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Abstract
Predicted increases in extreme droughts will likely cause major shifts in carbon seques-
tration and forest composition. Although growth declines during drought are widely 
documented, an increasing number of studies have reported both positive and negative 
responses to the same drought. These divergent growth patterns may reflect thresholds 
(i.e., nonlinear responses) promoted by changes in the dominant climatic constraints on 
tree growth. Here we tested whether stemwood growth exhibited linear or nonlinear re-
sponses to temperature and precipitation and whether stemwood growth thresholds co-
occurred with multiple thresholds in source and sink processes that limit tree growth. We 
extracted 772 tree cores, 1398 needle length records, and 1075 stable isotope samples 
from 27 sites across whitebark pine's (Pinus albicaulis Engelm.) climatic niche in the Sierra 
Nevada. Our results indicated that a temperature threshold in stemwood growth occurred 
at 8.4°C (7.12–9.51°C; estimated using fall-spring maximum temperature). This threshold 
was significantly correlated with thresholds in foliar growth, as well as carbon (δ13C) and 
nitrogen (δ15N) stable isotope ratios, that emerged during drought. These co-occurring 
thresholds reflected the transition between energy- and water-limited tree growth (i.e., 
the E–W limitation threshold). This transition likely mediated carbon and nutrient cycling, 
as well as important differences in growth-defense trade-offs and drought adaptations. 
Furthermore, whitebark pine growing in energy-limited regions may continue to experi-
ence elevated growth in response to climate change. The positive effect of warming, how-
ever, may be offset by growth declines in water-limited regions, threatening the long-term 
sustainability of the recently listed whitebark pine species in the Sierra Nevada.

K E Y W O R D S
climate change, dendrochronology, ecohydrological classes, foliar nitrogen, forest productivity, 
photosynthesis, stable nitrogen isotopes, threshold responses, whitebark pine

1  |  INTRODUC TION

Many studies predict that drought frequencies will increase in the 
future, leading to unprecedented shifts in carbon sequestration and 

forest composition (Allen et al., 2015; Cook et al., 2018; Trenberth 
et al., 2014). Though drought-induced growth declines and dieback 
have been widely documented across many terrestrial systems (Allen 
et al., 2010; Anderegg et al., 2020; Hammond et al., 2022), a number 
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of studies in the Northern Hemisphere have reported highly diver-
gent growth responses to the same drought (Hartl-Meier et al., 2014; 
Jolly et al., 2005). For example, high elevation forests experienced 
both positive and negative growth responses to extreme drought 
in Switzerland (Sturm et al., 2022) and South Tyrol, Italy (Lewińska 
et al.,  2018). In Canadian boreal forests, the first year of drought 
led to the highest annual net ecosystem productivity measurements 
over a 9-year study period (Kljun et al., 2006). Reconciling these di-
vergent drought responses and identifying the underlying mecha-
nisms causing them are critical to quantify the impact of increased 
drought frequency in a warming world (Cook et al., 2018).

Divergent growth responses to drought may reflect the vege-
tation's primary climatic constraints. Two major classes of climatic 
limitation (or ecohydrological classes) include (1) water limited and 
(2) energy limited. Although the definitions of these classes are vari-
able (Field et al.,  2005; Roebroek et al.,  2020; Stephenson,  1998; 
Whittaker et al.,  2007), in water-limited systems, plant growth is 
often more responsive to changes in precipitation than temperature, 
as potential rates of evapotranspiration (PET) can greatly exceed 
precipitation inputs (Jenerette et al., 2012; Roebroek et al., 2020). 
In energy-limited systems, plant growth is often more responsive 
to changes in temperature than precipitation, as evapotranspira-
tion is typically lower than precipitation inputs and the majority of 
precipitation falls as snow, thereby reducing the growing season 
(Hartl-Meier et al., 2014; Roebroek et al., 2020; Sánchez-Salguero 
et al.,  2017; Stephenson,  1998; van der Maaten-Theunissen 
et al., 2013). At broad spatial scales, transitions from water-limited to 
energy-limited forests often occur across latitudinal and elevational 
gradients (Babst et al., 2019; Roebroek et al., 2020). Whether this 
transition is associated with threshold stemwood growth responses 
to drought, however, remains poorly understood.

A threshold is characterized by a discontinuity in an ecosystem 
response (e.g., growth or productivity) at a specific level of environ-
mental pressure (Hillebrand et al., 2020). Although studies have cap-
tured contrasting stemwood temperature and drought responses 
across elevation, the estimated breakpoint (i.e., where stemwood 
drought responses shift from negative to positive) is highly vari-
able, ranging from 800 to 3200 m (Hartl-Meier et al., 2014; Salzer 
et al.,  2014; van der Maaten-Theunissen et al.,  2013). Elevation is 
often correlated with many biotic and abiotic factors, making it dif-
ficult to parse the causal effects of climate on tree growth (Dudney 
et al., 2021; Reich, Rich, et al., 2014). Thus, it remains unclear if these 
elevation breakpoints correspond to the transition from water- to 
energy-limited systems and which climate variables are associated 
with the breakpoint.

In addition, few studies have tested whether the breakpoint in 
stemwood growth co-occurs with thresholds in physiological fac-
tors that limit tree growth. Across an aridity gradient, for example, 
thresholds in various ecosystem attributes, including soil fertility, 
plant productivity, specific leaf area, and leaf photosynthetic rates, 
were correlated with a major and abrupt shift in species richness 
(Berdugo et al., 2020). Stemwood is the product of many ecosystem 
processes, including source (i.e., photosynthesis) and sink (i.e., direct 

environmental controls on cambial cell development) factors that 
limit tree growth (Cabon et al., 2022; Muller et al., 2011). Although 
untested, the breakpoint in stemwood growth across elevation may 
be associated with abrupt shifts in source and sink processes affect-
ing tree growth, including photosynthesis, leaf traits, and nutrient 
cycling.

