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Drought is a key factor affecting forest ecosystem processes at different spatio-temporal scales. For accu-
rately modeling tree functioning — and thus for producing reliable simulations of forest dynamics - the
consideration of the variability in the timing and extent of drought effects on tree growth is essential, par-
ticularly in strongly seasonal climates such as in the Mediterranean area. Yet, most dynamic vegetation
models {DVMs) do not include this intra-annual variability of drought effects on tree growth. We present
anovel approach for linking tree-ring data to drought simulations in DVMs. A modified forward model of
tree-ring width (VS-Lite) was used to estimate seasonal- and site-specific growth responses to drought of
Scots pine (Pinus sylvestris L.), which were subsequently implemented in the DVM ForClim. Ring-width
data from sixteen sites along a moisture gradient from Central Spain to the Swiss Alps, including the
dry inner Alpine valleys, were used to calibrate the forward ring-width model, and inventory data from
managed Scots pine stands were used to evaluate ForClim performance. The modified VS-Lite accurately
estimated the year-to-year variability in ring-width indices and produced realistic intra-annual growth
responses to soil drought, showing a stronger relationship between growth and drought in spring than
in the other seasons and thus capturing the strategy of Scots pine to cope with drought. The ForClim ver-
sion including seasonal variability in growth responses to drought showed improved predictions of stand
basal area and stem number, indicating the need to consider intra-annual differences in climate-growth
relationships in DVMs when simulating forest dynamics. Forward modeling of ring-width growth may
be a powerful tool to calibrate growth functions in DVMs that aim to simulate forest properties in across
multiple environments at large spatial scales.
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Abstract

Drought is a key factor affecting forest ecosystem processes at different spatio-temporal scales. For accu-
rately modeling tree functioning — and thus for producing reliable simulations of forest dynamics — the
consideration of the variability in the timing and extent of drought effects on tree growth is essential, par-
ticularly in strongly seasonal climates such as in the Mediterranean area. Yet, most dynamic vegetation
models (DVMs) do not include this intra-annual variability of drought effects on tree growth. We present
a novel approach for linking tree-ring data to drought simulations in DVMs. A modified forward model of
tree-ring width (VS-Lite) was used to estimate seasonal- and site-specific growth responses to drought of
Scots pine (Pinus sylvestris L.), which were subsequently implemented in the DVM ForClim. Ring-width
data from sixteen sites along a moisture gradient from Central Spain to the Swiss Alps, including the dry
inner Alpine valleys, were used to calibrate the forward ring-width model, and inventory data from man-
aged Scots pine stands were used to evaluate ForClim performance. The modified VS-Lite accurately es-
timated the year-to-year variability in ring-width indices and produced realistic intra-annual growth re-
sponses to soil drought, showing a stronger relationship between growth and drought in spring than in the
other seasons and thus capturing the strategy of Scots pine to cope with drought. The ForClim version in-
cluding seasonal variability in growth responses to drought showed improved predictions of stand basal
area and stem number, indicating the need to consider intra-annual differences in climate-growth relation-
ships in DVMs when simulating forest dynamics. Forward modeling of ring-width growth may be a pow-
erful tool to calibrate growth functions in DVMs that aim to simulate forest properties in across multiple

environments at large spatial scales.



1. Introduction

Drought is one of the main drivers of forest dynamics. It impacts a variety of plant physiological processes
(Ryan, 2011) and modifies the structure, functioning and vitality of individual trees at both the short and
the long term (Breda et al., 2006). The carbon budget of trees is highly sensitive to drought via stomatal
closure which impacts photosynthesis, but also via limitations on secondary growth (i.e., wood formation;
McDowell et al., 2010; Muller et al., 2011; Palacio et al., 2014). Intense drought may also induce xylem
embolism, changes in carbon allocation, and an increased risk from abiotic and biotic disturbance agents
(e.g., fungal pathogens, insects, frost events; cf. Camarero et al., 2015; Sangiiesa-Barreda et al., 2015).
Moreover, drought can induce changes in tree regeneration rates, and mortality of individual trees in case
of extreme and/or recurring events (McDowell et al., 2008). Although the global drought has shown little
change during the last decades (Sheffield et al., 2012), many regions have experienced increases in
drought intensity and frequency with negative consequences on forest ecosystems (Allen et al., 2010; An-
deregg et al., 2013; Bigler et al., 2006). Frequency and intensity of drought events are expected to contin-
ue intensifying in the future (Cook et al., 2014; Dai, 2013), and hence there is a strong need for better un-
derstanding tree responses to drought (Allen et al., 2015).

Xylem growth is among the main and first processes impacted by drought (see Palacio et al., 2014) and
it can be reduced for several years after a severe drought event (i.e., legacy effects; cf. Anderegg et al.,
2015). First, xylogenesis requires certain ranges of temperatures and soil moisture to allow for cell divi-
sion (Mooney and Dunn, 1970), and it stops when water potential is too low. As a consequence, a bimodal
growth pattern is observed for several species growing under continental Mediterranean climates
(Camarero et al., 2010; Gutierrez et al., 2011; Primicia et al., 2013), experiencing double winter-summer
stress (Mitrakos, 1980). Second, xylem growth is indirectly affected by drought through the reduction in
photosynthetic rates caused by stomatal closure, reducing the amount of carbohydrates available for build-
ing new cells (Palacio et al., 2014; Zweifel et al., 2006). The intra-annual variation of cambial and photo-
synthetic activity depends strongly on the species, which have evolved to use different strategies for fac-
ing drought (Lévesque et al., 2014; Zweifel et al., 2009). For example, isohydric species are able to main-
tain high mid-day leaf water potential by reducing their crown-level stomatal conductance with the de-
crease in soil water availability (McDowell et al., 2008). Contrarily, anisohydric species tend to keep their
stomata open during drought to maximize carbon assimilation which leads to more negative leaf water
potentials (Tardieu and Simonneau, 1998). Moreover, the intra-specific differences in growth responses to
dry conditions observed between provenances and populations (Herrero et al., 2013; Martin et al., 2010;
Sanchez-Salguero et al., 2015) demonstrate the importance of site-specific adaptations to drought.

This intra-annual variability in growth response to drought is partially considered in some process-

based Dynamic Vegetation Models (DVVMs) that simulate physiological mechanisms on an hourly or daily
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basis (Fontes et al., 2010). In most ‘mechanistic’ DVMs, however, the impact of drought on plant growth
is not captured accurately because growth is assumed to be exclusively source-driven (i.e., simulated
growth is limited only by carbon assimilation; cf. Fatichi et al., 2014; but see Davi et al., 2009; Schiestl-
Aalto et al., 2015). In another class of DVMs, such as forest succession models (also called ‘patch’ or 'gap'
models, cf. Bugmann, 2001), sink limitation is assumed to be the main process driving growth (Leuzinger
et al., 2013), and water stress limitation is captured through an annual drought index calculated as an aver-
age over the growing season that reduces growth rates (Bugmann and Cramer, 1998; Pausas, 1999). In
contrast to global DVMs, which typically are based on plant functional types rather than species (De
Kauwe et al., 2015), forest succession models account for the inter-specific sensitivity to drought using
species-specific parameters as a threshold of maximum drought tolerance. Nevertheless, they do not con-
sider local adaptation to drought (i.e., intra-specific and intra-annual variability) and still are prone to con-
siderable uncertainties regarding the drought tolerance parameters (e.g., Gutiérrez et al., 2016; Weber et
al., 2008). In addition, the intra-annual growth pattern related to drought is not taken into account because
in most models every month within the growing season has the same influence on the calculation of the
annual drought index (Bugmann and Cramer, 1998).

