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1. Introduction
During the past few decades, reports of vegetation decline associated with drought have been on the rise 
across the globe (Allen et al., 2010), including in North America (D. D. Breshears et al., 2005), Europe (Ciais 
et al., 2005; Ivits et al., 2014; Reichstein et al., 2007), the Amazon basin (Phillips et al., 2009, 2010), Asia (Y Liu 
et al., 2014), and Australia (Fensham & Fairfax, 2007; Matusick et al., 2013; van Dijk et al., 2013). Extensive 
plant mortality has the potential to trigger abrupt and irreversible changes in ecosystem composition (Allen & 
Breshears, 1998; Suarez & Kitzberger, 2008), which would have profound implications for biodiversity, ecosys-
tem function, ecosystem services, and land-climate interactions (Anderegg, Kane, & Anderegg,  2013; C. A. 
Williams et al., 2016). In addition, droughts can cause a substantial reduction of ecosystem productivity, reduc-
ing the capacity for plants to take up carbon from the atmosphere (Lewis et al., 2011; Schwalm et al., 2012) and 
contributing to positive carbon-climate feedbacks (Lindner et al., 2010). Given the forecast of future drought 
with increased intensity, frequency, duration as well as spatial extent under global warming (Dai, 2013; Held & 
Soden, 2006; Sheffield & Wood, 2008; Ukkola et al., 2020; C. A. Williams, 2014; I. N. Williams et al., 2014), 
it is critical to investigate vegetation response to recent drought as the basis of predicting future drought impacts 
and related consequences in carbon and water cycles.

Current studies of vegetation responses to extreme drought have mostly emphasized the importance of drought 
intensity (DI) in determining the magnitude of drought impact. At local scales, drought experiments and in situ 
investigation of recent extreme events indicate that abnormally low precipitation tends to suppress photosynthe-
sis and increase mortality in forest ecosystems (Doughty et al., 2015; Keith et al., 2012; Nepstad et al., 2007; 
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assessments emphasized the importance of drought intensity for vegetation responses. However, drought 
timing, duration, and repeat exposure all may be important aspects of ecosystem response with the potential 
for non-linear effects. Cumulative effects are one such phenomenon, representing the additional decline due 
to repeated exposure to drought, and indicating gradual loss of ecosystem resistance. This study quantifies 
the frequency and magnitude of cumulative effects among Australian ecosystems as they responded to the 
Millennium Drought. Three distinct biophysical variables derived from satellite remote sensing were analyzed, 
including fraction of photosynthetically absorbed radiation, photosynthetic vegetation cover, and canopy 
density derived from passive microwave data. Cumulative effects were detected in only 8%–20% of the fire-
free landscape exposed to repeat or long-duration drought, and could be a statistical artifact. In those limited 
cases, they approximately doubled drought impacts on leaf abundance, canopy cover, and vegetation density. 
Cultivated lands and grasslands were the most susceptible to cumulative effects, losing resistance to recurrent 
droughts, but could be false discovery. Despite being relatively infrequent in forests and savannas, cumulative 
effects caused larger additional declines in these ecosystems. Overall, our study demonstrates that repeated 
exposure appears to have limited influence on the magnitude of drought impacts on canopy structure affecting 
only a few areas.
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Phillips et al., 2009). For some species, there exists a threshold of DI beyond which extensive forest mortality 
will occur independent of tree density (Floyd et al., 2009). A hydraulic-based threshold of drought stress has 
been identified during the mortality of aspen in southwestern United States in early 2010s and it has hindcasted 
the regional pattern of tree mortality with reasonable accuracy when compared to field plots and mortality maps 
derived from Landsat imagery (Anderegg, Flint, et  al., 2015). At broader spatial scales, ecosystem modeling 
simulated substantial decreases of primary productivity associated with severe drought (Craig et al., 2002; Y Liu 
et al., 2014; Reichstein et al., 2007; Schwalm et al., 2011). Based on satellite observations, large-scale drought 
assessments also demonstrate large negative anomalies in vegetation greenness, ecosystem productivity, as well 
as the length of growing season in response to large water deficit (D. D. Breshears et al., 2005; Ma et al., 2015; 
Schwalm et al., 2010, 2012). While biomes generally show resilience to modest interannual water variability, 
ecosystem resilience can be threatened by hydro-climatic extremes (Ponce-Campos et al., 2013).

Compared to DI, the temporal pattern of drought also plays a critical role in determining drought impacts. For 
instance, recurrent or long-duration droughts can induce additional vegetation decline in response to the same DI 
(Bigler et al., 2007; Mueller et al., 2005; Serra-Maluquer et al., 2018). Possible mechanisms underlying the cumu-
lative drought effects include accumulated hydraulic deterioration caused by cavitation fatigue over successive 
droughts (Anderegg, Plavcová, et al., 2013), limited capacity of regeneration due to depleted non-structural carbo-
hydrate reserves (L. Galiano et al., 2011; L. Galiano et al., 2012; Lloret et al., 2004), and increased likelihood of 
biotic attacks on stressed vegetation (Anderegg, Hicke, et al., 2015). Repeated droughts thus inhibit ecosystem 
recovery from individual drought events, accelerating changes in ecosystem composition, structure, and function 
(Fensham et al., 2009; Phillips et al., 2010). Site-level observations have reported increased mortality of domi-
nant species, shifts in functional composition of ecosystems, and reduced above-ground biomass as a result of 
repeated or prolonged droughts (da Costa et al., 2010; Evans et al., 2011; Phillips et al., 2010). Regional-scale 
analyses have also indicated that repeated droughts could affect the global carbon cycle on decadal scales, largely 
offsetting the carbon sink of intact forests in non-drought years (Lewis et al., 2011). Legacy effects on tree growth 
rate have been observed well after drought cessation (Anderegg, Schwalm, et al., 2015; Kannenberg et al., 2020) 
and they could carry over into further drought periods, degrading tree health and even inducing mortality.

