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Abstract
Purpose of Review Despite the rapidly increasing use of resilience indices to analyze responses of trees and forests to disturbance
events, there is so far no common framework to apply and interpret these indices for different purposes. Therefore, this review
aims to identify and discuss various shortcomings and pitfalls of commonly used resilience indices and to develop recommen-
dations for a more robust and standardized procedure with a particular emphasis on drought events.
Recent Findings Growth-based resilience indices for drought responses of trees are widely used but some important drawbacks
and limitations related to their application may lead to spurious results or misinterpretation of observed patterns. The limitations
include (a) the inconsistency regarding the selection and characterization of drought events and the climatic conditions in the pre-
and post-drought period and (b) the calculation procedure of growth-based resilience indices.
Summary We discuss alternative options for metrics, which, when used in concert, can provide a more comprehensive under-
standing of drought responses in cases where common growth-based resilience indices are likely to fail. In addition, we propose a
new analytical framework, the “line of full resilience,” that integrates the three most commonly used resilience indices and show
how this framework can be used for comparative drought tolerance assessments such as rankings of different tree species or
treatments. The suggested approach could be used to harmonize quantifications of tree growth resilience to drought and it may
thus facilitate systematic reviews and development of the urgently needed evidence base to identify suitable management options
or tree species and provenances to adapt forests for changing climatic conditions.

Keywords Resilience . Drought tolerance . Tree rings . Extreme events . Forest ecosystems . Climate change

Introduction

The last decade has provided evidence that changes regarding
the world’s climate are more dramatic than previously
projected [1]. Droughts and associated biotic and abiotic dis-
turbances such as fire and pest outbreaks have become one of
the most important drivers of widespread forest mortality
events across the globe [2, 3]. Moreover, the recent drought
events represent a new drought category, so-called hotter
droughts, that is, droughts coinciding with heat waves [4]. In
addition, other climate extremes such as windstorms or late
frost events in spring have increased in frequency, the latter
negatively affecting frost-sensitive tree species in regions
where increasing spring temperatures lead to premature bud
break [5]. These developments make adaptation of forests to
climate change one of the most pressing issues in forestry and
forest conservation. The adaptation of forests to climate
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change comprises different approaches including cultivation
of more drought- and heat-tolerant tree species or provenances
and the development of suitable forest management strategies
such as the use of mixed-species forests or shorter production
cycles [6–8]. Hence, approaches that allow for an accurate and
easy assessment of individual trees, species, and management
scenarios regarding their tolerance during and after climatic
extremes are urgently needed.

In the context of quantifying ecosystem responses to dis-
turbance events, a number of resilience concepts have been
put forward (see review by [9••]). Among the many concepts,
two dominant ways to characterize resilience prevail: (a) “en-
gineering resilience,”which focuses on the transient impact of
disturbance and the subsequent recovery of an ecosystem, and
(b) “ecological resilience,” which considers resilience as the
ability of an ecosystem to withstand a shift to an alternative
state in the face of disturbance [10]. Despite advances in re-
silience theory [9••, 11], the actual quantification of resilience
in forest ecosystems has remained challenging, mainly be-
cause long-term observations to determine baseline conditions
are required. At the tree level, dendroecological analyses are
considered particularly promising to analyze the resilience of
trees to climatic extremes because tree rings provide informa-
tion on growth before, during, and after an event. This is
particularly relevant for applying the engineering resilience
concept for several extreme events captured in one tree core
or disc sample. It is worth noting, though, that this tree-level
application of the resilience concept to growth is not necessar-
ily indicative of stand or ecosystem-level resilience, which
would have to consider mortality [12] and regeneration pro-
cesses as well. In the field of dendroecological analyses, one
concept of tree-level resilience, which describes “resistance”
and “recovery” as different but complementary components of
“resilience” [13, 14], has become widely used. This concept
with its calculation of three resilience indices was proposed in
2011 by Lloret et al. [13], yet the calculation of the indices
goes back to several older studies [15–18]. The Lloret index
resistance describes a tree’s capacity to absorb disturbance-
related changes in radial growth during an extreme event by
comparing radial growth (e.g., ring width) during the year of
disturbance to mean radial growth in a pre-disturbance period
(Fig. 1 in [13]). The other indices, recovery and resilience, are
calculated as average growth in the year(s) following the ex-
treme event in relation to the growth level during the event
year and in relation to the pre-drought mean of radial growth,
respectively.

The popularity of the resilience indices suggested by [13] is
likely attributable to their simple, yet highly efficient quanti-
fication of tree responses to disturbance. To obtain a compre-
hensive picture of the contexts in which studies that applied
these indices were carried out, we queried all published arti-
cles citing the original study by [13] using the Web of Science
and Google Scholar search engines. The result of this search

(with reference month July 2019) shows a steep increase in the
number of studies citing [13] for a total of 145 studies until
now (Fig. S1). However, not all studies citing [13] actually
calculated the indices, so the number of articles including
indices of tree resilience was only 103 (Table S1). While
Lloret’s resilience indices may be used for the purpose of
quantifying growth responses in relation to a range of different
types of disturbances, the majority (82) of these studies used
them to calculate tree responses to drought (Table S1) and
were conducted for a total of 66 tree species. The majority
of studies included comparisons of the performance among
tree species (37%), provenances (17%), or size and age classes
of trees (17%). The remaining studies assessed the effects of
geographical or site conditions (25%), reductions in stand
density (thinning) (23%), and tree species mixtures or diver-
sity (17%) on tree performance in relation to drought events
(note that the sum is larger than 100% because some of the
studies addressed several topics, Table S1).

Hence, these indices have been used mainly for assessing
drought responses of trees across a large variety of research
topics and also across a large number of tree species that cover
different growth characteristics and a range of forest types and
climatic regions. This prompts the question to what extent one
can actually compare or synthesize findings of studies that
employ commonly used resilience indices including Lloret’s
indices.

