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Abstract Global climate models predict increases in
the frequency and severity of drought worldwide,
directly affecting most ecosystem types. Consequently, drought legacy effects (drought-induced
alterations in ecosystem function postdrought) are
expected to become more common in ecosystems
varying from deserts to grasslands to forests. Drought
legacies in grasslands are usually negative and reduce
ecosystem function, particularly after extended
drought. Moreover, ecosystems that respond strongly
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to drought (high sensitivity) might be expected to
exhibit the largest legacy effects the next year, but this
relationship has not been established. We quantified
legacy effects of a severe regional drought in 2012 on
postdrought (2013) aboveground net primary productivity (ANPP) in six central US grasslands. We
predicted that (1) the magnitude of drought legacy
effects measured in 2013 would be positively related
to the sensitivity of ANPP to the 2012 drought, and (2)
drought legacy effects would be negative (reducing
2013 ANPP relative to that expected given normal
precipitation amounts). The magnitude of legacy
effects measured in 2013 was strongly related
(r2 = 0.88) to the sensitivity of ANPP to the 2012
drought across these six grasslands. However, contrary to expectations, positive legacy effects (greater
than expected ANPP) were more commonly observed

E. M. Denton
United States Department of Agriculture - Agricultural
Research Service, Eastern Oregon Agricultural Research,
Burns, OR, USA
M. K. Johnston
United States Department of Agriculture - Agricultural
Research Service, Central Plains Experimental Range,
Nunn, CO, USA

S. L. Collins
Department of Biology, University of New Mexico,
Albuquerque, NM 87131, USA

123

506

than negative legacy effects. Thus, while the sensitivity of ANPP to drought may be a useful predictor of the
magnitude of legacy effects, short-term (1-year)
severe droughts may cause legacy effects that are
more variable than those observed after multiyear
droughts.
Keywords Climate extremes  Grasslands  Drought
legacy  Drought sensitivity  ANPP

Introduction
Drought, defined meteorologically as a ‘‘prolonged
absence or marked deficiency of precipitation’’ (IPCC
2013), has shaped the structure and functioning of
grasslands globally, particularly those in central North
America (Woodhouse and Overpeck 1998; Clark et al.
2002). Severe droughts, and climate extremes more
broadly (Smith 2011), are expected to increase in
frequency and intensity with climate change, and there
is evidence that drought severity has already increased
(Dai 2011; 2013; Ponce-Campos et al. 2013; Trenberth et al. 2014; Griffin and Anchukaitis 2014; Cook
et al. 2015). In general, drought results in a decline in
ecosystem functions such as aboveground net primary
production (ANPP) and soil CO2 flux (Hoover et al.
2014; Shi et al. 2014). Drought also alters structural
attributes, such as tiller and rooting density (Plaut et al.
2013; Reichmann et al. 2013), which can have
prolonged postdrought effects on ecosystem function.
Drought legacies, defined as alterations in
resources or ecosystem properties that continue to
affect an ecosystem postdrought (sensu Yahdjian and
Sala 2006), can be negative or positive (Sala et al.
2012), and thus can either exacerbate or offset
(partially) the negative effects of drought on ecosystem function. Negative drought legacies, characterized by reduced ANPP after a drought relative to that
expected, may occur when there is a soil moisture
deficit that persists after the drought (despite increased
precipitation inputs), or if there is drought-induced
mortality of plants or senescence that constrains ANPP
responses after drought has subsided (Yahdjian and
Sala 2006; Sala et al. 2012; Reichmann et al. 2013).
Positive drought legacies, when ANPP is higher than
expected after a drought (Seastedt and Knapp 1993),
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have been linked to increased light availability (Slik
2004) or elevated soil nitrogen (N) availability after
drought (Whitford et al. 1995; Reynolds et al. 1999;
Hofer et al. 2017). From an analysis of long-term
records of precipitation and ANPP in 16 grasslands,
Sala et al. (2012) concluded that drought legacies are
predominantly negative in grasslands worldwide. A
recent analysis of forest tree growth after drought led
to a similar conclusion (Anderegg et al. 2015). The
impact of drought legacies is predicted to be positively
related to drought severity and the magnitude of
ecosystem responses to drought (Yahdjian and Sala
2006; Smith 2011); thus, negative drought legacies are
expected to become more pronounced in the future as
drought severity intensifies.
Grassland ecosystems, which cover [ 30% of
Earth’s terrestrial surface, are ideal study systems
for assessing the impacts of drought and subsequent
drought legacies on ANPP because most are waterlimited ecosystems (Noy-Meir 1973; Webb et al.
1978; Sala et al. 1988) and are highly responsive to
changes in precipitation (Knapp and Smith 2001; Hsu
et al. 2012). In 2012, grasslands in the central US
experienced a severe and extensive drought (the
fourth largest drought since 1895) characterized by a
*40% reduction in growing season precipitation
across the region (Knapp et al. 2015). Taking
advantage of the regional uniformity of these precipitation reductions, Knapp et al. (2015) assessed
ecosystem sensitivity to the 2012 drought of six
native grassland ecosystems ranging from a desert
grassland in New Mexico to a mesic tallgrass prairie
in Kansas. The sensitivity of ANPP to drought varied
twofold among these six grasslands and was negatively correlated with mean annual precipitation
(MAP), a pattern that is consistent with previous
models predicting the high sensitivity and responsiveness of xeric ecosystems to drought (Huxman
et al. 2004; Diffenbaugh et al. 2008).
The differential drought sensitivity observed across
the major grasslands of the central US, combined with
a return to average precipitation in 2013 (Table 1),
provided an opportunity to assess the legacy effects of
the 2012 drought on ecosystem function (ANPP) in
2013. We tested two hypotheses: (1) that legacy
effects of drought in these grasslands would be
negative (Sala et al. 2012) given the severity of the
2012 drought (rated as severe to extreme, http://www.
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Table 1 Site characteristics for six central US grasslands affected by the 2012 regional drought. (Color figure online)