In addition, experiments involving land surface modeling demonstrated a decreasing trend in annual carbon 
storage along repeated exposure of intense droughts (Hoover & Rogers, 2016). Through comparing the effects 
of press-drought (chronic but moderate drought) and pulse-drought (short-term but extreme drought) as well 
as their interaction on mean annual total carbon anomaly, Hoover and Rogers (2016) suggest that interannual 
drought pattern may be as important as drought magnitude in affecting ecosystem carbon dynamics. However, 
due to lacking enough data, most process-based models are not well constrained, which introduces uncertainties 
and precludes useful prediction especially at large spatial-temporal scales (Adams et al., 2013; C. Xu et al., 2013).

Long-term observations provide an alternative approach to investigate vegetation response to recurrent droughts. 
Tree ring measurements and long-term flux tower observations have demonstrated great potential for examining 
drought responses at different timescales (e.g., Y. Liu et al., 2019; Serra-Maluquer et al., 2018), but site-level 
observations are limited in informing responses over large areas. The accumulation of remote sensing obser-
vations over the past three decades, on the other hand, enables investigation of vegetation responses to recur-
rent droughts at regional-to-continental scales. Through comparing the temporal dynamics of productivity and 
phenology metrics derived from the time series of normalized difference vegetation index for four different 
drought clusters, Ivits et al. (2014) found great bioclimatic difference among European ecosystems in response 
to recurrent droughts between 1992 and 2010. However, their analysis summarized vegetation responses over 
entire drought time series without distinguishing the contribution of the interannual drought pattern from over-
all drought impacts. Moreover, whilst the use of vegetation greenness indices to examine drought impact is 
commonplace, other biophysical variables that are directly associated with ecosystem structure and functions 
(e.g., vegetation fractional cover and canopy optical depth), have been seldom explored in response to recurrent 
drought events.

Between 1997 and 2009, Australia experienced a record-breaking, multi-year drought, known as the MD 
(Heberger, 2011). Examining the impacts of this drought provides a unique opportunity to explore the effect of 
recurrent droughts at a continental scale and may shed light on the impacts of long-lasting droughts in future 
hydroclimates. The objective of this study is to examine possible additional vegetation declines at same DI result-
ing from the temporal pattern of repeated droughts, hereafter called cumulative effects, over Australia during a 
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20-year period centered by the MD. Canopy variables derived from multiple remotely sensed data sourcess were 
used to indicate vegetation response, including fraction of absorbed photosynthetic active radiation (FPAR), 
photosynthetic vegetation cover (PVC), and canopy density (a tranformed version of Vegetation Optical Depth 
(VOD) derived from passive microwave data). We quantified the frequency and magnitude of cumulative effects 
of droughts during uninterrupted dry periods in fire-free areas of Australia, addressing the following specific 
questions: (a) How prevalent were cumulative effects as quantified by FPAR, PVC, and canopy density? (b) Which 
bioclimatic setting was most likely to experience cumulative effects when exposed to repeated or long-duration 
drought? (c) Which bioclimatic setting demonstrated the largest magnitude of impact from cumulative effects?

2. Data and Methods
2.1. General Description

We quantified the occurrence and magnitude of cumulative effects in the drought response of FPAR, PVC, and 
VOD-derived canopy density from remote sensing (Table  1). All the RS-derived variables were analyzed at 
their original resolution and then summarized at a common bioclimatic scale. We performed the analysis at  a 
pixel level for all of Australia, excluding pixels where more than 10% the area burned during the assessment 
period according to a fire mask generated by combining the fire frequency map derived from Advance Very 
High-Resolution Radiometer (AVHRR) and the images of the fraction of pixel area that was burned gener-
ated with observations from Moderate Resolution Imaging Spectroradiometer (MODIS). We analyzed how the 
frequency and magnitude of cumulative effects varied across land cover types and across aridity levels, using the 
combination of one-way analysis of variance and a post hoc analysis with Tukey's honest significant differences 
to identify significant differences among group means.

2.2. Data Sources

2.2.1. Time Series of FPAR, PVC, and Canopy Density

Cumulative effects were quantified for three different spaceborne observations of ecosystem properties, including 
monthly datasets of AVHRR fraction of absorbed photosynthetic active radiation (FPAR, 1 km), MODIS photo-
synthetic vegetation cover (PVC, 500 m) data, and canopy density derived from vegetation optical depth (VOD, 
25 km) based on passive microwave data (Table 1). Most of the datasets cover the entire MD period plus a few 
years before and after. To increase the number of drought series for examining cumulative effects, all available 
time series covering the MD period were included for analysis. Each data set is briefly described here, with addi-
tional details presented in Jiao et al. (2020).

