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Abstract
Wood growth constitutes the main process for long-term atmospheric carbon se-
questration in vegetation. However, our understanding of the process of wood 
growth and its response to environmental drivers is limited. Current dynamic global 
vegetation models (DGVMs) are mainly photosynthesis-driven and thus do not ex-
plicitly include a direct environmental effect on tree growth. However, physiological 
evidence suggests that, to realistically model vegetation carbon allocation under in-
creased climatic stressors, it is crucial to treat growth responses independently from 
photosynthesis. A plausible growth response function suitable for global simulations 
in DGVMs has been lacking. Here, we present the first soil water-growth response 
function and parameter range for deciduous and evergreen conifers. The response 
curve was calibrated against European larch and Norway spruce in a dry temper-
ate forest in the Swiss Alps. We present a new data-driven approach based on a 
combination of tree ring width (TRW) records, growing season length and simulated 
subdaily soil hydrology to parameterize ring width increment simulations. We found 
that a simple linear response function, with an intercept at zero moisture stress, used 
in growth simulations reproduced 62.3% and 59.4% of observed TRW variability 
for larch and spruce respectively and, importantly, the response function slope was 
much steeper than literature values for soil moisture effects on photosynthesis and 
stomatal conductance. Specifically, we found stem growth stops at soil moisture po-
tentials of −0.47 MPa for larch and −0.66 MPa for spruce, whereas photosynthesis in 
trees continues down to −1.2 MPa or lower, depending on species and measurement 
method. These results are strong evidence that the response functions of source and 
sink processes are indeed very different in trees, and need to be considered sepa-
rately to correctly assess vegetation responses to environmental change. The results 
provide a parameterization for the explicit representation of growth responses to soil 
water in vegetation models.
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1  | INTRODUC TION

Trees sequester CO2 long-term through biomass formation. Globally, 
more than three trillion trees (Crowther et al., 2015) sequester about 
18% of annual anthropogenic emissions (Le Quéré et al., 2018; Pan 
et al., 2011) in their stems. Wood growth is therefore a crucial pro-
cess in maintaining the climate mitigation effect of terrestrial eco-
systems. Tree ring width (TRW) is the indicator of annual stem radial 
increment. Variable TRWs at environmentally limiting sites provide 
important long-term evidence of how tree growth responds to the 
environment (Douglass, 1914) and simultaneously how much carbon 
was captured in the stem. However, despite tree rings being used 
to reconstruct climate through correlation, our mechanistic under-
standing of growth processes and their environmental drivers re-
mains limited (Cuny et al., 2015).

1.1 | The need for representing growth (sink) – 
Processes in global vegetation models

Future vegetation response to climate change is typically mod-
elled using dynamic global vegetation models (DGVMs). These 
models simulate the dynamic carbon stocks of global vegetation in 
a ‘source-centric’ manner, emphasizing environmental limitations 
on photosynthesis (Fatichi et al., 2019), the carbon input into the 
plant. Growth (sink-) processes, the demand of carbon by different 
organs, are treated by DGVMs and the majority of forest growth 
models with simple rules, rather than explicit consideration of 
the environmental controls on the sinks (e.g. see Merganičová 
et al., 2019). As a result, most DGVMs estimate plant growth as a 
more-or-less linear function of the outcome of the supply of car-
bon through photosynthesis. However, growth itself is under di-
rect environmental control, such as through water limitations, and 
not only determined by the amount of available carbon (Fatichi 
et al., 2014; Körner, 2006, 2015). For example, abrupt responses 
to decreasing soil moisture have been reported for growth, but 
not photosynthesis, in a number of species (Bogeat-Triboulot 
et  al.,  2007; Boyer,  1970; Hummel et  al.,  2010; Lempereur 
et al., 2015; Tardieu et al., 1999; Wardlaw, 1990), uncoupling these 
two processes (Muller et al., 2011). Explicit representation of wood 
growth in DGVMs has been argued for by Fatichi et  al.  (2019), 
Friend et al.  (2019), and Zuidema et al.  (2018). However, existing 
attempts to mechanistically represent stem growth either treat 
these as marginal processes besides main processes studied or too 
complex to be applied in a global modelling context. For exam-
ple, Génard et  al.  (2001) focus on the shrinkage and swelling in 
the stem. Their simulated growth increment was not very sensi-
tive to growth rate or cell wall extensibility, but highly sensitive 
to the threshold value of irreversible growth (wall-yielding thresh-
old pressure parameter). Other growth modelling approaches, 
e.g. Steppe et al.  (2006) largely focus on stem water storage and 
sapflow variations, which make them overly complex for a stem 
increment model in a DGVM. Hoölttä et al. (2010) further increase 

complexity by modelling sugar and water-driven growth of all cells 
in the developing ring in a small tree segment. While much can be 
learned from such detailed mechanistic frameworks, a simpler ap-
proach representing first-order growth responses to water limita-
tions has to be used for ring width increment modelling in DGVMs, 
to remain sufficiently efficient.

1.2 | Existing studies may not be easily extrapolated 
to natural ecosystems

To our knowledge, there are only two studies describing a first-
order response curve type relationship between tree ring in-
crement and soil moisture (Bogeat-Triboulot et  al.  [2007]: on 
drought-adapted 2 month old Populus euphratica Oliv. plantlets in 
a greenhouse experiment; Lempereur et al. [2015]: on mature cop-
piced evergreen oak in the Mediterranean). Both studies report 
an abrupt decline of growth in response to decreasing predawn 
(Lempereur et al., 2015) or midday (Bogeat-Triboulot et al., 2007) 
soil water conditions, with Lempereur et al. (2015) reporting spe-
cific values of soil water potential below which ring increment 
ceases (<1.1  MPa) for evergreen oak. However, as both experi-
ments were performed on drought-adapted species and under 
artificial conditions, their results may not be directly relevant to 
other tree species or natural ecosystems.

Increased understanding of the relationship between growth 
and soil water is therefore required, especially for mechanistically 
modelling growth responses under climate change, as there is a pro-
jected increase in hydrological stress in many forest ecosystems of 
the world (Allen et al., 2015; Brzostek et al., 2014).

