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Abstract

Frequent grazing can establish high forage value grazing lawns supporting high grazer
densities, but can also produce overgrazed grass communities with unpalatable or
low grass basal cover, supporting few grazers. Attempts to create grazing lawns via
concentrated grazing, with a goal to increase grazer numbers, are thus risky without
knowing how environmental conditions influence the likelihood of each outcome. We
collected grass species and trait data from 33 frequently grazed grass communities
across eastern South Africa (28 sites) and the Serengeti National Park, Tanzania (five
sites), covering wide rainfall (336-987 mm year™) and soil (e.g., 44%-93% sand) gradi-
ents. We identified four grass growth forms using hierarchical clustering on principal
components analyses of trait data and assessed trait-environment and growth form-
environment relationships using fourth corner and principal components analyses.
We distinguished two palatable grass growth forms that both attract yet resist grazers
and comprise grazing lawns: (1) “lateral attractors” that spread vegetatively via stolons
and rhizomes, and (2) “tufted attractors” that form isolated tufts and may have alter-
nate tall growth forms. By contrast, (3) tough, upright, tufted “resisters,” and (4) “avoid-
ers” with sparse architectures or that grow appressed to the soil surface, are of little
forage value and avoided by grazers. Grazing lawns occurred across a wide range of
conditions, typically comprising lateral attractor grasses in drier, sandy environments,
and tufted attractor grasses in wetter, low-sand environments. Resisters occurred on
clay-rich soils in mesic areas, while avoiders were widespread but scarce. While graz-
ing lawns can be established under most conditions, monitoring their composition and
cover is important, as the potential for overgrazing seems as widely relevant. Tufted
attractor-dominated lawns appear somewhat more vulnerable to degradation than
lateral attractor-dominated lawns. Increased avoider and resister abundance both re-

duce forage value, although resisters may provide better soil protection.
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1 | INTRODUCTION

Grazing lawns are short-grass communities with dense leafy swards
that provide high-quality forage for grazers (McNaughton, 1984).
While high forage digestibility and rapid intake rates attract graz-
ers to lawns (Verweij et al., 2006), lawns also require regular graz-
ing to prevent taller grass species from invading and outcompeting
short-statured lawn species for light (Hempson et al., 2019; Mclvor
et al., 2005; Waldram et al., 2008). Frequent grazing is thus essen-
tial to establish and maintain grazing lawns (McCauley et al., 2018;
McNaughton, 1984). However, frequent grazing can also lead to
the loss of grass basal cover and an increased abundance of annual
species with sparse architectures with low forage value (Kelly &
Walker, 1976; McNaughton, 1983; O'Connor, 1994). This “overgraz-
ing” can result in increased bare ground, soil erosion, and run-off
and can be irreversible on human management timescales (van de
Koppel et al., 1997). Thus while frequent grazing can create grazing
lawns with high-quality forage for grazers under some environmen-
tal conditions (Mislevy et al., 1982), it can also lead to overgrazing
and degradation of the grazing resource (lllius & O'Connor, 1999).
This poses a problem for conservation and rangeland practitioners
who seek to increase grazer numbers by creating grazing lawns in
the systems they manage, as a critical question remains unanswered:
“when does frequent grazing produce grazing lawns, and when does
it lead to overgrazing?”

Whether frequent grazing produces lawns or overgrazed con-
ditions is important because they have generally opposite feed-
backs on grazer population densities. Grazing lawns are principally
a wet season forage resource due to their low standing biomass and
thus need to co-occur with adequate dry season forage reserves
(Fynn, 2012; Kleynhans et al., 2011; Verweij et al., 2006). Under
these conditions, the benefits of lawns accrue largely via improved
grazer recruitment rates, with pregnant and lactating females more
rapidly regaining body condition lost during the dry season, with con-
comitant benefits to their offspring (Cingolani et al., 1998; Hempson,
Illius, et al., 2015). By contrast, and to some extent by definition
(Mysterud, 2006), overgrazing degrades grazing systems by reducing
the number of animals an area can support, due to year-round con-
straints on grazer nutrition from reduced forage quantity and pos-
sibly also forage quality (Ash et al., 1995; lllius & O'Connor, 1999).
Consequently, without a clear understanding of the potential for an
area to support grazing lawns, there is much risk in attempting to
establish grazing lawns via promoting locally concentrated increases
in grazing pressure, e.g., by fencing, water point manipulation, mow-
ing and nutrient additions (Cromsigt & OIff, 2008), or fire-herbivory
feedbacks (Archibald et al., 2005; Donaldson et al., 2018).

