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Abstract

Despite a long history of discussion of ‘non-stationarity’ in dendrochronology, researchers and
modellers in diverse fields commonly rely on the implicit assumption that tree growth responds to
climate drivers in the same way at any given time. Synthesising recent work on drought legacies
and other climate-related phenomena, we show tree growth responses to climate are temporally
variable, and that abrupt variability is commonly observed in response to diverse events. Thus, we
put forth a ‘growth-climate sensitivity’ framework for understanding temporal variability (includ-
ing non-stationarity) in the sensitivity of tree growth to climate. We argue that temporal variabil-
ity is ubiquitous, illustrating limits to the ways in which tree growth is often conceptualised. We
present two conceptual hypotheses (homoeostatic sensitivity and dynamic sensitivity) for how tree
growth sensitivity to climate varies, and evaluate the evidence for each. In doing so, we hope to
motivate increased investigation of the temporal variability in tree growth through innovative dis-
turbance or drought experiments, particularly via the inclusion of recovery treatments. Focusing
on growth-climate sensitivity and its temporal variability can improve prediction of the future
states and functioning of trees under climate change, and has the potential to be incorporable into
predictive dynamic vegetation models.
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INTRODUCTION

Dynamics and processes governing the states and variability
in tree growth are critical drivers of terrestrial biosphere
responses to climate change. Forests are major components of
global carbon fluxes and sinks (Bonan 2008; Pan et al. 2011),
and predicting their behaviour under increasingly novel regio-
nal and global climate events (Overpeck 2013; Sobel et al.
2016; Richardson et al. 2018) is challenging (Luo et al. 2015),
but also essential to forecasting impacts of future climate
change on the terrestrial biosphere. Unfortunately for mod-
ellers, trees are long-lived organisms, and their responses to
climate integrate variability across multiple time scales, from
sub-daily to centuries. This ‘integration’ of antecedent climate
has been evaluated with tree-ring data sets through a variety
of approaches both classically (Fritts et al. 1971; LaMarche
1974), and more recently in studies considering multi-year lags
(e.g. Sarris et al. 2007, Mazza and Manetti 2013, Bond-Lam-
berty et al. 2014, Peltier et al. 2018). The explanatory power
of these approaches, however, still tends to be relatively poor,
particularly considering the huge amount of tree-ring data
available across species, elevations and continents (Zhao et al.
2018), and the over-representation of trees that are highly sen-
sitive to climate in available data sets (Nehrbass-Ahles et al.
2014; Klesse et al. 2018; Gut et al. 2019). Any aspiring

dendrochronologist may be surprised to find it can be chal-
lenging to detect strong correlations among tree-ring widths
and any single climatic variable, and a number of methods
have been developed for discovering these correlations (e.g.
response coefficients; Fritts 1962, Blasing et al. 1986). Even
so, at the individual-level, tree-ring widths may not clearly
relate to climate, and the strongest correlations tend to emerge
at larger spatial scales, beyond the plot level (e.g. Swetnam
1993, Stahle et al. 2000).
Once a strong relationship between growth (ring widths)

and climate is established, tree growth is often conceptualised
as a constant function of climate covariates. That is one often
assumes that (1) given sufficient knowledge of the strength
and direction of the relationships, (2) tree growth can be pre-
dicted at any time as a constant function of those climate
covariates. Implicit is the assumption that trees respond in the
same way at any given time to climate drivers, by producing a
certain amount of growth given particular values of these dri-
vers. This may be familiar to some as the dendrochronological
interpretation of the principle of uniformity (Fritts & Swet-
nam 1989), more specifically referred to as stationarity
(Wilmking et al. 2017). Stationarity is a key assumption of
dendrochronological reconstructions – it would be impossible
to reconstruct past climates if trees responded differently to
climate in the past than they did during the instrumental
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record. At large scales, summarising across many individuals,
stationarity is often supported, particularly after detrending to
remove troublesome ‘biological’ information.
For example ‘age effects’ are removed through a variety of

approaches (reviewed in Fritts and Swetnam 1989), and more
flexible spline-based approaches can remove other biological
information (e.g. competition, Cook & Peters 1981). The goal
of such detrending is to remove variability unrelated to cli-
mate, enhancing the underlying climate signal. In reality
though, isolation of climate signals can be extremely challeng-
ing, particularly in the presence of low-frequency variability
(Cook et al. 1995; Melvin & Briffa 2008). However, for the
purposes of modelling and predicting carbon fluxes and stocks
across the terrestrial biosphere, the absolute magnitude of sec-
ondary growth in trees is important, rather than standardised
growth indices, given that absolute growth is directly related
to carbon fluxes (Rocha et al. 2006; Teets et al. 2018). As we
argue below, while stationarity may adequately describe aver-
age responses at large scales (e.g. regional tree-ring networks),
individual trees may still experience transient perturbations or
directional changes in their climate responses.
Such non-stationarity of tree growth-climate sensitivities has

been frequently discussed in dendrochronology (Fritts et al.
1971). While software tools for evaluating the stationarity of
growth–climate relationships have existed for some time
(Biondi & Waikul 2004), a recent meta-analysis has shown
stationarity was ignored or tests were inadequate to detect it
in about 2/3 of nearly 2000 published studies (Wilmking et al.
2020). Despite evidence for non-stationarity in a majority of
these studies, average citation counts show studies assuming
stationarity received twice the number of citations as those
that did not (Wilmking et al. 2020). This suggests that while
discussion of non-stationarity in dendrochronology has existed
for many years, awareness of non-stationarity is not wide-
spread, or is ignored, perhaps particularly among non-special-
ists. Non-stationarity as considered in dendrochronology
tends to describe or imply smooth changes in growth–climate
relationships, and it is often treated as a feature to be
removed or minimised by detrending approaches. This has
primarily been evaluated via simplistic moving window
approaches with a common window size of 30 years (Biondi
& Waikul 2004; Wilmking et al. 2020). As we will argue,
changes in tree growth response to climate variables can in
fact be abrupt, occur from one year to the next, can occur fol-
lowing diverse events, and arises from physiological processes
that are not well understood.
Expanding upon the concept of non-stationarity, we posit

that, in general, trees do not respond to climate drivers in the
same way at any given time (Fig. 1). While average responses
are a useful statistical framework that can robustly represent
overall growth behaviours, if the state of predictive models
and knowledge of tree function are to be advanced, we argue
it is time for explicit consideration of the temporal variability
in tree growth responses to climate. This is particularly rele-
vant as predictions are extended further into the future, and
thus into increasingly novel climatic conditions (Seager et al.
2007; Mora et al. 2013; Williams et al. 2013).
Here, we define temporal variability in tree growth sensitivity

as any change in the quantifiable response of tree growth

(usually ring width) to climate variables; for ease, we will refer
to this as variable growth-climate sensitivity. Variable growth-
climate sensitivity is distinct from the direct impacts of some
event on the amount of growth, wherein perturbations (e.g.
low seasonal precipitation) can alter (e.g. reduce) growth with-
out altering the sensitivity of growth to climate. Variable
growth-climate sensitivity describes how trees experiencing the
same climate forcing at different times (or under different
physiological states) may respond differently to that climate
forcing, as measured through the increment of growth pro-
duced in response to that forcing (Fig. 1). For example if tree
A experienced a severe disturbance (e.g. defoliation) in the
previous year, it may grow less than expected under average
seasonal precipitation, given the historical average growth
response to precipitation. In contrast, growth in tree B, which
did not experience a recent disturbance, may exhibit a growth
response to this same ‘average precipitation’ that more closely
matches the historical average growth response to precipita-
tion. Another way to conceptualise this is that tree A and tree
B are in different physiological states, and despite receiving
the same amount of water in a particular year, they do not
produce the same amount of growth.
While there are many physiological or physical processes

that could lead to variable growth-climate sensitivity, from a
modelling or forecasting perspective, each would lead to
altered correlation among tree-ring widths and climate. We
suggest that abstracting numerous and somewhat poorly
known potential physiological impacts into changes in the
sensitivity of tree growth to climate is a useful strategy. This
is particularly true because we are increasingly interested in
improving our ability to predict the responses of trees and
forests to climatic variability in the context of ongoing and
future climate change.

