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ARTICLE INFO ABSTRACT

Keywords: Argentina is widely recognized as a key player in the production and consumption of beef, occupying a prom-
Pampas inent position in the global context. However, there is a lack of comprehensive research on the environmental
Anurans consequences of beef production, particularly concerning wetlands and aquatic biodiversity. We aim to assess the
Ié‘:::;;f; effects of cattle management practices (grazing types and stocking density) on wetland attributes and associated
Conservation amphibian diversity in central Argentina. During two amphibian breeding seasons, we surveyed 117 wetland

sites in paddocks with different cattle grazing types (continuous grazing, glyphosate-promoted pastures and
rotational grazing) and stocking densities (low and high). We analyzed the effects of cattle management practices
on wetland attributes, including water quality parameters, nutrient concentrations, wetland morphometry, and
vegetation cover. Effects on amphibian communities were explored using richness, abundance, and species
occurrence. General Mixed-effects Models revealed significant increases in nutrients (total solid dissolved, total
nitrogen and soluble reactive phosphorous) and a significant decrease in vegetation cover in sites with high cattle
stocking density. Likewise, we observed increased soluble reactive solids in wetlands associated with rotational
grazing and decreased vegetation cover in those wetlands related to glyphosate-promoted pastures. Generalized
Mixed-effects Models revealed that amphibian communities were negatively affected mainly by high stocking
density, while abundance and species occurrence of hylids (Boana pulchella and Scinax squalirostris) were also
affected by glyphosate-promoted pastures and rotational grazing treatments. Our results indicate that different
types of grazing at low stocking density favor amphibian diversity and improve wetland water quality, therefore,
reduced stocking density may result in improved wetland conditions and more diverse amphibian communities.
Our results also suggest that glyphosate-promoted pastures and rotational grazing, although beneficial in terms
of pasture management, may have unintended consequences on water quality in wetlands and amphibian
communities. This study will contribute to our understanding of how cattle management practices influence
wetland ecosystems and aquatic biodiversity in the most important cattle breeding area of South America,
providing valuable insights for conservation efforts in cattle ranching landscapes.

1. Introduction 2013). Thus, the livestock industry is currently the single major driver of

habitat loss and degradation, which is, in turn, the primary cause of

Humans have been transforming the landscape for hundreds of years
to obtain food, fibers, fuels, and other goods and services provided by
ecosystems (Sanderson et al., 2002). Approximately one-third of the
calories produced by the world’s crops are currently allocated for
feeding animals grown for human consumption, and when pasture and
grazing lands are considered, livestock production accounts for
approximately 70% of the global agricultural land area (Cassidy et al.,

species declines and extinctions worldwide (Ducatez and Shine, 2017).
Amphibians play a leading role in the ongoing biodiversity crisis, as the
vertebrate group experiencing the steepest global population decline
and the highest species extinction rate (IUCN, 2023). Habitat alter-
ations, especially those related to land use and land cover changes, are
among the main causes of amphibian decline (Campbell Grant et al.,
2020).
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Globally, amphibian distributions and breeding habitats overlap
with lands devoted to livestock grazing. Amphibian-livestock in-
teractions, particularly those involving cattle, have been relatively well-
documented in grassland biomes of the Palearctic and Nearctic realms.
In a global review, Howell et al. (2019) summarized the amphibian
response to the use of wetlands by livestock, concluding that climatic
conditions, species habitat type, and the diverse life histories of am-
phibians make it difficult to predict general responses to livestock
grazing. There are many potential pathways for livestock to affect am-
phibians and their habitat, and its consequences can be positive, nega-
tive, or neutral.

Negative impacts include the direct trampling of amphibians by
cattle, water quality degradation associated with livestock waste and
changes in the hydroperiod and successional trajectory of wetlands
(Jansen and Healey, 2003; Cole et al., 2016). Studies have shown a
negative association between grazing cattle and amphibian abundance
(Riedel et al., 2008), and a positive association between grazing and
increased incidence of ranavirus infection (Hoverman et al., 2012) and
parasite abundance (McKenzie, 2007). Grazing may also have positive
effects in areas with naturally low levels of nutrient inputs or regions
with an evolutionary history that includes large grazers (Plaiasu et al.,
2010). The combination of increased fertilization and removal of se-
nescent vegetation stimulates new plant growth, which may provide
extra habitat and foraging opportunities for amphibian communities in
oligotrophic aquatic ecosystems (Denton et al., 1997; Plaiasu et al.,
2010).