FPAR refers to the fraction of incident photosynthetically active radiation (PAR, total radiation at wavelengths 
of 400–700 nm) intercepted by green canopies. It can be regarded as a radiometric surrogate of leaf area index 

Table 1 
Data Sources Used in This Study

Data source Parameter

Spatial Temporal

Resolution/Extent Resolution/Extent

AVHRR-based product a FPAR 0.01°, Australia Monthly, 1992–2011

MODIS-based product 3.0.1 b PVC 500 m, Australia Monthly, 2000–2012

SSM/I, TMI, AMSR-1 fusion c VOD 0.25°, Australia Monthly, 1993–2012

ANUClimate 1.0 d Precipitation (mm) 0.01°, Australia Monthly, 1970–2012

eMAST-R-Package 2.0 e PET (mm) 0.01° Australia Monthly, 1970–2012

MCD64A1.051 f Burned area 500 m, Australia Monthly, 2000–2012

AVHRR Fire Frequency g Fire Frequency 0.01°, Australia One image, 1997–2009

NVIS v5.0 h Major Vegetation Groups 100 m, Australia One image, 1997–2009

 a(R. J. Donohue et  al.,  2013).  b(Guerschman,  2014).  c(T. Xu et  al.,  2016).  dY. Y. Liuet  al.,  (2009).  e(Hutchinson 
et al., 2016).  f(Giglio et al., 2009; Paget & King, 2011).  g(Craig et al., 2002).  h(NVIS, 2018).
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in terrestrial vegetation (Running et al., 2000) which is closely related to surface energy and water fluxes (Asrar 
et al., 1984) as well as the net primary production (Monteith, 1981). A monthly AVHRR-based FPAR prod-
uct obtained from Commonwealth Scientific and Industrial Research Organization (CSIRO) Land and Water 
Research was used to assess the dynamics of leaf area and PAR absorption in response to the MD spanning 
the Australian continent. Issues of orbital drift and time series data stretching across different satellites were 
addressed with a calibration procedure described in Donohue (R. J. Donohue et al., 2009).

PVC indicates the exposed proportion of Photosynthetic Vegetation (PV) within an instantaneous field of view 
(IFOV) of a remote sensing imaging system, which, in combination with Non- Photosynthetic Vegetation and 
Bare Soil, is assumed to compose the scene of an IFOV. A monthly PVC data set derived from a linear unmixing 
methodology (Guerschman et al., 2015) with all 7 MODIS bands was used to quantify the variation of spatial 
coverage of PV in response to drought.

Canopy density represents canopy structure and water content derived from a measure of canopy transmissiv-
ity derived from VOD, which itself is measured with passive microwave imaging or radiometers. (Y. Y. Liu 
et al. (2011). The monthly VOD product used in this paper is retrieved from brightness temperatures of micro-
wave data compiled across several sensor platforms with the use of a Land Parameter Retrieval Model (Owe 
et al., 2001, 2008). A more detailed description of the VOD product and associated canopy density can be found 
in Section 2.2.1 of Jiao et al. (2020).

2.2.2. Fire Mask

Fire is prevalent across Australia and strongly influences vegetation cover and composition (Maier, 2010). We 
used the MODIS burned area product combined with AVHRR fire history map (Table 1) to identify areas that 
experienced fires since 1997. Due to the difference in spatial resolution between MODIS and AVHRR fire prod-
ucts, a combined fire mask was first generated at a fine resolution, that is, 500 m. We then used the 500-m fire 
mask to calculate burn fraction for the spatial grid of each vegetation variable. This study excluded pixels with 
more than 10% burned areas from 1997 to 2011 or 2012, depending on the end of variable time series analyzed.

2.2.3. Ancillary Maps

A biome map and wet index map were adopted to analyze cumulative effects among bioclimatic settings. Biome 
assignments for each pixel were obtained from a reclassification of the 32 major vegetation groups in Australian 
National Vegetation Information System (NVIS, v5.0) into seven land-cover types, that is, non-vegetation, other 
vegetation, cultivated lands, herbaceous, shrubs, savannas, and forests (Figure S7 in Supporting Information S1). 
Only five land-cover types were examined in this study, namely cultivated lands, herbaceous, shrubs, savannas, 
and forests. A wetness index map was generated from the ratio of mean annual precipitation to mean annual 
potential evapotranspiration, which was then classified into five levels of aridity according to the standard of 
the United Nations Environment Program (1992). Each vegetation variable has a biome map and an aridity level 
map generated at its spatial resolution. The biome map was created by resampling biome types at the spatial grid 
of a vegetation variable assigning the majority class. The aridity level map was generated by resampling related 
climatic properties (e.g., mean annual precipitation and evapotranspiration) at a given resolution first using the 
method of average (fine to coarse) or nearest neighbor (coarse to fine), then calculating the wetness index, and 
lastly reclassifying the index into five levels.

