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Abstract Herbivory by non-native species can cre-

ate strong direct and indirect effects on plant and

arthropods communities that can potentially cross

ecosystem boundaries. Yet, the cross-ecosystems

impacts of non-native species are poorly understood.

We took advantage of ongoing invasions by non-

native ungulates in Patagonia, Argentina, to examine

their cross-ecosystem impacts on water parameters,

littoral vegetation and aquatic macroinvertebrate

assemblages in wetlands. We found a gradient of

invasion by non-native ungulates from intact (non-

invaded) to highly invaded wetlands. These highly

invaded wetlands had * 24% less vegetation cover,

which was 72% shorter in height than vegetation in

intact wetlands. As a result, the abundance of preda-

tory macroinvertebrates such as Odonata (dragonflies)

was reduced by * 90%; while Diptera were *
170%more abundant, and Oligochaeta were recorded

mostly at invaded sites. In contrast, we did not find

evidence that non-native ungulates altered water

parameters. Understanding the indirect consequences

of invasive non-native species is crucial for quantify-

ing the real impacts of global change. Our results show

strong cross-ecosystem impacts of non-native ungu-

lates on macroinvertebrate wetland communities,

highlighting the importance of indirect interactions

beyond ecosystem boundaries.

Keywords Aquatic-terrestrial ecosystems � Indirect
effects � Non-native invasive species �
Macroinvertebrates � Littoral vegetation

Introduction

Understanding how the homogenization of biodiver-

sity at multiple scales and levels of organization will

influence community and ecosystem functioning has

become a major focus of modern ecology. When

trying to understand how individuals move or energy

flows through an ecosystem, ecologists have often
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focused on smaller components (e.g., the soil, a

stream) (Lindeman 1942) of larger ecosystems (such

as a forest) and have tended to ignore the inherent

relationships between these ‘subsystems’. However,

aquatic and terrestrial ecosystems are closely con-

nected through the exchange of individuals and

resources (Nakano and Murakami 2001; Marczak

et al. 2007). Recently, it has been recognized that

interactions between different ‘‘subsystems’’ should

be considered to understand how ecosystems respond

as a whole (Loreau et al. 2003;Wardle et al. 2004). For

example, Maron et al. (2006) quantified how the

introduction of foxes in the Aleutian Islands changed

native plant communities by reducing the abundance

of seabirds, which indirectly disrupted nutrient subsi-

dies transported by the birds to the islands. Despite its

key importance, indirect interactions—the effects of

one species on another mediated by a third (Strauss

1991; Wootton 1994), are often ignored in studies of

non-native species impacts (White et al. 2006) and

little is known about their potential cross-ecosystems

effects (but see Baxter et al. 2004; Benjamin et al.

2011; Jackson et al. 2016). Additionally, the great

majority of studies of indirect effects have focused on

the impacts of top predators (Estes et al. 2011).

Through predation, competition, and habitat

destruction, non-native species can directly and indi-

rectly affect native species by suppressing their

population size and ultimately generating local extinc-

tions (Mack et al. 2000; Simberloff et al. 2013). These

impacts can create strong direct and cascading indirect

effects. For example, intense herbivory by non-native

ungulates can directly reduce aboveground biomass

and alter nutrient cycles, and indirectly influence

interactions with other herbivores, pollinators and

seed dispersers (Williamson and Griffiths 1996; Mack

and D’Antonio 1998; Vázquez and Simberloff 2004;

Rodriguez-Cabal et al. 2013, 2019). Also, large

ungulates can potentially affect input and resource

flow across terrestrial-aquatic ecosystems via nutrient

loading (Subalusky et al. 2017), removal of littoral

vegetation, modifying river courses (Beschta and

Ripple 2006) or by trampling (Barrios-Garcia and

Ballari 2012). Despite their widespread introduction

into different environments and regions of the world,

non-native ungulates pose serious threats to conser-

vation globally (Spear and Chown 2009) and studies

of their impacts on lentic aquatic ecosystems are very

scarce (but see Howell et al. 2019).