As climatic controls on growth shift from water to energy limited, 
photosynthetic rates may change across ecohydrological classes, 
particularly during drought. In water-limited regions, relatively iso-
hydric species, including pines, often close their stomata during 
drought to avoid hydraulic failure (McDowell et al., 2022). As a re-
sult, the ratio of the heavy to light carbon isotopes (δ13C) in leaves, 
which is primarily controlled by stomatal conductance and photo-
synthetic capacity (Buckley, 2005; Farquhar et al., 1989; Shestakova 
et al., 2017), often increases (becomes less negative) during drought 
(Klein, 2014; McDowell et al., 2008). In contrast, in energy-limited 
regions, stomatal closure has been linked to low soil and air tem-
peratures (Mahalovich et al., 2016), which inhibit sap flow, thereby 
increasing water potential (Day et al.,  1991; Delucia,  1986); water 
availability, however, is still likely a limiting resource when photosyn-
thesis increases during spring and summer months (Day et al., 1989; 
Moyes et al., 2015). Thus, in energy-limited regions, higher tempera-
tures during drought may lead to increased discrimination against 
13C, as the growing season is extended and atmospheric gas ex-
change increases (Shestakova et al., 2017). Though energy and water 
limitation have been linked to declines in stomatal conductance 
(Bucholz et al., 2020; Gessler et al., 2014; Hultine & Marshall, 2000; 
McDowell et al., 2022), whether thresholds in gas exchange during 
drought  occur in response to the transition between energy- and 
water-limited systems is largely unknown.

In addition, leaf size can vary across climatic gradients, reflecting 
trade-offs between light capture and the probability of environmen-
tal stress (Marquis et al., 2020; Poorter et al., 2009; Reich, 2014). In 
water-limited systems, conifer needle length often decreases with 
lower water availability (Dobbertin et al., 2010; Guérin et al., 2018). 
Increased temperature, however, has a more variable effect, initi-
ating earlier terminal budbreak at the beginning of the growing 
season—though not always (Adams et al., 2015)—and limiting growth 
later in the growing season (Olszyk et al.,  1998). Conversely, in 
energy-limited systems, needle length is often positively correlated 
with temperature (Jankowski et al., 2017; Tyukavina et al., 2019; Zhai 
et al., 2012) while precipitation has a more variable and often decou-
pled effect (Jankowski et al., 2017; Ordoñez et al., 2009; Reich, Rich, 
et al.,  2014; Tyukavina et al.,  2019). These contrasting growth re-
sponses suggest that declines in precipitation will differentially im-
pact leaf traits within energy- and water-limited systems, potentially 
leading to threshold effects during drought (Dudney et al., 2021).

Finally, the availability of organic nitrogen (N) for tree growth 
shifts across global temperature and precipitation gradients (Craine 
et al., 2009; Reich, Luo, et al., 2014). Although stable nitrogen iso-
tope ratios  (δ15N) integrate many complex N cycling processes 
(Robinson,  2001), at a global scale, foliar δ15N often increases 
with mean annual temperature and declines with mean annual 

 13652486, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16740 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [03/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4370  |    DUDNEY et al.

precipitation (Craine et al., 2009). Low temperatures limit N uptake 
by roots and lower decomposition and mineralization rates, which 
decrease available soil N (Hobbie et al., 2000; Kirschbaum, 1995). 
In systems that experience very low mean annual temperatures 
(MAT; MAT < −0.5°C), δ15N may be the least responsive to changes 
in temperature (Craine et al.,  2009), reflecting low N availability 
(Amundson et al., 2003) and the high dependence on mycorrhizal as-
sociations (Handley et al., 1999; Hobbie & Colpaert, 2003; Steidinger 
et al., 2019). In warmer regions, higher soil N likely leads to higher 
foliar δ15N, as rates of nitrification and mineralization are often 
greater and can be more responsive to temperature and precipita-
tion (Larsen et al., 2011)—though not always (Auyeung et al., 2013). 
Furthermore, responsiveness in foliar δ15N to temperature may in-
crease as systems transition from energy-limited, N-depleted soils 
to water-limited, more nutrient-rich soils, though this hypothesis has 
never been tested.

To identify the transition from energy-limited to water-limited 
systems, we evaluated whether stemwood growth (ring-width index, 
RWI) exhibited nonlinear responses to temperature and precipita-
tion. If the responses were nonlinear, we expected that the break-
point in either temperature or precipitation would correspond to 
divergent growth responses during extreme drought, corroborat-
ing energy- and water-limited growth responses. Specifically, we 

hypothesized that stemwood growth would increase in response 
to drought below the energy–water limitation threshold (suggest-
ing that growth is energy limited) and decrease in growth above 
the threshold (suggesting that growth is water limited; Figure  1). 
Because stemwood growth can be coupled with various source 
and sink processes, we expected that the transition from energy- 
to water-limited systems would co-occur with threshold responses 
in stable carbon isotope ratios (δ13C), needle length, and the abun-
dance of foliar 15N that emerged during extreme drought (Figure 1).

To test these hypotheses, we conducted a field study across the 
Sierra Nevada focused on whitebark pine (Pinus albicaulis Engelm.). 
The study included long-term growth measurements (tree cores; 
n = 772) that spanned multiple droughts (Figure  2b). We also in-
cluded short-term needle growth (n = 1398) and stable carbon and 
nitrogen isotopes signatures (n = 1075) that spanned the most re-
cent extreme drought of 2012–2015, as well as non-drought years 
(Robeson, 2015; Stephenson et al., 2019). We define drought as a 
major decline in precipitation relative to average conditions—that 
is, a meteorological drought—which is often associated with in-
creases in temperature. Importantly, meteorological drought is de-
fined independently of the corresponding impacts on vegetation, 
that is often captured in the definition of ecological drought (Lloyd-
Hughes, 2014; Slette et al., 2019).