2.3. Drought Intensity and Definition

We characterized DI on a pixel-by-pixel basis with absolute and standardized climatological water balance (WB) 
anomalies as follows. The climatological WB was calculated as the difference between precipitation (P) and 
potential evapotranspiration (PET) that was estimated using the Priestley-Taylor Method (see Equation 22 in 
Davis et al. (2017)) with inputs of mean monthly total daily shortwave radiation and mean monthly daily mean 
air temperature from the ANUCLIM products (Hutchinson et  al.,  2014) generated from observed Bureau of 
Meteorology data (Table 1). The Priestley-Taylor Method estimates potential evapotranspiration over saturated 
land surface using an empirical coefficient times the water-equivalence of net surface radiation, ignoring the 
soil heat flux (Lhomme, 1997; Priestley & Taylor, 1972). To consider the effect of soil water storage on plant 
water availability, both absolute and standardized DI indicators can be calculated at multiple time scales. In this 
paper, the 6-month time scale was analyzed, as the average length of water memory in vegetation productivity 
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is approximately 5.6 months in arid and semi-arid regions like Australia (L Liu et al., 2018). Thus, WB for a 
given month is the difference between the sums of P and PET over the 6 months up to and including that month. 
We computed each month's absolute WB anomaly (WBA) as the departure of monthly WB from the long-term 
(1970–2012) mean for that calendar month:

WBA𝑦𝑦𝑦𝑦𝑦 = WB𝑦𝑦𝑦𝑦𝑦 −WB1970−2012𝑦𝑦𝑦 (1)

where y and m indicate a given year and month respectively, and 1970–2012 refers to the period from the year of 
1970 to the year of 2012.

We also computed a standardized water balance anomaly (SWBA) as the ratio between WBA and a pixel's stand-
ard deviation of WB for that calendar month:

SWBA𝑦𝑦𝑦𝑦𝑦 = WBA
𝑦𝑦𝑦𝑦𝑦∕SD

(

WB
𝑦𝑦

) (2)

Absolute and standardized representations offer two different perspectives on hydrologic anomalies, with the 
former measuring DI in unit of millimeter (Figure S1b in Supporting Information S1) and the latter allowing DI to 
be compared across aridity levels (Figure S1a in Supporting Information S1). At site level, SWBA shows consist-
ent temporal variation with standardized precipitation evapotranspiration index (Vicente-Serrano et al., 2010), a 
metric commonly used in drought assessments. In addition, our drought indicators allow a comprehensive assess-
ment of DI by providing a relative metric that is comparable over time and space and simultaneously informing 
the exact amount of water deficit in a interpretable unit (millimeter).

A drought event was defined as a period in which the WB was one standard deviation below its long-term mean 
for a given month, assuming that climatic WB is normally distributed:

Drought𝑦𝑦𝑦𝑦𝑦 =

⎧

⎪

⎨

⎪

⎩

1 (drought)𝑦SWBA𝑦𝑦𝑦𝑦𝑦 < −1

0 (non − drought)𝑦 otherwise

 (3)

We examined cumulative effects by comparing drought events during an uninterrupted dry period, defined as a 
period in which SWBA < 1 for all months.

All drought indicators were calculated at the spatial resolution of each vegetation variable. First, we calculated 
the monthly WB at a 6-month time scale at the resolution of climatic variables (P or PET). Second, the monthly 
WB were resampled at the spatial grid of each vegetation variable using the method of average (fine to coarse) or 
nearest neighbor (coarse to fine). Third, based on resampled monthly WB, we calculated absolute and standard-
ized DI, and identified drought events along the time series of standardized DI.

2.4. Identification and Quantification of Cumulative Effects

Cumulative effects (CE) refer to the non-linear increases in vegetation declines at same DI resulting from the 
temporal pattern of repeated droughts. They are identified as present for a given uninterrupted dry period if at least 
one growing season month is found to have an across-year positive trend in drought sensitivity for a vegetation vari-
able (Equation 4, Figure 1). That is, a cumulative effect occurred if dry to normal conditions persisted for more than 
2 years, and the drought sensitivity for a given growing season month increased in later years. Our analysis excluded 
dry periods with wet events (SWBA > 1) in between drought events because we’d like to focus on ecosystem resist-
ance and minimize the influence of wet events in the identification of cumulative effects. It has been implied that 
wet events could limit the ability of detecting the compound effects of repeated droughts in forests of the Amazon 
(Feldpausch et al., 2016). We assumed that wet events are likely to allow vegetation to reach full recovery before 
being exposed to following drought conditions. It is thus less likely to detect the cumulative effects when drought 
series are interrupted by wet periods. We used an increase in drought sensitivity over time to identify cumulative 
effects because both theoretical prediction and field observations show that ecosystems tend to lose their resistance 
and resilience to recurrent stressful events (Scheffer et al., 2001; Serra-Maluquer et al., 2018). To be precise:

CE (𝑑𝑑𝑑𝑑) =

⎧

⎪

⎨

⎪

⎩

1 (yes), 𝑎𝑎t least onemwith signif icant positive temporal trend in𝑆𝑆
absolute
𝑦𝑦,𝑦𝑦

0 (no),Otherwise

 (4)
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where 𝐴𝐴 𝐴𝐴𝐴𝐴 refers to an uninterrupted dry period, that is, a time period with dry-to-normal hydrological conditions 
(SWBA < 1) and having at least one common month in drought for 3 years or more; m refers to a month in the 
growing season, which is identified as the 5 months with the highest climatological FPAR; and 𝐴𝐴 𝐴𝐴

absolute
𝑦𝑦𝑦𝑦𝑦  refers to 

absolute drought sensitivity, which is measured as the absolute departure of a variable (𝐴𝐴 𝐴𝐴𝑦𝑦𝑦𝑦𝑦 ) from its baseline 
(𝐴𝐴 𝐴𝐴

baseline
𝑦𝑦𝑦𝑦𝑦  ) per unit change in WB anomaly (unit per mm).

