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Forests provide important ecosystem services but are being affected by climate change,
not only changes in temperature and precipitation but potentially also directly through
the plant-physiological effects of increases in atmospheric CO». We applied a tree-
species-based dynamic model (LPJ-GUESS) at a high 5-km spatial resolution to
project climate and CO» impacts on tree species and thus forests in Great Britain.
Climatic inputs consisted of a novel large climate scenario ensemble derived from
a regional climate model (RCM) under an RCP 8.5 emission scenario. The climate
change impacts were assessed using leaf area index (LAI) and net primary productivity
(NPP) for the 2030s and the 2080s compared to baseline (1975-2004). The potential
CO» effects, which are highly uncertain, were examined using a constant CO» level
scenario for comparison. Also, a climate vulnerability index was developed to assess
the potential drought impact on modeled tree species. In spite of substantial future
reductions in rainfall, the mean projected LAl and NPP generally showed an increase
over Britain, with a larger increment in Scotland, northwest England, and west Wales.
The CO» increase led to higher projected LAl and NPP, especially in northern Britain,
but with little effect on overall geographical patterns. However, without accounting
for plant-physiological effects of elevated CO», NPP in Southern and Central Britain
and easternmost parts of Wales showed a decrease relative to 2011, implying less
ecosystem service provisioning, €.g., in terms of timber yields and carbon storage. The
projected change of LAl and NPP varied from 5 to 100% of the mean change, due to
the uncertainty arising from natural weather-induced variability, with Southeast England
being most sensitive to this. It was also the most susceptible to climate change and
drought, with reduced suitability for broad-leaved trees such as beech, small-leaved
lime, and hornbeam. These could lead to important changes in woodland composition
across Great Britain.

Keywords: LPJ-GUESS, drought, vulnerability, leaf area index, net primary productivity, CO,

INTRODUCTION

Forest ecosystems play a critical role in global carbon cycling and ecosystem service provision
(Seddon et al., 2019). There is evidence of changes in the composition, structure, and functioning
of forests in response to contemporary climate change and associated drought and heat stress (Ciais
et al., 2005; Allen et al., 2010; Choat et al., 2018), as well as increases in CO, (Penuelas et al.,
2017; Haverd et al., 2020; Walker et al., 2020). The projected shift of precipitation and temperature
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patterns in the twenty-first century (Seneviratne et al,
2012; Dai, 2013), along with increased CO;, therefore,
is likely to have profound impacts on forest ecosystems
(Hickler et al, 2012; Anderegg et al., 2013; Senf et al,
2018; Baumbach et al, 2019). Hence, understanding the
potential impacts of climate change, especially of associated
drought and CO,; on forests and their functioning,
is important for policymakers and stakeholders to
effectively plan appropriate adaptation measures for coping
with the future.

Exploratory data analysis is one of the common approaches
to studying the ecological response of plant species to recent
mean climate change. Extreme events are of particular interest
as they can help improve the understanding of phenological and
physiological responses of tree species for better planning of
management options. These studies are based on the observed
stress signs of plant species, such as canopy dieback (Carnicer
et al, 2011), growth condition (Van der Werf et al, 2007;
Hogg et al, 2008; Pasho et al, 2011; Eilmann and Rigling,
2012), leaf coloring and decline (Leuzinger et al, 2005),
and mortality (Bigler et al., 2006, 2007; Senf et al., 2018).
However, the lack of agreed indicators of particular stress
signs as a function of climate limits their use for climate
change impact studies. In the United Kingdom, there are some
observations of climate change impacts and especially drought
on forests and tree species (e.g., Peterken and Mountford,
1996; Mountford et al, 1999; Green et al, 2008; Cavin
et al, 2013), while a few studies have investigated impacts
on tree growth, but they have been limited to a few species
(Petr et al., 2014).

Bioclimatic envelope models, or others based on similar
statistical approaches, are popular tools for the assessment of
climate change impacts on the distribution of climate suitability
for individual species (Fordham et al., 2013; Watson et al., 2013;
Pacifici et al., 2015; Baumbach et al., 2019). However, when
modeling forests, the fundamental mechanisms of tree species
interactions and carbon and water cycling are not taken into
account. Therefore, it is difficult to tackle the response of tree
species and forest to changes over time, especially with respect
to climate extremes like drought.

