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Abstract

The relationship between exotic mammalian herbivores (EMH) and the native vegetation has often
been focused on direct effects and viewed it as binary interactions. However, in arid environments
indirect effects and the community context may also influence the effect of EMH on plants. We
sampled the flora and soil nutrients (SN) in seven paddocks that differed in stocking rates, and used
structural equation modeling (SEM) to partition the net effect of EMH into direct and indirect
effects on the most abundant plant species of the Monte desert of Argentina. We proposed two
indirect effects by which EMH can modify the cover of a focal plant species: the modification of the
assemblage plant cover (APC) and alteration of SN. Indirect effects appear to be as important as
direct ones. EMH did not affect the status of SN; thus indirect effects through this pathway were
irrelevant. Conversely, EMH always affected the APC negatively, but the effect of APC on a focal
plant varied according to their identity. Therefore, indirect effects through the APC were positive or
negative depending on plant species. Several possible mechanisms explaining how changes in the
cover of nearby plants can alter the cover of a focal plant species are discussed. These results
emphasize the importance of indirect interactions to explain the complex relationship between EMH
and native plant cover in arid ecosystems.
© 2006 Elsevier Ltd. All rights reserved.
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The use of natural habitats for production of exotic mammalian herbivores (hereafter
EMH) has caused serious changes on native vegetation in arid environments (Nash et al.,
1999). Most of these studies has traditionally been focused on direct effects of EMH, as
browsing and trampling (Bisigato and Bertiller, 1997; Augustine and McMaughton, 1998);
and treated them as binary interactions (Zamora et al., 1999). As a result, it is known that
some plant species benefit from herbivory (Paige and Whitham, 1987), while others reduce
their relative abundance (Milchunas and Laurenroth, 1993; Graetz, 1994; Bullock et al.,
2001; Landsberg et al., 2003). However, indirect effects and the community context play an
important role in EMH-plant interactions (Baraza et al., 2006). In this study, we
discriminate direct and indirect effects of EMH on a broad number of native plant species
in the Monte desert of Argentina.

There are two major non-mutually excluding ways by which EMH can alter the
abundance of a focal plant species indirectly; by (1) changing the neighboring plant
assemblage, and/or (2) altering the soil quality. Selective browsing on preferred species
may indirectly affect the relative abundance of less or no preferred plant species as well.
Spatial distribution of palatable and unpalatable plants can influence the foraging
behavior of herbivores, changing plant-damage probability (Baraza et al., 20006).
Moreover, changes in the relative assemblage composition may affect other non-trophic
interactions between plants, such as competition or facilitation (Callaway and Walker
1997). Overall, changes of the surrounding plant matrix via browsing can potentially have
either positive or negative indirect effects on a target plant species, depending on its
identity and on the ecological context. On the other hand, EMH may indirectly alter the
status of soil nutrients (hereafter SN) (Sirotnak and Huntly, 2000; Semmartin et al., 2004).
In the short term, browsing may improve soil quality by increasing nutrient availability
through waste products (Ruess and McMaughton, 1987; Frank and Evans, 1997).
Conversely, at the long term EMH may deplete soil quality. Selective foraging on plants
that produce high-quality litter may shift plant assemblages toward species with low-
quality litter (Pastor et al., 1993; Sirotnak and Huntly, 2000). Plant species may differ in
their demographic responses to these changes in soil fertility, changing their relative
abundances. In sum, EMH may indirectly modify the abundance of a plant species
through the alteration of the abundance of the surrounding plant assemblage and/or the
status of SN.

In the semi-arid regions of Patagonia, EMH often reduces plant cover (Ares et al., 1990;
Bertiller, 1996; Bisigato and Bertiller, 1997; Perelman et al., 1997). This effect is especially
important in the Monte desert, where grasses are scarce and livestock has to feed upon less
nutritional plant species (Golluscio et al., 1998; Guevara et al., 1996; Tadey, 2006). Yet
there is little knowledge in this region whether the influence of EMH on plants is a
consequence of direct or indirect effects.

