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Abstract
Questions: How does desert grassland vegetation respond to long-term grazing re-
moval? Is grass response the result of differences in the number or the size of plants? 
Does the response differ over time and in relation to precipitation patterns?
Location: Santa Rita Experimental Range, southwestern United States.
Methods: Four times between 2011 and 2020, we measured the cover of woody 
plants and native and non-native perennial grasses, and the density, size, and biomass 
of individual perennial grasses on 40 permanent transects inside and outside 10 long-
term (88–104 years old) livestock exclosures (0.1–4.0 ha) occurring on the same eco-
logical site. We used linear mixed models to compare vegetation variables in grazed 
vs ungrazed transects through time and calculated the cumulative frequency distribu-
tions of grass plant diameters.
Results: The cover of woody plants did not differ by grazing treatment. Instead, the 
exclosures had a greater cover, density, and biomass of native grasses and cover and 
biomass of the most abundant native grass Arizona cottontop (Digitaria californica). 
Moreover, ungrazed populations of natives and Arizona cottontop showed a plant size 
structure skewed to larger sizes. Non-native grasses showed no differences between 
grazing treatments. Patterns of inter-annual precipitation influenced woody and grass 
plant abundance, but not their response to livestock removal.
Conclusions: Long-term grazing removal in desert grasslands affected native grass 
abundance, but not that of non-native grasses and woody plants. Response of native 
grasses to livestock removal was characterized more by plant size rather than the 
number of plants, and, importantly, the population size structure skewed to smaller 
plants in grazed areas suggests that grazing limits plant vigor and longevity. Absence 
of a non-native grass response likely reflects lower palatability and greater grazing 
resistance of non-natives. Absence of woody plant response is due to their low palat-
ability and the permeability of exclosures to seed dispersal.

K E Y W O R D S
desert grassland, livestock exclosures, native grasses, perennial grasses, plant biomass, 
repeated measures, shrubs, vegetation dynamics
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1  |  INTRODUC TION

Is grass response to long-term livestock removal the result of dif-
ferences in the number of plants or the size of plants? In essence, 
this question asks if differences in recruitment (number of plants) 
or longevity (size of plants) are the dominant mechanism of re-
sponse to removal of livestock grazing. Comparing population size 
structures between grazed and ungrazed settings provides evi-
dence to address this question (Oñatibia & Aguiar, 2019; Oñatibia 
et al.,  2020). Studies conducted in rangelands worldwide have 
shown contrasting effects of livestock grazing on the number and 
size of grasses, suggesting that mechanisms can change depend-
ing on the environment, plant species, livestock species, and man-
agement conditions. Concerning plant density (number of plants), 
many authors observed an increase in the number of plants, espe-
cially at high grazing intensity (Butler & Briske, 1988; Fuhlendorf 
et al.,  2001; Oliva et al.,  2005; Travers & Berdugo,  2020), while 
others a decrease (Pfeiffer & Hartnett, 1995; Oñatibia et al., 2020). 
Importantly, Oñatibia and Aguiar  (2019) found that density re-
sponse to grazing was inversely related to palatability, with lower 
density of more palatable species in grazed vs ungrazed settings, 
and the opposite for unpalatable species. Concerning plant size, 
the majority of studies showed a plant size distribution skewed to 
smaller sizes in grazed than ungrazed conditions (Sala et al., 1986; 
Butler & Briske,  1988; Pfeiffer & Hartnett,  1995; Fuhlendorf 
et al., 2001; Oliva et al., 2005; Oñatibia & Aguiar, 2019; Oñatibia 
et al., 2020).

We explored this question of number vs size for grass response 
to livestock removal in the semi-arid, low primary productivity des-
ert grassland of southwestern North America (McClaran,  1995), 
where livestock use is well documented since its rapid expansion in 
the late 19th century, and livestock exclosures were established in 
the early 20th century to evaluate grazing impacts. Here, livestock 
exclosures and comparisons of different grazing histories revealed 
patterns of increased woody plant cover and decline in grass cover 
and production since livestock expansion in the late 19th century 
(e.g., Gardner,  1950; Smith & Schmutz,  1975; McClaran,  2003; 
McClaran et al., 2010; Browning & Archer, 2011), and, more recently, 
they helped to understand that the spread of non-native Lehmann 
lovegrass (Eragrostis lehmanniana) is not reliant on livestock grazing 
(McClaran & Anable, 1992; Bock et al., 2007). However, no previous 
work has used long-term livestock exclosures to explore the relative 
importance of plant number vs plant size in the response to long-
term livestock removal.

It is understood that vegetation response to livestock removal 
can be influenced by factors such as (i) age and size of the ex-
closure, (ii) plant species, and (iii) fluctuations in climatic condi-
tions. The timing of vegetation response to livestock removal may 
range from years (Chen & Tang, 2016; Sun et al., 2020) to several 
decades (Valone et al., 2002), with longer timings typical of low-
productivity arid environments (Valone et al.,  2002; Augustine 
et al., 2017; Wolf & Mitchell, 2021). For this reason, old and young 
exclosures differ in their ability to show vegetation changes after 

livestock removal. Small exclosures can be more vulnerable than 
large ones to non-grazing processes such as seed dispersal from 
outside the exclosure (Bock et al., 2007). Response to livestock 
removal can also depend upon the grazing resistance of each plant 
species (Briske,  1996). Lastly, the fluctuations in climatic condi-
tions can interact with grazing to generate different effects on 
vegetation. For instance, grazing may adversely affect the ability 
of grasses to recover after drought, thus causing higher mortal-
ity and reduced forage production compared to ungrazed areas 
(Holechek et al.,  2003; Loeser et al.,  2007; Chen et al.,  2013; 
Oñatibia et al., 2020).

We minimized these sources of variation by measuring four 
times in 10 years (2011–2020) cover of woody plants and cover, den-
sity, biomass, and size of grass plants inside and outside 10 long-
term (88–104 years old) exclosures on the Santa Rita Experimental 
Range (Arizona, USA). This experimental design allowed us to ob-
tain a novel dataset for several reasons (Table 1; Table S1): (i) length 
of livestock removal (up to 104 years, corresponding to the longest 
time frame in exclosure studies published up to date, to our knowl-
edge); (ii) large number of exclosures; (iii) consistency of soils (same 
Ecological Site); (iv) consistency of stocking rate during the study; (v) 
four repeated measurements, which provided the opportunity to as-
sess the patterns related to climate variation; and most importantly 
(vi), three measures of grass abundance (cover, density, biomass) and 
individual plant size.

Based on results in the literature and our experimental ap-
proach, we formulated four hypotheses: (i) grass response (in terms 
of cover and biomass) to livestock removal is mainly the result of 
differences in population size structure rather than by differences in 
the absolute number of plants as demonstrated by previous works 
showing smaller sizes in grazed than ungrazed conditions (e.g., Butler 
& Briske, 1988; Oliva et al., 2005; Oñatibia et al., 2020); (ii) grazed 
grass populations have less cover and biomass and are skewed to-
ward smaller sizes, particularly for native grasses because they are 
more palatable and less grazing-resistant than non-native grasses 
(Oñatibia & Aguiar,  2019); (iii) woody species’ response does not 
differ inside and outside exclosures because they are not directly 
impacted by livestock and exclosures are too small to interfere with 
seed dispersal (Bock et al., 2007; Browning & Archer, 2011); and (iv) 
the patterns are consistent across the four repeated measurements 
because grazing pressure was moderate during the study, there 
were no extreme droughts or other disturbances such as fires, and 
vegetation has probably stabilized during more than 80 years of live-
stock removal (Valone et al., 2002).