Sitea

MAP
(mm)

MAT
(°C)

Mean
ANPP
(g m-2)

2012 PPT
(mm)

2013 PPT
(mm)

2012
ANPP
(g m-2)

2013
ANPP
(g m-2)

2012
SPEI

SBK

Sevilleta black grama

244 ± 39

13.4

98 ± 39

187

251

34 ± 6

243 ± 17

- 1.49

SBL

Sevilleta blue grama

257 ± 52

13.4

66 ± 26

195

299

19 ± 3

189 ± 20

- 1.49

SGS

Shortgrass Steppe

366 ± 30

9.5

94 ± 16

189

362

42 ± 2

126 ± 20

- 2.16

HPG

High Plains Grassland

415 ± 44

7.9

137 ± 30

232

447

69 ± 3

69 ± 3

- 2.4

HYS

Hays Agricultural
Research Center

581 ± 96

12.3

246 ± 57

362

547

159 ± 9

245 ± 12

- 1.82

KNZ

Konza Prairie

864 ± 74

13

413 ± 42

569

787

250 ± 8

492 ± 16

- 1.57

-2

MAP (± 95% CI), MAT, and mean aboveground net primary production (ANPP; g m ± 95% CI). Mean ANPP and MAP were
calculated excluding 2012 and 2013 values. ANPP (± SE for plot variability) and precipitation (PPT) amounts are shown for 2012
and 2013. SPEI was calculated for the site-specific 2012 growing season. Climatic data were taken from the nearest NOAA sites or
from LTER rain gages. See Figs. S1 and S2 for distributions of long-term ANPP and precipitation data
a

Sites include a desert grassland [Sevilleta National Wildlife Refuge, dominated by black grama, Bouteloua eriopoda (C4)—SBK]
and a southern Shortgrass Steppe [Sevilleta National Wildlife Refuge, dominated by blue grama (Bouteloua gracilis (C4))—SBL] in
New Mexico; a northern Shortgrass Steppe [Central Plains Experimental Range, dominated by B. gracilis—SGS] in Colorado; a
northern mixed-grass prairie [High Plains Grassland Research Center, codominated by Pascopyron smithii (C3) and B. gracilis—
HPG] in Wyoming; as well as a southern mixed-grass prairie [Hays Agricultural Research Center, codominated by P. smithii,
Bouteloua curtipendula (C4), and Sporobolus asper (C4)—HYS], and a tallgrass prairie [Konza Prairie Biological Station, dominated
by Andropogon gerardii (C4) and Sorghastrum nutans (C4)—KNZ] in Kansas