In the studies that focused on improving and applying succession models in Mediterranean-type eco-
systems, drought effects were modeled by increasing the temporal resolution of the water balance sub-
model to a daily time step (Fyllas and Troumbis, 2009; Pausas, 1998). This modification imposed limita-
tions to the general applicability of the models, particularly due to constraints on deriving accurate local
daily time series data of weather variables (in contrast to widely available monthly time-series). Thus,
there is scope for improving the modeling of drought impacts on tree growth in forest succession models
without a strong increase in model complexity. In addition, reliable forest models incorporating data relat-
ed to species- and site-specific growth responses are essential for forecasting the effect of climate change
on species composition, and for improving management and conservation practices (Fontes et al., 2010;
Sanchez-Salguero et al., 2015).

Simulating the effects of drought more mechanistically remains a challenge, regardless of the type of
model considered (e.g., Gustafson et al., 2015). In the case of forest succession models, it requires the de-
termination of robust growth functions by means of high temporal and spatial (i.e., on different individu-
als/populations) resolution measurements of growth and climate for a long time period, followed by skill-
ful model simplification to make the approach tractable in long-term simulations.

Tree-rings are a potentially powerful source of data, as they allow for the investigation of a large
amount of samples with an individual and annual resolution. While ring-width data are often used to eval-
uate the performance of forest models (Li et al., 2014), they have been rather neglected in the calibration
phase or for deriving new functions (but see Gea-lzquierdo et al., 2015; Guiot et al., 2014). Tree-rings

have been used to derive empirical growth-mortality functions and to calibrate growth response to temper-
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ature in DVMs (Bircher et al., 2015; Rickebusch et al., 2007). However, ring-width data have never been
employed for improving processes at the intra-annual scale in forest models.

In the present study, we explore a novel approach to improve the simulation of drought effects on tree
radial growth in a forest succession model while maintaining its structural simplicity. We define drought
as insufficient soil water availability for tree growth, soil moisture being dependent on soil properties, pre-
cipitation and actual evapotranspiration. Specifically, we incorporate a forward modeling approach of
tree-ring width, the Vaganov-Shashkin Lite model (VS-Lite, cf. Tolwinski-Ward et al., 2011) in the forest
succession model ForClim (Bugmann, 1996) to determine seasonal growth responses to drought for Scots
pine (Pinus sylvestris L.) in sixteen sites that cover most of the environmental conditions of the species in
Europe. Scots pine is a keystone species in many forest ecosystems and has a high importance in terms of
forest economics, habitat conservation and biodiversity (Matias and Jump, 2012). Being the most wide-
spread conifer globally (Nikolov and Helmisaari, 1992), its geographical distribution extends from the
northern boreal regions, where growth is limited by growing-season low temperatures, to the southern
continental Mediterranean forests, where a combination of summer drought and high temperature is the
main limiting factor (Matias and Jump, 2012). We (1) describe a methodology to consider the intra-annual
variation in growth response to drought in forest succession models, and (2) investigate if intra-annual and
site-specific growth strategies should be included in models that aim to forecast forest dynamics at large
spatial scales.

2. Materials and methods
2.1. Calibration of the growth responses to drought
Study sites

We re-analyzed published tree-ring width datasets from 16 sites in different European biogeographical
regions: the Iberian Central System, the Iberian Mountains, the northern, central and southern Alps, the
Swiss Plateau, and the Jura Mountains (Fig.1). Distributed across Switzerland, Spain, and northern Italy,
these sites covered a wide climatic gradient in terms of temperature and precipitation (Table 1). The three
Iberian sites were characterized by relatively high annual precipitation but dryer summer periods com-

pared to the sites in the inner Alpine valleys (Fig.1).

Ring-width datasets

For nine sites, ring-width data were obtained from Lévesque et al. (2014) and Martin-Benito et al. (2013)
(see these two publications for details of the sampling methods) while data for the remaining seven sites

were downloaded from the International Tree-Ring Data Bank (ITRDB,
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http://www.ncdc.noaa.gov/paleo/treering.html; last accessed on 11/08/2015; Table 1). Each dataset in-

cluded between 15 and 48 trees. For each site we built a ring-width index chronology from individual raw
ring-width series. First, individual series were detrended to remove non-climatic low-frequency variability
(most likely due to tree aging and stand dynamics) using a spline function with a 50% variance cut-off
equal to two-thirds of the series length, using the package dpIR (Bunn, 2008) in R (R Core Team, 2014).
Second, site chronologies were derived by combining all the individual residual series using a robust bi-
weight estimation of the mean. Finally, we restricted the data to the time period for which instrumental

meteorological data were available (see description below; Table 1).
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Fig. 1: Location of the study sites distributed across Switzerland, northern Italy and Spain. The brown stippled area
shows the current distribution range of Scots pine (http://www.euforgen.org/distribution-maps/). Climate diagrams
are given for three sites that are representative of the different biogeographical regions; red and blue areas indicate

dry and wet conditions respectively. Note the change in the scale of precipitations above 100mm.
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Table 1

Scots pine sites used for the study, sorted from the driest to the wettest according to the water balance values. The period indicates the time series that overlap between available mete-
orological and tree-ring width data and the following column shows the distance between sampling site and meteorological station. Mean annual temperature and precipitation sum are

calculated over the specified period. The last column indicates the source of the tree-ring width series (ITRDB code; a=from Lévesque et al. 2014; b=from Martin-Benito et al. 2013).

Site Country Site Biogeographical Latitude Longitude Elevation Period Distance Mean annu-  Mean annual Water Bucket Tree-ring
code Region (N) (E) (mas.l) met. sta- al tempera-  precipitation  balance* size? data or
tion (km) ture (°C) sum (mm) (mm) (mm) ITRDB code

Sion CH Si Central Alps 46°18'07” 7°34'12" 540 1905-2007 18 9.2 574 -265 120 Swit188
Silandro IT Sl Central Alps 46°38'02" 10°47'52" 1145 1941-2011 3 7.1 500 -167 128 Sc?
Poyatos SPA Po Iberian Mountains 40°17'00" 1°59'00"W 1150 1960-2006 10 10.3 924 -155 120 POP

Covaleda SPA Co Iberian Mountains 41°58'54" 2°52'09"W 1750 1943-1983 4 5.9 886 -108 100 Spai047
Aosta IT Ao Central Alps 46°38'02" 10°47'52" 1150 1931-2006 5 7.8 701 -107 82 AO?

Cransmontana CH Cr Central Alps 46°16'10" 7°26'12" 1400 1931-1997 4 57 947 -30 186 Swit284

Chur CH Ch Central Alps 46°55'58" 9°31'36" 600 1900-2009 6 9.0 851 -7 100 Swit276

Navacerrada SPA Na Iberian Central System  40°46'59" 4°01'59"W 1890 1946-2008 2 6.4 1324 27 120 Spai071

Krauchtal CH Kr Swiss Plateau 46°59'59" 7°34'12" 615 1910-1976 8 85 990 80 100 Swit178
Steckborn CH St Swiss Plateau 47°39'36" 8°59'46" 535 1959-2011 2 8.8 1108 116 82 ST?
Grenchen CH Gr Jura Mountains 47°12'17" 7°23'59" 590 1959-2011 13 8.8 1302 127 72 GR?
Sargans CH Sa North Swiss Alps 47°04'52" 9°28'09" 700 1900-1960 6 84 1240 200 159 SA?
Neuhaus CH Ne North Swiss Alps 46°40'58" 7°48'32" 620 1931-2011 5 8.6 1207 205 59 NE?
Biel CH Bi Jura Mountains 47°09'57" 7°16'06" 750 1959-2009 5 7.9 1449 224 119 BI?
Balgach CH Ba Swiss Plateau 47°24'45" 9°36'25" 600 1900-1996 4 7.7 1398 360 148 BA?

