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Plant survival depends on a balance between carbon supply and demand.
When carbon supply becomes limited, plants buffer demand by using stored
carbohydrates (sugar and starch). During drought, NSCs (non-structural car-
bohydrates) may accumulate if growth stops before photosynthesis. This
expectation is pervasive, yet few studies have combined simultaneous mea-
surements of drought, photosynthesis, growth, and carbon storage to test this.
Using a field experiment with mature trees in a semi-arid woodland, we show
that growth and photosynthesis slow in parallel as ¢,; declines, preventing
carbon storage in two species of conifer (/. monosperma and P. edulis). During
experimental drought, growth and photosynthesis were frequently co-limited.
Our results point to an alternative perspective on how plants use carbon that
views growth and photosynthesis as independent processes both regulated by
water availability.

Drought constrains plant growth and photosynthesis by reducing cell
turgor, preventing cell expansion and closing stomata, though these
symptoms are often not simultaneous"’. Growth tends to respond
more rapidly than photosynthesis to water stress'>. When drought
inhibits growth' (herein sink limitation) ongoing photosynthesis can
provide carbohydrates to be stored as non-structural carbohydrates
(NSCs)"**. NSCs, which include sugar and starch, provide an important
source of metabolic substrate for plants during drought, after photo-
synthesis stops (herein source limitation)'. NSCs can be used to support
respiration®, synthesize defense compounds’”’, avoid turgor loss™,
and delay plant death"™. Ultimately, carbohydrate accumulation in
plants experiencing drought-induced growth limitation remains an
important yet unproven hypothesis in plant ecology. We test this core
idea in plant drought response using mature trees with simultaneous

measurements of photosynthesis, growth, NSCs, and plant water
potential.

Drought-induced limitation to growth occurs as ¢,, becomes
more negative, leading to a decline in cell turgor, preventing cell
division and elongation'. Eventually, drought stress leads to stomatal
closure, photosynthesis stops, and plants enter a state where survival
depends on the consumption of stored NSC"". Photosynthesis may
decline less quickly than growth during drought, but this has only been
tested in a few species®’. This tendency to overgeneralize results from
a few organisms, often growing under experimental greenhouse con-
ditions, and at early ontogenetic stages, to all plants may be the source
of significant error in modern vegetation models™*¢.

Few studies use mature trees in field experiments to evaluate
carbon source-sink dynamics under drought®. Surprisingly, no studies
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have simultaneously measured changes in growth, photosynthesis and
starch accumulation along a ¢,,; gradient on mature trees in the field’.
To address these gaps, we leverage data from a 25-year, monthly ¢,
monitoring project (Mesita Del Buey, hereafter MDB) and a field
drought experiment (the Los Alamos Survival Mortality Experiment,
hereafter SUMO). MDB was established to monitor the long-term water
status of mature trees in a pifion—-juniper woodland of northern New
Mexico from 1992 to 2016 and may be the longest continuous mea-
surement of plant water potential”’s, SUMO was a multi-year field
experiment (2012-2016) designed to manipulate temperature
(+4.8°C) and precipitation (—45%) consistent with climate change
predictions. This integration of a long-term dataset with a neighboring
manipulative study is ideal for evaluating the effects of water limitation
on plants in the field.

Here, we ask two questions concerning plant carbon dynamics
during drought: (1) Does growth stop before photosynthesis in
response to declining ¢,,? and (2) Does carbon storage increase as
growth declines with more negative ¢,,,? Monthly measurements of
¥pq, photosynthesis, and stem radial growth from the SUMO experi-
ment were used to identify thresholds at which growth and photo-
synthesis reached zero (sink and source limitation, respectively), in
two tree species that differ in tolerance to drought, Juniperus mono-
sperma and Pinus edulis (Fig. 1). Thresholds for the cessation of growth
and photosynthesis were defined as the x-intercepts of the species-
level regressions of percent of maximum growth or photosynthesis
against ¢, (Fig. 1). We used these thresholds for the SUMO trees to
evaluate the hypotheses that growth would stop before photosynth-
esis, driving an increase of starch in these trees.

Results and discussion

Counter to our expectation, growth did not stop before photosynth-
esis (Fig. 1). Photosynthesis initially declined significantly faster
(slope =-33.3, P< 0.05) than growth (slope = -26.8) for J. monosperma
(Fig. 1B). Near a ¢,; of -3.5MPa, both variables converged until
crossing the x-axis at -6.86 MPa and —6.75 MPa for growth and pho-
tosynthesis, respectively (Fig. 1B, not significant). P. edulis also dis-
played strong patterns of co-limitation of growth and photosynthesis
across the entire range of observed ¢, (Fig. 1C; P=0.064).