𝑆𝑆
absolute
𝑦𝑦𝑦𝑦𝑦 =

(

𝑉𝑉𝑦𝑦𝑦𝑦𝑦 − 𝑉𝑉
baseline
𝑦𝑦𝑦𝑦𝑦

)

∕WBA𝑦𝑦𝑦𝑦𝑦 (5)

Baseline conditions were defined by a normal WB, meaning when the SWBA was within the range (−1,1), in 
the same season and within a 6-year window centered on a given month. Only 𝐴𝐴 𝐴𝐴

absolute
𝑦𝑦𝑦𝑦𝑦  with positive values were 

included in the analysis because negative or zero values imply that the vegetation is not sensitive to drought, 
making it difficult to physically interpret results. Since few samples (usually 3 or 4) were available for trend 
analysis in an uninterrupted dry period, positive slopes with P-value less than 0.1 were regarded as significant 
positive temporal trends. As such, the frequency of cumulative effects was based on the number of uninterrupted 
dry periods and quantified as the probability of uninterrupted drought periods showing cumulative effects. The 
number of growing season months with CE was recorded for each uninterrupted dry period as well. We delib-
erately restricted analysis to assessing positive slopes (rising impacts for successive drought events) ignoring 
possible negative slopes that would indicated declining drought impact so that we highlight adverse or negative 
impacts that might be increasing with successive drought events. However, we acknowledge that negative slopes 
are certainly possible in cases with strong physiological or morphological adaptations to drought.

We quantified cumulative effects by differencing the drought impacts that were measured in raw absolute terms 
(ADI with CE as shown with Equation 6) from the expected drought impacts that would have occurred if there 
had not been an increase in drought sensitivity (ADI without CE as shown with Equation 7).

ADI
withCE

𝑑𝑑𝑑𝑑
= 𝑆𝑆

absolute

𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑
∗ WBA𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑 (6)

ADI
without CE

𝑑𝑑𝑑𝑑
= Detrended

(

𝑆𝑆
absolute

𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑

)

∗ WBA𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑. (7)

The corresponding magnitude of cumulative effects is computed in both absolute (M) and fractional relative (F) 
terms, as follows, and averaged across uninterrupted dry periods that contained cumulative effects:

𝑀𝑀
CE

𝑑𝑑𝑑𝑑
= ADI

withCE

𝑑𝑑𝑑𝑑
− ADI

without CE

𝑑𝑑𝑑𝑑
 (8)

Figure 1. Identification of cumulative effects with three steps. (a) Identifying an uninterrupted dry period and a common growing season month in drought, in which 
yellow backgrounds indicate periods in drought, standardized water balance anomaly < −1, while blue backgrounds indicate wet events, SWBA>1; (b) Growing season 
months identified with climatological FPARS; (c) Significant increasing trend (P-value <0.1) in drought sensitivities across years. The data used is extracted from a 
typical pixel at the resolution of canopy density. The time traces in panel (a) indicated drought intensity (blue dashed line) and drought impact on FPAR (green solid 
line).
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𝐹𝐹
CE

𝑑𝑑𝑑𝑑
=

ADI
withCE

𝑑𝑑𝑑𝑑
− ADI

without CE

𝑑𝑑𝑑𝑑

ADI
withCE

𝑑𝑑𝑑𝑑

. (9)

3. Results
3.1. The Frequency of Cumulative Effects

Canopy density, FPAR, and PVC tended to show consistent spatial patterns in 
the frequency of cumulative effects, with pixels showing higher frequencies 
scattered over the whole continent (Figure 2). The frequency of cumulative 
effects here shows three unique values that are 0, 0.5, and 1, as the total 
number of uninterrupted dry periods for CE identification is often limited 
to 1 or 2 during the period from the year 1992–2012 (Figure S2 in Support-
ing Information S1). Although more than 50% of fire-free areas experienced 
uninterrupted drought events (Table S1 in Supporting Information S1), less 
than 20% of these areas demonstrated cumulative effects in the response of 
canopy density, with even smaller extents for FPAR and PVC (less than 10%) 
(Table 2). The low spatial extent for all canopy variables indicates that cumu-
lative effects are not prevalent over Australia during the MD period, imply-
ing the potential widespread existence of vegetation acclimation to drought 
conditions.