Process-based ecosystem or forest models, with their
capability of simulating the ecophysiological and biogeochemical
processes dynamically, are alternatives for studying terrestrial
ecosystems and forest functioning under climate change.
Such models have been used by many studies to investigate
ecosystem properties, like net primary productivity (NPP) and
net ecosystem exchange (NEE) of carbon, in order to understand
the carbon uptake and release of terrestrial ecosystems in global
carbon cycling; such models have been used (e.g., Morales
et al, 2005; Chang et al, 2017; Fernandez-Martinez et al,
2019). They have also been used to investigate transitional
changes in vegetation composition (Hickler et al., 2004, 2012;
Tang et al, 2012) and the physiological aspects of model
outputs like drought-induced forest mortality (Steinkamp and
Hickler, 2015). However, many similar models only represent
broadly defined plant functional types (PFTs) instead of tree
species. So, the model outputs are too coarse to be applied

for regional studies and cannot be used for the ecological
interpretation of individual tree species. Hickler et al. (2012)
developed a tree species-based European version of the dynamic
global vegetation model (DGVM) LPJ-GUESS and applied
it to simulate future climate-driven changes in the potential
natural vegetation. In this model version, ecophysiological
process representations are adopted from the DGVM, but
parameters are defined for the main tree species instead of
PFTs and additional processes are included to distinguish
tree species, in particular a drought limit for establishment.
Note also that the LPJ-GUESS DGVM represents tree species
population dynamics at a greater level of detail than most
DGVMs, which is a prerequisite to define tree species.
The model includes different cohorts of trees and related
characteristics of canopy structure (Hickler et al, 2012).
A version adopting the “average PFT” approach without
cohorts (in the code referred to as “population mode”) from
the LP] DGVM (Sitch et al, 2003) within LPJ-GUESS is
not used anymore.

The aim of this study was to use the tree species
parameterization of LPJ-GUESS by Hickler et al. (2012) with an
updated version of LPJ-GUESS to explore further the ecological
responses of individual tree species to climate change and in
particular to drought in Great Britain, as well as the potential
effects of increasing CO,. Elevated CO;, generally increases
photosynthesis and reduces stomatal conductance, at least for
non-conifers (Korner et al., 2007; Hickler et al., 2015; Klein
et al, 2016), but experimental effects on plant growth have
shown contrasting results and are therefore highly uncertain
(Hickler et al., 2015; Klein et al., 2016; Terrer et al., 2019;
Jiang et al., 2020). Also, we investigated a source of uncertainty
that has seldom been quantified in the context of ecological
modeling: natural weather-induced variability, defined here as
the internal variability of the atmosphere due to its highly
nonlinear and chaotic behavior (Lorenz, 1965). Other sources
of natural weather-induced variability that cannot be addressed
with the climate-driving data we used include externally
forced natural variability (for example due to variability in
solar radiation input or volcanoes) and internally induced
variability in the oceans.

The model was driven by the ensembles of climate model
outputs from the MaRIUS project (Managing the Risks,
Impacts and Uncertainties of drought and water Scarcity)'
with projections to the end of the twenty-first century. To
our knowledge, this study is the first to apply a tree-
species based dynamic ecosystem model at a regional level,
driven by a potential large set of hydro-meteorological time
series with unprecedented high spatial resolution. The novelty
of this study lies in (i) assessment of the climate change
impacts on forests using a large, high-resolution, plausible
climate scenario ensemble for Great Britain; (ii) understanding
the uncertainty arising from the natural weather-induced
variability and the plant-physiological effects of increasing CO;
in ecosystem model projections (Hickler et al., 2015); and

Thttp://www.mariusdroughtproject.org
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(iii) the assessment of the climate vulnerability of typical
British tree species.

MATERIALS AND METHODS

Dynamic Ecosystem Model and

Modeling Protocol

The Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-
GUESS) is a dynamic vegetation model that simulates vegetation
dynamics and ecosystem processes in terrestrial ecosystems
(Smith et al., 2001, 2014; Hickler et al., 2012). The model
combines physiological, biophysical, and hydrological processes
(Gerten et al., 2004) with detailed representation of plant
growth, competition for resources (e.g., light, space, and
water), disturbances, and canopy structure. Vegetation dynamics
(establishment and mortality of individual trees) are simulated
using a forest gap model approach (Bugmann, 2001; Hickler
et al., 2012). The establishment, growth, and death of individual
trees are simulated in a number of replicate patches for
a given grid cell (defined by the spatial resolution of the
model input data), also accounting for stochastic processes that
influence the stand dynamics at a scale of 1,000 m?. The results
are then averaged to characterize the mean vegetation and
ecosystem variables (e.g., soil and total carbon storage) for a
grid cell. Model input consists of daily values of temperature,
rainfall and radiation, annual atmospheric CO, concentration,
and soil texture.

Model results have been evaluated against a wide range of
test datasets (see publications on www.nateko.lu.se/lpj-guess),
including vegetation structure and LAI, the potential natural
vegetation across Europe (Hickler et al., 2012), and observed
results for free-air CO, enrichment (FACE) experiments (e.g.,
Hickler et al., 2015; Medlyn et al., 2015 and references therein).
The framework of LPJ-GUESS is flexible and allows adoptions
or parameterization for different regions and research questions.
In most applications’, the model has been run based on
plant functional types (PFTs) and oak and lime species, for
example, being represented by a temperate broad-leaved tree.
In temperate and boreal regions, however, the model structure
makes it possible to parameterize main tree species, which is
more relevant for foresters and stakeholders than PFTs (e.g.,
Hickler et al., 2004, 2012; Koca et al., 2006). In this study,
we adopt version 3.1 (Smith et al., 2014) with the European
parameterization of major tree species and shrub PFTs by
Hickler et al. (2012) to simulate the dynamics of forests across
Great Britain and to assess the potential effects of climate
change. The nitrogen cycle (Smith et al,, 2014) has not been
enabled here because the parameters governing the population
dynamics of trees (Hickler et al,, 2012) would need to be re-
parameterized first.

