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1 | INTRODUCTION

their impacts on savanna vegetation. However, these herbivores are

threatened by various aspects of global change (Ripple et al., 2015),

African savannas are home to the world's most abundant and diverse
communities of large mammalian herbivores (DuToit & Cumming,
1999). This diversity of herbivores is reflected in the functional di-
versity they display, including dramatic diet (Codron et al., 2007)
and body size (Hempson, Archibald, & Bond, 2015) variation that

contributes to their coexistence (Kartzinel et al., 2015) and shapes

including probable increases in the incidence of drought (Knapp
et al., 2008). Droughts often induce widespread and catastrophic
mortality among savanna herbivores (Young, 1994), and as such,
effective conservation of these herbivores will depend on under-
standing the strategies they use to mitigate drought-induced mor-

tality. Droughts are, however, infrequent and unpredictable, and
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it is impossible to experimentally evaluate landscape-scale animal
responses to drought. Thus, rigorous explorations of herbivore re-
sponses to drought are limited.

Of course, savannas are variable systems even under normal
conditions, often characterized by pronounced dry and wet seasons
(Staver, Archibald, & Levin, 2011). The dry season causes rapid re-
ductions in grass forage quality as grasses become dormant, whereas
tree species tend to retain their leaves and are much more variable
in their responses to rainfall seasonality (Ryan, Williams, Grace,
Woollen, & Lehmann, 2016). Because grass forage quality declines
predictably during the dry season, whereas trees may not, grazing
herbivores especially rely on seasonal strategies for mitigating scar-
city. They utilize two main strategies: diet flexibility (Codron et al.,
2007) and migration (Fryxell & Sinclair, 1988). In the case of diet flex-
ibility, mixed feeders, which primarily graze in the wet season, switch
to browsing in the dry season (alongside exclusive browsers) as grass
nutrition and biomass decline (Codron et al., 2007). In the case of
migration, seasonal shifts are spatial instead of compositional, and
seasonal migration of grazers is (Frank, McNaughton, & Tracy, 1998)
or was (Harris, Thirgood, Hopcraft, Cromsigt, & Berger, 2009) com-
mon, both in Africa and beyond.

Dry season strategies may shape how herbivores respond to lon-
ger-term droughts, too, but predictions diverge as to exactly how
different herbivores should respond to drought. Plant responses to
drought parallel normal dry season responses; droughts can have
extended interannual legacy effects on grass diversity and biomass
(Sala, Gherardi, Reichmann, Jobbagy, & Peters, 2012), but tree re-
sponses to drought are much less consistent (Augustine, 2010; Case
et al., in revision; Sankaran, in press; Walker, Emslie, Owen-Smith, &
Scholes, 1987), with some tree species largely unaffected. Thus, sea-
sonal diet and movement strategies might also determine herbivore
drought responses, particularly if seasonal herbivore behaviors are
constrained by their morphologies (Fryxell & Sinclair, 1988; Gordon,
2003). In this case, perhaps mixed feeders cope with drought by eat-
ing more browse, while grazers move to areas less severely affected
by drought when they can (Staver, Wigley-Coetsee, & Botha, 2019)
or experience larger population declines (Augustine, 2010). An alter-
native possibility is that droughts may qualitatively change herbivore
behaviors, such that seasonal strategies do not predict drought miti-
gation strategies. Certainly, a growing literature relying on evidence
from DNA metabarcoding suggests that all herbivore diets, and not
just classic mixed feeders, may be more variable than the “feeding
guild” paradigm suggests (Kartzinel et al., 2015). Grazers and mixed
feeders alike may therefore increase their dietary breadth to take
advantage of leafy trees or drought-specialist forbs (O'Connor,
1995), and all herbivores may also move in the landscape to take
advantage of forage reservoirs that are little-used during normal
conditions (Riginos, 2015).

Body size may partly determine how flexible—or indeed how
necessary—herbivore strategies may be, via restrictions on move-
ment (Augustine, 2010), predation avoidance (Hopcraft, OIff, &
Sinclair, 2010), and metabolism (OIff, Ritchie, & Prins, 2002). Firstly,
body size can dictate herbivore mobility: Larger herbivores are less

impeded by landscape barriers and can make more efficient use of
their greater fat reserves (Damuth, 1981; Wittemyer, Getz, Vollrath,
& Douglas-Hamilton, 2007), such that they are more able to travel
long distances (Hein, Hou, & Gillooly, 2012; Owen-Smith, 1988).
Secondly, body size clearly impacts rates of predation (Hopcraft et
al., 2010; Sinclair, Mduma, & Brashares, 2003), such that smaller bod-
ied herbivores may be more constrained in their landscape use than
larger ones (Riginos, 2015). And finally, diet quality-quantity trade-
offs likely play a role (OIff et al., 2002)—the digestive efficiency of
larger herbivores allows them to tolerate plants with lower nutrient
content, but megaherbivores require food in bulk, perhaps forcing
large herbivores to feed more generally and range more widely
during drought to fulfill these requirements (Riginos, 2015). These
factors together may mean that larger herbivores can and need to
change their diet and/or landscape use during drought.

Overall, we predict that diet flexibility and migration represent
important potential strategies that herbivores might employ in re-
sponse to drought stress. Here, we examine (a) whether herbivores
of different body sizes and feeding guilds demonstrate distinct
behaviors to respond to drought, and (b) whether these strate-
gic responses predict overall herbivore mortality during drought.
To understand the behavioral responses of savanna herbivores to
drought, we compare herbivore landscape use and diet composition
in Kruger National Park in South Africa during and after a severe
but heterogeneous drought. Finally, we evaluate herbivore success
during drought, via an analysis of published estimates of drought-
driven herbivore mortality (Young, 1994). The Kruger drought was
the first in 20 years in this system and, with a duration of at least
2 years, is one of the most severe on record. As such, this study
represents a rare opportunity to study a phenomenon that is impos-

sible to replicate experimentally. We expect these results to provide
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FIGURE 1 Proportional change in rainfall from 2016 (drought)
compared with 2017 (postdrought) at dung-count sites in

Kruger National Park. Rainfall anomalies were extracted from
interpolations across 22 weather stations throughout Kruger
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critical missing information for the conservation of mammalian her-
bivores in the face of increasing drought severity and frequency re-

sulting from global change.

