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Abstract
Question: Which factors influence the effectiveness of biof
refuges for harbouring grazing-sensitive species in pasture
with a long history of grazing by large herbivores? Previous
research showed that spiny clumps of the ca€ipanti
polyacanthaprovided refuges from cattle grazing for
and for inflorescence production on short-grasssteppe)
paper, seven factors that may have a potentia%% {i

ositive interactions among plants may occur when
ighkours favourably modify physical and/or biotic

Ive interactions occur in the presence of distur-
nce or stress (e.g. Pugnaire et al. 2004), and when the
enefactor species achieves a certain spatial complexity
(e.g. size, density) above which positive effects are
significant (Coull & Wells 1983). This is because a
potential positive interaction among neighbour plants
azed may only manifest if its strength exceeds the negative
Ga~goptrols that Were oo s of competition among those neighbours (Brooker
es ] & Cg!laghan 1995_3). Therefore, the magnitudg ofagiven
positive effects of cactus to mani and sormerefuge effects positive assoc,'at'on ma_y \(ary with !eYel of d'_St_urbance
changed to negative effects ufdenigiver grazing pressure. and over gradients of biotic and abiotic conditions.
Refuge effects increased with yunity productivity Several conceptual models predict that positive in-
due to greater abundances of\gra4ingAgnsitive species, andteractions become stronger as disturbance intensity in-
greater grazing intensitiezimiqe moreproductive areas. Cover creases, because neighbours can provide a buffer from
of cactus cladodes (s d pads) inside clumps ap- extreme disturbance and stress (Huston 1994; Bertness
peared to be the mai for refuge effects, prob- g Callaway 1994; Brooker & Callaghan 1998; Bertness
ably by limiting availab ge for grazing-sensitive Species 199g) This prediction is mainly supported by field
Lr;l}gepgl’ugzst.hOther factors as size and density of cactus experiments on physical disturbance and stress, while

2 resenc% large refuges in the proximity of th le of | ing herbi . ti
clumps had mingNjnflue on the effectiveness of cactus '€ r0!€ OF INCreasing nerbivore pressure in promoting

assessed.
Location: Short-grass steppe of the Great Plai
America.

established 60 years ago.
Results: Heavy grazing intensities w

refuges. positive interactions within the community has been
ConclusiondJRe-atreets of biotic refuges largely varied with ~ given less attention (Callaway & Walker 1997). An

ecologigs S nd structural characteristics of the ref- important positive interaction between plants can occur
uge. gt were mainly influenced by grazing inten- when one plant provides a refuge from grazing to other

sity, plaghcommurfity productivity, and structural characteris-  plants in the community (Callaway et al. 2000). A biotic
iotic refuges. A conceptual model of factors refyge acts through physical impedance of herbivore
q¥xefuge effects at a local landscape scale in plant ¢ a4ing, but may also provide an associational avoid-
lties'grazed by large herbivores is presented. ance that acts through behavioural impedance during
foraging decisions at the community level (Milchunas
ords: Biotic refuge; Cactus clump structure; Cattle graz- & Noy-Meir 2002).
Grazing intensityOpuntia polyacanthaPlant diversity; The protective role of a biotic refuge may change as
Plant-herbivore interaction; Positive interaction; Productivity ~ & function of plant community productivity. The
Milchunas et al. (1988) model predicts a greater role of
herbivores in altering plant communities under condi-
tions of greater productivity, implying that biotic ref-
uges would be relatively more important in productive
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communities. Adaptations to more productive condi- The importance of seven facto jay have a
tions (tall growth forms with relatively greater invest-  potential positive effect on ge—effects of the

lyse the positive
of environments,

vive in biotic refuges. The Bertness & Callaway (1994) effects increas
conceptual model predicts greater consumer pressure in plant commun(
plant communities with greater productivity and, there-
fore, greater biotic refuge effects in more productive
locations. Milchunas & Noy-Meir (2002) reviewed stud-

ies of geologic refuges from grazing and found greater
positive effects in productive communities than in rela-
tively drier, less productive communities. However, bi-