Argentina is globally known as a beef producer and consumer
(Arrieta et al., 2020). The beef industry holds significant importance for
the national food system and economy. Over the past three decades,
there have been notable changes in Argentine cattle breeding and beef
production. Cattle ranching went through a territorial reorganization,
partially driven by the expansion of the agricultural frontier (Baeza and
Paruelo, 2020). This reorganization resulted in the expansion of cattle
towards previously untapped areas, particularly in Chaco, the Espinal,
and the Parana Delta Islands (Graesser et al., 2015), and in increased
stocking density/rate in areas already occupied by cattle, many of which
were already experiencing overgrazing (Bilenca et al., 2018). Finally,
the emergence of confined systems such as feedlots has allowed for a
larger concentration of animals and is associated with more localized
pollution. This transformative process has primarily occurred in the
central part of the country, specifically in the Pampas Region (Viglizzo
et al., 2011; Baeza and Paruelo, 2020).

We conducted this study in the Flooding Pampas, the most important
cattle grazing region in Argentina, which also includes a vast extension
of semi-natural grasslands and wetlands with diverse hydrological re-
gimes (Soriano, 1991). The vegetation characteristics determine that
this area is destined for cow-calf rearing with a cattle stocking density
ranging from 0.7 to 1 head of cattle ha™! (Codesido and Bilenca, 2021).
The most common livestock management in the region is continuous
grazing in natural grasslands (Gonzalez Fischer and Bilenca, 2020). The
alternative management that emerged in recent years involves contin-
uous grazing in natural grasslands in which glyphosate is applied to
promote the growth of winter Ryegrass (Lolium multiflorum), a
non-native annual species (Rodriguez and Jacobo, 2010). A third man-
agement type is rotational grazing, where cattle are moved between
multiple paddocks to improve grazing efficiency and grass growth.
Paddocks are rotated every 15-30 days during spring and summer and
every 3-4 months during autumn and winter (Jacobo et al., 2006). In
addition to the different management practices, animal stocking density
can vary depending on forage quality and rancher decisions. Several
authors have suggested that under proper management, cattle ranching
could coexist with native flora and fauna, presenting a valuable op-
portunity to conserve the relicts of the South American temperate
grasslands (Bilenca and Minarro, 2004; Cardoni et al., 2015; Codesido
and Bilenca, 2021). Nonetheless, none of the previous studies examining
how cattle grazing affects ecosystems - and wildlife in particular - have
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focused on amphibian responses or on the impact of cattle management
on semi-permanent or ephemeral wetlands in the Pampean Region.

To address this knowledge gap, we aim to investigate the effects of
livestock management practices (cattle grazing types and stocking
density) on wetlands attributes and associated amphibian diversity
(species richness, abundance, and species occurrence) in the most
important cattle-raising region of Argentina. We first tested the hy-
Ppothesis that cattle management practices modulate wetland attributes
in the Flooding Pampas. As previously mentioned, livestock access to
wetlands results in water pollution and decreased palatable plant species
(Jansen and Healey, 2003; Cole et al., 2016). Therefore, we predict that
regardless of grazing type, high stocking density will expose eutrophi-
cation indicators (increase of nutrient concentrations and decrease dis-
solved oxygen) and reduce wetland vegetation cover. Our second
hypothesis is that cattle grazing types and stocking density have different
impacts on amphibian communities in the Flooding Pampas. Some au-
thors have argued that, as the use of glyphosate shifts the floristic
composition of grasslands (Rodriguez and Jacobo, 2010), it indirectly
affects avian communities by reducing habitat availability (Codesido
and Bilenca, 2021). Furthermore, glyphosate has been shown to directly
affect amphibians, especially during the larval cycle when this agro-
chemical reaches water bodies (Lajmanovich et al., 2011; Agostini et al.,
2020). We predict that, at equal cattle stocking density, the richness and
abundance of amphibian communities in wetlands associated with
pastures promoted with glyphosate will be more affected than wetlands
associated with other grazing types. Likewise, livestock access to wet-
lands could reduce the availability of aquatic breeding habitats (Howell
et al., 2019). Therefore, we predict high cattle stocking density will
negatively affect amphibian richness and abundance. Finally, since the
effects of human-mediated changes in aquatic vegetation and water
quality usually depend on species’ natural history traits and result in
species-specific responses (Babbitt et al., 2009; Boissinot et al., 2019;
Agostini et al., 2021; Perrone et al., 2022) we hypothesize that grazing
types and cattle stocking density would have a species-specific impact
on occurrence. During the summer and spring seasons, the wetlands of
the Flooding Pampas support vegetation communities that provide
forage resources (Jacobo et al., 2006) and complex habitats for the
reproduction of the amphibian species involved in this study (Agostini
et al.,, 2021). Thus, we predict that high cattle stocking density will
primarily reduce the availability of aquatic habitats for breeding and
that climbing species (Hylidae family) will be the most affected.