droughtmonitor.unl.edu/), and (2) that differences in
drought sensitivity among these grasslands would be
positively related to the magnitude of the legacy

effects observed, regardless of whether legacies were
positive or negative (Yahdjian and Sala 2006; Smith
2011) (Fig. 1).
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Fig. 1 Hypothetical ANPP responses of three grasslands
varying in drought sensitivity (from the least to most sensitive:
A, B, C) and potential legacy effects. Depicted on the left are
differential responses of aboveground net primary productivity
(ANPP) for each site during a drought year and a postdrought
year. Long-term mean ANPP with 95% CI (dashed lines) is also
shown for reference. Assuming the drought was of equal
magnitude across all sites and precipitation in the postdrought
year was near average, drought sensitivity and legacy effects can
be calculated as anomalies from the long-term mean ANPP
(i.e., % deviation) in the drought year and postdrought year,
respectively. Legacy directionality is indicated as anomalies
above (?) or below (-) the 95% CI for mean ANPP. As
predicted by Sala et al. (2012), negative legacy effects are shown

across all sites; however, an alternative positive legacy effect of
similar magnitude is shown for the site with medium drought
sensitivity (B?). Potential cross-site relationships between
drought sensitivity and legacy effects (depicted on the right)
can incorporate negative (filled gray circle) and positive (filled
black circle) legacy effects or simply focus on the magnitude of
the legacy effect by plotting the absolute value of the
postdrought ANPP response. (The dashed line in the ‘‘directional’’ relationship represents zero legacy effect with positive
legacies being above the line and negative legacies below it).
The relationship between the responsivenesses of ecosystems
during a post drought is more accurately visualized using the
drought legacy magnitude

Materials and methods

ecosystems used by Knapp et al. (2015) to determine
drought sensitivity. These six sites encompass the
major grassland types in the central US spanning a
west–east MAP gradient of 244–863 mm ([ threefold
difference) as well as a north–south mean annual
temperature (MAT) gradient of 6.8 °C (Table 1). Soil

Study sites
Potential legacy effects of the 2012 drought were
measured in 2013 in the same six grassland
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textures across these sites vary from sandy to clay
loams (Burke et al. 1989, 1991; Kieft et al. 1998).
ANPP was quantified in ungrazed pastures in 2012 and
2013. Apart from the two mixed-grass prairie sites
(HYS and HPG; Table 1), which were lightly grazed
two years prior to this study, these sites had not been
grazed by domestic herbivores for [ 10 years prior to
the 2012 drought. The tallgrass prairie site (KNZ) is
subjected to frequent (annual) prescribed fire, a
common management practice in the region that has
replaced the frequent wildfires that historically maintained the structure and function of this grassland
(Knapp et al. 1998).

(Muldavin et al. 2008). In all cases, biomass produced
in previous years (easily identified by gray coloration)
was excluded from estimates of the current year
ANPP.

ANPP and climate data

Drought sensitivity ¼

From each grassland site, historical ANPP data were
compiled from the literature or from online data
sources and combined with ANPP measured at each
site in 2012 and 2013. ANPP was also measured in
2014 and 2015 to provide a more robust measure of
long-term mean ANPP and ensure that ANPP pre- and
postdrought (after the single legacy year) were similar.
This resulted in 8–32 years of data for each site (see
Knapp et al. 2015 for additional details on data
sources). Corresponding data on annual precipitation
amounts were taken from on-site rain gages when
available or retrieved from the nearest NOAA weather
station (http://www.ncdc.noaa.gov/). Both long-term
mean ANPP and MAP were calculated excluding data
from the 2012 drought year and 2013 legacy year.
Estimates of ANPP were based on end-of-season or
peak biomass harvests for the SGS, HPG, HYS, and
KNZ sites. In contrast, biomass was estimated allometrically twice during the growing season for the two
Sevilleta sites (SBK and SBL) using species-specific
equations with changes over time used to estimate
ANPP (Muldavin et al. 2008). Succulent plant ANPP
was not included in productivity estimates and was a
relatively minor component of the vegetation in most
plots. Sample sizes and specific plot dimensions varied
slightly depending on the study prior to 2012. In 2013,
all aboveground biomass was harvested at the end of
the growing season from three 0.1-m2 quadrats
randomly located within thirty 4-m2 plots for SGS,
HPG, HYS, and KNZ (n = 90 quadrats/site). Similarly, ANPP was estimated using species-specific
allometric equations from four 1-m2 quadrats within
ten 4-m2 plots for SBK and SBL (n = 40 quadrats/site)

