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ECOLOGY

Climate-induced reversal of tree growth patterns

at a tropical treeline

Paulo Quadri'?*, Lucas C. R. Silva®, Erika S. Zavaleta?

Globally, cold-limited trees and forests are expected to experience growth acceleration as a direct response to
warming temperatures. However, thresholds of temperature limitation may vary substantially with local environ-
mental conditions, leading to heterogeneous responses in tree ecophysiology. We used dendroecological and
isotopic methods to quantify shifting tree growth and resource use over the past 143 years across topographic
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aspects in a high-elevation forest of central Mexico. Trees on south-facing slopes (SFS) grew faster than those on
north-facing slopes (NFS) until the mid-20th century, when this pattern reversed notably with marked growth rate
declines on SFS and increases on NFS. Stable isotopes of carbon, oxygen, and carbon-to-nitrogen ratios suggest
that this reversal is linked to interactions between CO, stimulation of photosynthesis and water or nitrogen lim-
itation. Our findings highlight the importance of incorporating landscape processes and habitat heterogeneity in
predictions of tree growth responses to global environmental change.

INTRODUCTION

Subalpine tree species are particularly vulnerable to climate change
because species in mountainous regions typically experience reduced
climatic connectivity (1) and because they are at higher risk of expe-
riencing mountaintop extinctions (2). Cold-limited subalpine for-
ests are expected to expand upslope and/or experience growth
acceleration in response to warming temperatures (3, 4). Increas-
ingly, however, research has shown that upslope expansions and
growth acceleration might not be a uniform response and that in
many cases, subalpine tree species may instead rely more on the
development of holdouts or in situ microrefugia for their per-
sistence (5, 6). This variability challenges our ability to predict the
future of subalpine forests under a warmer climate. It requires us to
better link climate-driven shifts in the conditions and resources that
limit species limiting conditions to changing ecophysiological and
population-level responses.

Much attention has been given to the role of low temperatures in
limiting subalpine species’ distribution and growth and how, there-
fore, the combination of rising CO, concentrations and a warming
climate should accelerate tree growth (7-10). However, findings in
the literature include a mix of both growth acceleration and growth
declines in subalpine forests (11-15). Similarly, although early work
suggested that rising atmospheric CO, concentrations should stim-
ulate tree growth and resource use efficiency (16), evidence of such
stimulation has been mixed in natural ecosystems (11, 17-19).

One hypothesis for the lack of coherent responses in growth and
resource use efficiency in high-altitude ecosystems is that regional
CO; and warming effects are secondary to local hydrologic, biogeo-
chemical, and ecological factors (17, 20-23). In montane land-
scapes, the latter factors can vary significantly with topography at
small spatial scales, potentially generating spatially heterogenous
responses to warming and rising CO; (e.g., growth declines, growth
acceleration, or no change). The importance of topographic aspect
for tree growth and population dynamics has long been considered
in mid- and high-latitude ecological research (24), while at lower
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latitudes, the effect of aspect is typically viewed as less important
and thus has received less attention (25, 26). At high latitudes, tree
line habitats appear to have become more hospitable to tree recruit-
ment and growth during the past century (27, 28). In contrast, at
low latitudes, recent research suggests that tree line habitats will
become less favorable for tree growth (29).

To advance basic understanding and ability to predict tree line
responses, we used a combination of dendroecological and isotopic
analyses to quantitatively reconstruct how contrasting local factors
have affected tree growth and physiological performance across a
tropical subalpine landscape over the past 143 years. We targeted
dominant Hartwegii pines (Pinus hartwegii) in central Mexico at
~19°N latitude, sampling trees of different ages systematically on
north- and south-facing landscape positions (Fig. 1). We then de-
termined how variation in environmental conditions, including soil
properties and associated differences in water and nutrient use
across the landscape, interact to influence tree growth response to
climate and rising atmospheric CO,. We expected warming to pos-
itively affect tree growth, especially on north-facing slopes (NES),
which are colder and wetter habitats that receive less solar radiation.
Correspondingly, we expected warmer and drier south-facing slope
(SFS) habitats to experience more favorable conditions (relative to
NES trees), especially in recent decades because of rising tempera-
tures and CO, levels (11, 30).