We conducted this study during the breeding season of all the
amphibian species involved in this study when livestock has access to
wetlands (Agostini et al., 2020; 2021). This approach enabled us to
compare the relative use of wetlands by amphibian communities under
different cattle management and assess the conservation value of wet-
lands in cattle ranching landscapes to favor amphibian biodiversity.

2. Material and methods
2.1. Study area and wetland selection

The study area extends ~11,500 km? and comprises 117 sites rep-
resenting cattle grazing paddocks in which wetland areas are also pre-
sent (Fig. 1). According to the floristic composition (phytogeographical
criteria), the study area comprises a uniform ecological unit named
Flooding Pampas (Soriano, 1991). Under the wetland classification
criteria, the study area comprises two units: to the east, the Coastal
Wetland Region, and to the west, the Pampean Wetland Region (Fig. 1;
Benzaquén et al., 2017). The climate is temperate and humid with an
average annual rainfall of 900 mm, uniformly distributed throughout
the year. The region is frequently exposed to prolonged flooding, due to
its depressed relief and low slope (Leon et al., 1984).

We created a wetland area dataset within the study area by digitizing
2019 aerial photographs in ArcGIS (ESRI, 2011) and recognizing those
wetlands areas suitable to conduct the surveys. Then, for each identified
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Fig. 1. Map of the study area. The green surface indicates the Pampean Wetland Regions, and the purple surface indicates the Coastal Wetland Region, according to

Benzaqueén et al. (2017). Symbols indicate the 117 wetland sites surveyed.

area, we created a 1 km? quadrant grid and then selected 200 at random.
When we reached the area, the wetlands were selected based on
accessibility and landowner permissions. We only included sites located
in paddocks containing natural wetlands surrounded by lands intended
for cattle grazing. Amphibians can respond adversely to co-occurrence
with fish and proximity to roads (Hartel et al., 2007; Brown et al.,
2012). Therefore, aquatic habitats less than 200 m away from main
roads or containing large fish (e.g., Hoplias argentinesis, Rhamdia quelem
or Oligosarcus jenynsi) were excluded from wetland selection.

Based on the information provided by ranchers and landowners,
each site was classified according to the cattle grazing type surrounding
the wetlands as follows: continuous grazing (CG), glyphosate-promoted
pastures (GlyP), and rotational grazing (RG). It should be noted that
surveys in rotational grazing paddocks were conducted only in the Coast
Wetland Region. We defined the cattle stocking density as the number of
animals (including cows and calves) per unit area at a given time since
we conducted the surveys when the cattle were grazing the paddocks.
Considering the reported cattle stocking density for the region (0.7-1
head of cattle ha™') and the information provided by ranchers and
landowners (See Supplementary material A), each site was also classi-
fied into low cattle stocking density (LowSD) when the paddocks had
less than 0.6 head of cattle ha' and high cattle stocking density
(HighSD) for those paddocks exceeding 0.6 head of cattle ha™'. For this
study, we included only those sites that had maintained consistent cattle
management practices for at least four years.

Surveys were conducted in October/November 2018 and 2019 and
February/March 2020 and 2021. To ensure statistical independence, all
sites were more than 5 km apart. All sites were sampled three times and
measurements were averaged to produce one value per variable.

2.2. Wetland attributes

At each sampling site (see wetland selection), a surface area of
250%x250 m was selected to collect data on wetland attributes. We
recorded 12 variables representing four sets of wetland attributes: water
quality (temperature, dissolved oxygen, conductivity, pH, and total
dissolved solids), nutrients (nitrites, nitrates, ammonium, total nitrogen
and soluble reactive phosphorus), wetland morphometry (average

depth), and pond vegetation cover (submerged and emerged vegeta-
tion). Water quality parameters were measured using a Hanna HI98194
multiparameter. Water samples were taken for nutrient analysis and
then immediately passed through Whatman GF/C filters having a 1.2-
um pore size (Whatman Incorporated, Clifton, NJ, USA) and transported
to the laboratory on ice. Nutrient concentrations were measured
following Baird and Bridgewater (2017). We obtained the wetland
average depth by measuring the depth in five different locations
(randomly selected) across the wetland area defined for each sampling
site. To do this, we submerged a 2 m folding meter stick until it reached
the bottom of the water body. To determine vegetation cover, we esti-
mated the percent of submerged and emerged vegetation in ten
randomly selected quadrants (50x50 cm) across the wetland area
defined for each sampling site. Then, we constructed an index for
vegetation cover per wetland, following Yin et al. (2000).

