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Summary

� Nonstructural carbohydrates (NSCs) are important for the growth and survival of trees.

Drought may lead to a decrease in tree growth and to NSC depletion, whereas increased soil

moisture in otherwise dry ecosystems may increase growth and NSC concentrations.
� A long-term (13 yr) irrigation experiment was conducted in a Pinus sylvestris-dominated

forest located at the dry margin of the species in southern Switzerland. We measured the rela-

tive leaf area, growth, NSCs, needle d13C, [N] and [P] in trees on control and irrigated plots.
� Irrigation resulted in higher growth rates and carbon isotope discrimination, but did not

alter NSC levels. Growth and NSC decreased with decreasing leaf area in both treatments, but

NSC did not correlate with leaf-level gas exchange indices, such as foliar d13C, [N] or [P]. A
legacy effect was shown, as trees with initially low leaf area had limited ability to respond to

prolonged irrigation.
� The NSC constancy across treatments provides evidence that carbohydrate storage may

stay constant when climate changes are sufficiently slow to allow acclimation. Moreover, we

speculate that total leaf area, rather than leaf gas exchange per unit leaf area, drives the varia-

tion in whole-tree carbohydrate dynamics in this system.

Introduction

Drought causes reduced forest productivity, and increasing dura-
tion and frequency of drought events can turn forest ecosystems
from carbon (C) sinks into sources (Ciais et al., 2005). Trees
store large amounts of assimilated C in their sapwood and roots,
as well as in needles in the case of conifers (Hoch, 2015). These
storage pools can be used for growth, maintenance metabolism
and defense (Chapin et al., 1990). As drought impairs photosyn-
thetic C assimilation, C storage pools may play a major role in
supporting tree functions during such periods. Although our gen-
eral knowledge on C storage and remobilization dynamics in
trees is increasing, there is still an ongoing debate on how, and to
what extent, C reserves play a role in sustaining function and
growth under stressful conditions, as well as during tree recovery
after stress (McDowell, 2011; Sala et al., 2012; Palacio et al.,
2014; Gessler & Treydte, 2016).

For trees, C storage mostly occurs in the form of sugars and
starch which make up nonstructural carbohydrates (NSCs)
(Dietze et al., 2014), whereas other compounds, such as lipids,
play a minor role in most species (Hoch et al., 2003). NSCs
buffer the imbalance between the supply and demand of C across
plant tissues on diurnal and seasonal scales (Li et al., 2002; Hoch
et al., 2003; Hartmann & Trumbore, 2016). In periods of
drought, NSC pools in different plant organs can serve as buffers

to compensate for the decreased C assimilate supply as a result of
decreased photosynthesis (McDowell, 2011; Sala et al., 2012;
Hoch, 2015). C storage is considered to be a passive process that
only occurs when the C supply is higher than the demand (Sala
et al., 2012), but is also thought to be actively regulated in bal-
ance with other C sinks, such as growth and defense (Chapin
et al., 1990; McDowell, 2011; Dietze et al., 2014). There is
presently intensive discussion on whether C storage is ‘passive’ or
‘active’ or both (Sala et al., 2012; Wiley & Helliker, 2012; Hart-
mann & Trumbore, 2016), and whether NSC depletion under
extreme conditions, and thus C starvation, is a driving mecha-
nism for reduced tree survival under drought (Sala et al., 2012;
Klein, 2015).

Theory and data both suggest that the higher sensitivity of
growth (sink activity) than photosynthesis (source activity) to
long-term drought (K€orner, 2015) leads growth to cease first dur-
ing drought, followed by photosynthetic decline (McDowell,
2011). These differing temporal patterns in photosynthetic sup-
ply and demand allow the accumulation of NSC during the ini-
tial phase of a drought period or at very mild drought stress (trees
are sink limited), and may eventually result in NSC depletion if
drought persists over longer periods when respiratory, metabolic
and, perhaps, hydraulic C demands exceed the supply by photo-
synthesis (trees become source limited) (McDowell et al., 2013;
Hoch, 2015). This hypothesis can possibly explain the seemingly
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contradictory results found in the literature, ranging from NSC
decrease during drought, as repeatedly shown in Scots pine (Pinus
sylvestris), to no changes at all or even increases in NSC (Adams
et al., 2017).