2 | MATERIALS AND METHODS

2.1 | Study site

Kruger National Park encompasses ~20,000 km? (22°20' to 25°30'S;
31°10’ to 32°00'E) in northeastern South Africa. The park spans a
broad rainfall gradient, from <400 mm mean annual rainfall (MAR) in
the north to >750 mm in the south (Staver, Botha, & Hedin, 2017).
Rainfall is seasonal, falling mainly during summer, between October
and March (Venter, Scholes, & Eckhardt, 2003).

The 2014-2016 drought was one of the most severe droughts
on record in the region. However, Kruger spanned areas where
the drought was severe (in the south) and less severe (in the north)
(Figure 1; see also Staver et al., 2019). Local drought severity was
calculated as a proportional change in rainfall from 2016 (drought)
to 2017 (postdrought). We used 2016 and 2017 rainfall data drawn
from a dataset continuously collected at 22 sites throughout Kruger
and interpolated via inverse distance weighting to produce rainfall
distribution maps across Kruger. We use 2017 rainfall data as a proxy

|n

for “normal” year rainfall to temporally match our herbivore sam-
pling, which was likewise conducted in 2017 to represent “normal”
conditions (see below).

Kruger is home to a full complement of native savanna herbivores,
with total mean herbivore biomass ca. 6,080 kg/km2 (Staveretal.,2017).

Impala (Aepyceros melampus) are by far the most numerous herbivore in

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Kruger (6.4 km™2 or 380 kg/ka), though elephants (Loxodonta africana)
contribute the most biomass overall (0.7 km™ or 1,900 kg/km?). Impala
and elephants are mixed feeders (Codron et al., 2007, 2006). Meanwhile,
browsers range from small herbivores, such as duiker (Sylvicapra grim-
mia) and steenbok (Raphicerus campestris), to larger herbivores, includ-
ing kudu (Tragelaphus strepsiceros), giraffe (Giraffa camelopardalis), and
the critically endangered black rhino (Diceros bicornis). Common grazers
are warthog (Phacochoerus africanus), zebra (Equus burchelli), buffalo
(Syncerus caffer), and white rhino (Ceratotherium simum).

Body mass estimates from Hempson et al. (2015) were used for
Kruger herbivores (see Table 1). Herbivores with body masses of ca.
1,000 kg or larger are here considered to be megaherbivores (ele-
phants, rhinos, and giraffes; Hopcraft et al., 2010), herbivores be-
tween 100 and 1,000 kg to be medium herbivores, and herbivores

<100 kg to be small herbivores.

2.2 | Herbivore landscape use surveys

Though Kruger conducts uniquely comprehensive monitoring, spa-
tially explicit data on herbivore populations are publically available
for only elephant and buffalo. Therefore, to evaluate the fine-scale
distribution of herbivores across Kruger, we estimated herbivore
landscape use via dung counts at 177 readily accessible veld con-
dition assessment (VCA; for further description, see Staver et al.,
2017) sites in May through July of both 2016 (drought) and 2017
(postdrought). Dung counts provide a detailed and spatially explicit
proxy for herbivore landscape use intensity, though there is no guar-
antee that this equates to foraging intensity (Cromsigt, Rensburg,
Etienne, & OIff, 2008).

TABLE 1 Comparison of %C4 intake among Kruger National Park herbivores between a drought and postdrought year

%C4 in diet during

drought (2016) %C4 in diet postdrought (2017) Baseline %C4 in diet®
Body mass
Common name Scientific name (kg)? n Mean SD n Mean SD pc n Mean SD
Browsers
Steenbok Raphicerus campestris 11.2 9 2.6 2.5 18 0.8 1.8 1 17 6 15
Giraffe Giraffa camelopardalis 1,117.5 4 59 3.6 16 1.5 2.7 1 99 5 5
Kudu Tragelaphus strepsiceros 202.3 19 5.2 3.9 37 2.5 5.0 1 75 4 4
Duiker Sylvicapra grimmia 16.9 9 120 8.1 18 5.8 12.5 1 8 5 5
Mixed feeders
Elephant Loxodonta africana 4,101.8 86 15.8 16.4 81 299 13.6 <0.001 946 41.2 18.0
Impala Aepyceros melampus 49.1 73 33.3 13.5 79 49.1 21.3 <0.001 325 53 21
Grazers
Waterbuck Kobus ellipsiprymnus 211.8 6 741 19.9 6 785 24.7 1 47 90 6
Buffalo Syncerus caffer 486.3 15 704 21.8 10 86.3 111 0.43 176 89 6
Wildebeest Connochaetes taurinus 220.1 6 825 67 16 90.8 6.7 1 85 92 6
Zebra Equus burchelli 280.4 20 89.0 5.1 18 911 9.9 1 81 94 5
Warthog Phacochoerus africanus 75.9 5 950 51 7 98.2 8.3 1 &2 92 7

Note: n, number of samples; p, p-value; SD, +1 standard deviation.
?Herbivore body mass data are from Hempson et al. (2015).

bBaseline data from Codron et al. (2007) correspond to a nondrought period and are included for the sake of comparison.

p-values correspond to Tukey's HSD.
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Dung counts were performed along five 50-m transects spaced
15 m apart within an established 50 m x 60 m grid at each site. All
dung within two meters on either side of these transects was tal-
lied by species. Dung was identified using Stuart and Stuart (2015),
which provides species-specific metrics for identifying dung, and
identifications were verified by experienced field rangers. When
dung piles overlapped (e.g., in middens and latrines), the number of
piles was estimated from the quantity of dung per standard pile. This
methodology resulted in species-specific estimates of herbivore

landscape use throughout Kruger.

2.3 | Herbivore diet evaluation

In tropical savannas, stable carbon isotopes can be used to evalu-
ate diet composition, because the isotopic composition of herbi-
vore dung reliably reflects the relative proportions of C4 grasses
versus C3-photosynthesizing woody plants and forbs consumed
(Codron et al., 2007). C3 and C4 photosynthetic pathways frac-
tionate isotopes of carbon in CO, differently, resulting in distinct
513C signatures that are sufficient to overwhelm small changes in
513C due to changes in plant water status or water-use efficiency
(Ehleringer, Hall, & Farquhar, 1993; Farquhar, Ehleringer, & Hubrick,
1989). Thus, it is possible to determine the relative amounts of
grass and nongrass consumed by herbivores via carbon isotope
analysis of their dung and a dual-endpoint mixing model (Codron
et al., 2007), though it is only possible to determine plant func-
tional composition, not species identity or within-functional-type
dietary breadth, via this method.