2.3. Amphibian survey

To optimize species detection, surveys were conducted after heavy
rainfall (Agostini et al., 2016, 2021). Sampling was restricted to
breeding sites combining two methods for detecting adult amphibians:
(i) acoustic surveys were conducted for 5 min in three different locations
around the wetland in each site, and (ii) visual encounter surveys were
conducted using three fixed transects (50x2 m) per site. Each transect
was randomly selected, conducted on foot, and covered both the edges
and the interior of each wetland. Surveys were conducted by the same
person during warm nights (22.00-02.00) with low wind (~10 km h.
The minimum air temperature for surveys was 12°C (measured in situ
using a Kestrel 5500FW Weather Meter). The number of observed in-
dividuals was recorded for each species. The combination of these two
methods is widely used to study amphibian communities (Petitot et al.,
2014; Boissinot et al., 2019; Agostini et al., 2021; Perrone et al., 2022).
We followed Frost (2023) for specific names and systematic approach.

2.4. Statistical analyses

Mixed-effects models with normal error structure (identity link
function) (Crawley, 2007) were used to determine the effects of cattle
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management on wetland attributes. Models (one for each response
variable) were constructed considering temperature (T), dissolved ox-
ygen (DO), conductivity (C), pH, total dissolved solids (TDS), nitrite
(NO™2), nitrate (NO ™ 3), ammonium (NH3), total nitrogen (TN), soluble
reactive phosphorus (SRP), average depth (AD), and vegetation cover
(VC) as response variables. We incorporate this variable as a random
effect because the aquatic environments studied are located in different
wetland regions.

To test the effects of cattle management on species richness and
abundance, we used generalized linear mixed models (GLMMs; Pinheiro
and Bates, 2000; Zuur et al., 2009). Species richness was determined
based on acoustic and visual surveys, whereas count abundance was
recorded only through visual surveys. Both models were fixed to Poisson
error structure (log link function for count data). We performed separate
GLMMs for each response variable and we also incorporated wetland
region as a random effect. By doing so, we controlled the variability
contributed by differences in wetland structure and anuran community
composition.

The analysis of species occurrence was limited to those species with a
presence in between 10% and 90% of the wetlands sampled (Peduzzi
et al., 1996). Of these species, we selected the three most prevalent in
the amphibian communities to explore the association of the wetland
attributes on the species occurrence. We employed separate GLMs (one
for each species in each wetland region) with Bernoulli error structure
(logit-link function, for binomial data = species detected/not detected).

All models were constructed considering the grazing management
type (CG, GlyP and RG), the cattle stocking density (LowSD and
HighSD), and their interactions as explanatory variables. Before con-
ducting analyses, we tested the spatial autocorrelation level for both
response and explanatory variables employing Mantel’s Test (Mantel,
1967) (Supplementary material A). The significance of the random ef-
fect was evaluated with a likelihood ratio (LR), and we used the
backward-selection procedure to remove non-significant effects in
decreasing order of probability. Then, Tukey’s HSD post hoc analyses
were conducted to test for treatment differences. We conducted all an-
alyses in the R environment, version 4.3.0 (R Core Team, 2023).

3. Results

The cattle management practices involved in this study affected four
wetland attributes (TDS, TN, SRP, and VC). The TDS and TN values were
only affected by cattle stocking density (EST: 0.05, STD: 0.02, t: 2.43,p <
0.05; EST: 0.09; STD: 0.04, t: —1.98, p < 0.05). Additionally, both cattle
grazing types and stocking density affected SRP (EST: 1.16, STD: 0.07, t:
2.43, p < 0.05; EST: 2.48, STD: 0.40, t: 6.08, p < 0.05) and VC (EST:
—0.74, STD: 0.32, t: —1.59, p < 0.05; EST: —0.11, STD: 0.32, t: 3.09, p <
0.05). We did not detect random effects, so the wetland region variable
was removed from the model. After removing random effects, Tukey’s
HSD post hoc analyses showed that TDS and TN values increased
significantly in all HighSD treatments with respect to the LowSD treat-
ments for the same grazing type (Fig. 2A-B). SRP values also showed a
significant increase in all HighSD treatments with respect to the LowSD
treatments for the same grazing type. The significantly higher values
were also observed in RG-HighSD compared to CG-HighSD and GlyP-
HighSD treatments (Fig. 2C). Finally, we detected lower values of
vegetation cover in all HighSD treatments compared with LowSD for the
same grazing type. This value also decreased in the GlyP-LowSD treat-
ment compared to the other cattle grazing types (Fig. 2D). The dataset of
wetlands attributes is detailed in Supplementary material B.