The LPJ-GUESS model was run at a 5-km spatial resolution
across Great Britain, with each grid cell represented by 25
replicate patches in order to average the effect of stochastic
disturbance, tree establishment and mortality, and, hence, stand

Zhttp://www.nateko.lu.se/lpj-guess

development. The soil texture was determined according to
the dominant soil texture class (based on a United Kingdom
classification of soil texture) by aggregating the Soil Parent
Material 1-km database (Lawley, 2012). The simulation was spun
up for 1,000 years from bare ground forced by the annual global
CO; taken from McGuire et al. (2001) and the first 30 years of
detrended climate input for 1961-1990 to reach a vegetation state
in equilibrium with the climate (Sitch et al., 2003). The model was
driven by historical observation data (i.e., monthly temperature,
precipitation, and sunshine interpolated to get daily input) from
1961 to 2011 as a reference.

Driving Climate Data

To model the carbon dynamics and vegetation patterns for the
twenty-first century, the model was driven by 100 time series
that represent potential climate change projections for 1961-
2099 (for more details, see Guillod et al., 2018). These climate
scenarios were generated using weather@home2 (Guillod et al.,
2017) under the RCP 8.5 emission scenario. Weather@home
consists of an atmospheric global climate model (HadAM3P)
which is dynamically downscaled over Europe by the regional
climate model (RCM) HadRM3P. The CO, concentration used
in LPJ-GUESS for the future was consistent with the emission
level in RCM 8.5 (van Vuuren et al., 2011). The future time series,
unlike some other RCM outputs, were found to represent mean
climate and extreme hydro-meteorological events, like drought
and flooding, relatively well (Guillod et al., 2018). The MaRIUS
climate dataset (from which monthly mean temperature, bias-
corrected precipitation, and solar radiation were used) covered
three time slices from 1961 to 2004 (baseline), 2020 to 2049
(2030s), and 2070 to 2099 (2080s) at a spatial resolution of 25 km.
We compare the two future time slices (2030s and 2080s) to a
30-year baseline period of 1975-2004 in order to capture both
short-term and long-term ecological responses in LAI and NPP.

The dataset was disaggregated to a 5-km grid in order to match
the LPJ-GUESS modeling grid using the following procedures: (i)
multiplication of the ratio of Standard Average Annual Rainfall
(SAAR) at a 25-km grid to the SAAR value at 5 km by the 25-
km grid rainfall (Bell et al., 2007); (ii) application of a lapse rate
to the temperature of the 25-km grid according to the elevation
differences; and (iii) assigning the value of solar radiation to the
5-km grid equivalent to the 25-km grid encompassing it. Thus,
the climate data input was based on a large ensemble, rather than
several projections, and was at a high spatial resolution compared
to many equivalent modeling studies.

LPJ-GUESS also required the continuous simulation of the
ecosystem from 1961 to 2099. The gaps in the MaRIUS output
for the periods 2005-2019 and 2050-2069 were filled in using
the procedures proposed by Morales et al. (2007). This not only
retained the interannual variability patterns associated with the
existing climate data but also enabled a smooth transition of the
temporal means and variances of the climate variables between
two periods. Table 1 summarizes the LPJ-GUESS simulations
used in this paper. In order to understand the CO, effects,
the simulations of all projection scenarios also were run with a
constant CO; level for 2011 for comparison.
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Tree Mortality as an Indicator of Climate
Vulnerability

The tree mortality function was adapted from forest gap models
(e.g., FORSKA). It affected plant successional dynamics and
community structures (Keane et al, 2001). The tree’s death
was a complex process commonly caused by interactions of
different biotic and abiotic factors, such as age, drought, poor
growing conditions exhausting carbon reserves, wind storms,
insect outbreak, fire, and anthropogenic harvest. Here, we only
considered the growth-dependent mortality, which was strongly
driven by climatic variations and characterized the quality of
growing conditions for a given tree species or PFT. The mortality
was modeled as a stochastic function at a stand level (Steinkamp
and Hickler, 2015):

. 0.3
mortality = —_— (1)
1+ greﬁmeun
greﬁmin
NPP (kg (C)m~2
greﬁmean = ( ) (2)

LA (m?)

where greffinean was the growth efficiency, defined as annual NPP
divided by LA based on a 5-year running average. greffuin was
set to 0.04, 0.06, and 0.08, respectively, according to whether the
tree species or PFT was classified as shade-tolerant, intermediate-
shade-tolerant, or shade-intolerant (Hickler et al., 2012). Water
stress was modeled as the difference between water demand for
optimal non-water-limited photosynthesis and water supply from
root-distribution-weighted soil water content. It would result
in reduced CO; uptake, photosynthesis, and eventually slowed
growth for several years leading to tree death. Hence, higher
growth-dependent tree mortality partially reflected the degree of
drought impact. For the water supply function, we used a species-
specific formulation (Schurgers et al., 2011; Appendix B), which

better reflected species-specific drought responses than the more
general model applied in Hickler et al. (2012).