2  |  METHODS

2.1  |  Study area

The study occurred on the 21,000 ha Santa Rita Experimental Range 
(SRER), 40 km south of Tucson, Arizona, United States (31°50′31″ N, 
110°51′36″ W). The average annual precipitation and temperature 
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on the SRER are 379 mm (McClaran & Wei, 2014) and 18.5°C (PRISM 
Climate Data,  2021), respectively. About 50%–60% of the annual 
total precipitation falls during the summer months and both annual 
and summer precipitation are characterized by high interannual 
variability (McClaran & Wei, 2014). Soils are in the thermic tempera-
ture regime and aridic and ustic moisture regimes (Breckenfeld & 
Robinett, 2003).

The vegetation is desert grassland, a mixture of different 
growth forms including grasses, forbs, shrubs, short trees, and cacti 
(Burgess, 1995). Common native perennial grasses are Arizona cot-
tontop (Digitaria californica), Rothrock grama (Bouteloua rothrockii), 
threeawns (Aristida spp.), and Bush muhly (Muhlenbergia porteri), 
while Lehmann lovegrass is the most common non-native peren-
nial grass. The dominant tree and shrub are mesquite (Prosopis 
velutina) and burroweed (Isocoma tenuisecta), respectively. Cane 
cholla (Cylindropuntia spinosior), Chainfruit cholla (C. fulgida), and 
Engelmann prickly pear (Opuntia engelmannii) are among the domi-
nant cacti. In general, native grasses are more palatable to livestock 
than non-native grasses, mesquite is occasionally eaten as fresh 
leaves and seed pods, but cacti and small shrubs are not eaten by 
livestock.

2.2  |  Experimental design and grazing system

In this study, we selected 10 long-term livestock exclosures on the 
SRER ranging in elevation from 1050 to 1250 m  a.s.l. and located 
in the Sandy Loam Upland Ecological Site (including “baboquivari,” 
“diaspar,” and “sasabe” soil series; Figure  1; Appendix  S3). Sandy 
Loam Upland Ecological Site has deep and well-drained soils with 
about 30% clay content in the subsurface horizons and occupies 
fan terraces with at most 8% slope (Breckenfeld & Robinett, 2003). 
The selected exclosures were built between 1916 and 1932, thus 
they were 88–104 years old in 2020. They ranged in size from 0.1 to 
4.0 ha (Appendix S3).

In 2010, at each exclosure, two linear permanent transects of 
100 ft (30.5  m) were placed within the excluded area (ungrazed 
treatment) and two outside of it (grazed treatment), at an average 
distance of 76 ± 7.3 m (mean ± standard error). The transects were 
positioned in a stratified random manner to represent the vegeta-
tion structure and composition within and outside the exclosure. 
Because of this paired design, we assumed that at each exclosure: 
(i) the vegetation before exclusion did not differ between grazed 
and ungrazed transects; and (ii) the presence of livestock was the 

Desert grasslands 
median (min–max)

Other vegetation types 
median (min–max)

Present 
study

Maximum age of the exclosure 
(years)a

28 (14–74) 30 (10–83) 104

N = 16 N = 61

Number of exclosures 1 (1–9) 3.5 (1–36) 10

N = 16 N = 62

Average exclosure size (ha) 72.4 (0.15–1 × 105) 1.0 (0.01–6800) 1.1

N = 16 N = 49

Number of measurements 1 (1–6) 1 (1–30) 4

N = 16 N = 62

Length of the experiment 
(years)b

1 (1–74) 1 (1–72) 10

N = 16 N = 60

Number of growth 
forms (herbaceous/
non-herbaceous)

2 (1–2) 2 (1–2) 2

N = 16 N = 63

Number of variables (cover, 
density, biomass)

1 (1–3) 2 (1–3) 3

N = 15 N = 64

Number of studies 
accounting for repeated 
measurementsc

2/5 10/21 Yes

Note: For vegetation types other than desert grasslands, papers were selected only if published 
between 2000 and 2021. The criteria used to select the papers, the database including selected 
exclosure studies, and the description of the methodology used to calculate the median values for 
“Average exclosure size,” “Number of measurements,” and “Length of the experiment” are provided 
in the Appendices S1 and S2. N = number of papers used to calculate the median value for each 
category of data.
aIt refers to the oldest exclosure in case there is more than one exclosure and/or to the most recent 
sampling in case there is more than one measurement.
bYears from the first to the last measurement.
cNumber of studies that used a repeated-measurement approach in the statistical analysis (e.g., 
repeated-measurement ANOVA, mixed models with sampling unit in the random part) out of the 
number of studies with more than one measurement.

TA B L E  1 Characteristics of the studies 
that used long-term exclosures (≥10 years 
old) in desert grasslands, in other 
vegetation types of the world (including 
grasslands, shrub grasslands, shrublands, 
savannas, and dune fields), and in the 
present study.
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only differentiating factor between inside- and outside-exclosure 
conditions.

Exclosures were in five different pastures (i.e., 2N, 2S, 6A, 6E, 
and UA-D) used by cattle herds (Figure 1). Pastures ranged in size 
from 268 (UA-D) to 1857 ha (2N) and the density of livestock water 
ranged from 0.22 to 1.11 km−2. The average minimum distance be-
tween water and exclosures was 994.2 ± 330.6 m. All pastures shared 
a common stocking rate history. From 1916 up to the late 1920s, the 
stocking rate was around 10 Livestock Units (LU)  km−2  year−1. By 
the 1940s, it was reduced to around 4 LU km−2  year−1, to achieve 
sustainable forage utilization (<50%). From 2008 to 2020, the stock-
ing rate was uniform, with an average value of 2.7 LU km−2 year−1 
(Appendix  S4). All pastures were grazed year-long from 1916 to 
the 1970s. Then, in pastures 2S and 6A, a rotational grazing sys-
tem was implemented for 30 years, consisting of a three-year cycle 
with two grazing periods (March–October and November–February) 
and 12 months of rest between each use (Mashiri et al., 2008). In 
pasture 6E, from 1971 to 2005, there were periods of 4–9 months 
of grazing followed by one year of rest from grazing. In pasture 
UA-D, the rotational grazing system occurred from 1972 to 1989, 
then the year-long was re-implemented until 2006. In pasture 2N, 
year-long grazing lasted from 1916 to 2006. Starting in 2006, a new 
grazing scheme was implemented in all pastures of the SRER, with 
short grazing periods (1–3  months) followed by longer rest peri-
ods (8–12 months). Despite some pastures experienced a different 
grazing system (year-long or rotational), Mashiri et al. (2008) found 

no difference in vegetation dynamics between pastures that expe-
rienced year-round vs seasonal rotation of livestock grazing from 
1972 to 2006.

2.3  |  Vegetation measurements

At each transect, the following vegetation characteristics were 
measured: (i) the canopy cover of woody plants (i.e., mesquite, bur-
roweed, and cacti); (ii) the basal cover and (iii) the density of each 
perennial grass species; and (iv) the basal diameter of each peren-
nial grass plant. The woody plant canopy cover and the grass basal 
cover were measured in units of 0.1 ft (~3 cm) along the transect line 
according to the line intercept method of Canfield (1941). The den-
sity of perennial grasses was assessed by counting all individuals in a 
12-inches-wide (0.305-m) belt along the right side of each transect, 
and for each grass plant, the basal diameter was measured with a 
graduated tape (diameter > 3.5 cm) or a caliper (diameter ≤ 3.5 cm). 
Individual grass plants (i.e., populations of one or more tillers; 
Briske,  1991) were counted and measured as spatially independ-
ent units when they were at least 5 cm apart from the other plants 
(Lauenroth & Adler, 2008). The 5-cm rule was set to distinguish sep-
arate individuals in the case of large plants fragmenting into smaller 
plants and this occurred <5% of the time. Vegetation measure-
ments were performed during the dormant season (January–May) 
every 3 years from 2011 to 2020, for a total of four measurements 

F I G U R E  1 Exclosures, livestock 
waters, and pastures used in this 
study, and PRISM cells used for the 
precipitation trend analysis on the Santa 
Rita Experimental Range, Arizona, United 
States.
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in 10 years. We distinguished dormant and dead plants by the pres-
ence of yellow or green-greenish leaves/stems. These data and pho-
tographs are accessible at https://cals.arizo​na.edu/srer/conte​nt/
exclo​sure-trans​ects. The complete list of plant species measured on 
the transects is given in Appendix S5. Nomenclature of plant spe-
cies follows the USDA PLANTS Database (2022; https://plants.usda.
gov/home).