Patterns of NSC concentration under long-term drought vs
the release of such drought exposure under field conditions have
not been extensively studied. We also lack information on the
interrelationship between NSC, growth, tissue nutrient concen-
trations and crown conditions under such long-term drought vs
non-drought exposed conditions (but see von Arx et al., 2017).
Decreasing leaf area (in some literature, referred to as ‘crown
transparency’, a surrogate for relative leaf area (Dobbertin, 2005;
Gottardini et al., 2016)) is correlated with long-term growth
decrease (Timofeeva et al., 2017), and also with stem sapwood
NSC after a drought event (Galiano et al., 2011; Camarero et al.,
2015). In the first years of release from long-term drought, high
crown defoliation impedes the growth recovery of trees (Eilmann
et al., 2013); thus, reduced relative leaf area (relative to a tree with
maximum leaf area in a forest) may also limit NSC storage
dynamics after irrigation is commenced. Moreover, tissue nutri-
ent depletion resulting from impaired nutrient uptake during
drought may exacerbate the adverse effects of long-term reduced
water availability by impairing leaf-level photosynthesis (Gessler
et al., 2016).

At the Pfynwald, the largest Scots pine-dominated forest in
Switzerland, located in a dry inner alpine valley, several drought
events within recent decades have caused large-scale mortality of
Scots pine trees (Allen et al., 2010; Rigling et al., 2013). Together
with low growth rates (Dobbertin et al., 2010), this indicates that
the stand grows at the dry edge of the distribution of Scots pine.
A unique long-term (13 yr) irrigation experiment at this forest
site allowed us to study the long-term effects of chronically
increased soil water content on seasonal NSC dynamics in Scots
pine, compared with many studies which have used short-term
treatments or single extreme (natural) drought events (Adams
et al., 2017).

The conceptual framework on NSC trajectories proposed by
McDowell (2011) was based on evidence from short-term
droughts (e.g. seasonal to a few years), but NSC dynamics may
differ after 13 yr of treatment that allow the acclimation to new
soil water conditions. We based our a priori hypotheses on the
assumption that, despite any acclimation, NSC dynamics would
respond to treatments and crown conditions. First, we hypothe-
sized that trees would be source limited during long-term
drought, resulting in lower NSC concentrations in dry (control)
relative to irrigated trees after 13 yr of treatment based on their
presumed locations within the hypothesized NSC curve (Fig. 1).
Second, we predicted that NSC would be correlated with relative
leaf area. Alternatively, NSC may be better correlated with
indices of leaf-specific gas exchange (we note that this is possibly
a false dichotomy as both total photosynthetic leaf area and gas
exchange per unit leaf area may influence NSC). Lastly, we
hypothesized that the legacy effects of low leaf area before irriga-
tion could constrain growth and NSC responses to irrigation
after 13 yr. As most studies have determined the carbohydrate
levels when drought reaches its maximum, but have neglected the

role of winter NSC in growth and survival of drought-stressed
trees, we sampled multiple tissues (needles, roots and sapwood)
throughout multiple seasons to better test our hypotheses at both
the whole-tree and seasonal scales.

Materials and Methods

A 13-yr irrigation experiment was conducted in the Pfynwald
forest (46°180N, 7°360E, 615 m above sea level), the largest Scots
pine (Pinus sylvestris L.)-dominated forest in Switzerland, located
in the dry inner-Alpine valley of the river Rhone, close to the dry
edge of the natural distribution of Scots pine. The Pfynwald is a
naturally regenerated forest, but past forest practices have favored
the regeneration of Scots pine over other species, such as Quercus
pubescens. Climatic conditions are characterized by a mean annual
temperature of 10.1°C and an annual precipitation sum of c.
600 mm. Scots pine forests in the Valais are regularly subjected
to drought- and heat-induced mortality (Bigler et al., 2006; Allen
et al., 2010; Rigling et al., 2013). The average tree age is c. 100 yr
and the forest has a mean canopy height of 10.8 m, a stand den-
sity of 730 stems ha�1 and a basal area of 27.3 m2 ha�1 (Dob-
bertin et al., 2010). The soil is shallow parendzina, characterized
by very low water retention and high vertical drainage (Brunner
et al., 2009).