Herbivore dung was collected throughout Kruger primarily from
VCA sites, in May through July of both 2016 (drought) and 2017
(postdrought). Fresh dung, visibly damp or wet, was opportunis-
tically collected for isotope analysis from a diverse assemblage of
herbivores representing an assortment of grazers, browsers, and
mixed feeders. For less common taxa and for elephants, additional
samples were collected along park roads. Some herbivores present
in Kruger—hippos and rhinos, specifically—could not be included, as
fresh dung was encountered infrequently. In total, 252 samples were
collected in 2016 and 306 in 2017, representing 11 species in each
year (see Table 1 for species-specific sample numbers by year).

Samples were oven-dried at 60°C for at least 72 hr before further
processing. Dung was then ground using a mortar and pestle and/
or ball mill. Ground samples were analyzed at the Yale Analytical and
Stable Isotope Center (YASIC; detection limit c. 0.001% by weight) in
December 2017 using a Costech ECS 4010 Elemental Combustion
System (Costech Analytical Technologies) interfaced with a Thermo
Delta Plus Advantage isotope ratio mass spectrometer (Thermo).
13C/12C ratios are expressed in the delta (8) notation in parts per mil (%o)
relative to the Vienna PeeDee Belemnite (VPDB) standard. Standard de-
viations of repeated measurements of laboratory standards were <0.1%.

All 2016 elephant dung samples had been run in December
2016 at the University of California, Davis, Stable Isotope Facility
on a PDZ Europa ANCA-GSL elemental analyzer interfaced to a
PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd.).

Twenty of these elephant dung samples were rerun at YASIC, and
pairwise comparisons between the two facilities revealed that
samples from UC Davis were consistently 0.03%o. greater, so iso-
tope ratios for the samples analyzed only at UC Davis were cor-
rected accordingly.

Fecal §*3C values were then converted into estimates of C4 grass

intake via the equation:

%C4diet = (613CC3 - plants + A513C - 513Cfeces)/(6lacc3 - plants — 613 CC4* plants)

where A8'3C is the magnitude of discrimination against §'°C be-
tween consumer tissue and source endpoints (assumed here to be
-0.9%. for feces, Codron et al., 2007). Regionally specific baseline
data for both C3 and C4 plants in Kruger were used to convert iso-
tope values to diet composition: §'°C values were -27.35%o and
-13.20%o for C3 and C4 plants, respectively (Codron et al., 2005).
This approach facilitates dung 5'3C values comparable to data from
other similar studies (Codron et al., 2007).

2.4 | Herbivore mortality estimates

Kruger herbivore population estimates during drought are not
considered, even by park management, to be particularly robust
without extensive statistical adjustment, such that direct examina-
tion of herbivore mortality during this drought is not possible here.
Drought-induced herbivore mortality estimates were therefore used
from a published synthesis (Young, 1994). This synthesis catalogues
published records of population declines (peak-to-trough population
changes) that occurred between population surveys. Although this
synthesis is somewhat out of date, it does span all previous droughts
in the study region (the previous drought occurred in 1992) and is
therefore effectively thorough. We included data for all species
overlapping with this current work, yielding data for a subset (not full
set) of the species included in other parts of this study (see Figure 4).
Note also that the original synthesis only included events in which
>25% of the population was lost, such that these estimates are biased

toward large mortality events and against more resilient populations.

2.5 | Data analysis

Data were analyzed in R 3.5.1 using the package “car” (Fox &
Weisberg, 2011), which corrects sums of squares for unbalanced de-
signs (necessary because species are not distributed equally among
dietary guilds and body size classes, and because dung sample col-
lection was not balanced either). To examine differences in dietary
composition and landscape distributions among species (Figures 2
and 3), we used ANOVAs with diet composition or dung detection
intensity as dependent variables and year (as a proxy for drought
severity) plus species, guild, or size class as independent variables.
Pairwise comparisons were done via Tukey's Honest Significant
Difference test (Tukey's HSD). Dung counts were log-transformed
to meet assumptions about normality.
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FIGURE 2 Diet composition, estimated from §°C values

during and after drought, by species (a), feeding guild (b), and body
size class (c). Percentage C4 grasses in the diet (mean £ SD) was
compared for drought versus postdrought for each species (a)

or aggregated by feeding guild (b) and body size class (c). Values
outside 0% to 100% arise when §'°C values fall beyond the range
of end-member values for C3 (-27.35%0) and C4 (-13.20%o) plants.
Asterisks (*) denote significant difference (p < 0.0001, Tukey's
HSD). Baseline data from Codron et al. (2007), collected from 2002
to 2005 during the dry seasons, are included in (a) for comparison.

Dietary flexibility might also depend on local drought severity.
To address this possibility, we tested whether elephant and impala
diet composition changes varied spatially according to drought se-
verity. Dung 8'3C was averaged within 0.195° x 0.195° raster grid
cells (N = 26) across the Kruger landscape separately for 2016 and
2017. Values from 2017 were subtracted from 2016 values to gen-
erate spatial patterns of diet composition change. These were then
modeled with a linear model on local rainfall anomaly. Maps of re-
siduals for both impala and elephant diet composition anomalies
showed no evidence of spatial autocorrelation.

To test whether diet change and movement differed by dietary
guild and body size class (Figures 2 and 3), we calculated overall
changes in diet composition and herbivore landscape use by species
from 2016 to 2017. Change in diet composition was calculated, per
species, as the overall change in diet C4 fraction from 2016 to 2017.

