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A B S T R A C T

The prevalence of legacy effects, especially in drought-prone forests, makes the accurate assessment of forest
dynamics under frequent climate fluctuations challenging. Here, we investigated the dynamic impacts of inter-
annual water deficit on both tree radial growth and forest coverage in the southwest USA. We designed a series
of regional-scaled “natural experiments”, specifically, we preset hypothetical water conditions of current- and
antecedent-hydrological years and conducted quantitative analysis on grouped tree-ring records and sub-pixel
changes of forest coverage under these conditions. Results showed that the temporal patterns of growth legacy
changed dynamically when studying it on multiple events level (i.e., both past and current climate condition are
taken into consideration): under current-hydrological year dry conditions, legacy effects over 3 years could be
detected; while under current-hydrological year wet conditions, only previous 1 year's legacy could be detected,
and its intensity was only 57% of that under current-hydrological year dry conditions. Furthermore, our results
revealed that growth dynamics observed in tree rings were not fully consistent with the dynamic of forest
coverage. Wetness enhanced growth pronouncedly, whereas normal to wet conditions only barely maintained
the stability of forest coverage, suggesting that tree growth is more sensitive to wetness than forest coverage. In
addition, the impact of consecutive dry years on tree radial growth showed no significant difference from that of
a single dry year, but the decline of forest coverage accelerated after consecutive droughts. A possible ex-
planation is that trees sampled from environmentally harsh locations though climate sensitive are not subjected
to strong competitive constraints. These findings suggest that examining the responses at multiple scales in
forests can help us gain more comprehensive understanding of processes involved in forest dynamics.

1. Introduction

Forest ecosystems are becoming increasingly vulnerable in the face
of climate change, especially in semiarid regions (Allen et al., 2010,
2015; Anderegg et al., 2012; D'Orangeville et al., 2018; Liang et al.,
2016; Williams et al., 2010a). Intensified drought stress, now generally
agreed upon as the most widespread and frequent threat to many for-
ests, has led to recent higher tree mortality rate and forest die-off

episodes (Allen et al., 2010; 2015; Anderegg et al., 2012;
Camarero et al., 2015; Cook et al., 2015; Reichstein et al., 2013). Al-
though a meteorological water budget can be constantly monitored, its
impacts on tree growth and forest dynamics are quite uncertain. One
important reason is the pervasive existence of legacies (i.e. the lagged
responses to extreme events) in forest ecosystems (Anderegg et al.,
2015; Huang et al., 2018; Jiang et al., 2019; Peltier et al., 2016;
Reichstein et al., 2013; Wu et al., 2017).
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Observational research generally revealed 1- to 4-year long legacies
recorded in tree-rings at regional to global scales and presented the
recovery process of tree growth after droughts (Anderegg et al., 2015;
Gazol et al., 2017; Huang et al., 2018; Peltier et al., 2016; Wu et al.,
2017). Similarly, the enhancement of radial growth after extreme
wetness could also be observed for 1 to 5 years (Jiang et al., 2019). So
far, most related studies focused on lagged impacts of past extreme
years or events on current growth; however, current water condition
immediately influence current growth, which may alter or offset the
ecological impacts of past extremes (Ryo et al., 2019). For instance, the
North American monsoon can reduce the negative impacts on tree
growth caused by dry La Niña winters (Peltier and Ogle, 2019). How-
ever, we still lack a comprehensive understanding of the temporal dy-
namics of legacy effects when both past and current climate condition
are taken into consideration.

In addition, despite the abundance of evidence on the significant
legacy effects recorded in tree-rings, whether these growth legacies
could be upscaled to the level of a whole forest have not been fully
discussed. Tree-ring width is a direct measurement of a tree's radial
growth, and ring width indices (RWI), which are the standardization of
tree-ring width chronology after removing age-related growth trend,
have been considered as a reliable indicator of the variability of forest
growth as well as aboveground woody biomass (e.g., Zweifel et al.,
2010). Many tree-ring chronologies contributed to the International
Tree-Ring Data Bank (ITRDB) were developed from tree cores of old
and dominant individuals for extracting long-term climate signals
(Cook et al., 1995), yet their representativeness was less considered
(Babst et al., 2018; Klesse et al., 2018; Zhao et al., 2018). In a forest,
trees’ size, age, competition intensity, microenvironment and other
factors may all affect their sensitivity to climate and susceptibility to
drought-triggered mortality (Camarero et al., 2018; Larson et al., 2015;
Liu et al., 2018; McDowell and Allen, 2015; Preisler et al., 2019;
Xu et al., 2018). Comparing the legacy effects over multiple years at
both individual tree/plot scale and entire forest/landscape level would
provide comprehensive information of forest ecosystems undergoing
climate change and help to address uncertainties at both scales
(Hartmann et al., 2018).