The opposing feedbacks to grazer populations from grazing lawns
vs. overgrazed areas reflect differences in the amount and quality

of grass forage. While forage quantity is determined in part by the
extent of grass cover (i.e., versus bare ground), the traits and life his-
tories of grasses are fundamental to shaping the quantity and quality
of the grazing resource (Archibald et al., 2019; Coughenour, 1985).
Viewed through a potential grazing event, grasses have trait syn-
dromes that determine: (1) the likelihood of them being grazed (i.e.,
attractance-avoidance), (2) how much and which plant parts can be
consumed (i.e. resistance), and (3) how and how well they recover
after being grazed (i.e., tolerance; Archibald et al., 2019). Grazing
lawn grass species by definition are attractive to grazers and have
their leaves consumed, so to persist in a community they also require
trait combinations that allow them to resist grazers and minimize the
loss of critical tissues and/or that allow them to tolerate grazing and
recover rapidly through repeat grazing events. For example, classic
grazing lawn grass species spread laterally along the soil surface via
stolons, which protects their meristems from grazers, while simulta-
neously producing a leafy canopy with highly concentrated forage
biomass that is accessible to grazers (McNaughton, 1979, 1984). By
contrast, grasses that remain in overgrazed areas are expected to
avoid being grazed, typically by having sparse architectures that pro-
vide little grazing value (Tefera et al., 2010). Alternately, grasses with
tough leaves and stems are likely to be both strongly resistant to and
hence avoided by grazers, such that their dominance reduces the
grazing value of a grass community, yet without an increase in bare
ground and the risk of erosion typically associated with overgrazing
(Bouchenak-Khelladi et al., 2020; O'Reagain, 1993).

While frequent grazing is required to create and maintain graz-
ing lawns, it is likely that some environmental contexts will be more
conducive to supporting grazing lawns than others. Grazing lawns ap-
pear to have coevolved with grazers (McNaughton, 1984), suggesting
that lawns should be most prevalent at intermediate rainfall (c. 400-
850mm year }) where grazer densities are typically highest in African
ecosystems (Archibald & Hempson, 2016; Hempson, Archibald,
et al., 2015). This is supported by the positive relationship between
grass productivity and rainfall (Milchunas & Lauenroth, 1993; O'Connor
et al., 2001), such that grass regrowth at low rainfall may be too low or
infrequent to allow lawns to persist, while at high rainfall any lapse in
grazing pressure increases the risk of tall grasses invading and shading
out lawn species (Hempson et al., 2019; McNaughton, 1985; Verweij
et al., 2006). Nonetheless, grazing lawns occur across a wide rainfall
gradient from at least 400mmyear * (Mountain Zebra National Park,
South Africa; Novellie & Gaylard, 2013) to over 1200mmyear™* (Benue
National Park, Cameroon; Verweij et al., 2006). Similarly, while soils
do not appear to place absolute limits on grazing lawn distributions
(Archibald et al., 2005; Stock et al., 2010), they are often associated
with mineral or nutrient hotspots in a landscape (Gosling et al., 2012;
Grant & Scholes, 2006). This may suggest that higher nutrient soils are
better able to support replacement of grazed leaf tissues in lawns, but
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alternately, may simply reflect where grazers are more likely to con-
centrate and initiate lawns within a landscape (Hempson, Archibald,
et al., 2015).

Frequent grazing that leads to a loss of grass cover and increased
soil erosion is typically associated with drier regions. This higher vul-
nerability to “classic” overgrazing is likely due to the overall lower
productivity of these regions that limits the potential for grasses to
regrow and maintain lost or damaged tissues when regularly grazed
and trampled. The generally higher rainfall stochasticity of these re-
gions also favors annual grasses (Friedman, 2020), which with little
competition for space or light are able to adopt sparse architectures
with low grazing value (Archibald et al., 2019). Nonetheless, the asso-
ciation between drier regions and overgrazing may instead reflect a
greater potential in these areas for grazer numbers to greatly exceed
that which the available grazing can support (lllius & O'Connor, 2000).
This can be a natural outcome of sporadic dry periods that strongly
reduce primary productivity (Caughley & Gunn, 1993), which can be
exacerbated by water provision and supplemental feeding that results
in sedentary populations and increased grazer densities (Hempson
et al., 2017; Sinclair & Fryxell, 1985; van de Koppel et al., 1997). Sandy,
nutrient-poor soils also appear particularly vulnerable to overgrazing
(Owen-Smith & Danckwerts, 1997; Tefera et al., 2010), possibly due to
lower grass regrowth potential, although edaphic effects on grass pro-
ductivity are likely contingent on rainfall (Dye & Spear, 1982). Lastly,
frequent grazing might drive grass communities toward an undesirable
state dominated by tough resister grasses, a pathway that is more likely
to be associated with higher productivity and more stable growth con-
ditions that favor the persistence of this long-lived life history.