Camorino CH Ca Southern Alps 46°09'15" 9°0024" 580 1963-2000 18 111 1923 685 100 Swit228

1 Water balance was calculated as the average over the available time series of the precipitation sums minus potential evapotranspiration (PET) from April to September (Table 1). PET
was computed according to Thornthwaite and Mather (1957). A negative water balance indicates that PET exceeded precipitation, denoting moisture deficit.

2 The values of the bucket size are derived from Lévesque et al. (2014), Martin-Benito et al. (2013), and from the digital map of soil capacity of Switzerland available from the Swiss
Federal Office of Agriculture (http://www.blw.admin.ch/dienstleistungen/00334/00337/index.html)
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Forward tree-ring based modeling using the VS-Lite model

The VS-Lite forward model of tree-ring growth is a simplified version of the full Vaganov-Shashkin mod-
el (Vaganov et al., 2006), which operates with daily input climatic variables and >30 parameters for simu-
lating secondary growth of xylem and anatomical features of annual rings (Vaganov et al., 2011). In VS-
Lite, the division of cells and the kinetics of xylem formation is not simulated explicitly, but the represen-
tation of the principle of limiting climatic factors remains (see Tolwinski-Ward et al., 2011 for
development and a detailed description). Using site latitude, monthly mean temperature and monthly ac-
cumulated precipitation as inputs, VS-Lite estimates tree-ring width through a scaled proxy for climato-
logical insolation (gE) and nonlinear responses to temperature (gT) and soil moisture (gM). Both gM and
gT are controlled by four adjustable parameters (T1, T2, M1 and M2). Two of them (T1 and M1) represent
the temperature and moisture lower limits below which growth is not possible. The other two (T2 and M2)
are thresholds above which growth is not limited anymore. Partial values of growth rates are calculated
with a ramp function between these parameters (Tolwinski-Ward et al., 2011, their Eq.1). Based on the
principle of the most limiting factor, an overall monthly growth rate (Gr) is calculated as the minimum
between gT and gM, modulated by gE. Finally, after aggregating monthly Gr over a time window con-
trolled by two parameters (lo and Ir, integer values indicating the months since January) into an annual Gr,
the annual time-series of Gr is standardized to obtain a simulated tree-ring width chronology with mean 1.
We modified the VS-Lite model as follows. First, the linear growth response to temperature used in
VS-Lite (see Tolwinski-Ward et al., 2011) was changed to an S-shaped Gompertz function. This equation
was found to be highly appropriate to fit growth data due to its flexibility and asymmetrical shape (Rossi
et al., 2003). Furthermore, the position of the inflection point is controlled by only one parameter (see
description below and further details in Zeide, 1993), which contributes to maintain the model’s structural
simplicity. Thus, gT was calculated as:
T2* * exp(1)

7 *(Tl—Tm)+1” (1)

gT(T,,)) = A * exp [— exp [

where A represents the asymptote of the curve (in our case A=1, indicating no limitation by high tempera-
ture; cf. Tolwinski-Ward et al., 2011), and Tr, the mean temperature over the month of interest. T1 denotes
the temperature limit below which growth is not possible, as in the original VS-Lite, and T2* is a parame-
ter reflecting the shape of the Gompertz curve (see Fig. Al). Second, to better fit with ForClim, we re-
placed the original ‘leaky bucket” model in VS-Lite (Huang et al., 1996) by the water balance model in-
cluded in ForClim (see description below) to calculate soil moisture at monthly time step (SMw). A modi-
fied version of the Thornthwaite and Mather (1957) model was used for estimating monthly potential and
actual evapotranspiration and thus for deriving monthly soil moisture (details in Bugmann and Cramer,

1998; but see van der Schrier et al., 2011 for possible over-estimates of extremely warm temperatures on
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PET with the Thorntwaite and Mather model). In contrast to the ‘leaky bucket” model, this model consid-
ers for site-specific differences in soil water holding capacity (‘bucket size” input variable of ForClim; kBS
in mm; see Table 1). For each site, instead of deriving only one pair of M1 and M2 parameters, we opti-
mized independent sets for each climatic season to account for the intra-annual variability in growth re-
sponses to drought: in winter (December, January, and February — parameters M1w; and M2w,), spring
(March, April, and May — M1se and M2gp), summer (June, July, and August — M1sy and M2sy), and fall
(September, October, and November — M1ea and M2g4). These parameters were expressed as percentages
of the site-specific bucket size.

The MATLAB® source code of the original VS-Lite model (v2.3, Tolwinski-Ward et al., 2013) is
freely available online at the National Oceanic and Atmospheric Administration’s Paleoclimatology
World Data Center (ftp://ftp.ncdc.noaa.gov/pub/data/paleo/softlib/vs-lite/, accessed on 12/02/2015). The

modified VS-Lite version was re-coded and tested in R; it can be found in the electronic archive available
at https://doi.org/10.1594/PANGAEA.857289.

Optimization of modified VS-Lite parameters

We calibrated the modified VVS-Lite model for each site by optimizing the set of 10 parameters (T1, T2*
and the four seasonal pairs of M1 and M2) to maximize the correlation coefficient between the simulated
and observed residual ring-width chronologies using differential evolution algorithms (R-package
DEoptim; cf. Mullen et al., 2011). These algorithms use a stochastic and parallel direct method, which is
particularly suitable for finding a global optimum for functions of real-valued parameters (Storn and Price,
1997). The parameter T1 was constrained between 3 °C and 8 °C based on the analyses of Scots pine ring
width series by Breitenmoser et al. (2014). The range of T2* was fixed between 0.1 and 0.4 (unitless; see
Fig. Al). The four seasonal pairs of M1 and M2 were optimized between 0 and 100 % of the site-specific
value of soil water holding capacity (kBS). Since several dendroecological studies demonstrated that the
annual radial growth of Scots pine is influenced by previous year’s climatic conditions (Gruber et al.,
2010; Oberhuber et al., 1998), especially in fall (Sanchez-Salguero et al., 2015), and that xylogenesis of
Scots pine is still possible after September, we selected a growth season integration window starting from
September of the previous year (lo=-4) to December of the current year (Is =12). Following Tolwinski-

Ward et al. (2011), Gr was then calculated to obtain the simulated annual tree-ring width index.

Meteorological data

We obtained monthly temperature and precipitation data from meteorological stations near each Scots

pine sampling site. Climate data for Switzerland were obtained from the Swiss Federal Office for Meteor-

ology and Climatology (MeteoSwiss) and were available for periods between 40 and 110 years (Table 1).
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When the difference in elevation between the sampling site and the meteorological station was higher than
100 m, we adjusted the climatic series using site-specific elevational lapse rates. For northern Italy, data
were derived from meteorological stations nearby the two sampling sites (see details in Lévesque et al.,
2014). For the three sites in Spain, data were acquired from meteorological stations monitored by the
Spanish National Meteorological Agency (AEMET). Data were missing only in Covaleda (station Co-
valeda Castejon); gaps were consequently filled by linear regression using data from three stations located
nearby (Vinuesa-El Quintanar at ca. 7 km, Vinuesa at ca. 11 km, Palacios de la Sierra at ca. 20 km) and

adjusted with altitudinal lapse rates (Crespo and Gutierrez, 2011).