3.2. The Magnitude of Cumulative Effects

Within the areas where we detected cumulative effects (8%–20% of the 
landscape), on average about 50% of the total drought impact was estimated 
to be induced by cumulative effects (Figure 3a–3c. The average magnitude 
of cumulative effects has uncertainty smaller than 3%, which applies  to 
all biophysical variables. Corresponding absolute drought impacts were 
generally small, with around −0.07 for FPAR, −0.04 for PVC, and −0.03 
for canopy density (Figures 3d–3f), each referring to an absolute reduction 
in the variable in its raw units. Excluding cultivated lands does not change 
the overall distribution of magnitude of cumulative effects (Figure S3 in 
Supporting Information S1, differences in means in Table S2 in Supporting 
Information S1), implying that the impact of recurrent droughts was similar 
between human-managed and natural ecosystems. Also, spatial patterns were 
similar across the three biophysical variables, both for the fractional (Figures 
S4a–S4c in Supporting Information S1) and the absolute (Figures S4d–S4f in 
Supporting Information S1) magnitude of cumulative effects.

3.3. Bioclimatic Differences

When exposed to long-term or repeated drought events, forests tended to 
have the lowest frequency of cumulative effects while grasslands had a rela-
tively higher frequency of CE (Figure 4a). Cultivated lands had the highest 

frequency of cumulative effects for FPAR but not for canopy density and PVC. A similar biome pattern was found 
in the spatial coverage of cumulative effects over areas with recurrent drought (Table 2). Across aridity levels, 
more arid regions were more likely to show cumulative effects (Figure 4b).

In contrast, the magnitude of cumulative effects for bioclimatic regions showed a different pattern across biocli-
matic regions. Among natural biome types, forests and savannas tended to have a larger fraction of drought 
impacts attributed to the repeated or long-duration drought pattern while shrublands experienced the smallest 
influence from CE (Figures 5a and 5c). Cultivated lands showed the highest absolute decline from CE for all 
canopy variables (Figure 5c) due to their rapid increases in drought sensitivity in successive droughts (Figure S5a 
in Supporting Information S1). Whereas the frequency of cumulative effects was shown to be higher in more arid 

Figure 2. The frequency of cumulative effects quantified with Canopy 
Density (a), FPAR (b), and photosynthetic vegetation cover (c). Light 
gray indicates burn fraction >10%. White areas indicate no uninterrupted 
dry periods from 1992 to 2012. The frequency of cumulative effects was 
calculated as the ratio between the number of uninterrupted dry periods 
identified with cumulative effects and the total number of uninterrupted dry 
periods. The category with value “0” indicates no cumulative effects for 
extended dry periods, value “0.5” indicates that 50% of extended dry periods 
showed cumulative effects, and value “1” indicates that every uninterrupted 
dry period demonstrated cumulative effects.
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areas, the magnitude of cumulative effects tended to be larger in more humid regions (Figures 5b and 5d). Unlike 
cultivated lands, for which additional vegetation declines due to CE were mainly determined by an increase in 
drought sensitivity, the additional declines for natural ecosystems tended to be scaled by both the temporal vari-
ation in drought sensitivity as well as average DI. This could be found in the comparison across aridity levels 
in which only natural biomes were included. Compared to semi-arid regions which had the largest increase in 

Table 2 
Spatial Coverage of Cumulative Effects Over Areas With Uninterrupted Dry Periods

Variable [time scale a]

Canopy density [6M] FPAR [6M] PVC [6M]

Area with 
Uninterrupted Dry 

Periods (%) b
Area with 
CE (%) b Percentage c

Area with 
Uninterrupted Dry 

Periods (%) b
Area with 
CE (%) b Percentage c

Area with 
Uninterrupted Dry 

Periods (%) b
Area with 
CE (%) b Percentage c

Forests 0.66 0.06 8.45% 1.91 0.10 5.15% 1.86 0.10 5.34%

Savannas 7.85 1.52 19.32% 10.68 0.92 8.59% 9.98 0.77 7.70%

Shrublands 7.08 1.63 22.98% 8.17 0.57 7.02% 7.92 0.63 7.96%

Grasslands 6.20 1.44 23.28% 7.42 0.74 9.96% 7.36 0.67 9.06%

Cultivated lands 8.02 1.29 16.15% 9.30 1.04 11.18% 8.47 0.74 8.68%

Total 29.81 5.94 19.92 37.49 3.37 8.99% 35.59 2.90 8.15%

 aTime Scale refers to the time period of preceding water balance used in calculating current drought intensity. M indicates months.  bArea (%) here is represented with 
the percentage of pixels in certain category relative to total land pixels of Australia at the spatial resolution of a vegetation variable.  cPercentage indicates the spatial 
coverage of areas with CE over areas with at least one uninterrupted dry period from 1992 to 2012.

Figure 3. The histogram of the magnitude of cumulative effects (CE) with all biome types included. The left panel shows the fraction of total drought impact induced 
by CE (a–c) while the right panel shows associated absolute decline in the unit of canopy density (d), FPAR (e), and photosynthetic vegetation cover (f). N indicates 
the sample size of each canopy variables and the y axis corresponding to the probability of CE induced drought impacts which equals to the frequency normalized by 
sample size. 99% CI is short for 99% confidence interval for sample mean, which was estimated with 10,000 bootstraps.
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Figure 4. Comparison of the frequency of cumulative effects across (a) biome types, and (b) aridity levels. Markers sharing the same letter have mean values that are 
not significantly different. Cultivated lands are excluded from the analysis across aridity levels.