—_

a)

Browsers Mixed

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Grazers

feeders

Away from
drought
[$)]
o

*
i %
(0]
] 25 %
(0]
o *
8 0.0 - AN l * g T * —_ g \v4
3 1 % Ly T % % 1
c
«
-25 -
8z
§ 5 -5.0
LT
r T T T T T T T T T T T T 1
O &N @ & Q> O > @& O L.©0
& LR L SIS O
Fof O TR VG e
@ WS ~
b c
®e. ., (c)
g
(0] §e « * *
837 - : o
o T T
Q. o - -1
g x ] e
2 —_ -
28z
£ 529 1
59
SN T 1 T 1
> 3
& G N
& & S F
0$ (%) @ ) Q @
= @& O <
Feeding guild Body size class

FIGURE 3 Changesinlandscape use by species (a), feeding guild
(b), and body size class (c). Change in landscape use is calculated by
species as the slope of A dung ~ A rain, where A dung refers to the
change in dung density on a log scale and A rain to the proportional
change in rainfall between 2016 and 2017. Slopes have been
corrected for the overall trend across all species and thus represent
relative values. Asterisks (*) denote significant differences

(p < 0.05). Though included here (a), species-specific responses are
not particularly informative because dung counts can be stochastic
at these sample densities (Cromsigt et al., 2008)

Change in herbivore landscape use was computed, per species, as
the slope of the linear response of the change in dung detection
intensity from 2016 to 2017 to the proportional reduction in local

rainfall for the same period. Formally,

A landscape use= [log (dungyg;4) — log (dungygsy)] /

[(rain2016—rain2017) /rain2017]

corresponding to movement toward (+) or away (=) from drought
refugia as a coefficient with units of log-transformed herbi-
vore density. To deal with changes in herbivore dung detection
arising from changes in grass biomass and dung decomposition
rates during drought (Cromsigt et al., 2008), we corrected these
slopes for the overall trend in the response across species by
subtracting overall coefficients from species-specific ones
(see Table S2 in Supporting Information for slope values), on
the assumption that overall herbivore numbers changed rela-
tively little compared with changes in the spatial distributions
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FIGURE 4 Drought-induced herbivore population declines by
species (a), feeding guild (b), and body size class (c). Population
decline estimates are drawn from Young (1994). An asterisk (*)
denotes significant difference (p < 0.05), and a dot (e) indicates
marginal significance (p < 0.10). Standard deviations are not
included in (a) because sample sizes are too small

of herbivores. Coefficients in Figure 3 thus represent relative
differences among species. We also modeled changes in dung
detection intensity linearly on distance to permanent rivers. We
then used either diet composition change or the herbivore land-
scape use coefficient as the response variable and guild and size
class as independent variables in ANOVAs, using Tukey's HSD
for post hoc comparisons. As differences in digestive physiol-
ogy could also underlie differences in strategic responses, we
used herbivore landscape use coefficient as the response vari-
able and digestive physiology (ruminant vs. nonruminant) as the
independent variable in an ANOVA, as well as in combination
with body mass and grass dependence as additional indepen-
dent variables.

Finally, to evaluate how robust strategies might be for mitigating
drought-induced mortality, we used an ANOVA with mortality by
species (from Young, 1994; see above) as a dependent variable and

feeding guild or body size as independent variables (Figure 4).

3 | RESULTS

Overall, herbivores differed in their diet composition during and after
drought. Herbivores consumed less C4 grass during the drought (F211
536 = 111.6, p < 0.0001). However, this trend was driven by diet shifts
in mixed feeders; elephants (F1,165 = 36.02, p < 0.0001) and impala
(F1,1so = 30.27, p < 0.0001), the only mixed feeder species for which
dung was collected, significantly changed their diet to incorporate
more browse in drought years relative to postdrought years (Table 1,
Figure 2). Functional diet breadth of other species, grazers and brows-
ers alike, differed only slightly (and insignificantly) between the two
periods (Table 1, Figure 2), well within the range of possible changes in
plant §!3C from changes in plant water stress (Ehleringer et al., 1993;
Farquhar et al., 1989). Shifts in specific species composition likely did
occur, though, due to exceptional forage scarcity coupled with changes
to vegetative communities during drought (O'Connor, 1995). For im-
pala, dietary shifts were geographically structured. Where drought
anomalies were more severe, impala diets shifted significantly more
(F1,25 =10.28, p < 0.005), whereas elephants’ dietary shifts were not
significantly related to drought intensity (F1,25 =0.063, p =0.8029).

In terms of herbivore landscape use, we counted more dung
overall during the drought than after, especially in places where rain-
fall decreases were more severe (Table S2). Superficially, this might
indicate that herbivores had a preference for heavily droughted
parts of the landscape, but a more trivial explanation is that dung
was more detectable and decomposed more slowly where grass bio-
mass declined more (Cromsigt et al., 2008), or at least that issues
with detectability are impossible to rule out in favor of other less
trivial mechanisms. Because grass biomass reductions during the
drought were widespread despite drought heterogeneity (Staver et
al., 2019), dung probably did become more detectable (particularly in
portions of the landscape with the largest rainfall anomaly), resulting
in the negative overall response of dung count anomaly to rainfall
anomaly. Estimated confidence intervals suggest that relationships
between dung and rainfall anomalies for browsers and mixed feed-
ers paralleled this overall negative relationship (Figure 3b, Table S2)
and therefore cannot be confidently said to reflect any ecological
process other than the detectability issues we note above.

By contrast with this overall trend of increasing dung detectabil-
ity with increasing drought, grazer dung instead decreased where
drought was more severe, yielding a positive response of dung
anomaly to rainfall anomaly (Figure 3b, Table S2). This positive rela-
tionship (despite the above detectability issues) suggests that graz-
ers were unique among feeding guilds in moving substantially to less
drought-affected parts of the landscape (F512472 =10.83, p <0.0001;
Figure 3b), while the other feeding guilds may not have changed
their landscape use during the drought.

Herbivore digestive physiology did change whether herbivores
moved to drought refugia. Nonruminants altered their landscape use
significantly more than ruminants, moving away from the drought
(F3’2474 = 22.58, p < 0.0001). However, the effect of digestive phys-
iology was entirely captured by grass dependence and body mass;
when all three independent variables were included in an ANOVA,
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FIGURE 5 Conceptual synthesis. Grass-dependent species suffer particular declines in forage availability during droughts. Species

with flexible diets (mixed feeders) compensate by incorporating more browse, whereas sufficiently large grazers migrate instead. However,
movement may be a less robust strategy than diet switching, because drought refugia are not always available. Background shading reflects
herbivore susceptibility to drought-induced mortality: Strategies expected to result in high mortality during heterogeneous droughts are
colored yellow and those resulting in mortality only during large and homogeneous droughts red; strategies always resistant to mortality
are colored white. Accessibility of migration as a strategy is outlined in light blue and of diet switching in dark blue. Diet composition data
correspond to grass dependence during a “normal” season (Codron et al., 2007). Body mass data are from Hempson et al. (2015) and

mortality from Young (1994)

digestive physiology had no effect on how much herbivores moved
(Fy 247, = 0.164, p = 0.685), whereas both feeding guild (F, ,,,, = 11.32,
p < 0.0001) and body size class (sz2472 = 8.75, p < 0.001) remained
highly significant determinants. This suggests that, at least in Kruger, di-
gestive physiology is correlated with body mass and grass dependence,
and may not independently influence herbivore drought responses.