The ForClim model
ForClim is a forest succession model that simulates stand-scale dynamics on small independent forest
patches (Bugmann, 1996). The model was initially developed for central European conditions, but it can
be applied in most temperate forests (Bugmann and Solomon, 2000). ForClim has been used in many
studies for different purposes, such as investigating natural forest composition across climatic gradients
(Bugmann and Solomon, 2000) or for projecting future forest dynamics under changing climate and dif-
ferent management scenarios (Mina et al., 2015; Rasche et al., 2013). Three modular submodels —
WEATHER, WATER, and PLANT — are run in combination to capture the influence of climate and eco-
logical processes on establishment, growth and mortality of cohorts (i.e., trees of the same species and
age) while a fourth submodel - MANAGEMENT - allows for the application of a wide range of silvicul-
tural treatments such as clear-cutting, thinning or planting (Rasche et al., 2011). In the WEATHER and
WATER submaodels, bioclimatic indices are calculated based on a stochastic weather generator using
long-term monthly temperature, precipitation and bucket size. The calculated indices serve as internal in-
put variables for the PLANT submodel, where establishment, growth, and mortality are simulated. Tree
growth is based on the principle of growth-limiting factors where species-specific maximum growth rates
are reduced depending on the extent to which environmental factors (e.g., degree-day sum, light, nitrogen
and soil moisture) are at suboptimal levels (Bugmann, 2001; Moore, 1989).

The species-specific influence of drought on tree growth is expressed by a soil moisture growth-
reducing factor (SMGF). This scalar is linearly related to the drought experienced by the species; for ever-
green species it is based on an annual soil drought index (uDrAnn) and a species-specific drought toler-

ance parameter (kDrTol; cf. Bugmann, 1994).

SMGF' = \/max (0, 1— uDrAnn/kDrTol) (2)
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The annual soil drought index is obtained by averaging the corresponding monthly indices (Bugmann and
Cramer, 1998) over the growing season, which is expressed as those months with mean temperature above
a development threshold (KDTT equal 5.5°C, cf. Bugmann and Solomon, 2000). The annual drought index
further serves to reduce the maximum height of each species at a given site due to unfavorable climatic
conditions (in addition to low temperatures that are expressed as the annual sum of degree days; Rasche et
al., 2012).

Modifications of ForClim

A new annual SMGF based on the optimized sets of seasonal M1-M2 parameters was implemented:

Dec

) SM,,, — (kBS * M1.,5) ] }
SMGF = * max{min ;1050
kor7 (Tm;) - { [(kBS*Mzseas) — (kBS * M1005) (3)
m=jan

where SMy, is monthly soil moisture, M1sas and M2, are the values of the optimized parameters for the
corresponding season, kBS the site-specific soil water holding capacity (‘bucket size’, in mm), T iS mean
monthly temperature, and Niorr is the number of months where mean temperature is above kDTT. SMGF
ranges between 0, when growth is fully inhibited by drought, and 1, when there are no growth limitations
due to drought. For consistency with the modified version of VS-Lite, the parameters M1seas and M2seas
were expressed in percentage of bucket size (kBS).

We also modified the relationship between drought and simulated maximum tree height (see details
and equations in Appendix B). As the M1 and M2 parameters were derived from tree-ring data, which are
typically obtained from sampling adult trees, we did not modify the currently modeled effect of drought
on regeneration (i.e., drought establishment filter, cf. Didion et al., 2009).

2.2. Sites and data used for model evaluation

We selected six pure Scots pine stands - three in Pfynwald (Switzerland) and three in Valsain (Spain) -
for evaluating the performance of the modified model against long-term inventory data (Fig. 1 and Table
1). The Pfynwald stands are located in the central part of the Valais valley (elevation 620 m a.s.l.) at ap-
proximately 20 km from the weather station Sion. This valley experiences a strong rain shadow by the
surrounding mountains, and thus it can be drier than mountain areas in the Mediterranean region (Rebetez
and Dobbertin, 2004). The Valsain forest is located in the Iberian Central System and is among the most
productive Scots pine areas in Spain (Montes et al., 2005). Here, three stands (elevation ranging between
1500 and 1700 m a.s.l.) were selected at a distance between 4 and 8 km from the weather station Navacer-

rada.
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Monthly climate data from Sion and Navacerrada were used for deriving long-term means of tempera-
ture and precipitation. As the stands in Valsain were located at a lower elevation than the weather station
Navacerrada, we adjusted the temperature and precipitation values using annual temperature and precipita-
tion lapse rates calculated from the closest E-OBS 0.25° grid point (van den Besselaar et al., 2011).

In Pfynwald, we obtained inventory records from an experiment established in 1965 that included thin-
ning treatments with three different intensities — light, medium and heavy. The dataset included nine sub-
sequent inventories where stem numbers and DBH of trees were recorded before and after thinning. The
three treatments had an initial basal area between 38 and 40 m%ha and were characterized by a high stem
density and DBH distribution skewed towards low diameters (mean diameter between 8 and 9 cm). A
complete description of the site, the experimental design of the plots, and the thinning regimes is available
in Giuggiola et al. (2013) and Elkin et al. (2015).

The Valsain forests has been managed — mainly for timber production — since at least 1889, and quanti-
tative inventory data are available since 1941 (Montes et al., 2005). Inventories carried out in 1941, 1948,
1958, 1965, 1989 and 1998 recorded the number of trees by 10-cm diameters classes for different man-
agement blocks. The three stands used here —no. 134, 143 and 243 — had an initial basal area of 41.5, 56.6
and 27.7 m?/ha, respectively. They differed strongly in terms of stem density and DBH distribution. Data
of the silvicultural treatments were derived from the management plans and their revisions (see Montes et
al., 2005 for a comprehensive description). Additional information on the inventory methods and data
structure for the stands used in this study is provided in Appendix B.

Simulation setup and assessment of the prediction accuracy of ForClim

At each of the six stands, ForClim was initialized with data from the first inventory, and simulations were
run until the year of the last inventory (simulation period of 45 years in Pfynwald and 55 years in Valsain;
see Tables B1 and B2). As in all the stands the only species present was Scots pine, we did not allow for
establishment or growth of other species in the simulations. Detailed descriptions of the methodology used
for model initialization, additional model inputs, and implementation of management interventions are
reported in Appendix B. We performed simulations with three different model versions: (1) ForClim v3.3,
using the original approach for simulating drought impact on growth; (2) ForClim v3.3-LOC, the modified
version using site-specific (i.e., local) optimized sets of M1 and M2 parameters for the calculation of
SMGF (parameters from Sion for the site Pfynwald and from Navacerrada for the site Valsain); and (3)
ForClim v3.3-AVG, which used seasonal M1 and M2 parameters averaged over all calibration sites. The
comparison of simulation results using the latter two versions allowed us to assess the consequence of

considering local adaptation to site-specific drought conditions.
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For evaluating the goodness-of-fit of the simulation results, we compared simulated and measured ba-
sal area and stem numbers per hectare for each stand at each inventory, and calculated the relative root
mean square error (RMSE) and the percent bias over the number of inventory observations (see equations
in Mina et al., 2015). As the inventory data had a callipering limit of 4 cm in Pfynwald and 10 cm in

Valsain, we only considered trees above these thresholds for calculating the indices.

3. Results

3.1. Simulated seasonal tree-ring responses to drought

Using optimized site-specific, seasonal parameter sets, the modified version of VS-Lite accurately esti-
mated the year-to-year variability in ring-width indices (Fig. 2) at all 16 sites (correlation coefficients be-
tween observed and simulated ring-width indices ranged between 0.35 and 0.65; p<0.01; Table Al, Fig.
A3). The modeled mean growth response of Scots pine to both temperature (gT) and soil moisture (gM),
however, differed among sites (Fig. A4). For instance, at the site Navacerrada (Fig. 2a), Scots pine growth
was limited by low temperatures (gT < gM) except between July and September, when drought was the
main limiting factor (gT > gM), particularly in August (gM = 0). In contrast, at Sion, which is located at
low elevation, radial growth was limited by temperature only between November and April (Fig. 2b). The
inter-site variability of the M1 and M2 parameters was considerable for all seasons (M1: 83, 93, 92, and 62
% for spring, summer, fall and winter respectively; M2: 81, 92, 89 and 75%; Fig. 3, Table Al). For 15 out
of 16 sites in spring and summer and for all sites in fall, M2 values were quite close to M1 values of the
same season (see Table Al), revealing a quasi-binary growth response to drought (i.e., gM =0 or 1; Fig.
3).