2.4  |  Precipitation measurements

To assess the precipitation trend, the winter (October of preceding 
year-May), the summer (June–September), and the 12-month water 
year (October–September) Standardized Precipitation Indices (SPI; 
McKee et al., 1993) were calculated for the 2008–2020 period. Even 
though the study started in 2011, we calculated the index since 
2008 to consider the influence of the previous years on vegetation. 
Summer rainfall is particularly meaningful in the desert grasslands of 
the southwestern United States because it is the biggest contributor 
to grass biomass production of the current year (Cable, 1975). The 
winter precipitation, instead, does not directly impact grass produc-
tion, but it influences plant vigor and potential for growth in the fol-
lowing summer (Cable, 1975; Martin, 1975). We retrieved SPI data 
from the SPI Explorer Tool V2.0 (https://uacli​matee​xtens​ion.shiny​
apps.io/SPIto​ol/), which uses the PRISM Climate data set (PRISM 
Climate Data, 2021). We averaged the data from four PRISM cells 
that were representative of the exclosure locations (Figure 1). The 
reference period for SPI calculation was 1895–2020. SPI data were 
used to interpret the year and grazing × year interactions results for 
vegetation response.

2.5  |  Data analysis

To compare the vegetation between grazed and ungrazed condi-
tions and assess changes over time, a set of vegetation variables 
was calculated for each transect and year. Canopy cover of mes-
quite, burroweed, and cacti and basal cover of perennial grasses 
was expressed in percentage value by dividing the measured tenths 
of feet by the total length of the transect. For grasses, basal cover, 
density, and biomass were computed for four categories of peren-
nial grass species: total grasses, native grasses, non-native grasses, 
and Arizona cottontop (Appendix  S5). We chose to analyze sepa-
rately Arizona cottontop because it is an important forage species 
and the most abundant native grass in the data set (45% and 54% 
of natives' density and biomass, respectively). Non-native grasses 
included Eragrostis curvula, E. lehmanniana, and Pennisetum ciliare 
(Appendix S5). Eragrostis lehmanniana represented 89% and 80% of 
non-natives' density and biomass, respectively, and for this reason, 
it was not analyzed separately. For biomass, we applied the follow-
ing formula developed by Nafus et al.  (2009) at the SRER to each 
measured grass plant: biomass (g) = e1.441 × diameter (cm)1.253. Then, 
values were summed for each grass category. To investigate grass 

population size structure, we calculated the density and biomass of 
two plant size classes for each grass category, i.e., diameter ≤3 cm 
and diameter >3  cm, as representative of small and large plants, 
respectively. We used the 3-cm threshold because the frequency 
histogram of the whole grass population showed an inflection point 
around this value (Appendix S6). All vegetation variables were aver-
aged between the two grazed transects and the two ungrazed tran-
sects at each exclosure to avoid pseudoreplication. Thus, we had 10 
replicates for each combination of grazing treatment and year.

Finally, we constructed grazed and ungrazed cumulative fre-
quency distribution curves of basal diameter for native and non-
native grasses and Arizona cottontop, following the approach of 
Oñatibia et al. (2020) and Oñatibia and Aguiar (2019). To construct 
the grazed and ungrazed plant size curves, we combined all plants 
measured in grazed and ungrazed transects, respectively. The curves 
were calculated separately for each measurement year.

2.6  |  Statistical analysis

Vegetation variables were analyzed through linear mixed models 
(LMMs). Grazing, year, and their interaction were set as fixed factors, 
and the transect (resulting from the average between pseudorepli-
cates) was specified as a random factor to account for the repeated-
measure structure over time. Tukey's post-hoc tests were performed 
on significant effects (p < 0.05). In the case of no significant inter-
action, this term was removed from the model and only grazing 
and year effects were tested. Assumptions of residuals' normality 
and homoscedasticity were graphically checked (Zuur et al., 2009). 
Mesquite canopy cover and the density of large Arizona cottontop 
plants satisfied the assumptions, whereas the other variables were 
log- or square-root-transformed to achieve residuals' normality and 
homoscedasticity (Appendix  S7). Non-transformed values are re-
ported in the figures and table for ease of interpretation.

Grazed and ungrazed cumulative frequency distributions of plant 
size were compared according to the D statistic and p-value of the 
Kolmogorov–Smirnov test. The D statistic represents the maximum 
distance in the cumulative frequency distribution (0–1.0) between 
two curves.

The R software (R Core Team, 2018) was used for all statistical 
analyses. LMMs were run with the lme4 package (Bates et al., 2015), 
post-hoc tests were computed with the emmeans package 
(Lenth, 2018), and Kolmogorov–Smirnov tests were performed with 
the ks.test function from the stats package.

3  |  RESULTS

3.1  |  Precipitation

The winter, summer, and 12-month water year precipitation trends 
showed both below and above-average SPI values (Figure  2). The 
periods 2008–2010 and 2017–2020 experienced a mixture of wet 
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and dry years. The period 2011–2013 was generally dry for summer, 
winter, and 12-month measures. The period 2014–2016 was gener-
ally wet, especially in summer. Specifically, moderate drought (SPI 
−1.00 to −1.49) occurred in winter 2011 (−1.43), 2013 (−1.06), and 
2018 (−1.02), summer 2009 (−1.14), and in 12-month in 2011 (−1.42), 
2013 (−1.01), and 2017 (−1.23). Severe drought (SPI -1.50 to −1.99) 
occurred in 12-month in 2009 (−1.55), and no extreme drought 
(SPI ≤ −2.00) occurred during the study period (drought classification 
based on McKee et al., 1993).

3.2  |  Mesquite, burroweed, and cacti cover

Grazing was not a significant factor in the dynamics of cover for 
mesquite, burroweed, and cacti, but year was significantly related 
to all dynamics of cover (Figure 3). Cover of mesquite increased in 
both 2017 and 2020, reaching about 30% cover in the last meas-
urement year (Figure  3a). Burroweed cover significantly increased 
in 2017 (Figure  3b). The cover of burroweed in grazed transects 
was greater but not significantly different than ungrazed transects 
(p = 0.057). Only cacti showed a significant grazing × year interac-
tion (p = 0.042), with cover increasing over time in ungrazed but not 
in grazed transects (Figure 3c).

3.3  |  Grass basal cover, density, and biomass

Grazed transects had significantly less basal cover of native grasses 
and Arizona cottontop than ungrazed transects (Figures  4b,d), 
whereas the basal cover of total and non-native grasses did not 
differ between grazing treatments (Figures 4a,c). Total, native, and 
non-native grasses showed a significant increase in cover in 2020 
compared to the previous years, while Arizona cottontop cover was 
significantly higher in 2020 compared to 2017. The interaction term 
grazing × year was not significant in all grass basal cover models.

Grazing did not affect the density of total and non-native grasses 
and Arizona cottontop (Figures  5a,c,d), but the density of native 
grasses was significantly greater in ungrazed than grazed tran-
sects (Figure 5b). All grass categories showed a significant increase 
in density in 2020, when the values doubled compared to the first 
measurement year. The interaction term grazing × year was not sig-
nificant in all grass density models.