F I G U R E  1  Hypotheses of divergent, threshold drought responses across energy- and water-limited systems. H1: the estimated location 
of the E-W limitation threshold across elevation (yellow shading = water limited and purple shading = energy limited). H2–H3: divergent 
drought responses at the tree level. Specifically, during drought, trees growing in energy-limited systems experience increases in stemwood 
growth, needle length, foliar 15N abundance, and carbon isotope discrimination (H2; purple arrows). In contrast, trees growing in water-
limited regions experience decreases in stemwood growth, needle length, 15N abundance, and carbon isotope discrimination in response to 
drought (H3; yellow arrows). These divergent drought responses likely represent co-occurring thresholds in source and sink processes that 
limit tree growth. [Colour figure can be viewed at wileyonlinelibrary.com]
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2  |  METHODS

2.1  |  Study site

The Sierra Nevada mountains, which span a large proportion of the 
eastern edge of California and cross into Nevada around Lake Tahoe 
(Figure 2), are characterized by a Mediterranean climate, typified by 
warm, dry summers and cold, wet winters. The mountains span a 
large elevational gradient, from 300 m in the foothills to the tallest 
peak in the continental United States (Mt. Whitney: 4421 m; USFS, 
2021). This elevation gradient leads to highly variable climatic and 
vegetation classes (Stephenson,  1988). For example, precipitation 
ranges from 500 to 2030 mm, falling mostly as snow above 1800 m. 
Mean annual temperatures range from 5.5 to 15.5°C, corresponding 
to a growing season range from 94 to 230 days (Millar et al., 2020).

Across the Sierra Nevada's climatic gradient, a number of for-
est types emerge, starting with oak woodland and mixed conifer 
forests at low elevations, which transition into montane and upper 
montane at mid elevations (typically considered more water limited) 
and finally the subalpine forests at high elevations (considered more 
energy limited; Stephenson, 1988). The subalpine forests occur be-
tween 2000 and 3500 m, and trees range in stature from tall vertical 
stems at lower elevations to shrub-like krummholz growth forms near 
treeline (Fites-Kaufman et al., 2007). The subalpine forests are com-
prised primarily of whitebark pine (P. albicaulis), lodgepole pine (Pinus 
contorta Dougl.), foxtail pine (Pinus balfouriana Grev. & Balf.), limber 
pine (Pinus flexilis James), and mountain hemlock (Tsuga mertensiana 

(Bong.) Carr.; Fites-Kaufman et al., 2007). To reduce potential con-
founding of species-level physiological differences in traits associ-
ated with tolerance of water deficit, we focused on the whitebark 
pine climatic niche, a tree species that often forms dominant stands 
in the subalpine primarily between 2100 and 3700 m.

2.2  |  Study design

The main objective of the plot selection was to capture the full varia-
tion of climate conditions during the extreme drought that occurred 
between 2012 and 2015 and decouple precipitation and tempera-
ture from elevation, thereby increasing the likelihood of capturing 
the energy–water (E–W) limitation threshold. For the plot selec-
tion, we used mean minimum temperature and average snowpack 
from the Basin Characterization Model (BCMv8; Flint et al., 2021) 
during the drought years and clipped these maps to the whitebark 
pine range map of the Sierra Nevada using ArcGIS® (Figure  2a). 
BCM products use PRISM data (PRISM, Daly et al., 2008), which are 
downscaled to 270 m, and provide monthly temperature, precipita-
tion, among other variables (Flint et al., 2021).

To select plots, we averaged climate variables between 2012 
and 2015 and identified regions of the whitebark pine range that 
experienced ±1 SD above or below mean snowpack and minimum 
temperatures, as well as average conditions. In total, five climatic 
zones were identified and replicated three to five times in different 
regions of the Sierra Nevada for a total of 27 plots: (1) high snow, 

F I G U R E  2  (a) Map of the whitebark pine range (green) and study plots (yellow dots) in the Sierra Nevada. Insert shows the whitebark pine 
range (green) across the Sierra Nevada (grey; USDA Forest Service, 2020). (b, c) Mean annual fall-spring water year maximum temperature 
and total precipitation (averaged across plots) between 1901 and 2017; dotted horizontal lines delineate mean climate values across all 
years. Light grey rectangular boxes highlight extreme drought years: 1959–1961, 1976–1977, and 2012–2015. [Colour figure can be viewed 
at wileyonlinelibrary.com]
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4372  |    DUDNEY et al.

high temperature, (2) low snow, high temperature, (3) low snow, low 
temperature, (4) high snow, low temperature, and (5) mean snow, 
mean temperature. This design enabled us to capture both the gra-
dient of snowpack and temperature conditions and largely decouple 
precipitation from elevation (and to a lesser degree, temperature; 
Figure S1).

Given the sampling effort and crew costs in remote regions, cli-
matic categories that fell within 2 km of known U.S. Forest Service 
and National Parks Service monitoring plots were selected to better 
ensure presence of whitebark pine and sampling success. Three to 
four polygons were drawn in ArcGIS starting from the closest suit-
able region to a monitoring plot that included south facing aspects 
(135°–225°) and avoided slopes too dangerous for sampling (>35°). 
Ultimately, the plots spanned the northern shore of Lake Tahoe 
basin to Sequoia National Park in the south (Figure 2). Mean maxi-
mum temperature and total precipitation across all plots (calculated 
between October 1 and June 30; see subsection “Climate data”) 
for the study period was 5.79°C with a range of 0.57–16.26°C and 
964.29 mm with a range of 75.75–2837.34 mm, respectively. Mean 
maximum temperature (January 1–December 31) across all plots was 
8.63°C (0.94–18.5°C) and mean total precipitation was 1008.14 mm 
(11.57–2913.61 mm). For more details on the sampling methodology, 
please see van Mantgem et al. (in review).