We examined the chemical composition of tree rings between
aspects over time to assess the physiological mechanisms underlying
potential changes in growth and link them to spatially and tempo-
rally varying resource availability. We used carbon isotope ratios
(*C/™C) to reconstruct changes in intrinsic water use efficiency
(iWUE) (31, 32) in tandem with oxygen isotope ratios (**0/'°0),
which indicate changes in water source (33). In addition, we used
carbon-to-nitrogen (C:N) ratios in tree rings to examine nutrient
limitation of photosynthesis (34), which commonly influences re-
sponses to rising CO; levels and climate variability in temperate
ecosystems (35, 36). We relied on previous models of isotope en-
richment in tree rings, which are commonly used to infer shifts in
water supply (e.g., groundwater versus rain or snowmelt water) and
subsequent acclimation of stomatal conductance (32). By combining
these lines of evidence, we sought to understand the mechanisms
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Fig. 1. Temperature and precipitation trends since 1960 and study region. Data collected from the nearest two weather stations (San Pedro Nexapa and Amecameca)
located at ~2600 and ~2500 m above sea level, respectively: change in minimum (A) and maximum (B) temperatures and precipitation (C) by season (F, fall; S, spring; SM,
summer; W, winter). Error bars represent SEs. (D) Location of study sites referenced within Mexico and the Mexico City Valley region. Images: Google Earth.

shaping tree growth responses to climate and CO, across subalpine
landscapes.

RESULTS
Reversal of growth trends between aspects
We detected a relative reversal of growth trends between trees
growing on different slope aspects (Fig. 2). Basal area increments
(BAIs) on SFS were higher than those on NFS during the late 19th
century and the first half of the 20th century (0.58 and 0.41 cm? year ™,
respectively) (fig. S1 and table S1). Starting in the 1930s, however,
SES pines began to show strong reductions in growth rates com-
pared to NFS pines (—0.22 and —0.13 cm? year™’, respectively) (fig.
S1 and table S1). Growth limitations for SES trees appeared to have
increased in recent decades. After approximately 1980, growth rates
stagnated in SFS trees (0.23 cm” year '), while they accelerated in
NFS trees (0.019 cm? year'l) (fig. S1 and table S1). This reversal
in growth patterns between slope aspects is driven by differences in
BAIT between trees of similar age and does not reflect age-related
changes in growth rate (fig. S3). Sampled trees varied in age (N = 90;
range: 45 to 143 years) (fig. S2), with young NFS trees more likely to
have experienced growth acceleration in recent decades than ma-
ture NFS trees (fig. S3A and table S2A). Accordingly, we found that
on average, SES trees reached larger diameters at an earlier age
60+ years ago compared to more recent years. Young trees on
NFS showed the opposite pattern; they reached larger diameters at
younger ages in recent years compared to in the past (fig. S3, B and C,
and table S2B).

To facilitate comparison of growth rates and isotopic analyses
between trees from different slope aspects, we grouped individuals
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into three age classes: “mature,” “mid,” and “young.” We established
these categories because three main recruitment events in the past
century and a half could be discerned from the age distribution of
all individuals (fig. S2). The duration of growth acceleration in cur-
rently young SFS was less than half that sustained by currently
mature individuals (22 and 42 years, respectively). In contrast, cur-
rently young trees on NFS sustained BAI for 75 years, leading to the
longest period of growth acceleration recorded in any of the three
cohorts (1940-1982, 0.46 cm” year™'; 1983-2015, 0.84 cm” year™")
(table S3). In other words, today’s young SFES trees grew more slow-
ly during their early years (in the 1950s and 1960s) than mature SFS
trees did during their early years (in the late 1800s and early 1900s).
Overall cross-correlations of our tree ring series had lower than
usual values, with the highest values occurring within plots (table
S4, A and B). This was expected since we designed our sampling to
capture variation across topographic gradients, including different
aspects and elevation, to be able to detect divergent responses to
climate and CO; across landscape positions.

Carbon isotopes

On the basis of contrasting growth patterns between today’s mature
and today’s young trees (table S3), we measured tree ring 8'°C val-
ues in trees belonging to these two age classes. 8"°C values of tree
rings declined overtime in both mature and young individuals,
reﬂecting atmospheric CO; enrichment (and accompanying deple-
tion of 8°C,;,) during the past century, although & 13C values were
always higher on SFS than on NFS (fig. S4 and table S5A). Atmo-
sphere-to-plant discrimination of *CO, (AC) declined overtime
in all trees, but discrimination was, on average, lower on SFS (Fig. 3
and table S5B). As expected, iWUE, calculated from AC values,
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Fig. 2. Reversal of growth patterns between trees growing on contrasting topographic aspects. Growth trends are measured as BAI. Thin lines are mean values, and
shaded areas represent SEs. Thick lines are fitted curves from a general additive model using “year” and “aspect” as smoothing terms.