The experimental site (1.2 ha; 800 trees) is divided into eight
plots of 259 40 m2 each, separated by a 5-m buffer zone. The
irrigation of c. 600 mm yr�1 was applied at night on four plots
between April and October, from the year 2003 onwards, with 1-
m-high sprinklers using water from a nearby channel parallel to

N
SC

 (%
)

Time

High rela�ve
leaf area

Low rela�ve
leaf area

Pre-drought NSC level

Irrigated

Control
Dying trajectory

Irrigated – alterna�ve trajectory low leaf area legacy effect

Fig. 1 Possible trajectories of long-term tree nonstructural carbohydrate
(NSC) concentrations in irrigated and control plots, as an elaboration on
the modeled representation of short-term NSC dynamics during drought
for generic trees posed in McDowell (2011). We hypothesize that NSC will
be lower in dry (control) relative to irrigated trees, but that NSC is also
correlated with relative leaf area. This interaction may result in a wide
spectrum of NSC levels in trees with or without drought stress and with
different crown conditions. Drought release (grey arrow) may bring a
trees’ NSC pools back to pre-drought levels, but historical crown legacy
may reduce the capability to recover carbon reserves fully (green solid line)
or even at all (green dashed line) after drought release. Lastly, trees may
reach a point of no return that only leads to mortality, caused by hydraulic
failure, carbon starvation or biotic factors.
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the experimental plot, fed by the Rhone river. Nutrient input
through irrigation has been proven to be minor (Thimonier
et al., 2005, 2010). The control plots thus represent the drought-
exposed situation, whereas the treatment results in drought
release. The volumetric soil water content was monitored hourly
in one control and one irrigated plot using time domain reflec-
tometry (Tektronix 1502B cable tester, Beaverton, OR, USA) at
soil depths of 10, 40 and 60 cm at four different locations per
plot (Supporting Information Fig. S1). Air temperature, relative
humidity (Sensirion SHT-21; Sensirion AG, St€afa, Switzerland)
and precipitation (Tipping Bucket Rain Gauge; R.M. Young,
Traverse City, MI, USA) were measured and stored with a time
resolution of 10 min. Tree height and stem diameter (diameter at
breast height, DBH) were measured in 2003, 2009 and 2014 by
manual calipering. Crown transparency (the surrogate for relative
leaf area) was measured once a year from 2003. Crown trans-
parency assessment was performed as described by Dobbertin
et al. (2004) by visual rating of the crown transparency (also ter-
med defoliation) using reference photographs ranging from 0%
(= a fully foliated tree) to 100% (= a dead tree (for more details,
see Dobbertin et al. (2004)). This assessment is not a strict crown
transparency assessment as tree crown foliage is judged relative to
the optimum foliage of a tree of the same species. Relative leaf
area (hereafter called ‘leaf area’) was calculated using 100% minus
the crown transparency.

Sampling

Thirty control and 23 irrigated trees from five different relative
tree leaf area classes (1 = 100–80% leaf area, 2 = 80–60% leaf
area, . . ., 5 = 20–0% leaf area), as determined in 2014, were ran-
domly selected (n = 6 per class, except for the irrigated plots,
where n was 2 and 1 for classes 4 and 5, respectively). The trees
were randomly distributed over the four plots per treatment.
Only trees that were alive and carried at least 10% green needles
in February 2015 were included. Sampling took place on 24–25
February, 8–9 June and 26–27 October 2015. Sapwood samples
of the trunks of all 60 trees were taken with an increment corer
(5 mm in diameter) at 1, 3 and 5 m above the ground, on the
south side of the tree. Two cores were taken per height, with a
distance of 20 cm above each other. The first 2 cm of sapwood
from the cambium was used and the bark and phloem were
removed. The two sapwood cores were pooled. At 7 and 9 m
above the ground, small sun-exposed branches were cut. A small
piece of branch wood was collected, and 1-, 2- and 3-yr-old
needles were separated and pooled for the 7- and 9-m collections.
A main root located close to the trunk with a diameter of c. 1 cm
was collected at a distance of c. 30 cm from the stem base. Fine
roots (< 2 mm) were collected by following the root to a distance
of c. 60 cm from the stem base. All samples were immediately
placed on dry ice to stop enzymatic activity.

Measurements

NSC All stem, root and needle materials were dried at 60°C
until a stable weight was achieved and then ground to a fine

powder. NSCs were analyzed following the protocol described by
Wong (1990) adapted according to Hoch et al. (2002). NSCs are
defined here as low-molecular-weight sugars (glucose, fructose
and sucrose) plus starch. Ten to 12 mg of ground material were
boiled in 2 ml of distilled water for 30 min. After centrifugation,
an aliquot of 200 ll was treated with Invertase and Isomerase
from baker’s yeast (Sigma-Aldrich, St Louis, MO, USA) to
degrade sucrose and convert fructose into glucose. The total
amount of glucose (sugars) was determined photometrically at
340 nm in a 96-well microplate photometer (HR 7000;
Hamilton, Reno, NE, USA) after enzymatic conversion to glu-
conate-6-phosphate (hexokinase reaction, hexokinase from Sigma
Diagnostics, St Louis, MO, USA). The total amount of NSC was
measured by taking 500 ll of the extract (including sugars and
starch) incubated with a fungal amyloglucosidase from Aspergillus
niger (Sigma-Aldrich) for 15 h at 49°C to digest starch into glu-
cose. Total glucose (corresponding to NSC) was determined pho-
tometrically as described above. The concentration of starch was
calculated as NSC minus free sugars. Pure starch and glucose,
fructose and sucrose solutions were used as standards, and stan-
dard plant powder (Orchard leaves; Leco, St Joseph, MI, USA)
was included to control the reproducibility of the extraction.
NSC concentrations are expressed on a percentage dry matter
basis. Because all samples were run in a single laboratory with no
change in protocol during the laboratory processing of samples,
issues with the comparison of results across methods or laborato-
ries were obviated (Quentin et al., 2015).