Based on the optimized parameters, seasonal growth responses to drought were calculated as a function
of available water, expressed as a percentage of bucket size (Fig. 3). The responses calculated using M1
and M2 values that were averaged over all sites (Fig. 3, Table A2) indicated distinct differences between
the four seasons. During the spring months, soil moisture above 70% of bucket size was not limiting Scots
pine growth, whereas during summer and fall this percentage had to be >58 and >55%, respectively. In
spring, summer and fall, the curves exhibited a steep peak of the growth response, similarly to the site-
specific curves, while winter showed a gradual increase between 27 and 52% of bucket size (Fig. 3).

For most sites, the difference in growth responses between the seasons was larger than the difference
between seasons when the mean curves were considered (Table Al and A2). For example, if during spring
simulated soil moisture fell below 66 and 71% of bucket size for Navacerrada and Sion, respectively,
growth was fully limited by drought (gM=0). In contrast, in Sion drought was not limiting at soil moisture
values above 27% of bucket size during the summer, while in Navacerrada soil moisture below 82% of

bucket size caused growth limitations. In winter, the values of M1 and M2 were lower than for the other
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seasons, but this did not noticeably impact simulated growth, as the main limitation in winter was low

temperature at all sites.
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Fig. 2: Upper panels: monthly growth response curves for temperature (blue lines) and soil moisture (red lines) simu-

lated with the modified version of VS-Lite in Navacerrada and Sion. The thin lines represent the curves obtained for

each year included in the time series (Table 1) while the thick lines show the long-term means. Lower panels: ob-

served (solid) and simulated (dashed) ring-width indices for Navacerrada (r = 0.44, p<0.01) and Sion (r = 0.53,

p<0.01).
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and averaged values of seasonal M1 and M2 are detailed in Tables A2 and A3.

3.2. Evaluation of forest succession model performance
A comparison of the basal area and stem numbers observed and simulated by the three model versions

revealed that the new implementation of drought limitation markedly improved the short-term prediction
accuracy of ForClim for managed Scots pine stands (Figs. 4 and A5).
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Fig. 4: Stand basal area (m?/ha) and stem numbers (per ha) measured (solid lines) and simulated by three ForClim
versions (dashed lines) in the medium thinning experiment of Pfynwald (Left) and in the stand 243 from Valsain

(Right). Results for the remaining four evaluation stands are displayed in Fig. A5.

In Pfynwald, simulations with both new model versions showed lower bias and RMSE than v3.3. The
percentage bias of v3.3-LOC and v3.3-AVG was lower for basal area, with simulations by v3.3-LOC be-
ing even closer to observed data for the medium and heavy thinning experiment (respectively -10.4% and
-11.4% with v3.3-LOC; -15.8% and -18.3% with v3.3-AVG). Better results were also obtained for the
light thinning (+5.8% with v3.3-LOC; -0.4% with v3.3-AVG; cf. Table 2 and Figs. 4 and A5). The per-
centage bias for stem numbers was almost identical between the two new ForClim versions, although
v3.3-AVG showed lower bias than v3.3-LOC in all three stands (maximum difference between v3.3-LOC
and v3.3-AVG was 0.5% in the heavy treatment; Table 2).

For instance, for the medium thinning experiment that was initialized with 5578 trees/ha with a mean
DBH of ca. 9 cm and a reduction of stem number by ca. 50% in the first thinning (Fig. 4, left panels), ba-
sal area and stem numbers simulated by ForClim v3.3 decreased strongly over time, yielding to an under-
estimation of both variables at the end of the simulation (-39% and -45%, respectively). In contrast, basal

area simulated with v3.3-LOC agreed well with empirical data towards the end of the period (2009 and
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2010) and exhibited a higher increment than v3.3-AVG. Both versions (v3.3-LOC and v3.3-AVG) pro-
duced satisfactory results for basal area. In comparison with ForClim v3.3, the bias between simulated and
measured basal area was reduced by 73% and 60% with v3.3-LOC and v3.3-AVG, respectively.

The annual SMGF (Eq. 3) calculated with v3.3-LOC for Pfynwald was higher than the one estimated
with v3.3-AVG (average and standard deviation over the simulation period: 0.67+0.02 vs. 0.40+0.01),
while with v3.3 it was much lower (0.35+0.01). Nonetheless, the two new model formulations still under-
estimated stem numbers to some extent (bias for v3.3-LOC and v3.3-AVG decreased to -35% instead of -
45% with v3.3; see Table 2).

The higher prediction accuracy of the two new ForClim versions in terms of basal area and stem num-
bers was more evident in Valsain, especially for stand 243 (Fig. 4 and A5). Early in the simulation, For-
Clim v3.3 yielded a steep decline of basal area and stem numbers that was not observed in the inventory
data (bias = -80% and -84%, respectively). This anomalous behavior was due to the fact that initial tree
height given as model input exceeded the site- and species-specific maximum height (Hmax) calculated by
the model, which was exceedingly low due to an underestimated SMGF. As a consequence, stress-induced
mortality was simulated for the trees belonging to these cohorts. In contrast, simulations with the two new
model versions did not predict such die-off and simulated a highly accurate development of basal area (bi-
as = -7% and -9% with v3.3-LOC and v3.3-AVG, respectively) except for the last inventory point. Alt-
hough simulations with both versions showed a decrease in stem numbers over time while the inventory
data revealed the opposite trend, this underestimation was much lower than with ForClim v3.3 (bias in
stem numbers was reduced by 46%; Table 2). For all the three Valsain stands, we did not observe differ-
ences between ForClim v3.3-LOC and v3.3-AVG regarding stem numbers, although v3.3-LOC performed
slightly better for basal area (Table 2).

Similarly as for Pfynwald, the annual SMGF calculated with v3.3-LOC in all Valsain stands was higher
than with v3.3-AVG (average 1941-1999 with standard deviation: 0.63+0.02 vs. 0.54+0.01 respectively),
while with the previous model version the calculated values was considerably lower (0.43+0.01).

In general, in all six stands with the exception of the light thinning treatment in Pfynwald, bias between
simulated and observed basal area was lower with v.3.3-LOC than with v.3.3-AVG. Regarding stem
numbers, there were almost no differences between simulations with v3.3-LOC and v3.3-AVG (differ-
ences in bias between 0.5 and 0.1%), although v3.3-AVG performed slightly better in five out of six
stands (Table 2).
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Table 2

Percentage bias (Bias; in %) and relative root mean square error (RMSE; in %) of basal area and stem numbers simulated with the standard ForClim version (FC v3.3), the ForClim

version using local and averaged M1 and M2 parameters (FC v3.3-LOC and FC v3.3-AVG, respectively) compared with measured values from forest inventories. The column Stand

indicates the thinning treatment in Pfynwald (e.g., “light” means stand with light thinning treatment, etc.) or the management block in Valsain.