Data analysis
Long-term datasets were used to calculate mean
ANPP and precipitation, with 95% confidence intervals (CI), for each site. The relative ANPP responses
in 2012 (drought sensitivity) and 2013 (drought legacy
effects) were calculated as anomalies from mean
ANPP:
2012ANPP  Mean ANPP
Mean ANPP

Drought legacy effects ¼

2013ANPP  Mean ANPP
Mean ANPP

This measure of legacy effects was justified as 2013
precipitation amounts fell within the 95% CI of MAP
at five of the six sites (a significant 9% reduction from
MAP was observed at KNZ in 2013), thus average
ANPP would be expected in the absence of legacy
effects (Table 1). Legacy effects were considered
statistically significant if 2013 ANPP was above
(positive legacy) or below (negative legacy) the 95%
CI for the site-specific long-term mean of ANPP.
Drought sensitivity is shown as the absolute value of
2012 ANPP anomalies; thus, higher values indicate
higher sensitivity. A general linear model was used to
determine whether the drought sensitivity magnitude
(i.e., absolute value) was related to the drought legacy
effects (including directionality); however, second
regression analysis was included using the magnitude
(absolute value of drought legacy effects) to observe
potential relationships between relative ANPP
responses that may be hidden due to legacy directionality (Fig. 1).
The magnitude of drought legacy effects was also
regressed against variables that have been shown to be
predictive of lagged ANPP responses to precipitation.
These included the difference in precipitation between
the drought and recovery years relative to MAP for
each site ([2013 Precipitation - 2012 Precipitation]/
MAP) as well as the Standardized Precipitation
Evapotranspiration Index (SPEI) (Yahdjian and Sala
2006). SPEI, a common measure of drought severity,

123

510

was calculated for the 2012 growing season defined
separately for each site (April–September for SGS,
HPG, HYS, and KNZ and April–October for SBK and
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SBL; Knapp et al. 2015). All regression analyses and
CI were calculated in R version 3.4.0.

Plant Ecol (2018) 219:505–515
b Fig. 2 Aboveground net primary production (ANPP, filled

light gray square) and annual precipitation (filled dark grey
square) for six central US grasslands: Sevilleta—black grama
(SBK), Sevilleta—blue grama (SBL), Shortgrass Steppe (SGS),
High Plains Grassland (HPG), Hays (HYS), and Konza Prairie
(KNZ). For each site, the long-term means (excluding 2012 and
2013) for ANPP and precipitation are shown with 95% CI
(dashed lines) as well as 2012 and 2013 mean ANPP (± SE of
plot variability) and annual precipitation. Given the nearaverage precipitation in 2013, ANPP responses outside of the
95% CI are considered statistically significant legacy effects
(a = 0.05). Years of long-term data per site: SBK = 16,
SBL = 14, SGS = 28, HPG = 11, HYS = 8, KNZ = 32
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was much higher than the variability in drought
sensitivity (ANPP anomaly range of 0.36 and 1.85 for
2012 and 2013, respectively; Fig. 3). The magnitude
of drought legacy effects was not correlated with
either SPEI or the difference in precipitation between
the drought and postdrought years, two variables
commonly used to explain drought legacy effects on
ANPP (Table S1; Yahdjian and Sala 2006). Finally,
we saw no evidence of any lagged effects of the 2012
drought on ANPP in 2014 or 2015, although precipitation during these years was less comparable across
sites than in 2012 and 2013.