The distinct co-limitation patterns of each species reflect their
differing tolerances to drought stress. P. edulis is considered isohydric
compared to the relatively anisohydric J. monosperma®. Though many
factors influence a species’ position on the an/isohydry spectrum, two
dominating factors are the regulation of leaf water loss?® and hydraulic
vulnerability”. The relatively early stomatal closure of P. edulis is an
embolism-avoidance mechanism, preventing water loss through
transpiration, avoiding hydraulic failure. /. monosperma, owing to its
less vulnerable xylem, leverages osmotic adjustment to keep stomata
open and potentially maintain growth under progressively lower Wyq.
While an/isohydry may explain the quantitative differences we
observed (Fig. 1), we do not test this further. Instead, we focus on
questions relating to the qualitative dynamics (i.e., we look within
species or along common axes of variation).

Can the co-limitation of growth and photosynthesis under pro-
gressively lower g, be explained as the control of growth by photo-
synthesis (or vice versa) in these two species? Prior work” has shown
molecular evidence of coordinated growth and photosynthesis under
low resource availability however, during drought, water availability is
the primary factor limiting growth and photosynthesis. The co-
limitation of growth and photosynthesis may be the result of a coor-
dinated yet independent response to drought (Fig. 1B, C). In support of
this view, we provide several lines of evidence. First, growth and
photosynthesis showed no correlation for P. edulis only (Fig. 2A).
Growth and photosynthesis were significantly correlated for J. mono-
sperma yet very little of the variance could be explained (R?*=0.05).
This suggests a latent, underlying driver of this variation. Trees of both

species could maintain relatively high growth rates under low photo-
synthesis (and vice versa). Second, growth and photosynthesis were
coordinated only when water availability was low (perhaps driving the
correlation in J. monosperma) during the summer drought and fol-
lowed separate trajectories after the drought was relieved (Fig. 2B).

Growth and photosynthesis were qualitatively similar in both
species during the 2013 and 2014 growing seasons (Fig. 2B). Both
species experienced their lowest levels of growth and photosynthesis
during the earliest parts of the growing season, consistent with low soil
water availability. Following the late summer monsoon (July/August),
photosynthesis exceeded growth in both species (-50% difference in
both species; Fig. 2B). The absence of a proportional increase in
growth rate with increasing photosynthetic rate implies growth was
not limited by carbon availability.

In2013, ¢, averaged -2.91 MPa (+0.1) and -1.99 MPa (+0.04) for .
monosperma and P. edulis, respectively at SUMO. ¢, was less negative
in 2014 and averaged -1.74 MPa (+0.05) for J. monosperma and
-1.53 MPa (+0.03) for P edulis at SUMO. 2013 at SUMO was the only year
that J. monosperma ever experienced ¢, low enough for growth and
photosynthesis to cease. Although P. edulis fell below this threshold
several times throughout the SUMO experiment, most of these
observations were during the 2013 growing season (Supplementary
Fig. 11; lines are estimates of growth and photosynthesis extrapolated
from g,,). This difference in ¢,, among years may explain the extre-
mely low values of growth and photosynthesis in 2013, relative to 2014
(Fig. 2B). The growth of J. monosperma tended to track photosynthesis
in 2014, like the patterns observed in 2013 though average rates were
much higher in the early season of 2014. The growth rate of P. edulis
also qualitatively tracked photosynthesis in 2014 but was sustained at a
rate roughly 10% greater than the rate of photosynthesis. This suggests
that even when photosynthesis is less than the demand by growth, the
pool of available carbohydrates within a tree, both stored and incom-
ing from photosynthesis, is sufficient to supply growth.

On average, NSC in the leaves and twigs of both species decreased
with decreasing ¢, (Fig. 3; slope =-1.2 for J. monosperma, —9.4 for P.
edulis). Similar trends were observed for the bole and roots of P. edulis.
In contrast, overall NSC in the roots of J. monosperma had little change
with water stress (slope =0.013, P=0.3.). However, roots saw a rela-
tively strong increase in sugar concentrations (slope=0.1, P<0.05)
and decline in starch (slope=-0.05, P<0.05; Fig. 3C). To support
increased water acquisition from the soil and maintenance of cell
turgor in the canopy under low ¢, our data support starch conversion
to sugar for osmotic purposes in this species® (Fig. 3C). Since J.
monosperma maintained photosynthesis under relatively low ¢,
(Fig. 1), it is possible that sugars were transported from the canopy to
roots, yet the slight trend in total root NSC does not strongly support
this (Fig. 3C). P. edulis also exhibited steep increases in bole and root
sugar concentrations (slope = 0.19 for the bole and 0.2 for the roots,
P<0.05; Fig. 3C) but virtually no change in leaf and twig sugar
(slope =-0.007 for leaves, 0.005 for twigs, n.s.). The early onset of
source limitation in P. edulis (Fig. 1) is known to preserve water storage
in canopy tissues, perhaps avoiding the need for starch-to-sugar con-
version in these tissues for osmotic purposes®. Although J. mono-
sperma and P. edulis employ distinct physiological responses to water
stress, our results indicate a decrease rather than an increase in overall
NSC during drought (Fig. 3A, B).