In this study, we evaluated the cross-ecosystem

indirect impacts of three coexisting non-native ungu-

lates on wetlands in Patagonia (Argentina). Wetlands

are globally recognized as hotspots of biodiversity,

both in terms of species composition and biological

traits (Mitsch and Gosselink 2007) and play an

important role in the provisioning of ecosystem

services (Clarkson et al. 2013). However, wetlands

are globally threatened by different factors such as

pollution, changes in land use and non-native species

(Mitsch and Gosselink 2007). The goal of this study

was to evaluate the possible cross-ecosystem impacts

of non-native ungulates on wetlands of Patagonia.

Specifically, we asked whether non-native ungulates

alter: (a) water parameters, (b) littoral vegetation and

(c) aquatic macroinvertebrate assemblages.

Materials and methods

Study area and site selection

This study was conducted in Nahuel Huapi National

Park (NHNP) (705,000 ha), located in northwestern

Patagonia, Argentina. Climate is humid and cold, with

an average of 0.6 �C in winter and 13.4 �C in summer

(Garreaud 2009). The native forest vegetation belongs

to the Subantartic biogeographical region (Cabrera

and Willink 1973), dominated by the evergreen

southern beech (Nothofagus dombeyi), with a dense

understory of the native shrub maqui (Aristotelia

chilensis) and bamboo (Chusquea culeou). Besides

two native deer at very low densities, Hipocamelus

bisulcus and Pudu puda (SIB 2020), there are no large

herbivores in the area except for introduced ungulates,

which represent the main source of disturbance in the

area. Cattle (Bos taurus) and horse (Equus cabalus)

were introduced by Europeans in the late eighteenth

century (Novaro et al. 2000), and wild boar (Sus

scrofa) in the early twentieth century for hunting

purposes. Current browsing pressure by non-native

ungulates is estimated to greatly exceed the historical

herbivory pressure of the region (Vázquez 2002;

Flueck 2010). For our study, invaded sites correspond

to sites with documented presence of cattle, wild boars

and horses for several years; while sites without

ungulates correspond to NHNP regions where there

are no historical records of the presence or evidence of

introduced ungulates. All non-native species have
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feral populations, and currently are the most wide-

spread ungulates in Patagonian forests (Jaksic et al.

2002), occupying 56% of the NHNP (Laurı́a Sorge and

Romero 1999). In addition, 5% of the landscape in

Patagonia is occupied by wetlands (Gaitán et al. 2011),

which are used by free-ranging cattle, wild boar and

horse, mainly for water drinking and high quality food

resources.

We selected 16 wetlands (ranging from 0.4 to

1.8 ha) embedded within Nothofagus forests within

the NHNP protected area (see Online Resource 1,

Figure S1). Most wetlands in the area are seasonally

inundated, but have water year-round with maximum

water levels peaking during the rainy season (March–

May). The wetland littoral vegetation was similar at all

sites, and mainly composed of native grasses such as

Carex chillanensis, Poa andina, Marsippospermum

grandiflorum and Schoenoplectus californicus, and the

non-native Holcus sp. (SIB 2020). Aquatic emergent

vegetation was characterized by Juncus sp, Pota-

mogeton sp andMyriophyllum sp (Perotti et al. 2005).

Fish were absent in all wetlands.

Non-native ungulates abundance

At each wetland, we estimated ungulate relative

abundance using camera-traps (Bushnell Trophy

Cam HD Agressor). Cameras were active 24 h a day

for 42 days: 21 days during January (mid Austral

summer 2019) and 21 days in May (mid Austral

autumn 2019), in order to capture most variability in

the seasonal use of the wetlands by ungulates.

Cameras were placed near animal trails and to cover

most of the littoral area of wetlands (Harmsen et al.