The goal of our study is to discriminate the direct and indirect effect of EMH on a broad
number of native plant species of the Monte desert. To do this, we sampled the flora and
SN in seven paddocks that differed in stocking rates and used structural equation modeling
(hereafter SEM) to identify direct and indirect effects of EMH on the most abundant
native plant species.

The study area is located in NW Patagonia, Neuquén province (39°17'S, 68°55'W),
Argentina. This is a temperate arid region with a mean annual precipitation between 80
and 300 mm. The mean annual temperature is 15°C. The vegetation of this region is
characterized by a xerophytic shrubland dominated by Larrea cuneifolia (Cavanilles) and
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L. divaricata (Cavanilles) associated with other xerophytic or aphyllous shrubs such as
Monttea aphylla, Bougainvillea spinosa, Chuquiraga erinacea, Prosopis alpataco, and
Atriplex lampa (Correa, 1969—1998).

During the spring of 2001, we selected seven paddocks with different grazing intensities
(i.e., livestockha™") but with similar climatic and plant physiognomic characteristics
(Del Valle, 1998; Leon et al., 1998, Tadey, 2006). Livestock composition of the paddocks is
a mixture of goats, cattle, and horses. The paddocks varied in size from 4000 to 25,000 ha,
are adjacent to one other, have the same orientation (NW), and had been grazed for 20+ 5
years (mean+1 SD). Stocking densities were standardized using animal unit equivalents
and expressed as livestock ha™' (Vallentine, 2001). Sampling was done in spring of 2002. In
each paddock, we sampled the flora and soils within an area of ~4ha located at 300 m
from the road and >3 km away from the stockpots. To estimate the effect of EMH on
plant species cover, in each paddock we randomly located 20 circular plots 3 m in diameter.
Within each plot, we visually quantified plant species cover as the area (in %) occupied by
each individual plant species. We selected the most abundant plant species (n =9, see
Table 1) to discriminate direct and indirect effects of EMH.

To determine the chemical properties of soils along a gradient of grazing intensity, we
analysed organic carbon (C), total nitrogen (IN), and extractable phosphorus (P) contents.
In each paddock, we randomly selected five points of bare soil. Each soil sample was
composed by four sub-samples collected from a depth of 20 cm within an area of 9m?. Soil
samples (total n = 35; five per paddock) were air-dried and analyzed in the laboratory.
Organic carbon was obtained by the Walkley—Black method, total N determined by
the Kjeldahl method, and extractable P by an extraction with buffered alkaline solution
(see Bigham, 1996).

The total co-variation between two variables (i.e., their correlation value) is often a
composite measure of direct and indirect effects (Legendre and Legendre, 2004). To
identify these components of the net effect of EMH on the cover of our selected plant
species, we used SEM (Shipley, 2000). This methodology was originally developed as path
analysis as a way to partition the variation from observational data into causal and non-
causal components (Mitchell, 2001). We constructed a general model in which we could
partition the net effect of EMH on a focal plant species into direct and indirect effects. We
proposed two indirect effects: the modification of the assemblage plant cover (hereafter

Table 1
Principal characteristics of the nine focal plant species used in this study

Plant species Family Life form Mean height (cm) Spines Browse intensity
Acantholippia seriphioides (AS) Verbenaceae E 50 None  Very high
Atriplex lampa (AL) Chenopodiaceac E 100 None High
Bougainvillea spinosa (BS) Nyctaginaceae D 200 Yes Moderate
Chuquiraga erinacea (ChE) Asteraceae E 150 Yes Very high
Gutierrezia solbrigii (GS) Asteraceae E 50 None  Very high
Larrea cuneifolia (LC) Zygophyllaceae E 200 None High

Larrea divaricata (LD) Zygophyllaceae E 200 None High

Monttea aphylla (MA) Scrophulariaceae A 200 Yes Very high
Prosopis alpataco (PA) Leguminosae D 150 Yes Moderate