We observed no significant change in NSC or starch with
decreasing growth in J. monosperma (Fig. 4). Under extremely low
growth, canopy sugar concentrations in J. monosperma increased
logarithmically (slope =114, P< 0.05). Mirroring the response to ¢,
P. edulis showed a significant decrease in leaf (slope =-0.54, p < 0.05)
and twig (slope =-1, P<0.05) starch which may have driven the sig-
nificant increase in bole sugar concentrations (slope = 0.57, P< 0.05) as
growth declined. Alternatively, leaf and twig starch in P. edulis may
have been converted into sugar and used for metabolism, preventing
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Fig. 1| No carbon storage for growth-limited trees. Growth and photosynthesis
are co-limited as ¢,,; declines (B () and C). The expected increase in NSC accu-
mulation as growth becomes constrained by drought is subverted given the rapid
decline in photosynthesis. A The theoretical response of growth, photosynthesis,
and NSC is shown based on predictions from theory'. B, C The observed response of
growth, photosynthesis, and canopy NSC to drought suggests this theory may not
apply to mature trees living in semi-arid environments. Lines in (A) reflect a loess
smooth function. B, C Lines reflect point estimates of the regression coefficient
from alinear-log and linear model fit at the species level, while limitation thresholds

reflect the x-intercept of each regression line. The significance between the slope
and intercept of each line was evaluated using an analysis of variance (Supple-
mentary Table 3). Gray areas around lines indicate 95% confidence intervals.

P values in each figure correspond to the results of a two-sided ANOVA for a
comparison between the line of best fit for growth and photosynthesis, respec-
tively. Although the lines were significantly different for J. monosperma, this sug-
gests photosynthesis stopped significantly sooner than did growth. A separate
analysis of needle, twig, bole, and root NSC for June only can be viewed in Sup-
plementary Figs. 1 and 2.

us from detecting a significant increase in sugar concentrations in
these tissues. This may explain the significant decrease in leaf
(slope=-0.26, P<0.05) and twig (slope =-0.70, P<0.05) NSC in P.
edulis. There was nearly a 1:1 conversion of P. edulis root starch
(slope =-0.6, P=0.08) into sugar (slope = 0.56, P=0.06) leading to no
change in root total NSC with decreasing growth (slope =-0.008;
P=0.9). These results reinforce our previous observation (see Fig. 3)
that NSC does not increase when drought limits the growth of treesina
semi-arid woodland.

During this study, both species displayed a clear coordination of
growth, photosynthesis, and carbon storage in response to drought
(Figs. 1-3). To explore how these traits interact simultaneously, we
used a principal components analysis (PCA) to project our variables
(¢4, canopy starch, canopy sugar, growth, and photosynthesis) onto a
two-dimensional subspace. More than 70% of the variance in the data
spanning the entire growing season could be explained using just two
principal components (PC1 =47.15%, PC2 =27.58%; Fig. 5; Supplemen-
tary Table 5). PCI reflects the antagonistic effect of ¢,; on growth and
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photosynthesis (Fig. 5), and the increase in tree sugar concentrations
observed in Fig. 3. Along PCl, co-limitation of growth and photo-
synthesis was observed. PC2 however, illustrates the independence of
growth and photosynthesis with both variables moving in opposite
directions. While most of the variance in the data was explained by just
two principal components (74.73%; Fig. 5A), this contrast between

20111

2012
2013
2014
2015
2016
2017

growth and photosynthesis was persistent throughout PC2-PC4
(>90%; Fig. 5A). Remarkably similar patterns were observed when June
data were analyzed on its own, to include NSC components from the
bole, roots, and the canopy (Supplementary Fig. 4).