African ecosystems have a long evolutionary history of grazing
and stand out globally for their high diversity of grazer species (Owen-
Smith, 2013) and should thus harbor a wide diversity of grazing-
adapted grasses (Cingolani et al., 2005; Milchunas & Lauenroth, 1993).
Grazing lawns and overgrazing are both widely recognized features
of African ecosystems, providing an ideal context to assess under
what conditions frequent grazing is likely to produce grazing lawns
and where the vulnerability to overgrazing is high. Here, we do this
by assessing grass traits, life histories, and community composition in
33 frequently grazed sites distributed over a wide gradient of rainfall
(336-987 mmyear’i) and soils (e.g., 44%-93% sand) across South and
East Africa. We predicted that: (1) grazing lawns with high cover of
laterally spreading attractor species would be most prevalent at inter-
mediate to high rainfall sites with higher nutrient soils, and (2) evidence
of overgrazing such as bare ground and grasses with avoider life histo-

ries would be most prominent at drier and sandy, less productive sites.

2 | METHODS

2.1 | Study sites

Grass communities were sampled at 28 sites in protected areas
across the eastern half of South Africa between December 2014
and March 2015 (rainfall: 336-962mmyear ), and five sites in
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the Serengeti National Park, Tanzania, in July 2016 (rainfall: 448-
987 mm year'l; Figure 1, Table S1).

With the assistance of local managers, we identified sites that
had been kept short (i.e., <10 cm) continuously for a minimum of
10vyears, predominantly by frequent grazing, although most sites
had likely met these criteria for much longer. This ensured that:
(1) light competition had not been a factor shaping community as-
sembly, (2) grass communities had sufficient time to become rep-
resentative of these conditions (Cromsigt & OIff, 2008; Donaldson
et al.,, 2018), and that (3) disturbance regimes mostly constituted
grazing and trampling by grazers. Note that 10 of the South African
sites were located on airstrips or soccer fields within protected areas
and may thus occasionally have been mowed to keep them short.
However, in all cases these sites would predominantly have been
kept short by grazing by indigenous grazer species. Furthermore,
two South African sites were located in communal grazing areas in
the buffer zone of protected areas and would predominantly have
been grazed by cattle.

2.2 | Sampling protocols

Sampling procedures characterized the grass species composi-
tion and grass growth forms at each site. Grass communities were
sampled using 0.25m? quadrats distributed evenly through the
frequently grazed habitat. Most sites had 30 quadrats but the mini-
mum was 15 at one site where sampling was restricted by time. Full
details of sampling areas and plot layout are provided in Table S1.
Overall, the average distance between quadrats was ~12m (range:
8-15m).

All grass species occurring within a quadrat were identified in
the field and verified at the National Herbarium in Pretoria, South
Africa. For each grass species within a quadrat, we recorded per-
centage aerial cover, median leaf table height (mm), culm orienta-
tion (lateral, decumbent, geniculate, or upright), stolons (present or
absent), and rhizomes (absent, short or long). Leaf table height was
assessed visually as the approximate 80th quantile of leaf biomass,
with the main bulk of the leaf canopy occurring below this height
(Wigley et al., 2020). We classified short rhizomes as those that
incrementally allowed an individual to expand the size of its base,
forming a tuft, and long rhizomes as those facilitating the establish-
ment of new ramets with spatially separate aboveground biomass.
Percentage bare ground in each quadrat was recorded, and whether
grazer dung was present or not. All data were collected by the same

observer throughout the study.