We developed the climate vulnerability index (CVI) which
related future climate-induced mortality to a baseline period
(1975-2004). Firstly, based on the simulated mortality in
baseline, the zero-mean normalization was applied separately
to the 2030s and the 2080s to obtain the time series of
z-score in each period. This transformation provided a standard
measure (i.e., z-score) allowing for comparison of the degree of
climate impact on tree species at different time periods ignoring
the temporal trend and spatial variability of the background
mortality. Secondly, a threshold needed to be determined to
identify the mortality of concern. The CVI was obtained by the
summation of simulated mortality above the threshold (S) in the
future divided by that of baseline, represented as:

n
S= > zd ifzi =z di=1lesed =0  (3)

i=1

Sfuture

CVI = (4)

baseline

where #n is the number of years of the simulated mortality
time series; z; is the z-score of the ith year in the simulation
period; z; is the specified threshold; d is equal to 1 to indicate a
concerned drought impact and set to 0 otherwise; and S is the
summation of the mortality of concern indicating the severity of
the potential climate impact during the corresponding simulation
period. Although the CVI was not an indicator for assessing tree
mortality in reality and the threshold was usually determined
subjectively, a higher CVI would indicate a higher degree of
climate change and drought vulnerability. It could be used to
compare the differences in potential climate impacts between the

TABLE 1 | Overview of the LPJ-GUESS simulations.

Name Interpretation

time period

Driving data

Number of
realizations

Modeling
settings

1975-2004 UKCP09

gridded

Historical

observation

1975-2004 MaRIUS

dataset

Baseline

2030s
2080s

2020-2049
2070-2099

1000-year
spin-up and
starting from
1961 to 2011

1000-year
spin-up and
starting with
MaRIUS
climate from
1961 to 2099.
Climate dataset
from 2005 to
2019 and from
2050 to 2069 is
interpolated
using Morales
et al.’s (2007)
methodology

1 (observed)

100 (sampling
natural
variability)
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geographical regions and species. A CVI of <1 meant that the
potential impact was lower in the future compared to the baseline.

Projected Future Climate Changes

The MaRIUS 100 RCM outputs show that the projected mean
annual temperature change over Britain increased from between
0.8 and 1.4°C in the 2030s and between 2 and 3.8°C in the
2080s (Figures 1A,C). Figures 1B,D show the range of projected
mean annual temperature change varying from 0.15 to 0.4°C
in both the 2030s and the 2080s. Greater warming appeared
in southern Britain and in summer, with an increase of 4 to
4.5°C in the 2080s. This greater warming is consistent with
other recent climate scenario outputs for the United Kingdom,
such as UKCP18 (Lowe et al., 2018). Annual precipitation was
projected to decrease across Britain except for the northwest coast
of Scotland. The greatest reduction of precipitation was projected
to occur in Wales, southwest and northwest England, and west
Scotland, with an annual decrease of 50-100 mm in the 2030s
and 100-150 mm in the 2080s (Figures 1E,G). The precipitation
reduction in southeast England was around 0-50 mm in the
2030s rising to 50-100 mm in the 2080s. The range of the
projected annual precipitation change showed a similar pattern
for both the 2030s and the 2080s, with more than 300 mm on the
northwest coast; 100-200 mm in Scotland, Wales, and northwest
and southwest England; and 0-100 mm in southeast England
(Figures 1EH). Thus, the MaRIUS climate datasets could be

considered as an appropriate test bed for dry conditions, although
it may overestimate the dryness in southeast England.

RESULTS

The potential impacts of climate change were analyzed by
comparing the modeled average LAI (i.e., representing vegetation
structure) and NPP in the 2030s and the 2080s to the baseline (i.e.,
1975-2004). With 100 modeling runs available, mean changes
in modeled ecosystem properties are shown, complemented by
the range of the 10-90th percentiles to indicate the uncertainty
arising from natural weather-induced variability. The climate
vulnerability of selected tree species was assessed using the CVI
based on comparing the simulated growth-dependent mortality
in the future to that of the baseline.

LAI Change

The projected mean change in LAI summed across all tree species
and PFTs over Britain ranged from 0.25 to 2.24 in the 2030s
and from 0.9 to 4.2 in the 2080s (Figures 2A,B). Without a
change in CO;, the mean LAI change was slightly less with ranges
from 0.2 to 2.2 in the 2030s and from 0.6 to 3.7 in the 2080s
(Figures 2C,D). As expected, the CO; level only affects the degree
of modeled LAI change but has no impact on the geographical
patterns. In both CO; settings, the simulated areas of greatest LAI
change occur in Scotland and northern England, as conditions
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FIGURE 1 | The mean change of the projected annual temperature (A,C) and precipitation (E,G) averaged over the 2030s and the 2080s relative to the baseline
(1975-2004); the range of the projected change of temperature (B,D) and precipitation (F,H) between the 10 and 90th percentiles in the 2030s and the 2080s.
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become more suitable for deciduous tree species to grow under
the warming climate. This also implies that a greater change in
tree composition may occur in these regions.