1.3 | Deriving tree growth response curves from 
existing observations

Existing observations have the potential to be used for deriving 
response curve relationships. Tree rings are the most numer-
ous and long-term data on climate-growth responses, including 
drought. Many studies link radial growth increment in form of 
TRW or BAI to hydrological variables such as precipitation (e.g. 
Hughes et  al.,  1994) or -more commonly- monthly drought indi-
ces (Ljungqvist et al. [2020] discusses many of them). So far, the 
few studies on soil moisture variations associated with TRWs (e.g. 
Brzostek et  al.,  2014; Kharuk et  al.,  2017) or intra-annually re-
solved observations with dendrometers (e.g. Downes et al., 1999; 
Eilmann et al., 2011; Giovannelli et al., 2007; Zweifel et al., 2006) 
remain correlative and thereby only imply underlying mechanisms. 
However, these co-varying features between soil moisture and 
growth increment can also be used to derive physiologically mean-
ingful response curves that can be used to model growth. While 
dendrometer data are more accurate, instantaneous and have been 
successfully applied to this purpose in Lempereur et al. (2015), ring 
widths are readily available, numerous, cover large areas and long 
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time periods. While final TRWs usually lack information at the 
intra-seasonal resolution of growth processes, xylogenesis obser-
vations (e.g. Cuny et al.., 2012) and/or sites with reliable growing 
seasons can be used to narrow down the biologically meaningful 
period of growth. However, soil moisture observations for cor-
respondingly long periods do not exist. Nevertheless, with simu-
lated soil moisture (e.g. Lempereur et  al.,  2015) and reasonably 
approximated annual growth period length, it may be possible 
to use ring widths directly to establish physiologically meaning-
ful growth response functions and thresholds. This goes beyond 
the correlative approaches usually applied in disciplines such as 
dendroclimatology.

1.4 | A novel TRW-based approach to generate soil 
moisture response curves

Our goals in this study are (a) to find the optimal parameteriza-
tion for a soil moisture growth response curve that can reproduce 
observations of soil moisture-driven ring width variations at our 
study site; and (b) to compare this response curve with existing 
source and sink response curves from published observational and 
modelling studies. These goals are addressed through the follow-
ing questions:

1.	 What is the relationship between daily tree ring increment 
and daily predawn soil moisture?

2.	 How does the response curve compare with those for leaf-level 
(photosynthesis and stomatal conductance) processes?

3.	 What does this imply for the effect of soil moisture deficit on tree 
growth and how to model it?

First, we verified the new individual-based vegetation-hydrology  
framework in HYBRID9 (an updated version of HYBRID8 (Ekici 
et al., 2015)) based on its performance on various timescales and 
hydrological outputs. We then used HYBRID9 to simulate a cen-
tury of soil moisture dynamics forced by CRUNCEP (7.2) gridded 
data (0.5° resolution; Viovy,  2018), with downscaled tempera-
ture and precipitation. After ensuring that ring width increment 
at our study site in the Swiss Alps is primarily water limited, we 
determined a common intra-annual critical period during which 
growth most frequently occurs for all years. We represented a 
soil water-growth response curve as a bounded linear function to-
gether with a daily additive growth model and used a data-driven 
approach based on observed TRWs to optimize for the best soil 
water-growth parametric relationship. The resulting growth (sink) 
response functions and their parameters are compared against 
growth response functions and thresholds from existing obser-
vational studies, as well as source response functions used in 
DGVMs.

We define growth, or ring width increment, as a combination of 
cumulative cell proliferation and enlargement activity. Our soil water 
response curve thus represents the impact of both these processes, 

and does not distinguish between the two. This definition focuses on 
the volume, not mass increase of the tree.

2  | METHODS

2.1 | Model description

HYBRID9 is an individual-based DGVM. Updates are a revised soil 
hydrology framework based on the Community Land Model (CLM) 
4.5 (Oleson et al., 2013). The CLM soil hydrology framework used 
by HYBRID9 contains eight layers of soil, concluded with an aqui-
fer at the bottom. Processes represented are infiltration, surface 
and subsurface runoff, diffusion, gravity drainage, root fraction-
dependent transpiration and ground-water interactions (Oleson 
et  al.,  2013). A tridiagonal system of equations is applied to solve 
for vertical water flow, which is represented following Zeng and 
Decker (2009). HYBRID9 differs from the CLM approach through 
the omission of a full energy budget and the following assumptions. 
Evapotranspiration is partitioned between canopy and soil surface 
using the approach of Shuttleworth and Wallace (1985). A simple 
one-layer representation of snowpack dynamics is included. The 
framework continues the principle of a coupled photosynthesis-
conductance scheme from HYBRID3 (Friend et al., 1997), where soil 
moisture effects on stomatal openness impact carbon assimilation as 
well as transpiration. Rooting distribution is modelled for each indi-
vidual using the two-parameter root distribution model for temper-
ate forest data developed by Schenk and Jackson (2002), with the 
root fraction in each model layer subsequently calculated according 
to eq.(16) in Amenu and Kumar (2008). Full details of the HYBRID9 
hydrology framework are included in Supporting Information S1.

2.2 | Study site description

The study site is located at 804 m above sea level (a.s.l.) on a north 
facing slope above the village of Gampel (46°30ʹ26ʺN, 7°74ʹ11ʺW), 
within the inner-alpine Swiss Rhône valley (Canton Valais; see 
Figure S1). The selected site is the lowest of an elevational growth 
monitoring network located along the forested slopes around 
Lötschental (see King et al., 2013, for the network description). The 
climate is continental with a mean annual temperature of 9.6°C and 
an annual precipitation of 604 mm (data for the period 1980–2019 
from MeteoSwiss weather station of Visp, 639 m a.s.l., 10 km west 
of the study site). The summer months are usually dry due to warm 
day temperatures (average 25–23°C from June to September) and 
low precipitation (43  mm/month). The soils are formed from cal-
careous-free substrate, including moraines and crystalline bedrock 
(gneiss and granite), and are part of the Aar massif. This causes acidic 
soils characterized by coarse stone content and low amounts of clay, 
which hence may drain freely. The forest at the site is a mixture of 
Larix decidua Mill, Picea abies L. (H) Karst and Pinus sylvestris L., which 
are 120–180 years old and 20–25 m in height.
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2.3 | Tree ring chronologies

In 2012 and 2016, 16 mature, healthy dominant trees of both larch 
(L. decidua Mill) and spruce (P. abies L. (H) Karst) were selected for 
ring width measurements. This selection also included trees for 
which growth had been monitored over 2008–2010, with weekly 
micro-coring performed during the growing season. Increment bor-
ers were used to obtain 5 mm diameter radial cores per tree stem 
at breast height, perpendicular to the slope to avoid reaction wood 
(data available from Cuny et al., 2019). Standard dendrochronologi-
cal techniques were used to prepare, measure and cross-date TRW 
series of each species. Ring widths were measured along the core 
using the Linear table ( LINTAB, Rinntech, Heidelberg Germany) and 
COFECHA (Grissino-Mayer, 2001) for a statistically-based quality 
control of the visual cross-dating (see Supporting Information S6.1 
for chronology construction).