Basal area Stem Numbers

FCv3.3 FC v3.3-LOC FC v3.3-AVG FCv3.3 FC v3.3-LOC FC v3.3-AVG

Location Stand Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE
Pfynwald light -25.9 28.8 5.8 6.5 -0.4 0.5 212 235 -8.6 9.5 -8.4 9.3
Pfynwald medium -39.3 43.6 -10.4 115 -15.8 17.6 -45.1 50.1 -35.4 39.3 -35.3 39.3
Pfynwald heavy -45.8 50.9 -11.4 12.7 -18.3 20.3 -11.4 12.6 141 15.6 13.6 15.1
Valsain 134 -88.1 105.7 -44.4 53.3 -46 55.2 -83.4 100.1 -43 51.6 -42.9 51.4
Valsain 143 -42.3 50.8 -215 25.7 -23.1 27.7 -33.6 40.3 -23 276 -22.7 27.3
Valsain 243 -80.2 96.3 -6.6 8 -8.7 10.4 -84.5 101.4 -45.4 54.5 -45.5 54.6
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4. Discussion

Based on a modified forward model of ring-width growth (VS-Lite) calibrated with dendrochronolog-
ical data, we implemented intra-annual growth responses to drought of Scots pine in a forest succession
model without increasing its structural complexity. An evaluation of model performance against inventory
data revealed decreased bias and RMSE when intra-annual responses were considered in the calculation of

the growth reduction due to drought.

4.1. Potential and limits of using a tree-ring based forward modeling approach to assess intra-annual
growth responses to drought
The main advantage of the forward model of ring-width was its ability to transform the climate signal into
a tree-ring chronology, thus allowing model parameterization and validation using measured ring-width
series. We used a modified version of the VS-Lite model, which had already shown high potential for ex-
ploring intra-annual growth responses to climate for several species and hundreds of sites (Breitenmoser et
al., 2014; Evans et al., 2013; Tolwinski-Ward et al., 2011). As highlighted by the high correlation values
between simulated and measured ring-width chronologies — comparable to those obtained with physiolog-
ically based models (Li et al., 2014; Rathgeber et al., 2005) — VVS-Lite produced realistic inter-annual vari-
ability in ring-widths at the local scale (i.e., associating observed tree-ring chronologies with meteorologi-
cal data obtained for a specific site; cf. Tolwinski-Ward et al., 2013).

For Scots pine, the modified version of VVS-Lite was able to reproduce realistic intra-annual growth
responses to climate. At some sites, e.g., in Navacerrada, the overall growth response followed a bimodal
pattern with a strong dependency of ring-width to climate in spring and fall but not in summer, which is
characterized by intense drought and a near-complete cessation of growth. This pattern is characteristic of
some evergreen species in Mediterranean climates (Camarero et al., 2010; Cherubini et al., 2003) and was
also observed in Scots pine (Primicia et al., 2013). At sites where autumn rainfall may not be sufficient to
refill the soil, e.g., in Sion, the simulated growth response started to decrease in late spring (Eilmann et al.,
2011).

The high inter-seasonal variability in the averaged M1 and M2 parameters reflects the ability of VS-
Lite to reproduce the strategy of Scots pine to cope with drought (Irvine et al., 1998; Llorens et al., 2010),
illustrating the importance of the timing of drought within the year for tree growth. In dry inner-Alpine
valley (e.g., Sion) the lowest percentage of soil moisture under which growth is not limited (M2) was low-
er in summer than in spring (28% vs. 66%), suggesting that water deficit in spring reduces Scots pine
growth more strongly than in summer. This is in line with studies that emphasized the dependence of ring
width on the duration and rate of cell production in the early growing period (without drought; Cuny et al.,

2012; Michelot et al., 2012), and the great importance of spring for root and shoot growth of Scots pine
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(Eilmann et al., 2011; Oberhuber et al., 1998; Rigling et al., 2002). In Navacerrada, the M1 and M2 pa-
rameters for spring were similar to those in Sion, but their values for summer were much higher. As little
precipitation occurs in July and August in Navacerrada, the simulated growth response during these
months is close to null. However, trees growing in Navacerrada may benefit from high precipitation in
fall, as shown by the peak of growth response in September and the low values of M1 and M2 for that sea-
son (Fig. 2b).

The large inter-site variability in modeled M1 and M2 parameters may arise from differences in envi-
ronmental conditions between sites and/or in different drought tolerance among populations due to local
adaptation and phenotypic plasticity (Benito Garzén et al., 2011; Sdnchez-Salguero et al., 2015; Schutt
and Stimm, 2006; Taeger et al., 2013). Across sites, Scots pine is known to adjust its hydraulic system and
phenology to the specific moisture conditions to avoid drought or at least reduce its vulnerability
(Berninger, 1997; Martinez-Vilalta et al., 2009). We did not find, however, a clear relationship between
both parameters and the climatic characteristics of the sites investigated. The high variability may further
arise from the different sampling designs among studies, as climate-growth relationships depend on tree
size and social status (Martin-Benito et al., 2008; Merian and Lebourgeois, 2011).

Finally, detecting significant changes in M1 and M2 parameters along geographical and environmental
gradients would require the use of an appropriate and consistent methodology and the consideration of a
higher number of sites. Further studies to study the relationship between climate and parameter estimates
may be beneficial in this context. Because of the large inter-seasonal and inter-site variability in moisture
parameters (Fig. A2), our study highlights the need of averaging procedures using (i) hundreds of optimi-
zation iterations, (ii) long-term data (e.g., time series beyond 100 years), and (iii) as many sites as possible
along a large environmental gradient. The latter point is key as the response of growth to drought was qua-
si-binary (due to very close M1 and M2 values; Table A1) for most of the sites and seasons, which is not
biologically realistic if we use climatic data at monthly resolution. This behavior was due to the fact that
we only considered the high frequency in the ring-width chronology to maximize the inter-annual variabil-

ity in the residuals of the series.

4.2. Implementing intra-annual growth response to drought in the forest succession model ForClim
Enhancing the simulated impact of drought in forest succession models can be achieved either by integrat-
ing more ecophysiological and ‘mechanistic’ components (e.g., Gustafson et al., 2015), or by implement-
ing better empirical functions that are derived from long-term observations such as tree-ring data. We in-
cluded intra-annual growth responses to drought without increasing the structural complexity, calibration
efforts or computation time of a forest succession model. Although processes that might be important at

small temporal and spatial scales (e.g., stomatal conductance) are not included, this level of detail may not
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need to be represented in models that are built for long-term projections, thus avoiding the need for an ex-
tensive site-specific parameterization, as is often the case with more complex physiological models (e.g.,
Grant et al., 2006). This compromise renders forest succession models suitable for exploring the future
long-term dynamics of mixed-species stands in response to climate change along environmental gradients,
and for evaluating the suitability of management practices (Lindner et al., 2000; Rasche et al., 2013). In
addition, ForClim — and most similar succession models (Bugmann, 2001) — is based on the principle of
growth-limiting factors (Moore, 1989), which simplifies its coupling with a forward model of ring-width
such as VS-Lite.

Simulations performed for water-limited Scots pine sites showed that the current ForClim (v3.3; cf.
Mina et al., 2015) underestimated basal area and stem numbers compared to measured data. The major
reason for this was the divergence between the months in which the highest values of the drought index
were calculated (July-August) and the actual period with the highest influence of drought on Scots pine
radial growth (e.g., spring; cf. Eilmann et al., 2011; Lévesque et al., 2014). This resulted in an underesti-
mation of annual SMGF, which considerably reduced diameter increment in the simulations (Fig. 4). The
new drought formulation was able to fully correct this.