Ivity. 2. To analyse the charac-
that contribute to its effective-

nd to test the hypothesis that
ith (c) abundance of cactus at
of the individual clumps, and (e)
ndicator of density of thorns and
of the cactus clumps (thorniness)

otic refuges differ from geologic refuges because the i sflumps. 3. To assess the potential inter-

refuge may also compete with the species it harbours, and &s 2tween cactus clumps and other plant refuges,

competition may vary with productivity. s Y/ test the hypothesis that positive effects of the
Effectiveness of biotic refuges may also depend upon—¢ slease with (f) proximity to other larger refuges

their spatial distribution, temporal persistence, and d wirafeqtied exclosures) and with (g) abundance of graz-
gree of protection from grazing. Callaway & Walké
(1997) suggest the hypothesis that biotic reﬂ@e jnpor-
tance increases with density, size, or age. Callaw al.
(2000) found that the refuge effects of the sy
obvalatumon palatable plants of meadows in
with size and age. McAuliffe (1984) report
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the degree of protection.

The existence of a source o
tive species near biotic refug
tiveness as a refuge. Thus, the
and the abundance of graz
other refuges may incr
ypotheses of island ing from 52 to 74% (Yonker et al. 1988).
tion biology (see Hanski Two main subtypes of short-grass communities are
& Gilpin 1997), we are unaware of any studies address- distinguished: (1) shrublands, with conspicuous pres-
ing interactions between c and other refuge types. ence of the shruhtriplex canescensore abundant on

Here we ome of the conditions that may relatively coarser-textured lowland soils; (2) grasslands
potentially in ole of cactus clumps as biotic without tall shrubs, more abundant on relatively finer-

land community of the short-grass textured soils. In general, both of community types have
USAOpuntia polyacanthas a a similar non-shrub species composition and are domi-
-growing, long-lived cactus in this grass- nated by perennial short grasses, maiBbuteloua
s et al. 1989). Its spiny, postrate, branched gracilisandBuchloe dactyloide@ilchunas et al. 1989).
1g) commonly form short dense clumps Shrublands are more productive than grasslands, prima-
tall. Range managers have attempted to rily due to locations on relatively coarser soils and the
s density through mechanical removal, her- contribution of the shrub component (Liang et al. 1989).
s, and burning (Mueller & Forwood 1994), be- These authors found a total above-ground net primary
isual observations indicate cattle do not graze in production of 148 g.m.a® for shrublands on sandy-
clumps. Howevef). polyacanthas not com- loam soils and of 90 g.tAal for grasslands on sandy-

it provides a micro-environment and refuge that favours tion for shrublands was 137 g:f&L. Using some of
abundance and inflorescence production of grazing- the same pastures as those in this study, Milchunas et al.
sensitive desirable plants (Rebollo et al. 2002). (1994) observed that differences in production between
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sandy-soil shrublands and finer textured level uplands We estimated, and describ
were greater than differences among long-term lightly, cactus clumps on vegeta#
moderately, and heavily grazed treatments. lowing factors on those

Opuntia polyacanthas the second most dominant
species in terms of basal cover (Milchunas et al. 1989).
Mean diameter dDpuntiaclumps is ca. 60 cm, with an
annual increase of ca. 7.5 cm (Turner & Costello 1942,
who estimated that clumps varying from 61 to 93 cm in
diameter require 10 - 15 years to develop.

Long-term moderate grazing treatments (each ca.
130 ha) and wire-fenced grazing exclosures (6060

40% removal of the above-ground production. Si

1964, the treatments were managed so that ca. 52 g.

of herbage remained at the end of the grazing seas

ampled in the sites, 640 quadrats were inside and

uadrats outside cactus clumps.