2.4 | Soil moisture measurements

Soil volumetric water content (vvol) was measured hourly from July 
2008 to 2016 using 10 sensors (EC-5; Decagon), inserted at 10 and 
70 cm depths, distributed over two locations within the study site 
(see Peters et al., 2019, for more details).

2.5 | Spatial downscaling of climate data

We needed to simulate long-term soil moisture dynamics for the 
site to drive our soil moisture growth response parameterization 
framework. For this we required relatively accurate long-term cli-
mate forcing for the site. As no long-term daily climate observa-
tions were available near our study site, we spatially downscaled 
the CRUNCEP half-degree gridded dataproduct which contained 
our site. This was necessary because this particular gridcell's to-
pography and hence local climate is very heterogeneous. For our 
site, the gridded data product overestimates precipitation by 
1,307.0  mm/year, and underestimates temperature by 7.5°C (see 
Table  S1). Using local observations over 2006–2016, we applied 
the delta method to downscale gridded temperature and em-
pirical quantile mapping to downscale gridded precipitation (see 
Supporting Information S3). Having downscaled the data, we were 
able to simulate long-term soil moisture dynamics in HYBRID9, 
after a few parameter alterations.

2.6 | Parameter selection

Model parameters were adjusted to the local stand and soil struc-
ture (see Supporting Information S5). To reflect the site's tree age 
and height, trees were grown in the model from a range of random 
initial radii no larger than 0.01 m from 1805 and at a density of 36 
individuals per 200 m2. In 1900 they had reached a mean height 

of 22 m, which is then assumed the equilibrium height of the man-
aged stand. From then on, trees were kept at a constant height of 
22 m, and had reached a maximum density of eight individuals per 
200 m2.

2.7 | HYBRID9 model evaluation

To evaluate how well HYBRID9 simulates soil moisture, we applied 
Spearman correlation. To evaluate seasonal correspondence, root 
mean square deviations between modelled (L3 and L6) and observed 
(−10 cm and −70 cm) volumetric water content content were calcu-
lated on a daily, monthly and yearly basis. Volumetric water content 
was used to calibrate HYBRID9 soil hydrology dynamics (updated 
parameters in Table S4). The then calibrated HYBRID9 soil hydrol-
ogy also produces soil water potential (Ψsoil) outputs that were the 
relevant moisture variable for this study. We also compared an 
8 day aggregated HYBRID9 total surface evaporation (evaporation 
and transpiration) to compare with the 8 day moderate resolution 
imaging spectroradiometer (MODIS) evapotranspiration product 
(Running et al., 2017). The MODIS product was taken from the clos-
est available coordinates (46°29ʹN, 7°75ʹW).

2.8 | Dendroclimatic analysis

To ensure that the site is only water limited and establish the pe-
riod during which soil moisture statistically impacts final TRW, 
we applied a daily-resolution correlation approach following as-
pects from Kaczka et  al.  (2017). The residual chronologies (see 
Supporting Information S6.1) for larch and spruce were corre-
lated with several (environmental) variables, such as simulated 
vvol (mm3/mm3), simulated Ψsoil (MPa) and downscaled precipita-
tion (mm/day) and temperature (°C). Analyses were restricted to 
layer 4 (i.e. between 16.6 and 28.9  cm below ground), because 
modelled rooting density is highest there. Briefly, linear correla-
tion coefficients were computed between final TRW values and 
environmental variables aggregated over time intervals of all pos-
sible daily durations (from 1 to 365 days) and starting dates within 
the calendar year (total of 66,795 coefficients computed; Kaczka 
et  al.,  2017) For water-related variables, our significance cutoff 
was <0.05, for temperature, <0.1.

2.9 | Defining the growth period

To select the period of tree growth (critical period between onset (t1)  
and cessation (t2) expressed as Julian day), we used three sources of 
evidence: xylogenesis data are the main source, which is supported 
by the daily-resolution climate correlation approach for growth 
cessation (t2), and by a growing degree-day (GDD) model to con-
firm growth onsets across the century (t1; Figure 1; see Supporting 
Information S7 for more detailed description of the methods).
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2.10 | The relationship between annual ring width 
increment and soil moisture variations

We derived a threshold parameter for growth from Ψsoil-sensitive 
simulations of tree rings which provided the best match with tree ring 
observations.

The simplest description of the relationship between soil water 
potential and βgrowth (relative ring width increment; unitless) can be 
given by a one parametric response curve in the shape of a bounded 
linear function between 1 and 0 (Equation 1).

where ψcrit is a parameter (MPa) and Ψsoil is soil water potential (MPa). 
The soil water response factor, βgrowth varies in response to the daily 
predawn soil water potential in soil layer 4 for larch and soil layer 3 for 
spruce, to account for the difference in rooting depth and exploit the 
more root-dense soil layers as predicted by HYBRID9.

Before simulating tree rings for comparison with tree ring width 
index (TRWi) data, we first binned the observed TRWi data into 11 bins 
(see Figure S8) and computed the average value in each bin (TRWib). 
By averaging we expect the variability due to unsystematic effects to 
cancel out. We hypothesize that the only remaining dominant effect 
causing the difference in averaged growth between bins will be due 
to variation in Ψsoil histories given that water is the main driver of be-
tween-year variability in tree growth (TRWi) at this site (Figure 4). For 
binning, we used a clustered binning approach (Equation 2; Section S8) 
to avoid separation of very similar TRWi values by a percentile bound-
ary. In this approach, breaks were set between clusters of data points 
(TRWis) which are assumed to be more similar to each other because 
they have grown under more similar soil water regimes. Each bin was 
constrained to contain at least six samples, but final numbers vary de-
pending on the similarity of TRWi values (see Figure S8). As the sam-
ple numbers in these ‘clustered’ bins are unequal, subsequent analysis 
may be sensitive to outliers in bins with few samples. We accounted 
for this in our objective function (i.e. Equation 5). Using a clustered 
binning approach, we could set more biologically sensible locations for 
bin breaks between TRWis. We clustered the observed TRWi in bins 
and preserved the sets of year indices belonging to each bin. We then 
used the same bin-specific sets of year indices to aggregate and aver-
age the predicted TRWs values in corresponding bins: 