2.3 | Environmental data

Soil samples were collected at the four corners of each site and
analyzed for texture (percent sand, silt and clay), cations (K, Ca,
Mg and Na), exchangeable acidity, and pH. Cation exchange ca-
pacity (CEC) was calculated for each soil sample. South African
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FIGURE 1 Locations of field sites in (a) South Africa and (b) Serengeti, with photos illustrating the wide diversity of environments in
which regularly grazed sites occur (c-n). South African site name abbreviations: BED, Berg-en-Dal; BLR, Black Rock; CDB, Camdeboo; CMD,
Commando Drift; CVD, Cape Vidal; GCL, Giants Castle; GDG, Golden Gate; GFS, Great Fish; GRP, Gariep Dam; ITL, Ithala; KOP, Koppies
Dam; LSB, Lower Sabie; LUC, Luchaba; MFZ, iMfolozi; MKL, Marakele; MKM, Mkambati; MMK, Maria Moroka; MOK, Mokala; MPF, Mpofu;
MTZ, Mountain Zebra; NDU, Ndumo; PLB, Pilanesberg; SAT, Satara; SPK, Spioenkop; STL, St Lucia; TEM, Tembe; TSO, Tsolwana; WPR,
Willem Pretorius. Serengeti site name abbreviations: KGT, Kogatende; KRW, Kirawira; MAR, Mara; SOT, Soit; SRN, Seronera.

soil samples were analyzed at the Agricultural Research Council
Institute for Soil, Climate and Water, in Pretoria, South Africa,
and Serengeti soils were analyzed at the Sokoine University of
Agriculture, Morogoro, Tanzania. Daily rainfall data were ex-
tracted from the Climate Prediction Center (CPC) Africa Rainfall
Climatology Version 2.0 (ARC2) dataset and used to calculate
mean annual rainfall for each site for the 30-year period prior
to the sampling date. Access to these data was obtained via the

Columbia University International Research Institute for Climate
and Society website (iri.columbia.edu).

2.4 | Traitindices

Grass species at our sites persist under frequent grazing, and we
sought to characterize the key life history attributes that enable
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this (i.e.,

trait indices were derived from field measurements: (1) culm ori-

avoidance-attractance, resistance, or tolerance). Four

entation index, (2) lateral index, (3) tuft index, and (4) grazer use
index. Culm orientation index was calculated as the species mean
value after converting each species x quadrat culm orientation
record to a numerical value as follows: lateral = 1, geniculate-
lateral = 2, geniculate or decumbent = 3, geniculate-upright = 4,
and upright = 5. The lateral index was calculated as the propor-
tion of quadrat-level records where a species had stolons or long
rhizomes. Similarly, the tuft index was calculated as the propor-
tion of quadrat-level records where a species had a tufted base.
To indicate the relative site-level grazing preference of a species,
we derived a grazer use index based on the assumption that maxi-
mum grazer use is experienced by species with heights close to
the median site-level leaf table height, via: (1) taking the ratio
of the leaf table height for each species x quadrat to the overall
site-level median leaf table height, (2) for values >1 (i.e., where
a species x quadrat is taller than the overall site median), taking
the reciprocal of this value, and (3) calculating the overall species
mean value across all quadrats x sites. Low grazer use index val-
ues are thus obtained for: (1) species that are usually substantially
taller than the median leaf table height at a site and thus inferred
to be accessible to but less-utilized by grazers, and (2) species that
are considerably shorter than the median leaf table height at a
site that are inferred to be largely inaccessible to and thus little-
utilized by grazers. Returning to our assumption that maximum
grazer use is experienced at median site-level leaf table height,
it is possible that selective grazing of an uncommon species at
a site may reduce its height relative to the median and that its
use may be underestimated by the index. We anticipate that this
will be rare, however, as sites were selected for their high grazing
pressure, which should reduce the potential for highly selective

grazing.

2.5 | Growth form classifications

Data were analyzed in R 4.0.3 (R Core Team, 2020). Hierarchical
cluster analysis was used to partition all grass species occurring in
>10 quadrats across all sites into life history strategies based on the
four trait indices, using hierarchical clustering on principal compo-
nents (“HCPC” function in the “FactoMineR” R package, hereafter
FactoMineR::HCPC; Le et al., 2008). Accordingly, principal compo-
nents analysis (PCA) of the species traits (with standardized range
from O to 1) was performed prior to clustering using FactoMineR::PCA,
minimizing the impact of covariance among traits on the clustering
algorithm. Clustering proceeds in an agglomerative fashion using a
Euclidian distance dissimilarity matrix of the PCA dimensions and
Ward's method, grouping the most similar clusters until all species
have been classified. Trait descriptions for each growth form were
obtained using a v-test, which compares within cluster trait values to
the overall trait value. Trait values and personal knowledge of spe-
cies characteristics were used to manually assign species occurring
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in 10 or fewer quadrats to growth form clusters (G. P. Hempson), as
including these species in the formal clustering procedure tended to
destabilize the clusters. All species life history strategy classifica-

tions and trait values are provided in Table S2.