Needle d13C and C, nitrogen (N) and phosphorus (P) con-
tents Two milligrams (� 0.1 mg) of ground needle material
were weighed into tin cups and converted to CO2 and N2 in an
elemental analyzer Euro EA (Hekatech GmbH, Wegberg,
Germany), connected to an isotope ratio mass spectrometer
(IRMS; Delta V Advantage, Thermo Scientific, Bremen,
Germany), to determine the C and N contents and the isotopic
compositions. Laboratory standards and international standards
with known d13C values were used for the calibration of the
measurements, resulting in a precision of 0.2&. The isotopic
ratios in all samples were expressed in d notation (&) relative
to the international standard Vienna Pee Dee Belemnite
(VPDB). C and N contents were assessed as a percentage rela-
tive to dry weight, and total P as per mille relative to dry
weight. Total P was determined on acidified samples and mea-
sured by inductively coupled plasma-optical emission spectrom-
etry (ICP-OES) (Optima 7300 DV analysis; Perkin Elmer Inc.,
Waltham, MA, USA) after pressure digestion with HNO3 and
HF.

Growth The length increment of the sun-exposed shoots was
measured for the last 5 yr on two branches per tree. A subsam-
ple (c. 30–50 needles) of the last three generations of needles
from one sun-exposed branch was scanned with a flatbed scan-
ner and the respective fresh and dry weights were measured.
Specific leaf area, total leaf area, length and width were calcu-
lated from the scans using the free software PIXSTAT v.1.2.0.0
(Schleppi, 2011).
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Gas exchange and leaf water potential In the summer of 2016,
1 yr after the extensive sampling campaign for NSC measure-
ments (due to time restrictions the year before), pre-dawn leaf
water potential and gas exchange measurements were carried out.
These measurements were taken on 24 of 53 trees sampled in
2015. In both treatments, 12 trees were selected, evenly divided
over leaf area classes 1, 3 and 4–5. Leaf water potential was mea-
sured before sunrise, between 03:30 and 05:30 h. With a pole
pruner, a small twig was cut from a branch at c. 9 m above-
ground. The bark was removed to make it easier to distinguish
between water and resin. Leaf/twig water potential was measured
using a Scholander bomb (Model 600 pressure bomb; PMS
Instrument Company, Albany, NY, USA) in steps of 0.05 mPa.
Gas exchange (stomatal conductance and Amax) was measured
using an LI6400 Portable Photosynthesis System (LiCor Inc.,
Lincoln, NE, USA) in June, July and October of 2016. A branch
of c. 50 cm in length was cut with a pole pruner and immediately
placed in water. Approximately 20 needles were enclosed in the
29 3 cm chamber and photosynthesis (Amax) was measured
under 400 lmol mol�1 CO2, 1200 photosynthetically active
radiation, 60–70% relative humidity (RH) and 22°C.

Statistical analysis

To validate that the selected trees were a good representation
of the population, DBH and diameter growth rate of the
whole population and the subset used for NSC and other
analyses were compared in a paired Student’s t-test, separately
for the different combinations of treatment (irrigation (I),
control (C)) and leaf area class groups. In addition, initial
DBH in 2002 was compared between control and irrigated
plots with a Student’s t-test, and was found to be significantly
different (P < 0.001, C = 19.95 cm, I = 22.33 cm). To correct
for these differences, we calculated the relative DBH incre-
ment from the start of the experiment [(DBH�DBH0)/
DBH09 100%], where DBH is the diameter at breast height
in cm in 2015 and DBH0 is DBH at the onset of irrigation
in 2003.