 In order to simulate growth, we assume the following relation-
ship between individual year Ψsoil time series (indexed by y) and cor-
responding simulated tree ring width (TRWsy) for a given ψcrit: 

 where βgrowth(Ψsoil y(t)) is the nonlinear function from Equation (1) pa-
rameterized by ψcrit, t is a given day of the growth period. Scaling co-
efficient 'a' is species-specific and taken to be the same for all years. 
It is calibrated below in relation to detrended observed TRWi values, 
along with the response function parameter ψcrit. Start and end dates 
for the critical growth period are species-specific parameters identi-
fied in our critical period analysis. In this growth model we make the 
assumption that there is no growth for any TRWsy in the absence of 
any favourable moisture conditions during the growing season.

For direct comparison with TRWib, we average individual yearly 
simulated TRWsy in each bin (b):

where nb is number of samples in bin b.

(1)𝛽growth(Ψsoil)=

⎧
⎪⎨⎪⎩

𝜓crit−Ψsoil

𝜓crit

, if 𝜓crit<Ψsoil≤0

0, if Ψsoil≤𝜓crit,

(2)TRWib=
1

nb

∑
y ∈ bin b

TRWiy.

(3)TRWsy(a)=

t= end∑
t= start

a×�growth(Ψsoil y(t))=a×

t= end∑
t= start

�growth(Ψsoil y(t))=a×TRWsy,

(4)TRWsb(a)=
1

nb
y bin b∈

∑
TRWsy(a)=a×

1

nb
y bin b∈

∑
TRWsy=a×TRWsb,

F I G U R E  1   Schematic for the definition of growth period. 
Horizontal lines terminated by red vertical lines show the growth 
duration for larch (green) and spruce (black), as derived from 
xylogenesis observations. Growth increment start (t1) is defined as 
the first Julian Day at which the radial files of 3 years of xylogenesis 
observations had more than 50% of the observed radial files display 
at least one enlarging cell (Rathgeber et al., 2011). Additionally, 
growth increment start for all 116 years was modelled using the 
CLM5.0 growing degree-days equation for cold leaf-out timing 
(equation 1, section 2.29.12.1.1 [Lawrence et al., 2019]), thereafter 
called 'GDD-model' (light-blue density distribution curve). t1 
values derived from xylogenesis data were then located within the 
probability density distribution (see left red-highlighted section). 
Growth increment cessation (t2) is defined as the first Julian day at 
which the first tree during 2008–2010 was reported to no longer 
have enlarging cells. Growth cessation based on daily-resolution 
correlation analysis (last day during which correlation predawn Ψsoil 
and tree ring width index is observed) is shown as green (larch) and 
black (spruce) single vertical lines. For dates used in further analysis, 
we adhere to the conservative results from the xylogenesis analysis 
and for growth start subtract 7 days to account for cambial activity 
before enlargement. For exact dates, see Table 2
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We gradually decrease ψcrit from 0 to −4.6 MPa. For each set-
ting of ψcrit we compute TRWsb values. For the fixed TRWsb values 
we then vary a to minimize the sum of weighted residual squared 
errors (SWRSE) between simulated and observed binned TRW 
values:

We report the R2 measure which is derived directly from SWRSE 
and quantifies in relative terms how much variation in observed 
TRWib values is reproduced using our proposed model relationship 
between Ψsoil histories and final TRW growth (Equation 2). Minimum 
SWRSE corresponds to maximum R2,

where M is the number of bins, and N is total number of samples (years, 
and TRWib are observed bin averages.

For each setting of ψcrit there is a corresponding value of a which 
maximizes the R2 objective above. We call it â(ψcrit). Figure  5b,f 
shows the values of objective function R2(â(ψcrit)) for a range of ψcrit 
values (grey dots).

We select the pair 
(
�∗

crit

)
, a∗ = â

(
�∗

crit

)
 for which the above R2 ob-

jective is maximized globally (see Table 3).
To verify that our optimization procedure found the optimal 

setting for ψcrit subject to the chosen model relationship in Equation 
(3), we fix the optimized parameter a*, simulate corresponding 
TRWsb under varying ψcrit and compute R2(a*). The resulting max-
ima coincide for the global optimal value of a, which verifies that 
our optimization procedure did indeed find the optimal ψcrit value.

3  | RESULTS

3.1 | HYBRID9 model evaluation

HYBRID9 hydrology output was evaluated for its accuracy in simu-
lating soil moisture dynamics, to make sure that it could be used for 
soil moisture-growth response analyses. Observed and modelled 
soil moisture from 2008 to 2016 for the two soil depths (−10 and 
−70 cm) are shown in Figure 2.

At both depths, observed and modelled soil water content show 
a similar seasonal pattern with high soil moisture during the winter, 
decrease in late spring and lowest values during the summer (July). 
For the majority of time, modelled soil moisture dynamics are located 
within the range of observations (purple shaded area) with good 
correspondences, independently of the climatic data used (nearby 
station data (green lines) or downscaled CRUNCEP). Spearman 

correlations with CRUNCEP are 0.62 for the upper layer and 0.78 
at 70 cm depth, and are consistent over different time scales, from 
day to year (Table  1). Analysis of variance shows the lowest root 
mean squared error (RMSE) for both layers in the annual analysis 
(0.020 mm3/mm3), and highest variance for layer 3 (0.040 mm3/mm3) 
for daily comparison. The lower correspondence at 10 cm depth is 
due to spikes in soil water content which do not always coincide in 
time. These spikes are less prominent at 70 cm depth.

HYBRID9 captures the multi-year decreasing soil moisture trend 
in the period over 2008–2015, as well as the temporary recovery 
to 2008 levels in 2012. In the last years (i.e. 2014–2016), modelled 

(5)SWRSE(a)=

nbins∑
b=1

nb× (TRWsb(a)−TRWib)
2
=

nbins∑
b=1

nb× (a×TRWsb−TRWib)
2.