The current lack of syntheses can be attributed to the highly
inconsistent metrics for assessing drought response [19••] and
there are at least three aspects contributing to this problem:
first of all, there is no standardized procedure to identify
drought events [20•, 21•], which is the first and therefore most
crucial step when studying tree responses to drought [19••,
22•]. Secondly, normalizing the different resilience indices
to an undisturbed state of a system is crucial to compare the
resilience indices among studies [9••]. With regard to radial
tree growth, this normalization to a pre-disturbance baseline is
inherently part of the calculation of resilience indices such as
those proposed by Lloret et al. [13]. However, there is no
standardization regarding the length of the reference period.
Third, the low comparability among studies employing com-
monly used resilience indices is also caused by the variability
of climatic conditions prior to and following individual
drought events and the lack of possibilities to explicitly ac-
count for this when calculating the indices [19••].

In addition, other points of critique have been raised re-
garding the interpretation of results obtained when applying
growth-based resilience indices to compare drought responses
among tree species or treatments at different spatial scales. It
has been hypothesized that there is a trade-off between resis-
tance and recovery such that species with high resistance to
drought have a low recovery and vice versa [23]. Even if such
a relationship existed, it is not clear which of these compo-
nents is more important to overall drought resilience: a higher
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resistance, higher recovery or higher resilience? After all,
these different patterns of low resistance and high recovery
vs. high resistance and low recovery represent different strat-
egies of plants to cope with droughts in the context of the
“isohydric-anisohydric framework” [24–26]. A more
drought-avoiding, isohydric species would have a lower resis-
tance during drought, whereas a drought-tolerant, anisohydric
species would maintain tree ring growth at a higher level of
drought stress, leading to higher resistance. However, which
of these contrasting strategies is the more successful for sur-
vival depending on the intensity, duration, and timing of
drought events [27]. One possible way to deal with this issue
would be to interpret all indices jointly. Recently, it has been
suggested that a bivariate framework could be used that jointly
considers the disturbance impact (i.e., the inverse of resis-
tance) and recovery (rate) to achieve a more comparable as-
sessment of resilience [9••].

As has been shown above, despite the rapidly increasing
use of resilience indices to analyze tree growth responses to
drought, there is so far no common framework to apply and
interpret these indices for different purposes. In this review,
we aim to identify and demonstrate the shortcomings and
pitfalls of commonly used resilience indices and offer recom-
mendations for a more robust and standardized framework
that integrates several of the common resilience indices.
While the focus is on the application of resilience indices to
drought, the points made belowmay be applied in parts also to
other types of disturbance impacting on tree growth.

Shortcomings of Commonly Used Drought
Resilience Indices

In this section, we focus on the following issues that are cru-
cial for the quantification of resilience of tree growth in rela-
tion to drought stress:

1. An objective identification of drought
2. Considering the timing of drought in relation to species-

specific growth dynamics
3. Consideration of climatic conditions in the pre- and post-

drought period
4. Calculation of the resilience indices for different types of

growth data and lengths of the reference period

Objective Identification of Drought

The identification of drought [28] is key for any type of anal-
ysis of tree growth responses to drought as the chosen ap-
proach may have a strong influence on the results. In addition,
the lack of a standardized definition and quantification of
drought in ecological studies hinders synthesis and process

understanding [20•]. For the purpose of this study, drought
can be defined as a periodic lack of water compared to normal
conditions, which may be described as a meteorological
drought (resulting from rainfall deficit) or soil moisture
drought (below-normal soil moisture content), where the “nor-
mal” can be characterized as a percentile of the long-term
mean of the variable of interest [28]. Currently, there is no
standardized procedure associated with the use of growth-
based indices of drought resilience.

In the studies employing Lloret’s indices, drought was
identified by (a) either using climatic and/or hydrological data
or based on known (e.g., published) local events, (b) substan-
tial reductions in radial tree growth, or (c) a combination of
both climate and growth (Fig. S2). Only around 60% of the
studies employed a selection of droughts based on climatic
data, independent of information in tree growth (type a).
Each of these approaches has some inherent drawbacks:

Climatic data from nearby weather stations or interpolated
grid data alone may not be a precise enough indicator of the
actual drought stress at a specific site as severity and duration
of soil moisture deficits might not be well captured [21•]. In
addition, climatic data referring to a fixed period (commonly
the growing season in studies of trees and forests) will not
identify all droughts with consequences for tree performance
[29] because drought impacts on forests vary depending on
the timing of a drought and across tree species [30–33]. For
example, spring droughts but not summer droughts have been
found to have a large impact on the carbon budget for
Mediterranean Quercus ilex ecosystems [30].

When using growth reductions alone or in combination
with climatic data to identify droughts, the response variable
(growth reduction) is not independent from the predictor var-
iable (growth resilience indices). This clearly violates the re-
quired independence of predictor variables in any statistical
analysis and leads to a bias during the drought identification
process as it excludes droughts that do not lead to strong
growth reductions. In addition, by using only growth reduc-
tions without climatic data, one may select “false” droughts as
reductions in radial growth may have other causes, such as
mass seed production, defoliation through pests, late frost
events that kill young foliage, or cold years [34–37].
Moreover, lagged or delayed drought responses of certain
species, likeQuercus sp. orFagus sylvatica, which sometimes
show growth minima only 1 year after the actual (summer)
drought, could lead to temporal misalignments of the identi-
fied drought (e.g., [38–41]. In addition, this approach inevita-
bly excludes droughts in which trees showed no growth re-
duction. This would lead to a misrepresentation of drought
effects as only the most severe impacts are taken into account
[22•]. To our knowledge, only one study quantified the effect
of drought using growth-dependent vs. growth-independent
methods for drought identification to estimate the uncertainty
induced by the different methodologies [22•]. In this study,
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the authors compared trees in differently thinned stands and
separately calculated Lloret’s indices for years with low
values (< − 0.84) of the Standardized Precipitation
Evapotranspiration Index (SPEI, 42) vs. years with low
SPEI values and associated basal area increment reductions
of at least 10%. The two methods led to different results re-
garding the number of identified droughts and the average
growth resistance of trees in the different thinning treatments.
In addition, a significant effect of the main predictor “thinning
intensity” on growth resistance was only found when using
the growth-dependent drought year selection, potentially
overestimating thinning effects.