Figure 1 Tree growth in relationship to a climate covariate, such as

precipitation, based on simulated data that is representative of typical

patterns seen in real data. The black symbols depict trees in a ‘normal’

state, and red symbols depict trees in a ‘perturbed’ state, such as would

occur immediately following severe drought events (but after the drought

has passed). A linear regression was fit to all points (both states

combined) to illustrate the ‘average’ relationship that would be inferred

from such data (gray line; associated R2 given in gray). Separate

regressions for each tree state were also conducted (normal: black line

and text; perturbed: red line and text). While the average fit to all points

is adequate, it misses the detail that trees are less sensitive to precipitation

following drought events (shallower slope of red versus gray line). That is,

the sensitivity of trees to precipitation is temporally variable.
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Thus, variable growth-climate sensitivity encompasses ear-
lier dendrochronological concepts of non-stationarity, includ-
ing those related to the so-called ‘divergence problem’
(discussed later), but also includes more recently quantified
drought legacies and other phenomena. As we will describe,
while the mechanisms underlying certain processes (e.g. mast-
ing or nutrient pulses) leading to variable growth-climate sen-
sitivity may be apparent (Reimchen & Arbellay 2019), others
(e.g. drought legacies, decline or lagged mortality, climate
change forcings) are still poorly understood (Peltier & Ogle
2019b). The impacts of these drivers, however, are all poten-
tially quantifiable through their effects on the sensitivity of
tree growth to climate, with potentially strong links to key
quantities of interest, such as aboveground biomass, carbon
fluxes and transpiration. Additionally, the large amount of
existing tree-ring data provides myriad opportunities to
explore these concepts (Zhao et al. 2018), results from which
can motivate new manipulative experiments (discussed later).
We first briefly describe the breadth of recent and past

research documenting variable tree growth-climate sensitivity
in response to numerous processes, demonstrating the ubiq-
uity of variable sensitivity, and pointing towards potential
underlying mechanisms. Consequently, we hypothesise (H1)
that tree growth-climate sensitivities quantified through typical
statistical methods are representative of ‘target’ growth-cli-
mate sensitivities (homeostatic sensitivity). Distinct from the
concept of stationarity (Fig. 2a), homeostatic sensitivity
describes trees that respond similarly to climate across time
and over a range of conditions according to some baseline
growth-climate sensitivity (Fig. 2b, line A). That is trees usu-
ally produce a certain amount of growth in response to speci-
fic climate conditions (target sensitivity). However, sufficiently
extreme temporary conditions or states may perturb tree phys-
iological homeostasis, leading to deviations from that target
or baseline sensitivity (Fig. 2b). An implication of this
hypothesis is that trees will return to their target growth-cli-
mate sensitivity (i.e. homeostasis) given sufficient time and
favourable conditions (see Drought legacies), or die if condi-
tions do not improve (see Directional changes). Thus, trees
would still appear to exhibit stationarity at large scales and
over long time periods (Fig. 2b, line A), and would only show
variable sensitivity under extreme physiological perturbations
or disturbance during short intervals (Fig. 2b, recovery per-
iod). We also propose a competing hypothesis (H2) where a
target sensitivity does not exist. Here, tree growth sensitivity
to climate is an emergent property of inter-annually dynamic
prioritisation of different physiological functions, particularly
allocation of carbon resources (dynamic sensitivity, Fig. 2c).
Under H2, growth-climate sensitivities vary over time, and
sensitivity estimates assuming stationarity essentially average
these dynamic sensitivities over the period of investigation.
Under this hypothesis, the interpretation of stationarity would
be different, simply reflecting that limiting factors (say low
precipitation) at a given site or region tend not to change very
often.
We emphasise that the homeostatic and dynamic sensitivity

hypotheses are not mutually exclusive, but represent concep-
tual endpoints for thinking about tree growth-climate sensitiv-
ities. For example one might imagine a tree maintains a target

Figure 2 Three hypotheses for tree growth-climate sensitivity, shown as the

slope of a given growth-climate relationship. (a) Growth-climate sensitivity is

often treated as temporally invariant at large scales or across long time periods,

following the principle of stationarity. Thus, growth responds in the same way

at all times to precipitation, leading to constant sensitivity across time (black

lines with gray shading). However, in individual trees and under

certain situations, sensitivity may vary with time. Two new hypotheses for how

variable growth-climate sensitivities may emerge are: (b) homeostatic

sensitivity (H1), where trees generally maintain a target, baseline sensitivity (A,

black lines, light gray shading), where growth-climate sensitivity only changes

(gray lines, dark gray shading) following after trees experience a significant

perturbation (orange asterisk) to physiologic homeostasis; and (c) dynamic

sensitivity (H2), where a target sensitivity does not exist, but rather growth-

climate sensitivity is an emergent property of the physiological status of trees at

any given time, and thus can vary over time. Physiological states give rise to

different ‘emergent’ growth-climate sensitivities, and thus, these sensitivities

vary across time, as illustrated for a tree at times A (light gray lines and light

gray shading), B (dark gray lines and dark gray shading), and C (black lines

and medium gray shading) across two state changes occurring at time 1 and 2.

© 2020 John Wiley & Sons Ltd.

Ideas and Perspectives Growth-climate variability 1563



sensitivity until a sufficiently extreme perturbation induces a
state change (hysteresis), leading to homeostasis around a new
(altered) growth-climate sensitivity. Homeostatic growth-cli-
mate sensitivity is likely to emerge from homeostasis in other
tree traits, such as root-shoot ratio, hydraulic conductance, or
labile carbon stores (examples below). However, both
hypotheses (homeostatic vs. dynamic) require recognition of
the temporal variability in tree growth-climate sensitivity, and
provide different lenses for conceptualising this variability in
the examples described below.

TEMPORAL VARIABILITY IN GROWTH-CLIMATE

SENSITIVITY IS UBIQUITOUS

Perhaps the strongest evidence for variable growth-climate
sensitivity comes from recent work documenting widespread
legacies of drought in tree growth (Anderegg et al. 2015).
Using a large tree-ring data set, Anderegg et al. (2015) quanti-
fied the responses of ring-width chronologies to cumulative
water deficit (a drought or moisture index) for the years
before drought events. Prediction of ring-width in the 1–
4 years following drought using the same pre-drought
responses led to systematic prediction error, whereby ring-
width was over-predicted by the pre-drought climate sensitivi-
ties (Anderegg et al. 2015). Thus, this study implies altered
(reduced) ring-width sensitivity to moisture availability is a
common, global response of trees to many unique drought
events. Unlike evidence for non-stationarity from the den-
drochronology literature (see below), this study quantifies
abrupt, disjunct changes in growth-climate sensitivity, where
sensitivity is significantly perturbed from 1 year (drought
year) to the next (year after drought).
Other studies have followed, including quantification of

legacies occurring at the ecosystem scale from eddy-flux
covariance data sets (Schwalm et al. 2017), and numerous
other tree-ring based studies focused on the southwestern US
(Peltier et al. 2016; Gao et al. 2018; Peltier & Ogle 2019a), the
western US (Peltier & Ogle 2019b), the eastern US (Kannen-
berg et al. 2018), the conterminous US (Dannenberg et al.
2019), the Northern Hemisphere (Wu et al. 2018), and global
syntheses (Yin & Bauerle 2017; Huang et al. 2018). Drought
legacies have also been shown in tree seedlings in the tropics
(O’Brien et al. 2017). Many of these studies implicitly assume
homeostatic sensitivity (H1), as most quantify a recovery per-
iod, equivalent to the amount of time it takes for trees to
return to a target growth-climate sensitivity.
Given the growing body of work exploring drought legacies,

studies explicitly interested in experimentally identifying the
mechanisms underlying lagged drought recovery are emerging.
However, a key challenge is that legacies are most easily
detected at large spatial scales. With few exceptions, detection
of drought legacies is accomplished by data syntheses, primar-
ily using tree-ring or flux-tower networks (Anderegg et al.
2015; Peltier et al. 2016; Schwalm et al. 2017; Jiang et al.
2019). Drought legacies at large scales are generally associated
with at most about a 10% decrease in growth in the year after
drought (Anderegg et al. 2015). However, changes in growth-
climate sensitivity may not be extremely large (Fig. 1), so tree-
and site-level variability likely obscures these patterns at

smaller scales. Perhaps for this reason, our mechanistic insight
is currently limited to generalisations made from large-scale
syntheses. To promote broader exploration of the drivers and
causal factors underlying drought legacies, and variable
growth-climate sensitivity in general, we highlight four general
classes of mechanisms of variable growth-climate sensitivity. In
doing so, we argue that these mechanisms each impact
growth-climate sensitivity and carbon status, quantities that
can be readily incorporable into predictive models. The four
classes of mechanisms include: physical, hydraulic, carbon
source-sink dynamics and structural. We argue that the mech-
anisms underlying how individual trees differentially respond
to climate during different time periods – particularly physio-
logical processes – are not fully understood, but can be
explored using tree rings and focused experimental design.

WHAT ARE THE UNDERLYING MECHANISMS?