An estimate of the abundance of cactus clumps at

ach site was obtained from the distance from each

cactus clump to the respective sampling point in the transect,

(Lauenroth & Milchunas 1991). Although a assuming a random pattern of clumps. Clump density per

intensity was established in each larg ere arehawas calculated (Barbour et al. 1987) as:

local differences in grazing intensity due to ven- 10000 / (2x mean distance in

ness in the spatial distribution of azing. Some 3. The size of each cactus clump was estimated by

locations in lightly stocked pastul ‘

heavily as similar topographic_locatt

stocked pastures (Varnamkpastiepal~1995). by adjusting the clump shape to an ellipse:
(7‘9 area 9p x (D/2 x d/2)].

removed over 90 g.n¥mean production) even th
management changed from taking 40%

constant residual. Cattle are the most abu
herbivore, representing 85% of above-gro

QD

qQ

A\ &
a

Experimental design 4. In the quadrats inside cactus clumps, cladode cover
was visually estimated as an indicator of the density of
erately grazed pastures thorns because cladodes do not differ substantially in
enced exclosures were thorniness. Cladode cover was the percentage of quadrat
. Four pastures were located area occupied by live and dead cladodes. Dead cladodes

-term biotic refuges of cactus clumps for fence lines and watering areas with relatively high
.74fmean age 15 a; clump density of 2000 faecal deposition rates, the amount of nitrogen removed

fugRA\(3500-4000 frand 60 a old), by comparing the  amount of nitrogen returned through faecal deposition.
fects of cactus in grazed areas located adjacent
d distant from these large refuges. Eight 40 m-long \/ariaples for statistical analyses

llel linear transects were located at each pasture, four
under grazed and four under ungrazed conditions. The  The response variables were the ten vegetation pa-
ransects were located in the grazed area in the windward rameters on which cactus was found to have refuge
side according to the predominant wind direction (SW) effect from cédtle grazing in a previous study in the
during seed fall (autumn/early winter) to maximize po- short-grass steppe (Rebollo et al. 2002). They include
tential seed dispersal from the fenced exclosure. species diversityH"), and aerial cover and inflescence

Measurements
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productions of several functional groups (see Tables 3 Results

and 4). Inflorescence production data were analysed as

inflorescence production per unit of cover. For each Grazing intensity, cladod
vegetation parameter, we considered the difference be- species diversity inside th
tween inside and outside cactus clumps in the grazed dance of forbs and species t

effects of cactus because there were no positive effects more productive’ ghrublgids c

within a site and subtracting the average of the outside-
cactus-clumps value within that site. For the factors imatgd/as theNdiKerelce in the parameter value be-
‘size of the biotic refuges’, ‘density of thorns in the side cactus clumps in the grazed
biotic refuge’ and ‘proximity to the large refuge’ aver- ere were no positive effects of

aging was within a variable level within a site. We -»
considered one explanatory variable for each of the e 2) showed greater refuge effects of
seven factors potentially influencing the refuge effects{ ¢8 7 shrublands, although only three parameters
(Table 1 and see specific objectives in the Introduction [teyerOf perennials, species that decrease with grazing

{ive’ effects of cactus on the more productive sites
in some cases, the effects of cactus were only
sftive on these sites. Species were not gained or lost,
ut the increase ifl' was due to evenness (data not
30%, 30-40%, and greater than 40%). The effects Qf size“shown). The significant effect of plant productivity on
and cladode cover were tested by comp justi
effects of the two extreme classes. grazing intensity, cladode cover inside cactus clumps,
or species diversity in adjacent large refuges. The sig-
Data analysis nificant effect of plant productivity on cover of species
that decrease with grazing was removed after adjusting
were performed in order to det : ticollinearity. that some differences in the cactus effects might be
atory variables mediated through effects of plant productivity on these
were analysed through latigh—ard student’s three covariables.

explanatory variables None of the ten vegetation parameters showed sig-

Qliempted to separate the interde- Table 1.Factors potentially having a positive influence on the

explanatory variables from con- refyge effects of cactus, explanatory variables indicating those
Xvariables using analysis of covariance factors, and type of explanatory variable: cat = categorical;