2.6 | Trait-environment relationships

Trait relationships with rainfall and soil conditions were assessed via
fourth corner analyses using mvabund::traitglm (Wang et al., 2018).
Analyses were restricted to the minimal set of species that together
comprised 90% cover at a site (range: 2-12 species) and were there-
after scored as present/absent for fitting a model with binomial er-
rors. The approach discards abundance information but captures the
dominant species at a site while reducing challenges around iden-
tifying an appropriate error distribution. All four trait indices were
included in the species x trait matrix throughout the analysis. Mean
annual rainfall, percent sand, cation exchange capacity (CEC), and pH
were fitted as environmental variables in the full model. A full subset
of models with all environmental variables was fitted, and the most
supported model identified using Akaike's Information Criterion cor-
rected for small sample sizes (AICc; MuMIn:AlCc; Barton, 2020). The
significance of the overall trait-environment interactions was as-
sessed using an ANOVA with 999 resampling iterations performed
via PIT-trap (probability integral transform residuals) block resam-

pling (mvabund::anova).

2.7 | Life history strategy-environment
relationships

Life history strategy-environment relationships were assessed using
contour plots: PCA (FactoMineR::PCA) was used to extract the first
two axes capturing environmental variation among sites (mean an-
nual rainfall, percent sand, CEC, and pH), with the percentage cover
of each grass growth form plotted on the z-axis. All grass species

occurring at a site were included in the analysis.

2.8 | Percentage bare ground

Percentage bare ground is a key variable used to assess whether a
system is overgrazed or degraded and should increase with grazing
pressure in systems prone to overgrazing, while the opposite should
be true in systems with the potential to develop grazing lawns.
Therefore, to test whether the dominant grass growth form can pre-
dict degradation risk we ran two multiple linear regressions, on com-
munities dominated by (1) lateral-spreading grasses and (2) tufted
grasses (see growth form classification results below: “lateral attrac-
tors” and “tufted attractors”). The global regression model for each
analysis included the interaction effects of mean annual rainfall,
percentage sand, and proportion of quadrats with dung present (as
a proxy for site-level grazing pressure) on percentage bare ground
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at each site, with AlCc used to identify the best model among all

nested models.

3 | RESULTS

3.1 | Growth form classifications

A total of 88 grass species were recorded during the study (Table S2).
Four ecologically interpretable grass life history strategies were iden-
tified among the 46 species included in the HCPC analysis (Figure 2).
The lateral and tuft indices had the highest loadings on the first axis of
the trait PCA (PC1 explained 52.15% of variance; Figure 2a, Table S3),
and the highest split in the clustering tree thus broadly grouped
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species by whether they frequently had stolons and/or long rhizomes,
or whether they typically had a tufted base (Figure 2a,b). The grazer
use index had the highest loading on PC2 (30.55% of variance) and
was influential in separating species with higher lateral index scores
into two groups, which we refer to as “lateral attractors” and “avoid-
ers.” For the lateral attractors, the v-tests revealed that group means
for all four trait indices differed significantly from the overall means,
with higher lateral (t 5, = 4.491, p<.001) and grazer use (t 45 = 1.988,
p = .047) index values, and lower culm orientation (t(45) = -3.300,
p<.001) and tuft (t(45) = -3.723, p<.001) index values (Figure 2c;
Table S4). By contrast, the avoiders had significantly low grazer use
(ti45) = —3.625,p<.001) and tuft (t 45 = -2.994, p = .003) index values.

The remaining species with higher tuft index values were sep-

arated into two groups, “tufted attractors” and “resisters,” based
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FIGURE 2 Life history strategy classification of grasses occurring in frequently grazed sites in South Africa and the Serengeti, Tanzania.
Life history strategies were classified based on four traits (lateral, tuft, culm orientation, and grazer use indices) that were first subjected
to principal components analysis (a), with agglomerative hierarchical clustering then performed on these principal components (b). The
resulting tree was cut to produce four ecologically meaningful groups (lateral attractors, avoiders, tufted attractors, and resisters), which
differ in the mean and variability of their trait values (c). Species abbreviations are the derived from the first three letters of genus and

species, with full names provided in Table S2.
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on differences in their grazer use and culm orientation index val-
ues. Tufted attractors had high grazer use (t,s = 3.487, p<.001)
and tuft (t(45) = 2.562, p = .01) index values, and low lateral index
values (t(45) = -2.664, p = .007) compared with the overall means.
Resisters had high culm orientation (t(45) = 3.914, p<.001) and tuft
(t(45) = 3.863, p<.001) index values, and low lateral (t(45) = -3.211,
p =.001) and grazer use (t(45) = -2.980, p = .003) index values. Note
that although tufted attractor grasses generally had high tuft and
low lateral index values, there is much variability within traits in this

group, but all are apparently highly preferred.