During two breeding seasons, we detected a total of 13 species
belonging to five anuran families (Table 1). All species were present in
both wetland regions except for C. ornata which was only found in
Coastal Wetland. All species were found in sites with all management
types. The species abundance ranked differently for both wetland re-
gions (see Table 1).

GLMMs results showed an effect of cattle stocking density on
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Fig. 2. Bar plots showing the four wetland attributes affected by cattle grazing
type or/and cattle stocking density (CSD). The transverse lines inside the bars
represent error bars (including media values and 95% confidence intervals). A:
Total Dissolved Solids. B: Ammonium. C: Soluble Reactive Phosphorus. D:
Vegetation Cover. CG: Continuous grazing. GlyP: Glyphosate-promoted pas-
tures. RG: Rotational grazing. Letters (a, b, and c) indicate significant differ-
ences between treatments (p < 0.05).
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Table 1

Species composition of the amphibian communities in 117 wetland sites from
the Flooding Pampas of central Argentina. Species occurrence is expressed as %
of occupied ponds and the abundance is expressed as means (and standard er-
rors) of the total individuals sampled.

Amphibian species Pampean Wetlands (N=55) Coastal Wetlands (N=62)

Species Abundance  Species Abundance
occurrence occurrence
Bufonidae
Rhinella arenarum 6.3 4.6 (£3.1) 7.4 3.1 (£2.5)
Rhinella dorbignyi 77.5t 20.7 60.5 19.3 (£6.3)
(£9.6)
Ceratophryidae
Ceratophrys ornata - - 12.9 6.5 (£5.9)
Hylidae
Boana pulchella 91.6¢ 24.7 86.41 29.9
(£9.2) (+13.6)
Pseudis minuta 31.6 5.8 (£6.9) 27.2 7.1 (£5.4)
Scinax granulatus 21.7 5.7 (£2.9) 18.9 3.6 (£2.2)
Scinax squalirostris 53.9 13.2 79.67 15.8 (+6.9)
(+6.5)
Leptodactylidae
Leptodactylus 5.3 1.3 (£0.9) 1.3 0.9 (+0.1)
gracilis
Leptodactylus 12.9 2.1 (£1.0) 2.7 2.5 (£0.9)
latinasus
Leptodactylus 60.3t 9.1 (£3.6) 55.3 7.1 (£5.7)
luctator
Physalaemus 39.2 5.5(£1.9) 43.5 6.8 (+5.3)
fernadezae
Pseudopaludicola 57.8 7.3 (£2.9) 54.8 9.2 (+£5.9)
falcipes
Odontophrynidae
Odontophrynus 51.2 7.8 (£2.5) 63.61 8.1 (£3.0)
asper

t Species used for those models testing the influence of different cattle man-
agement practices on amphibian species occurrence. Species occurrence was
obtained using acoustic and visual surveys and abundance was registered using
visual encounter surveys.

richness, while no effect of grazing type was detected (Table 2). Under
the same grazing type, higher stocking densities (HighSD treatments)
were associated with lower amphibian species richness (Fig. 3A). Both
grazing type and cattle stocking density emerged as significant variables
affecting species abundances (Table 2). A posteriori test showed that
HighSD treatments were associated with lower richness values
compared to the LowSD treatment for the same grazing type (Fig. 3B).
Likewise, amphibian abundance values in the RG-HighSD treatment

Table 2

Results of generalized linear mixed models. Coefficients estimates, standard
error and z-values for explanatory variables: cattle grazing types (CG =
Continuous grazing, GLyP = glyphosate-promoted pastures, RG = rotational
grazing) and cattle stocking density (LowSD, HighSD) influencing the richness
and total abundance of amphibian communities in 117 wetland sites of the
Flooding Pampas. Results of full models are presented. Significant explanatory
variables are in bold *P<0.05, **P<0.01, ***P<0.001; n.s., not significant.