Megaherbivores, too, responded to drought by changing their
landscape use patterns, on average shifting toward wetter areas,
whereas herbivores of smaller body sizes did not (F5,2472 = 26.79,
p < 0.0001). As with grazers, megaherbivore dung decreased where
drought was more severe, yielding a positive response of dung
anomaly to rainfall anomaly despite detectability issues (Figure 3c,
Table S2) and indicating that they moved to parts of the landscape
less affected by drought. Relationships for small and medium herbi-
vores paralleled the overall negative relationship (Figure 3c, Table
S2)—again, perhaps driven by the detectability of dung—suggesting
that they did not move significantly during the drought.

Distance from permanent rivers did not significantly af-
fect herbivore landscape use during the drought (F, ,,,, = 2.576,
p = 0.1086). This was true of all herbivores, subsetted both by feed-
ing guild (Fs 547, = 9.269, p < 0.0001) and size class (Fs 7, = 23.76,
p < 0.0001)—though there was marginal support for grazers occur-
ring closer to rivers during the drought (F ,,,, = 9.269, p = 0.0647).

Finally, we found differences among rates of herbivore mortal-
ity during drought that paralleled the accessibility of drought miti-
gation strategies, with differences in mortality depending on body
size class and possibly also on feeding guild (F4y4 =19.25, p < 0.01;

Figure 4). Megaherbivores experience significantly less mortality

during drought than do smaller herbivores (Fzy4 = 14.98, p < 0.05;
Figure 4c). Grazers perhaps experience higher mortality during
droughts than do either browsers and mixed feeders, though this
was only marginally significant, possibly due to small sample size
(F214 =5.26, p = 0.076; Figure 4b).

4 | DISCUSSION

Here, we found (a) that mixed feeders changed their diet during
drought to include less C4 grasses, but that drought did not induce
dietary shifts in grazers and browsers. However, (b) grazer landscape
use shifted toward areas that were less severely impacted by drought,
whereas (c) increases in mixed feeder and browser dung counts in
severely droughted areas probably reflected dung detectability.
Interestingly, (d) large body size did not affect whether herbivores
altered their diet, but (e) did increase the probability that herbivores
moved toward nondroughted areas. Mortality in droughts paralleled
the accessibility of these mitigation strategies, (f) with megaherbi-
vores experiencing significantly lower mortality than smaller (and
less mobile) herbivores, and (g) grazers (with the more drought-af-
fected forage resource and less diet flexibility) experiencing margin-

ally higher mortality than browsers and mixed feeders.

4.1 | Drought and diet switching

Here, we found that some savanna herbivores shifted to brows-

ing more heavily during drought than normal, but that these shifts
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were restricted to herbivores with seasonally mixed feeding strate-
gies (see Figure 2). By comparison, browser and grazer diets were
broadly similar between drought and normal years, despite evi-
dence that C4 grasses decrease during droughts (Sala et al., 2012),
whereas drought-specialist C3 forbs often increase in abundance
during drought (O'Connor, 1995). Slight shifts in diet breadth and
composition may have occurred, but were far from significant and
well within the range of possible changes in plant isotopic signa-
tures due to water (Ehleringer et al., 1993; Farquhar et al., 1989).
That diet flexibility was so prescribed by feeding guild is surpris-
ing, because there is little evidence that herbivores in different
feeding guilds differ consistently in diet morphology or physiol-
ogy (Gordon, 2003). Moreover, the result contrasts with results
from metabarcoding studies arguing for substantial variation in
diet composition across guilds (Kartzinel et al., 2015), although
note that metabarcoding work is able to address species-level diet
composition, whereas isotope approaches can only address plant
functional diet composition. Nonetheless, whatever the mecha-
nism, herbivore diet breadth during this drought did appear to be
constrained to existing diet breadth in normal seasons, at least at
the plant functional level.

Observed increases in browsing among impala were larger
where drought was more severe, likely reflective of the local avail-
ability of trees relative to grasses. By contrast, the browse frac-
tion in elephant dung did not depend on local drought severity.
Elephants are more mobile than impala, capable of traveling many
kilometers in a single day (Wittemyer et al., 2007), with longer
gut passage times due to their size (Clauss et al., 2003). Together,
these factors may decouple their diet from the location of their
dung, such that their size masks any spatially heterogeneous sig-
nal in their responses to drought. Overall, changes in diet did not
seem to depend on herbivore body size, but movement did (see
Figures 2c and 3c), consistent with a substantial literature showing
that large herbivores are more mobile, which we discuss in detail
below.

The behavioral responses by mixed feeders to drought may
have more general implications for the ecology of savannas during
drought. To date, hypotheses about drought impacts on the tree
layer have largely focused on direct physiological responses by
trees to drought (Fensham, Fairfax, & Ward, 2009) or on the
potential implications of grass decreases during drought for re-
lease from grass competition or fire (February, Higgins, Bond, &
Swemmer, 2013). Overall resilience of browser populations to
drought (reflected in relatively low mortality rates despite their
lack of drought mitigating behaviors) suggests that trees proba-
bly do resist drought effects, at least on short time scales, better
than grasses do (Augustine, 2010; Walker et al., 1987). However,
the behavioral responses documented here by mixed feeders—an
overall dramatic increase in browsing rates during drought, par-
ticularly in places that are most affected by drought—likely ex-
acerbate the impacts of drought on the tree layer beyond direct
physiological impacts (). This process merits direct experimental
attention.

4.2 | Drought and movement

While grazers did not change their diets during the drought, they
seem to have consistently changed their landscape use more than
browsers or mixed feeders, moving toward less drought-affected
areas where grass productivity was higher (Sala et al., 2012). This
finding is consistent with work from aerial population censuses
(Staver et al., 2019), showing that Kruger's buffalo moved toward the
north of the park, where the drought was less extreme. That grazers
moved more to avoid drought suggests either that grazers may be
more able to travel long distances than other guilds or that drought
impacts on vegetation (especially grass) make it more necessary for
them to move. Certainly, grazers elsewhere exhibit migratory behav-
ior (Frank et al., 1998; Fryxell & Sinclair, 1988), and locally zebra and
wildebeest were historically migratory before Kruger was fenced
(Whyte, 1988). Thus, an evolutionary or local ecological history of
migration may make it possible for grazers to coopt long-distance
movement as a drought response. However, this does not necessar-
ily imply that they are uniquely able to move substantial distances;
instead, grazers may be most heavily impacted by drought effects
on vegetation, if grass responds more immediately to drought than
trees do (Sala et al., 2012). Higher mortality of grazers suggests that
the impacts of droughts on grazers are indeed severe.