In addition to model limitations, the remaining discrepancies between observations and simulation re-
sults may be due to (1) the use of different time intervals for calibrating the M1 and M2 parameters and for
simulating forest dynamics in Pfynwald, (2) limitations of the inventorying methodology, and (3) the
functions used for simulating multiple management interventions. First, because of because of slightly
different periods used for calibrating the modified VS-Lite and for running ForClim simulations, the non-
stationarity of climate could affect the climate-growth functions over time and thus the M1 and M2 pa-
rameters may not be representative of the entire range of growing conditions during the simulation period.
However, since these parameters were determined to accurately reproduce the inter-annual variability in
ring-width indices, we believe that using the longest available climate time-series for parameter calibration
was more appropriate than using the same period for calibration and validation. Second, because of the cal-
lipering limit (4 cm in Pfynwald, 10 cm in Valsain), an undetermined number of small trees present in the
first inventory year could not be included in the initial state of the stand, producing an artificial underesti-
mation of stem numbers throughout the simulation. In addition, the sampling method for the last inventory
in Valsain was different than for previous inventories, which may strongly hamper the comparability of
the data along time (cf. Appendix B). Third, in the simulation the stems removed in each thinning inter-
vention were selected randomly based on a Weibull function fitted to the current DBH distribution and on
the percentage of basal area to harvest (Rasche et al., 2011). Undoubtedly this is the best approach for
simulating harvesting in DVMs (Mina et al., 2015), but it may still under- or overestimate the number of
stems removed in reality, while harvested basal area that simulated is accurate (cf. the overestimation of

removed stems in 1966 in Pfynwald, medium thinning; Fig. 4).
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4.3. Site-specific growth responses to drought

The comparison between simulation results derived from the new ForClim versions, the one including
site-specific optimized sets of moisture parameters (v3.3-LOC) and seasonal parameters averaged across
the gradient (v3.3-AVG), allowed us to investigate the importance of including site- and species-specific
responses to drought in simulations of forest dynamics. Basal area was simulated more accurately with
ForClim v3.3-LOC compared to v3.3-AVG. For stem numbers, however, the two new model versions
(v3.3-LOC and v3.3-AVG) gave nearly indistinguishable results (Table 2). This was because the values of
annual SMGF (cf. section 3.2) were not low enough to induce tree mortality, as was the case with the
standard v3.3. The minor differences between v3.3-LOC and v3.3-AVG in both locations in Central Spain
and Switzerland show that including site-specific growth responses to drought — with our model and
methodology — has little influence on simulated forest dynamics in Scots pine stands. We therefore sug-
gest that, in the absence of local tree-ring chronologies, the model version including only the species-
specific (rather than site-specific) intra-annual response to drought can be used faithfully for simulating
forest growth in Scots pine stands.

4.4, Modeling growth responses to drought in forest succession models: research recommendations

We presented the first attempt to use a forward model of tree-ring width for improving a forest succession
model. The superior performance of the upgraded ForClim versions highlight the importance of including
intra-annual growth strategies in models that aim to simulate forest dynamics in areas where drought is
important (cf. Allen et al., 2015). The large inter-site variability observed in the moisture parameters sug-
gests that intra-specific variability in drought tolerance is an important aspect that should be considered
for simulating species distributional shifts at the continental scale (Snell et al., 2014).

The parameters derived with the modified VS-Lite are applicable only to ForClim, but given the avail-
ability of tree-ring width chronologies worldwide (i.e., ITRDB) a similar approach could be applied with a
new calibration scheme with other DVMSs and other tree species. Unfortunately, tree-ring data are mostly
available for mature trees, which prevent their use to better simulate the effect of drought on regeneration,
a crucial process influencing simulated forest composition and productivity in the long term (Price et al.,
2001). Common garden experiments on recruitment and seedling establishment could be a useful source
for validating model processes and species parameters (Richter et al., 2012; Taeger et al., 2013). In addi-
tion, further studies would be useful to improve the modeling of tree phenology, which is strongly influ-
enced by climate change (Buntgen et al., 2013; Richardson et al., 2013). Also in this context, the use of
forward models such as VVS-Lite coupled with tree-ring data could be of high interest.

By implementing the intra-annual growth response to drought in a forest succession model, we were

able to reflect the ability of Scots pine to withstand severe, periodic water stress during part of the year.
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This does not imply, however, that the species will be able to cope with increasing prolonged dry periods
in the future (Bigler et al., 2006; Lévesque et al., 2014). While the global increase of temperature may
boost growth rates on fertile and cool sites (i.e., boreal and some temperate) due to an extended growing
season (Menzel and Fabian, 1999; Pretzsch et al., 2014), more intense competition and more frequent
drought and heat events (Fischer and Schar, 2010) may accelerate the observed replacement of Scots pine
by other, more drought-tolerant species (Galiano et al., 2010; Gea-lzquierdo et al., 2014; Weber et al.,
2007). Projecting future drought events under climate change remain a challenge (Dai, 2011), but also fur-
ther efforts are required by ecological modelers towards better assessing the impacts of drought on future
forest dynamics, and for producing reliable projections that will help to evaluate, improve and adapt cur-

rent ecosystem management practices.
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Appendix A

Additional figures
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Fig. Al: Gompertz equation for modeling the growth response to temperature (gT) in the modified version
of VS-Lite compared with a linear function (in red). The different curves (dashed, gray, dotted) were cal-
culated with the same T1 parameter as for the linear function (in this case 3°C) but different T2* values
(see legend). We constrained T2* from a minimum value of 0.1 (below gT would not reach one within the
range of temperatures typically observed at our sites, e.g., 0-30°C), to a maximal of 0.4 (above which the
response function would be binary).
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Table Al: Temperature (T) and soil moisture (M) parameters in the modified VS-Lite model (see main text for description) esti-
mated with the optimization procedure using differential evolution algorithms (100 iterations) for each site across the precipitation
gradient. T1 in expressed in °C, T2* is unitless (shape of the Gompertz curve), seasonal M1 and M2 parameters are expressed as
percentages of the site-specific soil water holding capacity (sp=spring, su=summer, wi=winter, fa=fall). The last column (r) re-
ports the correlation coefficient between observed and simulated tree-ring width chronology maximized in the optimization pro-

cedure. We did not observe a systematic change of the seasonal parameters across the gradient.

Site T1 T2* Mlsp M2sp Milsu M2su Milwi M2wi Milfa M2fa r

Sion 3.42 0.40 0.66 0.66 0.27 0.28 0.19 0.84 0.29 0.29 0.57
Silandro 3.00 0.40 0.15 0.17 0.06 0.08 0.09 0.68 0.90 0.95 0.65
Poyatos 3.13 0.19 0.67 0.92 0.68 0.68 0.38 0.56 0.37 0.37 0.62

Covaleda 3.00 0.40 0.22 0.28 0.33 0.33 0.36 0.60 0.24 0.24 0.59
Aosta 7.76 0.40 0.60 0.60 0.29 0.29 0.01 0.29 0.43 0.44 0.35
Cransmontana  3.04 0.37 0.98 0.98 0.46 0.47 0.13 0.72 0.52 0.52 0.41
Chur 3.04 0.38 0.92 0.92 0.50 0.60 0.44 0.50 0.47 0.47 0.63
Navacerrada 7.99 0.34 0.71 0.71 0.82 0.89 0.04 0.64 0.14 0.14 0.44
Krauchtal 3.00 0.40 0.97 0.98 0.71 0.76 0.63 0.98 0.05 0.08 0.64
Steckborn 3.00 0.40 0.88 0.88 0.56 0.56 0.12 0.95 0.38 0.38 0.51
Grenchen 6.76 0.32 0.67 0.67 0.46 0.46 0.13 0.23 0.69 0.69 0.50
Sargans 5.61 0.39 0.73 0.83 0.98 0.98 0.32 0.32 0.88 0.88 0.42
Neuhaus 6.36 0.40 0.94 0.94 0.77 0.78 0.23 0.23 0.56 0.57 0.44
Biel 7.60 0.40 0.89 0.89 0.66 0.67 0.34 0.39 0.76 0.78 0.58
Balgach 3.66 0.10 0.85 0.85 0.99 1.00 0.09 0.25 0.97 0.98 0.46

Camorino 7.91 0.40 0.45 0.45 0.65 0.66 0.35 0.63 0.13 0.13 0.39
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Table A2: Summary statistics of the moisture parameters in the modified VS-Lite model (see main text for description) over the

gradient sites and all DEoptim iterations. Mean values were used in the calculation of SMGF in ForClim v3.3-AVG.

parameter Min. 1stQu. Median Mean  3rd Qu. Max.