The range of projected LAI change due to the natural
weather-induced variability is slightly lower (0.1-1.3) in the
2030s (Figure 2E), than the 2080s range of 0.1-1.8 (Figure 2F).
According to the ratio of the projected range of LAI change to
the mean value, the degree of uncertainty (in terms of model
results with different climate ensembles members) was slightly
larger in the 2030s (with the ratio from 0.14 to 1.1) compared
to that in the 2080s (from 0.08 to 0.92). Geographically, the
climate-related uncertainty is slightly larger in southern Britain.
A similar pattern, but with a slightly lower degree of natural
weather-induced uncertainty, can be found in the modeling
results without CO; increase (Figures 2G,H), with a range of 0-
1.5 for both the 2030s and the 2080s. The results revealed that
the CO; increase has limited impact on the degree of uncertainty
caused by climate variability.

The simulated net LAI change was in a range of -0.2-0.98
and -0.95-1.93 in the 2030s and the 2080s, respectively, under
the stable CO, scenarios (Figures 3A,B). In the 2080s, the net
LAI change increased from 0 to 1.93 in Britain, except for SE
and SW England, where the net LAI change decreased by 0-0.95.

The difference of projected net LAI change between stable and
increased CO, showed that the increase of CO; led to an increase
of net LAI change of 0-0.3 in the 2030s with the same climate
conditions (Figure 3C). In the 2080s especially, the increase in
CO; had a greater effect on the increase of net LAI in England
and Wales with an increase of 0.8-1.2, compared to most areas
in Scotland with an increase of less than 0.8 (Figure 3D). This
indicated that the CO; increase had a relatively greater effect
on tree species composition in these regions (Figure 3D) in
comparison to temperature and precipitation.

The time series of simulated net LAI (Figures 3E,F) showed
that for the 50th percentiles, the LAI across Britain was projected
to increase gradually by around 30% for the uplands and 100%
for lowlands from 1975 to the late twenty-first century. The
associated uncertainty remains stable for all the years, with the
range between 5 and 10% of the 50th percentiles. Compared to
the modeling results for 1975-2004, simulated by the observation
climate dataset (black dots), the dynamic ecosystem model
driven by the ensemble RCM scenarios tended to overestimate
the LAI of the 50th percentiles in the uplands. Therefore, it
should be noted that the future physiological response of trees
in reality is most probably in the lower range of the MaRIUS
scenarios in the uplands.
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Plotting the ratio of LAI change of individual tree species
relative to baseline for the 19 river basin regions used in UKCP09
(Murphy et al., 2009) helped understand more regional potential
tree species composition change (Figure 4). The LAI generally
increased for all the tree species in the 2030s. Despite the overall
LAI increment in the 2080s, downy birch (Betula pubescens),
hornbeam (Carpinus betulus), beech (Fagus sylvatica), and small-
leaved lime (Tilia cordata) showed lower increments in England
and Wales. The LAI increase for hazel (Corylus avellana),
silver birch (Betula pendula), ash (Fraxinus excelsior), aspen
(Populus tremula), oak (Quercus spp.), and elm (Ulmus glabra)
in southern Britain (i.e., Anglian, Thames, SE England, SW
England, Severn, and W Wales basins) remained at a similar level
to that in the 2030s. The magnitude of LAI increment for these
species increased gradually from southern to northern Britain.
This indicated the increased future suitability of conditions in
northern Britain for most deciduous tree species. Without an
increase of CO, (Figure 5), the degree of relative LAI change

for each species mostly decreased, especially in southern Britain
river basins. A decrease of LAI can have mixed effects, decreasing
water and nutrient use but also NPP and carbon uptake. In
terms of relative LAI change, the nondominant species (i.e., silver
birch, hornbeam, hazel, aspen, and small-leaved lime) had larger
uncertainty than other species, especially in the 2080s and in
southern Britain.

Carbon Fluxes

The geographical distribution of NPP averaged over 1975-2004,
simulated by using the observation climate dataset varied from
around 0.1 to 0.5 kgC/m?/year over Britain, with an average of
0.36 kgC/m?/year (Figure 6A). The dynamic global vegetation
model, JULES, which has been applied to Britain and is based
on five plant functional types, only two of which are woodland,
had baseline (1998-2008) NPP values of 0.2 to 1.0 kgC/m?/year
(Ritchie et al., 2019). However, it is acknowledged that it possibly
overpredicts productivity and it has a shorter, more recent
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baseline. It showed a good agreement, not surprisingly, with the
average estimate for Europe (i.e., 0.38 kgC/m?/year) from an
earlier version of LPJ-GUESS based on PFTs, driven with results
from a range of RCMs at 0.5° resolution (about 50 km) from
CORDEX (Morales et al., 2007). It also was within the range
of measurements of NPP at a seminatural woodland, Wytham
Woods, Oxfordshire, United Kingdom, which recorded NPP as
0.13 kg/m?/annum over a 2-year period (Thomas et al., 2011),
while an earlier study, including soil productivity, recorded
0.7 kg/mz/annum (Fenn et al., 2010).