Parameter Effect Estimate Std. Error z-value P

Richness Intercept 0.12 0.28 0.40 n.s.
GlyP -0.18 0.20 -0.88 n.s.
RG -0.05 0.05 -0.92 n.s.
HighSR -0.56 0.01 -35.1 il
GlyP* HighSD  0.26 0.22 1.14  ns.
RG *HighSD -0.41 0.08 -0.55 n.s.

Total Abundance Intercept 1.69 0.38 3.35 i
GlyP -0.17 0.10 -1.58 ns.
RG -0.86 0.40 -2.13 *
HighSR -8.04 0.97 -8.27 ek
GlyP* HighSD 0.02 0.15 0.17 ns.
RG *HighSD -0.52 0.47 -1.09 n.s.

CG and LowSD treatments are included in the intercept.

Agriculture, Ecosystems and Environment 361 (2024) 108801

were lower than those observed in GlyP-HighSD and CG-HighSD treat-
ments (Fig. 3B).

Since species occurrence and abundance differed between the two
wetland regions (see Table 1), the occurrence species analysis was
performed separately. The most prevalent species in the Pampean
Wetland Region were Boana pullchella, Rhinella dorbignyi, and Lep-
todactylus luctator, while B. pulchella, Scinax squalirostris and Odonto-
phrynus asper were the most prevalent species in the Coastal Wetland
Region.

In the Pampean Wetland Region, the occurrence of B. pulchella and
L. luctator was negatively affected by HighSD compared to LowSD of the
same grazing type. Furthermore, the occurrence of both species was
significantly lower in the GlyP-HighSD treatment compared with all the
treatments. The R. dorbignyi occurrence was only affected by cattle
stocking density, being lower in all HighSD treatments (Fig. 4A, Sup-
plementary material A). Finally, in aquatic habitats of the Coastal
Wetland Region, the occurrence of B. pulchella and S. squalirostris was
negatively affected by HighSD compared to LowSD (same grazing type).
Considering all the treatments, the lower occurrence values for both
species were detected in RG-HighSD (additive effect). Odontophrynus
asper occurrence was negatively affected by cattle stocking density,
being lower in all HighSD treatments (Fig. 4B, Supplementary material
A).

4. Discussion

Although Argentina stands as one of the leading countries in beef
production, the ecological consequences of cattle on biodiversity,
particularly in aquatic environments, remain understudied (Mayora
et al., 2021; Seimandi et al., 2021). Globally, conclusive evidence on
how grazing affects amphibians is lacking. While open-canopy am-
phibians are likely to experience positive effects from the presence of
livestock, the grazing effects also depend on various factors, including
geographical locations and management practices (Howell et al., 2019).
Furthermore, the intricate physiology and diverse life histories of am-
phibians render it challenging to predict their general responses to
livestock grazing (Babbitt et al., 2009). Here, we present pioneering
evidence elucidating the impact of cattle grazing on wetlands associated
with the Argentinean Pampas grasslands, shedding light on their im-
plications for native amphibian communities. Our comprehensive find-
ings reveal that, among the various cattle management practices used in
the region, the stocking density emerges as the main modulator of
amphibian diversity in the most important cattle-raising region of
Argentina, a pattern consistently observed across the multiple wetland
attributes studied.

4.1. Effects of cattle management practices on wetlands

We predicted that wetland parameters reflecting water eutrophica-
tion (nutrient concentrations and DO) would primarily be affected by
high cattle stocking density. Our results partially confirmed the pre-
diction and showed that total dissolved solids, total nitrogen, and sol-
uble reactive phosphorus increased in those sites where cattle access the
wetlands at high stocking density. The elevated nutrient concentrations
measured in our study can be attributed to the substantial amount of
feces that enter aquatic systems when livestock are concentrated. Cow
manure (feces and urine) contains organic matter, water, and nutrients
such as nitrogen, phosphorus, and potassium (Chaneton and Lavado,
1996; Tweel and Bohlen, 2008). In aquatic environments, both cow
feces and urine undergo biodegradation processes; however, excessive
amounts of manure have been proven to lead to aquatic eutrophication,
where the excess nutrients cause an overgrowth of algae, depleting ox-
ygen levels and harming aquatic life (Schmutzer et al., 2008; Kronberg
et al., 2021). Based on this, we expected to find decreases in dissolved
oxygen levels in those sites exposed to high cattle loads. The observed
results, including no significant difference in dissolved oxygen values,
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could be explained as a consequence of the sampling design, which
involved surveys conducted after heavy rainfall. We expect that with
time following rainfall events, the degradation processes of manure will
exacerbate the eutrophication of the water, leading to a more pro-
nounced decline in oxygen levels at sites subjected to high stocking
density. Finally, our findings substantiate the detrimental impact of high
stocking density on wetland vegetation cover, likely mediated by two
processes involving direct grazing on highly palatable plant species and
trampling (Seimandi et al., 2021).