Physical factors describe changes in growth-climate sensitivity
not arising directly from changes in tree physiology. For
example access to and recharge of deep soil water may be an
important factor underlying precipitation and drought lega-
cies. Some trees rely on deep soil water, and in some cases this
can be extremely deep (e.g. >10 m; Nardini et al. 2016).
Observations of ‘rock-moisture’ and co-occurring roots at
depths > 15 m suggest deep soil water reserves may decouple
trees from current climate conditions (Rempe & Dietrich
2018). Access to deep sources is also likely a major factor in
the unexpected survival of Pinus edulis trees under severe
experimental drought and heat in New Mexico (McDowell
et al. 2019). We suggest that under multi-year or extreme
drought events, trees may exhaust more shallow or intermedi-
ate water sources, and thus be ‘forced’ to explore deeper
sources, where they have comparatively fewer roots. Interme-
diate and deep water sources are often recharged infrequently,
making soil water scarce in subsequent years, and leading to
uncharacteristically reduced growth responses to precipitation
inputs. It follows that improved understanding of how mature
trees (particularly large ones [Kerhoulas & Kane 2012]) access
and utilise different soil water sources is likely necessary to
make these observations generalisable towards prediction.
These physical impacts are difficult to differentiate from their
downstream effects on tree physiology (e.g. cavitation, see
below). As we argue later, an intermediate solution is to quan-
tify the impact of severe drought on tree growth-climate sensi-
tivities in diverse environments. But, improved characteri-
sation of the physiological status of impacted trees could dis-
tinguish physical versus physiological causes of variable
growth-climate sensitivities.
From the perspective of drought legacies, lasting hydraulic

damage is perhaps the most commonly invoked mechanism,
and was the primary cause posited by Anderegg et al. (2015),
who showed larger legacy effects were more often found in
species with lower hydraulic safety margins. Cavitation-in-
duced changes in sapwood conducting area are highly consis-
tent with homeostatic sensitivity, where trees must regain lost
sapwood conducting area to achieve pre-drought growth-cli-
mate sensitivities. For example Trugman et al. (2018) showed
multiple drought-related phenomena could be reproduced by

© 2020 John Wiley & Sons Ltd.
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a simulation model that incorporated drought-induced loss of
sapwood conducting area. In particular, their model could
simulate drought legacies in addition to greater mortality of
larger or older trees during drought (Stovall et al. 2019), and
for multiple years after drought (e.g. Bigler et al. 2007), con-
sistent with Darcy’s law (McDowell & Allen 2015). A key
component of this model was the interaction between carbon
demands for xylem regrowth in post-drought years (to replace
cavitated sapwood) and photosynthetic production of carbon
by a water-limited canopy (due to the loss of sapwood con-
ductance; Trugman et al. 2018). Lagged tree mortality
occurred when trees were unable to close the gap between
canopy water demands and stem conductance capacity, result-
ing in inability to achieve positive carbon balance. Larger
trees were more likely to die because they produced narrower
rings, and thus required more years of post-drought growth
to regain a given sapwood area. Hence, short-term limitations
imposed by hydraulic damage can change the way that trees
respond to climate, leading to temporal variation in growth-
climate sensitivity. These types of dynamics have also been
observed in growth-climate sensitivities of dying trees (see di-
rectional changes), where homeostatic sensitivity arises from
trees balancing carbon and water demands, and trees die
when they fail to return to their target growth-climate sensi-
tivities.
Carbon source-sink dynamics are perhaps the most poorly

understood potential mechanisms contributing to variable
growth-climate sensitivity. In particular, changes in the size,
location, or mobility of transient stores of non-structural car-
bohydrates (NSCs) during drought events likely play a promi-
nent role in slow recovery. NSCs are drawn upon to support
early season wood growth, particularly earlywood (Belmecheri
et al. 2018; Szejner et al. 2018). In the post-drought recovery
period, there is some evidence that NSCs are preferentially
allocated to either damaged canopies as photosynthesis is
upregulated (Kannenberg et al. 2019), or to the rhizosphere to
prioritise soil resource scavenging (Hagedorn et al. 2016).
These two studies, in particular, suggest a strategy for return-
ing to and maintaining a target growth-climate sensitivity via
preferential allocation of NSCs to different sinks. At shorter
time-scales, direct environmental (climatic) limitations on the
activity of carbon sinks may promote accumulation of NSCs
(Fatichi et al. 2014), which could lead to subsequent variation
in growth-climate response or lagged growth surpluses
(McDowell 2011). Under dynamic sensitivity, growth-climate
sensitivities, particularly of earlywood formation, could simply
emerge from the balance of available NSCs and sink demands
for carbon, whereas homeostatic sensitivity may result from
trees preferentially reallocating NSC reserves following stress.
Consequently, variability in recovery times across species,
sites, or individuals could be associated with variability in
pre-drought NSC pool size, differences in NSC allocation pri-
orities, or differences in the climatic sensitivity of different
carbon sinks. Understanding the importance of carbon
source-sink dynamics to variable growth-climate sensitivity
requires improved understanding of NSC dynamics, especially
the role of deep or old NSC reserves (Carbone et al. 2013).
Structural changes to trees are most consistent with a dy-

namic sensitivity hypothesis, where stress induced changes in

crown or hydraulic architecture, particularly the ratios of bio-
mass partitioned among different organs, may result in differ-
ent emergent growth-climate sensitivities. For example crown
damage may lead to slow recovery of tree growth following
drought events. This may be particularly important in conifers
with annual needle crops, which rely on previous year’s nee-
dles for some component of their assimilatory capacity
(LaMarche Jr & Stockton 1974; Fritts 1976). Drought stress
could reduce photosynthetic capacity of older needles (Naidu
et al. 1993; Balster & Marshall 2000), or result in the drop-
ping of older needles. This reduction in crown area could
influence tree growth for multiple subsequent years if multiple
needle cohorts are required to regain pre-drought total leaf
area (suggested in Peltier et al. 2016). Similar effects could
result from coarse-scale crown damage, such as branch shed-
ding or dieback under drought (Rood et al. 2000). This
dynamic has recently been referred to as ‘structural over-
shoot’, where tree crowns may be built up during climatically
favourable periods, but become mismatched to climate during
subsequent dry periods (Jump et al. 2017). Of course, climatic,
disturbance or insect-related stress also alters xylem and sap-
wood features, including ring widths. Narrower rings contain
fewer conduits (compared to wider rings), and in individuals
or species where a small number of active sapwood rings sup-
port hydraulic conductance, successive narrow rings may sub-
sequently limit tree growth, even under favourable conditions,
if they limit water supply to the crown.
That growth-climate sensitivities may be emergent from the

structure and form of individual trees is particularly obvious
in closed-canopy forests where competition is a major driver
of both function and survival (Purves et al. 2007; Arellano
et al. 2019). Whether or not growth-climate sensitivities can
be considered homeostatic might depend on the degree to
which a tree species’ allometric relationships are constrained
by interactions with other individuals. This may consequently
be less important in semi-arid or Mediterranean forests with
more open canopies than in temperate or tropical systems.
But the drivers of drought legacies then might vary across
space, where favourable climatic conditions may result in
greater competitive impacts on drought recovery (Schemske
et al. 2009). In support of this idea, drought recovery time
has been shown to be long in tropical forests, but also in bor-
eal forests (Schwalm et al. 2017).

OTHER PERTURBATIONS TO GROWTH-CLIMATE

SENSITIVITY

Other perturbations distinct from drought can also lead to
variable growth-climate sensitivity, and seem most consistent
with dynamic sensitivity. Because growth is inherently a func-
tion of carbon (NSC) availability – although, some compo-
nent of growth is controlled directly by climate via
temperature (Hoch et al. 2002) or water availability (McDow-
ell 2011) – we may posit that any event or process that leads
to significant changes in the carbon status of a tree may in
turn lead to changes in the growth response of that tree to cli-
mate. We thus suggest other perturbations to a tree’s growth-
climate sensitivity are best contextualised as changes in the
availability or allocation of NSCs within trees, resulting in

© 2020 John Wiley & Sons Ltd.
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dynamic sensitivity. Evidence for this appears in recent work
showing that lagged effects of climate on ring widths in beech
(Fagus sylvatica) are explained by masting (Hacket-Pain et al.
2018); that is a shift in allocation away from secondary
growth towards reproduction. Similarly, outbreaks of defoliat-
ing insects likely lead to similar legacies as carbon is diverted
away from radial growth in favour of foliage regrowth during
recovery (e.g. Speer et al. 2001). Reimchen and Arbellay
(2019) have also documented extensive lags (up to 5 years) in
the growth responses of riparian trees to salmon runs. These
lags imply that the associated nutrient pulses led to multi-year
changes in how trees respond to climate (dynamic sensitivity),
likely because of altered resource stoichiometry (Sterner &
Elser 2002) and associated shifts in tree carbon balance.
At large spatial scales, extremely wet years, not just

drought years, can have lasting legacies on tree growth (Jiang
et al. 2019). Similar to Anderegg et al. (2015), Jiang et al.
(2019) fit a linear model to ring-width data using moisture-re-
lated climate covariates between 1948 and 2013, and com-
pared model predictions to actual ring widths after both
extreme dry (drought) and wet events. While they confirmed
over-prediction of ring widths following droughts, they also
found the model under-predicted growth after extremely wet
years, and the under-prediction errors were comparable both
in magnitude (93 � 8%) and duration (1–5 years) to the
drought over-prediction errors ( Jiang et al. 2019, but see
Dannenberg et al. 2019). Across space, they also showed
these ‘moisture legacies’ were largest and most prevalent in
more arid regions, suggesting trees are more sensitive to cli-
mate (moisture) if they have recently experienced a very
favourable year, but only if they grow in moisture-limited
sites. In combination with drought legacies, this work pro-
vides the strongest support for the argument that variable
growth-climate sensitivity is widespread and common, and it
suggests that such sensitivity is likely dynamically determined
by available moisture or NSC resources. We argue that NSCs
are an important driver of both legacy and non-legacy related
growth-climate variability, as NSC reserves represent the link
between past conditions and current physiological behaviour
(i.e. growth).