On ungrazed transects, biomass of native grass and Arizona 
cottontop was about two-fold greater than grazed transects 
(Figures 6b,d). Total grass biomass was greater but not significantly 
different in the ungrazed than grazed treatment (p = 0.078), while 

F I G U R E  2 Standardized Precipitation Index (SPI) for winter 
(October–May), summer (June–September), and corresponding 
12-month (October–September) precipitation from 2008 to 
2020. SPI values are increments of the standard deviation of the 
population. The horizontal line at 0 SPI represents the long-term 
1895–2020 average for each season, SPI negative values are 
drier than the average and SPI positive values are wetter than the 
average. Vertical lines and gray rectangles on the x-axis indicate 
years when vegetation measurements were made from January 
through May. Labels (dry, wet, and mixed) indicate the qualitative 
precipitation condition of the 3 years before each measurement.

F I G U R E  3 Canopy cover of (a) mesquite, (b) burroweed, and (c) cacti from 2011 to 2020 in grazed and ungrazed treatments. Values and 
bars represent means and standard errors, respectively. p-values of the main effects in the linear mixed models are reported, significant 
effects (p < 0.05) are in bold. Uppercase and lowercase letters indicate Tuckey post-hoc comparisons among years and among years and 
treatments, respectively.
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the biomass of non-native grasses was comparable between treat-
ments (Figures 6a,c). All categories showed a significant increase in 
biomass in 2017. As with grass density and cover, no grazing × year 
effect was observed for biomass in all grass categories.

3.4  |  Grass population structure

Different responses of small and large plants to grazing and year 
were observed (Table 2). Density and biomass of small plants (≤3 cm 

F I G U R E  4 Basal cover of (a) total, (b) 
native, (c) non-native, and (d) Arizona 
cottontop perennial grasses from 2011 to 
2020 in grazed and ungrazed treatments. 
Values and bars represent means and 
standard errors, respectively. p-values 
of the main effects in the linear mixed 
models are reported, significant effects 
(p < 0.05) are in bold. Letters indicate 
Tuckey post-hoc comparisons among 
years.

F I G U R E  5 Density of (a) total, (b) 
native, (c) non-native, and (d) Arizona 
cottontop perennial grasses from 2011 to 
2020 in grazed and ungrazed treatments. 
Values and bars represent means and 
standard errors, respectively. p-values 
of the main effects in the linear mixed 
models are reported, significant effects 
(p < 0.05) are in bold. Letters indicate 
Tuckey post-hoc comparisons among 
years.
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diameter) did not differ between grazing treatments. However, for 
large plants (>3 cm diameter), density of native grasses and Arizona 
cottontop as well as biomass of total and native grasses and Arizona 
cottontop were less in grazed than ungrazed transects. Both size 
classes differed between years. Density and biomass of small plants 
increased significantly in 2020, whereas for large plants, they in-
creased in 2017. Interaction between grazing and year occurred only 
for biomass of large native grasses. As a reference example, Arizona 
cottontop biomass trends over time and by grazing treatment and 
diameter class are shown in Figure 7.

All grazed vs ungrazed comparisons of cumulative frequency 
curves were significant (Kolmogorov–Smirnov test, p < 0.05), except 
for Arizona cottontop in 2020 (p = 0.06) (Figure 8). While D values 
for non-native grasses were ≤0.13 in all years, larger D values (≥0.19) 
were observed for natives and Arizona cottontop in 2011, 2014, and 
for Arizona cottontop only, in 2017. Here, grass populations were 
characterized by a greater fraction of large plants in ungrazed than 
grazed conditions (ungrazed curves shifted to the right). In 2017, 
regardless of the grazing treatment, populations were generally 
characterized by a greater fraction of large plants compared to all 
other years. In 2020, the grazed and ungrazed curves substantially 
overlapped for all grass categories (even though less pronounced in 
Arizona cottontop) and the D values were ≤0.10.

4  |  DISCUSSION

In the desert grasslands of southeastern Arizona (USA), long-term 
livestock removal (>85 years) increased grass abundance (cover and 

biomass) of native grasses and, among them, Arizona cottontop, com-
pared to pastures grazed at moderate stocking rates. Similar trends 
had been previously observed by other authors in the same biogeo-
graphical region (Smith & Schmutz, 1975; Bock et al., 1984; Valone 
et al., 2002; Allington & Valone, 2011). However, in our study, thanks 
to the measurements of plant size by single species, we could as-
sess that native grass response to livestock removal was determined 
more by differences in plant size (i.e., greater number of larger plants 
resulting in greater biomass production and cover) rather than in the 
absolute number of plants (i.e., greater plant density). This pattern 
is clearly illustrated by Arizona cottontop, which showed no differ-
ences in plant density by grazing treatment. Further, it is consist-
ent with research showing smaller grass plant sizes in grazed than 
ungrazed conditions (e.g., Butler & Briske, 1988; Oliva et al., 2005; 
Oñatibia et al., 2020).

These results lead us to accept our first hypothesis that re-
sponse of grass cover and biomass to livestock removal is mainly 
the result of differences in size structure than absolute number of 
plants. Possible mechanisms leading to larger plants in ungrazed 
settings include greater longevity, increased survival rates to en-
vironmental stresses (e.g., drought), increased growth rates, and 
greater vigor, whereas increased grass mortality as well as shrinking 
of plant size following the death of some tillers can explain grass 
populations skewed to smaller sizes in grazed conditions (Butler & 
Briske, 1988; Briske & Richards, 1995; Hacker et al., 2006; Oñatibia 
& Aguiar, 2019; Oñatibia et al., 2020). Tussock fragmentation is also 
considered one important factor in reducing plant size and increas-
ing plant density during grazing (Butler & Briske, 1988; Pfeiffer & 
Hartnett,  1995; Oliva et al.,  2005). However, in our study, plant 

F I G U R E  6 Biomass of (a) total, (b) 
native, (c) non-native, and (d) Arizona 
cottontop perennial grasses from 2011 to 
2020 in grazed and ungrazed treatments. 
Values and bars represent means and 
standard errors, respectively. p-values 
of the main effects in the linear mixed 
models are reported, significant effects 
(p < 0.05) are in bold. Letters indicate 
Tuckey post-hoc comparisons among 
years.
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fragmentation occurred less than 5% of the time, and we did not 
observe greater plant density in the grazed compared to ungrazed 
treatment for any grass category, suggesting that plant fragmenta-
tion did not contribute to grass population dynamics. Similarly, we 
did not observe any difference between grazed and ungrazed areas 
in terms of plant recruitment, which can be expressed by the num-
ber of small plants (diameter ≤ 3 cm). In arid grasslands, grass recruit-
ment is mostly limited by seed availability, as bare soil areas for seed 
germination are usually abundant (O'Connor, 1994). For this reason, 
O'Connor (1991, 1994), proposed that palatable native grasses may 
disappear when heavy grazing limits their seed production and 
therefore recruitment, but the results of our study suggest that the 
seed production by native grasses and Arizona cottontop was not 
hampered by the current moderate stocking rates.

We accept our second hypothesis that native grass, but not 
non-native grass species will be skewed toward smaller sizes in 
grazed than ungrazed settings based on results comparing large 
and small plants and cumulative frequency curves. We suggest 
that this difference between native and non-native grasses is 
driven by differences in palatability, grazing resistance, and seed 
production. First, Arizona cottontop is one of the most palatable 
species in desert grassland, and it is also very sensitive to intense 
utilization (Cable, 1971a, 1979), while Lehmann lovegrass is less 
palatable than native grasses but extremely tolerant to grazing 
(Cable & Bohning,  1959; Cable,  1971b). In general, this is con-
sistent with a decrease in plant size for palatable grasses com-
pared to non-palatable (Oñatibia & Aguiar,  2019). Second, while 
Arizona cottontop establishment patterns (e.g., seed produc-
tion, germination, sprouting) can be strongly affected by rainfall 
variability, Lehmann lovegrass is very drought-resistant and an 
abundant seed producer (Cable & Bohning,  1959; Cable, 1971b; 
Sumrall,  1990; Cox et al.,  1992). Indeed, after its first introduc-
tion on the SRER in the 1930s, Lehmann lovegrass spread in both 

ungrazed and grazed areas thanks to the great ability to establish 
itself from seeds under different grazing intensities, water avail-
abilities, and soil types (Cable, 1971b; McClaran & Anable, 1992). 
Moreover, the propagation of Lehmann lovegrass inside our ex-
closures may have been facilitated by the small exclosures' size 
(1.1 ha on average) and their permeability to seed dispersal. For 
example, in a southern Arizona desert grassland site with an exclo-
sure larger (3160 ha) than the ones used in the present study, Bock 
et al. (2007) observed slower colonization of Lehmann lovegrass in 
ungrazed than grazed conditions.