When we evaluated differences among grazing types, we observed a
reduction of vegetation cover in those wetlands related to glyphosate-
promoted pastures. This is consistent with several studies demon-
strating that this broad-spectrum herbicide reduces aquatic vegetation
when reaching wetlands, whether through spray, drift, or runoff
(Richmond, 2018).

4.2. Effects of cattle management practices on amphibians

Glyphosate, the active ingredient in many herbicides, has been a
topic of concern due to its potential effects on amphibians (Mann et al.,
2009). Research conducted under controlled laboratory conditions has
shown that Glyphosate (active ingredient and commercial formulations)
and its degradation products (AMPA) can have a range of impacts on
amphibians at different stages of their life cycles, including genotoxic
and teratogenic effects (Lajmanovich et al., 2003; 2011; Mann et al.,
2009). Furthermore, studies carried out under real exposure conditions
(when glyphosate enters the aquatic environmental matrix) proved the
existence of sublethal effects in amphibian species native to central
Argentina (Agostini et al., 2020). Contrary to our prediction, we did not
detect a significant decrease in amphibian richness or abundance in
wetlands exposed to glyphosate. This unexpected finding could be
attributed to the timing of glyphosate applications, which predomi-
nantly occur in late summer (Rodriguez and Jacobo, 2010). This period
does not coincide with the reproductive activity for most of the
amphibian species considered in this study. Thus, effects may not
become severe enough to affect detections during the breeding season.
To gain a comprehensive understanding of the impact of glyphosate on
amphibian communities occurring in wetlands associated with
glyphosate-promoted pastures, future research should focus on assessing
the effects of this herbicide on aquatic species during late summer and
autumn. Species such as Boana pulchella, Scinax squalirostris, and Pseudis
minuta could serve as valuable indicators for studying the potential
consequences of glyphosate exposure associated with this pasture
management since larval stages inhabit wetlands where agrochemical
applications are placed.

The findings of this study demonstrate that high cattle stocking
densities have a detrimental impact on amphibian richness, abundance,
and wetland attributes. Several underlying mechanisms may explain
these effects. Firstly, the co-occurrence of livestock and reproductive
activities in wetlands may lead to adult exclusion and interfere with
male reproductive chorusing (Howell et al., 2009). Secondly, over-
grazing can lead to changes in vegetation structure and composition,
which in turn decreases the availability of suitable breeding habitats for
multiple amphibian species (Jansen and Healey, 2003). Lastly, elevated
cattle stocking density are likely to adversely affect recruitment by
increasing embryo and tadpole mortality (Schmutzer et al., 2008; Cole
et al., 2016).

Comparing management practices with high cattle densities, rota-
tional grazing was found to negatively affect amphibian abundance. It is
worth noting that this study did not quantitatively assess the specific
number of cows entering wetlands but rather categorized them into
high- and low-stocking density groups. However, rotational manage-
ment involves concentrating a large number of animals in relatively
small plots, exploiting the forage resources provided by wetlands
(referred to as “bajos dulces”) during the spring and summer seasons
(Rodriguez and Jacobo, 2010), which coincide with the reproductive
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activity of all species involved in this study. Consequently, the afore-
mentioned factors, such as exclusion and interference of reproductive
chorusing, may be intensified, thereby providing an explanation for the
observed results. Finally, since changes in wetland attributes may in-
fluence the detectability of species (visual surveys), it could be consid-
ered a limitation of the sampling design that cannot be completely
controlled. For example, decreases in vegetation cover (observed in
glyphosate promoted-pasture and high stocking density treatments)
could increase detectability. To overcome these limitations, we
employed other sampling techniques (auditory surveys) which are used
in previous studies (Agostini et al., 2021; Perrone et al., 2022).