To further quantify the relationship between growth and photo-

synthesis in these two species, we calculated the inner product
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Fig. 2 | Synchrony between growth and photosynthesis depends on timing and
the environment. A Growth and photosynthesis are plotted against each other,
showing a lack of relationship between the two variables in P. edulis (two-sided F
test, F=0.0007, P=0.9, R*=-0.01, n=94) but significant correlation in J. mono-
sperma (two-sided F test, F=6.556, P=0.012, R*=0.05, n=98). Though significant
for J. monosperma, the low R? value suggests a latent driver of underlying variance
(e.g., water limitation). B Seasonal variation in growth and photosynthesis suggest
the two variables respond in tandem to seasonal variation but diverge toward the
end of the growing season. In early fall, photosynthesis remains high, while growth
converges to zero consistent with phenological patterns. Vertical dotted lines in (B)
separate 2013 data (left) from 2014 data (right). B is shown for visualization pur-
poses only and thus, no statistical test was run. Nonetheless, n =11 for J. mono-
sperma and n =12 for P. edulis in both years. C A time-series of % of maximum
growth (red) and photosynthesis (blue) estimated from measurements of predawn

water potential at MDB (25 years) and SUMO (6 years) show that complete cessa-
tion of growth and photosynthesis is rare. The dramatic crash in growth and
photosynthesis for P. edulis at MDB in 2003 indicates a drought-induced mortality
event, after which new trees were selected. Although very low ¢,,, sufficient to close
stomata and stop growth are relatively rare, the 2003 mortality event highlights the
importance of rare and extreme events as a driver of tree mortality. A Points
represent tree-level observations of growth and photosynthesis from May to Sep-
tember 2013 and 2014 at SUMO. Gray areas around lines in (A) indicate 95% con-
fidence intervals. B Points represent average growth and photosynthesis (across
individuals within species) for each month of the growing season at SUMO, while
error bars represent standard error. C Lines represent individual tree W,y measured
monthly through time at MDB (left) and SUMO (right). To estimate the % of max-
imum growth and photosynthesis, we used the linear-log model from Fig. 1.

of the variable vectors in our data, determined as: Growth -
Photosynthesis = |Growth| x |Photosynthesis| x cos(6) and solved for 6.
Here, 6 represents the angle between two vectors, where a value
approaching 90° indicates two vectors are orthogonal. The angle
between growth and photosynthesis was 89°, confirming the inde-
pendent yet coordinated response of each variable to declining ¢,,.
Starch fell within the angle between growth and photosynthesis, sug-
gesting carbon storage increases when conditions are favorable to
support high levels of growth and photosynthesis (Fig. 5). This is
consistent with the strong seasonal patterns we observed in NSC,
which reflect phenological patterns of carbon supply and demand®?*.
Although this may provide some evidence against the view of com-
peting sinks and allocation hierarchies in favor of a more integrated
view of plant carbon allocation, we are careful in our interpretation
given the absence of molecular data”.

In this study, we used two co-occuring conifer species growing in
asemi-arid ecosystem to address two questions relating to the drought
response of trees:: (1) Does growth stop before photosynthesis? and
(2) Does NSC accumulate during periods of reduced growth? Central
to our understanding of plant carbon allocation is the view that starch
accumulates during periods of reduced growth****. We demon-
strated that growth and photosynthesis decline concomitantly in
response to drought in both J. monosperma and P. edulis. The extra-
polated data from ¢, to growth and photosynthesis suggests that
drought conditions severe enough to drive this sink-source co-limita-
tion may be rare in this ecosystem (Fig. 2 and Supplementary Fig. 11).
While this suggests that carbon storage may have increased more
often thanit decreased, direct and simultaneous measurements of ¢,,4,
growth, photosynthesis, and NSC are needed. Moreover, this study
only evaluated radial growth changes. While we recognize that else-
where on these trees growth could have persisted, radial growth is
often the first to stop in response to drought. Even if growth had
continued elsewhere on the plant, the rapid decline in photosynthesis
still prevented carbon storage.

Large-scale field experiments and long-term observational datasets
such as these are often used to parameterize models that predict eco-
system responses to climate change'®**, It is these rare but extreme
events that often matter most in determining whether plants live or
die”, and are thus often the subject of such models. Most models® still
reflect the theory that growth stops before photosynthesis'?, that car-
bon storage increases following cessation of growth', and that pho-
tosynthesis drives growth®. Our results suggest that NSC does not
increase during drought in all species. It remains unclear whether the
dynamics we observed in this study apply to trees in other ecosystems,
with distinct climates, evolutionary histories, or functional types. To our
knowledge, this study, however, provides the first evidence that growth
does not always stop before photosynthesis, that NSC does not accu-
mulate in all tree species during drought, and that growth does not
depend on photosynthesis. Future work should aim to test these
observations in other species in a variety of environments.