We accept our third hypothesis that woody plant cover is not 
affected by long-term livestock removal because we observed no 
differences in cover between grazed and ungrazed settings for mes-
quite, burroweed, and cacti. We suggest this pattern occurred mainly 
because exclosures were too small to restrict seed dispersal and 
woody plants are not an important part of cattle diets. Burroweed 
and cacti are not palatable and therefore not directly impacted by 
livestock. Cattle do eat mesquite seed pods and young leaves, but 
their use of mesquite is not heavy enough to create a browseline or 
obvious damage to plants. In general, the increase in woody plant 
cover began in the late 19th century (Van Auken,  2000; Archer 
et al., 2017; Bestelmeyer et al., 2018), and for mesquite that increase 
appears to have slowed greatly suggesting that a carrying capac-
ity has been approached (Huang et al., 2018). In contrast, although 
cover of burroweed and cacti is greater now than in the 19th cen-
tury, their abundance displays decadal fluctuations due to climatic 
fluctuations and shorter life span than mesquite (McClaran, 2003; 
McClaran et al.,  2010; Huang et al.,  2018). Our finding of equiva-
lent woody cover for long-term grazed and ungrazed settings is 
central to our interpretation of differences in grass abundance fol-
lowing long-term grazing removal. Mesquite cover is known to favor 
some native grass species and limit others but has little effect on 
Lehmann lovegrass abundance (Tiedemann et al., 1971; Tiedemann 
& Klemmedson, 1977; Gornish et al., 2021). Fortunately, the equiv-
alence of mesquite cover in our grazed and ungrazed settings allows 
us to dismiss the mesquite effect on the grass response to long-term 
grazing removal.

We accept the fourth hypothesis that short-term (10 years in 3-yr 
increments) pattern of vegetation dynamics will occur in response 
to fluctuations in precipitation and growing conditions (i.e., general 
increase in cover of mesquite, burroweed, cacti, and grass between 
2014 and 2020 as recovery from the dry period between 2011 and 
2014 and recruitment of small grass plants in 2020 following wet 
summer condition in 2017), but the dynamics will not differ between 
long-term grazed and ungrazed settings. We emphasize that the 
absence of a grazing effect on the short-term vegetation dynamics 
most likely reflects a stabilization of vegetation differences after 
more than 80 years of livestock removal (Valone et al., 2002), the 
absence of other disturbances such as extreme drought and fires, 
and relatively moderate grazing intensity during the 2011–2020 
period of study (O'Connor,  1991; Holechek et al.,  2003; Loeser 
et al., 2007; Chen et al., 2013). Concerning the precipitation trends 
shown by SPI, our results did not show a significant interaction with 

F I G U R E  7 Arizona cottontop biomass by plant size class, small 
(diameter ≤3 cm) and large (diameter >3 cm), from 2011 to 2020 in 
grazed and ungrazed treatments. The results of the linear mixed 
model are reported in Table 2.
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grazing (grazed vs ungrazed) and year, even though there was a 
general trend of drier winter conditions in 2011–2014. It is possible 
that more extreme drought or greater grazing intensity may have 
resulted in a grazing × year interaction. We also assumed the veg-
etation differences inside vs outside the exclosures have stabilized 
as most vegetation responses typically occur in the first years (e.g., 
Chen & Tang,  2016) or decades (e.g., Valone et al., 2002; Wolf & 
Mitchell, 2021) after grazing removal, especially for perennial grasses 

which have shorter lifespans (<15 years at the SRER; Canfield, 1957) 
than shrubs (<40 years for burroweed, <50 years for cacti, and up 
to 200 years for mesquite; Archer, 1989; McClaran, 2003; McClaran 
et al.,  2010). Then, we can speculate that the differences in grass 
size structure we observed between grazed and ungrazed settings 
began to appear early in the more than eight decades of livestock 
removal, and most likely following the first multi-year period of wet 
growing conditions.

F I G U R E  8 Cumulative frequency distributions of plant diameters for (a) native, (b) non-native, and (c) Arizona cottontop perennial grasses 
in grazed and ungrazed transects in all measurement years (2011, 2014, 2017, and 2020). The D statistic and significance of the Kolmogorov–
Smirnov test and the number of plants in grazed and ungrazed curves are reported for each pair. Significance levels: ns, p ≥ 0.05; *, p < 0.05; 
***, p < 0.001.
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Our findings have implications for livestock management and 
the conservation of native grass species in the desert grassland. 
Under moderate livestock grazing intensity, native grass abundance 
is less than exists in long-term ungrazed areas. But even in grazed 
areas, there was a sustained (2011–2020) abundance of total native 
grasses and the dominant Arizona cottontop species. However, we 
are concerned that native grass abundance may decline in grazed 
areas given that the smaller plants found in grazed areas are likely 
to experience greater mortality than larger plants during drought 
(Butler & Briske,  1988; Pfeiffer & Hartnett,  1995; Fuhlendorf 
et al.,  2001), and that drought frequency has increased since the 
mid-1990s (McClaran & Wei, 2014) and more frequent drought con-
ditions are projected (Cook et al., 2015).

In summary, this study demonstrated that long-term livestock 
removal in desert grasslands affects native grass response, but 
not that of non-native grasses and woody species. Moreover, 
vegetation response is largely influenced by interannual precip-
itation variability, and especially by the amount of summer rain-
fall. Finally, results showed that differences in population size 
structure characterize the response of native grasses (i.e., bio-
mass production and cover) to long-term livestock removal. We 
are confident in our findings thanks to the strength of both our 
database and experimental design, which are based on: (i) a large 
number (10) of long-term livestock exclosures (88–104 years) 
established on the same Ecological Site; (ii) consistent stocking 
rates in the grazed pastures during the study; (iii) four repeated 
measurements, which provided the opportunity to have a solid 
pattern of data also in relation to climate variations; and most im-
portantly, (iv) three measures of grass abundance (cover, density, 
biomass) and plant size by single species and not by broad func-
tional groups (i.e., grasses). In this regard, we emphasize the value 
and importance of measuring plant size and reporting population 
size structure for understanding the mechanisms behind grass 
response to livestock removal (Oñatibia et al.,  2020; Travers & 
Berdugo, 2020).

AUTHOR CONTRIBUTIONS
Mitchel P. McClaran conceived the research idea and the experimen-
tal design of the study; Mitchel P. McClaran, Ginevra Nota, Nicolò 
Anselmetto, and Alessandra Gorlier contributed to the data collec-
tion; Ginevra Nota performed the statistical analyses; Ginevra Nota, 
with contributions from Nicolò Anselmetto, Alessandra Gorlier, and 
Mitchel P. McClaran, wrote the paper; all authors agree with the final 
manuscript.

ACKNOWLEDG EMENTS
The authors gratefully acknowledge: (i) the Arizona Experiment 
Station for providing the funding to maintain the Santa Rita 
Experimental Range and its facilities; (ii) Amber Dalke for helping 
to establish the exclosure transects in 2010 and measure the tran-
sects in 2011 and 2014, and Kelsey Hawkes for leading the exclo-
sure measurements in 2017; (iii) the students that helped with the 
transect measurement during this study; and (iv) the generations of 

Santa Rita scientists who established and maintained the livestock 
exclosures and grazing histories.