NPP was projected to increase by 0.03-0.18 kgC/m?/year
in the 2030s and 0.05-0.39 kgC/m?/year in the 2080s
(Figures 6B,D). Without a CO, increase, a relative smaller

NPP increase, and even a very slight decline, was projected
of -0.02-0.15 kgC/m?/year in the 2030s, and -0.12-0.28
kgC/m?/year in the 2080s (Figures 6F,H). These figures are lower
than Ritchie et al. (2019), who modeled changes for 2,100 without
CO, ranging from -0.5 kgC/m?/year in southern Britain to +0.5
kgC/m?/year in the north and from 0.1 to 0.5 kgC/m?/year
with CO,.

The CO; effect had greater impacts on southern Britain with
a modeled decrease of NPP change without CO; increase. The
geographical patterns of the NPP change projections in the
2080s were similar to those of Ritchie et al. (2019). Morales
et al. (2007) also showed larger increases in the northern
half of Britain and west Wales. According to the LPJ-GUESS
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model, the higher temperatures are likely to increase the suitable
conditions for most deciduous trees growing in northern Britain,
with the potential to replace the non-woody vegetation and
coniferous species. The relatively lower increment of NPP in
south and southeast Britain might be due to the offset effects
of increased evapotranspiration and soil water depletion caused
by the increased temperature. These results are consistent with
the conclusions of Broadmeadow et al. (2005), based on the
Ecological Site Classification model (which does not include
potential plant-physiological effects of increasing atmospheric
CO3), that water limitation in southern England is likely to lead
to an overall reduction in growth for the majority of native
broadleaf species. Thus, this paper, using a process-based model,
demonstrates the vulnerability of woodlands in southern Britain
to climate change, especially without further increases in CO,.

The range of the projected NPP change across Britain
(Figures 6C,E) was from 0.01 to 0.067 in the 2030s, which
is greater in the 2080s (0.01-0.076). It showed a similar level
to the modeled range under scenarios without CO; increase
(Figures 6G,I). Relative to the mean change of NPP, the degree of
uncertainty in NPP change was slightly larger in the 2030s. The
absence of the CO; increase added to the degree of uncertainty
originating from natural weather-induced variability.

Climate Vulnerability of Tree Species

Figure 7 shows the statistical distribution of the mortality
z-values simulated using the observation climate dataset. We
selected the z-value of 1.18 as the threshold to derive the CVI
because the temporal pattern (i.e., inset figure in Figure 7) of
the climate-induced mortality above this threshold showed the

peaks of climate impacts in 1977/79, 1985-87, 1996, 2002, and
2004. These are consistent (with slight lags in some) with the
reported historical drought events in 1975/76, 1984, 1989/90,
1991/92, 1995-97, 2003, and 2004-06 in the United Kingdom.
The time lags were expected because mortality is often increased
some years after drought events (e.g., Peterken and Mountford,
1996) and also the model formulations are based on a 5-
year running average growth efficiency. With 100 ensemble
projections available, we interpreted the CVI at the 50th
percentiles under the scenarios with CO; increase enabled. The
choice of percentile and CO, modeling scenario will lead to
variations in the CVI value; however, it will not affect the
geographical patterns of climate vulnerability among the tree
species and across river basin regions. Hence, it could guide the
government or stakeholders in investing resources strategically
to more vulnerable species and regions. Overall, climate-driven
mortality was projected to decrease in the future (Figure 7),
but with large spatial and species-specific variation (Figure 8) as
discussed below.

Figure 8 shows the geographical patterns of climate
vulnerability for the 12 modeled tree species in the 19 river
basin regions. The degree of climate vulnerability of all the tree
species increased slightly in most regions in the 2080s compared
to the 2030s. This suggests that the temperature increase and
precipitation reduction are likely to lead to more potential
drought stress for tree growth. However, the LAI and NPP were
still projected to increase in the longer term, which is likely to be
due to the ecological recovery capability of tree species, together
with increased ecosystem productivity in the non-drought period
due to warmer climate and rising CO,. Downy birch, ash, oak,
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and elm were projected to be more vulnerable in southeast
England (i.e., Anglian, Thames, and SE England) in the 2030s,
with vulnerable regions spreading across Britain in the 2080s.
The climate vulnerable regions for silver birch and hazel were the
Thames and Severn basins, and northern Scotland, respectively.
Those for hornbeam, aspen, and lime were more in the northern
England and southern Scotland. Beech showed stress across
almost the whole Britain in the 2030s, the most vulnerable regions
being the Forth, Clyde, Tweed, and Solway basins in the 2080s.
In addition, the increment of the threshold to consider more
severe climate-induced mortality generally resulted in a reduced
CVIin the 2030s and in northern Britain. In the 2080s, southeast
Britain (i.e., Anglian, Thames, SE England, Severn, Humber, etc.)
was the stress region for most of the deciduous tree species.
Several actions are possible to reduce these impacts making
forests more resilient to these stresses, including planting more
drought-tolerant provenances and species and planting a greater
variety of species (Broadmeadow et al., 2005).