The presence of Ceratophrys ornata associated only with the Coastal
Wetland Region may be explained by the population decline and local
extinction that this species is suffering in several areas of its historical
distribution, including the Pampean Wetland region (Deutsch et al.,
2017; Deutsch et al., 2023). The Coastal Wetland Region has been
identified as a priority conservation area for the species (Deutsch et al.,
2017), and recent studies have shown a high specificity for native
grassland habitats and well-preserved wetlands (Deutsch et al., in prep).
Future investigations are needed to evaluate the effects of cattle man-
agement practices on the occurrence of C. ornata aimed to provide
recommendations for conserving the remnant populations of this species
in Argentina.

In agreement with several studies, the occurrence of the five most
representative species within the communities exhibited species-specific
responses to livestock management (Babbitt et al., 2009; Boissinot et al.,
2019; Agostini et al., 2021; Perrone et al., 2022). Nevertheless, in a
general sense, the high cattle stocking density significantly impacted the
occurrence of all species when compared to low cattle stocking density
within the same grazing type (see Fig. 4). Also, in the Pampean Wet-
lands, we detected an effect of grazing type on B. pulchella and L. luctator
where wetlands associated with glyphosate-promoted pastures exhibi-
ted lower species occurrence. Although we did not find effects of this
type of management on most wetland attributes or amphibian richness
and abundance, it is plausible that factors occurring outside the study
period (e.g., larval exposure to glyphosate, winter grazing exclusion)
could show different results than those obtained during the reproductive
periods. This emphasizes the need to employ diverse measures of
biodiversity, including species-specific responses and various life cycle
stages, when evaluating the potential effects of cattle disturbances. In
the case of the two most prevalent species from the Coastal Wetlands
Region (B. pulchella and Scinax squalirostris), it was found that cattle
management involving rotational practices and high stocking density
had a detrimental impact on their occurrence. This outcome was also
corroborated through the assessment of wetland parameters (see Fig. 2)
and amphibian abundance (see Fig. 3). Our findings are consistent with
previous studies that have demonstrated the heightened sensitivity of
climbing species, specifically Hylidae, to reductions in vegetation cover
(Agostini et al., 2021; Perrone et al., 2022). Overgrazing practices may
contribute to the decline in available microhabitats essential for
amphibian breeding.

4.3. Recommendations and conservation remarks

The Flooding Pampas harbors the most well-preserved grassland in
South America (Bilenca and Minarro, 2004; Baeza and Paruelo, 2020).
Recent literature highlights the ability of these moderately anthropized
habitats to support moderate to highly diverse vertebrate assemblages
(Codesido et al., 2013; Agostini et al., 2020; Codesido and Bilenca,
2021). Nonetheless, most grassland remnants are private lands under
the imminent threat of agricultural conversion, which has been
dramatically increasing in recent decades (Arrieta et al., 2020). Addi-
tionally, meat production is likely to increase globally over the next
several decades because of population growth and income-dependent
dietary shifts towards more meat-based diets (Clark and Tilman,
2017). Therefore, the challenge is how to conserve grassland
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biodiversity in productive landscapes in the context of agricultural
expansion and livestock intensification (Bilenca et al., 2018).

Meat production alters habitats not only via land-use changes but
also through its outputs of agrochemicals, nutrients, sediments, antibi-
otics and hormones into wetlands (Howell et al., 2019). Our results
suggest that future management efforts to conserve amphibians in the
Flooding Pampas should strive to protect wetlands and subject them to
minimal cattle use during critical periods (reproduction and larval
cycle). Moreover, we highlight the urgency of specific legislation for the
protection of natural wetlands neglected by current laws (Straccia and
Isla, 2020). We also emphasize the importance of multi-institutional
actions from the production sector to promote cattle management
practices that minimize risks to biodiversity. Since aquatic habitats are
inextricably linked to their surroundings, wetland conservation must be
pursued in the context of an integrated systems approach to environ-
mental conservation and sustainable development. This is particularly
important for amphibians since many species require both terrestrial
and aquatic habitats during their life cycle (Beebee and Griffiths, 2005).

5. Conclusion

Despite significant changes to the native landscapes, cattle ranches in
central Argentina can support rich and abundant amphibian assem-
blages. This study reveals that the most common cattle management
practices affect amphibian diversity differently and that regulating
stocking density could greatly benefit wetland water quality and
amphibian diversity. However, the effective implementation of man-
agement strategies may require not only an understanding of whether
cattle grazing influences local biodiversity but also which characteristics
of wetlands must be preserved or restored in order to achieve specific
conservation goals.
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