In this study, we (1) examined the temporal dynamics of legacy
effects recorded in tree-rings with the consideration of both past and
current water deficit conditions, and (2) compared legacy effects on
both tree-ring widths and forest coverage change to expand our un-
derstanding of forest dynamics in response to climate from both spatial
scales. We hypothesized that the temporal pattern of legacy effect
changes when effects from multiple years are superimposed on top of
one another. We also hypothesized that the response of tree growth to
the shift of interannual water deficit condition is rapid and intense, but
forest coverage does not have obvious changes in a short period. To test
our hypotheses, we designed a series of regional-scaled “natural ex-
periments” using tree-ring width data and forest coverage data. We
analyzed the water deficit legacies of three antecedent hydrological
years before current-hydrological years (ybc) on tree-ring widths under
different water deficit conditions during the current-hydrological years.
The term “current-hydrological years” refers to the hydrological years
(i.e., beginning in October of the previous year and ending in
September of the current year in the case of the northern Hemisphere)
when corresponding tree-rings were formed. A similar method was also
used to explore dynamic changes of forest coverage, so that response
differences between tree growth and forest coverage to different in-
terannual water deficit conditions could be revealed.

2. Materials and methods

2.1. Study region

The study region is in the southwestern United States that includes
the states of Utah, Colorado, Arizona, and New Mexico (Fig. 1). The

regional climate of the Colorado Plateau is dependent on large-scale
effects such as wind direction and rain-shadow from the Sierra Nevada,
and largely influenced by elevation and topography (Allen et al., 1998).
It has large spatial gradients in both temperature and precipitation
(Biederman et al., 2017): low elevation is an arid desert climate, while
higher elevations feature alpine climates with large tracts of high-ele-
vation forests. Large interannual variability in precipitation char-
acterizes this region, as it is influenced by the El Niño Southern Oscil-
lation and the Pacific Decadal Oscillation. Recurring droughts are the
primary limiting factor to tree growth in most of this region's forests
(Leavitt et al., 2011; Williams et al., 2010a).

We chose the southwest USA as our study region for several reasons.
First of all, delayed impacts of water deficit are prevalent, and forests
are vulnerable to further droughts in dry ecosystems (Anderegg et al.,
2015). Secondly, tree-ring sampled sites are distributed densely in the
region. Besides, the scarce soil water and meager organic matter here
cannot buffer the impacts on tree growth from water stress
(Swetnam and Betancourt, 1998), which reduces a possible source of
bias in our study.

2.2. Tree-ring data

A total of 357 tree-ring width chronologies of three major tree
species (Pinus edulis Engelm., Pinus ponderosa Douglas ex C. Lawson and
Pseudotsuga menziesii (Mirb.) Franco) were obtained from the
International Tree-Ring Data Bank (https://www.ncdc.noaa.gov/data-
access/paleoclimatology-data/datasets/tree-ring; Fig. 1, Table S1). To
transform tree-ring width data into ring-width indices (RWI), long-term
trends caused by aging and increasing trunk diameter were mostly re-
moved by negative exponential curves using the ARSTAN program
(Cook, 1985). We chose to use standard chronologies since they do not
contain the age-related trend yet still have autocorrelation (the effect of
previous climate or growth on the current year's growth) included.
After performing this standardization, all chronologies were scaled to a
standard mean (RWI = 1000) with a comparable variance; in this way,
spatial heterogeneity among these tree-ring sites could be largely re-
duced. Processed chronologies after the year 1902 were selected for
further analyses.