Concentrations were log-transformed and, where necessary,
other transformations were carried out to obtain the normality of
residuals (transformations are given in Tables S3, S4 and S5).
Sugars, starch, d13C, N and P content were analyzed using linear
mixed effect models employing maximum likelihood (lmer
function; LME4 package, R v.3.2.2, R Core Team, Vienna,
Austria), and P values were calculated based on Satterthwaite’s
approximations. Fixed factors were treatment (Tr), leaf area class
(Cl), season (S), tissue (T) and all two-way interactions. DBH
was also considered as a factor in the complete model, but,
because it gave non-significant results in all analyses (Table S1),
we simplified the model. Tree individual was used as repeated
measure factor. Separate analyses were carried out for three tissue
groups: (roots, two tissues; wood, three tissues; needles, three
generations). The normality of residuals was checked and correc-
tions were made by transformation of the data. Least-square
means were calculated for specific differences of significant

factors. Correlation analyses were carried out for NSC and
growth, with d13C, N and P.

Leaf area and tree diameter data were analyzed for all trees in
the experimental plot for the years 2002–2014, with linear mixed
effect models as indicated above. Fixed factors were year (Y) (for
DBH: 2002, 2009, 2015; for leaf area: yearly 2003–2016), treat-
ment (Tr), current leaf area class (Cl) (as indicated in 2014) and
their interactions. Tree individual was used as a random factor
for repeated measures. Shifts of trees to higher or lower leaf area
classes were not taken into account.

Gas exchange and leaf water potential data were also analyzed
with linear mixed effect models, with treatment, class and date as
fixed factors and tree individual as random factor.

Tree biomass was estimated using allometric equations devel-
oped for Scots pine (Forrester et al., 2017). For all tissues (foliage,
branch, stem and root mass), the same equation type was used:
[loge(biomass) = loge(b0) + b19 loge(DBH)]. The parameter val-
ues used can be found in Table S2. As these equations were devel-
oped for average trees, and trees with different crown conditions
were included in this study, needle biomass was scaled according
to the crown condition. For this, the assumption was made that
the average leaf area is c. 80%, based on the average leaf area (be-
tween 2005 and 2013) for Scots pine in the whole of Switzerland
as measured in the Sanasilva forest inventory (A. Gessler, unpub-
lished). Total NSC pools of needles, branch, stem and roots were
determined using the calculated biomass and measured NSC
concentrations of 1-yr-old needles (N1), 9-m branch wood, 1-m
stem wood and coarse roots (CR), and the total tree NSC pool
was calculated as the sum of the four tissues. For stem wood, we
considered only the outer 2 cm of sapwood in the calculation, as
it has been shown that NSC concentrations decline radially from
the cambium towards the pith (Hoch et al., 2003). These are esti-
mates and we do not know the exact amounts of NSC in the
entire stem. Student’s t-test was used to test the treatment differ-
ences for the total NSC pools of the trees.

Linear regression models were carried out to compare growth
with starch and sugar concentrations in winter in all tissues. If
necessary, growth was log-transformed.

All statistical calculations were performed with R v.3.2.2 (R
Core Team, 2015).

Results

Irrigation did not significantly affect starch concentrations in any
tissue examined in the summer season (needles, wood, roots;
Fig. 2b; Table S3). Sugar levels, however, were lower with irriga-
tion in the needles and roots (Fig. 2a; Table S3). In stem wood,
irrigated and control trees showed comparable sugar levels.
Needle d13C values were significantly (P < 0.001) higher in con-
trol trees than in irrigated trees in summer in all three needle age
classes examined (Fig. 3; Table S4). No significant treatment
effect was found for needle N or P concentrations (Fig. 3;
Table S4).

Leaf area was positively related to sugar and starch levels in
wood and roots in summer (Fig. 2a,b; Table S3). This trend was
largely driven by lower values in two classes with the lowest leaf
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Fig. 2 (a) Sugar and (b) starch concentrations in 1-yr-old needles, stem wood at 1 m height and coarse roots of Pinus sylvestris in summer. In the left
panels, the comparison between control (C) and irrigated (I) plots is shown, on average, for all leaf area classes. Asterisks show significant differences
between control and irrigated trees (**, P < 0.01; ***, P < 0.001). Right panels show concentrations in the three tissues in summer, plotted against relative
leaf area (LA) classes for irrigated (green, dotted line) and control (orange, solid line) plots. Bars show � SE of the mean. n = 6 except for irrigated classes 4
(n = 1) and 5 (n = 2). In summer, the irrigated trees in class 5 had no needles, resulting in a missing data point.
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area (classes 4 and 5). In the needles of control trees, however,
decreasing leaf area was associated with increasing sugar levels
(Fig. 2a; Table S3). No significant effects of leaf area were found
for needle N or P concentrations (Fig. 3; Table S4), but d13C was
higher in trees with low leaf area than in those with high leaf area
(P = 0.007), and d13C values increased more rapidly with
decreasing leaf area in irrigated trees relative to control trees
(P = 0.017, Fig. 3; Table S4). NSC was mostly negatively corre-
lated with needle nutrients and positively correlated with d13C
(Fig. 4). Growth was positively correlated with needle nutrients
(N and P) and negatively correlated with d13C values (Fig. 4).
For all treatment and leaf area effects, similar patterns were found
during the autumn and winter seasons, with some exceptions
(Figs S2, S3).

