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Abstract Forest fragmentation is a component of global change, with substantial impact on biodiversity and
ecosystem functioning. Despite extensive evidence of forest fragmentation effects on above-ground ecological pro-
cesses, little is understood about its below-ground effects. Abundance and richness of leaf litter fauna can be
affected by forest fragmentation, and this can have cascading effects on the decomposition process. Here, we
examine how fragmentation of a subtropical dry forest affects aspects of ecosystem structure and functioning, by
unravel area and edge effects on leaf litter fauna and decomposition rates and testing whether changes in abun-
dance or richness of litter fauna mediated fragment area and edge effects on litter decomposition. We incubated
litterbags filled with a common substrate, at the edge and interior of 12 fragments of Chaco Serrano forest in Cen-
tral Argentina, for 180 days. We found that invertebrate abundance was higher at the forest edge but independent
of fragment area, whereas decomposition declined with fragment size independently of edge or interior location.
According to our results, the effect of forest size on decomposition was not mediated by changes in abundance or
richness of leaf litter fauna, suggesting independent changes in ecosystem structure and functioning.
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INTRODUCTION

Anthropogenic land use changes are a major threat
to South American native subtropical dry forests, as
logging and agricultural expansion drive deforestation
and forest fragmentation (Aide et al. 2013; Zak et al.
2008). In contrast with the extensive evidence of for-
est fragmentation effects on various above-ground
ecological processes (e.g. herbivory: Rossetti et al.
2017; seed dispersion: Markl et al. 2012), little is
understood about their impact in below-ground pro-
cesses such as leaf litter decomposition (Cuke & Sri-
vastava 2016; Remy et al. 2017).
In forest ecosystem, leaf litter fauna plays a key

role in leaf litter decomposition (Rouifed et al. 2010;
Gessner et al. 2010; Garc�ıa-Palacios et al. 2013). For
example, soil macroinvertebrates such as Isopoda
and some insect groups consume and fragment leaf
litter (Barrios 2007; Wood et al. 2012), while also
facilitating its accessibility to microorganisms (Lavelle
& Spain 2003; Petersen & Luxton 1982). Also,
mesoinvertebrates (e.g. Oribatida) not only feed on

litter, but also on fungi and bacteria (Maraun et al.
2003; Schneider et al. 2005; Illig et al. 2005). It has
been proposed that the impact of detritivorous inver-
tebrates on decomposition may be at least as large as
that of microorganisms in some ecosystems or eco-
logical contexts (Bradford et al. 2002). Also, it has
also been suggested that generalist predators, such as
Formicidae, could have a key role in decomposition
since the important top-down control on the remain-
ing soil food web (Tiede et al. 2017).
In fragmented forests, decreasing fragment area

has been linked to a decline in abundance and rich-
ness of leaf litter invertebrates, likely as a result of
stochastic local extinctions of smaller populations in
reduced habitats (Carvalho & Vasconcelos 1999;
Didham et al. 1998). Moreover, at forest edges,
changes in species composition can be triggered by
microclimatic alterations (Grimbacher et al. 2006;
Murcia 1995) and species movements (Ewers & Did-
ham 2006). For example, hotter and drier conditions
(the latter particularly relevant in dry forests) at the
forest edge relative to the interior could affect
ectothermic and small animals such as leaf litter
invertebrates (Bieringer et al. 2013; Grimbacher et al.
2006), either decreasing (e.g. species of Nitidulidae,
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Leiodinae, Staphylinidae: Didham et al. 1998; leaf lit-
ter ants: Sobrinho & Schoereder 2006) or increasing
(e.g. species of Ptiliidae, Staphylinidae, Scolytidae:
Didham et al. 1998) the survival of particular species
or groups. Conditions at the forest edge could also
facilitate the arrival of opportunistic or generalist
invertebrates from the matrix surrounding the frag-
ments (Ewers & Didham 2006; Laurance et al. 2002).
Changes in leaf litter fauna could, in turn, affect

decomposition. Despite the relevance of associated
fauna for litter decomposition, and evidence that
these organisms may be affected by habitat fragmen-
tation, the links between forest fragmentation, leaf lit-
ter decomposition and leaf litter fauna have been
elusive, and they have almost exclusively been
addressed in tropical systems (but see Remy et al.
2017 for temperate forest). For instance, higher
decomposition in small patches than in an intact
tropical forest was attributed to higher abundance of
isopods (Schleuning et al. 2011), but changes in leaf
litter fauna failed to explain the effects of forest frag-
mentation on litter decomposition in other tropical
forests (Didham 1998; Cuke & Srivastava 2016) and
in the only available evidence from subtropical forests
(Bernaschini et al. 2016). To our knowledge, the pre-
sent is the first study simultaneously considering area
and edge effects on leaf litter fauna and decomposi-
tion in fragmented forests outside the tropics.
Here, we examine how fragmentation of Chaco