The tree-ring database we used was composed of 357 standard
chronologies of three major species in the study region, spanning from
1902 to 2012, resulting in a total of 29,969 site-years. Each site-year
was considered as an individual specimen potentially impacted by local
climate variations. Tree growth increment patterns across species and
space were generally coherent (Williams et al., 2012). The three species
have similar responses to water deficit, so we pulled them together to
perform analyses (Figure S1).

2.3. Forest coverage change data

Forest cover data of the study region were extracted from MODIS
Land Cover Climate Modeling Grid (MCD12C1) version 6 data product
(yearly gridded data with a spatial resolution of 0.05°), International
Geosphere-Biosphere Program (IGBP) classification scheme. In the
classification scheme, 17 land cover classes were identified along with
their sub-pixel proportions. Sub-pixel proportions of each land cover
class in each 0.05º pixel ranges from 0 to 100%, thus the sub-pixel
resolution could be considered as 0.005º (approximate 560 m). Forest
categories are determined where lands dominated by woody vegetation
with a percent cover over 60% and height exceeding 2 m (Friedl and
Sulla-Menashe, 2015). We summed the sub-pixel proportions of forest
categories (i.e. evergreen needleleaf forests, evergreen broadleaf for-
ests, deciduous needleleaf forests, deciduous broadleaf forests and
mixed forests) for each pixel in each year from 2001 to 2017 as forest
coverage (FC) data. During the period, if forest ever appeared in a pixel
(i.e. the number of years which identified forest coverage larger than 0,
equal to or greater than one), then we considered the pixel as a
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“potential forest composited pixel (PFP)”. The map of PFPs within the
study region is presented in Fig. 1. The distribution of FC data within
PFPs is displayed in Figure S2. Most of FC data were less than 10%.

Forest coverage change (FCC) was calculated as the departure of
sub-pixel forest coverage (FC) of the current year from its previous year
(Eq. (1)):

=FCC FC FC ,j
n

j
n

j
n 1 (1)

where j represents the jth PFP, and n represents the nth year.
The study region contained 3388 PFPs, spanning from 2002 to

2017, resulting in a total of 54,208 FCC data.

2.4. Climate data

Monthly gridded (0.5° resolution) climate data—precipitation (Pm)
and potential evapotranspiration (PETm)—from 1901 to 2017 for each
pixel with tree-ring chronologies as well as PFPs were obtained from
the Climate Research Unit, TS v.4.01 (https://crudata.uea.ac.uk/cru/
data/hrg/). We first calculated monthly water deficit (Dm) of each site
(Eq. (2)) and aggregated into their annual scale (Dy). “Annual” in this
study refers to the hydrological year (Fang et al., 2015; Salzer and
Kipfmueller, 2005; Williams et al., 2010b), which presents a more
reasonable correspondence between hydrological processes and tree
phenology.

We used annual water deficit anomaly (Dya) to explore the impact of
water deficit variability on tree radial growth and growth legacies. It
was these differences that likely influence subsequent growth, thus
using water deficit anomalies provides a standardization across sites
and years and allows meaningful comparisons.
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where i represents the ith month of a hydrological year, j represents the
jth tree-ring sampled site, n represents the nth hydrological year, and

Dy represents the mean water deficit averaged over 111-hydrological
years (i.e., for 1902–2012).

We matched gridded Dya to RWIs. For tree-ring chronologies within
the same grid, we averaged them for each year to reduce bias caused by
the rough resolution of climate data.

2.5. Natural experiments design

2.5.1. To investigate water deficit legacies in tree-ring widths
Natural experiments are observational studies, yet they share a

major attribute of controlled experiments—that is, comparisons of
outcomes across treatment and control conditions, which pave the way
for causal inference (Dunning, 2008, 2012; Gao et al., 2018). In a
natural experiment, individuals (or clusters of individuals) are exposed
to the treatment and control conditions that are determined by nature,
but the process governing the exposures should arguably resemble
random assignment (Dunning, 2012). We considered tree-ring forma-
tion in natural conditions resembles a randomized exposure. With
abundant RWI data, we designed “natural experiments” to study the
legacy effects of various water deficit conditions in previous hydro-
logical years on tree radial growth of the current years. The two key
steps for revealing the legacy effects of target years (the nth ybc (with
n = 3, 2, 1)) on current tree radial growth were (1) differentiating the
three water deficit conditions (normal, wet or dry) of current-hydro-
logical years, and (2) subdividing the water deficit conditions of the
target year into 7 groups while keeping the non-target years with
normal water condition (data inclusion criterion) (see Table S2 and Fig.
S3 for more details).