FUNDING INFORMATION
The Arizona Experiment Station (https://exper​iment​stati​on.arizo​
na.edu/) funded the Santa Rita Experimental Range, this study, 
and Mitchel P. McClaran's and Alessandra Gorlier's positions and 
supported the University of Torino activities on the Santa Rita 
Experimental Range.

DATA AVAIL ABILIT Y S TATEMENT
The original data sets including the vegetation measurements used 
in this study are stored and available for download on the Santa Rita 
Experimental Range (SRER) website at https://cals.arizo​na.edu/srer/
conte​nt/exclo​sure-trans​ects. Only exclosures 1A, 2B, 4, 5, 6, 23, 28, 
35A, 35B, and 40 were used in this study. The livestock history data 
including the stocking rates of each pasture of the SRER are stored 
on the SRER website at https://cals.arizo​na.edu/srer/conte​nt/month​
ly-lives​tock-use-pastu​re-1908. Only pastures 2S, 2N, 6A, 6E, and 
UA-Cell D refer to this study.

ORCID
Ginevra Nota   https://orcid.org/0000-0002-1265-1201 
Nicolò Anselmetto   https://orcid.org/0000-0003-4311-0528 
Alessandra Gorlier   https://orcid.org/0000-0002-9158-7366 
Mitchel P. McClaran   https://orcid.org/0000-0002-8456-8976 

R E FE R E N C E S
Allington, G.R.H. & Valone, T.J. (2011) Long-term livestock exclu-

sion in an arid grassland alters vegetation and soil. Rangeland 
Ecology & Management, 64, 424–428. Available from: https://doi.
org/10.2111/REM-D-10-00098.1

Archer, S. (1989) Have southern Texas savannas been converted to wood-
lands in recent history? The American Naturalist, 134, 545–561.

Archer, S.R., Andersen, E.M., Predick, K.I., Schwinning, S., Steidl, R.J. & 
Woods, S.R. (2017) Woody plant encroachment: causes and conse-
quences. In: Briske, D.D. (Ed.) Rangeland systems: processes, manage-
ment and challenges. Cham: Springer Nature, pp. 25–84.

Augustine, D.J., Derner, J.D., Milchunas, D., Blumenthal, D. & Porensky, 
L.M. (2017) Grazing moderates increases in C3 grass abundance 
over seven decades across a soil texture gradient in shortgrass 
steppe. Journal of Vegetation Science, 28, 562–572. Available from: 
https://doi.org/10.1111/jvs12508

Bates, D., Maechler, M., Bolker, B. & Walker, S. (2015) Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 67, 
1–48. Available from: https://doi.org/10.18637/​jss.v067.i01

Bestelmeyer, B.T., Peters, D.P.C., Archer, S.R., Browning, D.M., Okin, 
G.S., Schooley, R.L. et al. (2018) The grassland–shrubland regime 
shift in the southwestern United States: misconceptions and their 
implications for management. Bioscience, 68, 678–690. Available 
from: https://doi.org/10.1093/biosc​i/biy065

Bock, C.E., Bock, J.H., Kennedy, L. & Jones, Z.F. (2007) Spread of non-
native grasses into grazed versus ungrazed desert grasslands. 
Journal of Arid Environments, 71, 229–235. Available from: https://
doi.org/10.1016/j.jarid​env.2007.03.004

Bock, C.E., Bock, J.H., Kenney, W.R. & Hawthorne, V.M. (1984) Responses 
of birds, rodents, and vegetation to livestock exclosure in a semi-
desert grassland site. Journal of Range Management, 37, 239–242. 
Available from: https://doi.org/10.2307/3899146

 1654109x, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12696 by U

niversity D
egli Studi D

i T
ori, W

iley O
nline L

ibrary on [19/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://experimentstation.arizona.edu/
https://experimentstation.arizona.edu/
https://cals.arizona.edu/srer/content/exclosure-transects
https://cals.arizona.edu/srer/content/exclosure-transects
https://cals.arizona.edu/srer/content/monthly-livestock-use-pasture-1908
https://cals.arizona.edu/srer/content/monthly-livestock-use-pasture-1908
https://orcid.org/0000-0002-1265-1201
https://orcid.org/0000-0002-1265-1201
https://orcid.org/0000-0003-4311-0528
https://orcid.org/0000-0003-4311-0528
https://orcid.org/0000-0002-9158-7366
https://orcid.org/0000-0002-9158-7366
https://orcid.org/0000-0002-8456-8976
https://orcid.org/0000-0002-8456-8976
https://doi.org/10.2111/REM-D-10-00098.1
https://doi.org/10.2111/REM-D-10-00098.1
https://doi.org/10.1111/jvs12508
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1093/biosci/biy065
https://doi.org/10.1016/j.jaridenv.2007.03.004
https://doi.org/10.1016/j.jaridenv.2007.03.004
https://doi.org/10.2307/3899146


    |  13 of 14
Applied Vegetation Science

NOTA et al.

Breckenfeld, D.J. & Robinett, D. (2003) Soil and ecological sites of the 
Santa Rita Experimental Range. In: McClaran, M.P., Ffolliott, P.F. 
& Edminster, C.B. (Tech. Coords)Santa Rita Experimental Range: 
100 years (1903 to 2003) of accomplishments and contributions, 
Conference Proceedings. Ogden: U.S. Department of Agriculture, 
Forest Service, Rocky Mountain Research Station, pp. 157–165.

Briske, D.D. (1991) Developmental morphology and physiology of 
grasses. In: Heitschmidt, R.K. & Stuth, J.W. (Eds.) Grazing man-
agement: an ecological perspective. Portland: Timber Press, pp. 
85–108.

Briske, D.D. (1996) Strategies of plant survival in grazed systems: a func-
tional interpretation. In: Hodgson, J. & Illius, A.W. (Eds.) The ecology 
and management of grazing systems. Wallingford: CAB International, 
pp. 37–67.

Briske, D.D. & Richards, J.H. (1995) Plant responses to defoliation: a 
physiological, morphological and demographic evaluation. In: 
Bedunah, D.J. & Sosebee, R.E. (Eds.) Wildland plants: physiological 
ecology and developmental morphology. Denver: Society for Range 
Management, pp. 635–710.

Browning, D.M. & Archer, S.R. (2011) Protection from livestock fails to 
deter shrub proliferation in a desert landscape with a history of 
heavy grazing. Ecological Applications, 21, 1629–1642. Available 
from: https://doi.org/10.1890/10-0542.1

Burgess, T.L. (1995) Desert grassland, mixed shrub savanna, shrub 
steppe, or semidesert scrub? The dilemma of coexisting growth 
forms. In: McClaran, M.P. & Van Devender, T.R. (Eds.) The Desert 
Grassland. Tucson: The University of Arizona Press, pp. 31–67.

Butler, J.L. & Briske, D.D. (1988) Population structure and tiller de-
mography of the bunchgrass Schizachyrium scoparium in response 
to herbivory. Oikos, 51, 306–312. Available from: https://doi.
org/10.2307/3565311

Cable, D.R. (1971a) Growth and development of Arizona cottontop 
(Trichachne californica [Benth.] Chase). Botanical Gazette, 132, 119–
145. Available from: https://doi.org/10.1086/336571

Cable, D.R. (1971b) Lehmann lovegrass on the Santa Rita Experimental 
Range, 1937-1968. Journal of Range Management, 24, 17–21. 
Available from: https://doi.org/10.2307/3896058

Cable, D.R. (1975) Influence of precipitation on perennial grass produc-
tion in the semidesert southwest. Ecology, 56, 981–986. Available 
from: https://doi.org/10.2307/1936309

Cable, D.R. (1979) Ecology of Arizona cottontop. Fort Collins: Rocky 
Mountain Forest and range Experimental Station, Forest Service, 
U.S. Department of Agriculture.