Serrano, part of the most extensive and threatened
dry forest in South America (Grau et al. 2008),
affects ecosystem functioning, by studying fragmenta-
tion (area and edge) effects on leaf litter fauna and
decomposition rates and assessing the role of litter
associated fauna in such changes. In this area, we
previously found native leaf litter decomposition to
decrease with fragment size, but the causes of this
pattern remained to be tested (Moreno et al. 2014).
Here, we further explore that trend by analysing
changes in litter fauna as a possible mechanism, and
by extending the decomposition period. We expected
(i) lower abundance, richness and concomitant
changes in species composition of leaf litter fauna, in
smaller forest fragments and at the forest edge (in
comparison with larger forests and interior habitats),
and (ii) changes in leaf litter decomposition following
the changes in litter fauna.

MATERIALS AND METHODS

Study area

The study was conducted within the Chaco Serrano Dis-
trict, in Central Argentina (Luti et al. 1979). The average
annual rainfall in the region is about 750 mm, concentrated
in the warm season (October–April), with maximum and

minimum temperatures of 26 and 10°C, respectively (Luti
et al. 1979; Moglia & Gimen�ez 1998). The characteristic
vegetation is a low, open woodland, currently reduced to
isolated remnants embedded in a predominantly agricul-
tural matrix (Zak et al. 2004). We selected twelve forest
fragments (0.43 ha to over 1000 ha) within an area
located between 31°100–31°300 S and 64°000 - 64°300

W, with an elevation of 500–600 m (Fig. 1, Appendix S1).
All remnants had been isolated for at least 30 years in a
matrix dominated by wheat in winter and soybean in
summer.

Litter bag experiment

We incubated litter bags at the edge and interior of the
twelve forest fragments mentioned above. In order to con-
trol for leaf litter quality effects, we used a common sub-
strate, that is mixed leaf litter of the native species Celtis
ehrenbergiana (Klotzsch) Liebm. and Croton lachnostachyus
Baill, in equal amounts (for details of leaf litter collection
and initial leaf litter quality, see Moreno et al. 2014). We
constructed 432 litter bags (24 9 21 cm) with 0.3 mm
nylon mesh on the bottom side (to prevent leaf litter loss
through fall) and 1 mm nylon mesh on the upper side (to
prevent colonisation by invertebrates). The litter bags were
filled with 6 � 0.02 g of the common substrate. On half of
the litterbags, we made five 1-cm2 perforations to facilitate
invertebrate access (Vasconcelos & Laurance 2005), in
order to evaluate fragmentation effects on decomposing
fauna as well as the effect of invertebrates on decomposi-
tion. True dry mass before litterbag incubation was esti-
mated by calculating air-dried water content. We air-dried
5 sub-samples of the leaf litter substrate and then oven-
dried them at 50°C for 48 h. The water content value (%)
was deducted from air-dry mass in all samples.

On December 2009, we placed nine litterbags from each
invertebrate treatment (with or without perforations) on the
soil surface of each of the 12 forest fragments, in two loca-
tions: edge (within 2 m from the end of the tree line) and
interior (about 30 m from the tree line). Litterbags, with
the thin mesh side in contact with soil, were covered with
the natural litter layer of each fragment to simulate natural
decomposition conditions. We retrieved 3 litterbags from
each location, fragment and invertebrate treatment after 60,
120 and 180 days of incubation and immediately trans-
ported them in paper bags to the laboratory. Before leaf lit-
ter processing, we extracted the associated fauna by placing
litter bags in Berlese–Tullgren funnels for 7 days (Crossley
& Coleman, 1996). The fauna collected was preserved in
70% ethanol; Insecta and Collembola were identified to
Family level, while other groups were identified to higher
taxonomic levels (Borror et al. 1997; Momo & Falco
2009). After fauna extraction, leaf litter bags were stored at
�4°C until processing. Samples were then defrosted,
cleaned by removing soil material, and oven-dried at 60°C
for 48 h, for dry mass determination. To correct for soil
contamination, we determined remaining ash-free dry mass
(AFDM) for each litter bag by incineration at 550°C for
4 h (Harmon & Lajtha 1999). We estimated the decompo-
sition rate as the difference between initial litter dry weight
and litter dry weight after incubation, without ashes.
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Data analysis

To evaluate the effects of habitat fragmentation on (i) abun-
dance and richness of leaf litter fauna and (ii) leaf litter decom-
position (% dry weight mass loss), we performed generalised
linear mixed models (GLMMs) (Pinheiro et al. 2013) and lin-
ear mixed models (LMMs) (Pinheiro & Bates 2000), respec-
tively. Richness data were analysed with Poisson error
distribution; for abundance data, we used the negative binomial
function glmer.nb from the lme4 package to account for overdis-
persion. In each model, fragment size (ha), location (edge/inte-
rior), invertebrate exclusion treatment (bags with or without
holes) and incubation time (60 120 and 180 days) were
defined as fixed effects. Site (fragment identity) was also
included as random factor to account for the non-indepen-
dence of samples from the same fragment. We also evaluated
interactions between fixed effects, removing non-significant
interactions in order to obtain the most parsimonious model.
The significance of predictor variables was determined by likeli-
hood ratio tests (LRTs) in GLMMs (Bolker et al. 2009). All
analyses were performed in R version 3.0.1 2 (R Development
Core Team 2013). After checking data distribution, values were
arcsine (percentage dry mass loss) transformed in order to
achieve normal distribution.