We offer an alternative perspective on how plants use carbon
(at least in terms of growth, photosynthesis, and carbon storage)
that views growth and photosynthesis as largely independent pro-
cesses influenced by complexes of molecular, biophysical, and
chemical regulators. Beyond growth and storage, other sinks, such
as defense and respiration, play significant roles in plant carbon
balance and have implications for their sensitivity to biotic and
abiotic stress”™. It is critical that future research move beyond
measurements of growth and NSC as simple proxies for plant car-
bon balance during drought. Until vegetation models account for
the complexities of plant carbon dynamics, sink-source co-limita-
tion, and sink multiplicity, we will remain challenged in predicting
the response of earth’s largest terrestrial carbon sink to climate
change™.

Methods

Site description and experimental design

Due to the fusion of data from multiple sites, this methods section is
structured such that each sub-header begins with a discussion of
SUMO and then MDB. Where a measurement did not occur for trees at
either the SUMO or MDB sites, it is explicitly mentioned. Since both
sites are near each other and occupy similar habitats, the basics of the
site description apply to both sites.

The Los Alamos Survival/Mortality (SUMO) experiment'®*'** and
MDB site'’** have been described in detail previously by others. Briefly,
the SUMO and MDB sites are located near Los Alamos, New Mexico
USA, at elevations of 2150m and 2140m, respectively, in
pifon-juniper woodland just below the Pinus ponderosa forest eco-
tone. Pinus edulis and Juniperus monosperma dominate both sites,
although scattered individuals of Quercus gambelli, P. ponderosa, J.
deppeana, and J. scopulorum can also be found at the SUMO site. A
volcanic tuff parent material sits below the Hackroy clay loam soils that
are found at both sites and can be found at depths ranging from 40 to
80 cm. The growing season occurs between April and October. Aver-
age 30-year temperature and precipitation were 10.1°C and 360 mm,
respectively. At both sites, trees growing naturally in the field (i.e., not
planted but naturally recruited) were selected for observation and
experimental study.

At SUMO, below-canopy precipitation removal structures and
open-top heating chambers were installed during June 2012. A total of
64 individuals of P. edulis and J. monosperma (32 trees per species)
growing in the ground were selected and placed into one of five
treatments (5-7 trees per species in each), however due to a lack of
growth data, only four treatments are considered in this paper. The
ambient treatment consisted of trees exposed to ambient temperature
and precipitation. The heat treatment was implemented by placing
open-top chambers around selected trees to create an average
increase of 4.8 °C above ambient temperatures. Drought trees were
exposed to ambient temperatures within a precipitation removal
structure that diverted -45% of precipitation away from these trees.
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Heat + Drought trees were exposed to both the 4.8 °C temperature
increase and the precipitation removal. Continuous measurement of
site climatic conditions using two weather stations, in addition to
within-chamber measurements, allowed control of chamber condi-
tions using heating and air-conditioning units. In general, all mea-
surements were made on the same trees such that comparisons of
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growth, photosynthesis, water potential, or NSC are robust. However,
every parameter was not measured on every tree. Where all mea-
surements in an analysis are not present for every tree in the study,
those trees are excluded from that analysis. All trees assess in this
study at SUMO had measurements of growth, photosynthesis, water
potential, and NSC.

Nature Communications | (2023)14:1959



Article

https://doi.org/10.1038/s41467-023-37577-8

Fig. 3 | NSC does not increase in J. monosperma and P. edulis during drought. As
¥,q becomes more negative, both species reallocate carbohydrates from the
canopy to the roots (C). InJ. monosperma, this is likely to increase water supply to
the roots and allow stomata to remain open. Additionally, /. monosperma increased
the sugar concentrations of apical tissues, consistent with osmotic adjustment
under drought. In P. edulis, osmotic adjustment of apical tissues did not occur as
stomata closed relatively early. Instead, increased sugars in the bole and roots likely
supported metabolism during extended periods of stomatal closure. These tissue-
specific patterns are reflected by the unweighted averages shown in (A, B). Points in

(A, B) are observations of canopy sugar (blue points and line) and starch (yellow
points and line). Lines in (A, B) represent point estimates of regression coefficients
for the line of best fit, determined using the Akaike Information Criterion (Sup-
plementary Table 11). C Bars represent point estimates of the regression coefficient
for each NSC component and tissue against predawn water potential. Gray areas
around lines in (A, B) and error bars in (C) indicate 95% confidence intervals. A
separate analysis of needle, twig, bole, and root NSC for June only can be viewed in
Supplementary Fig. 3. Tissue-specific regressions can be found in Supplementary
Figs. 8-10.

At the MDB site, five trees each of P. edulis and J. monosperma
were selected for long-term monitoring in March 1992, and two addi-
tional P. edulis trees were added in 1994. In 2003, all seven measured P.
edulis trees died from drought and bark beetle attack, and five sur-
viving replacements were selected in 2004. Measurements from one
tree were switched to another in 2008. Several J. monosperma were
added to measurements in subsequent years: five in 2007, and three
in 2015.