Irrigation increased leaf area, especially during the first 4 yr after
the start of the treatment (Figs 5a, S4; Table S5), but only trees
that are currently in classes 1, 2 and 3 showed a clear positive
treatment response in the first 4 yr after irrigation, and this stabi-
lized after 2007 (Fig. 5a; Table S5). Trees from classes 4 and 5 in
2014 had an average initial leaf area of c. 40% and, independent
of treatment, their leaf area decreased (Fig. 5a; Table S5). The rela-
tive DBH increment increased significantly with irrigation in leaf
area classes 1 and 2, but, in classes 3–5, the effect of irrigation was
not significant (Table S5b), showing that the differences between
control and irrigated trees (and hence the positive effect of irriga-
tion) decreases with decreasing leaf area (Fig. 5b; Table S5). The

relative DBH increment was lower in trees with low leaf area in
both treatments (Fig. 5b; Table S5b). Shoot growth also decreased
with decreasing leaf area in both treatments, but was not influ-
enced by irrigation (Fig. 5c; Table S5).

Irrigation decreased leaf water potential in all trees, but no treat-
ment effect was seen in Amax and gs. No leaf area class effect was
found for leaf water potential, Amax and gs (Fig. S5; Table S6).

Shoot growth was positively correlated with total NSC (sug-
ars + starch) and starch levels in winter in fine roots (P = 0.040,
R2 = 0.1 for NSC, P = 0.001, R2 = 0.23 for starch, Fig. S6) and
wood taken from 5-m height (P = 0.004, R2 = 0.18 for NSC;
P = 0.048, R2 = 0.11 for starch; Fig. S6). In fine roots, the corre-
lations were stronger in control trees (P < 0.001, R2 = 0.48),
whereas, in sapwood, from 5-m stem height, the irrigated trees
showed a better fit (P = 0.018, R2 = 0.3). In irrigated trees, starch
levels in needles (P = 0.033, R2 = 0.26) were positively correlated
with shoot growth (Fig. S6).

Total NSC pools of the trees in irrigated plots were signifi-
cantly higher than those of trees in control plots in all seasons
(Fig. S7; Table S7).

Discussion

We tested the hypothesis that 13 yr of irrigation, and thus
drought release, increases the trees’ C storage pool in drought-
exposed P. sylvestris. In contrast with our hypothesis, NSC
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concentrations did not differ between control and irrigated trees
in most cases. Instead, after 13 yr of irrigation, homeostatic NSC
levels were found. Needles and root sugars showed even higher
concentrations in control trees relative to irrigated trees, which is
probably caused by osmotic adjustments (Brodribb & Cochard,
2009; Li et al., 2013; Brunner et al., 2015). We speculate that
irrigated trees invested new C preferentially into growth, but not
into higher C reserve tissue concentrations; that is, with increased
growth the absolute NSC pool increased proportionally, which is
in line with von Arx et al. (2017), who studied, in the same exper-
iment, the NSC pools in relation to tree ring growth and storage
tissues in the sapwood. As a result of the increased biomass pro-
duction, the total NSC pools of irrigated trees were consequently
larger than those of control trees. By contrast, seedlings of the
same species prioritized the allocation of new assimilates to stor-
age pools at the expense of growth shortly after drought had
stopped, even though the drought did not cause any NSC