Cable, D.R. & Bohning, J.W. (1959) Changes in grazing use and herb-
age moisture content of three exotic lovegrasses and some native 
grasses. Journal of Range Management, 12, 200–203. Available 
from: https://doi.org/10.2307/3894851

Canfield, R.H. (1941) Application of the line interception method in sam-
pling range vegetation. Journal of Forestry, 39, 388–394. Available 
from: https://doi.org/10.1093/jof/39.4.388

Canfield, R.H. (1957) Reproduction and life span of some perennial 
grasses of southern Arizona. Journal of Range Management, 10, 199–
203. Available from: https://doi.org/10.2307/3894013

Chen, J. & Tang, H. (2016) Effect of grazing exclusion on vegetation char-
acteristics and soil organic carbon of Leymus chinensis grassland in 
northern China. Sustainability, 8, 56. Available from: https://doi.
org/10.3390/su801​0056

Chen, L.-P., Zhao, N.-X., Zhang, L.-H. & Gao, Y.-B. (2013) Responses 
of two dominant plant species to drought stress and defo-
liation in the Inner Mongolia Steppe of China. Plant Ecology, 
214, 221–229. Available from: https://doi.org/10.1007/s1125​
8-012-0161-y

Cook, B.I., Ault, T.R. & Smerdon, J.E. (2015) Unprecedented 21st century 
drought risk in the American southwest and Central Plains. Science 
Advances, 1, e1400082. Available from: https://doi.org/10.1126/
sciadv.1400082

Cox, J.R., Giner-Mendoza, M., Dobrenz, A.K. & Smith, M.F. (1992) 
Defoliation effects on resource allocation in Arizona cotton-
top (Digitaria californica) and Lehmann lovegrass (Eragrostis leh-
manniana). Journal of the Grassland Society of Southern Africa, 
9, 53–59. Available from: https://doi.org/10.1080/02566​
702.1992.9648300

Fuhlendorf, S.D., Briske, D.D. & Smeins, F.E. (2001) Herbaceous vegeta-
tion change in variable rangeland environments: the relative contri-
bution of grazing and climatic variability. Applied Vegetation Science, 
4, 177–188. Available from: https://doi.org/10.1111/j.1654-
109X.2001.tb004​86.x

Gardner, J.L. (1950) Effects of thirty years of protection from grazing 
in desert grassland. Ecology, 31, 44–50. Available from: https://doi.
org/10.2307/1931359

Gornish, E.S., Ganjurjav, H., Liang, M., Simonis, J.L. & McClaran, M.P. 
(2021) Identifying restoration opportunities beneath native mes-
quite canopies. Restoration Ecology, 29, e13334. Available from: 
https://doi.org/10.1111/rec.13334

Hacker, R.B., Hodgkinson, K.C., Melville, G.J., Bean, J. & Clipperton, S.P. 
(2006) Death model for tussock perennial grasses: thresholds for 
grazing-induced mortality of Mulga Mitchell grass (Thyridolepis 
mitchelliana). The Rangeland Journal, 28, 105–114. Available from: 
https://doi.org/10.1071/RJ06001

Holechek, J., Galt, D., Joseph, J., Navarro, J., Kumalo, G. & Thomas, M. 
(2003) Moderate and light cattle grazing effects on Chihuahuan 
Desert rangelands. Journal of Range Management, 56, 133–139. 
Available from: https://doi.org/10.2307/4003896

Huang, C., Archer, S.R., McClaran, M.P. & Marsh, S.E. (2018) Shrub en-
croachment into grasslands: end of an era? PeerJ, 6, e5474. Available 
from: https://doi.org/10.7717/peerj.5474

Lauenroth, W.K. & Adler, P.B. (2008) Demography of peren-
nial grassland plants: survival, life expectancy and life span. 
Journal of Ecology, 96, 1023–1032. Available from: https://doi.
org/10.1111/j.1365-2745.2008.01415.x

Lenth, R. (2018) emmeans: Estimated marginal means, aka least-squares 
means. R package version 1.3.0. Available from: https://CRAN.R-
proje​ct.org/packa​ge=emmeans. [Accessed 27 June 2022].

Loeser, M.R.R., Sisk, T.D. & Crews, T.E. (2007) Impact of graz-
ing intensity during drought in an Arizona grassland. 
Conservation Biology, 21, 87–97. Available from: https://doi.
org/10.1111/j.1523-1739.2006.00606.x

Martin, S.C. (1975) Ecology and management of southwestern semidesert 
grass-shrub ranges: the status of our knowledge. Fort Collins: U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Forest 
and Range Experiment Station.

Mashiri, F.E., McClaran, M.P. & Fehmi, J.S. (2008) Short- and long-term 
vegetation change related to grazing systems, precipitation, and 
mesquite cover. Rangeland Ecology & Management, 61, 368–379. 
Available from: https://doi.org/10.2111/07-109.1

McClaran, M.P. (1995) Desert grasslands and grasses. In: McClaran, 
M.P. & Van Devender, T.R. (Eds.) The Desert Grassland. Tucson: The 
University of Arizona Press, pp. 1–30.

McClaran, M.P. (2003) A century of vegetation change on the Santa Rita 
Experimental Range. In: McClaran, M.P., Ffolliott, P.F. & Edminster, 
C.B. (Tech. Coords)Santa Rita Experimental Range: 100 years (1903 to 
2003) of accomplishments and contributions, Conference Proceedings. 
Ogden: U.S. Department of Agriculture, Forest Service, Rocky 
Mountain Research Station, pp. 16–33.

McClaran, M.P. & Anable, M.E. (1992) Spread of introduced Lehmann lo-
vegrass along a grazing intensity gradient. Journal of Applied Ecology, 
29, 92–98. Available from: https://doi.org/10.2307/2404352

McClaran, M.P., Browning, D.M. & Huang, C. (2010) Temporal dynam-
ics and spatial variability in desert grassland vegetation. In: Webb, 
R.H., Boyer, D.E. & Turner, R.M. (Eds.) Repeat photography: Methods 
and applications in the natural sciences. Washington DC: Island 
Press, pp. 145–166.

 1654109x, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12696 by U

niversity D
egli Studi D

i T
ori, W

iley O
nline L

ibrary on [19/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1890/10-0542.1
https://doi.org/10.2307/3565311
https://doi.org/10.2307/3565311
https://doi.org/10.1086/336571
https://doi.org/10.2307/3896058
https://doi.org/10.2307/1936309
https://doi.org/10.2307/3894851
https://doi.org/10.1093/jof/39.4.388
https://doi.org/10.2307/3894013
https://doi.org/10.3390/su8010056
https://doi.org/10.3390/su8010056
https://doi.org/10.1007/s11258-012-0161-y
https://doi.org/10.1007/s11258-012-0161-y
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1080/02566702.1992.9648300
https://doi.org/10.1080/02566702.1992.9648300
https://doi.org/10.1111/j.1654-109X.2001.tb00486.x
https://doi.org/10.1111/j.1654-109X.2001.tb00486.x
https://doi.org/10.2307/1931359
https://doi.org/10.2307/1931359
https://doi.org/10.1111/rec.13334
https://doi.org/10.1071/RJ06001
https://doi.org/10.2307/4003896
https://doi.org/10.7717/peerj.5474
https://doi.org/10.1111/j.1365-2745.2008.01415.x
https://doi.org/10.1111/j.1365-2745.2008.01415.x
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://doi.org/10.1111/j.1523-1739.2006.00606.x
https://doi.org/10.1111/j.1523-1739.2006.00606.x
https://doi.org/10.2111/07-109.1
https://doi.org/10.2307/2404352


14 of 14  |    
Applied Vegetation Science

NOTA et al.

McClaran, M.P. & Wei, H. (2014) Recent drought phase in a 73-year 
record at two spatial scales: implications for livestock production 
on rangelands in the southwestern United States. Agricultural 
and Forest Meteorology, 197, 40–51. Available from: https://doi.
org/10.1016/j.agrfo​rmet.2014.06.004

McKee, T.B.N., Doesken, J. & Kleist, J. (1993) The relationship of drought 
frequency and duration to time scales. In: Eight conference on ap-
plied climatology. Anaheim: U.S. Am. Meteorol. Soc, pp. 179–184.