(ANCOV |th the Tontinuous explanatory variablesas cont = continuous

cov e coyarlate decreases or ellm inates the o cior Explanatory indicator cat/cont
effect gorlcal explanatory variable, It,lmp“es Plant community productivity Shrublands (more productive)
or may have acted through the covariate (Cox and grasslands (less productive) ~ cat
/ S|mp|e ||near regress|ons were performed to Size of the biotic refuge Two different size-classes
(< 0.5n%) and (>1 A cat

e positive relationship between the continuous ex-
ry variables and the effects of cactus. In order to Density of thorns in biotic refuge  Two different cover-classes of

L cladode cover (< 30% and > 40%) cat
pOSItIVE effects of the seven factors on the pI’OtEC- Proximity to the large refuge Two 20 m-long subtransects, adjacent to

effect of the cactus (directional hypotheses), 1-tailed and distant from large exclosures ~ cat
ingtead of 2-tailed tests were used Grazing intensity No. of cattle faecal pats/ha/site cont
' Density of biotic refuges No. of cactus clumps/ha/site cont
Abundance of grazing-sensitive ~ Value of vegetation parameters

species inside the large refuge inside ungrazed exclosure cont
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Table 2. Significant relationships between the explanatory
variables. Summary of studetrinalyses used to test the
effects of plant community productivity (relatively low pro-
ductivity grasslandes relatively high productivity shrublands)

on cattle grazing intensity, cladode cover inside cactus clumps,
species diversityH') inside the large refuges, and abundance
of forbs and species that decreabpwith grazing inside the
large refuges.

Low High
Grassl. Shrubl. F P
Graz. int. (# of faecal pat/ha) 647.5 1370 9.46 0.022
Clad. cov. (%) 36.9 39.9 4.40 0.081
H' 1.53 1.86 5.86 0.052
Forbs (% in cover) 3.30 6.77 6.17 0.048
Speciesl(% in cover) 8.85 20.76 12.53 0.012

of cladodes. None of the ten vegetation parameters
a significantly greater refuge effect in larger cactus

ones (data not shown).

Cattle grazing intensity had a significan
relationship with the effect of cactus on
cence production oB. gracilis and on the
perennials (Table 4). In both case

and species
h the re-

of cactus clumps
pnships with the
effects of cactus.

of studerttal
ely hi

Table 3. Summ
grasslandss re

Plant community

productivity

89

razing

intensity

/‘ Are-lrwel sekechnn

f Inducible cetences
p ""—"“‘ﬁ\‘li " Belariive razing
+" Stuctural L

/characlerlslics of
the biotic refuges:
- Thorniness

BINDMIAL GRAZING-
SENSITIVE PLANTS vs .
BIOTICREFUGES .-

E |

Dispersal from
i

other refuges

1. Conceptual model of factors influencing effects of

b efuges at a local landscape scale in plant communities

Grazing intensity and cactus refuge effects

We assumed that refuge effects at a local landscape
scale can depend on grazing intensity, productivity,
dispersal from other refuges, and structural characteris-
tics of the biotic refuge (Fig. 1). Our results support the
hypothesis that positive effects of biotic refuges in-
crease with grazing intensity. In some cases, the effect
of the cactus was negative for grazing-sensitive plants in
the lower part of the grazing gradient and switched to
positive when the grazing pressure increased. A poten-
tial positive interaction between grazing-sensitive plants
and biotic refuges may manifest only when the negative

lyses used to test the positive effects of plant community productivity (relatively low productivity
g@roductivity shrublands) and density of thorns on the effects of cactus for ten vegetation parameters.
estimated as the difference in each vegetation parameter between inside and outside cactus gtazgas in the
section). Density of thorns was estimated as the percentage of the cactus clumps occupied byesctus clad