depletion (Galiano P�erez et al., 2017). This process might have
taken place in our adult trees as well, in the first months or maybe
years after the onset of irrigation, but acclimation to long-term
irrigation eliminated the short-term need for higher storage
input. This is in line with other experiments with Scots pine
seedlings that were exposed to two subsequent summer droughts.
They also showed homeostatic NSC levels at the end of the sec-
ond summer (Bachofen et al., 2017). Both our growth and leaf
area data support the hypothesis that adult Scots pine acclimates
to the new growing conditions reaching a new equilibrium: rela-
tive growth rates decreased in 2009–2015 relative to the previous
period 2003–2009 in irrigated plots, and the increase in leaf area
stabilized after c. 4 yr. The increase in soil water content as a
result of irrigation (Dobbertin et al., 2010) indicates a decrease in
the soil to leaf water potential difference, which allowed trees to
increase their total leaf area to maintain high canopy-scale water
conductance, as predicted by Darcy’s law (McDowell & Allen,
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Fig. 5 (a) Development of relative leaf area
of Pinus sylvestris trees from 2003 to 2015 in
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2015). Trees grew towards a new hydraulic limit, with higher
growth rates and a higher leaf area. As a result, soil water avail-
ability data for the study site showed that irrigated and control
plots slowly converged in terms of soil relative water content over
the 13-yr duration of the experiment (M. Dawes, pers. comm.).
We acknowledge that high leaf area may also offer an increase in
drought risk depending on the trees’ growth stage, because evapo-
transpiration loss increases with increasing leaf area.

Although there was no direct effect of drought release on NSC
concentrations, leaf area was clearly related to NSC. We found
that, irrespective of the treatment, trees with higher leaf area grew
faster, had higher NSC concentrations in their roots and, in most
seasons, also in the leaves and wood. Decreased leaf area may be a
risk factor reducing tree growth under drought and is also an
indicator for mortality (Dobbertin & Brang, 2001; Eilmann
et al., 2013). The negative influence of defoliation on growth has
been reported from several other natural and experimental studies
(Galiano et al., 2011; Piper et al., 2015; Puri et al., 2015) and is
supported by the growth efficiency theory of Waring (1983).
Here, we show that decreasing leaf area not only negatively affects
growth, but also C storage. Other studies have also found
decreasing NSC levels during defoliation in evergreen and decid-
uous species (Ericsson et al., 1980; Kolb et al., 1992; Li et al.,
2002), but short-term experimental studies normally find a fast
recovery after defoliation (Palacio et al., 2012; Puri et al., 2015).
However, the trees in such experiments are not pre-exposed to
any other stress factor, such as drought. and are not naturally
defoliated, as in our study.

Leaf-level indices of gas exchange, such as N and P, and leaf
d13C were only weakly correlated with NSCs and growth
(Fig. 4), suggesting that leaf-level gas exchange was only a weak
driver of carbohydrates and growth. This is supported by
Feichtinger et al. (2017), who found higher growth rates in
response to irrigation, but a high plasticity in gas exchange
responses to short- and long-term changes in water availability in
Scots pine and European larch. Our results indicate that tree-level
leaf area, rather than gas exchange per unit leaf area, best explains
the NSC patterns observed. Nutrient availability in the soil was
almost unchanged by irrigation (Thimonier et al., 2005, 2010).
However, drought can impair soil nutrient uptake and transport
to the crown (Rennenberg et al., 2006), and irrigation may thus
have led to an improved uptake and transport of nutrients
(Feichtinger et al., 2014; Gessler et al., 2016). However, irriga-
tion and leaf area had no impact on the N and P concentrations
in needles. We could assume that irrigation may have led to
improved soil nutrient uptake, but this increase was balanced by
the demand for higher growth compared with the drier control
trees, leading to constant tissue concentrations.

A decrease in leaf d13C was observed as a result of irrigation.
In addition, in irrigated trees, d13C increased with decreasing leaf
area. The first observation indicated that control trees were
indeed exposed to higher drought stress than irrigated trees, con-
firming the positive effect of additional water on gas exchange
(Eilmann et al., 2010). The second observation indicated that
even irrigated trees showed signs of drought stress when strongly
defoliated. Increasing d13C values could be caused by various

factors, including increased leaf area and increasing N concentra-
tions. Higher leaf area would lead to lower stomatal conductance
per leaf area if other factors were constant, leading to an increase
in d13C (Mencuccini & Comstock, 1999; Levani�c et al., 2011).
Most foliar N is stored in Rubisco and therefore directly related
to a tree’s photosynthetic capacity, reducing the internal CO2

concentration of the leaf and increasing d13C. However, as shown
above, neither leaf area, stomatal conductance nor N could have
caused these increasing d13C levels, strengthening the conclusion
that these irrigated trees with lower leaf area still suffered from
drought stress.