DIRECTIONAL CHANGES

There can also be directional changes in tree growth-climate
sensitivities. Examples include loss of vigour or tree growth
‘decline’, where trees that died after a disturbance (e.g.
drought) exhibited altered growth sensitivities for many years
prior to death (e.g. Ogle et al. 2000, Bigler et al. 2007). A glo-
bal synthesis of tree growth patterns preceding mortality has
shown this dynamic to be widespread and consistent across
different taxonomic groups (particularly for gymnosperms;
Cailleret et al. 2017). Decline processes offer some support for
homeostatic sensitivity (H1), as trees that fail to return to
some target growth-climate sensitivity (pre-disturbance sensi-
tivity) eventually die. This suggests that an improved under-
standing of the drivers and mechanisms of variable growth-
climate sensitivities may also lead to improved understanding
of factors underlying tree mortality.

The ‘divergence problem’ is perhaps the most acknowledged
directional change in tree responses to climate. Divergence is
most consistent with dynamic sensitivity (H2), where the
inferred temperature signal in tree-ring time-series changed
during the last half-century (Jacoby & D’Arrigo 1995;
D’Arrigo et al. 2008; Salzer et al. 2014). For trees in certain
high latitude or high elevation sites, temperatures recon-
structed from tree-ring widths have recently diverged from
observed temperatures, suggesting non-stationarity in their
growth-climate (temperature) sensitivity. This non-stationarity
could reflect changes in the drivers of tree growth at these
sites, or changes in the carbon balance of these trees (Hoch
et al. 2002). Other anthropogenic causes of divergence, includ-
ing increased drought stress or changes in the relative limita-
tions placed on growth by temperature and moisture, are also
suggested (D’Arrigo et al. 2008). It is unclear if there is a sin-
gle mechanism underlying divergence, but global change fac-
tors, such as rising atmospheric CO2 concentrations or other
anthropogenic influences (Levesque et al. 2017; Pe~nuelas et al.
2017; Maxwell et al. 2019), may alter tree growth-climate sen-
sitivities at other sites. For example this has been demon-
strated in the decoupling of tree growth and summer moisture
for Abies cephalonica on an island in Greece (Koutavas 2013).
Changes in the carbon balance could lead to differences in
how trees translate climate variation into growth, and thus dy-
namic sensitivity (Fig. 2c), perhaps through altered carbon
allocation priorities or timing. For example warmer tempera-
tures can lead to altered growth phenology (Adams et al.
2015), potentially leading to changes in the timing of seasonal
carbon uptake and respiration.
Whether or not global increases in moisture limitation of

forested ecosystems (Babst et al. 2019) are linked to changes
in the sensitivity of tree growth remains unknown. We sug-
gest, however, that widespread changes in the sensitivity of
tree growth to precipitation are possible under increasing arid-
ity, especially if the relative limitations of different climate
variables on growth are altered by changing mean climate
conditions (Stine & Huybers 2017; Stine 2019). Changes in
growth-climate sensitivity might also reflect changes in tree
physiological states, particularly related to changes in carbon
source-sink dynamics or reduction in mean sapwood area
across time. Unfortunately, we lack a predictive understand-
ing of variable growth-climate sensitivity, in part because we
have limited understanding of the dominant mechanisms and
how they may interact. The mechanisms described herein are
variously noted in other studies, but researchers tend to
emphasise their preferred explanation, and no study is com-
prehensive in its interpretations (with respect to mechanisms).
In this way, the dialogue around changes in growth-climate
sensitivity, and drought legacies in particular, is reminiscent
of discussions on the mechanisms of drought-induced tree
mortality (McDowell et al. 2008). In reality, just as in those
discussions, underlying causes of variable growth-climate sen-
sitivity lie at the intersection of multiple co-occurring and
inter-related physiological processes (Sevanto et al. 2014).
Thus we ask: how do we go about (1) predicting temporal
variability in growth-climate sensitivity? And, (2) how do we
improve our understanding of its drivers?
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REVISITING OUR (CONCEPTUAL) MODELS

Given the evidence across multiple time scales, and in
response to diverse types of events and drivers, temporal vari-
ability in tree growth-climate sensitivity should be considered
in predictive models of individuals and land surfaces. These
responses are only partially captured by the current genera-
tion of land carbon models, which tend to underestimate the
severity and duration of drought impacts on productivity
(Kolus et al. 2019), and it remains unclear whether a single
modelling framework or statistical approach is capable of
improved representation (e.g. Bond-Lamberty et al. 2014;
Ogle et al. 2015; Trugman et al. 2019). As we have shown,
many causes of variable growth-climate sensitivity likely arise
from or can be conceptualised as changes in the supply or
allocation of NSC reserves within individual trees (perhaps
most consistent with dynamic sensitivity, H2). Hence, continu-
ing improvement of dynamic carbon allocation schemes
within dynamic global vegetation models (DGVMs, De
Kauwe et al. 2014; Gim et al. 2017; Montan�e et al. 2017), and
for individual- or cohort-based models (Fisher et al. 2018), is
an obvious first step to include variable growth-climate sensi-
tivity. But, this can only capture certain elements of variable
growth-climate sensitivity, as changes in carbon (NSC) pool
sizes and allocation priorities among organs may be a conse-
quence of other factors (e.g. hydraulic damage, crown area
reductions), rather than the root causal factor. As we have

argued, many underlying mechanisms are potentially intercon-
nected. For example while drought may induce organism wide
changes in allocation and carbon pool sizes, some of these
changes are a consequence of induced physiological con-
straints (e.g. hydraulic damage), which do not change the size
of structural carbon stocks (e.g. stem structural carbon) but
rather render a portion of those stocks non-functional (e.g.
decreased sapwood conductance, Fig. 3).
It is clear that species hydraulic traits are of critical impor-

tance to understanding variable growth-climate sensitivity,
particularly across species (Anderegg et al. 2016; Trugman
et al. 2019; and Fig. 3). Whether or not cavitation may be
repaired, or the degree to which conductance can be regained
by the growth of additional rings, is taxon-specific and closely
related to wood anatomy. For example some angiosperm spe-
cies have demonstrated limited capacity to refill embolised
vessels (e.g. Love and Sperry 2018), but this is not the case
for most conifers. Perhaps because of their ring-porous wood
anatomy, oak species have been shown to exhibit positive
drought legacies, wherein they support increased radial wood
growth following drought events (Anderegg et al. 2015; Peltier
et al. 2016). This could be an adaptive response to drought,
wherein post-drought production of a single large ring, with
large vessel elements characteristic of oaks, can compensate
for loss of conductance in older rings. Similar dynamics in
oak species could explain very different growth patterns pre-
ceding mortality, where oaks tend not to exhibit the ‘decline’

Figure 3 A simplified representation of major pools (boxes) and fluxes (arrows) of non-structural carbohydrates within trees under (a) non-stressed

conditions and (b) in a recovering condition following, for example, a drought event. The potential effects of hydraulic damage are indicated by zig-zagged

blue lines across certain fluxes. The color of flux arrows in (a) indicates the type of flux (remobilization, yellow; influx, green; loss, orange; or formation of

structural C, black). The color of flux arrows in (b) indicates hypothesized changes in the flux rate during the recovering period (where gray indicates

uncertain changes), and dark gray shading of pools indicates a reduction in the pool size compared to non-stressed pool sizes (more gray area = greater

reduction). Gray text at right in (b) indicates key publications quantifying or exploring post-drought changes in relevant sensitivities, pools, or processes.
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processes more commonly observed in gymnosperms and
some angiosperms (Cailleret et al. 2017).
Given the complexity of the potential impacts of climate

change drivers (e.g. drought) on tree growth, it is difficult to
perfectly simulate carbon dynamics across all tree organs
through time (Fig. 3). Drought impacts both carbon sources
(photosynthesis) and the activity of carbon sinks (growth and
reproduction) (Hartmann & Trumbore 2016), as well as alloca-
tion among organs within the tree, probably in ways that differ
across species, site and individuals. For example evidence for
tradeoffs among competing sinks like defence (as resin duct
production) and reproduction effort has been shown in Pinus
edulis (Redmond et al. 2019). Though there are promising ave-
nues for furthering our understanding of carbon allocation pro-
cesses (Box 1), we argue our understanding of these processes is
incomplete, particularly in terms of how they may be altered
during periods of imbalance between carbon supply (source)
and demand (sinks). Studies of changes in the movement of car-
bon during and following drought stress, for example are still
uncommon (Hagedorn et al. 2016, Kannenberg et al. 2019), and
results may not be generalisable across species or sites. Thus, a
major focus of future work should be on new measurements of
carbon allocation processes among different organs and sinks
across timescales of stress and recovery (Fig. 3b). These types of
longitudinal, high resolution physiological experiments (Hage-
dorn et al. 2016, Kannenberg et al. 2019) are time-consuming
and intensive, and we suggest to simultaneously leverage exist-
ing data sets that cover large spatial and temporal scales, such
as tree rings, but also remotely sensed measures of productivity
and physiological function (Asner et al. 2016; Brodrick et al.
2019).
As a first step, we suggest to conceptualise growth-climate