For key step (1), we defined three classes of water deficit conditions:
normal (–½SD ≤ Dya ≤ ½SD), wet (Dya > SD), and dry (Dya < –SD),
in which SD was the standard deviation of annual water deficit
anomalies (Dya) with its corresponding tree-ring chronology. Under
each of the three water deficit conditions of the current-hydrological
years, we conducted key step (2). In order to study the legacy effect of a
target year (the nth ybc (with n = 3, 2, 1)), we controlled the water
deficit condition of non-target years as normal through only including
tree-ring specimens that met this criterion. To reveal the legacy effects
of the nth ybc (with n = 3, 2, 1), we subdivided tree ring specimens into

Fig. 1. Distribution of tree-ring chronologies used in southwest USA. A total of 357 tree-ring chronologies of three major tree species (Pseudotsuga menziesii, Pinus
ponderosa, Pinus edulis) were included. Green pixels indicate “potential forest composited pixels (PFPs)”.
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seven groups using water deficit of the nth ybc (the cut off values were
Dya =–2SD,–SD,–½SD, ½SD, SD, 2SD) (Figure S3a-3d). For each group,
we calculated averages for RWIs and averages for Dya of the nth ybc. If
the regression of mean RWIs of current-hydrological years over their
corresponding mean water deficit of the nth ybc were statistically sig-
nificant (Figure S3b-3d), we would conclude that water deficit of the nth

ybc influenced current growth significantly. In this case, only normal
water condition of the nth ybc become the next inclusion criterion for
tree-ring specimens when studying the legacy effect of its subsequent
years. If the regression were not statistically significant (Figure S3a),
then water deficit of the nth ybc would be irrelevant for the subsequent
selections of tree-ring specimens.

2.5.2. Calculation of water deficit legacy in tree-ring widths
Water deficit legacy (ΔRWI) was defined as a departure of the ob-

served tree growth from expected growth (Anderegg et al., 2015).
However, unlike the commonly used method which calculates “ex-
pected growth” based on the statistical relationship between growth or
vegetation indices (e.g. RWI, NDVI) and climate variables
(Anderegg et al., 2015; Jiang et al., 2019; Wu et al., 2017), we used
control groups designated in the natural experiments to represent
“expected growth” of trees (Eq. (5)).

=RWI RWI RWIO C (5)

where RWIO and RWIC were the observed and expected regional mean
forest growth, respectively.

Control groups (i.e. RWIC), which represented the expected mean
tree radial growth occurring in the absence of impacts from past water
deficit, were critical for inferring legacy effects in this study. Under
each water deficit condition of current-hydrological years, we selected
tree-ring specimens formed under the normal condition of antecedent
hydrological years (i.e. years in which regression relationships between
water deficit and growth legacies were statistically significant) as the
control group.

2.5.3. To investigate the impacts of inter-annual water deficit on forest
coverage

We used FCC data to further study the impacts of inter-annual water
deficit on forest coverage dynamics. We first set selection criteria
(normal, wet or dry) to water deficit conditions of the current and its
previous year, and then grouped FCC data according to those criteria so
analysis could be conducted among those groups.

2.6. Results validation

To validate our results, we used the bootstrap method to resample
with replacement and established 1000 new databases, each of which
also contained 29 969 RWI specimens. These new databases were used
to repeat our analyses and these results are presented in Table S3.