Life form: (E = evergreen, D = Deciduous, A = Aphyllous). Browse intensity was estimated as the % of branches
grazed/plant in the paddocks with the highest stocking rates (Very high: >90%; High: ~70%, Moderate: ~50%).
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APC) and the alteration of SN (Fig. 1). The APC was calculated, in each case, as the cover
of all the plant species measured minus the focal plant species cover (hereafter FPC). To
estimate a single value of soil quality per paddock, we first performed a principal
component analysis (PCA) to order the 35 soil samples according to their content of C, N
and P. The PCA extracted only one factor that explained 92% of the variance of SN
samples. This axis was positively correlated with all the elements analyzed (r = 0.97 for C
and N, r =0.94 for P, P<0.001 in each case), and was interpreted as a gradient of soil
fertility. Therefore, in the path analysis we used the mean of soil samples axis scores per
paddock of the PCA as an estimation of soil fertility. The adequacy of the model with the
data was evaluated via SEM using y* and associated probabilities (Shipley, 2000), and
pathways were evaluated by their #-values and associated probabilities. Path coefficients
were computed using standardized variables. We calculated total co-variation (TC) as
Pearson’s correlation coefficients (r), and estimate non-causal co-variation as TC minus
the sum of direct and indirect effects (Legendre and Legendre, 2004). The values of indirect
effects were obtained multiplying the respective path coefficients from the pathway
proposed (Fig. 1). For example, the indirect effect of EMH (measured as stocking rates,
SR) on a FPC through APC was estimated as the multiplication between the SR-APC and
APC-FPC path coefficients.

In order to avoid pseudoreplication (Hulbert, 1984), we used mean values per paddock
for all the variables (APC, FPC and SN, n = 7 each one) in the SEM analysis instead
of using plots as independent data. This approach offers more reliable information
because statistically independent experimental units (i.e., paddocks) are used as replicates;
however, this may increase the probability of a type II error (i.e., failure to detect a real
treatment effect). Therefore, we predetermined a P<0.10 as our statistical significant level.
This procedure is commonly employed when, as here, the degrees of freedom for the

APC
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T

Fig. 1. Causal model used to determine direct and indirect effects of stocking rates on the cover of each of the
focal 9 plant species. One-headed arrows represent directional effects. Variables included are stocking rates (SR),
assemblage plant cover (APC), focal plant cover (FPC), and soil nutrients (SN). Unexplained variability is
indicated with vertical arrows.
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analyses are limited (Belovsky and Slade, 2000; Sankaran and Augustine, 2004; Vazquez
and Simberloff, 2004).

The paddocks sampled showed great variation in stocking rates and plant species cover,
but were relatively similar in soil nutrient content. Stocking rates varied between 0.002 up
to 0.038 livestock Ha™!, mean plant assemblage cover varied between 15% and 70%, and
the individual cover of the nine species studied varied between 2% and 10% (range
0-18%). Conversely, the soil content of C, N and P varied only between 0.2-0.4%,
0.02-0.04% and 3-6 mg/K, respectively.

The data fit well with the proposed model for all the focal species studied (3> values
between 0.002 and 2.2, 0.14< P<0.99, Fig. 2), supporting our hypothesized causal scheme
to explain the effect of EMH on plant species cover (Fig. 1). The model explained very well
the cover of MA, LC, ChE, GS and LD (>50%), relatively well the cover of BS and AS
(30-45%) and only a small proportion of the variation in the cover of AL and PA
(10-25%). Direct effects of EMH were often negatives but their strength depends on plant
species. In three cases, these direct effects were strong and statistically significant (LD, MA
and AL), in five cases were negative but statistically non-significant (GS, LC, PA. BS.
ChE), and in one case was near zero (AS).

The strength and sign of indirect effects was different among plant species. Although the
effect of EMH on the APC was negative and statistically significant in all the cases
analyzed, changes on the APC affected differentially the focal plant species (Fig. 2). For
example, the APC negatively affected the cover of LD, slightly positive the cover of BS,
and showed a null effect on the cover of ChE (Fig. 2). Therefore, the indirect effect of
EMH on a target plant species through changes on APC varied in strength and sign
depending on their identity (Fig. 2).