2010). Ungulates roam freely throughout the year

among these sites, so that littoral zones of some

invaded wetlands are continuously degraded. Since

sampled environments were all similar and target

species were all large ungulates, we assumed that the

probability of detection in our design was constant

(Sollmann et al. 2013). We set the cameras to be

triggered by motion to record 30 s videos, with 2 min

interval between triggers. Capture events were con-

sidered independent (individual records) if recorded

more than 15 min apart (O’Brien 2011). Independent

records of cattle, horses and wild boar during the

42 days were summed as a measure of ungulate

abundance (proxy measure of impact) at each site.

Cross-ecosystem impacts

Sampling was carried out during the austral summer of

2019, all variables measured at all sites between 16

and 27 of January. We measured a set of standard

water parameters (pH, water temperature, dissolved

oxygen and electrical conductivity) at a single point

within each wetland (preferably where the water level

was maximum) using a WA—2017SD Lutron multi-

parameter sensor. We estimated vegetation cover in a

5 m wide strip around the coastal area of each site, by

randomly placing five 0.5 9 0.5 m quadrats grilled in

25 cells. In each of the 25 cells, we registered

vegetation height (cm) and the number of occupied

cells to calculate mean vegetation cover (percentage).

We collected macroinvertebrates by doing one minute

sweeps using a D-framed net (250-lm mesh) (Cheal

et al. 1993) in three randomly chosen points in the

littoral area of each wetland and so as to sample water

column, vegetation and surface sediments. Samples

were collected in late January, when invertebrate

diversity is typically highest (MacSween et al. 2019;

Swartz et al. 2019). We preserved the samples in 70%

ethanol for later taxonomical identification (Merritt

and Cummins 2006). We identified all taxa to family

level to calculate abundance and family richness at

each site, except for worms that were classified into

subclasses (Hirudinea and Oligochaeta).

Statistical analysis

We used separate generalized linear models (GLMs)

with non-native ungulate abundance as a continuous

explanatory variable to test their impacts on each

abiotic (conductivity, pH, water temperature and

dissolved oxygen) and biotic (vegetation cover and

height, macroinvertebrates richness and abundance)

response variables. To avoid multicollinearity, envi-

ronmental variables were analyzed based on their

Pearson correlation coefficients and controlling the

variance inflation factors (Dormann et al. 2013). For

macroinvertebrate richness and abundance, data from

each site was pooled and analyzed using GLMs with

Poisson and Negative binomial error distributions

respectively (package MASS, Venables and Ripley

2002). To evaluate the amount of total variation

explained by each model we used analysis of deviance

(pseudo R2, package MuMIn; Barton 2012). Ade-

quacy of macroinvertebrate sampling was assessed by
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building species accumulation curves (Online

Resource 2). Macroinvertebrates known to be envi-

ronmental indicators were aggregated into orders and

analyzed as response variables (Merritt and Cummins

2006). Also, we studied whether ungulates influenced

the macroinvertebrate assemblage composition using

‘adonis’ function (999 permutations, Bray–Curtis

distance) (Oksanen et al. 2017). We visualized the

results using non-metric multidimensional scaling

(NMDS) with ‘metaMDS’ function of the vegan

package (Bray–Curtis dissimilarity). Finally, we per-

formed confirmatory path analysis (SEM, structural

equation modeling) (Lefcheck 2016) to test causal

linkages between non-native ungulates, vegetation

and aquatic macroinvertebrates (package piece-

wiseSEM, Lefcheck 2016). All analyses were con-

ducted in R (R Core Team 2019).

Results and discussion

Non-native ungulate abundance varied among our

study sites, from intact wetlands (i.e. uninvaded) to

highly invaded wetlands (Fig. 1). Three wetlands were

uninvaded, since no signs of non-native ungulates

were found (rooting by wild-boars or dung from cattle

and horses), and zero camera-trap records (‘‘Intact’’).

Four wetlands were highly invaded with non-native

ungulate records over 40 individuals, and all showing

multiple species (cattle ? horse ? wild boar, or cat-

tle ? wild boar). Eight sites showed intermediate

abundances, in which only two sites showed multiple

ungulates (cattle ? horses). Overall, most abundant

ungulate was cattle, followed by horses (Fig. 1).