(6)R
2(a)=1−

SWRSE(a)∑nbins
b=1

nb× (TRWib−mean(TRWi))2
,

(7)with mean(TRWi)=
1

N

b=M∑
b=1

nb×TRWib,

F I G U R E  2   Soil moisture dynamics at two different depths (−10 
cm [a] and −70 cm [b]) over 2008–2016, with observed soil moisture 
together with its upper and lower observed bounds, (from mid 
2008–2016), and two outputs from HYBRID9: obsforc is forced 
with a combination of default CRUNCEP gridded data products 
(air specific humidity [g/g], incoming shortwave radiation [W/
m2 × 21,600], incoming long wave radiation [W/m2], pressure [Pa]) 
and local observations on precipitation (mm/day) and temperature 
(°K); dsforc is forced by a combination of default CRUNCEP (see 
above) and downscaled precipitation and temperature gridded data 
products based on the local observations. Observed soil moisture is 
denoted in purple (with maximum of n = 4, the mean is embedded 
in purple shade which is the max and min value of observed values 
at that depth; where n = 1, only a single value is available, which is 
directly plotted instead of the mean)

TA B L E  1   Comparison of observed and modelled soil moisture. 
Correlation coefficients (Spearman) and root mean square 
deviations between modelled (L3 and L6) and mean observed 
(−10 cm and −70 cm) volumetric soil moisture content over different 
time periods. � = Spearman's rank correlation coefficient

ρ
RMSE 
daily

RMSE 
monthly

RMSE 
yearly

Layer 3 0.620 0.041 0.036 0.020

Layer 6 0.778 0.037 0.033 0.022
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soil moisture at −70 cm continues to increase during November and 
December, whereas these dynamics are delayed to January in the ob-
servations. While the period of high soil moisture content is shorter 
for the observed than for the modelled soil moisture, the magnitudes 
continue to be similar and within the range of observations. These 
results give confidence that the model is able to capture the major 
features at all timescales of soil moisture variation characteristics at 
both depths.

Figure 3 shows the evaporation dynamics of HYBRID9 and the 
MODIS product over 2008–2016. Timing and magnitude between 
HYBRID9 and MODIS are similar, with the exception of the late 

summer, where the MODIS product is higher in later years than 
HYBRID9 during some summer periods. Overall, however, MODIS 
and HYBRID9 total surface evaporation dynamics behave in a similar 
manner in terms of both magnitude and timing. We conclude that 
modelled soil moisture is sufficiently robust to be used for accu-
rately simulating soil moisture-growth responses at daily resolution 
over the century.

3.2 | Dendroclimatic analysis

Figure 4 shows the daily climate correlation analysis results between 
larch or spruce TRWi and downscaled precipitation and tempera-
ture, and modelled volumetric water content (vvol) and soil water 
potential.

Correlation between annual ring width and moisture-related vari-
ables are significant (p <  .05) in spring and early summer and gener-
ally follow the same pattern throughout the year. Predawn soil water 
potential almost continuously correlates well with ring width when 
starting from February for larch, or early March for spruce until the 
end of June (DOY 190) for larch and early July (DOY 198) for spruce. 
Maximum correlations for soil water potential-TRW are r = .300 and 
.350 for larch and spruce respectively. No duration starting from DOY 
198 for spruce and DOY 190 for larch shows any correlation between 
any moisture variable and TRWi. For larch the signal returns in mid- 
August, for about two weeks.

Negative correlation with TRW and rainfall is observed in August 
for larch and spruce, with the effect having a longer-lasting impact 
on spruce (almost 4 months). The correlation signal is also detect-
able in volumetic water content and soil water potential for spruce 
1–2 months later.

F I G U R E  3   Comparison of the summed soil surface evaporation 
and evapotranspiration of HYBRID9 (8 day aggregate) and the 
MODIS evapotranspiration product

F I G U R E  4   Daily-resolution correlation analysis for the whole year between spruce or larch tree ring width index and environmental 
variables. (a)/(e) precipitation, (b)/(f) modelled predawn soil volumetric water content (vvol) in layer 4, (c)/(g) modelled predawn soil water 
potential in layer 4, and (d)/(h) temperature. Predawn modelled values are model output from 06:00 a.m. All values with p > .05 for (a)–(c), (e)–(g) 
and p > .1 for (d)/(h) are shaded in grey. The x-axis denotes the first day of the correlation period (DOY), the y-axis denotes the period length of 
the correlation analysis result. The further from the top in the graph, the longer the period that is used in the correlation analysis. For example, 
at the very top, all days of the year are correlated with themselves. On the very left and going down, the first day of the year is correlated with 
all possible period lengths, for example between DOY 1 and 2, DOY 1 and 3 up to DOY 1 and DOY 365, at the very bottom of the graph
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Temperature does not correlate significantly (i.e. p  <  .1) with 
TRW at this site for larch, and there is a slight significant nega-
tive correlation with higher temperatures and spruce TRW for the 
duration of about a month starting from DOY 145–153. The fact 
that temperature shows little to no significant correlation with ring 
widths at this site means that we do not have to account for it in 
our growth model, and can focus on soil moisture-driven growth 
processes.

3.3 | Growth period selection

To obtain a realistic growth period over which to parameterize the 
soil moisture growth-response function we used three sources of 
evidence (xylogenesis data, the daily-resolution climate correlation 
approach, and a growing degree-day model). For growth start t1
, the most common DOY (114) from the GDD-model of predicted 
growth onset across the century corresponded well with observa-
tions of xylogenesis data at DOY 118 for larch and 110 for spruce 
between 2008 and 2010. The end of growth (t2) assessed through 
daily-resolution climate correlation was slightly later than xylogen-
esis observations by 7 and 8 days for larch and spruce respectively 
(Table 2), probably due to long lasting autocorrelation of daily Ψsoil 
values.

3.4 | Optimization of the soil water-growth function

Using the selected growth period, observed TRWi chronologies 
and simulated soil moisture, we calibrated the soil water-growth 
response function. The optimum parameter combinations for 
Equations (1) and (3) together with their goodness-of-fit metric 
are summarized in Table 3. The optimized soil moisture response 
curve shape and additive growth model was able to reproduce 
62.3% of the variation for larch and 59.4% of the variation for 
spruce of observed binned TRWi values (Figure 5d,h). Other in-
termediate steps, as well as upper and lower boundaries of the 
optimization, are also visualized in Figure 5. Figure 5b and g show 

R2 and R2(a*) dynamics with decreasing ψcrit parameter, in search 
of the maximum R2. R2 values under decreasing ψcrit first increase 
steeply until the maximum value of 0.624 for larch and 0.594 for 
spruce, and then deteriorate gradually to 0.4660 for larch and 
0.4150 for spruce at −4.6 MPa (not shown). Using the optimized 
scaling coefficient a*, R2(a*) first increases and then declines 
steeply under different decreasing ψcrit. R2 and R2(a*) share the 
same optimum, as they share the same scaling coefficient at that 
point.