sensitivity as an emergent property of the internal, potentially
unobserved physiological processing of past and current envi-
ronmental and disturbance information by individual trees
(and organs) to produce growth (Fig. 4). Individual trees
(rather than, e.g. stand-level dendrochronologies) should be
the focus of this work, due to the potentially idiosyncratic
responses of trees to their own unique climate and disturbance
histories. For example within forests (Fig. 4c), suppressed
(shaded) and dominant (canopy) individuals may respond
completely differently to climate extremes due to differences
in their physiological status (e.g. NSCs, Fig. 4d) at the onset
of a given perturbation. This also creates a limitation to using
tree ring data sets in that certain drivers (e.g. climate vs. com-
petition) of growth-climate variability may be difficult to dis-
tinguish from one another. For example trees might show
rapid recoveries following drought at some sites due to com-
petitive release from dead neighbours.
Implementing statistical models that consider variable

growth-climate sensitivity for individuals can also provide
simulation targets for process-based models. Different drivers
of variable sensitivity would need to be incorporated in differ-
ent ways, but using observed growth-climate sensitivities pro-
vides an initial and common framework for doing so (Figs 3
and 4). This is particularly true as repeated stress or distur-
bance events accumulate to affect tree function, resulting in
the need to understand and quantify the associated impacts of
compounded stress (Peltier & Ogle 2019b). Perfect simulation

of the carbon dynamics associated with, for example multiple
consecutive years of drought and associated pest outbreaks, is
likely extremely challenging (Fig. 3). Representation of the
impacts of such events on NSC storage and growth-climate
sensitivity is perhaps more tractable.
Certain single disturbances such as fire and stochastic treefall

are already incorporated into DGVMs (Thonicke et al. 2001;
Sitch et al. 2003; Longo et al. 2019), but disturbances that alter
the carbon status of individuals (e.g. bark beetles) are infre-
quently incorporated (Medvigy et al. 2012; Huang et al. 2019).
Extreme climate years could be conceptualised in mechanistic
models as disturbances leading to changes in carbon allocation,
but could also be modelled as temporary changes in the sensitiv-
ity of cambial growth or carbon supply to climate variables,
using average responses from empirical drought legacy studies
(both in magnitude and duration). Behaviour consistent with
homeostatic sensitivity would probably be most readily incorpo-
rated in this way. A key limitation is that existing den-
drochronology data sets are biased towards certain species, sites
and individuals (Nehrbass-Ahles et al. 2014; Klesse et al. 2018;
Zhao et al. 2018), and often focus on sites characterised by high
growth-climate sensitivities (Douglass 1941). Thus, there is a
pressing need to better understand the prevalence and magni-
tude of these legacy effects on growth-climate sensitivities
across more diverse species and ecosystems.
Finally it is important to note certain instances of variable

growth-climate sensitivities could result from incomplete treat-
ment of lagged growth-climate responses (e.g. ‘memory’) in
models (Liu et al. 2019). Trees store NSCs for decades, and are

Box 1. Radiocarbon bomb-spike dating

Radiocarbon bomb-spike dating presents one promising ave-
nue for improving our understanding of transient dynamics
in tree carbon allocation. This method can be used to
quantify the mean time passed since photosynthetic fixation
of carbon from the atmosphere, when applied to NSCs in
plant tissues (e.g. Carbone et al. 2013). Key to this method
is the atmospheric record of the radiocarbon bomb-spike
(Levin & Kromer, 2004), which is sampled by photosyn-
thetic carbon fixation. The technical difficulty and cost of
sample preparation and measurement, particularly with
respect to extracting uncontaminated NSC (Trumbore
et al., 2015), coupled with limited access to Accelerator
Mass Spectrometry among ecologists has likely contributed
to a lack of widespread implementation of this technique.
However, radiocarbon bomb-spike dating presents a
unique tracer of different-aged NSC pools in trees. Simul-
taneous measurement of all tree organs across a time-series
of pre-stress, stress (or masting, extreme wetness, etc.), and
recovery conditions, coupled with growth and/or water sta-
tus measurements, would provide key data for improving
our understanding of transient carbon allocation dynamics.
Such ‘physiological snapshots’ of tree carbon and water
status could greatly further our understanding of the physi-
ological mechanisms underlying temporal plasticity in tree
growth-climate sensitivity.

© 2020 John Wiley & Sons Ltd.

1568 D. M. P. Peltier and K. Ogle Ideas and Perspectives



able to draw upon extremely old reserves during periods of
stress (Carbone et al. 2013). Statistical modelling of lagged tree
growth responses or their climatic memory (Ogle et al. 2015)
has been applied primarily in the southwestern US (Peltier et al.
2016, 2018; Peltier & Ogle 2019a, b). Such studies have shown
that climate conditions several years prior to the year of ring
formation, particularly drought conditions, continue to influ-
ence growth in subsequent years, especially during drier peri-
ods. It is possible that some observations of drought legacies
could simply emerge from incomplete representation of a tree’s
full responses to antecedent climate, rather than temporally
variable growth sensitivities. We have shown that using models
that do not consider antecedent climate over multiple years into
the past (i.e. assumption of shorter climatic memory) resulted in
apparently larger drought legacy effects (Peltier & Ogle 2019b).
These legacy effects are reduced when considering longer poten-
tial climatic memory of tree growth. This suggests that we
should consider the role of climatic memory in tree growth pro-
cesses, and that statistical models provide another way to con-
tinue exploring the prevalence and mechanisms of temporal
variability in growth-climate sensitivity.

CONCLUSIONS

Inclusion of variable growth-climate sensitivity in future mod-
elling or simulation efforts would be difficult without
improved understanding of the mechanisms driving this vari-
ability, interactions among different mechanisms, and the
prevalence of homeostatic versus dynamic growth-climate

sensitivities. For example does variable growth-climate sensi-
tivity reflect transient perturbations to homeostatic sensitivi-
ties (H1), or is such variability an emergent property of
dynamic sensitivities (H2) arising from interactions between
the states of internal tree carbon pools, or a combination of
both (H1 and H2)? We hope this perspective will motivate
experimental studies that simultaneously monitor tree growth
and local climate, in combination with manipulations of NSC
pools, crown area, deep soil moisture or hydraulic function,
among others, to evaluate the strength of H1 and H2 and the
underlying mechanisms. Of particular value are experiments
that can distinguish the competing roles of multiple mecha-
nisms, for example hydraulic damage and NSC depletion.
Experiments that induce drought legacies will also be highly

informative. For example while a large amount of research has
investigated the mechanisms of tree mortality (Adams et al.
2017), these experiments rarely allow trees to recover from
stress, despite that recovery treatments can often reveal unique
insights (Hammond et al. 2019; Sapes et al. 2019). Much of our
understanding of drought impacts on tree physiology and
growth comes from such experiments, which are often aimed at
testing mechanisms of mortality. As such, our understanding of
resilience, legacies and recovery is necessarily limited by the rel-
ative paucity of data on stress recovery in mature trees.
Ultimately, many of the mechanistic drivers of temporal

variability in growth-climate sensitivity are intertwined. We
suggest, however, that each impacts the status of tree NSC
pools either directly or indirectly (Figs 3 and 4), representing
a potential starting place for evaluating the physiological basis

Figure 4 (a) Time-series of tree growth (black line) across normal periods (gray shading) and through one stress event (red shading) and recovery period

(dark red shading). Stress events such as droughts may lead to prediction error (orange shading) if pre-event growth-climate sensitivities are used to predict

post-event growth (orange line) because carbon status and tree growth responses to climate differ between (b) normal periods (dashed lines with gray

shading) and (c) stress and recovery periods (orange line and shading). However, (d) different species (‘Sp.’), sites, or even individuals (‘ind.’) may respond

differently to this stress, and express different changes in their growth-climate sensitivities, according to their functional traits, carbon allocation strategies,

or pre-stress physiological or hydraulic status. For example, the uncertainty in population-level responses in (c) may be resolved in (d) when independently

considering responses of young trees (e.g., green line and shading) and old trees (e.g., orange line and shading), the latter having higher carbon costs of

recovery (Trugman et al., 2018). The insets in (b), (c), and (d) denote potential NSC pool sizes; NSC pools may be reduced in stress-recovery periods [inset

in (c)] compared to normal periods [inset in (a)], but NSC pool responses may vary, again, among species, sites, or individuals [inset in (d)].
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of these responses. Ultimately, an improved, holistic under-
standing of the mechanisms of variable growth-climate sensi-
tivity is required, and will improve our ability to predict the
growth of different species (with different traits) under climate
change. Thus, we hope increased recognition and considera-
tion of the temporal variability in tree growth-climate sensitiv-
ity can improve our ability to predict the future states and
functioning of forests. At the least, we hope readers will
reconsider the utility of temporally invariant statistical models
of tree growth responses to climate, place more emphasis on
understanding the ‘noise’ in these relationships, and explore
the limits of our understanding of tree growth.

