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H I G H L I G H T S

• Whether forests and grasslands respond
similarly to extreme drought is un-
known.

• Meta-analysis compared forest and
grassland production resistance and re-
silience.

• Resistance followed a common contin-
uum of mean annual precipitation
(MAP).

• Grassland resilience increased, forest re-
silience decreased, with increasingMAP.

• Dry grasslands are most vulnerable; dry
forest response requires more research.
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Extreme drought is increasing in frequency and intensity inmany regions globally, with uncertain consequences
for the resistance and resilience of ecosystem functions, including primary production. Primary production resis-
tance, the capacity to withstand change during extreme drought, and resilience, the degree to which production
recovers, vary among and within ecosystem types, obscuring generalized patterns of ecological stability. Theory
andmany observations suggest forest production ismore resistant but less resilient than grassland production to
extreme drought; however, studies of production sensitivity to precipitation variability indicate that the pro-
cesses controlling resistance and resilience may be influenced more by mean annual precipitation (MAP) than
ecosystem type. Here, we conducted a global meta-analysis to investigate primary production resistance and

Science of the Total Environment 636 (2018) 360–366

⁎ Corresponding author at: Department of Biology, Virginia Commonwealth University, Richmond, VA 23284, USA.
E-mail address: goodrichstej@vcu.edu (E. Stuart-Haëntjens).

https://doi.org/10.1016/j.scitotenv.2018.04.290
0048-9697/© 2018 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.04.290&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.04.290
goodrichstej@vcu.edu
Journal logo
https://doi.org/10.1016/j.scitotenv.2018.04.290
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


resilience to extreme drought in 64 forests and grasslands across a broad MAP gradient. We found resistance to
extreme drought was predicted byMAP; however, grasslands (positive) and forests (negative) exhibited oppos-
ing resilience relationships with MAP. Our findings indicate that common plant physiological mechanisms may
determine grassland and forest resistance to extreme drought, whereas differences among plant residents in
turnover time, plant architecture, and drought adaptive strategies likely underlie divergent resilience patterns.
The low resistance and resilience of dry grasslands suggests that these ecosystems are themost vulnerable to ex-
treme drought – a vulnerability that is expected to compound as extreme drought frequency increases in the
future.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The frequency and intensity of extreme droughts are predicted to in-
crease throughout the century in many regions across the globe (IPCC,
2013), with widespread effects on ecosystem functioning anticipated
but poorly quantified or understood (Bahn et al., 2014; Easterling et al.,
2000; Ingrisch and Bahn, 2018). Ecosystem sensitivity to climate ex-
tremes is commonly characterized as resistance and resilience: resistance
quantifies the immediate change in ecosystem functioning (e.g., primary
production) following a perturbation; and resilience is the extent to
which ecosystem functioning returns to pre-event levels (Lloret et al.,
2011; MacGillivray et al., 1995). Global understanding of how these
measures of drought sensitivity relate to one another is limited, with
most studies examining resistance or resilience to drought, but not
both (Donohue et al., 2016). Moreover, whether grasslands and forests
within the same geographic regions follow similar, or unique, patterns
of primary production resistance and resilience within the same climate
space is unknown, but essential in order to generalize the stability of
ecosystem functioning across the global climatic continuum.

Ecological theory (Grime, 2001) and observations (Petrakis et al.,
2016; Schwalm et al., 2012; Zhao et al., 2015) suggest a tradeoff be-
tween the resistance and resilience of primary production, with the dif-
ferent life and evolutionary histories of resident grassland and forest
plant species portending different functional responses to extreme
drought. Forests, containing assemblages of long-lived woody species
completing life cycles over decades to centuries, are expected to be
more resistant and less resilient because of the increased energetic
cost and time associated with rebuilding biomass prior to reproduction
(MacGillivray et al., 1995). Conversely, grassland plant species with an-
nual turnover of production may be less resistant but more resilient,
exhibiting greater immediate vulnerability to extreme drought but ca-
pable of rapid re-establishment, growth, and reproduction by resident
plants (Hoover et al., 2014). Forest drought resistance has been attrib-
uted to mechanisms that limit water loss, increase water supply (hy-
draulic lift), or increase water-use efficiency (WUE) (Baldocchi et al.,
2004;Wolf et al., 2013). Additionally, trees generally maintain root sys-
tems that access deep soil water (Jackson et al., 1996) while grasslands
have shallower root systems and maintain high evapotranspiration
rates during drought, depleting soil moisture at a faster rate (Teuling
et al., 2010; Wolf et al., 2013).