increased significantly overtime in all trees regardless of slope as-
pect. However, in mature individuals, iWUE was, on average, higher
on SFS, while in young individuals, this pattern across aspects was
initially absent and became more evident with time (Fig. 3 and
tables S5A and S6A). When compared to a simulated baseline of
WUE based on constant relationship between intracellular CO,
concentrations and atmospheric CO, concentrations (Cy/C, ratios
depicted as gray triangles in Fig. 3), NES trees, especially young
individuals, showed weaker stomatal regulation of gas exchange
compared to SFS trees (Fig. 3).

Oxygen isotopes

Tree ring (whole wood) oxygen isotope ratios (8'%0) increased over
time only in mature trees on SFS, pointing at potential gradual,
evaporative enrichment of '*0 (Fig. 4 and table S6B). This finding
suggests a potential increase in water conservation (i.e., increasingly
low stomatal conductance and transpiration) in mature but not
young SFES trees. However, the lack of statistical trends indicates
that no significant changes in source water occurred despite large
variability and different §'30 values between trees of different ages
and on different slope aspects.

C:Nratios

Tree ring (whole wood) C:N ratios increased sharply in mature NFS
trees between 1876 and 1933 and then steadily declined from 1934
to 2015 (Fig. 5 and table S6C). On SFS, however, mature trees showed
a significant decline in C:N ratios only after 1954 (Fig. 5 and table
S6, C and D). Young SFS trees showed a sharp decline in C:N ratios,
whereas NFS young trees showed increasing C:N ratios (Fig. 5 and
table S6E).

Quadri et al., Sci. Adv. 2021; 7 : eabb7572 26 May 2021

iWUE and growth

Unlike tree ring-based climatological reconstructions, our study
focused on quantifying variation in sensitivity to climate and CO,
among sites across landscape positions with different environmen-
tal conditions. Thus, we analyzed the response of iWUE as a
mixed-effects linear function of the interaction between either mean
maximum annual temperature or mean annual precipitation and
aspect, with tree size and tree age as fixed effects and year and tree
ID as random effects. In any given year, iWUE increased with higher
mean maximum temperatures, but this effect was stronger in SES trees
than on NFS (0.623 + 0.162; P < 0.001) (Table 1). Precipitation had
stronger effects on iWUE of SFS trees than of NFS trees, with wetter
years reducing iWUE (-2.77 £ 1.03; P = 0.0079) (Table 1). Warmer
years led to reduced BAI in SFS relative to NFS (-1.042 + 0.147;
P < 0.001). These trends and magnitudes in iWUE and BAI were
also maintained when we included 1-year lags of temperature and
precipitation (table S9). Last, in any given year, greater iWUE was
associated, on average, to reduced growth on SFS relative to NFS
trees (—1.91 £ 0.174; P < 0.001) (table S7 and fig. S5).

DISCUSSION

We found divergent responses to climate change between aspects in
a tree line forest ecotone. Beginning in the 1880s, our dendrochro-
nological records suggest that warming temperatures led to an ini-
tial increase in tree growth across all sites during the first half of the
20th century (especially on SES). However, a reversal in tree growth
occurred after the 1950s when NFS became more favorable than
SES to tree growth. This result contrasts with the notion that tree
growth in tree line ecosystems responds positively to warming
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Fig. 3. Understanding shifting limiting conditions through the lens of stoma-
taregulation. (A and B) *C discrimination (A'3C) of mature and young individuals
by slope aspect showing less discrimination on south aspect trees relative to north
aspects (see table S6A). Lines are generalized additive model fit. (C and D) Calculated
iWUE from A'3C values in mature and young trees, respectively, growing on north
and on south aspects. Values are plotted alongside a simulated baseline of con-
stant Gi/C, (gray triangles). Lower values relative to that line suggest weaker stomatal
regulation of gas exchange.

temperatures (37, 38). It shows that responses to elevated CO, are
not only species specific (39) but also specific to local environmen-
tal conditions. We found that tree growth rates declined on SFS
within 5 to 10 years of a recent acceleration in NFS growth rates,
marking a recent shift in temperature sensitivity. This reversal in
growth rates between different topographic positions was likely
caused by a consistent increase in air temperature (Fig. 1, A and B)
and an overall decline in summer precipitation (Fig. 1C) in recent
decades. We posit that local variation in soil moisture regime mod-
ulated tree growth responses to rising temperatures. Soil moisture
declines outweighed any potential CO, stimulation effect on SFS
tree growth but did not do this on NFS, where current conditions
still favor accelerating tree growth.