Radial growth measurements and calculations

At SUMO, tree radial growth was measured as outlined by Manrique-
Alba et al.>. Briefly, from May through September in 2013 and 2014, a
linear variable displacement transducer (LVDT) was attached to the
upper bole of 11 individuals of J. monosperma and 12 individuals of P.
edulis using a rectangular frame that was attached directly to the tree
using screws. Trees were selected from Heat, Heat + Drought, Drought,
and Ambient treatments. Dead bark was gently removed from the site
where the sensor contacted the tree, though a thin layer was left as to
protect the phloem and prevent water loss. Data from the LVDT is a
relative metric of change in diameter over time. Upon installation, each
LVDT was set to “zero” the night of the first day of the measurement
period before any growth occurred. This established the reference
point from which measured growth would deviate. Because diurnal
fluxes of stem diameter make calculating growth difficult, we con-
sidered growth initiation to have occurred when the maximum stem
diameter exceeded that of the previous day’s maximum, for each tree.
When maximum stem diameter did not exceed the previous day’s
maximum, we considered growth to have stopped. No direct mea-
surements of growth were made on trees at the MDB site.

Water potential and photosynthesis

At SUMO, xylem water potential and foliar gas exchange were deter-
mined for 11 individuals of /. monosperma and 12 individuals of P. edulis
(2011-2017). Two twig samples were collected every three months
from each tree before sunrise and the xylem water tension was mea-
sured using a Scholander pressure chamber (PMS Instruments, Albany,
OR, USA). The level of water stress for each tree was quantified as the
average predawn water potential (¢,4) of both stems. At MDB, xylem
water potential was measured every month between 1992 and 2016.
Measurements were made on 5-6 individuals of J. monosperma from
1992 to 2012, and 11-14 individuals of J. monosperma from 2013 to
2016. Between 1992 and 2016, water potential measurements were
made on 5-7 individuals of P. edulis.

At SUMO only, net photosynthesis and gas exchange were mea-
sured on the south-facing, sun-exposed side of each tree using a Li-Cor
LI-6400 (Lincoln, NE, USA). Needles from each tree were measured
under chamber conditions set of 380ppm C02, 1500 mol m—2s! light-
saturating photosynthetic photon flux density (PPFD), temperatures
between 20 and 25°C, and 0% relative humidity. These conditions
closely matched those of the outside environment, where tempera-
tures ranged from 13 to 30°C and 750 to 1800 mmol m~2s~! PPFD.
After two minutes of steady-state gas exchange, measurements were
recorded, and needle samples were collected to determine leaf area.
Gas exchange data was corrected using leaf area measurements made

on a Li-Cor LI3100C area meter. No gas exchange measurements were
made on the trees at MDB.

Non-structural carbohydrates

Beginning on March 14, 2012, and ending on October 13, 2016 at
SUMO, leaf and stem (twig; phloem and bark) tissue samples were
collected for each tree four times each year to capture seasonal
changes associated with spring dormancy break, mid-summer
drought, monsoon wet-season, and post-monsoon dry-down. Stem
samples were from recent growth, dated from O to 5 years old for P.
edulis. Bole and root samples (also including bark) were collected
using an increment borer once per year during the dry season, in June.
All samples were collected between 11:30 and 13:00, mitigating any
influence of diurnal variation in NSC on our measurements. Upon
collection, samples were placed into liquid nitrogen and transported
to the lab in dry ice. Samples were kept stored at =70 °C until analysis,
when they were microwaved for 5 min at 800 W and placed in a drying
oven for 48 h at 65 °C. All samples were ground using a ball mill and
woody tissues were preground using a Wiley Mini-Mill. To assay NSC,
we used the protocol outlined by Dickman et al.”*, as developed from
the methods of Hoch et al.*®. This method has been verified to produce
reasonably accurate and precise measurements of NSC, defined as
glucose, fructose, sucrose, and starch®. Approximately, 12 mg of finely
ground sample was placed into a deep-well plate with 1.6 mL deionized
water and placed into a 100 °C water bath for 1h. An NAD-linked
enzymatic assay was used in combination with spectral assessment at
340 nm for NSC quantification. To analyze NSCs at the whole-tree or
canopy scales we averaged NSC concentrations from each respective
tissue. For example, to calculate canopy NSC, sugar, and starch, we
averaged the NSC from stem and needle tissues. A similar approach
was used to estimate whole-tree NSC for June. No NSCs were measured
on the trees at MDB.