We found large within-population differences in growth and C
dynamics that were related to the beginning of the irrigation treat-
ment. Irrigation stimulated growth rates, increased crown cover
and reduced the number of trees with strong defoliation symp-
toms (Fig. S4). Within different leaf area classes, we showed that
irrigation mostly positively affected trees with a leaf area higher
than 40% (at the onset of the treatment), whereas trees with lower
leaf area did not benefit from irrigation, either in terms of growth
or crown improvements. The initial leaf area at the beginning of
the experiment seems to be a good predictor of growth and C
dynamics after 13 yr. In a recent study, Timofeeva et al. (2017)
studied living and recently died trees at the Pfynwald site, and
found that trees that had died around the year 2013 with low leaf
area had exhibited reduced growth since the 1980s. Thus, the pro-
cess of tree weakening in our study site is a long-lasting and slow
process, rather than being triggered by a fast and singular event.
Similar to our study, Galiano et al. (2011) investigated mature
pines under drought stress which showed different stages of needle
loss. In their study, several possible pathways were discussed that
could relate NSC to crown foliage loss, and the most likely path-
way was that previous drought reduced the amount of green
leaves, which, in turn, resulted in lower NSC pools. This pathway
leads to a negative feedback (e.g. Manion, 1991), causing trees
with a reduced needle area to experience decreasing growth, and
therefore limiting the recovery of trees, ultimately resulting in a
‘point of no return’ after which trees are unable to recover. This
idea is corroborated by the finding of a positive correlation
between winter NSC storage in fine roots and stem wood (at 5-m
height), and shoot growth in the following season (Fig. S6). Over-
winter storage is thus crucial for the next season’s growth, and
reduced NSC accumulation in one year negatively affects growth
in the following (Li et al., 2008, 2018). Indeed, we found that the
trees that were most defoliated in 2015 (all trees with a relative
leaf area of < 20% and some with a relative leaf area of 20–30%)
died by 2017. Given the relationship between relative leaf area
and NSC, our results also indicate that reduced NSC concentra-
tions are related to, but do not necessarily cause, tree death in
Scots pine. This is in agreement with the findings of Adams et al.
(2017), who showed that C starvation is a common (but not uni-
versal) process associated with tree mortality.

Our results showed that, after 13 yr of irrigation, the treatment
led to higher growth rates and improved crown conditions until
new hydraulic limits were reached, but to homeostatic NSC con-
centrations at the individual tree and stand level. Reduced NSC
was related to decreased leaf area, but not to gas exchange per
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unit leaf area, suggesting that tree leaf area drives the variation in
whole-tree carbohydrate dynamics in this study. Historical crown
legacies may drive the within-population variability in growth
and survival; the process of tree decline is slow and long term,
and the present crown cover data predict tree growth and func-
tioning in the future. The NSC constancy across treatments pro-
vides evidence that growth : storage ratios may be kept constant,
actively, passively or both (Li et al., 2018), when climate changes
are sufficiently slow to allow acclimation.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Volumetric water content (VWC) of the soil in the Pfyn-
wald experiment.

Fig. S2 Winter levels of sugars and starch in needles, stem and
roots in control and irrigated plots.

Fig. S3 Autumn levels of sugars and starch in needles, stem and
roots in control and irrigated plots.

Fig. S4 Histogram of distribution of trees with different relative
leaf areas in control and irrigated plots.

Fig. S5 Leaf water potential, stomatal conductance and photo-
synthesis rates in control and irrigated plots.

Fig. S6 Shoot growth correlated to winter total nonstructural car-
bohydrate (NSC) and starch levels in fine roots, 5-m stem wood
and 3-yr-old needles.
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Fig. S7 Total nonstructural carbohydrate (NSC) pools in control
and irrigated trees in kilograms.

Table S1 Results of the correlation analysis between diameter at
breast height (DBH) in 2002 and 2014, and nonstructural carbo-
hydrate (NSC), sugars and starch

Table S2 Parameters derived from the calculation of Forrester
et al. (2017) of foliage, branch, stem and root biomass of Pinus
sylvestris trees

Table S3 Results of the linear mixed effect models explaining
starch, sugars and total nonstructural carbohydrate (NSC) in
needles (three generations), wood (three stem height samples)
and roots (coarse and fine)

Table S4 Results of the linear mixed effect models explaining
summer d13C, nitrogen and phosphorus levels in needles

Table S5 Results of the linear mixed effect models
explaining relative leaf area, shoot growth, absolute diameter
at breast height (DBH) and growth rate of Pinus sylvestris
trees

Table S6 Results of the ANOVA and linear mixed effect models
explaining predawn leaf water potential (LWP), photosynthesis
(Amax) and stomatal conductance (gs) in Pinus sylvestris trees

Table S7 Results of Student’s t-test comparing total nonstruc-
tural carbohydrate (NSC) pools (in kg) in irrigated and control
trees in winter, summer and autumn
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