Nafus, A.M., McClaran, M.P., Archer, S.R. & Throop, H.L. (2009) 
Multispecies allometric models predict grass biomass in semidesert 
rangeland. Rangeland Ecology & Management, 62, 68–72. Available 
from: https://doi.org/10.2111/08-003

O'Connor, T.G. (1991) Local extinction in perennial grasslands: a life-
history approach. The American Naturalist, 137, 753–773. Available 
from: https://doi.org/10.1086/285192

O'Connor, T.G. (1994) Composition and population responses of 
an African savanna grassland to rainfall and grazing. Journal 
of Applied Ecology, 31, 155–171. Available from: https://doi.
org/10.2307/2404608

Oliva, G., Collantes, M. & Humano, G. (2005) Demography of grazed 
tussock grass populations in Patagonia. Rangeland Ecology 
& Management, 58, 466–473. Available from: https://doi.
org/10.2111/1551-5028(2005)58[466:DOGTG​P]2.0.CO;2

Oñatibia, G.R. & Aguiar, M.R. (2019) Grasses and grazers in arid range-
lands: impact of sheep management on forage and non-forage grass 
populations. Journal of Environmental Management, 235, 42–50. 
Available from: https://doi.org/10.1016/j.jenvm​an.2019.01.037

Oñatibia, G.R., Amengual, G., Boyero, L. & Aguiar, M.R. (2020) Aridity ex-
acerbates grazing-induced rangeland degradation: a population ap-
proach for dominant grasses. Journal of Applied Ecology, 57, 1999–
2009. Available from: https://doi.org/10.1111/1365-2664.13704

Pfeiffer, K.E. & Hartnett, D.C. (1995) Bison selectivity and graz-
ing response of little bluestem in tallgrass prairie. Journal of 
Range Management, 48, 26–31. Available from: https://doi.
org/10.2307/4002500

PRISM Climate Data. (2021) PRISM Climate Group, Oregon State University. 
Available from: https://prism.orego​nstate.edu/. [Accessed 22 
October 2021].

R Core Team. (2018) R: a language and environment for statistical comput-
ing. Vienna: R Foundation for Statistical Computing.

Sala, O.E., Oesterheld, M., León, R.J.C. & Soriano, A. (1986) Grazing 
effects upon plant community structure in subhumid grasslands 
of Argentina. Vegetatio, 67, 27–32. Available from: https://doi.
org/10.1007/BF000​40315

Smith, D.A. & Schmutz, E.M. (1975) Vegetative changes on protected 
versus grazed desert grassland ranges in Arizona. Journal of 
Range Management, 28, 453–458. Available from: https://doi.
org/10.2307/3897221

Sumrall, M.B. (1990) Seedbed ecology and emergence of Lehmann lovegrass 
(Eragrostis lehmanniana Nees.) as influenced by burning [M.S. thesis]. 
University of Arizona.

Sun, J., Liu, M., Fu, B., Kemp, D., Zhao, W., Liu, G. et al. (2020) 
Reconsidering the efficiency of grazing exclusion using fences on 
the Tibetan plateau. Science Bulletin, 65, 1405–1414. Available 
from: https://doi.org/10.1016/j.scib.2020.04.035

Tiedemann, A.R. & Klemmedson, J.O. (1977) Effect of mesquite 
trees on vegetation and soils in the desert grassland. Journal of 
Range Management, 30, 361–367. Available from: https://doi.
org/10.2307/3897722

Tiedemann, A.R., Klemmedson, J.O. & Ogden, P.R. (1971) Response 
of four perennial southwestern grasses to shade. Journal of 
Range Management, 24, 442–447. Available from: https://doi.
org/10.2307/3896632

Travers, S.K. & Berdugo, M. (2020) Grazing and productivity alter indi-
vidual grass size dynamics in semi-arid woodlands. Ecography, 43, 
1003–1013. Available from: https://doi.org/10.1111/ecog.04764

Valone, T.J., Meyer, M., Brown, J.H. & Chew, R.M. (2002) Timescale of 
perennial grass recovery in desertified arid grasslands following 
livestock removal. Conservation Biology, 16, 995–1002. Available 
from: https://doi.org/10.1046/j.1523-1739.2002.01045.x

Van Auken, O.W. (2000) Shrub invasions of north American semiarid 
grasslands. Annual Review of Ecology and Systematics, 31, 197–215. 
Available from: https://doi.org/10.1146/annur​ev.ecols​ys.31.1.197

Wolf, A. & Mitchell, R.M. (2021) Leveraging historic cattle exclosures 
to detect evidence of state change in an arid rangeland. Rangeland 
Ecology & Management, 78, 26–35. Available from: https://doi.
org/10.1016/j.rama.2021.05.001

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009) 
Mixed effects models and extensions in ecology with R. New York: 
Springer.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Appendix S1. Criteria used for the selection of the papers included 
in the exclosure studies database (Table S1) and references.
Appendix S2. Methodology used to calculate the median values 
reported in the manuscript (Table 1).
Appendix S3. Characteristics of the 10 exclosures studied on the 
Santa Rita Experimental Range.
Appendix S4. Average stocking rate from 2008 to 2019 on the Santa 
Rita Experimental Range.
Appendix S5. List of plant species measured in the 10 exclosures 
studied on the Santa Rita Experimental Range.
Appendix S6. Frequency histogram of plant size (diameter classes) 
for all perennial grasses measured on the Santa Rita Experimental 
Range.
Appendix S7. Transformations of the response variables used for 
modeling with linear mixed models.

How to cite this article: Nota, G., Anselmetto, N., Gorlier, A. 
& McClaran, M.P. (2022) Differences in population size 
structures characterize grass response to long-term livestock 
removal. Applied Vegetation Science, 25, e12696. Available 
from: https://doi.org/10.1111/avsc.12696

 1654109x, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12696 by U

niversity D
egli Studi D

i T
ori, W

iley O
nline L

ibrary on [19/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.agrformet.2014.06.004
https://doi.org/10.1016/j.agrformet.2014.06.004
https://doi.org/10.2111/08-003
https://doi.org/10.1086/285192
https://doi.org/10.2307/2404608
https://doi.org/10.2307/2404608
https://doi.org/10.2111/1551-5028(2005)58%5B466:DOGTGP%5D2.0.CO;2
https://doi.org/10.2111/1551-5028(2005)58%5B466:DOGTGP%5D2.0.CO;2
https://doi.org/10.1016/j.jenvman.2019.01.037
https://doi.org/10.1111/1365-2664.13704
https://doi.org/10.2307/4002500
https://doi.org/10.2307/4002500
https://prism.oregonstate.edu/
https://doi.org/10.1007/BF00040315
https://doi.org/10.1007/BF00040315
https://doi.org/10.2307/3897221
https://doi.org/10.2307/3897221
https://doi.org/10.1016/j.scib.2020.04.035
https://doi.org/10.2307/3897722
https://doi.org/10.2307/3897722
https://doi.org/10.2307/3896632
https://doi.org/10.2307/3896632
https://doi.org/10.1111/ecog.04764
https://doi.org/10.1046/j.1523-1739.2002.01045.x
https://doi.org/10.1146/annurev.ecolsys.31.1.197
https://doi.org/10.1016/j.rama.2021.05.001
https://doi.org/10.1016/j.rama.2021.05.001
https://doi.org/10.1111/avsc.12696

	Differences in population size structures characterize grass response to long-­term livestock removal
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study area
	2.2|Experimental design and grazing system
	2.3|Vegetation measurements
	2.4|Precipitation measurements
	2.5|Data analysis
	2.6|Statistical analysis

	3|RESULTS
	3.1|Precipitation
	3.2|Mesquite, burroweed, and cacti cover
	3.3|Grass basal cover, density, and biomass
	3.4|Grass population structure

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