Both movement capacity and forage requirements likely contrib-
uted to another observation: Megaherbivores changed their land-
scape use substantially during drought, moving, like grazers, to parts
of the landscape less affected by drought. This was consistent with
our prediction that larger animals might move more than smaller
ones, due to some combination of their ability to move—they are
able to travel greater distances (Damuth, 1981; Hein et al., 2012;
Owen-Smith, 1988) and are less constrained by predation (Sinclair
et al., 2003)—and their forage requirements—they can eat poor qual-
ity food because of their large size but have bulkier requirements
(Hopcraft et al., 2010). Interactions between these factors likely ac-
count for the significantly lower mortality experienced by megaher-
bivores during drought.

Notably, movement as a strategy for drought mitigation is only
possible in a large reserve such as Kruger and even then only when
the park spans major gradients in drought severity. Droughts are
sometimes widespread, however, such that migrating away from
drought is not possible, a problem that may be aggravated in smaller
and fenced reserves (Augustine, 2010). This appears to have been
the case during the widespread 1992 drought in Kruger, when buf-
falo mortality was much more dramatic than it was during this recent
drought (Staver et al., 2019). Global warming is expected to increase
the spatial extent and severity of droughts (Knapp et al., 2008; Lyon,
2004). Grazers could thus be most vulnerable to these increases
in drought severity and homogeneity, experiencing higher rates of
drought-induced mortality, as we have demonstrated here. Habitat
fragmentation, particularly from fencing of small reserves, may al-
ready have eroded the resilience of grazer populations to droughts
(Harris et al., 2009; Wilcove, 2008), and maintaining as much con-

nectivity in landscapes as possible will be crucial to large-grazer
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conservation efforts in the face of predicted increases in the fre-

quency and intensity of drought events.

5 | CONCLUSIONS

Overall, our results suggest that herbivores responded to drought by
not responding (browsers), by changing their diets (mixed feeders), or
by moving to drought refugia (grazers and megaherbivores; Figure 5)
and that these shifts are exaggerations of behaviors that they exhibit
during normal conditions. Accordingly, mixed feeders responded to
drought by amplifying their normal dry season response and incor-
porating more browse in their diet (Codron et al., 2007), while graz-
ers and some megaherbivores changed their landscape use to access
forage reserves, likely ranging over a wider area than in normal years
(Riginos, 2015). While the need to migrate seems dependent upon
variability of the grass layer (Fryxell & Sinclair, 1988), the capacity to
travel long distances appears linked to body size (Hein et al., 2012):
This may contribute to the apparent dearth of small-bodied grazers
in more drought-prone arid savanna systems (Hempson et al., 2015).
Browsers, particularly small taxa, did not respond behaviorally to
drought and yet simultaneously experience lower mortality (see also
Augustine, 2010; Walker et al., 1987). They may survive by avoid-
ing the energetic costs of migration, or trees may simply be more
resistant to drought than grasses, thus providing a more dependable
source of forage.

From a conservation perspective, it should be reassuring that,
in some systems, herbivores can mitigate drought impacts behav-
iorally, either by altering their diets or by moving to drought refu-
gia. Grazer conservation may present a unique challenge, however,
since they can only mitigate drought effects by moving. In this large
savanna park, moving to drought refugia did decrease mortality
(Staver et al., 2019), but grazers do suffer in large, homogeneous
droughts (Augustine, 2010; Staver et al., 2019) and smaller parks
elsewhere (Young, 1994). As droughts are becoming increasingly
severe and widespread with climate change (Knapp et al., 2008;
Lyon, 2004) and as savanna landscapes are increasingly fragmented
and fenced (Harris et al., 2009; Wilcove, 2008), grazers may expe-
rience intensifying impacts. Modeling work and empirical evidence
already suggest that landscape fragmentation and the construction
of barriers are partially responsible for the collapses of large-scale
grazer migrations (Harris et al., 2009; Whyte, 1988; Wilcove, 2008).
Connectivity in savanna landscapes may be crucial to herbivore—es-

pecially grazer—conservation into the future.

ACKNOWLEDGMENTS

We thank Emily Goldberg and Caroline Schlutius for their help in
the field, as well as the Staver laboratory for discussion and com-
mentary on this work. Kruger National Park Scientific Services fa-
cilitated research and provided game guards, and Brad Erkkila of
the Yale Isotope Center helped with isotope analysis. This work was
made possible by funding sources at Yale University, including the

Fcology and Evolution o 7055
& WILEY- 7%

Thomas C. Barry Travel Fellowship, the Franke Fellowship in Science
and the Humanities, Yale Institute for Biospheric Studies matching
funds, the Grace Hopper Mellon Senior Research Grant, and the
Yale Environmental Studies Department. GPH is supported by the
National Research Foundation of South Africa (#114974, #115998).

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

JOA collected and analyzed the data; ACS designed the study and con-
tributed to analyses; GPH contributed to design and manuscript devel-
opment. JOA led the writing with contributions from ACS and GPH.

DATA ACCESSIBILITY

Data are available in the South African National Park Data
Repository: http://dataknp.sanparks.org/sanparks/metacat/judit
hk.111976.3/sanparks.

ORCID

Joel O. Abraham https://orcid.org/0000-0002-4704-1593

A. Carla Staver https://orcid.org/0000-0002-2384-675X

REFERENCES

Augustine, D. J. (2010). Response of native ungulates to drought in semi-
arid Kenyan rangeland. African Journal of Ecology, 48, 1009-1020.
https://doi.org/10.1111/j.1365-2028.2010.01207.x

Case, M. F.,, Wigley-Coetsee, C., Nzima, N., Scogings, P. F., & Staver, A.
C. (in revision). Severe drought limits trees in a semi-arid savanna.
Ecology.