2.3  |  Field sampling

This research was conducted on unceded land of many Native 
American groups. Between 2018 and 2019, crews navigated to poly-
gons in numerical order and selected the first suitable site. The crews 
selected the site for sampling if >30 whitebark stems were present, 
the environmental conditions were safe, and if the majority of the 
stand grew vertically (i.e., avoiding shrubby growth like krummholz 
to reduce bias in comparisons across the Sierra-wide population; 
Millar et al., 2020). Starting from a randomly selected point within 
each polygon, crews placed a transect perpendicular to the slope to 
ensure a similar aspect and elevation. Crews sampled healthy trees 
along the transect until a minimum of 25 (the target number was 30) 
stems were sampled; a plot included all trees sampled at the site. 
If stems were clumped, we sampled one stem per clump. For some 
plots, all healthy trees were sampled reflecting the variation in tree 
density across the whitebark pine population in the Sierra Nevada. 
Healthy stems were defined as trees free of signs and symptoms 
of biotic agents or severe damage. Crews recorded the GPS loca-
tion of the start of the transect, and in plots where vertical stems 
were sparse, crews measured individual stem locations with GPS. 
One core per stem was extracted at DBH (diameter at breast height, 
1.37 m), and a total of 800 tree cores were extracted in the field.

Following protocols outlined by Dudney et al.  (2021), healthy 
needles were extracted from three south-facing, low-lying branches 
on the first 7–12 sampled stems. A total of 1398 needles were ex-
tracted at branch internodes for each year's cohort, and fascicles 
were present typically between the 2011 and 2017 internodes 

(internodes were classified by branch nodes). Annual needle length 
for each tree was estimated from three healthy fascicles selected 
from each year's needle cohort. The first six of the 12 trees were 
then selected for stable isotopic analysis, resulting in a total of 1075 
stable isotope samples. Due to budget constraints, stable isotope 
analyses were not conducted for six plots that experienced average 
climatic conditions relative to the full climate niche. For more sam-
pling details, please refer to Dudney et al. (2021).

2.4  |  Climate data and classification of extreme 
drought years

To model long-term relationships between weather patterns and 
tree rings using reliable climate records, we used downscaled 4 km 
resolution PRISM climate data spanning the years 1900–2017 
(Figure 2). The weather variables included total annual and monthly 
precipitation (mm) and mean monthly maximum temperature (°C). 
PRISM data enabled us to model a longer tree-ring time series versus 
the more temporally limited BCM dataset, while maintaining con-
sistency across all climate-related analyses. We calculated fall-spring 
water year temperature and precipitation as mean temperatures and 
total rainfall that fell between October 1 and June 30 (the weather 
window that resulted in the most parsimonious model; Table S1). We 
estimated extreme drought years as follows: first, we identified all 
years that fell above the mean temperature and below one standard 
deviation (SD) of the mean precipitation for the study period 1901–
2017; second, we classified extreme drought as ≥2 years near or 
below 1 SD of the mean; third, we ranked these drought events by 
mean average rainfall and classified the three lowest rainfall drought 
events as the most extreme (Figure S2). The most extreme droughts 
were 1976–1977, 2012–2015, and 1959–1961 (Figure 2b,c).

2.5  |  Tree rings

Whitebark pine tree cores were prepared following standard proto-
cols outlined by Speer (2010). Specifically, cores were mounted and 
sanded with increasingly finer grit until ring boundaries were clearly 
visible. We measured ring widths to the nearest 0.001 mm using 
WinDENDRO (Regent Instruments Canada Inc.) and a flatbed scan-
ner (2400 dpi). To ensure accuracy, we used a stereo microscope, the 
Unislide TA tree-ring measuring system (Velmex Inc.), and Measure 
J2X software (VoorTech Consulting) when rings were too small to 
measure their widths using the scanner. To achieve high precision in 
the cross-dating (because whitebark pine tree rings are challenging 
to cross-date; Millar et al., 2012), we employed a three-stage pro-
cess: (1) we identified potential marker years for each plot by visually 
comparing the series within each plot; (2) we cross-dated the series 
within each plot using the dplR package for R (Bunn, 2010); and (3) 
we statistically compared our cross-dated series to a whitebark pine 
chronology developed by Millar et al. (2012). Cross-dated ring width 
series were double detrended to remove biological growth trends 
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    |  4373DUDNEY et al.

and minimize the influence of stand dynamics such as disturbance 
and inter-tree competition (Fritts, 2012). First, each ring width se-
ries was divided by a negative exponential curve or linear trend line 
of negative or zero slope to remove the age-related growth trends. 
Second, a cubic smoothing spline that preserved 50% of the variance 
at 67% of the series length was applied to remove residual trends 
induced by stand dynamics. Through this process, the number of 
analyzable cores decreased from 800 to 772.

2.6  |  Needle length and stable isotopes

To test for variation in stable carbon and nitrogen isotope composi-
tions (carbon: δ13C and % C and nitrogen: δ15N and % N) of white-
bark pine needles, we first dried the needles (in drying ovens at 60°C), 
measured needle length (to the nearest mm), and then pulverized 5–10 
fascicles in plastic Eppendorf® test tubes using a Bullet Blender (Next 
Advance, LLC). Test tubes were sent to the UC Davis Analytical Center 
(Davis, California) where each sample was weighed and encapsulated 
in tin. Encapsulated samples were then sent to the UC Davis Stable 
Isotope Facility (Davis, California) and isotope ratios were measured 
for each sample. Stable isotope ratios and concentrations were es-
timated using a PDZ Europa Ltd. ANCA-GSL elemental analyzer in-
fracted to a PDZ Europa Ltd. 20–20 continuous flow isotope ratio mass 
spectrometer (IRMS). Lab reference materials were internally cali-
brated against international standards including IAEA-600, USGS40, 
USGS41, USGS-42, USGS-43, USGS-61, USGS-64, and USGS-65. The 
long-term standard deviation is ±0.2‰ for 13C and ±0.3‰ for 15N.