Hence, it is conceivable that all approaches that rely, at
least in part, on tree growth responses (currently 40% of stud-
ies applying Lloret’s indices) are likely leading to biased re-
sults when studying drought effects on tree growth. At this
stage, an extension of the climate-based approach with the use
of site-specific data, that, consistent with the suggestions of
[20•], aims at characterizing droughts as period of extremes in
water availability, seems to be most appropriate. As a first
step, well-established drought metrics that rely on basic cli-
matic information (temperature and precipitation) like the
SPEI index are globally available or can be easily computed
from other higher resolution datasets. The SPEI index might
be preferred here over other indices such as the scPDSI [43]
because it combines low data requirements, defined thresholds
for drought intensity, and easy computation with sensitivity to
global warming and a multi-scalar characteristic which per-
mits analysis of different drought durations (but see [42]).

Such an approach alone, however, neglects the crucial im-
portance of local soil characteristics such as the capacity to
hold plant available water which can either amplify or dampen
tree growth reactions to climatic droughts. In addition, it is not
recommended to solely use standardized climatic indices such
as SPEI for characterizing drought because standardization
can lead to a misrepresentation of actual water availability
and standardized values referring to different reference pe-
riods are not directly comparable [21•]. Therefore, we strongly
agree with [21•] that for the identification of drought events,
additional use of information on actual water stress estimated
from precipitation minus potential evapotranspiration (P-PET)
or preferably from the climatic water deficit, which includes
data on soil moisture, should become best practice, especially
as this information is increasingly available (see for example
the ESA Soil Moisture CCI project or the German Drought
Monitor, [44]).

Considering Timing of Drought in Relation to Species-
Specific Seasonal Growth Dynamics

Growth-based resilience indices are typically calculated from
annually resolved data, comparing radial growth during the
drought year with (mean) growth in the previous or following

year(s). In this context, it is important to distinguish drought
event from drought year, where the first describes a drought
that can occur over different periods of time and thus may be
longer than 1 year, whereas the second occurs within one
calendar year. As drought events are not necessarily synchro-
nized with the onset and end of the growing season and be-
cause the timing and duration of wood formation differs
among tree species [45], it is important to characterize drought
events in relation to the developmental stage of the forming
tree ring to understand species-specific growth responses to
drought [46]. It has been shown that the context, timing, and
duration of drought events are as important as the intensity of
the drought in affecting the resistance or resilience of a species
in relation to the particular extreme event [23, 47]. This point
is particularly important for comparisons of drought tolerance
among tree species, which represents a common application of
growth-based indices of tree resilience. For example, it has
been shown that differences in resistance and resilience of
radial growth to extreme drought events among three conifer
species vary considerably between spring and summer
droughts [48, 49]. Hence, any comparative drought tolerance
analysis of tree species based on these two indices should
ideally consider several drought events capturing variation in
seasonality, intensity, and duration.

Differences in vulnerability to spring or summer drought
among species may also result from differences in growth
dynamics, C-allocation strategies, and wood anatomy [45].
As a result, different trajectories of cumulative radial growth
throughout the year appear: species with earlier onset of
growth show less steep increases of cumulative growth
(Species B in Fig. 1 based on Quercus robur in Fig. 2 in
[50•]) while species with later onset of growth show steeper
increases (Species A in Fig. 1 based on Carpinus betulus and
Fagus sylvatica in Fig. 2 in [50•]). This pattern arises due to
earlier achievement of maximum growth (max. cell division
and cell enlargement rate) in species B compared to species A.
As a consequence of earlier achievement of maximum
growth, annual ring width in species B may be proportionally
much less reduced during a drought leading to higher values
of resistance when compared to species A with later growth
peaks. This different impact on annual ring width of different
species should be particularly pronounced for spring and/or
early-summer droughts.

In addition, formation of earlywood in ring-porous species,
such asQuercus sp., is largely dependent on remobilization of
stored carbon and hence does not solely reflect the climatic
conditions during that actual growth period [45] (see Fig. 2).
As can be seen in Fig. 2, tree rings of similar widths can be
achieved with very different proportions of cell types (years
2003 and 2004 have comparable width for oak in Fig. 2b but
the dry year 2003 has a much higher proportion of latewood
compared to the year 2004). Consequently, ring width may be
similar, but wood density is likely to differ greatly among
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these years (e.g., the 2003 and 2004 ring inQuercus) (see also
[51]).