Results
Discussion
The drought in 2012 reduced ANPP in all six
grasslands relative to the long-term mean, ranging
from a 35% reduction in the southern mixed-grass
prairie (HYS), the least drought sensitive site, to [
65% reductions in both Sevilleta sites, SBL and SBK,
the most drought sensitive sites (Fig. 2). Despite near
average precipitation in 2013, ANPP deviated significantly from the long-term mean at most sites, ranging
from a 49% relative reduction in the C3-dominated
northern mixed-grass prairie (HPG) to a [ 145%
relative increase at both SBL and SBK (Fig. 2).
Contrary to our predictions, we observed positive
drought legacy effects on ANPP more frequently than
negative legacy effects across these six grasslands
(Fig. 2). Legacy effects (i.e., significant deviations
from the expected mean ANPP, given average
precipitation levels) were evident in four of the six
grasslands (SBK, SBL, HPG, and KNZ; Fig. 2). Three
of these legacy effects were positive (SBK, SBL, and
KNZ), with a negative legacy effect observed at HPG.
There was no observable drought legacy effect on
ANPP in the southern mixed-grass prairie (HYS) or
shortgrass prairie (SGS). It is worth noting that 2013
was the most productive year on record for the
Sevilleta sites (14 and 16 years of LTER data for SBL
and SBK, respectively), despite receiving an average
amount of annual rainfall.
Drought legacy effects were significantly correlated with drought sensitivity across these six grassland sites (Fig. 3a). This positive relationship was
much stronger when drought sensitivity was regressed
against the magnitude of legacy effects, irrespective of
legacy directionality (R2 = 0.88; Fig. 3b). The variability in the magnitude of legacy effects across sites

Drought legacies can extend the influence of drought
well beyond its meteorological occurrence. Legacy
effects of drought, and more broadly the lagged effects
of antecedent precipitation on current year ecological
processes (Ogle et al. 2015), have been widely
reported to be negative (Yahdjian and Sala 2006; Sala
et al. 2012; Reichmann et al. 2013; Anderegg et al.
2015); however, positive effects, as well as a complete
lack of drought effects on postdrought function, have
also been reported (Seastedt and Knapp 1993; Slik
2004; Hermance et al. 2015; Wagg et al. 2017). For
example, an experimentally induced 2-year extreme
drought elicited extreme ANPP responses (significantly rare compared to historical responses; Smith
2011) in the Konza tallgrass prairie, yet there was no
postdrought legacy effect on ecosystem function
(ANPP) the next year (Hoover et al. 2014). Thus,
greater understanding of the potential relationship
between the sensitivity of ecosystems to drought and
legacy effects of drought is needed, particularly given
the forecasted increase in drought severity and
frequency (Dai 2011; 2013).
In this study, we observed legacy effects of the
severe 2012 regional drought on ecosystem function
(ANPP) in 2013 and, as predicted by Smith (2011), we
found a strong correlation between the ecosystem
drought sensitivity and the magnitude of the legacy
effect observed postdrought (Fig. 3b). Although Sala
et al. (2012) concluded that drought legacies are
predominately negative in grasslands, positive legacies were observed in half of the grasslands studied
here (Fig. 2). A significant negative legacy effect was
observed in only one grassland, HPG, the site with the
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Fig. 3 The relationship between drought sensitivity and legacy
effects across six central US grasslands (a). Both positive and
negative ANPP anomalies are included in this ‘‘directional’’
relationship. The relationship between drought sensitivity and
legacy effects is more accurately presented and strengthened
when the magnitude of the legacy effects is shown (b). See
Table S1 for linear model results. By calculating the magnitude,
or absolute value, of ANPP anomalies, the responsiveness of
ANPP in the drought year can be compared to responsiveness in
the recovery year, irrespective of directionality. This relationship suggests that a large ANPP response to a 1-year severe
drought may lead to a large ANPP response in the recovery year,
regardless of whether the response is positive or negative. See
Table 1 for site abbreviations and Fig. S3 for the distribution of
ANPP anomalies over time for each site. Drought sensitivity = |2012 ANPP - Mean ANPP/Mean ANPP|. Drought
legacy effects = 2013 ANPP - Mean ANPP/Mean ANPP