Figure 5c and g show a range of soil moisture growth response 
curves (modelled with constant a*), colour-coded by their ability to 
reproduce a large relative proportion (>50%) of variance when used 
to simulate TRWs. The beta-response curve with the highest pro-
portion of variance reproduced is highlighted in yellow and has x- 
intercepts corresponding to the optimized ψcrit of −0.47  MPa for 
larch and −0.66 MPa for spruce.

3.5 | Source–sink response function comparison

Source versus sink-type responses to soil or leaf water potential are 
shown in Figure  6. Typical source response functions as currently 
implemented in DGVMs are shown in (a) and (b), together with the 
sink response functions derived in this study.

Our sink responses are put in context with observed source 
and sink-type responses to soil or leaf water potential in 
Figure 6b. The pair of source and sink functions for each species 
that emerges from Figure 6b shows that the sink is always more 
limited than the source as soil or leaf water potential declines (see 
Muller et  al., 2011, for more such functions). Besides, while the 
source responses differ in shape (both in the models and the ob-
servations), the sink-type responses all abruptly decline, which 
makes them more similar to one another. This study's sink-type 
response function calibrated to two different species is similar to 
the observed sink-type responses in two crops and mature ever-
green oaks (Figure 6b).

TA B L E  2   Ring width increment start and end (DOY) from 
various sources in larch and spruce. Xylogenesis-derived periods 
are used for subsequent modelling steps. GDD-model and daily-
resolution correlation analysis dates act as additional evidence 
to the xylogenesis-derived dates' applicability for simulations 
throughout the century

Species

Xylogenesis GDD

Daily-
resolution 
correlation Final critical 

period in 
datesStart End Start End

Larch 118 183 114 190 27 April–1 
July

Spruce 110 190 114 198 9 April–8 
July

TA B L E  3   Optimized species-specific soil water-growth function 
parameters ψcrit and their ranges, together with their respective 
model-evaluation metric and auxillary parameter a, a scaling 
coefficient. ψcrit is the optimized parameter value of the soil water-
growth function. ψcrit minimum and maximum values are the upper 
and lower bound of the range for which we identified R2(a*) to 
be >0 under varying ψcrit parameters. a* is the optimized scaling 
coefficient. R2 (more precisely R2(a*)) is the maximum variance 
reproduced between observed TRWib values and final TRWs 
(Equation 3), which were simulated using our proposed model 
relationship between Ψsoil histories

Species
Optimum 
ψcrit ψcrit min ψcrit max a* R

2

Larch −0.47 MPa −1.4 MPa −0.24 MPa 0.0244 .624

Spruce −0.66 MPa −1.4 MPa −0.38 MPa 0.0170 .594

Abbreviation: TRW, tree ring width.
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4  | DISCUSSION

Detailed knowledge on the relationship between TRW increment and 
soil water content is currently limited to a very few studies, which are 
all on drought-adapted species using short-term experiments under 
non-natural growth conditions. With projected increase in hydro-
logical stress in many ecosystems of the world, we require a deeper 
understanding of soil moisture growth responses in order to accu-
rately predict tree growth in a drying world. To address this issue, we 
combined TRW chronologies and modelled soil moisture dynamics to 
parameterize a soil water-growth response curve. We found a very 
strong and immediate response of modelled ring increment to simu-
lated soil water, with growth cessation in the wet range of soil water 
potential (−0.47 MPa for larch and −0.66 MPa for spruce), consist-
ent with existing observations on trees (Bogeat-Triboulot et al., 2007; 
Lempereur et al., 2015). This response curve can be directly used in 
the modelling of tree ring increment in DGVMs in response to soil 
moisture variations. These findings have profound implications for 
the modelling of growth and thus carbon incorporation into biomass 
and hence predictions of vegetation carbon pool dynamics.

Comparing our new data-derived soil moisture growth-relationship  
with existing soil moisture stomatal conductance and photosynthesis 
response curves from models and observations demonstrates that 
the carbon input to trees is much less sensitive to soil moisture re-
ductions than growth increment, thus supporting the sink-limitation 
hypothesis (Körner, 2015; Sweet & Wareing, 1966). Ultimately, the 

source and sink probably interact to form a functional equilibrium in 
the long term (Zweifel et al., 2006), which still remains to be tested 
through balanced source–sink modelling (Friend et al., 2019).

This study increases our knowledge on tree ring growth response 
to soil moisture, contributes to the source–sink debate and provides 
thresholds for carbon allocation or bottom-up growth modelling in 
DGVMs. Our findings are a first step towards a currently lacking, 
broadly applicable model structure to represent tree ring growth 
processes in DGVMs (Babst et al., 2018).

4.1 | HYBRID9 model evaluation

In order to obtain realistic soil moisture growth response curves, we 
first had to verify the robustness of the HYBRID9 hydrology frame-
work, which provides the simulated soil moisture across the century, 
necessary for our analysis. We found that HYBRID9 is able to cap-
ture inter- and intra-annual dynamics of soil moisture well in both 
observed layers, and there is no consistent pattern of seasonal bias 
in soil moisture at the studied site during the observational period. A 
good agreement between observed and simulated soil moisture dy-
namics and between modelled total surface evapotranspiration and 
the MODIS ET product make us conclude that HYBRID9 hydrology 
is robust at this site. The verified hydrology gives us confidence in 
the century-long simulated soil moisture time series used for deriv-
ing the soil moisture response curve.