Thus, in situations where tree species respond to short- and
medium-term effects of droughts with production of distinctly
different wood tissue [52], tree ring width or area does not
appear to be a reliable basis for comparing drought responses
among different tree species or drought events. After all, tree
ring width is an indicator of growth performance in commonly
used resilience indices, but in these situations, it would not

adequately present the amount of C that is allocated to radial
growth, especially in the extreme cases where tissue produc-
tion is completely arrested. In these cases, the actual amount
of wood or carbon laid down in annual rings, which can be
derived from quantifying wood density (e.g., [53]), or the type
and characteristics of wood cells (e.g., number and size of
vessels), which can be obtained fromwood anatomical studies
(e.g., [54]), would be a more appropriate basis for calculating
these indices. Additionally, information on cambial activity

EW

a bFig. 2 Anatomical scans of a the
diffuse-porous Fagus sylvatica,
compared to b the ring-porous
Quercus petraea. Scans are
derived from increment cores of
trees which experienced drought
stress in 2003. Cores were
collected close to the city of
Heppenheim in southwestern
Germany. Both the pre- (2002)
and post-drought (2004) year
rings are visible (black borders).
Early wood width (EW) is
highlighted by brackets adjacent
to the images in all 3 years.
Images produced as described by
[55], following paraffin
embedding process and
microtome slicing

Fig. 1 Conceptual graph depicting cumulative radial growth curves of 2
hypothetical tree species with distinct growth dynamics for a normal
(solid lines) vs. a dry year (dashed lines): species B is an example of a
species with early growth onset and less steep radial increment while
species A shows later but steeper cumulative radial growth. Growth
patterns shown here are exemplary but follow in shape the cumulative
radial growth depicted in Fig. 2 of [50•] with Quercus robur as an

example for species B and Fagus sylvatica and Carpinus betulus as
examples for species A. Solid lines represent average growth patterns
during pre-drought years with normal or favorable climatic conditions
while dashed lines reflect growth dynamics during a drought when
wood formation begins to cease in the middle of summer. The period of
drought is indicated by the horizontal bracket. The inserted table shows
resulting values of Lloret’s index resistance
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and wood formation derived from dendrometer (e.g., [50•]),
cambial, or wood anatomical studies [46] in relation to the
onset, timing, and duration of drought events might be neces-
sary when comparing the drought tolerance among species or
sites.

Consideration of Climatic Conditions in the Pre- and
Post-Drought Period

In addition to characterizing the drought event itself in terms
of its intensity, timing, and duration, one should also take into
account differences in climatic conditions prevailing in the
pre- and post-drought period as even moderate dry years
might leave a tree more vulnerable to drought in following
years [56]. Likewise, the recovery will differ largely between
drought events that are followed by either ongoing water
shortage or favorable conditions in the year after the drought
(e.g., [22•]).

In situations of prolonged drought stress, for example,
when water deficits occur during the year(s) immediately fol-
lowing the year with most severe drought intensity, several
years may be aggregated into a single drought event.
However, so far, no standardized approach for calculating
growth-based resilience indices of multi-year drought events
exists and this problem has been addressed in different ways.
The majority of cases averaged growth of successive dry years
[13, 23, 57–61]. However, a few studies used the value of the
last year of the drought event [62, 63], and some studies did
not explain how they dealt with this issue [64–66]. Since these
two approaches (average vs. last year of drought period) are
likely to yield different results, we recommend that the results
obtained are at least compared for the different approaches
when dealing with successive dry years. In addition, when
calculating resilience indices for drought events that are char-
acterized by unfavorable climatic conditions before or after
the drought event (not during the years spanning the drought
period itself but several years earlier or later), the assumption
of normal growth in the reference period as a baseline is ob-
viously violated. To our knowledge, this issue has not been
addressed explicitly by any of the studies calculating Lloret’s
indices. We propose alternative approaches dealing with this
issue and the issue of multi-year droughts further below.

Calculation of the Resilience Indices for Different
Types of Growth Data and Lengths of the Reference
Period

The actual calculation of resilience indices depends on (1) the
type of growth data used as input and (2) the number of years
included in the reference period. Our literature review shows
that the majority of studies (ca. 70%) used either raw ring
widths or basal area increment (BAI) to calculate the Lloret
indices while 30% of the studies used detrended growth series

(Table S1). However, most studies lack a clear justification
behind their choices and only one study actually compared
results based on raw vs. detrended series [67]. In this study,
a thinning effect on growth resistance during drought was
found when using raw data, but this effect disappeared after
detrending [67]. This example shows that the selection of data
input types should be based on sound principles. Likewise, the
length of reference periods used in previous studies ranged
from ± 1 to ± 10 years (Table S1). In several studies, results
for different lengths of the reference periodwere actually com-
pared and it was found that results were consistent (e.g., [49,
68, 69]).

The high variability across studies regarding the type of
growth variable, i.e., raw or detrended ring width series or
BAI, and lengths of reference periods used when calculating
resilience indices may lead to inconsistencies and unreliable
comparisons across studies. Especially in trees that are in a
dynamic growth phase at the time of a drought event, such as
juvenile or recently released trees, results are likely sensitive
to data processing due to the presence of strong trends in
growth series. To assess the influence of these choices, we
re-analyzed the response to the 1976 drought of three pub-
lished datasets, which represent three examples of differing
growth dynamics depicted in Fig. 3: from (1) young (ca.
20 years old) Quercus robur stands referred to as “Young
oaks” [70]; (2) mature even-aged Abies alba stands referred
to as “Mature firs” [48, 49]; and (3) from recently (in the same
year as the drought event) thinned Pinus sylvestris stands re-
ferred to as “Thinned pines” [22•]. For each dataset, the Lloret
index resilience was calculated from different types of growth
variables (raw ring width, basal area increment, and detrended
ring width data using cubic smoothing splines at 0.65 of each
series full length) and using four different lengths of reference
periods (2, 3, 5, and 7 years) for assessing growth resilience
after this extremely dry year (Fig. 3). Results of this re-
analysis indicate a particularly high sensitivity of the resil-
ience indices to different calculation methods in recently
thinned pine trees (Fig. 3d–f). In this case, owing to a strong
thinning-induced growth increase in the post-drought period,
resilience values of basal area increment were twice as high as
those of raw ring widths (Fig. 3d, e). In addition, for basal area
increment, resilience doubled when the reference periods were
increased from 2 to 7 years (Fig. 3e). Resilience values calcu-
lated based on BAI data were significantly higher than those
based on raw and detrended data for all reference periods used
(Fig. 3d–f). In contrast, resilience in young oak and mature fir
trees were less affected by the type of growth variable and the
length of reference periods. In the case of young oaks, resil-
ience calculated using BAI or detrended data was significantly
higher than if using raw data with a reference period of
7 years.