3. Results

We built linear regressions of differing water deficit severity in
different time periods against the current-hydrological years’ RWI
(Fig. 2a). By comparing with the control group of the current-hydro-
logical years normal condition, we calculated averaged water deficit
impacts on tree-rings for each level of water deficit in each hydrological
year (Fig. 2b). The impact intensity of water deficit on tree radial
growth changed across lag years. Additionally, in each lag year (i.e. the
3rd ybc, the 2nd ybc, the 1st ybc and current-hydrological years), the
impact intensity increased as a function of the water deficit. The
greatest regression coefficient of RWI/△RWI—Dya (i.e. the steepest
slope of regression) occurred in current-hydrological years (magenta
solid line in Figs. 2a, b), which suggested that water deficit conditions
in current-hydrological years have the strongest impact on growth. As
time recedes to prior years, the regression coefficients decreased from
203.3 to 86.0 and 49.8, respectively, which quantitatively described the
decreasing water deficit legacies retained in tree-rings when going back
to more remote past (Fig. 2c). Besides the direct impacts of current-
hydrological years, legacy effects of 2 prior years were also significant
(p < 0.05) when holding water deficit in current-hydrological years
within normal range (Figs. 2c, d).

Since tree radial growth is most sensitive to water deficit in current-
hydrological years, then the “superimposed effect”—i.e. the direct im-
pact of water deficit on growth superimposed on water deficit legacy
from antecedent years—cannot be neglected. Thus, we assigned RWI
specimens formed under wet and dry conditions of current-hydrological
years into different groups. Generally, tree radial growth benefited from
the current wet conditions (RWIc averaged 1282), and was constrained
by current dry conditions (RWIc averaged 705) (Fig. 3a,b and c). Water
deficit legacies were stronger under the current dry conditions than that
under the current wet conditions (Fig. 3d). Legacy effects of the 3rd ybc
were tested significant when undergoing dry conditions in current-hy-
drological years, while under current-hydrological years wet condi-
tions, only previous 1 year's legacy effects were tested significant, and

Fig. 2. Water deficit legacies of the 3rd (yellow), 2nd (blue)
and 1st (green) years before current (magenta) years (ybc)
under normal water condition of the current-hydrological
years. Regressions of mean ring-width indices (RWIs) (a) or
water deficit legacies (ΔRWI) (b) of current years over their
corresponding mean water deficit of the nth ybc. Regression
coefficients (c) and determination coefficients (R2) (d) of re-
gressions in different time period. ΔRWI were calculated as
the departure of averaged observed RWIs from the mean of
control group (RWIC = 1056); dashed black lines mark the
mean of RWIC; error bars are means±1 SEM (standard errors
of means). Regression coefficients with statistical significance
(p < 0.05) were indicated with solid lines (a, b) and with
asterisks (c). (For interpretation of the references to color in
the text, the reader is referred to the web version of this ar-
ticle.)
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the intensity (indicated by regression coefficients) was only 57% of that
under current-hydrological year dry conditions (Figs. 3d,e).

We further studied the impacts of inter-annual water deficit fluc-
tuation on tree radial growth. As water condition of current-hydro-
logical years improved, regardless of antecedent water conditions, the
regional mean tree radial growth increased remarkably (Fig. 4a). In
addition, tree radial growth further benefited from antecedent wetness
but suffered negative impacts from antecedent dryness (Fig. 4a). Under
each water deficit condition for the current-hydrological years, we
conducted nonparametric tests (Mann-Whitney U test) between RWIs
formed under the antecedent wet or dry conditions (blue or red dots in
Fig. 4a) and RWIs formed under the antecedent normal conditions
(black dots in Fig. 4a), which could be considered as treatment and
control groups, respectively. All treatment groups were significantly
different from their control groups (p < 0.05), except for the one in
which trees experienced periods of consecutive dryness in both current
and antecedent hydrological years (the bottom red dot in Fig. 4a). This
suggested that consecutive years of dryness did not reduce the growth

of the surviving trees more than a single year of dryness in the study
region.

By comparing with control groups, we calculated water deficit le-
gacies. Antecedent wetness resulted in positive legacy effects yet
antecedent dryness resulted in negative legacy effects (Fig. 4b); notably,
the absolute values of positive legacy effects from antecedent wetness
were generally larger than those of negative legacy effects from ante-
cedent dryness, highlighting the extent of enhancement of antecedent
wetness on individual tree growth. Positive legacy effects were most
pronounced under the current-hydrological years’ dry conditions, and
least pronounced under the current-hydrological years’ wet conditions;
while negative legacy effects were most pronounced under the current-
hydrological years’ normal conditions, yet least pronounced under the
current-hydrological years’ dry condition.