Contrary to expectations, we did not find clear growth signals of
El Nifio-Southern Oscillation events, which have been recorded in
other montane forests in the region (40). We lack historical climate
data before the 1960s, when the local instrumental record begins,
but our growth data indicate a persistent trend from favorable to
increasingly adverse conditions on SFS and increasingly favorable
conditions on NFS. These correlate well with variation in ecophysi-
ological performance inferred from tree ring isotope ratios (dis-
cussed below). Our finding is consistent with modeled hierarchical
constraints on tree and forest carbon-water relations (41), which
postulated that soil properties that regulate landscape variation in
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Fig. 4. Increasing evapotranspiration on mature south aspect trees revealed
by tree ring 5’20 values. (A) The only significant trend, reflecting a potential grad-
ual evaporative enrichment, occurred on south aspect mature trees only (P=0.0103).
(B) High variability in young individuals suggesting that no significant changes in

source water occurred during the study period. Error bars represent SEs.

water holding capacity and moisture dynamics (e.g., organic matter,
texture, and depth) became increasingly important in influencing
tree growth as warming progressed over the past century. Divergent
growth responses between SFS and NFS were more pronounced for
the younger cohorts of trees, which suggests that mature trees are
more resilient to the observed changes in climate. We speculate that
deeper and broader root systems may be one of the mechanisms
driving these age-dependent patterns. Alternatively, trees could be
allocating carbon to nonstructural carbohydrate reserves, as found
for other tree species where temperature-assisted carbohydrate al-
location links environmental cues and tree phenology, providing a
thermal metabolic fine-tuning in simulated seasons (42). Future
empirical and modeling studies stand to gain valuable information
from testing these hypotheses in climate-sensitive ecotonal systems.

Carbon isotopes

The iWUE of trees growing on SFS increased consistently over
time, but the iWUE trend for NFS declined in recent decades, espe-
cially for young trees (Table 1A and Fig. 3, C and D). This suggests
a trade-off between productivity and iWUE, in which tree growth
acceleration was most pronounced when stomatal control of tran-
spiration became weak, leading to divergent trends in carbon isotope
discrimination (AC; Fig. 3). While increasing iWUE is expected
from rising CO, concentrations (C,), the comparison of aspects al-
lowed us to infer the modulating effect of other environmental factors
on intercellular CO, concentrations (C;), such as water limitation
leading to a decline in A”C or increasing water availability and
transpiration leading to an increase in A'*C. Given the relationships
between temperature, precipitation, and growth described above, it
is likely that the aspect-dependent differences in iWUE that were not
accounted for by increasing C, are a consequence of drought stress.
We show this by comparing measured values of iWUE to modeled
values assuming constant Ci/C, relationships, indicating stronger
stomatal regulation of gas exchange (i.e., closer to the modeled
constant C;/C, curve) in SFS trees relative to NFS ones. The iWUE of
all trees across the landscape fell above the modeled C/C, values
until the recent reversal of tree growth in the 1960s, at which point,
differences in iWUE became more pronounced between aspects.
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Fig. 5. On north aspect trees, periods of growth correlate with decreasing tree ring N concentrations. Higher nitrogen concentrations in wood lead to lower C:N
ratios. Data show mean values of measured C:N ratios from multiple trees (four on each aspect). Error bars represent SEs. Regression lines in (A) are from separate piece-
wise regression models on each aspect. On (B), regression lines are from simple linear regression for each aspect.

The onset of growth rate declines in mature trees was similar
across aspects. SFES trees declined in growth rate in 1927, after
45 years of growth acceleration (table S3), when trees reached
iWUE of ~78 umol mol . Tree growth decline began in 1932 on
NES, after 56 years of growth acceleration, and again initiated when
trees reached iWUE of ~78 umol mol™". In contrast, currently
young trees showed remarkable and entirely different aspect-related
patterns. For young SFS trees, growth declines began in 1961 (table
S3), not only after 21 years of initial growth acceleration but also when
they reached iWUE of ~78 (umol mol™"). However, young NFS trees
continued to experience growth acceleration after 77 years of estab-
lishment (table S3), recording iWUE levels of ~91 (umol mol™)
during the past few years. In other words, SES trees experienced
growth declines regardless of their age when they reached iWUE
of approximately 78 (umol mol™'). By contrast, young NFS trees
have been able to maintain fast growth rates at ~44% higher iWUE
levels than those found for the mature individuals during their ini-
tial period of growth acceleration (1876 to 1932).