AUTHORSHIP

DP conceived of the ideas with significant input from KO.
DP wrote the first draft of the manuscript, and KO con-
tributed substantially to revisions.

PEER REVIEW

The peer review history for this article is available at https://
publons.com/publon/10.1111/ele.13575.

DATA ACCESSIBILITY STATEMENT

This manuscript contains no new data.

REFERENCES

Adams, H.D., Collins, A.D., Briggs, S.P., Vennetier, M., Dickman, L.T.,

Sevanto, S.A. et al. (2015). Experimental drought and heat can delay

phenological development and reduce foliar and shoot growth in

semiarid trees. Glob. Chang. Biol., 21, 4210–4220.
Adams, H.D., Zeppel, M.J., Anderegg, W.R., Hartmann, H.,

Landh€ausser, S.M., Tissue, D.T. et al. (2017). A multi-species synthesis

of physiological mechanisms in drought-induced tree mortality. Nat.

Ecol. Evol., 1, 1285–1291.
Anderegg, W.R., Klein, T., Bartlett, M., Sack, L., Pellegrini, A.F., Choat,

B. et al. (2016). Meta-analysis reveals that hydraulic traits explain

cross-species patterns of drought-induced tree mortality across the

globe. Proc. Natl Acad Sci., 113, 5024–5029.
Anderegg, W.R.L., Schwalm, C., Biondi, F., Camarero, J.J., Koch, G.,

Litvak, M. et al. (2015). Pervasive drought legacies in forest ecosystems

and their implications for carbon cycle models. Science, 349, 528–532.
Arellano, G., Medina, N.G., Tan, S., Mohamad, M. & Davies, S.J.

(2019). Crown damage and the mortality of tropical trees. New Phytol.,

221, 169–179.
Asner, G.P., Brodrick, P.G., Anderson, C.B., Vaughn, N., Knapp, D.E.

& Martin, R.E. (2016). Progressive forest canopy water loss during the

2012–2015 California drought. Proc. Natl Acad Sci., 113, E249–E255.
Babst, F., Bouriaud, O., Poulter, B., Trouet, V., Girardin, M.P. & Frank,

D.C. (2019). Twentieth century redistribution in climatic drivers of

global tree growth. Sci. Adv., 5, eaat4313.

Balster, N.J. & Marshall, J.D. (2000). Decreased needle longevity of

fertilized Douglas-fir and grand fir in the northern Rockies. Tree

Physiol., 20, 1191–1197.
Belmecheri, S., Wright, W.E., Szejner, P., Morino, K.A. & Monson, R.K.

(2018). Carbon and oxygen isotope fractionations in tree rings reveal

interactions between cambial phenology and seasonal climate. Plant

Cell Environ, 41, 2758–2772.
Bigler, C., Gavin, D.G., Gunning, C. & Veblen, T.T. (2007). Drought

induces lagged tree mortality in a subalpine forest in the Rocky

Mountains. Oikos, 116, 1983–1994.

Biondi, F. & Waikul, K. (2004). DENDROCLIM2002: A C++ program

for statistical calibration of climate signals in tree-ring chronologies.

Computers & Geosciences, 30, 303–311.
Blasing, T.J., Solomon, A.M. & Duvick, D.N. (1986). Response functions

revisited. Tree-Ring. Bulletin, 44, 1–15.
Bonan, G.B. (2008). Forests and climate change: Forcings, feedbacks, and

the climate benefits of forests. Science, 320, 1444–1449.
Bond-Lamberty, B., Rocha, A.V., Calvin, K., Holmes, B., Wang, C. &

Goulden, M.L. (2014). Disturbance legacies and climate jointly drive

tree growth and mortality in an intensively studied boreal forest. Glob.

Chang. Biol., 20, 216–227.
Brodrick, P.G., Anderegg, L.D.L. & Asner, G.P. (2019). Forest drought

resistance at large geographic scales. Geophysical Research Letters, 46,

2752–2760.
Cailleret, M., Jansen, S., Robert, E.M., Desoto, L., Aakala, T., Antos,

J.A. et al. (2017). A synthesis of radial growth patterns preceding tree

mortality. Glob. Chang. Biol., 23, 1675–1690.
Carbone, M.S., Czimczik, C.I., Keenan, T.F., Murakami, P.F., Pederson,

N., Schaberg, P.G. et al. (2013). Age, allocation and availability of

nonstructural carbon in mature red maple trees. New Phytol., 200,

1145–1155.
Cook, E.R., Briffa, K.R., Meko, D.M., Graybill, D.A. & Funkhouser, G.

(1995). The segment length curse in long tree-ring chronology

development for palaeoclimatic studies. Holocene, 5, 229–237.
Cook, E.R. & Peters, K. (1981). The smoothing spline: a new approach

to standardizing forest interior tree-ring width series for dendroclimatic

studies. Tree-Ring Bulletin, 41, 45–53.
Dannenberg, M.P., Wise, E.K. & Smith, W.K. (2019). Reduced tree

growth in the semiarid United States due to asymmetric responses to

intensifying precipitation extremes. Sci. Adv., 5, eaaw0667.

D’Arrigo, R., Wilson, R., Liepert, B. & Cherubini, P. (2008). On the

‘divergence problem’ in northern forests: a review of the tree-ring

evidence and possible causes. Global and Planetary Change, 60, 289–305.
De Kauwe, M.G., Medlyn, B.E., Zaehle, S., Walker, A.P., Dietze, M.C.,

Wang, Y.-P. et al. (2014). Where does the carbon go? A model–data
intercomparison of vegetation carbon allocation and turnover processes

at two temperate forest free-air CO2 enrichment sites. New Phytol.,

203, 883–899.
Douglass, A.E. (1941). Crossdating in dendrochronology. J. Forestry, 39,

825–831.
Fatichi, S., Leuzinger, S. & K€orner, C. (2014). Moving beyond

photosynthesis: from carbon source to sink-driven vegetation modeling.

New Phytol., 201, 1086–1095.
Fisher, R.A., Koven, C.D., Anderegg, W.R., Christoffersen, B.O., Dietze,

M.C., Farrior, C.E. et al. (2018). Vegetation demographics in Earth System

Models: A review of progress and priorities. Glob. Chang. Biol., 24, 35–54.
Fritts, H.C. (1962). An approach to dendroclimatology: Screening by

means of multiple regression techniques. J. Geoph. Res., 67, 1413–1420.
Fritts, H.C. (1976). Tree Rings and Climate. Academic Press, San Diego,

California.

Fritts, H.C., Blasing, T.J., Hayden, B.P. & Kutzbach, J.E. (1971).

Multivariate techniques for specifying tree-growth and climate

relationships and for reconstructing anomalies in paleoclimate. J. App.

Meteorol., 10, 845–864.
Fritts, H.C. & Swetnam, T.W. (1989). Dendroecology: a tool for

evaluating. Adv. Ecol. Res., 19, 111–188.
Gao, S., Liu, R., Zhou, T., Fang, W., Yi, C., Lu, R. et al. (2018).

Dynamic responses of tree-ring growth to multiple dimensions of

drought. Glob. Chang. Biol., 24, 5380–5390.
Gim, H.J., Park, S.K., Kang, M., Thakuri, B.M., Kim, J. & Ho, C.H.

(2017). An improved parameterization of the allocation of assimilated

carbon to plant parts in vegetation dynamics for N oah-MP. J. Adv.

Mod. Earth Sys., 9, 1776–1794.
Gut, U., �Arvai, M., Bijak, S., Camarero, J.J., Cedro, A., Cruz-Garc�ıa, R.

et al. (2019). No systematic effects of sampling direction on climate-

growth relationships in a large-scale, multi-species tree-ring data set.

Dendrochronologia, 57, 125624.

© 2020 John Wiley & Sons Ltd.

1570 D. M. P. Peltier and K. Ogle Ideas and Perspectives

https://publons.com/publon/10.1111/ele.13575
https://publons.com/publon/10.1111/ele.13575


Hacket-Pain, A.J., Ascoli, D., Vacchiano, G., Biondi, F., Cavin, L.,

Conedera, M. et al. (2018). Climatically controlled reproduction drives

interannual growth variability in a temperate tree species. Ecol. Lett.,

21, 1833–1844.
Hagedorn, F., Joseph, J., Peter, M., Luster, J., Pritsch, K., Geppert, U.

et al. (2016). Recovery of trees from drought depends on belowground

sink control. Nat. Plants, 2, 16111.

Hammond, W.M., Yu, K.L., Wilson, L.A., Will, R.E., Anderegg, W.R.L.