The representativeness of tree radial growth to the changes of forest
coverage is uncertain. To solve part of this uncertainty, we explored the
impacts of inter-annual water deficit fluctuations on forest coverage.
Under normal to wet conditions within 2-hydrological years, the

Fig. 3. Water deficit legacies of the 3rd (yellow), 2nd (blue)
and 1st (green) years before current (magenta) years (ybc)
under wet (circles in a, b) and dry (triangles in a, c) water
conditions of the current-hydrological years. Regressions of
mean ring-width indices (RWIs) (a) or water deficit legacies
(ΔRWI) (b, c) of current years over their corresponding mean
water deficit of the nth ybc. Regression coefficients (d) and
determination coefficients (R2) (e) of regressions in different
time period. ΔRWI were calculated as the departure of aver-
aged observed RWIs from the mean of control group with
current wet years (b, circles, RWIC = 1282) or from the mean
of control group with current dry years (c, triangles,
RWIC = 705), respectively; dashed black lines mark the mean
of RWIC; error bars are means±1 SEM (standard errors of
means). Regression coefficients with statistical significance
(p < 0.05) were indicated with solid lines (a, b, c) and as-
terisks (d). (For interpretation of the references to color in the
text, the reader is referred to the web version of this article.)

Fig. 4. Comparisons of water deficit legacies under different
inter-annual water deficit conditions. (a) Averaged RWI under
different inter-annual water deficit conditions. Tree-ring spe-
cimens formed under the wet or dry conditions in antecedent-
hydrological years were selected as treatment groups (blue
and red dots), and formed under normal conditions in ante-
cedent-hydrological years were selected as control groups
(black dots). Asterisks indicated treatment groups were sig-
nificantly different from their control groups (p < 0.05).
Sample size of each RWI group is given in Table S7. (b) Water
deficit legacies (ΔRWI) under different water conditions of
current-hydrological years. ΔRWI were calculated as the de-
parture of the treatment groups (blue bars: wet in previous
years; red bars: dry in previous years) from their control
groups. (For interpretation of the references to color in the
text, the reader is referred to the web version of this article.)
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proportion of pixels showing a decrease in forest coverage (i.e. negative
FCC) was relatively small (pie plots in Figs. 5b,c,e,f), and the increased
forest area (IFA) and decreased forest area (DFA) were comparable
(histograms in Figs. 5b,e,f). This indicated that forest coverage re-
mained relatively stable under normal to wet conditions. When ex-
periencing dryness, the proportion of pixels corresponding to forest
coverage decrease increased, whereas the proportion of pixels corre-
sponding to forest coverage increase decreased (pie plots in
Figs. 5a,d,g,h). Consequently, the ratio of IFA to DFA became smaller,
especially under the consecutive dryness condition (histograms in
Figs. 5a,d,g,h). This indicated that continuous dryness could lead to
accelerated forest dieback.

4. Discussion

4.1. Temporal dynamics of water deficit legacy in tree-rings

In this study, we disentangled the impacts of water deficit on tree
radial growth over a course of several years. Firstly, the impact of
antecedent water deficit on radial growth of trees changed dynamically
over time. The detectable impacts lasted, on average, for 1 to 3 hy-
drological years (close to 4 calendar years), and their duration strongly
depended on water deficit conditions of current-hydrological years
(Figs. 2c,3d). Secondly, the impact intensity of antecedent water

condition was affected not only by the amount of water deficit, but also
by the elapsed time of water deficit and water deficit conditions of
current-hydrological years (Figs. 2b,3b,3c). As shown in the results,
ΔRWI—Dya regressions were tested significant in different time periods,
but the intensity of legacy effects changed remarkably over those time
periods (Figs. 2c,d, 3d,e). The results suggested that if we considered
legacy effects to have constant intensity over a fixed timescale, un-
certainties and bias could still arise when applying those statistical
models to make forecasts.