F I G U R E  5   (a)/(e) Bin placements for clustered binning, with 11 bins and the distribution of the number of tree ring width index (TRWi) 
samples within the bins. (b)/(f) Evolution of R2 (grey dots) and R2(a*) values (black, orange and red dots), given different ψcrit thresholds for both 
and slope (a) values for R2. The optimized parameter a* is fixed for the calculation of the R2(a*) under different ψcrit. Values above 0 mean that 
the response curve together with the growth model can reproduce more than the average observations. Values above 0.5 and approaching 1 
indicate a close match between TRWs and observed TRW (orange to red). (c)/(g) Soil water-growth response curves, with different values of ψcrit 
(=x-intercepts). Orange-red is the collection of response functions which generate R2(a*) values above 0.5 (see panels b and f). The yellow line 
is the optimal beta-response curve, giving the best fit between TRWi and TRWs (equivalent to the x-axis location of the maximum R2 and R2[a*] 
in [b] and [f]). (d)/(h) Observed mean of the binned TRWi (as displayed in panels a and e) are plotted against the best-fit growth model output 
(TRWs; with optimized values of ψcrit = −0.47 MPa for larch or −0.66 MPa for spruce) and the proportion of variance reproduced by each model
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4.2 | Comparison of the parameterized growth 
function to observed growth responses

Growth response curve shape and cessation threshold values 
ψcrit (−0.47  MPa for larch and −0.66  MPa for spruce) produced in 
this study are similar to other studies on soil moisture impacts on 

vegetative growth. Studies on the relationship between soil mois-
ture and sunflower shoot growth (Sionit et al., 1973) and holm oak 
stem increment (Lempereur et  al.,  2015) did not find evidence for 
a threshold above which soil water does not affect growth. This 
matches the immediately declining growth response curve from sat-
urated soil in this study. Growth cessation thresholds were reported 

F I G U R E  6   Source (green) versus sink (brown) type responses to soil or leaf water potential. (a) Sink (stem growth increment) response 
curves derived from this study and source (photosynthesis) response curves for varying soil or leaf water potential suggested for or in some 
current dynamic global vegetation models (DGVMs). (b) Source and sink responses to soil or leaf water potential in observational studies. 
(c) Source (stomatal conductance) response curves for varying soil or leaf water potential suggested for or in some current DGVMs. Sink 
responses different from the source-response curves are lacking in current DGVMs and can hence not be included. Results for sunflower 
and maize are from Boyer (1970), with measurements of leaf water potential. Source responses are based on normalized photosynthesis 
measurements. Sink responses are normalized growth, measured as leaf enlargement rates. Results from mature oak are based on a field 
study with rainfall exclusion (Lempereur et al., 2015), where source responses are based on normalized GPP measured from eddy covariance 
carbon fluxes, and sink responses are based on normalized change in basal area increment under simulated predawn soil water potential. 
Pine results are mean values of four 3 year old Pinus nigra saplings (varieties pooled) from Lebourgeois et al. (1998) in droughted plots. 
HYBRID9: Bounded-linear beta-response curve (see CLM4.5) used to simulate soil moisture dynamics in this study, with default threshold 
parameter −1 MPa. The beta-factor is applied directly to stomatal openness, which modifies Ci, and in the Farquhar–von Caemmerer–
Berry-type photosynthesis model on Vcmax, Jmax and respiration (Farquhar et al.,1980). In CLM4.5 soil moisture directly affects stomatal 
openness which is described using the Ball-Berry conductance model (Collatz et al., 1991), and impacts photosynthesis through the soil 
moisture stress factor on Vcmax and respiration. In CLM5 the sigmoidally shaped water stress effect on stomatal conductance is included 
through dynamically varying leaf water potential. Photosynthesis is not included. Stomatal optimisation model based on xylem hydraulics 
(SOX): The emergent curve from the stomatal optimization model (Eller et al., 2018), includes a xylem hydraulic conductivity cost, while 
maximizing gross photosynthesis (Eller et al., 2018). SOXL and SOXS differ only by using larch P50 and spruce P50 values as hydraulic 
conductivity parameters respectively (Rosner et al., 2019). All models are run with default plant type/species-specific parameters; adjusted 
parameters are in Table S5. Stomatal conductance and photosynthesis are modelled as coupled system in HYBRID9, CLM4.5 and SOX. See 
also model-specific grouping of stomatal conductance and photosynthesis response curves in Figure S10
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between −0.2 MPa (Green et al., 1971) in Nitella internodes, in the 
range of −0.43 to −0.6 MPa for sunflower (Sionit et al., 1973), −0.7 
to −0.8  MPa for maize (Boyer,  1970) and −1.1  MPa for holm oak 
(Lempereur et al., 2015). All these values are within our lower pre-
dicted boundary of Ψsoil values (−1.4 MPa for both larch and spruce). 
The lowest observed threshold in holm oak could be caused by oaks 
having a larger water store than corn, sunflower, larch or spruce, 
of which the latter two store water mainly in branches (Schulze 
et al., 1985). Overall, despite a broad range of species, growth thresh-
old values in the literature and from our study span similar ranges.

4.3 | Mechanisms and drivers involved in growth 
increment dynamics

The mechanisms underlying the soil moisture response curve shape 
found in this study could involve hydraulic factors, hormonal factors 
or a combination of these. In the literature it is unclear whether it is 
mainly the loss of turgor pressure (Ogawa & Yamauchi, 2006), an ab-
scisic acid (ABA)-regulated decrease in cell wall extensibility (Gimeno-
Gilles et al., 2009) or an interplay of both at different timescales and 
drought severity levels (Van Volkenburgh & Cleland, 1986) that is the 
mechanism behind our response function. From a hydraulic perspec-
tive, a threshold below which enlargement could not be overcome 
through osmotic adjustment was −0.41 MPa in maize seedling root 
cells (Ogawa & Yamauchi, 2006). This threshold is close to the soil 
moisture values below which growth ceases in our study (−0.47 and 
−0.66  MPa). From a hormonal perspective, it has been suggested 
that ABA impacts both cell proliferation and expansion (Hsiao, 1973; 
Jenkins & Shepherd, 1974; Wodzicki & Wodzicki, 1980) but evidence 
for the former is not very strong (Luisi et al., 2014). The similarity 
in observed growth response and threshold ranges between spe-
cies (see Figure 6 and Ogawa & Yamauchi, 2006) seems to suggest 
a physical rather than a biological (signalling) constraint on growth 
in very water-constrained environments such as this site. More re-
search, particularly on the long- and short-term between interplay 
between hormonal and hydraulic dynamics in stem growth under 
soil moisture stress, is needed.