Figure 5. Comparison of the magnitude of cumulative effects in fractional and absolute metrics across (a, b) biome types, and (c, d) aridity levels. Groups with a 
sample size of less than 10 were excluded from the analysis. Markers sharing the same letter have mean values that are not significantly different. Cultivated lands are 
excluded from the analysis across aridity levels.
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sensitivity (Figure S5b in Supporting Information S1), higher absolute decline in semi-humid regions (Figure 5d) 
were related to high DI (Figure S6b in Supporting Information S1). Meanwhile, in humid areas, high average DI 
did not result in greater decline than semi-humid regions, indicating that variation in sensitivity with recurrent 
droughts continued to be important in determining the magnitude of absolute decline.

4. Discussion
4.1. Summary of Findings

The MD, a decades-long drought across southeastern Australia, has previously been characterized as one continu-
ous event, with dry years interspersed with average years (e.g., Ma et al., 2015). Here we examined this framing in 
more detail by characterizing the cumulative effects of drought during a period centered on the MD, finding that 
cumulative effects were not all that common. Although over 50% of fire-free areas were exposed to long-duration 
droughts of 3 years or longer without interruption, less than 20% of the exposed areas showed an increase in 
drought sensitivity. The limited occurrence of cumulative effects among all biomes indicates that most species 
over Australia are resistant to recurrent droughts. It could be explained by the prevalence of drought-tolerant 
species which adopt a conservative strategy in water usage and are thus insensitive to water deficit (Ouédraogo 
et al., 2013). Other plant adaptations that contribute to drought resistance include dehydration avoidance and 
summer dormancy, both of which involve changes in physiological processes (Backhaus et al., 2014; Boyko & 
Kovalchuk, 2011; Bruce et al., 2007) and morphological traits during severe drought (Bolger et al., 2005; Volaire 
et al., 2009). Besides these survival strategies, an absence of rising sensitivity to repeated droughts could also 
result from die-off from a first drought event followed by incomplete recovery. However, in the areas where 
cumulative effects (CE) were detected, about half of the total drought impact was attributed to the increasing 
trend of drought sensitivity induced by successive droughts.

Among biome types, forests and savannas tended to have relatively low frequency of cumulative effects but 
higher magnitude of CE. This could result from the deeper rooting of trees that provides access to additional 
water resources (e.g., Duursma et al., 2011) and thus reduces the response to successive droughts. Also, it could 
be related to saturation of vegetation indices (FPAR and PVC) with increasing LAI that could potentially mask 
leaf area losses in ecosystems that have more leaf area. Even if woody vegetation types are less vulnerable, the 
resistance of trees could be threatened over longer periods of recurrent droughts (Saunier et al., 2018). Repeated 
drought exposure has been shown to facillitate tree-level morphological adjustment like reduced their overall 
leaf area and biomass (Pritzkow et  al.,  2021). It could even cause community-level structural shifts such as 
the replacement of large trees with short, multi-stemmed individuals (Matusick et  al.,  2016). Shrublands, by 
contrast, had higher frequency of CE but the lowest magnitude of CE. Due to the differences in physiology and 
rooting patterns, many shrubs are more drought tolerant than trees (Allen et al., 2015; McDowell et al., 2011), 
which allows them to be less affected by recurrent drought exposure. Recent studies have shown that shrubs 
are often  adapted to withstand long-term drought conditions (Schwinning et al., 2004), and thus are likely to 
replace other life forms under future climate with drought extremes (Bestelmeyer et al., 2015; D. D. Breshears 
et al., 2016). In addition, the variation across aridity levels shows that more humid areas would be less likely 
affected by recurrent droughts but, once they were affected, they would have greater additional declines from the 
drought pattern. This is consistent with the variation of drought tolerance across aridity levels, with vegetation 
that proliferated in more arid regions more adapted to recurrent droughts. In contrast, vegetation in more humid 
regions are less adapted to droughts and thus will experience larger impacts of drought extremes.

Cultivated lands and grasslands are most vulnerable to the impact of long-term drought as they had both higher 
frequency and larger magnitude of cumulative effects. Although management practices like replanting or rotation 
of crops could confound the interpretation of the results of CE in croplands, such as with annual grain crops, we 
note that grains only account for about one third of the agricultural land uses in Australia based on the inves-
tigation of 2005/2006 (Marinoni et al., 2012). Livestock and diary productions are the dominant land uses of 
cultivated lands, making them similar in response to recurrent droughts as the grasslands.

4.2. Improved Understanding Through Synthesizing Distinct Canopy Variables

FPAR, PVC, and canopy density demonstrated consistent variation across bioclimatic settings in terms of the 
spatial coverage, the frequency and the magnitude of cumulative effects. Relatively high spatial coverage and 
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frequency of cumulative effects were detected for canopy density compared to FPAR and PVC. This could 
be partially attributed to their differing spatial resolutions, with canopy density at a pixel resolution of 25 km 
differing from FPAR (1 km) and PVC (0.5 km). In contrast, FPAR and PVC generally had larger cumulative 
effects than canopy density and their drought sensitivity increased faster along recurrent droughts, indicating 
that photosynthetic tissues were more vulnerable to uninterrupted interannual droughts than canopy biomass. 
Admittedly, satellite observations at the kilometer-scale resolution makes it difficult to decompose the change in 
drought  sensitivity into the changes for woody or herbaceous components especially over heterogeneous surface 
like mixed woodlands. However, synthesizing results for distinct canopy variables advances our understand-
ing about vegetation response to recurrent droughts ranging from radiative and structural properties to canopy 
biomass.