The dynamic changes of water deficit legacy draw our attention to
superimposed effects caused by current water deficit conditions. Under
the dry conditions of current-hydrological years, tree radial growth was
more easily affected by antecedent water deficit (Fig. 3c), and the de-
tectable water deficit legacies lasted the longest (Fig. 3d). These results
together with previous studies which found that drought legacies are
most pronounced in arid ecosystems (Anderegg et al., 2015;
D'Orangeville et al., 2018) indicate the importance of antecedent water
conditions increased as vegetation faces more severe water shortage. In
contrast, current wetness greatly benefits tree radial growth
(Jiang et al., 2019; Peltier et al., 2016; Yi et al., 2018), and it diminishes
the difference of legacy effects affected by antecedent water conditions.
Moreover, the positive legacy effect via antecedent wetness was gen-
erally larger than the negative legacy effect from antecedent dryness
(Fig. 4). This result demonstrates strong enhancement of wetness on

Fig. 5. The impact of inter-annual water
condition on forest coverage change (FCC)
within potential forest composited pixels
(PFP) under wet-dry (a wet year followed
by a current dry one, a), wet-normal (b),
wet-wet (c), normal-dry (d), normal-
normal (e), normal-wet (f), dry-dry (g),
dry-normal (h), and dry-wet conditions (i).
n is the number of pixels where inter-an-
nual water deficit was consistent with the
designed conditions. Pie plots present the
percentages of pixels with no forest (gray),
with forest coverage unchanged (tur-
quoise), increased (blue) or decreased
(red). Histograms presented the distribu-
tions of increased (blue) and decreased
(red) forest coverage. “No forest” stand for
the sub-pixel proportion of forest equal to
zero in both current- and previous-hydro-
logical years; “unchanged” stands for the
sub-pixel proportion of forest larger than
zero, yet FCC equal to zero; “increased”
and “decreased” stands for positive and
negative FCC, respectively. Increased
forest area (IFA) and decreased forest area
(DFA) are calculated as the accumulation
of positive FCC and negative FCC, respec-
tively. IFA: DFA represents the ratio of IFA
to DFA. (For interpretation of the refer-
ences to color in the text, the reader is re-
ferred to the web version of this article.)
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individual trees: antecedent wetness significantly enhanced resistance
of individual trees to drought while wetness after drought accelerated
their growth recovery.

For studying the temporal dynamics (i.e. the length, temporal pat-
terns and strength) of legacy effects, we employed the natural experi-
ment approach. A more frequently used analytic approach is the sto-
chastic antecedent modeling (SAM) framework (Ogle et al., 2015). The
SAM framework is mainly used to study the legacy effects after past
extremes or disturbances, therefore, to identify those past events is the
first step in the analyses. In this study, although we also studied the
temporal dynamics of legacy effects, we emphasized the importance of
current climate conditions, and our first step to conduct analyses is to
differentiate the water deficit conditions (normal, wet or dry) of cur-
rent-hydrological years, thus the SAM framework is less suitable. With
the natural experiment designs, we compared legacy effects under dif-
ferent water deficit conditions of current years and observed the tem-
poral dynamics of growth legacy. Natural experiment is a design-based
approach, the statistical analyses of which are straightforward and
transparent. Nevertheless, the representativeness of its results can be
affected by the quantity and distribution of tree‐ring sampling sites.
Therefore, improving the representativity of the ITRDB will greatly
benefit reginal- to global-scale studies with tree-rings in the future
(Zhao et al., 2018).

4.2. Comparisons of the impacts of inter-annual water deficit on tree growth
and forest coverage

At landscape level, forest coverage will easily submit to dryness, but
the recovery of it could not happen in a short period, and mainly stable
inter-annual water deficit conditions may favor the recovery process in
the study region. Comparing the dynamic changes between forest
coverage and tree growth to inter-annual water deficit fluctuations, we
can see some synchronized responses. After a dry year, both tree growth
and forest coverage declined (Figs. 4,5a,5d,5h). This result is in line
with other studies that as tree growth declines, dieback severity and
mortality rate may increase in a region (Huang et al., 2015; Williams
et al., 2010a). In recent decades, hotter droughts as well as increasingly
severe wildfires and insect pests have pushed trees to the edge of sur-
vival (Anderegg et al., 2015b; Williams et al., 2012). Many studies re-
ported the extensive drought-related tree mortality in the southwest
USA (Meddens et al., 2015; van Mantgem et al., 2009). Therefore, the
rapid and intense response of forest coverage within just two years not
just reflect partial dieback of individual trees, but also the mortality of
some trees and stands.