Plant community productivity

Density of thorns

~7
% Low High <30% of > 40% of
Productivity ~ Productivity t cladode cladode t
(& (Grasslands) (Shrublands) value P cover cover value P
i 0.0426 0.2252 2.335 0.029 0.1752 0.1064 —0.596 0.719
0.4188 1.2750 0.875 0.205 0.1093 1.1973 1.052 0.155
0.0500 0.0000 -0.747 0.760 —-0.0234 0.0058 1.356 0.098
—2.1250 3.9313 4.810 0.002 6.4239 0.6229 —1.850 0.957
-season perennial forbs 0.5250 1.7375 1.575 0.080 1.2639 1.3880 0.151 0.441
ies that decrease with grazing (decreaser$).4125 2.7188 2.781 0.016 1.5110 1.0283 —0.383 0.646
Inflorescence productions (# / unit cover):
outeloua gracilis 0.2023 0.3764 0.856 0.210 0.6719 0.2430 —1.458 0.916
Cool-season perennial grasses 0.0948 0.1351 0.311 0.380 0.1505 0.0957 —0.446 0.669
Cool-season perennial forbs 0.0489 0.0999 0.604 0.285 0.1539 0.0121 —1.886 0.960
Total vegetation 0.2592 0.1190 -0.514 0.687 0.4358 0.1294 —2.309 0.981
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Table 4. Linear regressions used to analyse the positive relationship between grazing intensity, ab n%
species abundance in adjacent large refuges on the effects of cactus for the ten vegetation para rs stedied Effectsof cact
estimated as differences between inside and outside cactus clumps in the grazed treatment ( Methﬂs section).

Grazing intensity Biotic refuges Adjgegnt large refuges
(cattle faecal pats/ha) (clumps/ha) N (% in cover)
n Intercept Slope R Intercept Slope /@/ Interl(iept Slope R

Species divergy H' 8 —-0.006 0.035 0.486 0.090  0.000, - o.{393 0.373 0.652 *

Cover (%):
Forbs 8 0.380 0.116 0.168 0.874 -0.00 -1.239 0.414  0.794 **
Small barrel-cacti 7 -0.019 0.003 0.547 —-0.016 . -0.003 -0.078 0.523
Perennials 8 —-3525 1.098 0.597 * 28 —4.630 0.221  0.349
Cool-season perennial forbs 8 0.286 0.209 0.345 —0.489 0.564  0.808 **
Species that decrease with grazing 8 —-0.614 0.438 0.388 —0.595 0.118 0.410
Inflorescence productions (# / unit cojer
Bouteloua gracilis 8 —-0.084 0.092 0.649* 0.213 Not estimatéd
Cool-season perennial grasses 8 0.169 -0.013 0.154 Not estimated
Cool-season perennial forbs 8 0.155 -0.020 Not estimated
Total vegetation 8 0.318 -0.032 Not estirhated

effect of grazing outside the biotic refuge is greater tha ; n the dominant short grasses in this community.
r results also supported the hypothesis that some
mge effects were a consequence of an increase in
among plants may become more important [ razing intensity in the more productive compared to
bance or stress ireise (Huston 1994; Bertness & Callsway Mess productive areas (Fig. 1), as suggested in the con-
1994; Callaway & Walker 1997; Brooker ceptual model of Bertness & Callaway (1994). Thus,
1998). Thus, refuge effects of our cactus ma to our results suggest that a greater cattle grazing intensity
vy graz- in productive communities may explain the greater posi-
nce to tive effects of cactus on species diverskiy) found in

>

ing; here we may have a mechanis

changing grazing pressures, simila nas those communities.