Based on our finding that trees in different phases of radial
growth differ in their sensitivity to changes in the calculation
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procedure of the Lloret indices, we recommend to (1) evaluate
the growth dynamics of trees within the untransformed; i.e.,
raw tree ring width, dataset, and then systematically test dif-
ferent transformation and detrending options for growth vari-
ables (more important if trends are present and less important

but still recommended in any type of stand); (2) test the length
of the reference period in any type of stand irrespective of
growth dynamics instead of using an arbitrary number of
years; and (3) make an informed and evidence-based decision
about the final approach and, in cases with high variation,

Fig. 3 Comparison of the average chronologies of three tree species
(Quercus robur, Abies alba, and Pinus sylvestris) in different growth
phases (young Quercus robur stands, mature Abies alba stand, and
recently thinned Pinus sylvestis stand for the years around the 1976
drought event). The raw tree ring width chronology (a, left panels),
basal area transformed chronologies (b, central panels), and detrended
chronologies (TRI) (c, right panels) are compared. Detrending was done
using cubic smoothing splines at 0.65 of each series full length. Bars in a–

c indicate the standard error of the mean. These special cases were
selected for the calculation of Lloret’s resilience index (d–f). Four
different lengths of reference periods (2, 3, 5, and 7 years) before and
after the drought year were considered for the calculations. The upper
right panel shows the SPEI-6 of August (Standardized Precipitation
Evapotranspiration Index) in the years around 1976 for the region of
southwestern Germany (47.75 N, 7.75 E–49.25 N, 9.25 E, accessed
from the SPEI Global Drought Monitor)
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report results from multiple approaches. In cases where the
driver of strong growth trends is the treatment of interest, like
for the “Thinned pines” in Fig. 3, it would be ideal to have a
control treatment for the same species and sites, to test if
changes in the calculation procedure differently affect resil-
ience values in treated vs. untreated stands. However, if the
driver is not part of the experimental treatment, removing the
influenced period from the analysis might be suitable for the
reasons mentioned above.

Nonetheless, the decision for or against a specific type of
calculation procedure should be made as transparent as
possible.

Alternative Approaches to Assess Radial
Growth Responses to Drought

The shortcomings of the Lloret indices discussed above indi-
cate that in some cases, this approach can lead to biased results
and incorrect interpretations. Therefore, we discuss alternative
options for three simulated cases of detrended growth data
commonly observed in tree ring studies, which deviate strong-
ly from the more theoretical examples for which the original
calculation procedure of Lloret’s resilience indices was de-
signed (Fig. 1 in [13]).

In the first case (Fig. 4, Case 1), a drought event leads to a
delayed growth response in the year(s) following a drought;
hence, the growth minimum is observed after the actual cli-
matic event. In the second case, growth depressions that are
unrelated to drought occurred in the pre-drought reference
period (Fig. 4, Case 2), which violates the assumption of nor-
mal growth in the pre-drought period. The third case illustrates
situations where multiple, long-lasting, or consecutive
drought events result in a prolonged recovery period (Fig. 4,
Case 3). In this case, one encounters the problems that several
drought years need to be summarized in a meaningful way and
that the length of the post-drought reference period has to be
adjusted.

We suggest that the alternative resilience indices that were
introduced by [71••] may be more suitable for these situations
than Lloret’s indices. These authors complement Lloret’s
resistance index with two indices accounting for the time
needed to reach pre-drought growth levels (growth recovery
time), subsequently called recovery period, and for the cumu-
lative growth reduction in the drought year plus all years in the
recovery period (increment loss due to drought), subsequently
called total growth reduction (Fig. 2 in [71••]). Based on sim-
ulated detrended growth data, we assessed the usefulness of
this alternative approach by comparing results for the three
cases presented above based on Lloret’s original indices with
those based on the resilience indices proposed by [71••].
Further, we suggest two additional, complementary indices:

& Average growth reduction calculated as the ratio of total
growth reduction divided by the length of the recovery
period

& Average recovery rate as the magnitude of growth reduc-
tion in the drought year (equals 1 minus Resistance) di-
vided by the length of the recovery period and expressed
as percentage of the magnitude of growth reduction in the
drought year

Hence, average growth reduction quantifies the average
annual drought impact, and average recovery rate indicates
how much of the growth reduction could be recovered within
1 year.

The comparison between the two methods for the first and
third cases (Fig. 4, Cases 1 and 3) demonstrates the advan-
tages of assessing both the recovery period and the total
growth reduction because the length of the post-drought ref-
erence period is not pre-defined when calculating these two
indices. This eliminates possible biases that can arise, if a
fixed reference period is selected as is commonly done in
Lloret’s approach (see also previous chapter). Further, in these
two examples, we obtain very low resilience values according
to the Lloret index, although a complete, though prolonged
recovery, which takes longer than the reference period consid-
ered for the Lloret indices, occurs. A simple application of the
resilience index according to Lloret would provide the wrong
impression of the capacity to recover in these cases. It is also
important to note that the length of the recovery period (how
fast growth returns to normal) is a key characteristic of resil-
ient responses of trees/populations to disturbances [72] that is
not captured by Lloret’s approach.

Furthermore, quantifying this alternative resilience index
recovery period routinely in addition to testing a set of refer-
ence periods to calculate recovery as suggested in the previous
section would be one way to overcome the above-discussed
lack of standardization of the reference period. This would
acknowledge that the duration of recovery (if there is recovery
at all) is as least as interesting as the question whether full
recovery can be achieved within an arbitrarily set reference
period. Thus, the additional indices suggested by [71••]
should be included in the analyses of growth responses to
drought and especially as recent research indicates that more
frequent and extreme drought events can have a prolonged
effect on tree growth and function [73].