Carbon and nitrogen isotopic compositions are typically re-
ported in δ notation relative to VPDB (Vienna Pee Dee Belemnite) 
for carbon and atmospheric N2 for nitrogen and expressed in per mil 
(‰), which is equivalent to 10−3. Following Farquhar et al. (1989):

where Rsample and Rstandard represent the ratios of 13C/12C and 15N/14N, 
respectively, for samples and standards. Because δ13C values were 
measured across a range of years (2011–2017), they were corrected 
for rising concentrations of atmospheric CO2 using annual atmo-
spheric CO2 data obtained from the La Jolla Pier records (available 
here: https://scrip​psco2.ucsd.edu/data/atmos​pheric_co2/ljo.html). 
The data used for our analyses are available on ScienceBase (Dudney 
et al., 2023).

2.7  |  Statistical analyses

To test our hypotheses, we combined long-term tree-ring records 
(1900–2017) with short-term (2011–2017) needle length and needle 

stable isotope signatures. The tree-ring records provided long-term 
measurements that spanned multiple extreme droughts (Figure 2). 
The short-term needle length and stable isotope measurements 
provided insight into productivity and photosynthetic capacity dur-
ing the recent extreme drought in CA (2012–2015). We combined 
tree rings, stable isotope ratios, and needle length records to test 
whether these different classes of growth measurements showed 
consistent or contradictory growth responses during the extreme 
meteorological drought.

To determine if whitebark pine spanned the E–W limitation 
threshold, we fitted generalized additive mixed models (GAMMs) 
using the mgcv package in R, which are well suited for detecting 
nonlinear relationships (Wood,  2022). We used GAMMs to esti-
mate the shape of the relationship and compared models with and 
without smoothed terms to determine whether the nonlinear terms 
reduced model deviance and increased model parsimony. The most 
parsimonious model (i.e., the model with the lowest AIC) included 
temperature (°C), precipitation (mm), DBH (cm), and tree height (m) 
with plot as a random effect (models that included a nested tree-
level random effects term were not supported using AIC). The most 
parsimonious temperature and precipitation variables spanned the 
fall-spring water year, October 1–June 30 (Table S1). To estimate the 
temperature and precipitation thresholds, we ran a Monte Carlo sim-
ulation, which allowed us to capture the uncertainty of the GAMM 
coefficients. Specifically, we randomly sampled 10,000 GAMM 
model coefficients from the variance–covariance matrix. Using 
these coefficients, we predicted RWI using the ggeffects package 
(Lüdecke, 2018). Then, we extracted the estimated peak RWI value 
across temperature and precipitation for each iteration, which al-
lowed us to precisely estimate the mean and 95% CI (confidence in-
terval) of the temperature and precipitation inflection points.

Because outliers were contributing to non-normally distributed 
residuals, we removed values that were 1.5 times greater than the 
75th quantile and 1.5 times less than the 25th quantile. We ensured 
that our results were consistent with and without outliers. We also 
found plot random effects effectively controlled for spatial auto-
correlation and verified that the detrending analysis controlled for 
potentially problematic temporal autocorrelation. Finally, we veri-
fied that our GAMM results were consistent with generalized linear 
mixed models (GLMMs) that included quadratic terms (Table  S2). 
Specifically, we fitted GLMMs using the R package lme4 (Bates 
et al.,  2020) with tree growth (RWI) as a function of fall-spring 
precipitation and temperature, DBH, tree height, and plot random 
effects. We verified that our GLMM residuals were normally distrib-
uted and that temperature and precipitation were not highly cor-
related (r < .5).

We also tested whether the linear relationship between RWI and 
temperature and precipitation changed direction across tempera-
ture quantiles (which would suggest that the system was shifting 
from energy limited to water limited (Hartl-Meier et al., 2014) and 
would also corroborate the nonlinear relationships in the GAMMs). 
Specifically, we estimated six GAMMs with RWI as the response 
variable and temperature and precipitation as the independent 

(1)δ
13C =

Rsample

Rstandard

− 1

(2)δ
15N =

Rsample

Rstandard

− 1
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variables. We included plot random effects and ran these models for 
each temperature quartile and tercile for a total of six models. We 
did not include tree as a nested and random effect because it did not 
improve model fit and caused model singularity; though we verified 
our results were consistent when using tree nested random effects. 
Finally, we tested whether the three most extreme droughts (1976–
1977, 2012–2015, and 1959–1961) led to similar growth patterns by 
subtracting the average growth during drought from the mean of the 
remaining years across temperature terciles and quartiles. To test 
whether these changes were significant, we used the nonparametric 
Wilcoxon signed rank tests.

In addition, we tested how the extreme drought between 2012 
and 2015 differentially shifted needle length and stable isotope ra-
tios. Because the tree-ring dataset spanned multiple meteorolog-
ical droughts and provided a substantially longer, more extensive 
growth record, we expected that the tree-ring models would pro-
vide a more precise estimate of the threshold (that corresponded 
with the transition between energy- and water-limited systems). 
Therefore, we used the estimated inflection point from the tree-
ring records to test whether it was significantly correlated with 
thresholds in needle length and stable isotope ratios during mete-
orological drought years (2012–2015). Specifically, we estimated 
relative change in δ13C, δ15N, and needle length by subtracting me-
teorological drought years from non-meteorological drought years 
(2011, 2016–2017) for each tree. Then, we estimated whether the 
direction of the meteorological drought effect changed above and 
below the threshold (above the threshold >8.4°C; below the thresh-
old ≤8.4°C) using a GLMM approach with tree-level differences as 
the response variable, the tree-ring threshold as the explanatory 
categorical variable (i.e., above or below the threshold), and plot as 
the random effect (unless random effects reduced model fit).