In contrast, the indirect effect of EMH through the alteration of soil quality did not
affect the cover of any species studied. This was a consequence of the lack of effect by
EMH on soil quality. Therefore, independently of the importance of soil quality on plant
cover (variable in strength and sign depending on the species, Fig. 2), indirect effects of
EMH through this pathway were always irrelevant and less important than indirect effects
through APC (Table 2).

The net effects of EMH on the cover of focal plant species (total co-variation estimated
by Pearson coefficients) were always negative, varying between —0.08 and —0.82. Only two
focal species (AL and PA) showed a total co-variation with EMH near to zero (—0.15 and
—0.08, respectively). However, this absence of net effect was in both cases due to the fact
that direct and indirect effects were relatively similar in magnitude but opposite in sign
(Table 2). The sum of direct an indirect effects was very similar to the total co-variation
values of each focal species, suggesting the absence of non-causal co-variation effects. The
relative importance of indirect effects compared to the direct effects was larger for AS
(1.5), similar for LD, PA, AL and BS (~0.8), and smaller for GS, LC, MA and ChE (<0.6)
(Table 2).

There were two major findings in this study: indirect effects had almost the same
importance than direct effects for explaining the net effect of EMH on plant species cover;
and indirect effects of EMH through changes in the cover of nearby plants were stronger
than indirect effects through changes in soil quality.

Our data fitted the model, suggesting that the pathways proposed explain relatively well
the variation of the plant species cover. Both direct and indirect effects were important to
understand the net effect of EMH on plant cover. While direct effects were more important
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Fig. 2. (Continued)

than indirect effects for ChE, GS, LC, LD and MA; indirect effects were stronger or
similar than direct effects for AS, AL, BS and PA (Table 2). Direct and indirect effects also

differ in sign and complexity.

Fig. 2. Path analysis of causal relationship among variables hypothesized to be involved in direct and indirect
effects of stocking rates on the cover of nine focal plant species. One-headed arrows represent direct causal effects.
For each effect path, coefficients are given and are also represented by arrow line-thickness. Continuous lines
indicate positive effects; dashes lines indicate negative effects. Significance of the path coefficients is indicated as
follows: *P<0.10, **P<0.05. Variables included in the model are: stocking rates (SR), assemblage plant cover
(APC), focal plant cover (FPC), and soil nutrients (SN). Unexplained variability is indicated with vertical arrows.
The adequacy of models was evaluated based on z* and associated P-values (higher P-value, means a better fit of

the data with the model). Symbols of plant species are described in Table 1.
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Table 2

Direct and indirect effects of exotic grazers on the cover of the plant species studied

Bivariate TC (A) Direct CC—Indirect CC—Indirect Total NC RIIE
relationships (B) via APC (C) via SN (D) (E=B+C+D) (A-E)

SR-AS —0.21 —0.08 —0.09 —0.03 —0.20 —0.01 1.5
SR-AL —0.15 —0.76 0.58 0.03 —0.15 0 0.8
SR-BS —0.64 —0.36 —0.28 0.00 —0.64 0 0.8
SR-ChE —0.55 —0.47 —0.03 —0.05 —0.55 0 0.2
SR-GS —0.59 —0.42 —0.20 0.03 —0.59 0 0.6
SR-LC —0.57 —0.39 —0.12 —0.05 —0.56 —0.01 0.4
SR-LD —0.33 —1.06 0.69 0.04 —0.33 0 0.7
SR-MA —0.82 —1.23 0.41 0.00 —0.82 0 0.3
SR-PA —0.08 —0.35 0.25 0.02 —0.08 0 0.8

TC represents the total co-variation between stocking rates (SR) and each of the plant species studied estimated as
correlation coefficients. The symbols of the plant species are given in the Table 1. Direct effects (Direct) and
indirect effects (causal co-variation, CC) were estimated using the path values of the SEM. Non-causal
co-variation (NC) was estimated as indicated in the table. The relative importance of indirect effects (RIIE) was
estimated as [(C+ D)/ BJ. Values larger than one represent a relatively more importance of indirect effects, similar
than one represent similar relative importance, and smaller than one represent that direct effects are relatively
more important than indirect effects.