Data analysis

At SUMO, prior to data analysis, outliers in the growth and photo-
synthesis data that exceeded 3x the mean cook’s distance were
removed®®. To begin our analysis, we evaluated the response of growth
and A, to declining ¢,,. Because of the disjointed sampling fre-
quency of ¢,,; and stem radial growth, we normalized the ¢,,; at which
growth and A, stopped for each tree. We first took the sum of all
daily growth between ¢,,; measurement intervals as the total monthly
growth for each tree. To account for tree-specific variation in growth
rates, maximum growth was first determined at the individual-tree
level and within-tree growth measurements being expressed as a
percentage of that tree-level maximum. This approach is consistent
with previous work on this subject, where growth and photosynthesis
were expressed on relative scales’. At the species level, a linear-log
regression was run (due to limited number of observations at the
individual level), identifying the response of growth to declining ¢,
(Supplementary Fig. 1A, C). Limitation to photosynthesis was deter-
mined similarly, first with percent of maximum photosynthetic rates
established at the tree-level and a linear-log regression to evaluate
species-level response to drought (Supplementary Fig. 1B, D). The
regression model used to describe the relationship between ¢,; and
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Fig. 4 | NSC does not increase in J. monosperma and P. edulis as growth declines.
As growth becomes limited, NSC, starch, and sugar concentrations do not sig-
nificantly change in J. monosperma (C). In P. edulis, a significant decline in NSC,
driven by a decline in starch, may drive the significant increase in sugar con-
centrations in the bole. These tissue-specific patterns are reflected by the
unweighted averages shown in (A, B). Points in (A, B) are observations of canopy
sugar (blue points and line) and starch (yellow points and line). Lines in (A, B)
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represent point estimates of regression coefficients for the line of best fit, deter-
mined using the Akaike Information Criterion (Supplementary Table 11). C Bars
represent point estimates of the regression coefficient for each NSC component
and tissue against growth. Gray areas around lines in (A, B) and error bars in (C)
indicate 95% confidence intervals. Tissue-specific regressions can be found in
Supplementary Figs. 12 and 13.
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Fig. 5| ¢,4 couples photosynthesis to growth. During drought, carbon avail-
ability is not the limiting process influencing growth rate. Drought-induced
reductions in cell turgor independently limits growth and photosynthesis,
explaining both sink-source co-limitation and the lack of correlation between
growth and photosynthetic rates. Results of the principal components analysis on
carbon supply and demand variables reveals that water availability (¢,,) limits
growth and photosynthesis and not carbon availability. PC1 explained 47.15% of the
total variance in the data, and together PC1 and PC2 explain 74.73% of the total
variance in the data. Along PCl, ¢,,; becomes more negative, drive sink-source co-
limitation. Sugar concentrations increase as starch is depleted to support the
metabolic and osmotic needs of both species. Growth and starch concentrations
vary the most along PC2, reflecting the temporal patterns of plant phenology and
starch accumulation (Supplementary Fig. 6). A A scree plot showing the amount of
variance each principal component accounts for, and the eigenvectors associated

2.5

=
S

PC2 (27.58%)
o
(1

-3 -2 -1 1 2 3
PC1(47.15%)

with each principal component are shown. B Biplot of PC1 and PC2 are shown.
Photosynthesis and growth contrast along all principal components except PC1
(water stress axis) and PC5 (which explained <10% of the total variance). This result
stands in contrast to what theory and models would predict"*'®**. Based on theory,
carbon demand drives carbon supply® and starch accumulates inversely to
growth'*?**, Comparison between the inner product of Photosynthesis and Growth
is indicated by 6 = 89°; suggesting the two variables are orthogonal to each other.
All variables (expect water potential, which is shown in absolute terms) are calcu-
lated as a percentage of the maximum observed for each tree. Each point indicates
a specific observation where all variables overlapped (i.e., were observed for the
same sampling month). Starch and sugar shown here are canopy averages only, due
to the low sampling frequency of bole and root NSC measurements. A separate
analysis across the entire growing season (NSC includes only needle and twig) can
be viewed in Supplementary Fig. 5.

growth or photosynthesis, respectively, was determined using AIC.
The best performing growth model was a linear-log model, while
photosynthesis performed best when using a polynomial model
(see Supplementary Tables S8 and S9). This was true for both species.
Since our aim was to evaluate carbohydrate dynamics following
complete cessation of growth and photosynthesis, as well as along the
trajectory to complete cessation, the polynomial model was rejected in
favor of the second-best-fitting model, the linear-log model (4A/C <7).
Although trees were placed into different treatments for the duration
of the SUMO study, we used cross-treatment fits to expand the
observed range of ¢, making our analysis more robust. Thus, we
chose to evaluate differences in thresholds and NSC dynamics on all
trees at the species level, increasing our sample size from -3 trees per
species per treatment to 11 individuals of P. edulis and 12 individuals of
J. monosperma.