Recent changes in iWUE and growth declines suggest that SFS
trees could be entering an “isohydric trap” in which soil water or
nutrient limitation begins to occur because of high water potentials
after prolonged conditions of high evaporative demand (43). As with
other tree line-forming species, P. hartwegii has been found to lack
cross-population genetic differentiation for cavitation resistance (44),
potentially leaving stomatal regulation of transpiration as their main
drought-coping strategy. Conversely, the weak stomatal regulation
shown by NFS trees suggests that a synergy among warmer tem-
peratures, CO, fertilization, and local soil moisture and nutrients
may have favored recent tree growth acceleration. This explanation
for cross-aspect differences is supported by the observed positive effect
of spring precipitation on growth in SFS trees and the observed pos-
itive effect of warmer minimum temperatures on NES tree growth.

We focused our isotopic analyses on mature and young trees
only because these cohorts showed the greatest contrasts in growth
trends. However, it is possible that additional isotopic analyses on
the mid-age cohort (trees established around 1920) could provide
further insights into the mechanisms behind the growth reversal
trend across slope aspects.

Oxygen isotopes
We expected 8'°0 to increase over time with iWUE and tempera-
ture trends, especially on SFS. This would support a hypothesis of
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increasing temperatures limiting stomatal conductance and in-
creasing evaporative enrichment of oxygen isotopes in leaf water
and photosynthetic compounds (45). We found *O enrichment in
tree rings of mature cohorts on SFS but not on NFS. This result,
combined with the lack of a clear pattern of enrichment in young
trees, indicates that the differences in 5'®0 values between cohorts
are physiological and cannot be explained by regional variations in
isotopic signatures of precipitation over time. Although higher win-
ter precipitation was correlated with '*0 depletion in NFS tree rings
and with *O enrichment in SES (fig. S7), we found no significant
effect of winter precipitation or maximum summer and spring tem-
peratures on 8'°0. The lack of §'®0 signal contrasts with the marked
differences in A'’C and iWUE in response to climatic and topo-
graphic variables. It is unexpected because the variation in A"’C and
iWUE that we observed was consistent with differences in solar ra-
diation and temperature between south- and north-facing land-
scape positions. Accordingly, we expected that 5'°0 values in SFS
trees would reflect enhanced stomatal regulation and cumulative
transpiration as part of an isohydric drought-coping strategy (43).
One possible explanation for our result is that dominant trees with
more exposed canopies, on previously more productive SFS trees,
are the most susceptible to isotopic fractionation that is known to
occur during evapotranspiration (46). Given variation in source
water 8'%0, it is difficult, if not impossible, to detect differences
across this relatively small topographic gradient and to confidently
isolate specific ecophysiological controls.

Resources limiting sensitivity to climate and CO,

A key conclusion of this study is that rising temperatures and CO,
concentrations do not necessarily translate into tree growth acceler-
ation. Instead, critical interactions between changing environmental
conditions at global and regional scales (i.e. temperature, precipita-
tion, and CO,) and local environmental heterogeneity (i.e., local
topography) are likely to produce variable outcomes, even within
populations of long-lived organisms such as trees. At higher lati-
tudes, tree growth acceleration in subalpine trees has been attributed
to synergies between C, and increasing water and nitrogen avail-
ability from thawing permafrost soils (11). In our case, growth ac-
celeration is accompanied by increasing wood C:N ratios, which
indicate decreasing N concentrations over time for mature trees
growing on both aspects. Therefore, changes in C:N ratios do not
explain the observed reversal in growth trajectories across our sites.
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Table 1. Differential effects of temperature and precipitation on tree ecophysiology based on slope aspect. Summary of mixed-effects models showing
the habitat-specific magnitude and direction of the effects of climate variables on (A) iWUE and (B) BAI. Higher temperatures make all trees more water use
efficient but more so on south aspects. Less cold years favor growth of trees on north-facing aspects. More precipitation makes all trees less water use efficient
but especially south aspect trees. More precipitation also increases growth on south aspects relative to north aspects. ICC, intraclass correlation coefficient.