The proposed index average recovery rate, a measure of
the speed of recovery, should not be assessed separately but
always in combination with the other indices such as total
growth reduction and the recovery period (see for example
the greater recovery rate in Case 2 compared to Cases 1 and 3
in Fig. 4). The proposed index average growth reduction
might be meaningful in cases where the growth reduction in
the year of drought is less than the average growth reduction in
the whole recovery period as for example for Case 1 in Fig. 4.
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This metric helps to identify delayed growth responses to
drought or other disturbances in the recovery period
(compare Case 1 and Case 2 in Fig. 4).

When used in concert, the resilience indices proposed here
can provide a more comprehensive understanding of drought
responses in cases where Lloret’s approach is likely to be
inadequate. These resilience indices are of course interdepen-
dent but highlight different aspects of tree responses to
drought. Therefore, for cases similar to the ones described
above, we suggest that all four indices are assessed and report-
ed to facilitate meaningful interpretations of drought
responses.

However, these proposed approaches, like the Lloret indi-
ces, are sensitive to how pre-drought growth is defined as is
demonstrated in Case 2 (Fig. 4), where both the Lloret and
alternative indices might underestimate drought effects be-
cause growth in the pre-drought reference period shows sig-
nificant deviations from “normal” growth. This may happen,
for example, through growth suppression unrelated to
drought. In this case, we suggest using a longer reference
period to reduce the legacy effects on growth in the subse-
quent drought year or period. This example also demonstrates

that neither the Lloret indices nor the alternative approaches
can be effective when only very short time series of radial
growth are available. One way to overcome problems with
defining growth in the reference period in the case of non-
normal growth in the pre-drought period would be to use
model predictions instead of actual growth values as a base-
line of growth. This was done by [74, 75] who used models
based on specific stand and climatic conditions to predict es-
timated annual growth before, during, and after a drought
event. In one of these two studies [75], ratios between ob-
served and estimated growth in the drought year were exam-
ined as an analogue to Lloret’s resistance index, hence elimi-
nating the need to define a reference period entirely. Clearly,
the usefulness of this approach depends strongly on the qual-
ity of models to predict growth under different environmental
conditions.

Future work might consider improved approaches for the
definition of reference growth levels in the pre-drought and
possibly post-drought period in cases where growth reaches a
new equilibrium but also for cases when a drought leads to
long-term growth reduction and eventually death, which may
not be accounted for by detrending. Reference growth levels

Fig. 4 Examples of cases in
which Lloret’s indices are likely
to provide an incomplete or
misleading depiction of growth
responses to drought: (1) lagged
response leading to a radial
growth minimum 1 year after the
drought event, (2) presence of
substantial growth depressions in
the pre-drought reference period,
and (3) multi-year or repeated
drought events resulting in a
prolonged recovery period.
Resilience, resistance, and
recovery were calculated
considering 3 years as a reference
period of pre- (blue horizontal
lines) and post-drought (black
horzontal lines) growth based on
simulated detrended data setting
pre-drought growth to a value of
1. Red horizontal lines represent
tree ring index values in the
drought year
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may for example be developed from separate, non-contiguous
years, if they can be clearly identified as those that represent
“normal growth.”

As with the Lloret’s indices, there is no obvious ranking of
the alternative resilience indices of radial growth in order of
importance. Such a ranking might be developed, if these indi-
ces can be related to an ultimate measure of drought tolerance
such as the probability of tree death following droughts as
recently demonstrated by [12] who found growth resilience
to past droughts to be a promising proxy of tree mortality
across species and regions.

A New Framework for Integrated
Interpretation of Tree Ring-Based Resilience
Indices

In this section, we present a novel framework that permits an
integrated interpretation of the three Lloret indices. This may
help to overcome the problem that there is no logical way to
assign a relative weight to the different resilience indices when
using them for comparing the drought tolerance of several
species or treatments. The integrated framework is based on
the commonly used Lloret indices because at this stage, too
few studies provided values for the recommended alternative
indices to allow for any robust re-analysis.

For ranking of drought tolerance among different tree species,
it has been suggested that the resistance index may be the most
important because highly resistant species have less need to re-
cover compared to species with lower resistance [23, 76].
However, as discussed above, the interpretability of the
resistance index is strongly limited when comparing tree re-
sponses to drought events with different timing (e.g., summer
vs. spring drought) and when comparing tree species with dis-
tinctly different seasonal growth dynamics. In addition, there
may be a cost associated with having a high resistance, if growth
is maintained through the use of stored carbohydrates during
drought, which may lead to a depletion of non-structural C pools
and possibly a less expedient recovery afterwards [40]. However,
this idea is not supported by the findings of a recent global study
[12] in which the drought-related mortality risk was found to be
associated with lower and not higher resistance in angiosperms.

Such trade-offs between growth resistance and growth re-
covery were indicated by the finding of opposing trends for
resistance and recovery along gradients of drought severity for
Aleppo pine forests across Spain [63]. Yet, this was not con-
firmed in a recent meta-analysis where both functional resis-
tance and resilience at the ecosystem scale increased along the
precipitation gradient [77••].

To test if there is a universal trade-off between resistance
and recovery of radial growth to drought, we extracted values
from all studies using the Lloret approach, which included
data of resistance plus at least one other index (recovery or

resilience). This allowed us to use data from 66 (out of the 82)
published studies based on tree ring analyses (Table S1) lead-
ing to a total of 716 published values. A negative power func-
tion provided the best fit to these data (Spearman’s r = 0.68,
residual SE = 0.44) (Fig. 5):

Recovery ¼ 1:018*Resistance−0:854 ð1Þ

This function indicates that forest stands with stronger growth
reductions during drought (lower resistance) are indeed capable
of recovering faster than stands with higher resistance.