3.2 | Trait-environment relationships
Overall, grass traits showed the strongest associations with rainfall
and percent sand, which were retained in the best model (p = .001;
Figure 3b), although the trait-environment coefficients in the full
model (p =.002; AAIC = 8.256 from best model; Figure 3a) also in-
dicates clear links between grass traits and soil CEC and pH, respec-
tively. The positive association between rainfall and the tuft, lateral
and culm orientation indices in both the full and best models indi-
cates that the incidence of tufted species, laterally spreading spe-
cies, and species with more upright culms increased in wetter areas.
By contrast, there was strong evidence for a higher incidence
of grasses with more prostrate culm orientations in areas with
sandy soils. Although soils with high CEC also tend to have higher
pH, the full model indicates that culm orientation is more upright
on the higher pH soils and more prostrate on soils with higher CEC
(Figure 3a). There is also evidence that the incidence of tufted spe-
cies is higher on more acidic soils. The grazer use index showed little
association with rainfall, sand, or pH and had a weak positive asso-
ciation with soil CEC.

3.3 | Life history strategy-environment
relationships

The 33 study sites spanned a diverse range of environmental condi-
tions and were fairly evenly distributed across the first two principal
component axes (Figure 4a,b). The first axis accounted for 51.57%
of variation among sites (Table S5) and represents a classic “rich
savanna-poor savanna” gradient from areas with basic, high CEC
soils occurring in drier, less sandy regions, to areas that have sand-
ier, less fertile soils and that tend to be wetter. The second axis ac-
counted for 25.00% of variation among sites, and distinguishes sites
with sandier, drier, higher pH soils from wetter sites with more clay-
rich soils and higher CEC. Interpolation of the site-level proportional
cover of each life history strategy across PC1 and PC2 shows that
the lateral attractor (Figure 4d) and tufted attractor (Figure 4f) life
history strategies are more abundant than avoiders (Figure 4c) and
resisters (Figure 4e), and occur across a wider range of environmental
conditions. Lateral attractors had >30% cover at a site under a wide
range of environmental conditions, but were particularly abundant
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in sandy and drier regions and do not appear to be strongly influ-
enced by soil fertility (CEC and pH). The one region of environmen-
tal space where lateral attractors had low abundance, however, was
in high rainfall areas with acidic soils, which instead was dominated
by tufted attractor species. Resisters were most abundant in high
rainfall areas on soils with low sand content and higher CEC values,
but also showed a peak at the Ithala site, which had intermediate
rainfall and percent sand values. Avoiders were generally scarce, ex-
ceeding 30% cover only at the Kirawira site in the Serengeti, where
Chrysochloa orientalis was abundant. Overall, the broad patterns evi-
dent in life history strategy distributions across environmental axes
are also clearly subject to many exceptions.

3.4 | Percentage bare ground

The average percentage bare ground across all sites was 32.5% (+3.0
SE) and did not differ between sites dominated by lateral (32.2%)
and tufted (33.0%) attractor grasses (le =0.019, p = .891). In lat-
eral attractor-dominated sites, there was no evidence for grazing
pressure, rainfall, or sand influencing the percentage bare ground,
with the intercept only model being preferred (Table Sé). There was
some evidence that grazer utilization may increase the percentage
bare ground in tufted attractor-dominated sites: the best model in-
cluded only a positive and marginally significant effect of dung abun-
dance on percentage bare ground (F1,13 = 4.312, p = .06; Figure 5;
Table S7); however, the simpler intercept only model received similar
support (AAICc = 1.115).

4 | DISCUSSION

Frequently grazed areas display considerable diversity in grass traits,
growth forms, and community composition (Figure 2). Counter to
our predictions, (1) we observed grazer attractor grasses that com-
prise grazing lawns across all rainfall and soil conditions, with tufted
attractors being more prevalent at high rainfall than lateral attrac-
tors, and (2) the prevalence of avoider grasses and bare ground—our
indicators of overgrazing—was not clearly linked to environmental
conditions (Figure 4). The potential for grazing lawn establishment
but also for overgrazing thus seems widespread. However, the di-
versity and distribution of grass growth forms we observe across
frequently grazed sites should be useful in assessing the risk/benefit
trade-off of using concentrated grazing to establish grazing lawns in

different environments, as discussed below.