The projected climate-vulnerable regions for Norway spruce
and Scots pine were in W Highland and Clyde, but the degree of

vulnerability for Scots pine was lower under the higher threshold.
This is consistent with the pattern of drought impact in terms
of stand yield projected in these regions by Petr et al. (2014).
In addition, they projected their decline in south and southeast
Britain, which should also be considered. Overall, taking both
the degree of vulnerability and the number of affected tree
species into consideration, the river basin regions of Anglian,
Thames, and SE England were most vulnerable to climate change
and drought impacts. The vulnerability could affect the whole
England and Wales (in the 2080s) if the severe climate-induced
mortality is considered.

DISCUSSION

The application of a tree-species based dynamic ecosystem
model driven by a novel large, fine spatial resolution hydro-
meteorological time series for the United Kingdom enabled the
assessment of the potential ecological responses of forests and
trees in Britain to both climate change (including drought) and
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potential physiological CO, effects. While the dynamic global
vegetation model, JULES, has been applied at a finer resolution
to Britain, it is based on only five plant functional types and
does not include specific tree parameterization, although outputs
include changes in NPP in broad-leaved woodland, both with and
without CO; (Ritchie et al., 2019).

In our work, the projected spatial pattern of ecological
responses showed an increase of LAI across Britain both
with and without CO,, with larger increments when CO,
effects were included. There were also regional differences, with
greater increases in Scotland, northwest England, and west
Wales. Stronger increases in more temperature-limited areas are
expected, and positive effects of temperature increases have also
been observed in central European and northern ecosystems
(Lucht et al., 2002; Pretzsch et al., 2014; Zhu et al., 2016) and other
modeling studies (e.g., Mankin et al., 2017; Ritchie et al., 2019).
The reduction in NPP in southern Britain under the no CO,
increase scenario, especially in the 2080s, supports the proposed
role of CO; in alleviating drought stress (Swann et al., 2016; Ault,
2020). Also, less carbon could be sequestered in southern and
central England and easternmost parts of Wales in 2080s with
the no CO; increase scenario, as NPP decreased in these regions
relative to the baseline.

Precipitation reduction was a secondary factor influencing the
NPP. The NPP increase in southeast Britain was insignificant
when including CO, effects, most likely through a balance of
negative impacts of more drought stress and positive impacts
of elevated CO; on photosynthesis and water use efficiency.
Thus, this paper, using a process-based model, endorsed the
vulnerability of woodlands in southern Britain to climate change,
especially without further increases in CO,. Also, it demonstrated
the potential increases in productivity, especially in the 2080s,
in the higher parts of England and throughout Scotland both
with and without changes in CO,, as a consequence of the
improving climate.

Secondly, it could be expected that the climate scenarios were
the major uncertainty sources in climate impact studies leading
to different spatial patterns of ecosystem responses (Morales
et al., 2007). However, the natural weather-induced variability
was shown to influence the projected changes of LAI and NPP
(at a level of 5-100% of the projected mean change), but not
their geographical patterns. According to the model, southeast
England is most sensitive to climate variability; in particular, the
nondominant species (e.g., silver birch, hornbeam, hazel, and
aspen) were strongly affected and potentially this could lead to
changes in woodland composition. Therefore, the effectiveness
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of adaptation measures adopted in southeast England might be
inappropriate in other regions in Britain. Finally, this region was
also the most susceptible to climate change and drought, which is
consistent with previous studies (Broadmeadow et al., 2005; Petr
etal., 2014) and western Britain was projected to be more resilient
to drought and climate change.

Some current key woodland-forming species, such as oak,
elm, beech, and ash, showed little change or a slight decrease
in LAI in the SE and SW England, Anglia, and Thames basins,
and three (ash, oak and elm) were projected to be particularly
more vulnerable in the 2080s in the SE England, Anglia, and
Thames basins. In these areas, current and future species planting
plans will need to be reevaluated to ensure they are robust,
not just to mean climate change, but also, as shown by this
paper, to natural weather variability and drought. In contrast to
these canopy-forming species, some characteristic understorey or
earlier successional tree species, such as hazel, aspen, and silver
birch, could be less vulnerable to climate change.

