have their highest
potential abundances in middle or northern boreal forests
(Supplementary material Appendix 5). We predict that
these species will migrate northwards, reducing their
maximum potential abundance in their current areas of
distribution. These predictions are supported by the decline
of C. globularis observed in southern Finland from 1950 to
1995 (Reinikainen et al. 2000) and the decline of Cladina
rangiferina and H. splendens in southern and middle boreal
zone since 19505 (Makipad and Heikkinen 2003). These
changes in abundant generalist species suggests that climate
warming will likely influence plant community composition
and modulate the relative abundance of competing species.

Our predictions are in terms of the maximum potential
abundances of species, so that results interpretation per-
tains to potential changes in abundance. Realization of the
predicted shift in distribution will depend on population
dynamics including source-sink processes (Fordham et al.
2013), on the ability of species to cope with warming in
situ by thermal tolerance (Bertrand et al. 2016) or pheno-
logical plasticity (Amano et al. 2014), on the dispersal and
colonization capacity of species (Moser et al. 2011), on the
impediments they will encounter to follow temperature shifts

(Dullinger et al. 2015), and on the limiting effect of factors
beyond temperature in future destinations. Wind-dispersed
grasses and bryophytes (e.g. C. arundinacea and D. polysetum)
are likely to respond more effectively to released climate limi-
tations than short herbs with low seed production and very
local dispersion (M. bifolium and T. europacus; Hiirisalmi
1969, Raatikainen 1990, Honnay et al. 2006). Especially
in wind-dispersed species, source populations may produce
abundantly sexual propagules that maintain the existence of
in sink populations in less suitable habitats. On the other
hand, herb, grass and fern species with high nitrogen require-
ments (Heikkinen and Mikipid 2010) may not perform well
in nutrient-poor destinations even if thermal environment is
optimal. According to our analysis, C. arundinacea, M. bifolia
and 7. europaea had positive response to increasing soil fertil-
ity (Supplementary material Appendix 7), so in the future
climate they are likely to colonize fertile sites in northern
locations but not to thrive on poor sites. Thus, anthropo-
genic nitrogen deposition will likely favour the expansion of
these species (Heikkinen and Mikipid 2010). Furthermore,
understory species associated with deciduous trees such as 77
europaea may not easily colonise large areas dominated by
conifers in the north; although we must consider that tree
distribution may also change with warming. The abun-
dance of some plant species depend strongly on light con-
ditions and increases in clear-cut areas due to opening for
light (Tonteri et al. 2016), while shade-tolerant species such
as M. bifolium, V. myrtillus and D. majus, respond positively
to increasing stand density (see basal area in Supplementary
material Appendix 7). The interaction of these factors will
determine the capacity of species to track global warming and
will potentially provoke extinction debts and colonization



credit. As the result from the interaction of all factors that
affect plant species are challenging to predict (Franklin et al.
2016), our predictions on maximum potential abun-
dances aim to give insight to species’ potential range within
which species realized distributions will be encountered in
future climate.

We identified potential shifts of boreal understory
vegetation that may be of concern for tree stand regeneration.
Among species particularly problematic for forestry, C.
arundinacea may expand its northern range limits and
increase its abundances in northern locations. Calamagrostis
arundinacea is a tall grass with high biomass production that
can regrow from buds and rhizomes and produce many seeds.
These traits define good dispersal capacity and may facilitate
the performance of the predicted range shifts (Aubin et al.
2016). Thus, if the predicted range shift of C. arundinacea
occurs, this may affect survival of the tree seedlings and stand
regeneration.

Limitations of our results

We argue here that quantile regressions are capable to pre-
dict the limitation imposed by a specific factor on species
abundance. Nonetheless, a prerequisite for a complete model
training is the existence of locations throughout the environ-
mental gradient where the species is actually limited by the
factor of interest (Cade et al. 1999). For instance, C. ran-
giferina could probably reach larger abundances at north-
ern latitudes than predicted by our models (Supplementary
material Appendix 5). This and other lichen species are inten-
sively grazed by semidomesticated reindeers in the northern
half of Finland (Kumpula et al. 2000, Den Herder et al.
2003), which reduce their ground coverage well below the
limits imposed by temperature. In this case, the lack of
northern non-grazed plots in the survey data may prevent
accurate modelling of temperature limitations to these lichen
species in cold regions. Cade et al. (1999) suggested that,
even if incomplete, these responses may be more consis-
tent with the ecological theory of limiting factors than esti-
mates by commonly used models. Nonetheless, these sources
of uncertainty may require attention when these models
are applied.

The focus on maximum potential abundance:
a novel conceptual approach to global change
biogeography

Species distributions are usually defined in terms of range
limits, range size, probability of occurrence or local abun-
dance (see reviews by Ehrlén and Morris 2015, Yalcin and
Leroux 2017). Here we propose the concept of ‘maximum
potential abundance’ (MPA) as an approach that includes
by definition the uncertainty derived from the effect of envi-
ronmental factors not considered in the model, the dispersal
limitations of species or any other contingency determining
the realized abundance of a species. This approach is espe-
cially well suited for capturing the fundamental niche with

respect to a specific environmental factor, in contrast to most
common approaches that reflect species’ realized niche. What
is more, as the approach is based on biogeographical data and
not on physiological experiments, it may evidence the fun-
damental niche of species even in the cases in which it was
expanded by ecological facilitation (Bruno et al. 2003). That
is, the maximum potential abundance will not estimate spe-
cies realized abundance at a specific point in time and space,
but the limitation that an environmental factor is exerting
at that point (as defined by Liebig’s law of the minimum).
The realized abundance at this point will be predicted to fall
between zero and the maximum potential abundance, and
this range will explicitly reflect the uncertainty related to the
influence of other environmental factors not accounted for
(Cade and Noon 2003, Greenberg et al. 2015). We believe
this perspective is especially interesting to discuss the impact
of specific drivers of global change under future scenarios in
systems with available abundance data sampled across large-
scales. Howard et al. (2014) already highlighted the advan-
tage of moving towards good quality abundance data for
improving species distribution models, and Gibbons et al.
(2007) stated that this type of data may not be more
costly to collect than presence data in terms of time and num-
ber of observers.

Here we illustrate our proposal to use quantile regression
models and maximum potential abundances in climate
change biogeography in its simplest form. However, the
concept may be combined with other procedures. For
instance, spatialized demographic models could work on the
maximum potential abundance imposed by climate at each
location, in order to estimate realized abundances below
that limitation. Furthermore, the idea may serve to estimate
the ecological limitation imposed by environmental factors
related to the habitat of a species, and to predict the impact
of other global change drivers such as land use change or
nitrogen deposition. In summary, we propose that quantile
regression models are useful to estimate the limiting effect
of any environmental factor on species numbers and have
a large potential application in biogeography and global
change research.
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