& Adams, H.D. (2019). Dead or dying? Quantifying the point of no

return from hydraulic failure in drought-induced tree mortality. New

Phytol., 223, 1834–1843.
Hartmann, H. & Trumbore, S. (2016). Understanding the roles of

nonstructural carbohydrates in forest trees – from what we can

measure to what we want to know. New Phytol., 211, 386–403.
Hoch, G., Popp, M. & K€orner, C. (2002). Altitudinal increase of mobile

carbon pools in Pinus cembra suggests sink limitation of growth at the

Swiss treeline. Oikos, 98, 361–374.
Huang, J., Kautz, M., Trowbridge, A.M., Hammerbacher, A., Raffa,

K.F., Adams, H.D. et al. (2019). Tree defence and bark beetles in a

drying world: carbon partitioning, functioning and modelling. New

Phytol., 225, 26–36.
Huang,M., Wang, X., Keenan, T.F. & Piao, S. (2018). Drought timing influences

the legacy of tree growth recovery.Glob. Chang. Biol., 24, 3546–3559.
Jacoby, G.C. & D’Arrigo, R.D. (1995). Tree ring width and density

evidence of climatic and potential forest change in Alaska. Glob.

Biogeochem. Cycles, 9, 227–234.
Jiang, P., Liu, H., Piao, S., Ciais, P., Wu, X., Yin, Y. et al. (2019).

Enhanced growth after extreme wetness compensates for post-drought

carbon loss in dry forests. Nat. Commun., 10, 195.

Jump, A.S., Ruiz-Benito, P., Greenwood, S., Allen, C.D., Kitzberger, T.,

Fensham, R. et al. (2017). Structural overshoot of tree growth with

climate variability and the global spectrum of drought-induced forest

dieback. Glob. Chang. Biol., 23, 3742–3757.
Kannenberg, S.A., Maxwell, J.T., Pederson, N., D’Orangeville, L.,

Ficklin, D.L. & Phillips, R.P. (2018). Drought legacies are dependent

on water table depth, wood anatomy and drought timing across the

eastern US. Ecol. Lett., 22, 119–127.
Kannenberg, S.A., Novick, K.A., Alexander, M.R., Maxwell, J.T.,

Moore, D.J., Phillips, R.P. et al. (2019). Linking drought legacy effects

across scales: from leaves to tree rings to ecosystems. Glob. Chang.

Biol., 25, 2978–2992.
Kerhoulas, L.P. & Kane, J.M. (2012). Sensitivity of ring growth and

carbon allocation to climatic variation vary within ponderosa pine

trees. Tree Physiol., 32, 14–23.
Klesse, S., DeRose, R.J., Guiterman, C.H., Lynch, A.M., O’Connor,

C.D., Shaw, J.D. et al. (2018). Sampling bias overestimates climate

change impacts on forest growth in the southwestern United States.

Nat. Commun., 9, 5336.

Kolus, H.R., Huntzinger, D.N., Schwalm, C.R., Fisher, J.B., McKay, N.,

Fang, Y. et al. (2019). Land carbon models underestimate the severity and

duration of drought’s impact on plant productivity. Sci. Rep., 9, 2758.

Koutavas, A. (2013). CO2 fertilization and enhanced drought resistance in

Greek firs from Cephalonia Island, Greece. Glob. Chang. Biol., 19, 529–539.
LaMarche, V.C. Jr & Stockton, C.W. (1974). Chronologies from

temperature-sensitive bristlecone pines at upper treeline in Western

United States. Tree-Ring Bulletin, 34, 21–44.
LaMarche, V.C. (1974). Paleoclimatic inferences from long tree-ring

records: intersite comparison shows climatic anomalies that may be

linked to features of the general circulation. Science, 183, 1043–1048.
Levesque, M., Andreu-Hayles, L. & Pederson, N. (2017). Water

availability drives gas exchange and growth of trees in northeastern

US, not elevated CO2 and reduced acid deposition. Sci. Rep., 7, 46158.

Liu, Y., Schwalm, C.R., Samuels-Crow, K.E. & Ogle, K. (2019).

Ecological memory of daily carbon exchange across the globe and its

importance in drylands. Ecol. Lett., 22, 1806–1816.
Longo, M., Knox, R.G., Medvigy, D.M., Levine, N.M., Dietze, M.C.,

Kim, Y. et al. (2019). The biophysics, ecology, and biogeochemistry of

functionally diverse, vertically-and horizontally-heterogeneous

ecosystems: The Ecosystem Demography Model, version 2.2—Part 1:

Model description. Geosci. Mod. Dev. Discussions, 12, 4309–4346.
Love, D.M. & Sperry, J.S. (2018). In situ embolism induction reveals

vessel refilling in a natural aspen stand. Tree Physiol., 38, 1006–1015.
Luo, Y., Keenan, T.F. & Smith, M. (2015). Predictability of the terrestrial

carbon cycle. Glob. Chang. Biol., 21, 1737–1751.
Maxwell, J.T., Harley, G.L., Mandra, T.E., Yi, K., Kannenberg, S.A.,

Au, T.F. et al. (2019). Higher CO2 concentrations and lower acidic

deposition have not changed drought response in tree growth but do

influence iWUE in hardwood trees in the Midwestern United States.

Journal of Geophysical Research: Biogeosciences, 124, 3798–3813.
Mazza, G. & Manetti, M.C. (2013). Growth rate and climate responses of

Pinus pinea L. in Italian coastal stands over the last century. Climatic

Change, 121, 713–725.
McDowell, N., Grossiord, C., Adams, H., Navarro, S.P., Mackay, S.,

Breshears, D.D. et al. (2019). Mechanisms of a coniferous woodland

persistence under drought and heat. Environ. Res. Lett., 14, 045014.

McDowell, N., Pockman, W.T., Allen, C.D., Breshears, D.D., Cobb, N.,

Kolb, T. et al. (2008). Mechanisms of plant survival and mortality

during drought: why do some plants survive while others succumb to

drought? New Phytol., 178, 719–739.
McDowell, N.G. (2011). Mechanisms linking Drought, hydraulics, carbon

metabolism, and vegetation mortality. Plant Physiol., 155, 1051–1059.
McDowell, N.G. & Allen, C.D. (2015). Darcy’s law predicts widespread

forest mortality under climate warming. Nat. Clim. Chang., 5, 669–672.
Medvigy, D., Clark, K.L., Skowronski, N.S. & Sch€afer, K.V.R. (2012).

Simulated impacts of insect defoliation on forest carbon dynamics.

Environ. Res. Lett., 7, 045703.

Melvin, T.M. & Briffa, K.R. (2008). A “signal-free” approach to

dendroclimatic standardisation. Dendrochronologia, 26, 71–86.
Montan�e, F., Fox, A.M., Arellano, A.F., MacBean, N., Alexander, M.R.,

Dye, A. et al. (2017). Evaluating the effect of alternative carbon

allocation schemes in a land surface model (CLM4. 5) on carbon

fluxes, pools, and turnover in temperate forests. Geoscientific Mod.

Development (Online), 10, 3499–3517.
Mora, C., Frazier, A.G., Longman, R.J., Dacks, R.S., Walton, M.M.,

Tong, E.J. et al. (2013). The projected timing of climate departure from

recent variability. Nature, 502, 183–187.
Naidu, S.L., Sullivan, J.H., Teramura, A.H. & DeLucia, E.H. (1993). The

effects of ultraviolet-B radiation on photosynthesis of different aged

needles in field-grown loblolly pine. Tree Physiol., 12, 151–162.
Nardini, A., Casolo, V., Dal Borgo, A., Savi, T., Stenni, B., Bertoncin, P.

et al. (2016). Rooting depth, water relations and non-structural

carbohydrate dynamics in three woody angiosperms differentially affected

by an extreme summer drought. Plant Cell Environ., 39, 618–627.
Nehrbass-Ahles, C., Babst, F., Klesse, S., N€otzli, M., Bouriaud, O.,

Neukom, R. et al. (2014). The influence of sampling design on tree-

ring-based quantification of forest growth. Glob. Chang. Biol., 20,

2867–2885.
O’Brien, M.J., Ong, R. & Reynolds, G. (2017). Intra-annual plasticity of

growth mediates drought resilience over multiple years in tropical

seedling communities. Glob. Chang. Biol., 23, 4235–4244.
Ogle, K., Barber, J.J., Barron-Gafford, G.A., Bentley, L.P., Cable, J.M.,

Huxman, T.E. et al. (2015). Quantifying ecological memory in plant

and ecosystem processes. Ecol. Lett., 18, 221–235.
Ogle, K., Whitham, T.G. & Cobb, N.S. (2000). Tree-ring variation in

pinyon predicts likelihood of death following severe drought. Ecology,

81, 3237–3243.
Overpeck, J.T. (2013). Climate science: the challenge of hot drought.

Nature, 503, 350–351.
Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz,

W.A. et al. (2011). A large and persistent carbon sink in the world’s

forests. Science, 333, 988–993.
Peltier, D.M. & Ogle, K. (2019a). Legacies of La Ni~na: North American

monsoon can rescue trees from winter drought. Glob. Chang. Biol., 25,

121–133.

© 2020 John Wiley & Sons Ltd.