Clauss, M., Frey, R., Kiefer, B., Lechner-Doll, M., Loehlein, W., Polster, C.,
... Streich, W. J. (2003). The maximum attainable body size of her-
bivorous mammals: Morphophysiological constraints on foregut, and
adaptation of hindgut fermenters. Oecologica, 136, 14-27.

Codron, D., Codron, J., Lee-Thorp, J. A., Sponheimer, M., de Ruiter, D.,
Sealy, J., ... Fourie, N. (2007). Diets of savanna ungulates from sta-
ble carbon isotope composition of faeces. Journal of Zoology, 273(1),
21-29. https://doi.org/10.1111/j.1469-7998.2007.00292.x

Codron, J., Codron, D., Lee-Thorp, J. A., Sponheimer, M., Bond, W. J.,
de Ruiter, D., & Grant, R. (2005). Taxonomic, anatomical, and spatio-
temporal variations in the stable carbon and nitrogen isotopic com-
positions of plants from an African savanna. Journal of Archaeological
Science, 32, 1757-1772.

Codron, J., Lee-Thorp, J., Sponheimer, M., Codron, D., Grant, R., & de
Ruiter, D. (2006). Elephant (Loxodonta africana) diets in Kruger
National Park, South Africa: Spatial and landscape differences.
Journal of Mammalogy, 87(1), 27-34. https://doi.org/10.1644/05-
MAMM-A-017R1.1

Cromsigt, J. P. G. M., van Rensburg, S. J., Etienne, R. S., & OIff, H. (2008).
Monitoring large herbivore diversity at different scales: Comparing
direct and indirect methods. Biodiversity and Conservation, 18, 1219-
1231. https://doi.org/10.1007/s10531-008-9506-1


http://dataknp.sanparks.org/sanparks/metacat/judithk.111976.3/sanparks
http://dataknp.sanparks.org/sanparks/metacat/judithk.111976.3/sanparks
https://orcid.org/0000-0002-4704-1593
https://orcid.org/0000-0002-4704-1593
https://orcid.org/0000-0002-2384-675X
https://orcid.org/0000-0002-2384-675X
https://doi.org/10.1111/j.1365-2028.2010.01207.x
https://doi.org/10.1111/j.1469-7998.2007.00292.x
https://doi.org/10.1644/05-MAMM-A-017R1.1
https://doi.org/10.1644/05-MAMM-A-017R1.1
https://doi.org/10.1007/s10531-008-9506-1

ABRAHAM ET AL.

7056 WI LEY—ECOlOgy and Evolution

Open Access,

Damuth, J. (1981). Home range, home range overlap, and species energy
use among herbivorous mammals. Biological Journal of the Linnean
Society, 15, 185-193.

Du Toit, J. T., & Cumming, D. H. (1999). Functional significance of un-
gulate diversity in African savannas and the ecological implications
of the spread of pastoralism. Biodiversity & Conservation, 8(12),
1643-1661.

Ehleringer, J. R., Hall, A. E., & Farquhar, G. D. (1993). Stable isotopes and
plant carbon-water relations. San Diego, CA: Academic Press.

Farquhar, G. D., Ehleringer, J. R., & Hubrick, K. T. (1989). Carbon isotopic
discrimination and photosynthesis. Annual Review of Plant Physiology
and Molecular Biology, 40, 503-537.

February, E. C., Higgins, S. 1., Bond, W. J., & Swemmer, L. (2013). Influence
of competition and rainfall manipulation on the growth responses of
savanna trees and grasses. Ecology, 94(5), 1155-1164. https://doi.
org/10.1890/12-0540.1

Fensham, R. J,, Fairfax, R. J., & Ward, D. P. (2009). Drought-induced tree
death in savanna. Global Change Biology, 15, 380-387. https://doi.
org/10.1111/j.1365-2486.2008.01718.x

Fox, J., & Weisberg, S. (2011). An R companion to applied regression, 2nd
ed. Thousand Oaks, CA: Sage.

Frank, D., McNaughton, S., & Tracy, B. (1998). The ecology of the
earth's grazing ecosystems. BioScience, 48(7), 513-521. https://doi.
org/10.2307/1313313

Fryxell, J. M., & Sinclair, A. R. E. (1988). Causes and consequences of
migration by large herbivores. Trends in Ecology and Evolution, 3, 237-
241. https://doi.org/10.1016/0169-5347(88)90166-8

Gordon, I. J. (2003). Browsing and grazing ruminants: Are they differ-
ent beasts? Forest Ecology and Management, 181, 13-21. https://doi.
org/10.1016/50378-1127(03)00124-5

Harris, G., Thirgood, S., Hopcraft, J., Cromsigt, J., & Berger, J. (2009).
Global decline in aggregated migrations of large terrestrial mammals.
Endangered Species Research, 7(1), 55-76. https://doi.org/10.3354/
esr00173

Hein, A. M., Hou, C., & Gillooly, J. F. (2012). Energetic and biomechanical
constraints on animal migration distance. Ecology Letters, 15, 104-
110. https://doi.org/10.1111/j.1461-0248.2011.01714.x

Hempson, G. P,, Archibald, S., & Bond, W. J. (2015). A continent-wide
assessment of the form and intensity of large mammal herbivory
in Africa. Science, 350(6264), 1056-1061. https://doi.org/10.1126/
science.aac7978

Hopcraft, J. G. C., OIff, H., & Sinclair, A. R. E. (2010). Herbivores, re-
sources and risks: Alternating regulation along primary environ-
mental gradients in savannas. Trends in Ecology and Evolution, 25(2),
119-128. https://doi.org/10.1016/j.tree.2009.08.001

Kartzinel, T. R., Chen, P. A., Coverdale, T. C., Erickson, D. L., Kress, W. J.,
Kuzmina, M. L., ... Pringle, R. M. (2015). DNA metabarcoding illuminates
dietary niche partitioning by African large herbivores. Proceedings of
the National Academy of Sciences of the United States of America, 112(26),
8019-8024. https://doi.org/10.1073/pnas.1503283112

Knapp, A. K., Beier, C., Briske, D. D., Classen, A. T., Luo, Y., Reichstein,
M., ... Weng, E. (2008). Consequences of more extreme precipita-
tion regimes for terrestrial ecosystems. BioScience, 58(9), 811-821.
https://doi.org/10.1641/B580908

Lyon, B. (2004). The strength of El Nifio and the spatial extent of trop-
ical drought. Geophysical Research Letters, 31, L21204. https://doi.
org/10.1029/2004GL020901

O’Connor, T. G. (1995). Transformation of a savanna grassland by drought
and grazing. African Journal of Range and Forage Science, 12(2), 53-60.
https://doi.org/10.1080/10220119.1995.9647864

OIff, H., Ritchie, M. E., & Prins, H. H. T. (2002). Global environmental
controls of diversity in large herbivores. Nature, 415, 901-904. https
://doi.org/10.1038/415901a

Owen-Smith, N. (1988). Megaherbivores: The influence of very large body
size on ecology. Cambridge, UK: Cambridge University Press.