4.1 | Grass life history strategies and their
environmental relationships

The four grass growth forms we identified from trait clustering can
be distinguished based on how they enable grasses to attract vs.
avoid, resist or tolerate frequent grazing (Archibald et al., 2019).
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FIGURE 3 Fourth corner analyses to assess relationships between grass traits and rainfall and soil attributes. The full model included
all 33 study sites and four environmental variables (mean annual rainfall, percent sand, cation exchange capacity, and pH) in the

site x environment matrix. All four grass traits (lateral, tuft, culm orientation, and grazer use indices) were included in the species x trait
matrix for all models. The species x site matrix contained the minimal set of species that together comprised 90% cover at a site and which
were then scored as present or absent for fitting a binomial error distribution. p-values represent support for an overall trait-environment
effect in the model. Coloring represents the coefficient values for specific trait-environment associations estimated in the model.

The lateral attractor cluster aligns most closely with “classic”
grazing lawn species, showing high rates of lateral spread via sto-
lons and rhizomes, and often having prostrate flowering culms
(McNaughton, 1984). This protects their stems or stolons, buds,
and roots below the bite depth of grazers (Coughenour, 1985),
leaving only highly digestible leaf material accessible to grazers.
Lateral attractors were dominant at heavily grazed sites across a
wide range of environmental conditions, although they tended to
be replaced by tufted attractors in higher rainfall areas with more
fine-textured soils.

The tufted attractor cluster includes a range of grass life histo-
ries. Many of these species would be considered “generalist tolera-
tors” (Archibald et al., 2019), as they are able to adopt taller, upright
growth forms in fire-prone communities with lower grazing pres-
sure (e.g., Themeda triandra, Heteropogon contortus, and Hyparrhenia
hirta). Resprouting from underground stored reserves is thought to
be central to the ability of these species to tolerate repeated fires
and/or grazing (Coughenour, 1985; Ripley et al., 2015). As such, the
association we found between tufted attractors and higher nutrient,
higher rainfall soils are expected as these soils would best enable
compensatory regrowth required for this strategy to be successful.
Among the other species in the tufted attractor cluster are short-
statured species such as Sporobolus nitens, which does not have an
alternate tall growth form. This species is commonly associated with
soils with high sodium concentrations (Bailey & Scholes, 1997), and
frequent grazing in these sites (Grant & Scholes, 2006)—driven by
herbivore sodium demands—is likely important to maintain access
to light for these short-statured grasses. Sodium-enriched soils are
probably predisposed to achieving the frequent grazing necessary to
establish and maintain grazing lawns, while the role of silica, which

was not assessed in this study, is also an intriguing avenue for fu-
ture research given its varied roles in plant defense (e.g., Hummel
et al., 2011), as a grass growth promotor (McNaughton et al., 1985),
and the variation in its availability in response to parent material, soil
texture, pH, and rainfall (Quigley et al., 2017).

The resister and avoider grass growth form clusters both had
low grazer use values, but likely for divergent reasons. Resister
grasses have tufted, upright, and often stemmy architectures
and have tough leaves with high C:N ratios and are very strongly
rooted (e.g. Eragrostis plana and Sporobolus pyramidalis). Grazers
are thus typically unable to remove much material from these
grasses, likely resulting in them being avoided and growing taller
than other grasses in frequently grazed areas. Thus, while the graz-
ing value of the grass community is reduced when these grasses
increase in abundance, a consolatory factor is that the soil surface
remains fairly well protected. The avoider cluster included a vari-
ety of grass morphologies, for example, species that avoid grazing
by growing tightly appressed to the soil surface (e.g., Chrysopogon
orientalis, Tragus beteronianus), and species with sparse architec-
tures that are of little forage value to grazers (e.g., Panicum aequin-
erve). While our analyses identify an intuitive set of growth form
clusters, the counterintuitive classification of some species (e.g.,
Imperata cyclindrica as an avoider vs. resister, Microchloa caffra as a
resister vs. avoider) suggests that including a wider range of traits
(e.g., bulk density, leaf C:N) may result in clearer patterns. More
generally, the many exceptions in the distribution of grass life his-
tory strategies across environmental gradients suggest that spe-
cific site-level contingencies and histories likely also shape grass
community composition, including variation in grazing pressure

above that required to meet the study site inclusion criteria.
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4.2 | Grazing value and degradation