highest C3 grass cover. It is worth noting that HPG
experienced the most severe drought in 2012, as
indicated by SPEI (Table 1), which may have contributed to the negative legacy effect. As expected, no
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legacy effect was detected in the grassland that was
least responsive to the 2012 drought (HYS). While
considerable plot-level variability in ANPP suggests a
lack of legacy effects at SGS (Fig. 2—SGS), the mean
for 2013 ANPP was well above the long-term mean.
Additionally, Hermance et al. (2015) observed a
positive legacy effect of the 2012 drought in the
Shortgrass Steppe of Colorado (SGS) based on NDVI
estimates of plant production in 2013. ANPP values at
the two Sevilleta sites (SBK and SBL) were historically high in 2013 (Fig. S3), which we attribute to
drought legacy effects; however, rainfall patterns in
2013 likely played a role in this system, where ANPP
is highly responsive to the timing and size of rain
events in the late summer monsoon season (Muldavin
et al. 2008).
Although negative drought legacies have several
potential mechanisms, results from field experiments
suggest that plant mortality or loss of meristematic
tissues (stems, buds, tillers, etc.) during extreme or
prolonged drought can be particularly important for
constraining plant growth postdrought, even when
abundant precipitation is available (Yahdjian and Sala
2006; Reichmann et al. 2013). Indeed, meristem
limitation has been proposed as a mechanism limiting
production responses to increased precipitation in
many chronically water-limited ecosystems (Knapp
and Smith 2001; Dalgleish and Hartnett 2006).
Although we did not attempt to quantify plant
mortality or meristem density after the 2012 drought,
observations made at each site during end of season
sampling did not reveal any obvious increases in plant
mortality. It is likely that drought of extended duration
or greater severity would be required for such plant
mortality and increased meristem limitation to occur.
Positive drought legacies are most commonly
attributed to higher soil N availability postdrought, a
result of continued N-mineralization but reduced
N-uptake during drought (Seastedt and Knapp 1993;
Whitford et al. 1995; Reynolds et al. 1999; Yahdjian
et al. 2006; Sala et al. 2012; Hofer et al. 2017). Indeed,
N dynamics are highly correlated with variation in
NPP among grasslands globally (Stevens et al. 2015).
Although Reichmann et al. (2013) showed that
N-addition could not offset the negative effects of
drought-induced meristem reductions, the effects of
N-fertilization may become apparent if plant mortality
is minimal, such as during a 1-year drought.

Plant Ecol (2018) 219:505–515

It is tempting to conclude that relatively short-term
(1-year) severe droughts are more likely to lead to
positive legacy effects whereas long-term, or more
extreme droughts that cause mortality, will result in
negative legacy effects; however, there is abundant
evidence that negative drought legacy effects can
result from single-year droughts (Oesterheld et al.
2001; Sala et al. 2012; Fig. 2—HPG). This variability
in legacy effects of short-term drought may be
particularly pronounced in more water-limited ecosystems where rainfall timing and event size are strong
determinants of the variability in ANPP, soil N
availability and drought sensitivity (Heisler-White
et al. 2008; Yaseef et al. 2009, 2012; Cherwin and
Knapp 2012; Petrie et al. 2015).
Precipitation is expected to become more variable
in the near future, with the frequency of both shortterm (1-year) and long-term droughts increasing (Dai
2011; 2013; Ponce-Campos et al. 2013; Trenberth
et al. 2014; Griffin and Anchukaitis 2014; Cook et al.
2015). A clear understanding of how the magnitude
and directionality of legacy effects on ecosystem
function differ between short versus long-term
droughts is crucial given the implications for carbon
storage and nutrient cycling. This is especially true
within arid and semiarid ecosystems, such as grasslands, which often experience both short- and longterm droughts (Ahlström et al. 2015). The strong
correlation between the sensitivity of ANPP to drought
and the magnitude of drought legacy effects the
following year suggests that greater understanding of
the determinants of differential ecosystem sensitivity
to drought will also provide insight into ecosystem
function post-drought.
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