We also observed response differences to inter-annual water deficit
fluctuation between forest coverage and individual trees. Unlike the
sensitive response of tree radial growth to wetness, forest coverage
remained relatively stable but did not expand under normal to wet
inter-annual water deficit conditions within two years. This suggests
that tree growth is more sensitive to wetness than forest coverage. To
our surprise, when undergoing consecutive dry years, the decrease of
forest coverage accelerated, yet the decline of tree growth showed no
significant difference from it undergoing a single dry year. The re-
presentativeness of tree-ring data in the ITRDB has been questioned:
some studies pointed out that tree-ring data in the ITRDB significantly
overestimate regional forest climate sensitivity due to the specific se-
lection of sampling sites (Klesse et al., 2018). Moreover, evidences
showed that old and big trees are more sensitive and vulnerable under
drought stress in the study region (Stovall et al., 2019; Xu et al., 2018).
However, these findings cannot explain the difference between the re-
sponse of tree growth and that of forest coverage, which were measured
at different levels and with different resolutions, to persistent drought.
A possible explanation is that trees sampled from environmentally
harsh elevational range boundaries though climate sensitive are not
subjected to strong competitive constraints (Anderegg and
HilleRisLambers, 2019), indicating that competition for soil water is a

potent driver of tree mortality under a condition of persistent water
shortage. Another explanation is that this result is an outcome of the
“survivor bias” since tree-rings were sampled from surviving in-
dividuals which could be more resilient to drought stress. Updating
more metadata (e.g., diameter at breast height, microenvironment in-
formation) of sampled trees in the ITRDB can help to clarify these un-
certainties.

The differential and asymmetric impacts of dryness and wetness on
tree growth and forest coverage may provide insights into the direc-
tional changes of forest ecosystems. When experiencing environmental
stress, forest could manage multiple adjustments to reinforce their re-
silience (Trumbore et al., 2015), including enhancing physiological
defenses (Tomiolo et al., 2017), reducing individual growth rates
(Cailleret et al., 2017; Camarero et al., 2015; Coulthard et al., 2017;
Lloret et al., 2011; Spannl et al., 2016), increasing resource-use effi-
ciency (Zhang et al., 2014), compensating mortality through demo-
graphic stabilizing processes (Lloret et al., 2012), and altering com-
munity structure and species composition by increasing mortality or
shifting dominance of tree species (Dorman et al., 2015;
Kuparinen et al., 2010; Larson et al., 2015; van Mantgem et al., 2009;
Young et al., 2017). When drought stress is relieved, compensatory
growth of individuals occurred first, while the recovery of forest cov-
erage may take more years under the premise of stable climate condi-
tions.

Cross-scale comparisons of drought responses contribute to gen-
erating new insights of dynamic transitions of a forest under water
stress. For instance, drought legacy effects were detected in tree-ring
increments but not in other canopy processes in a deciduous broadleaf
forest in Midwestern US, indicating that post-drought canopy allocation
could be an important mechanism that decouples tree-ring signal from
ecosystem fluxes (Kannenberg et al., 2019). Another case in point is
that the decoupling of growing season length from wood biomass in
drought-prone environments could be explained by the decrease of
xylem growth rate under dryer climate (Ren et al., 2019; Ziaco and
Liang., 2018). Therefore, linking the physiological processes of in-
dividuals and the ecological processes of an ecosystem is essential for
integrating existing theories and further developing new theories.

5. Conclusions

To conclude, our results presented the dynamic and asymmetric
impacts of inter-annual water deficit on both tree radial growth and
forest coverage in the southwest USA. With abundant tree-ring records,
forest coverage data and ad hoc designed natural experiments, we were
able to study the temporal dynamics of legacy effects on multiple
events, which is different from previous studies focusing on legacy ef-
fects of a single extreme event. In addition, we revealed that growth
dynamics of individual trees do not fully represent forest-cover dy-
namics in response to drought. Tree-ring data are now being widely
used to study climate impacts on forests due to their temporal con-
tinuity, spatial availability and accuracy in measurement, yet linking
the variability of tree stem growth with processes involved in forest
dynamics still needs efforts. Combining the study of individual trees
and forest structure would enhance our ability of predicting future
forest dynamic transitions under a rapidly changing climate.
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