We then compared the observed relationship between re-
sistance and recovery (Eq. 1) to a hypothetical one, which
represents full resilience (value of 1) at any given value of
resistance (red line in Fig. 5). Based on the equation by [13],

Recovery ¼ Resilience

Resistance
ð2Þ

one can set resilience to a constant value of 1 allowing trees to
recover fully. Then one can calculate recovery at any given
value of resistance as

Recovery ¼ 1

Resistance
ð3Þ

When comparing this hypothetical relationship between
resistance and recovery with the observed relationship (Fig.
5), it becomes obvious that for resistance values below 0.91
(CI between 0.75 and 1.3), recovery is not high enough to lead
to full resilience of 1. Further, the deviation from the “line of
full resilience” increases with decreasing values of resistance.

Fig. 5 Comparisons of the relationship of observed values of resistance
and recovery (N = 716) from 66 studies (gray) to a hypothetical function,
which represents full resilience at any given value of resistance (red) (see
Eq. 3). The fit of the real data (gray line, see Eq. 1) is significantly better
than the fit to the data using the hypothetical line of full resilience at
p < 0.001***. Confidence intervals (CI) are shown as a light gray
ribbon around the fit for the real data and are based on bootstrapping
using 10,000 replications
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Interestingly, the majority of resistance values are located
within a narrow band (roughly between 0.2 and 1.2) that are
spread out over a much wider range of recovery values
(roughly 1 to 4.5) indicating that recovery may be a more
plastic trait than resistance. At a first glance, this result seems
surprising when considering that tree species should operate
across a large range of resistance values owing to their differ-
ent water use strategies (isohydric vs. anisohydric species).
However, the much larger variability of recovery compared
to resistance could point to a stronger influence of extrinsic
factors such as the climatic conditions in the post-drought
period across studies on the first compared to the latter.

There are no values in the lower left corner (no tree had
both very low resistance and low recovery) indicating a resis-
tance threshold when growth is reduced too much. This may
indicate a “physiological no-man’s land,” which could be
assessed in future studies.

To test whether this concept captures differences between
different drought events, we compared the hypothetical line of
full resiliencewith subsets of the data shown in Fig. 5 referring to
the Pan-European drought events of 1976 and 2003. These are
good examples of two similarly intense drought events but with
differing seasonality and climatic conditions in the pre- and post-
drought period (1976was a spring drought followed by a normal
to wet year in 1977 and a very wet year in 1978; 2003 was a
typical summer drought that showed prolonged water shortages
until at least 2004). For the 1976 drought, the observed relation-
ship between resistance and recovery shows a closer fit to the
line of full resilience than for the 2003 drought (Fig. 6). A tree
that reduced growth less than 34–57% during the 1976 drought
(i.e., had a resistance greater than 0.43–0.66) could recover fully
afterwards. In contrast, only trees with much smaller growth
reductions of up to 19% (resistance of 0.81–1.07) in the 2003
drought experienced a full recovery afterwards.

In addition, the relationship of resistance and recovery for
the 1976 drought indicates an “overshooting” of recovery for
resistance values higher than 0.66 (blue CI is entirely above
red line in Fig. 6). This is most likely the result of improving
growing conditions in the second half of 1976 and very favor-
able growing conditions in 1978, which was included in the
reference period of most studies. This example shows that
depending on the climatic conditions prevailing in the drought
and post-drought period, the same value of resistance can lead
to entirely different consequences for the recovery potential.
Hence, the approach is obviously sensitive enough to capture
this variation among drought events.

A logical next step would be to expand the new framework
by integrating the alternative indices that were discussed in the
previous section to test if/how they complement the line of full
resilience. Future studies could include values of the alternative
index recovery period to determine if the gray line in Fig. 5 is
more likely to result from fast but incomplete recovery or from
slow but complete recovery at low resistance values.

Fig. 6 Comparisons of the relationship between observed values of
resistance and recovery from data of 2 drought events: the 1976
drought (blue, N = 64) and the 2003 drought (gray, N = 119) to the
hypothetical line of full resilience (red) (see Eq. 3). Using NLS function
in R leads to a best fit for the 1976 drought as Recovery =
1.23 * Resistance−0.62, with a residual SE of 0.35 and Spearman’s r =
0.78, and for the 2003 drought as Recovery = 1.05 * Resistance−0.429,
with a residual SE of 0.35 and Spearman’s r = 0.58. Confidence
intervals (CI) are shown as a blue/gray ribbon around the fit for the real
datapoints for 1976/2003 and are based on boostrapping using 10,000
replications. Data are a subset of the data extracted from the global
literature based on tree ring analyses, i.e., from the 66 published studies
for which both values of resistance and recovery were available (see Fig.
5 and Table S1)

Fig. 7 Comparisons of the relationship between resistance and recovery
for broadleaved (N = 227 trees/stands) (black) vs. coniferous species (N =
466 trees/stands) (blue) to a hypothetical one, which equates to full
resilience at any given value of resistance (red) (see Eq. 3). The best fit
for broadleaves is as follows: Recovery = 0.997 * Resistance−0.95, with
residual SE = 0.38 and Spearman’s r = 0.71, and for conifers: Recovery =
1.03 * Resistance−0.81, with residual SE = 0.45 and Spearman’s r = 0.63.
Confidence intervals (CI) are shown as a blue/gray ribbon around the fit
for the real datapoints for conifers/broadleaves and are based on
boostrapping using 10,000 replications. Data were extracted from the
global literature based on tree ring analyses, i.e., from the 66 published
studies for which both values of resistance and recovery were available
(see Fig. 5 and Table S1) and subset by species group
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Comparing Drought Responses of Several Tree
Species

When using tree-level radial growth data, which are normally
obtained from cores or discs at one stem height, one needs to
consider several aspects for (a) inferring tree-level drought
response, (b) scaling-up to population- or even species-level
response to drought, and (c) comparing drought responses of
several tree species:

Firstly, within an individual tree, extrapolation of growth
data from one stem height (normally breast height, DBH) to

the entire stem can be problematic, if growth responses to
drought vary along the bole. This leads to biased estimates
of responses of the whole tree or stem [23]. For example, basal
area increments at breast height (1.3 m) provided good esti-
mates of the volume growth response during drought for the
whole stem in Picea abies trees, but not for recovery of
growth [78]. Therefore, to improve estimates of tree-level re-
sponses to drought, future studies should use growth data from
multiple stem heights.