3  |  RESULTS

3.1  |  Detecting thresholds in tree growth across 
temperature and precipitation

GAMM results suggested that RWI was significantly and nonlinearly 
associated with fall-spring maximum temperature and precipitation 
(Figure 3; Table 1). These nonlinear relationships were also corrobo-
rated using a GLMM with quadratic precipitation and temperature 
terms (Table S2; Figure S3). The inflection point in the temperature 
relationship occurred around 8.4°C (95% CI: 7.12; 9.51°C), while 
the inflection point for precipitation occurred around 1534.0 mm 
(1194.4; 2243.1 mm). These thresholds were estimated using fall-
spring water year variables (October 1–June 30), which were the 
strongest predictors of growth (Table S1). Furthermore, linear rela-
tionships across the temperature gradient corroborated the GAMM 
estimated nonlinear relationships (Figure  3c,d). In colder regions, 
RWI was negatively correlated with precipitation and positively 
correlated with temperature; the direction of these relationships 
flipped in the warmest regions (Tables S3 and S4).

3.2  |  The temperature threshold likely captured the 
shift from energy- to water-limited tree growth

During extreme meteorological drought, the inflection point in 
temperature was significantly associated with divergent stemwood 
growth responses (Estimate: 0.04; p = .008; Table S5). Above the in-
flection point (>8.4°C), extreme meteorological drought was asso-
ciated with an average decline in RWI (mean and SE: −0.04 ± 0.02). 
Below the threshold (≤8.4°C), extreme meteorological drought led 
to an average increase in RWI (0.02 ± 0.006). The relative change in 
RWI varied by meteorological drought (Figure 4). Surprisingly, the 
severe 2012–2015 drought did not result in the greatest decline in 
growth; rather, the 1959–1961 drought resulted in the greatest de-
cline in the warmest regions (Figure 4a,b). Furthermore, during ex-
treme meteorological droughts, the temperatures warmed across all 
whitebark pine plots, shifting the system in the direction of greater 
water limitation (Figure 4b), which was associated with higher mean 
growth in the majority of whitebark pine plots (Figure S4).

In contrast, the precipitation inflection point was not associated 
with divergent growth responses during meteorological drought. 
Precipitation levels across all plots did not surpass the estimated 
precipitation threshold during drought (Figure S5); rather, the precip-
itation threshold emerged during wetter years, pinpointing the precip-
itation level where additional precipitation, on average, led to declines 
in growth (Figure S6). Thus, both extreme dry years and extreme wet 
years led to declines in growth in specific regions. In drought years, de-
creased growth was associated with water limitation in warmer regions 
(Figure 3c,d), whereas in wetter years, decreased growth was likely as-
sociated with a shortened growing season due to higher snowpack, 
particularly in cooler, wetter regions (Figure  S7). In summary, diver-
gent stemwood growth responses to extreme meteorological drought 
corresponded to the temperature threshold, which likely pinpointed 
where the system transitioned between energy- and water-limited 
growth (hereafter the E–W limitation threshold; Figure 3a).

3.3  |  Co-occurring thresholds in needle growth and 
stable isotope ratios

During meteorological drought, opposing responses in needle 
growth and stable isotope ratios corresponded to the stemwood 
growth temperature threshold (i.e., 8.4°C). For example, needle 
length increased in colder regions and decreased in the warmest re-
gions during drought (Figure 5a,b), suggesting that water limitation 
led to declines in needle growth in the warmest regions (Figure 5b). 
The shift from positive to negative growth responses during drought 
was significantly correlated with E-W limitation threshold (esti-
mate: 0.71; p < .001; Table S5). Below the threshold, meteorological 
drought led to increases in needle length (mean = 0.54 ± 0.03 cm), 
while meteorological drought led to declines in needle length 
(−0.16 ± 0.08 cm) above the threshold.

In addition, greater water limitation during drought was cor-
roborated by changes in δ13C values, which became less negative 
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(Figure 5c,d) in warmer regions. In contrast, the persistence of energy 
limitation, even during drought, was corroborated by changes in δ13C 
values, which became more negative in colder regions (Figure 5c,d). 
These divergent responses were significantly correlated with the 
stemwood growth temperature threshold (Estimate: −0.58; p = .009; 
Table  S5). Specifically, below the threshold, δ13C values became 
more negative during meteorological drought (−0.39 ± 0.03‰), but 
increased (became less negative) above the threshold in the warm-
est regions (0.19 ± 0.09‰; Figure 5c,d).

The stemwood growth temperature threshold was also signifi-
cantly correlated with differential changes in δ15N during meteo-
rological drought (Estimate: −0.15; p = .013; Table  S5). Above the 

threshold, δ15N increased (0.13 ± 0.09‰), but below the thresh-
old, δ15N ratios remained relatively unresponsive to meteorologi-
cal drought (Figure  5e,f). Thus, the divergent responses in needle 
length, δ13C, and δ15N during meteorological drought indicated 
that the sampled whitebark pine system shifted from primarily en-
ergy limited at higher elevation to primarily water limited at lower 
elevation. This transition likely occurred between 7.12 and 9.51°C 
and was associated with multiple physiological thresholds which 
emerged during extreme meteorological drought (Figure 5).

4  |  DISCUSSION

Long-term growth patterns in whitebark pine suggested that white-
bark pine-dominated forests in the Sierra Nevada spanned both 
energy- and water-limited systems. The transition between these 
ecohydrological classes likely promoted the stemwood growth tem-
perature threshold (8.4°C [7.12; 9.51°C]), which corresponded to 
the E–W limitation threshold. Our sampling design enabled us to 

F I G U R E  3  The estimated energy–water limitation threshold 
and corresponding stemwood production relationships across 
temperature terciles. (a) The marginal effect of temperature on 
tree-ring index (RWI) between 1900 and 2017. The solid black 
line and 95% CI black dashed lines illustrate the peak of the 
nonlinear relationship (i.e., the estimated energy–water limitation 
threshold); data points are jittered predicted values (height = 0.005) 
with 95% CI shading. (b) Mean differences in growth between 
dry years (0–20th percentile range of precipitation) and wet 
years (21–100th percentile range = wetter conditions); error 
bars represent one SE of the mean. Relationship between 
RWI and precipitation (c) and maximum temperature (d) across 
temperature terciles (0–33rd = 0.57–4.99°C; 34–66th = 5.0–6.44°C; 
67–100th = 6.45–16.26°C); shading around linear lines represents 
the 95% CI. [Colour figure can be viewed at wileyonlinelibrary.com]

TA B L E  1  Displaying regression estimates, SEs, and 
corresponding p-values from GAMMs estimating ring width index 
(RWI).