Our data show that grazing lawns can comprise both mat-forming
stoloniferous grasses and also tufted species that may not spread
laterally (Figure 2; Cromsigt & OIff, 2008), and that these grasses can
occur at over 50% cover under a broad range of rainfall and soil con-
ditions (Figure 4). While the high leaf bulk densities of these growth
forms are important for attracting grazers, the percentage cover of
these growth forms is also fundamental to grazing value, because
sward continuity has a large effect on intake rates given that bite
depths will be relatively shallow (Murray & lllius, 2000). Regardless
of which “grazing attractor” growth form dominates a lawn, fre-
quent grazing is important to prevent shifts in growth form (e.g.,
by generalist tolerators) or invasion by new species (e.g. resisters)
that result in a taller, more stemmy, and less palatable sward as oc-
curs when grazing pressure lapses (Hempson et al., 2019; McCauley
et al.,, 2018; Verweij et al., 2006). The positive feedback between
grazers and sward quality, which is fundamental to grazing lawn
dynamics (Coughenour, 1985; Hempson, Archibald, et al., 2015;
McNaughton, 1984), is thus not restricted to stoloniferous, mat-
forming grasses, and lawns can thus be considered more generally
as “short-statured, grazer-dependent grass communities that persist
via positive feedbacks with grazers”.

Recognizing that lawns can be dominated by tufted attractors is
important, because many species are considered classic “Decreaser”
species (e.g., Themeda triandra) that are typically eliminated by heavy
grazing and replaced by undesirable “Increaser II” or “Invader” spe-
cies (Dyksterhuis, 1949; Trollope et al., 1989). This has motivated
widespread rotational grazing management practices, which seek to
provide plants a rest period from grazing during the growing season
(Briske et al., 2008), opposite to the conditions necessary for grazing
lawn establishment and maintenance. This low risk strategy eschews
the potential benefits of incorporating grazing lawns as a wet season
resource in a grazing system that also includes adequate dry season
forage reserves (Fynn, 2012; lllius & O'Connor, 1999; Yoganand &
Owen-Smith, 2014). An important consideration, however, is that
the close link between rainfall and primary production on lawns
necessarily means that the duration and timing of their forage value
mirrors the pattern of rainfall events (Bonnet et al., 2010), which may
diminish their overall utility in more stochastic, drier regions.

While our survey of frequently grazed grass communities sug-
gests that grazing lawns can be established under a wide range of
environmental conditions, the risk of degradation cannot be ignored.
Grazing lawn degradation can take at least three forms: (1) under-
grazing, allowing the encroachment of taller, less palatable spe-
cies or growth forms, (2) transitions to unpalatable resister and/or
avoider species, and (3) increases in bare ground. Our results sug-
gest that grazing lawns dominated by tufted attractor species may
be most susceptible to each of these forms of degradation. Firstly,
many tufted attractors have alternate, tall growth forms, and may
be quicker to transition to more stemmy swards during any lapse
in grazing frequency. Second, the environmental overlap with re-

sister species in mesic areas with clay-rich soils suggests a greater

vulnerability to being invaded by these species (Figure 4), although
further research is required to understand whether resisters in-
vade lawns when under- vs. overgrazed. Lastly, the percentage bare
ground in grazing lawns dominated by tufted attractors appears
more closely linked to grazing pressure than in lawns dominated by
lateral attractors (Figure 5). Nonetheless, it would seem logical to
expect that for all grazing lawns a level of grazing and associated
trampling pressure exists that would result in severe degradation,
and hence that both minimum and maximum grazer use thresholds

exist for all grazing lawn communities.

5 | CONCLUSIONS AND MANAGEMENT
CONSIDERATIONS

While it appears possible to form grazing lawns across a broad range
of environmental conditions, further research is needed to bound
the window of optimal grazing pressure for grazing lawn establish-
ment and maintenance—both across environmental gradients, and
for lawns comprising lateral vs. tufted attractor growth forms. The
grazing value of lawns derives from the rapid replacement of con-
sumed leaf material (McNaughton, 1985), a process that is closely
linked to rainfall patterns (Bonnet et al., 2010), which may thus
enhance their utility in wetter regions. Key considerations when
seeking to incorporate lawns into a grazing system include rec-
ognizing that lawns comprise a wet season resource that requires
frequent grazing during the growth season, which may be at odds
with management practices such as some forms of rotational graz-
ing. Monitoring the growth form and species composition of graz-
ing lawns and the extent of bare ground during the wet season are
key parameters for understanding the grazing value trajectory of a
lawn, and hence whether grazing pressures should be adjusted. With
due consideration of the degradation risks, conservation and range-
land practitioners who make careful use of concentrated grazing to
establish grazing lawns stand to benefit from an undervalued graz-
ing resource representing millions of years of coevolution between

grazers and grasses.
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