Secondly, it is also problematic to scale-up growth re-
sponses to drought from the level of individual trees to stands,

Fig. 8 Comparisons of the relationship between resistance and recovery
values separately for the six most common species or genera to a
hypothetical one, which equates to full resilience at any given value of
resistance (red) (see Eq. 3). The coefficients, residual SE, and Spearman’s
r values are shown in Table S2. Confidence intervals (CI) are shown as a

blue ribbon around the fit for the real datapoints and are based on
boostrapping using 10,000 replications. Data for each genus were
extracted from the global literature based on tree ring analyses, i.e.,
from the 66 published studies for which both values of resistance and
recovery were available (see Fig. 5 and Table S1)
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populations, or even to the species level. Results of studies
using Lloret’s approach are representative only for that part of
the population of a given species that was actually sampled.
Most studies using Lloret’s approach—except for [79, 80]—
collected growth data only from living trees, which represent
the survivors of previous droughts and silvicultural selection,
which would typically remove the weak and less vital trees.
Hence, tree ring information has often been obtained only for
the healthy and dominant or co-dominant individuals, which
are least affected by stand density and supposedly carry the
strongest climate signal. Yet, tree dimension and canopy sta-
tus influence resistance and recovery among trees from the
same population [17, 19••, 81]. Therefore, future studies
aiming at population-level growth responses should also sam-
ple dead trees [12] and trees from all vitality/size classes.

So far, comparative rankings of the drought tolerance of sev-
eral tree species have been attempted only in a few studies [76,
82•]. Rankings provide an easy overview of the results of com-
plex analyses in a condensed way, if they follow an objective
and unbiased procedure and acknowledge several limitations.
Certainly, it would not be very helpful to communicate the
outcome of studies such as discussed above to forestry practi-
tioners by providing them with a handful of resilience indices
describing radial growth responses to drought. Therefore, we
explored here whether the integrated assessment of Lloret’s in-
dices presented above could be used to support a ranking of tree
species, provenances, or treatments. Subsequently, we use tree
species and genus as an example for such a ranking, but they
could be easily replaced by other design variables.

For this purpose, we compared regression fits for the rela-
tionship between resistance and recovery for different species
or genera with the theoretical line of full resilience using the
data extracted from the global literature (see Fig. 5 and
Table S1). This analysis shows clear trade-offs between resis-
tance and recovery in both conifers and broadleaves (Fig. 7),
but broadleaves are much closer to the line of full resilience
than conifers (ANOVA p < 0.001***) (Fig. 7). The deviation
from the line of full resilience increases with decreasing resis-
tance in conifers while no such trend is visible in broadleaves
(Fig. 7). Using this approach for ranking purposes would lead
to the conclusion that conifers should be assigned a lower
drought resilience than broadleaved species.

When comparing the closeness of the observed relationship
with the hypothetical line of full resilience separately for the
most commonly studied species or genera in subsets of data
extracted from the global literature (Fig. 8, Table S2), one can
see that Pseudotsuga menziesii exhibits the closest fit follow-
ed closely by F. sylvatica. In contrast, P. abies shows the
strongest deviation from the line of full resilience towards
lower resistance values (Fig. 8). This indicates the highest
recovery potential following droughts that lead to strong
growth reductions (low resistance) in P. menziesii, which is
in accordance with observed lowmortality rates in this species

following recent drought events compared to all other co-
occurring species [83].

Interestingly, if we had used only the resistance index for
ranking purposes, as was suggested in previous studies [23,
76], P. menziesii would have been ranked as the worst-
performing species due its lowest overall means (Fig. S3).

In summary, we propose that the framework employing the
line of full resilience as a reference is a promising approach to
summarize growth responses of trees to drought.

Conclusion

Despite the increasing use of growth-based indices to quantify
tree responses to drought, there is currently no common frame-
work on how to apply and interpret commonly used resilience
indices in a robust and meaningful way. As forests are increas-
ingly experiencing hotter and longer drought events [84], it is
necessary to develop analytical approaches that allow us to
quantify responses to individual drought events (e.g., Lloret’s
approach), to assess the influence of successive or prolonged
droughts through appropriate alternative indices (summarized
in “Alternative Approaches to Assess Radial Growth
Responses to Drought”), and to relate these event-focused anal-
yses to the temporal stability of an entire tree growth series [85,
86]. One promising option for the latter would be to test wheth-
er the departure from the line of full resilience increases over
time when trees experience successive droughts. In a next step,
this departure may be compared across different forest ecosys-
tems and stress levels. The suggested harmonization of quanti-
fying resilience of tree growth to drought will facilitate system-
atic reviews and development of the urgently needed evidence
base to identify suitable tree species and management options
under climatic change. On the road towards a more meaningful
and holistic evaluation of drought impacts, this review high-
lights potential frameworks to integrate different analytical ap-
proaches such as dendro-ecology, wood anatomy, and physiol-
ogy to quantify drought responses of trees and forests.
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