Parametric 
coefficients Estimates SE p-value

RWI GAMM

(Intercept) 0.9928 0.0056 <.001

DBH (cm) 0.0042 0.0018 .0168

Height (m) −0.0011 0.0020 .5802

Smooth terms EDF F-value p

s(Precipitation) 2.939 12.552 <.001

s(Temperature) 7.147 21.753 <.001

s(Plot) 24.702 4.981 <.001

Nplot 27

Observations 72,582

Deviance explained 0.335%

Note: Bolding represents significant p-values (p < .05).
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disentangle climate from elevation and suggested that temperature, 
not precipitation, was the strongest determinant of whether this 
system was more energy or water limited (Roebroek et al., 2020). 
Though temperature mediated the ecohydrological transition in 
this system, different climatic factors likely drive transitions among 
other ecohydrological classes that emerge across larger spatial 
scales (Babst et al.,  2019; Gantois,  2022; Roebroek et al.,  2020). 
Interestingly, water limitation still occurred in energy-limited 
regions—precipitation was positively correlated with whitebark pine 
growth until reaching the precipitation threshold (Figure  S6). Low 
temperature, however, reduces the length of the growing season, 
which is likely the strongest control on growth (Bourgouin,  2000; 
Hartl-Meier et al., 2014; Reich, Luo, et al., 2014). Under forecasted 
climate warming, whitebark pine growth in energy-limited regions 
may continue to increase. The corresponding growth declines, how-
ever, in water-limited regions (Figure 4; Figure S8) threaten the long-
term sustainability of the recently listed whitebark pine species in 
the Sierra Nevada (U.S. Fish & Wildlife Service, 2022).

Consistent with our hypotheses, the E–W limitation threshold 
was significantly correlated with threshold responses in needle 
length and carbon isotope ratios that emerged during extreme mete-
orological drought (Figure 5; Table S5). These co-occurring thresholds 
likely captured the shift between energy- and water-limited controls 
on carbon assimilation. For example, shifts in needle length and 
δ13C above the threshold were consistent with drought responses in 
water-limited conifer forests—declines in water availability are often 
associated with higher δ13C, shorter needles, (Adams et al.,  2015, 
Dudney et al., 2021), and reduced radial growth (Allen et al., 2015; 

Zald et al., 2022). In contrast, shifts in needle length and δ13C below 
the threshold were consistent with energy-limited responses to 
declines in precipitation, which can lead to increased gas exchange 
and leaf productivity (Delucia,  1986; Hultine & Marshall,  2000; 
Reich,  2014; Reich, Rich, et al.,  2014; Shestakova et al.,  2017). In 
addition, during non-drought years, δ13C values were highest in the 
coldest regions, which is consistent with temperature–δ13C relation-
ships found in previous studies (Marshall & Zhang, 1993; McDowell 
et al., 2010). During meteorological drought, however, δ13C values 
increased in warmer regions, reflecting the δ13C values in colder re-
gions (Figure 5c), suggesting that both high energy and high water 
limitation lead to similar stable carbon isotope signatures at the spe-
cies level.

In addition, co-occurring thresholds in source and sink pro-
cesses that limit tree growth are consistent with theory and previ-
ous studies demonstrating that thresholds in higher-level ecosystem 
attributes can be coupled with thresholds in lower-order ecosys-
tem attributes (Berdugo et al.,  2020; Rocha et al.,  2018). The co-
occurring thresholds appeared to influence stemwood growth in a 
similar direction, which could indicate multiplicative effects (Rocha 
et al., 2018), particularly for needle length and carbon isotope ratios 
(Grossiord et al., 2020). In contrast, during drought, foliar δ15N in-
creased above the threshold while stemwood and foliar growth de-
clined (Figure 5; Table S5), suggesting that nitrogen cycling processes 
may be somewhat decoupled from short-term shifts in photosynthe-
sis and growth (Robinson, 2001). Future research testing whether 
these correlated thresholds are independent (i.e., more strongly cou-
pled with climate) or interconnected (indicating cascading effects on 

F I G U R E  4  Differences in tree growth 
during the three most extreme droughts. 
(a) Shifts in RWI during droughts 
versus the remaining years. Linear lines 
estimated within temperature quantiles 
and shading represents the 95% CI 
around the estimated linear relationship. 
(b) Mean differences between extreme 
drought years and the remaining years 
across the temperature quantiles for the 
three most extreme droughts, displaying 
SE bars. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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tree growth) may help clarify the mechanisms of stemwood growth 
(Cabon et al., 2020; Grossiord et al., 2020; McDowell et al., 2022) 
and explain why source and sink processes can appear loosely cou-
pled at certain spatial scales (Cabon et al., 2022; Muller et al., 2011).