M1sp 0.01 0.28 0.66 0.58 0.84 0.98
M2sp 0.01 0.54 0.77 0.70 0.92 1.00
M1su 0.01 0.36 0.54 0.55 0.68 0.99
M2su 0.04 0.46 0.61 0.58 0.74 1.00
M1wi 0.00 0.13 0.23 0.27 0.39 0.97
M2wi 0.01 0.29 0.53 0.52 0.75 1.00
M1fa 0.00 0.24 0.47 0.47 0.69 0.99
M2fa 0.01 0.37 0.52 0.55 0.76 0.99
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Appendix B

Additional information on the calculation of maximum tree height

Site-specific maximum tree height in ForClim was modeled considering the reduction due to the effect of
unfavorable temperature and drought (see Rasche et al., 2012 for a complete description of the
implementation). Regarding limitations due to temperature, the annual — seasonal for deciduous species —
sum of degree days (uDD) was used for calculating a percentage reduction of species-specific maximal

height (RedFacDD) caused by degree days:

100 — kRedMax

RedFacDD = 100 — |(DDypy — uDD) *
ot DDopr — kDDyy (B1)

where kDDw is a species-specific parameter denoting the minimum degree-day sum required for growth,
kRedMax is the species-specific maximum maximum reduction parameter (Rasche, 2012) and DDopr is

the value after which degree days are no longer limiting calculates as follows:

kDDyn + 471 for deciduous species

kDDy;n + 353 for evergreen species (82)

DDgpr = {

In the case of limitation caused by drought, the site- and species-specific maximum height (Hmax) was
directly related to the soil moisture growth-reducing factor (SMGF) using the factor RedFacDR, which

indicates the percentage reduction of Hmax caused by drought:

kRedMax

100 * (kaax — {kaax — [kaax — (kaax *

kHmax

) « (1— SMGF)]}) (83)

RedFacDR =

where kHmax is the species-specific maximum height parameter (Bugmann, 1994).

Finally the site- and species-specific maximum height Hmax was calculated as follow:

kHmax )
Hyax = BT min(RedFacDD, RedFacDR) (B3)

For Scots pine kHmax = 45 m and kRedMax = 38% (Rasche et al., 2012).

Additional information for ForClim simulations

Forest inventory data for the three stands in Valsain

Inventory data included the number of trees by diameters classes of 10 cm bins, for each inventoried year
(1941, 1948, 1958, 1965, 1989 and 1998). For the inventories between 1941 and 1989 all trees with DBH

greater than 10 cm were sampled. Since 1989, the inventory method followed a systematic sampling in
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rectangular grids, with identical diameter classes and callipering limit. Although this could lead to some
uncertainties for the last inventory point, we decided to include the 1998 inventory in the model evalua-
tion. For each observed year we calculated diameter distribution, total basal area and stem numbers per
hectare (Table B2). Data from management plans and their revisions were available at the website of the
Spanish National Parks Autonomous Agency (http://www.magrama.gob.es/es/parques-nacionales-

oapn/centros-fincas/valsain/ordenaciones.aspx; accessed on 11/08/2015).
Model initialization

We initialized each of the six forest stands using DBH data from the first inventory. Each tree was ran-
domly allocated to the number of patches obtained by dividing site area by the default patch size used in
ForClim (800 m?). The patches were then replicated to 200 in order to reduce stochastic noise in the simu-
lations. Details about this methodology can be found in Wehrli et al. (2005) and Didion et al. (2009). For
initializing tree height, we used species-specific relationships between height and diameter available from
local forest inventory data.

Additional inputs required for ForClim

ForClim simulations require site-specific parameters that are typically derived from measurements - if
available - or site descriptions for each stand, such as bucket size (kBS, in cm), available nitrogen (kAvN,
in kg/ha*yr) and browsing probability (kBrPr, in %). For the Pfynwald stands, measured data of soil water
holding capacity were not available. Therefore, we estimated the values of bucket size and available nitro-
gen based on site descriptions from Brunner et al. (2009). For all the three stands we assigned a value of
10 cm for kBS and 60 kg/ha*yr for kAvN. All the three stands in Valsain were located at an elevation range
between 1360 and 1710 m a.s.l. For them we used information of soil data provided within the framework
of the ARANGE project (see Project Deliverable D1.2 at http://www.arange-project.eu/wp-
content/uploads/ARANGE-Deliverable-D12_06092013.pdf; accessed on 03.08.2015). We estimated
bucket size and available nitrogen values based on assessment of water storage capacity and plant availa-
ble nitrogen for stands located at 1500 m a.s.l. in the Valsain forests (kBS 10 cm, denoting soils with nor-
mal water storage capacity, and kAvN 90 kg/ha*yr denoting standard nutrient-rich soils in ForClim). For
all the stands in both locations browsing data were not available. Thus, we assigned the browsing proba-
bility kBrPr to a standard value of 20%.

Management data and implementation of harvesting interventions

Inventory data for the three thinning experiments in Pfynwald included the number of stems by DBH clas-

ses before and after each management intervention (Elkin et al., 2015; Giuggiola et al., 2013). Thus, we
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calculated the percentage of removed stems for each thinning intervention and we estimated the type of
silvicultural operation based on the harvested stems by DBH classes (tending, thinning from below, and
thinning from above). We then simulated harvesting using the ForClim thinning functions (Rasche et al.,
2011). For Valsain we obtained data for the management operation executed in each stand (large forest
compartment) between 1941 and 1998 in the form of: type of silvicultural intervention (e.g., tending, thin-
ning, shelterwood felling, sanitary felling and snags removal), number of trees harvested, volume harvest-
ed. Based on these indications, we calculated the cumulative volume harvested in percentage between two
inventory years. Similarly to Pfynwald, we then simulated harvesting using the thinning functions availa-

ble with the management submodel of ForClim (Rasche et al., 2011).

Inventory data

Table B1: Stand basal area (BA, m?/ha) and stem numbers (TRS, stems/ha) for each inventory year for the three thinning treat-
ments in Pfynwald used for evaluating model performance. [p.t. = post thinning]

Pfynwald
light medium heavy

year BA TRS BA TRS BA TRS
1965 386 60850 40.0 55780 384 5541.0
1966 p.t. 329 4050.0 22.2 3008.0 11.4 1346.0
1968 36.9 40500 26.3 30080 144 1346.0
1971 39.5 4013.0 289 29170 17.7 12770
1971 p.t. 36.2 3566.0 25.1 2459.0 15.3 1078.0
1978 418 35180 30.7 24440 194 1053.0
1978 p.t. 354 29270 257 18950 175 959.0
1991 40.1 24380 332 17420 241 9310
2009 36.4 15750 352 1379.0 274 837.0

2010 p.t. 320 12440 210 753.0 105 309.0

Table B2: Stand basal area (BA, m?ha) and stem numbers (TRS, stems/ha) for each inventory year for the three stands in Valsain

used for evaluating model performance.

Valsain

134 143 243
year BA TRS BA TRS BA TRS
1941 27.0 321.0 29.9 5950 46.9 317.0
1948 426 436.0 29.7 592.0 424 304.0
1958 57.1 521.0 322 638.0 421 3280
1965 512 4270 36.6 606.0 442 359.0
1989 411 409.0 46.4 578.0 36.3 453.0
1998 373 226.0 526 453.0 473 7820
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