Riginos, C. (2015). Climate and the landscape of fear in an African
savanna. Journal of Animal Ecology, 84, 124-133. https://doi.
0rg/10.1111/1365-2656.12262

Ripple, W. J., Newsome, T. M., Wolf, C., Dirzo, R., Everatt, K. T., Galetti,
M., ... Van Valkenburgh, B. (2015). Collapse of the world’s largest her-
bivores. Science Advances, 1(4), e1400103. https:/doi.org/10.1126/
sciadv.1400103

Ryan, C. M., Williams, M., Grace, J., Woollen, E., & Lehmann, C. E. R.
(2016). Pre-rain green-up is ubiquitous across southern tropical Africa:
Implications for temporal niche separation and model representation.
New Phytologist, 213, 625-633. https://doi.org/10.1111/nph.14262

Sala, O. E., Gherardi, L. A., Reichmann, L., Jobbagy, E., & Peters, D. (2012).
Legacies of precipitation fluctuations on primary production: Theory and
data synthesis. Philosophical Transactions of the Royal Society B: Biological
Sciences, 367(1606), 3135-3144. https://doi.org/10.1098/rstb.2011.0347

Sankaran, M. (In press). Droughts and the ecological future of tropical
savanna vegetation. Journal of Ecology.

Sinclair, A. R. E., Mduma, S., & Brashares, J. S. (2003). Patterns of pre-
dation in a diverse predator-prey system. Nature, 425, 288-290.
https://doi.org/10.1038/nature01934

Staver, A. C., Archibald, S., & Levin, S. A. (2011). The global extent and de-
terminants of savanna and forest as alternative biome states. Science,
334(6053), 230-232. https://doi.org/10.1126/science.1210465

Staver, A. C., Botha, J., & Hedin, L. (2017). Soils and fire jointly determine
vegetation structure in an African savanna. New Phytologist, 216,
1151-1160. https://doi.org/10.1111/nph.14738

Staver, A.C., Wigley-Coetsee, C.,& Botha, J.(2019). Grazer movements exacer-
bate grass declines during drought in an African savanna. Journal of Ecology,
107(3), 1482-1491. (online) https://doi.org/10.1111/1365-2745.13106

Stuart, C., & Stuart, M. (2015). A field guide to the tracks and signs of
southern, central and east African wildlife. Johannesburg, South Africa:
Penguin Random House.

Venter, F. J., Scholes, R. J., & Eckhardt, H. C. (2003). The abiotic tem-
plate and its associated vegetation pattern. In J. du Toit, H. Biggs &
K. Rogers. The Kruger experience: Ecology and management of savanna
heterogeneity (pp. 83-129). Washington, DC: Island Press.

Walker, B. H., Emslie, R. H., Owen-Smith, R. N., & Scholes, R. J. (1987). To
cull or not to cull: Lessons from a Southern African drought. Journal
of Applied Ecology, 24(2), 381-401. https://doi.org/10.2307/2403882

Whyte, C. S. J. (1988). Blue wildebeest population trends in the Kruger
National Park and the effects of fencing. South African Journal of
Wildlife Research, 18(3), 78-87.

Wilcove, D. S. (2008). No way home: The decline of the world's great animal
migrations. Washington, DC: Island Press.

Wittemyer, G., Getz, W. M., Vollrath, F., & Douglas-Hamilton, I. (2007).
Social dominance, seasonal movements, and spatial segregation
in African elephants: A contribution to conservation behaviour.
Behavioral Ecology and Sociobiology, 61, 1919-1931.

Young, T. (1994). Natural die-offs of large mammals: Implications for con-
servation. Conservation Biology, 8(2), 410-418. https://doi.org/10.10
46/j.1523-1739.1994.08020410.x

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Abraham JO, Hempson GP, Staver AC.
Drought-response strategies of savanna herbivores. Ecol Evol.
2019;9:7047-7056. https://doi.org/10.1002/ece3.5270



https://doi.org/10.1890/12-0540.1
https://doi.org/10.1890/12-0540.1
https://doi.org/10.1111/j.1365-2486.2008.01718.x
https://doi.org/10.1111/j.1365-2486.2008.01718.x
https://doi.org/10.2307/1313313
https://doi.org/10.2307/1313313
https://doi.org/10.1016/0169-5347(88)90166-8
https://doi.org/10.1016/S0378-1127(03)00124-5
https://doi.org/10.1016/S0378-1127(03)00124-5
https://doi.org/10.3354/esr00173
https://doi.org/10.3354/esr00173
https://doi.org/10.1111/j.1461-0248.2011.01714.x
https://doi.org/10.1126/science.aac7978
https://doi.org/10.1126/science.aac7978
https://doi.org/10.1016/j.tree.2009.08.001
https://doi.org/10.1073/pnas.1503283112
https://doi.org/10.1641/B580908
https://doi.org/10.1029/2004GL020901
https://doi.org/10.1029/2004GL020901
https://doi.org/10.1080/10220119.1995.9647864
https://doi.org/10.1038/415901a
https://doi.org/10.1038/415901a
https://doi.org/10.1111/1365-2656.12262
https://doi.org/10.1111/1365-2656.12262
https://doi.org/10.1126/sciadv.1400103
https://doi.org/10.1126/sciadv.1400103
https://doi.org/10.1111/nph.14262
https://doi.org/10.1098/rstb.2011.0347
https://doi.org/10.1038/nature01934
https://doi.org/10.1126/science.1210465
https://doi.org/10.1111/nph.14738
https://doi.org/10.1111/1365-2745.13106
https://doi.org/10.2307/2403882
https://doi.org/10.1046/j.1523-1739.1994.08020410.x
https://doi.org/10.1046/j.1523-1739.1994.08020410.x
https://doi.org/10.1002/ece3.5270