Ideas and Perspectives Growth-climate variability 1571



Peltier, D.M. & Ogle, K. (2019b). Legacies of more frequent drought in

ponderosa pine across the western United States. Glob. Chang. Biol.,

25, 3803–3816.
Peltier, D.M.P., Barber, J.J. & Ogle, K. (2018). Quantifying antecedent

climatic drivers of tree growth in the Southwestern US. J. Ecol., 106,

613–624.
Peltier, D.M.P., Fell, M. & Ogle, K. (2016). Legacy effects of drought in

the southwestern United States: A multi-species synthesis. Ecol. Mono.,

86, 312–326.
Pe~nuelas, J., Ciais, P., Canadell, J.G., Janssens, I.A., Fern�andez-Mart�ınez,

M., Carnicer, J. et al. (2017). Shifting from a fertilization-dominated to

a warming-dominated period. Nat. Ecol. Evol., 1, 1438–1445.
Purves, D.W., Lichstein, J.W. & Pacala, S.W. (2007). Crown plasticity

and competition for canopy space: A new spatially implicit model

parameterized for 250 North American tree species. PloS One, 2, e870.

Redmond, M.D., Davis, T.S., Ferrenberg, S. & Wion, A.P. (2019).

Resource allocation trade-offs in a mast-seeding conifer: pi~non pine

prioritizes reproduction over defence. AoB Plants, 11, plz070.

Reimchen, T.E. & Arbellay, E. (2019). Influence of spawning salmon on

tree-ring width, isotopic nitrogen, and total nitrogen in old-growth

Sitka spruce from coastal British Columbia. Canadian J. Forest Res.,

49, 1078–1086.
Rempe, D.M. & Dietrich, W.E. (2018). Direct observations of rock

moisture, a hidden component of the hydrologic cycle. Proc. Natl Acad

Sci., 115, 2664–2669.
Richardson, A.D., Hufkens, K., Milliman, T., Aubrecht, D.M., Furze,

M.E., Seyednasrollah, B. et al. (2018). Ecosystem warming extends

vegetation activity but heightens vulnerability to cold temperatures.

Nature, 560, 368–371.
Rocha, A.V., Goulden, M.L., Dunn, A.L. & Wofsy, S.C. (2006). On

linking interannual tree ring variability with observations of whole-

forest CO2 flux. Glob. Chang. Biol., 12, 1378–1389.
Rood, S.B., Pati~no, S., Coombs, K. & Tyree, M.T. (2000). Branch

sacrifice: cavitation-associated drought adaptation of riparian

cottonwoods. Trees, 14, 248–257.
Salzer, M.W., Larson, E.R., Bunn, A.G. & Hughes, M.K. (2014).

Changing climate response in near-treeline bristlecone pine with

elevation and aspect. Environmental Research Letters, 9, 114007.

Sapes, G., Roskilly, B., Dobrowski, S., Maneta, M., Anderegg, W.R.,

Martinez-Vilalta, J. et al. (2019). Plant water content integrates

hydraulics and carbon depletion to predict drought-induced seedling

mortality. Tree Physiol., 39, 1300–1312.
Sarris, D., Christodoulakis, D. & K€orner, C. (2007). Recent decline in

precipitation and tree growth in the eastern Mediterranean. Glob.

Chang. Biol., 13, 1187–1200.
Schemske, D.W., Mittelbach, G.G., Cornell, H.V., Sobel, J.M. & Roy, K.

(2009). Is there a latitudinal gradient in the importance of biotic interactions?

Annual Review of Ecology, Evolution, and Systematics, 40, 245–269.
Schwalm, C.R., Anderegg, W.R., Michalak, A.M., Fisher, J.B., Biondi,

F., Koch, G. et al. (2017). Global patterns of drought recovery. Nature,

548, 202–205.
Seager, R., Ting, M., Held, I., Kushnir, Y., Lu, J., Vecchi, G. et al.

(2007). Model projections of an imminent transition to a more arid

climate in southwestern North America. Science, 316, 1181–1184.
Sevanto, S., McDowell, N.G., Dickman, L.T., Pangle, R. & Pockman,

W.T. (2014). How do trees die? A test of the hydraulic failure and

carbon starvation hypotheses. Plant Cell Environ., 37, 153–161.
Sitch, S., Smith, B., Prentice, I.C., Arneth, A., Bondeau, A., Cramer, W.

et al. (2003). Evaluation of ecosystem dynamics, plant geography and

terrestrial carbon cycling in the LPJ dynamic global vegetation model.

Glob. Chang. Biol., 9, 161–185.
Sobel, A.H., Camargo, S.J., Hall, T.M., Lee, C.Y., Tippett, M.K. &

Wing, A.A. (2016). Human influence on tropical cyclone intensity.

Science, 353, 242–246.
Speer, J.H., Swetnam, T.W., Wickman, B.E. & Youngblood, A. (2001).

Changes in pandora moth outbreak dynamics during the past 622

Years. Ecology, 82, 679–697.

Stahle, D.W., Cook, E.R., Cleaveland, M.K., Therrell, M.D., Meko,

D.M., Grissino-Mayer, H.D. et al. (2000). Tree-ring data document

16th century megadrought over North America. Eos, Trans. Am.

Geophy. Union, 81, 121–125.
Sterner, R.W. & Elser, J.J. (2002). Ecological stoichiometry: the biology

of elements from molecules to the biosphere. Princeton University

Press.

Stine, A.R. (2019). Global demonstration of local Liebig’s law behavior

for tree-ring reconstructions of climate. Paleoceano. Paleoclimatol., 34,

203–216.
Stine, A.R. & Huybers, P. (2017). Implications of Liebig’s law of the

minimum for tree-ring reconstructions of climate. Environmental

Research Letters, 12, 114018.

Stovall, A.E., Shugart, H. & Yang, X. (2019). Tree height explains

mortality risk during an intense drought. Nat. Commun., 10, 1–6.
Swetnam, T.W. (1993). Fire history and climate change in giant sequoia

groves. Science, 262, 885–889.
Szejner, P., Wright, W.E., Belmecheri, S., Meko, D., Leavitt, S.W.,

Ehleringer, J.R. et al. (2018). Disentangling seasonal and interannual

legacies from inferred patterns of forest water and carbon cycling using

tree-ring stable isotopes. Glob. Chang. Biol., 24, 5332–5347.
Teets, A., Fraver, S., Hollinger, D.Y., Weiskittel, A.R., Seymour, R.S. &

Richardson, A.D. (2018). Linking annual tree growth with eddy-flux

measures of net ecosystem productivity across twenty years of

observation in a mixed conifer forest. Agricult. Forest Meteorol., 249,

479–487.
Thonicke, K., Venevsky, S., Sitch, S. & Cramer, W. (2001). The role of

fire disturbance for global vegetation dynamics: coupling fire into a

Dynamic Global Vegetation Model. Glob. Ecol. Biogeog., 10, 661–
677.

Trugman, A.T., Anderegg, L.D.L., Sperry, J.S., Wang, Y., Venturas, M.

& Anderegg, W.R.L. (2019). Leveraging plant hydraulics to yield

predictive and dynamic plant leaf allocation in vegetation models with

climate change. Glob. Chang. Biol., 41, 2758–2772.
Trugman, A.T., Detto, M., Bartlett, M.K., Medvigy, D., Anderegg,

W.R.L., Schwalm, C. et al. (2018). Tree carbon allocation explains

forest drought-kill and recovery patterns. Ecol. Lett., 21, 1552–1560.
Williams, A.P., Allen, C.D., Macalady, A.K., Griffin, D., Woodhouse,

C.A., Meko, D.M. et al. (2013). Temperature as a potent driver of

regional forest drought stress and tree mortality. Nat. Clim. Chang., 3,

292–297.
Wilmking, M., van der Maaten-Theunissen, M., van der Maaten, E.,

Scharnweber, T., Buras, A., Biermann, C. et al. (2020). Global

assessment of relationships between climate and tree growth. Glob.

Chang. Biol., 26(6), 3212–3220.
Wilmking, M., Scharnweber, T., van der Maaten-Theunissen, M. & van

der Maaten, E. (2017). Reconciling the community with a concept—
The uniformitarian principle in the dendro-sciences. Dendrochronologia,

44, 211–214.
Wu, X., Liu, H., Li, X., Ciais, P., Babst, F., Guo, W. et al. (2018).

Differentiating drought legacy effects on vegetation growth over the

temperate Northern Hemisphere. Glob. Chang. Biol., 24, 504–516.
Yin, J. & Bauerle, T.L. (2017). A global analysis of plant recovery

performance from water stress. Oikos, 126, 1377–1388.
Zhao, S., Pederson, N., D’Orangeville, L., HilleRisLambers, J., Boose, E.,

Penone, C. et al. (2018). The international tree-ring data bank

(ITRDB) revisited: Data availability and global ecological

representativity. J. Biogeogra., 46, 355–368.

Editor, Maria Uriarte
Manuscript received 20 February 2020
First decision 14 April 2020
Second decision 13 June 2020
Third decision 20 June 2020
Manuscript accepted 25 June 2020

© 2020 John Wiley & Sons Ltd.

1572 D. M. P. Peltier and K. Ogle Ideas and Perspectives