Wetland area and non-native ungulate abundance

relationship was non-significant (see Online Resource

3, Figure S3). No visual signs or video records of

native ungulates were found at any of the sites. One

site was excluded from analyses given that only 2

macroinvertebrate individuals were collected. We

found no evidence that non-native ungulate abundance

influenced water conductivity, pH, water temperature

or dissolved oxygen (P[ 0.05; Online Resource 3,

Table S3), although we also observed ungulates

entering the water. Previous studies have found that

wetlands subject to grazing or farming regimes can

show weak to strong changes in different parameters

related to water quality (Scrimgeour and Kendall

2003; Steinman et al. 2003; Campbell et al. 2009;

Epele and Miserendino 2015). For example, Steinman

et al. (2003) reported few significant effects of cattle

stocking on water-column nutrient concentration,

temperature, conductivity, pH, and dissolved oxygen

in Florida wetlands; and Epele and Miserendino

(2015) found strong changes in conductivity, pH,

salinity, and total dissolved solids in wetlands in

southern Patagonia. Our study sites are embedded in

the same environmental matrix (forest) and within a

protected area, and therefore under no intensive

farming history or other disturbance beyond the

presence of non-native ungulates. This, coupled with

the dynamic nature of wetlands might buffer the effect

of non-native ungulate on water quality. In contrast,

both littoral plant cover and height were negatively

affected by ungulate abundance (Fig. 2). Highly

invaded wetlands had * 24% less vegetation cover

(r2 = 0.39, P = 0.007) and vegetation height was 72%

shorter (r2 = 0.41, P = 0.05) compared to intact

wetlands (see Online Resource 3, Table S3). This

result match extensive evidence showing that brows-

ing and trampling by non-native ungulates can neg-

atively affect vegetation structure and cover in

wetlands (Paine 2000; Ausden et al. 2005; Beever

et al. 2008; Doupé et al. 2010; Barrios-Garcia and

Ballari 2012; Boyd et al. 2017; Vandegehuchte et al.

2017).

Through their foraging behavior, large terrestrial

herbivores can connect terrestrial and aquatic ecosys-

tems with various effects on aquatic biota (Beschta

and Ripple 2006; Schieltz and Rubenstein 2016;

MacSween et al. 2019). We found that non-native

ungulates reduced predatory Odonata (dragonflies)

larvae abundance by * 90% (r2 = 0.32, P = 0.007,

see Online Resource 3, Table S3), while disturbance

tolerant groups such as Diptera and Oligochaeta

responded positively to non-native ungulate impacts.

Specifically, highly invaded wetlands sup-

ported * 170% more Diptera than non invaded sites

(r2 = 0.38, P = 0.003, see Online Resource 3,

Table S3), and Oligochaeta were registered mostly at

invaded sites (r2 = 0.42, P[ 0.001, see Online

Resource 3, Table S3). In general, larval or adult

odonate community can be an accurate indicator of

overall health status of aquatic environments (e.g.,

d’Amico et al. 2004; Kutcher and Bried 2014).

Odonata insects link aquatic and terrestrial environ-

ments, having aquatic predatory larvae and aerial

predatory adults stages along their life cycle. It is
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known that adults follow visual cues to detect breeding

habitats, and that shorter and scarcer littoral vegetation

can be perceived as lower habitat quality, affecting

Odonata oviposition and reproduction (Lee Foote and

Hornung 2005; Raebel et al. 2012). Furthermore,

because dragonflies and particularly damselflies rely

on aquatic vegetation for oviposition (Corbet 1980),

declines observed in larval odonate richness have been

linked to trampling and removal of vegetation from the

littoral zone that can interrupt odonate emergence (Lee

Foote and Hornung 2005). SEM analysis showed

indirect negative effect of non-native ungulates on

larval Odonates, mediated by a reduction in vegetation

height (Fisher’s C = 6.975, df = 12, P = 0.871;

Fig. 2). Great declines of apex predators such as

Odonates in wetlands (particularly where fish are

absent) can have important implications in ecosystem

function through cascading effects. For example,

Knight et al. (2005) showed how differential con-

sumptive effects of fish on larval dragonflies, triggered

a trophic cascade that facilitated terrestrial plant

reproduction. Future studies should aim to identify if

such reciprocal cross-ecosystem effects could be

taking place in our study sites.