Although variable in magnitude, direct effects were always negative (Fig. 2). This result
did not come out as a surprise. Browsing and trampling, the two possible direct effects of
EMH on plants, often have negative consequences on plant cover (Huntly, 1991; Marquis,
1992; Hunt, 2001). Accordingly, most of the plant species with stronger direct effects (e.g.,
MA, AL and LD) were frequently observed as very browsed (Table 1). On the other hand,
indirect effects varied in importance and sign.

Among the two indirect pathways proposed that could affect the cover of a plant
species, the effect of EMH through soil quality (SN) was always negligible and less
important than the effect through changes in APC (Table 2). Conversely, indirect effects
through APC were more important and complex. While EMH always affected the APC
negatively; changes in the sign of indirect effects through APC depended exclusively on the
effect of nearby plants on a given plant species.

An increase in the APC affected strong and negatively the cover of AL and LD, and
subtly and negatively the cover of PA and MA (Fig. 2). There are, at least, two causes by
which the cover of a particular species may be negatively affected by the cover of nearby
plants: competition for resources and/or an increase in their chance to be eaten. In arid
regions, water and nutrients availability largely determine plant vigor (Fowler, 1986). It is
reasonable to expect that a target plant species suffer more competition for those resources
as the cover of the surrounding plants increases. On the other hand, the probability of
being browsed of a species often depends on the attractiveness of the context (Karban,
1997). In the study area, large generalist herbivores make foraging choices in relation
to the distribution and abundance of the palatable plants (Guevara et al., 1996).
Independently of its absolute palatability, a plant species may increase its chance to be
eaten if the cover of nearby vegetation increases (Rousset and Lepart, 2002). Plant species
with high probabilities to reduce their vigor through these two processes will benefit
from the cover reduction of nearby plants by the EMH. Therefore, EMH should affect
positively these plant species through indirect effects.
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On the other hand, an increase in the cover of nearby plants affected positively BS and
slightly positively GS and LC (Fig. 2). There are several ways by which a plant species may
be benefited from an increase in the cover of the neighboring vegetation. For example, the
accumulation of nutrients, provision of shade, amelioration of disturbance, or the
protection from herbivores with the surrounding vegetation can enhance the vigor of a
given plant species (Callaway et al., 2002; Booker et al., 2006; Baraza et al., 2006). Species
highly dependent on these positive interactions will be negatively affected by the reduction
in the cover of adjacent vegetation by EMH. Therefore, EMH affected negatively these
species through indirect effects.

This work showed that the relationship between EMH and plant cover is often
composed by direct and indirect effects. Moreover, we showed that the lack of statistical
association (e.g., r~0) not necessarily implies the absence of a biological relationship.
Direct and indirect effects may be equal in magnitude but with different signs, producing a
null net effect. This suggests that measures of net effects such as a simple correlation
between EMH and plant traits, although it may be informative in some circumstances, it
depicts an incomplete picture of the effects of EMH on plant cover. For example, it is
inexactly that EMH did not affect the cover of AL; the strong and direct negative effect
was moderately compensated by a positive indirect effect (Table 2). One possibility is that
the negative impact of browsing on AL was compensated with a release in competitive
pressure as a consequence of browsing on neighboring plants. This example illustrates well
one of the main merit of this work: hypothesis like the one described above can be better
formulated only if the relative importance of direct and indirect effects for each plant
species 1s previously known.

The relative importance of direct versus indirect effects; and positive versus negative
indirect effects was not related to any of the plants’ traits analyzed (Table 1). With these
results we cannot identify exactly which mechanisms among those proposed are modeling
the cover of the plant species studied. However, this work offer good information about
which plant species are more susceptible to indirect interactions and should be understood
as the first step to understand the complex EMH-—plant relationship in this arid ecosystem.

This work was partially supported by the CONICET, Argentina. We thank M. A. Aizen
and two anonymous referees for their comments.
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