(A)
Temperature Precipitation
iWUE (mmol/mol) iWUE (mmol/mol)
Predictors Estimates SE Statistic P Estimates SE Statistic P
(Intercept) 48.0497 7.0356 6.8295 <0.001 94.1427 6.0395 15.5877 <0.001
M ean annua| m aXtemp ...................... 15002 ........................ 0 2364 ....................... 52389 ..................... <o 001 ..........................................................................................................................
Aspect[somh]_78136395 ......................... _1973100501 ............ 121105 ............... 29478 ................ 41033 ............... 00002 .........
Treeme .................................................. o 0603 ........................ 00737 ....................... 0818504441 ............. 00594 ................ 00737 ................. 08066 ................ 04504 ..........
Treeage ..................................................... 0 0154 ........................ 00279 ....................... 0550906012 ............. 00161 ................. 00279 ................ 05792 ................ 05332 ..........
Mean annual max. temp * 06233 0.1628 3.8291 0.0001

aspect [south]

Marginal R%/conditional R 0.412/0.764 0.251/0.760
(B)
Temperature Precipitation
BAI (cm?) BAI (cm?)
Predictors Estimates SE Statistic P Estimates SE Statistic P
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Marginal R%/conditional R? 0.425/0.541 0.419/0.537
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In young trees, however, growth acceleration coincided with a sig-
nificant increase in C:N ratios (Fig. 4). One possible explanation for
this observation is a potential increase in nitrogen use efficiency
(NUE). Increasing NUE has been shown to occur with increasing
C, (47) for some evergreen conifers, which store most of their N in
their youngest needles (48). The observed trends in C:N in our
study are consistent with a scenario of sufficient soil moisture and
increasing NUE on NFS rather than of a potential decline in soil N
availability. While previous studies suggest that NUE in conifers
typically increases with iWUE, the combination of growth accelera-
tion and increasing C:N ratios observed in young NFS trees point to
a productivity-efficiency trade-off that deserves further exploration.

Our results imply that photosynthetic stimulation in response to
increasing C, occurs only under specific edaphic and climatic con-
ditions, which can be predicted from geographic information such
as landscape position. Specifically, we show that disparate results
can occur across small spatial scales and across different generations
within a population, adding complexity to current understanding of
species responses to climate and atmospheric changes. Together,
our findings highlight the risks of making regional or global predic-
tions of high-altitude forest species responses to climate change
without accounting for landscape variation. The detection of shift-
ing growth patterns and their associated limiting factors highlight
how climate change can affect thresholds of ecological stability
across spatial and temporal scales. At the same time, these shifts
point to a potential link between physiological responses and the future
distribution of pine forests at low latitudes. Along with other recent
studies from Mediterranean and temperate regions (11, 20, 27, 49),
the low-latitude sites studied here indicate that as CO, and tem-
peratures continue to rise, NFS may become climatic holdouts or
microrefugia. Incorporating these and other relevant findings into
niche theory and species distribution models should be a priority for
conservation strategies for protected areas and management plans.

Our results also add to the discussion about a potential latitudi-
nal gradient that mediates the influence of aspect on the responses
of tree line species to climate change. In Canada’s southwest Yukon
region, Danby and Hik (28) observed rapid tree line advancement
on SFS. In the Colorado Rocky Mountains, pulses of tree line ad-
vancement between aspects were more frequent on SFS but de-
pended on variation in water deficit (27). Further south, we found
growth declines and stagnation on SFS. As warming progresses, mid
and high latitudes may begin to experience similar trends to those
that we found in Mexico at lower latitudes. The persistence of gla-
ciers and snowpack at the highest elevations or latitudes may buffer
habitats from warming-induced stress during the growing season,
at least temporarily (50). In other systems, these buffering effects
have resulted in lagged responses of plant community composition
and productivity to climate change (51). In montane forests of cen-
tral Mexico, this buffering effect influenced tree response to the dri-
est and wettest events since 1850, manifested as a 3- to 10-year lag
in BAI growth responses accompanied in some cases by iWUE and
8'80 excursions (40). In recent decades, glaciers in the volcanoes of
central Mexico have almost disappeared. This may have had an
additional negative impact on trees that would otherwise be able to
persist in water-limited habitats (52).