Precipitation amount and variability, and how plant traits are arrayed
across precipitation gradients (Engelbrecht et al., 2007; López et al.,
2016), may shape an ecological and evolutionary tradeoff between pri-
mary production resistance and resilience. Though adaptations of forest
and grassland plants to water availability differ, ecosystems globally ex-
hibit lower primary production sensitivity to annual variation in precipi-
tation when located in wet environments, suggesting more mesic
grasslands and forests could exhibit greater resistance to extreme
drought (Huxman et al., 2004; Knapp and Smith, 2001). Conversely, the
greater sensitivity of production to year-to-year precipitation in dry eco-
systems suggests more rapid and complete resilience following drought.

In order to bridge the gapbetweenecological theory and empirical ob-
servations of production sensitivity and functional response, we con-
ducted a global meta-analysis of primary production resistance and

resilience to extremedrought in forests and grasslands across a broad gra-
dient of mean annual precipitation (MAP) (230 mm to 2467 mm yr−1).
The goals of this meta-analysis were 1) to evaluate where different eco-
systems exhibit shared or divergent responses across a common precipi-
tation continuum, 2) test the theory that forests are more resistant, but
less resilient, than grasslands, and 3) observe whether traditional
resistance-resilience trade-off theory applies at the ecosystem scale.

2. Methods

2.1. Study criteria

We conducted a Web Of Science search on January 6, 2017 that
included the following terms: (extreme* or severe disturbance), (resis-
tance or resilience or recovery), (biomass or productivity or production
or cover), and (grass* or forest or shrubland orwoodland or savannah or
heath* or tundra or alpine). We used studies that crossed with these
terms as well as additional studies cross-referenced from papers
found in this search. Out of 435 papers, a total of 45 studies containing
72 sites (43 grasslands, 21 forests, 4 shrublands, and 4 woodlands)
met our inclusion criteria. Due to the small sample size (Lemoine
et al., 2016), shrublands and woodlands were eliminated from the
quantitative analysis. Most of the sites selected were in North America
and Europe, with one site from each of the following continents: Asia,
Australia, Africa, and South America (Fig. 1).

For the resistance analysis, only studies based on terrestrial ecosys-
tems that justified the drought as “extreme” and reported primary pro-
ductivity from a true control, or a full reference year prior to the event,
were included. Post-event productivity one year following the event
was required for inclusion in the resilience analysis. Justification of ex-
tremity could include: 1) time-scales (Girard et al., 2012; Rondeau
et al., 2013; Schwalm et al., 2012), 2) drought return time (Kreyling
et al., 2008), 3) standardized precipitation-evapotranspiration index
(SPEI) (Cavin et al., 2013; Falk et al., 2008), or 4) N60% decrease in an-
nual precipitation (Hoover et al., 2015). Acceptable metrics of primary
production included net primary production (NPP), gross primary pro-
duction (GPP) (Litton et al., 2007), basal area increments (BAI) (for
functional types in which BAI is significantly correlated with productiv-
ity) (Lempereur et al., 2015), and cover (in arid and semi-arid ecosys-
tems only) (Zhang et al., 2016). All 64 forest and grassland sites were
used in the resistance analysis, while 10 forests and 22 grasslands
were included in the resilience analysis.

2.2. Extremity validation

For natural events only, modelled standardized precipitation-
evapotransporation index (SPEI) for each site served as an independent
check on author-reported drought extremity. Modelled SPEI values
were extracted from DroughtNet using the Precipitation Trends Tool
(drought-net.org). Author assessments of extreme drought and
modelled SPEI agreed in N90% of the cases. The remaining 10% fell in
higher latitudes where the SPEI model generates higher uncertainty
(Nathan Lemoine, direct correspondence). To avoid potential experi-
mental bias, analyses were run twice: once including all sites
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