Besides water, temperature is known to influence wood for-
mation, both in terms of phenology and growth rate. Growth start 
has been found to be largely temperature-dependent (Delpierre 
et  al.,  2018; Huang et  al.,  2020; Oribe & Funada,  2017; Rossi 
et al., 2016) and using the temperature-based CLM5.0 GDD-model 
to simulate growth start worked well in confirming a likely t1 for 
our site. This implies that temperature may be involved in growth 
onset at our site to some degree, even though the daily-resolution 
correlation analysis did not find a significant temperature-effect on 
TRWi early in the year. Photoperiod or temperature were dismissed 
as sole drivers of growth cessation at this and nearby sites (Cuny 
et  al.,  2019), and we find that soil moisture is more important at 
our site and nearby (Eilmann et  al.,  2011). Temperature has been 
confirmed to influence cell production rates (e.g. Gričar et al., 2006; 
Ren et al., 2019) under non water-limiting conditions and it is likely 

that temperature has a complex and subtle role to play at our site. 
Indeed, it has been suggested that ongoing climate warming in this 
area (King et al., 2013) has made this and nearby sites less sensitive 
to direct growth limitations by temperature (Cabon et  al.,  2020), 
with maybe the exception of growth onset (Cuny et  al.,  2019). 
However, high temperatures probably act together with low precip-
itation to cause the observed drought-induced cessation or slowing 
of wood formation (Cabon et al., 2020; also seen in our soil moisture 
simulations), similar to Mediterranean systems (Cabon et al., 2018; 
Lempereur et al., 2017). Another indirect effect of temperature may 
have been to act on stem water potential via the influence on vapour 
pressure deficit. However, we tested whether temperature is not 
limiting at this site and found a lack of temperature influence on 
ring increment by observing that the remaining variability in TRWi 
was not correlated with any intra-annual (short term) fluctuations 
in temperature (daily-resolution correlation analysis). Nevertheless, 
(Cabon et al., 2020) show that including both temperature and stem 
water potential best replicates observed rates of cell production at 
nearby sites. We acknowledge that the optimized response curves 
cannot be used to reproduce all variability between TRWi and TRWs 
which is probably caused by the same growing season length for 
each simulated year, but possibly also due to temperature influences 
while soil water was non-limiting.

4.4 | A case for separate representations of 
source and sink processes

The high sensitivity of radial tree growth to soil moisture found here 
means that a wide range of soil moisture regimes still modulate the 
sources, while being too low for the growth sink (Bogeat-Triboulot 
et al., 2007; Boyer, 1970; Hummel et al., 2010; Lempereur et al., 2015; 
Tardieu et  al.,  1999; Wardlaw,  1990). This would imply that carbon 
availability would never be limiting to growth (Körner,  2003, 2006, 
2015) which however is currently assumed in state-of-the-art DGVMs 
through the direct allocation of carbon to biomass (as fraction of gross 
primary productivity [GPP]). However, when resolving environmental 
impacts on carbon allocation to wood, Guillemot et al. (2017) show that 
their model CASTANEA can better predict aboveground forest growth 
in space and time. Likewise, Leuzinger et al. (2013) show that empirical 
modelling of a temperature impact on sink behaviour improved model 
fit to measurements of forest carbon and tree line position in the 
northern hemisphere. Besides different environmental sensitivities, 
different timings of source and sink activity throughout the season 
(Delpierre et al., 2016) also have important implications for modelling 
carbon allocation to biomass. On annual timescales, sources and sinks 
might correlate because their activities are modified by the same en-
vironmental drivers during a period of shared activity. However, GPP 
and growth are frequently not at all, or only weakly, correlated with 
one another on an intra-annual scale (Lempereur et al., 2015; Mund 
et al., 2010; but see Granier et al., 2008). Another more mechanistic 
reason for separate representation of these two processes is that in-
ternal coupling between source and sink processes may be necessary 
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to achieve overall homeostasis (e.g. leaf area −conducting xylem area; 
Zweifel et al., 2006), even if one process is ultimately more constrained 
by environmental factors than the other. Besides, explicitly represent-
ing tree growth processes such as ring increment within a DGVM may 
also help in developing tree ring-based mortality algorithms (Cailleret 
et  al.,  2017), and provide bench-marking opportunities (Zuidema 
et al., 2018). Ultimately, we envisage that integrating separate source 
and sink approaches will contribute to reducing prevailing uncertainty 
(Arora et al., 2013; Friedlingstein, 2015) for modelling terrestrial car-
bon cycle responses to climate change.

4.5 | Implications of a response curve for 
modelling sinks

Response curves such as ours can readily be used in DGVMs, either 
for the environmental control on carbon allocation to downstream 
pools such as the stem or explicit modelling of growth processes. In 
either case it will have a major impact on the prediction of long-term 
carbon allocation in response to soil moisture variability than a purely 
source-driven approach (Fatichi et  al.,  2014; Körner,  2003, 2005, 
2015). When growth slows or stops during water stress, there may be 
an initial build-up of excess photosynthate. However the dynamics of 
NSCs following or during water stress are difficult to interpret, being 
timescale-, species- and age/size- specific (Mencuccini et al., 2013; 
Sala et al., 2012). Our growth response curve will help in carbon al-
location modelling studies by providing a treatment of the direct re-
sponse of the growth sink to soil water constraints independently of 
the response of carbon uptake. It must be noted that our response 
curve has been used to model volume increment, and thus direct use 
for carbon allocation assumes that wood density (carbon content 
within the ring) is constant, which in very limiting years causes an un-
derestimation of carbon allocation to the ring (Bouriaud et al., 2005, 
2015). Our response curve is derived using daily timestepping, which 
is a temporal unit that can be quickly integrated into models. A daily 
step can resolve differences in source–sink activity related to phenol-
ogy and environmental responses (e.g. Guillemot et al., 2015), while 
not being too computationally intensive. Due to its one-paramteric 
formulation, the function is suitably parsimonious to be readily used in 
global modelling approaches. Our response curve is directly relevant 
for trees with little or exhausted water storage potential. However, 
for trees with more water storage potential (e.g. Steppe et al., 2015), 
we hypothesize that the immediate decline in this function would 
benefit from updating to accommodate dynamics of water release 
from storage. With our framework provided here, widely available 
TRW data can be used for the calibration of response curves of other 
species in other environmentally limited ecosystems. An appropriate 
first-order representation of growth processes and their interaction 
with environmental impacts such as soil moisture has the potential to 
contribute to reducing uncertainties in vegetation response to chang-
ing climates and thus improve our predictions of future carbon cycle 
dynamics.
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