Although patterns of foliar δ15N are often highly variable and 
difficult to interpret (Robinson, 2001), our study suggests that the 
transition between energy- and water-limited controls on nitrogen 
cycling helps explain global patterns of foliar δ15N. For example, 

F I G U R E  5  Impacts of the 2012–2015 drought on whitebark pine needle growth and stable isotope ratios. Changes in needle length (a), 
δ13C (c), and δ15N (e) during drought years (2012–2015; dark yellow) and non-drought years (2011, 2016–2017; green) across mean, plot-
level maximum temperature. The solid, black vertical lines show the estimated E–W threshold and black dashed lines represent the 95% CI. 
The green and yellow shading around the loess (locally estimated scatterplot smoothing) lines represents the 95% CI. Density figures show 
differences in needle length (b), δ13C (d), and δ15N (f) during drought (mean drought–mean non-drought years; estimated at the tree level) 
above and below the E–W threshold (8.4°C). [Colour figure can be viewed at wileyonlinelibrary.com]
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even during an extreme drought, foliar δ15N was surprisingly un-
responsive to changes in water availability and temperature below 
the E–W limitation threshold (i.e., in energy-limited regions). This 
is consistent with previous studies suggesting that in very cold re-
gions, δ15N is the least responsive to changes in temperature (Craine 
et al., 2009). In energy-limited regions, plants are likely more depen-
dent on ectomycorrhizal fungi for macronutrients bound in organic 
materials, as these fungi often possess saprotrophic capabilities 
(Hobbie et al., 2000; Steidinger et al., 2019). Whitebark pine, for ex-
ample, often forms relationships with ectomycorrhizal fungi (Cripps 
& Antibus, 2011), which supply 15N-depleted nitrogen (Hobbie & 
Colpaert, 2003). Our results suggest energy-limited forests may be 
associated with high mycorrhizal dependence for N, as average fo-
liar δ15N values were negative but became more positive in water-
limited regions (Figure 5). Less negative foliar δ15N values above the 
E–W threshold are consistent with a global study that measured an 
average shift from negative to positive foliar δ15N within a similar 
temperature range (Craine et al.,  2009). Thus, the transition from 
primarily energy- to water-limited systems likely corresponds to in-
creases in nitrogen availability—due to higher rates of decomposi-
tion in water-limited regions (Tuomi et al., 2009)—which may reduce 
the dependence on mycorrhizae for organically bound nitrogen.

Opposing drought responses across the E–W threshold are 
consistent with previous studies in montane regions, including 
Switzerland (Sturm et al.,  2022), Italy (Lewińska et al.,  2018), and 
Canada (Kljun et al., 2006). These studies also showed that as the 
drought extended beyond the first year, productivity declined. 
Similarly, though whitebark pine continued to experience average-
to-above average stem and needle growth during the drought, 
growth trends declined across drought years (Figure S9), corroborat-
ing previous work suggesting that energy-limited growth is decreas-
ing in a warming world (Babst et al., 2019). Furthermore, subalpine 
systems occur within a broad range of precipitation and temperature 
gradients (Arekhi et al., 2018; Danby, 2011; Millar & Rundel, 2016), 
suggesting the spatial extent of energy limitation on growth varies 
by mountain range. In California's White Mountains, for example, 
which are drier than the Sierra Nevada, only trees growing within 
60–80 m of treeline were positively correlated with temperature 
(Salzer et al., 2014). In addition, a recent study suggested that tree 
growth-temperature inflection points vary dramatically within the 
United States (i.e., ranging between 10°C and 30°C; Gantois, 2022). 
Species traits, as well as other ecohydrological classes, may be lead-
ing to highly variable temperature inflection points across large 
geographic gradients (Roebroek et al., 2020). There may also be ge-
netic differences as a result of adaptation that mediate threshold 
responses; recent results from a whitebark pine study in the Sierra 
Nevada found stemwood growth during drought was linked to ge-
notypic variation in climate-associated loci (van Mantgem et al.  in 
review).

Finally, the E–W limitation threshold could influence mecha-
nisms that confer biotic agent resistance in trees and future vul-
nerability under warming and drought. Whitebark pine growing in 
highly energy-limited regions historically experienced low rates of 

biotic attack from pest and pathogens (Dudney et al., 2020; Millar 
et al.,  2012). As a consequence, resistance mechanisms, includ-
ing growth-defense trade-offs and resin production (Anderegg 
et al.,  2015; Herms & Mattson,  1992; Valor et al.,  2021), may 
vary across the E–W limitation threshold. Historically, low rates 
of biotic attack (also constrained by low temperatures (Bentz 
et al., 2010, Dudney et al., 2020)) in energy-limited systems may 
have led to lower adaptive potential, which could be related to 
the high rates of mortality in whitebark pine throughout its range 
(Goeking & Izlar,  2018). Furthermore, the E–W threshold may 
lead to differences in whitebark pine's vulnerability to patho-
gen infection. For example, the pathogen, Cronartium ribicola, 
infects through needle stomata (Hunt et al.,  2007); therefore, 
the timing and duration of gas exchange during drought may lead 
to increased infection vulnerability in energy-limited regions 
and decreased vulnerability in water-limited regions (Dudney 
et al.,  2021). The transition between energy- and water-limited 
regions not only promotes co-occurring thresholds in source and 
sink processes that limit tree growth, but also likely contributes 
to divergent patterns of tree vulnerability to pest and pathogen 
outbreaks.

5  |  CONCLUSION

Ecohydrological classes and the transitions between them pro-
vide critical insight into the global vulnerability of forests to cli-
mate change (Brodribb et al., 2020). Shifts in the dominant climatic 
controls on whitebark pine growth likely promoted multiple, co-
occurring thresholds in tree growth, as well as carbon and nutrient 
cycling. Disentangling whether these co-occurring thresholds are 
independent or cascading will provide important insight into the 
mechanisms driving climate change-induced shifts in forest produc-
tivity. Furthermore, thresholds likely occur globally among ecohy-
drological classes (e.g., energy limited, water limited, precipitation 
driven, rooting space limited, etc.; see Roebroek et al.,  2020), po-
tentially leading to unexpected meteorological drought responses 
in various vegetation types. Not only does the transition between 
ecohydrological class likely promote divergent growth responses 
during drought, long-term adaptations to the dominant climatic 
controls may lead to contrasting probabilities of pest and pathogen 
outbreaks (Stephenson et al., 2019; Wong & Daniels, 2017). Thus, 
predictions of drought impacts on forest productivity under climate 
change will be greatly improved by including interactions with eco-
hydrological classes.
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