Statistical analyses were conducted using base R*. We began by
evaluating the goodness-of-fit of several linear and non-linear regres-
sion models on the relationship between growth and photosynthesis
with ¢,,; (Supplementary Tables S8 and S9). After fitting several
models to the data, goodness-of-fit was determined using Akaike’s
Information Criterion and the model with the lowest dAIC was selec-
ted. Because we were interested in models where the regression line
crossed the x-axis (a necessary condition for finding points of cessa-
tion), model selection was further filtered as the model with the
smallest dAIC <7*°. The result was that polynomial fits were ultimately
excluded even if they fit the data best.

To test for differences in the points of cessation and slopes of
growth and photosynthesis with ¢, we used an analysis of variance
on the interaction of each variable (Supplementary Table 3) in the
aforementioned model and analysis of variance with growth and

photosynthesis as response variables. Although growth and photo-
synthesis vary continuously with ¢,,, this approach allowed us to
identify a threshold beyond which plant carbon dynamics could be
evaluated. To test the hypothesis that growth limitation induces an
increase in NSC, we began by determining relative values of NSC,
sugar, and starch for each tree. As with photosynthesis and growth
data, we determined the tree-level maximum NSC, sugar, and starch,
and expressed all subsequent values as relative to that. Regressions
were run at the species level by pooling individual-tree relative values
into a species-level dataset. We evaluated a set of candidate models
with NSC, sugar and starch as a response variable, and either % of
maximum growth or ¢, as a predictor variable. Like our analysis of
growth and photosynthesis, sugar and starch concentrations were
likewise expressed as a percentage of the maximum for each tree. This
approach enhanced our ability to account for differences between
trees, detect relative changes in NSC concentrations, and enhanced
our qualitative analysis. The candidate models we tested were poly-
nomial, negative exponential, linear, and linear log. We evaluated the
best-fitting model for each species, component, and predictor variable
separately (see Supplementary Tables S6 and S7 for AIC results; Fig. 3
shows best-fitting models and their mathematical form).

The amount of time that trees spent at different rates of growth
and photosynthesis relative to their maximums was of particular
interest, with respect to generalizing the effects observed here to how
trees might respond under future warming. For both species, at SUMO,
we calculated the average frequency (expressed as a % of the study
length) of growth and photosynthesis limitation.

At MDB, growth and photosynthesis were not directly measured.
Therefore, we used the linear-log models fit to the ¢4 versus growth
and photosynthesis data at SUMO, to inverse-predict the estimated %
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of maximum growth and photosynthesis at a given ¢,,, in10% intervals
(Supplementary Fig. 7). Then, at both sites, we calculated how often
each species spent at each interval and used a Kolmolgorov-Smirnov
test to evaluate differences in the distribution. If the trajectory toward
cessation differed between growth and photosynthesis, we would
expect the distributions to be significantly different.

Finally, to better understand the interdependence of growth,
photosynthesis, sugar, and starch to drought, we used a principal
components analysis only on the data from SUMO. The apparent
coupling of growth and photosynthesis to declining ¢, (Fig. 1) was of
particular interest given the widely cited conjecture that photosynth-
esis drives growth”*., This analysis leveraged photosynthesis, growth,
NSC, and ¢, data, yet was limited by the infrequency of the growth
measurements. Still, the dimensionality of the dataset was not out-
weighed by the limitations of the sample size, and we were able to
analyze the centered and scaled data using a correlation matrix of the
data (see Supplementary Tables S4 and S5 for PCA results). Ortho-
gonality between variables was measured using the dot-product of
each vector, expressed as 0, effectively measuring the independence
between two vectors*. Because the estimates of growth and photo-
synthesis at MDB were made from ¢,, data, we could not evaluate
whether growth and photosynthesis were independent in these trees.
Therefore, we did not conduct a principal components analysis using
any data from MDB. All data analysis was conducted using R (version
4.2.1) and the functions Im(), princomp(), and anova).

Sensitivity analysis

In addition to the above analysis, we replicated the main results using
alternative maximum values. The result of this further analysis is
included in the accompanying supplementary file titled Sensitivity
Analysis. The aim of the sensitivity analysis was to test the robustness
of our results to the choice in maximum value, against which all sub-
sequent measurements for each individual tree were set relative to.
This approach facilitated species-level analyses on individual-level
measurements. Our sensitivity analysis confirms the above-mentioned
results and suggest that the choice of maximum value had no effect on
driving the patterns we describe above.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
SUMO data is available at https://doi.org/10.15485/1440544.

Code availability
All R code can be found on Github at https://zenodo.org/badge/
latestdoi/310685648.
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