However, in the West and North Highland and NE Scotland
basins, ash, oak, and elm showed not only an increase in LAI
but also a decreased vulnerability. Currently, however, they
form a small percentage of the composition of native broad-
leaved woodland, with birch (silver and downy) being the most
important species depending on region (Price and Macdonald,
2012). While silver birch had increased LAI in the future, this
was not true for downy birch and although both showed lower
vulnerability in the 2030s, downy birch is vulnerable almost
throughout Britain in the 2080s. These two contrasting examples
demonstrate the potential for significant future changes in the
species composition of broad-leaved woodland in Britain.

The main limitations of this study were that the tree
species had been parameterized for Europe and their values
for Britain might be more constrained. Also, we only modeled
a selection of the tree species that were widely distributed
in Britain without considering the human derived land use
patterns (i.e., agricultural and urban areas) and we excluded
waterlogged vegetation classes that are topographically affected.
Hence, the projected ecological responses (i.e., LAl and NPP)
were interpreted as the potential change determined by climate
and soil conditions alone. Human management could modify
the outcomes, thus introducing a new source of uncertainty,
as could changes in atmospheric composition. Decreases in the
deposition of nitrogen and sulfur may also affect NPP, although
a study of their impact on temperate forests in Europe and
United States (1995-2011) suggested that their effects may cancel
each other out (Fernandez-Martinez et al., 2017) and that CO; is
the dominant influence on net ecosystem productivity and gross
primary productivity increases.

Related to this, the model only projected the presence of
coniferous species (i.e., Norway spruce and Scots pine) in
northern Britain (i.e, W Highland, N Highland, North East
Scot, Argyll, Tay, etc.), as it was considering the potential
vegetation, whereas in reality conifers are widely planted for
forestry purposes across Britain. Norway spruce is not considered
a natural species and has only been cultivated in low densities,
partly as Sitka spruce performs much better in Britain (Savill,
2002; Caudullo et al., 2016). Thus, the parameterization of the

model could be refined for further applications to the study
area and other modeling tools (e.g., species distribution models
and ecological site classification model) would be needed to
assess their response to climate change. However, such models
do not incorporate the dynamic ecological processes and thus
are not so appropriate for informing climate adaptation for
woodland conservation.

Heat- and drought-stressed-related tree mortality has become
increasingly important in Europe, in particular since the dry
summer of 2018 (Schuldt et al., 2020). Therefore, it is important
that the model appears to capture mortality events related to main
drought events in the past, but it is difficult to evaluate these
results quantitatively. Furthermore, trees often die because of
secondary stressors such as insect pests, which were not explicitly
included here (but see Jonsson et al., 2012 for a version of LPJ-
GUESS with bark beetles for Sweden). Nevertheless, evaluating
simulated drought impacts should be a research priority for the
future (Steinkamp and Hickler, 2015).

Given the various commitments to tree planting to address the
United Kingdom’s legally binding target of net zero emissions by
2050, many have argued that the planting needs to be the right
tree in the right place (e.g., Natural Capital Committee, 2020;
Seddon et al., 2020), including ensuring that they are resilient
to climate change. Thus, understanding the future impacts of
climate change, natural variability, and CO, on forests and
the growth of different species is important. This study has
shown that climate change could particularly affect the carbon
storage potential of forests and the appropriate choice of tree in
southern Britain, with many current woodland-forming species
potentially being unsuitable in the future. However, in the north
a wider range of tree species could be suitable, thus increasing
options. In both regions, there could be significant changes in
woodland composition.

This study has provided an indication of which species
may be appropriate when tree planting for climate mitigation
and adaptation. However, one should keep in mind that the
vegetation model does not cover all aspects of the ecology of the
tree species (Hickler et al., 2012). For example, specific responses
to water logging and soil pH are not covered. These shortcomings
and the uncertainties related to the climatic inputs and potential
CO; effects, therefore, call for risk spreading as an important
component of any climate adaptation strategy, i.e., promoting
species-rich mixed stands or mosaic with stands dominated by
different species.

Therefore, this study was the first to apply a fine-scale
process-based ecosystem model to the issue of the potential
impacts of climate change, natural weather-induced variability,
including drought, and direct CO, effects on trees in Great
Britain. The modeling showed that the net change in LAI and
NPP could increase with CO, and more so in the 2080s than
the 2030s. However, there were smaller changes projected for
southern Britain, where NPP could decrease without the effects of
increasing CO;. Also, its potential for future carbon sequestration
is less. The greater apparent vulnerability of southern England
was reflected in the potential responses of many of the tree
species, for example, downy birch, ash, oak, and elm. Southeast
England was the most sensitive to climate change, natural
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weather-induced climate variability, and drought, so in this
region particular consideration needs to be given to adaptation
measures for existing forests and to future plantings. In contrast,
there were greater increases in LAI and NPP in parts of northern
England, west Wales, and Scotland, with trees such as ash, oak,
and elm becoming less vulnerable. As these are not currently
an abundant component of forests, this would require different
adaptation strategies. Therefore, this study has shown how
climate change could differentially affect the future of forests in
Great Britain in terms of their vulnerability, composition and
need for adaptive management.
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