& Noy-Meir (2002) suggested fo ic refuges. Other

types of disturbance may be bu s {Vell. Relationships between structural characteristics of
cactus clumps and refuge effects of cactus

Plant community producti cactus refuge effects

Structural characteristics of biotic refuges, such as
the hypOthesis that positive abundance of thorns, and size and density of biotic
effects of biotic refuges I zed plant communities refuges, can positively influence refuge effects. In the
increase with proguctivity (Figvl). Plant adaptations to particular situation oDpuntiain short-grass steppe a

more productive dition@nhance grass competitive- decrease in the refuge effects of the cactus with the

Results also supp

grazing by | pres (Milchunas et al. 1988). cladodes inside clumps) was found. This finding may be
[ more productive environments due to a trade-off between an increase in protection
S position more than in less produc- versus a decrease in space for neighbours, or that an
tive envir . This may explain why Callaway et increase in thorn density above some level does not
ted large refuge effects of spiny plantsin increase protection. Some of the most highly protected
res in the Caucasus, and Rebollo et al. cactus clumps had a cladode basal cover of greater than

id short-grass steppe. This is also true lo- constrain the space available for the grazing-sensitive
for short-grass steppe; more productive shrublands species in the cactus clumps. This spatial constraint is
sslands in swales are more sensitive to grazing probably the main limiting factor for refuge effects of
antéss productive sites (Milchunas eil@B9; Cibils this cactus. Competition for water between cactus and
9). In our case, cactus had greater positive effects on herbaceous species is low, because of the little overlap
species that decrease with grazing on the more produc- between other species and the near-surface, extensive
tive shrublands. This group is comprised of productive distribution ofOpuntiaroots (Dougherty 1986). Rebollo
mid-height grasses, suelsPascopyrum smithithat are et al (2002) showed there would be many positive

piotic refuges and
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he short-grass steppe,

effects of cactus if the abundance of other species was Castello (1942) and Milchunas
recalculated as if they proportionately occurred in the Opuntiain short-grass st
area also occupied by cactus. ductive swales and depr,

The protection of biotic refuges can increase with uplands. By contrast, the
grazing intensity (Fig. 1). Several authors have pointed can also promotg refuge e
out that grazing intensity may affect the degree of protec- are more abundant on more productive coarser-textured
tion of grazing-resistant species by promoting inducible soils and lo Joils 9). Grubb (1992), com-
defenses such as thorniness (Cooper & Owen-Smith 1986). paring the of spines in different types of

39) found that

not find differences in cladode cover within clumps be-
tween ungrazed and grazed areas. In theat@3puntia

/s a high variety of responses depending on the
rticular species involved.

The relative importance of biotic refuges in different

original plant or by the close aggregation environments

individuals produced by seeds from a
& Costello 1942). The absence of relati
clump size and refuge effects ma
landscape scale, because the refuge effects increase
with grazing intensity and abundance of grazing-sensi-
tive species (Fig. 1). These effects may be more intense
in areas with greater plant community productivity where
the grazing intensity by large herbivores may be greater,
esfStant species) may and grazing-sensitive species are more abundant.
herbivores, resulting in At a larger scale than the local landscape scale,
though some palatable Milchunas & Noy-Meir (2002) suggested an interaction
species are present ( nas & Noy-Meir 2002). In between plant community productivity and evolution-
the present stydy, we did find differences in grazing ary history of grazing on plant diversity in explaining
actus ci@m density, which may have the intensity of geologic refuge effects These authors

density. Den-
effectiveness in
grazed plant communities i

sities of biotic refuge i
influence site-level s

mps in this system clump density may not grazing. Thus, refuges may be equally important in
gffects. Density dDpuntiaclumps ranged unproductive stressful environments with short evolu-
tionary history of grazing as they are in more productive
RoUgh biotic refuge density did not influence  environments with a long evolutionary history. These
fuge effects per individual unit in this study, factors predictions may be directly applicable to biotic refuges,
cting the abundance of biotic refuges across a land- unless competitive relationships between grazing-sen-
sCape can have a large influence on total refuge effects. sitive species and biotic refuges change through gradi-
sThe abundance of biotic refuges may vary across gradi- ents of plant productivity and evolutionary history of

ents of plant community productivity and grazing inten-
sity (Fig. 1), however the intensity and direction of the

grazing, or these gradients change the structural charac-
teristics of the biotic refuges (density, size, growth

response appears to be species-dependent. Turner &form, degree of protection, gtc
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