4.3. Cumulative Effects Scaled by Both Elevated Sensitivity and Drought Intensity

Compared to the absolute decline induced by cumulative effects, the fractional impact provides a more effective 
way to estimate the contribution of interannual drought pattern because it expresses CE as a fraction of the total 
drought impact, accounting for variations with DI and other factors. We found that, when cumulative effects 
occur, they account for about 46 ∼ 56% of the total drought impact for all vegetation types. This finding may 
allow us to estimate the overall impact of future recurrent droughts as a doubling of the impact induced by the 
first drought event in an uninterrupted dry period. At the same time, it is important to keep in mind that elevated 
sensitivity to drought due to prior drought exposure interacts with the DI of successive droughts, and the absolute 
impact can be moderated by a less intense follow-on drought. This complicates the assessment and interpretation 
of cumulative effects and calls for the study of how drought sensitivity interacts with DI in determining absolute 
decline.

4.4. Implications for Modeling Vegetation Response to Recurrent Droughts

Our findings have several implications for the modeling of ecosystem drought-response dynamics. First, our 
results suggest that it is important to jointly consider an elevated drought sensitivity of vegetation greenness, 
canopy density, and vegetation fractional cover for successive drought events. Failing to do so may significantly 
underestimate drought-induced declines which may be apparent in one variable and not another. We note that it 
is unclear for how long drought sensitivity remains elevated, indicating a need for future study. Second, both the 
probability of cumulative effects and the absolute magnitude of their impact vary across bioclimatic settings. For 
example, forests and savannas are less likely to show cumulative effects but, once they are affected, they will have 
largest impacts in terms of carbon losses. In contrast, shrublands are more likely to be affected by cumulative 
effects but the impact is relatively small. Third, in the limited instances where they occurred, cumulative effects 
tended to account for about 50% of total drought impacts and the fractional contribution varied little among 
biome types. That is, once cumulative effects occurred, the impact of recurrent droughts could be estimated as 
doubled impacts of the first drought event given unchanged DI. Thus, the key to modeling vegetation response 
lies in determining when cumulative effects will occur. Possible determinants of this occurrence may include DI, 
drought duration, the duration of a post-drought interval, the hydrologic status of post-drought intervals, and the 
recovery status after individual drought events. All of these are worthy of future study.

4.5. Limitations of Our Methodology

It is worth noting a few challenges in our method of identifying cumulative effects. First, through excluding areas 
with burned fraction >10%, we implicitly assume no connection between cumulative effects and fire. However, 
a positive relationship between drought and wildfire has been widely observed across the globe (Abatzoglou & 
Kolden, 2013; Abatzoglou et al., 2018; A. P. Williams et al., 2015) and drought-driven fires are becoming dominant 
in the current century as a result of climate change (Cary & Banks, 2000; Pausas & Fernández-Muñoz, 2012). It is 
possible that the close relationship between drought and fire explained why cumulative effects were not prevalent 
over fire-free regions. So, in future studies, it is necessary to examine local thresholds of burned fraction below 
which their relationship disappears. Second, this analysis of drought pattern is limited to analysis of dry periods 
free of intervening wet events (above normal wetness). An alternative analysis of drought pattern might also 
consider including wet extremes in between drought events, but doing so might need to account for variability in 
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the degree of response or recovery during intervening wet periods and this could become an additional source of 
variability that may confound the assessment. Third, lagged responses, including carryover effects of declines due 
to prior droughts into an ensuing drought response, may confound our interpretation regarding sensitivity. That is 
to say, what we interpret here as a rise in sensitivity to the current drought could actually be a delayed response  to 
a prior drought that carries over into a follow-on event. As our drought sensitivity is calculated with vegetation 
declines regarded as a whole, it is difficult to distinguish the immediate response from the delayed response using 
our method. Thus, we are unable to provide insights on them individually. However, we could inform the trend of 
overall response along repeated or recurrent drought events through cumulative effects.

5. Conclusion
This study found that 8%–20% of the drought-affected and fire-free areas have evidence of additional declines 
of leaf abundance, canopy cover, and density due to cumulative effects from recurrent droughts, and that when 
they occur, cumulative effects can account for as much as half of total drought impact, which provides a conven-
ient way to estimate the impact of recurrent droughts. Cumulative effects with repeat drought exposure had 
larger effects in forests and savannas, suggesting a greater risk of carbon release given repeated or long-duration 
drought. Overall, these findings support the notion that in many cases the impacts of multiple extreme events 
is often well captured with a simple stationary response to individual extreme events, with the need to consider 
sequence of events only in a small subset of cases.

Data Availability Statement
Data sources used in this study could be accessed with references in Table 1. Data and codes used for this study 
could be obtained from https://doi.org/10.5281/zenodo.5861281.
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