Additionally, we found that highly invaded wet-

lands supported more Diptera (mostly chironomids)

and Oligochaeta than intact wetlands. These groups of

macroinvertebrate are well known to be disturbance-

tolerant taxa (Merritt and Cummins 2006) mostly

including benthic feeders and detritivores. Although

SEM analysis did not show a significant relationship

between predatory Odonata and their potential prey,

Diptera and Oligochaeta, a possible explanation for

this finding that would need further research, could be

that a great reduction in predatory Odonata enhances

abundance of Diptera and Oligochaeta, by reduced
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(direct or indirect) predation pressure. Odonate larvae

are voracious predators of several aquatic macroin-

vertebrates, including chironomids larvae (Merrill and

Johnson 1984; Fincke et al. 1997) and Oligochaeta,

and can strongly influence prey density (Fincke et al.

1997; Turner and Chislock 2007; Mortensen and

Richardson 2008). Another possible explanation is

that in invaded wetlands with low vegetation cover,

the nutrient input from the littoral area could be higher

due to runoff, defecating and trampling by ungulates,

providing more organic sediments that promote

development of such taxa (Campbell et al. 2009;

Epele and Miserendino 2015; Hill et al. 2017; Swartz

et al. 2019). Although macroinvertebrate family

richness and abundance did not show a statistically

significant relation to non-native ungulate abundance

(P[ 0.05, see Online Resource 3), macroinvertebrate

assemblage composition did differ among our wet-

lands (adonis F = 2.35, P = 0.01, Online Resource 4).

Macroinvertebrate family composition was more

similar within intact sites, than with sites with non-

native ungulates.

Aquatic and terrestrial ecosystems are closely

connected, and as a result, changes in one of them

are susceptible to cross boundaries and alter the

structure and functions of the adjacent ecosystem

(Polis et al. 1997; Loreau et al. 2003; Baxter et al.

2004), making terrestrial-aquatic linkages of key

importance in non-native species studies. Our results

show that globally widespread non-native ungulates
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such as cattle, horses and wild boar can have negative

impacts beyond the ecosystem in which they occur,

reducing vegetation structure and cover, which dras-

tically reduces aquatic apex predators abundance and

enhances disturbance-tolerant taxa in wetlands. More-

over, the fact that water parameters showed no

response to non-native ungulates abundance suggest

that the changes we observed in aquatic macroinver-

tebrates are explained by non-native ungulates. In NW

Patagonia, livestock were introduced prior to the

creation of the National Park (1934), with no consis-

tent management practices enforced to the present.

Although we are limited in our ability to provide

management recommendations given the lack of data

on stocking rotation schedules, as well as on feral

population numbers, fencing or setting rotation

schemes have shown to help maintain native biodi-

versity and provide ecosystem services for landowners

(Scrimgeour and Kendall 2003; Ausden et al. 2005;

King et al. 2017). For wild boar, hunting schemes in

Argentina have also shown efficacy in reducing its

population and therefore impacts on native vegetation

(Gürtler et al. 2017). Despite its paramount impor-

tance, this subject is still a challenge, given the

conflicting views of landowners or policy makers.

Landowners can be averse to implement management

practices of non-native species without evidence of

their impact, and even more if those non-native

species have an economic value to them (Jaric et al.

2020), such as livestock and wild boar. Wetlands are

critical environments for freshwater biodiversity and

provide important ecosystem services to humans.

Future studies should pay special attention to the

indirect impacts caused by non-native species, taking

into account possible strong cross-ecosystem effects

as we have showed here.
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