Summary and future directions
Understanding how local-scale environmental heterogeneity mediates
species responses to climate change is fundamental to predicting

Quadri et al., Sci. Adv. 2021; 7 : eabb7572 26 May 2021

ecological and biogeochemical dynamics in montane ecosystems
(53). Our data will advance the prioritization of landscapes for in
situ microrefugia, which are increasingly important in preventing
regional extinctions and securing ecosystem resilience (54-56).
Subalpine tree species are especially vulnerable to climatic and at-
mospheric changes because they are at higher risk of suffering
mountaintop extinctions (57). However, our study illustrates how
local-scale environmental factors and population characteristics in-
teract and mediate tree line species responses to global climate
changes. This underscores the need for more integrated, multiscale
research integrating field ecology and modeling to better predict
and prioritize in situ microrefugia in high-altitude forest ecosys-
tems. Our results are limited in their ability to predict large-scale
responses across tree line ecosystems. However, they inform future
research that could transform our understanding of how multiscale
ecological and biogeochemical interactions modulate climate-induced
changes in species distributions, improving prediction of changes
in ecosystem structure and function.

MATERIALS AND METHODS

Description of study sites

Our study site was located approximately 70 km southeast of Mexico
City, in Iztaccfhuatl-Popocatépet] (Izta-Popo) National Park (19°07'43",
98°39’ 37”) in the Trans-Mexican Volcanic Belt ecoregion of central
Mexico, between the states of Puebla and Mexico (Fig. 1). The
research area spans an altitudinal gradient between 3600 and
3950 m above sea level. At the lowest elevations of this gradient,
P. hartwegii forest is met by a montane forest dominated by “sacred”
firs (Abies religiosa). At their upper distributional limit, the pines
thin gradually into a system of alpine grasslands dominated by
Festuca tolucensis and Muhlenbergia quadridentata. Other impor-
tant understory species are Lupinus montanus and Senecio spp. The
local climate is considered subhumid temperate, characterized by
cool, wet summers with rains beginning in early June and extending
to October or November. Mean annual precipitation is 928 mm, and
mean annual temperature on the lower slopes is 14°and 5°C above
4000 m above sea level (58). The warmest months in this region
are April and May, which typically also record the greatest evapora-
tion rates (fig. S6, C and D).

Sampling design

We used a systematic sampling design along the western canyons of
the Iztaccihuatl volcano. We used six transects, three on SFS and
three on NFS. On average, transects spanned 1.2 km of distance and
200 m of altitudinal change. On each transect, we worked on three
to four plots of radius 15 to 20 m and at ~250 intervals of Euclidean
distance between them to collect two increment cores of 5 and
12 mm at ~1.3 m above ground level from each of the five or four
P. hartwegii individuals with the least amount of apparent biologi-
cal or physical damage and representing multiple size classes all
with diameter at breast height >10 cm (N =90 trees; SES, 45; NFS, 45).

Sample processing and growth measurements

Tree cores were mounted, sanded, and polished, and ring width
measurements were performed on high-resolution scanned images
using Image] (software info). Cross-dating analyses were done us-
ing the dplR package in R (59). We converted raw ring width mea-
surements into BAIL The use of BAI provides accurate metrics for
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aboveground tree productivity. Because it detrends ontogenic ef-
fects from ring widths, it reliably estimates growth throughout the
tree life span (60). BAI was calculated as follows

BAI = nx (R - R.)) (1)
where R is the tree radius and ¢ is the year of ring formation. The
formula assumes basal uniformity of annual increments.

Isotopic and nutrient measurements

We selected eight individuals on the basis of our BAI analyses (four
from each aspect habitat; two mature and two young individuals)
representing the most contrasting growth patterns across the land-
scape. Individual rings of each tree were sliced off the tree cores and
ground as whole wood. Processing samples as whole wood, instead
of purified cellulose, allowed us to prioritize resources and focus on
replication and depth of our stable isotopic analysis without neces-
sarily sacrificing analytical accuracy (61). We used carbon isotopes
to understand changes in iWUE and its potential relationship to
changing growth patterns. For carbon isotopes, we generated yearly
resolutions between 1978 and 2015 to capture the growth reversal
pattern. Between 1878 and 1978, we selected rings on the basis of
periods of divergence and convergence between both habitats. We
used analyses of oxygen isotopes and nitrogen in tandem with car-
bon isotopes to assist in the identification of mechanisms behind
changes in growth (11, 32). Isotopic analyses were performed at the
Stable Isotope Facility of the University of California, Davis. Carbon
isotope analyses are characterized as follows

3 (0/00) = (Rsample - Rytandara —1) *1000 (2)

where Rgmple and Ryandard are the carbon isotopic ratios in the sam-
ple material and a reference standard, respectively (the Vienna Pee
Dee Belemnite formation for §°C and the Vienna Standard Mean
Ocean Water for 8'0). For meaningful interpretations of carbon
isotopes, the following derivations are necessary to correct for
changes in atmospheric 813C (32, 62)

APC = (8" Coir = 8" Cplant) /(1 + 8" Coi1/ 1000) (3)
where APC is the discrimination against Be, 88%Cy, represents the
isotopic ratio of the atmosphere (the source), and 813Cplam is the
isotopic ratio of plant biomass (the product). Isotopic discrimina-
tion, in turn, is described as follows

C = C,*(APC-a)/(b-a) (4)

where a is the discrimination against Bco, occurring through sto-
mata diffusion during the gaseous phase (4.4 %00) and b is the net
discrimination occurring during carboxylation (27 %00).
Last, iWUE is given by

iWUE = A/ g = C,*[1-(Ci/C,)]*0.625 (5)
where A is net carboxylation, g is leaf stomatal conductance, and
0.625 is the constant relating conductance of CO, molecules and
water vapor. A"C in plants is directly related to changes in C//C, at
the leaf level, which, as described above, is controlled by the net as-
similation rate (A) and stomatal conductance (g). Therefore, changes
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in °C discrimination can be caused either by drought conditions
(affecting mostly stomata conductance) or by changes in nutrition or
temperature (mostly related to net assimilation rate) (32). In addition,
we compared our iWUE data to a simulated baseline of WUE in which
Ci/C, are held constant, above which measured values indicate a rel-
atively stronger stomatal control of gas exchange, attributed to de-
creasing water availability in the case of SFS trees (from Eq. 5) (63).

Climate data

Temperature and precipitation data by season between 1961 and
2015 were obtained from the closest weather stations to the field
sites (San Pedro Nexapa station, ~ 9 km southwest and 2600 m
above sea level, and Amecameca station, ~ 8 km west and 2500 m
above sea level), and missing records were completed using the next
closest stations. Global CO, concentrations and 8">Cy;, values were
obtained from existing publications (64) and complemented with
data from the National Oceanic and Atmospheric Administration’s
CarbonTracker, version CT2017 (65). To confirm temperature dif-
ferences between aspects, we calculated mean incident annual radi-
ation using a 15-m resolution digital elevation model in ArcMap
10.3.1 (fig. S6A) and measured near-surface temperature (at 0.5-m
height from the ground) between January 2016 and February 2017
using temperature microloggers (Thermochron sensors; three on
SES and four on NES) (fig. S6B).

Statistical analyses

We performed the standardization of tree ring measurements using
the C-method (66) and selected the cohorts on the basis of the dis-
tribution of age frequencies (fig. S2). We used generalized additive
models to analyze trends in growth and ecophysiological variables
derived from carbon isotopes. When needed, we also used least
squares regressions and piecewise regression to evaluate and com-
pare growth rates and changes in isotopic values through interac-
tions among aspect habitats and cohorts over the different periods
of interest. Adjusted coefficients of determination (%), estimates,
and probabilities are reported where appropriate. We generated
two pairwise correlation matrices, one per slope aspect, to explore
the strength and direction of association between different environ-
mental and ecophysiological variables during the past 55 years, for
which weather station records exist (fig. S7). We then developed
two sets of mixed-effects models to analyze the effect of these pa-
rameters on our main response variables: growth and iWUE
(Table 1). The first set analyzes iWUE, and the second analyzes BAI,
both using either mean annual maximum temperature or mean an-
nual precipitation interacting with aspect as fixed effects and CO,
and tree ID as random effects (Tables 1). We favored the use of
mixed-effect models to analyze relationships between ecophysio-
logical and climate variables because our tree ring data have multi-
ple sources of random variability, including variability within aspect,
within plots, and within each tree across time. Additional sets of
mixed-effects models were used to further explore intra-annual cli-
mate variables by slope aspect (table S8). Spring temperatures were
used for SFS because this is the hottest season in central Mexico and
thus has the most ecological significance for SFS trees (fig. S6).
Winter temperature and fall precipitation were used as main pre-
dictors for NFS trees, as these were the most relevant variables to
our hypotheses. For all analyses, we used R (R Core Team, 2012)
and Ime4 (67) to perform linear mixed-effects analyses and the
mgcv package (68) to perform generalized additive models.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabb7572/DC1
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