A principal component analysis (PCA) was implemented
using rda function of vegan package (Gonzalez et al. 2001;
Oksanen et al. 2010), aiming to disentangle differences on
composition of litter associated invertebrate assemblages,
regarding location within the forest (edge versus interior).
Species data were previously transformed using the Hellin-
ger method, which reduces the importance of large abun-
dances (Borcard et al. 2018). Also, similarity analysis
(ANOSIM) was performed with anosim function of vegan
package to assess whether differences in assemblage compo-
sition, related to fragment size or edge/interior location,
were statistically significant. We used Bray–Curtis distance

with 999 permutations. These analyses were performed on
the more abundant taxonomic groups, that is those with
≥5% of total individuals collected along the three incuba-
tion periods.

Piecewise structural equation models (SEM) were con-
ducted in order to evaluate whether changes in abundance or
richness of invertebrates mediated fragment area and edge
effects on litter decomposition. This analysis combines infor-
mation from multiple separate linear models to a single causal
network and use Shipley’s test of d-separation to test whether
any paths are missing from the model (Shipley 2009). Also, this
analysis allows consideration of temporal and spatial data
dependence (version 1.1.4, https://github.com/jslefche/piece
wiseSEM). The function sem.fit of the R piecewise SEM pack-
age was used to determine Fisher’s C statistic, p-value, degrees
of freedom and the AICc for the models; the function sem.coef
was employed to determine the standardised coefficients for
each path of the models (b). We included in the model the sig-
nificant missing path obtained in the initial model to improve
its fit. Data were previously arcsine (% dry weight mass loss) or
log (abundance and richness) transformed in order to achieve
normal distribution.

RESULTS

Composition of leaf litter invertebrates in
fragments

We collected a total of 25.217 individuals belonging to
52 taxonomic groups (Appendix S2). Acarina, Gas-
tropoda, Formicidae, Hypogastruidae and Sminthuri-
dae were the most abundant groups, comprising more
than 90% of the total individuals collected.

Fig. 1. Location of Chaco Serrano forest remnants in Central Argentina. Numbers go from the smallest (1) to the largest
(12) fragments.
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Invertebrates found in litter bags were mostly detriti-
vores (73% of specimens), with predators being well
represented (25%) while herbivores were rare (1%).
The first two axes of the PCA explained, together,

74% of the total variance, showing a separation between
edge and interior locations (Fig. 2). Gastropoda and
Hypogastruidae were more associated with axis 1,
whereas Oribatida, Formicidae and Mesostigmata with
axis 2. These tendencies were confirmed by the similarity
analysis (ANOSIM) showing significant effects of loca-
tion (R Global = 0.10; P = 0.03) on the composition of
the studied assemblages, without significant effects of
forest size (R Global = 0.04; P = 0.35).

Effects of fragment area and edge/interior
locations on leaf litter fauna

Neither abundance nor richness of invertebrates dif-
fered between bags with and without perforations
(Table 1). Moreover, both abundance and richness
were independent of fragment area (Table 1). Abun-
dance was 14% higher at the edge than at the interior
of the forest (Table 1, Fig. 3a), although richness
was not affected by location (Table 1, Fig. 3b).
Abundance increased with incubation time (Table 1,
Fig. 3a), while richness was highest after 120 days of
incubation (Table 1, Fig. 3b).

Effects of fragment area and edge/interior
locations on leaf litter decomposition

Decomposition of the common substrate increased
with incubation time (Table 2), with 60–80% of the
original mass lost (mean 71 � 1.41%) after 180 days.

Leaf litter decomposition was positively related to
fragment size (Table 2, Fig. 4); no significant effects
of other factors included in the model were detected
(Table 2).

Do changes in associated fauna mediate forest
fragmentation effects on leaf litter
decomposition?

The models (Piecewise SEM) employed to evaluate
the role played by changes in abundance and richness

Fig. 2. Results of principal component analysis (PCA) of
the leaf litter fauna communities from twelve remnants of
Chaco Serrano considering edge/interior location. The
numbers indicate fragment size, from smaller to larger.
White circles: Edge, Grey circles: Interior. TG 21: Gas-
tropoda; TG23: Hypogastruidae; TG 34 Oribatida; TG 20:
Formicidae; TG 28: Mesostigmata.

Table 1. Results of generalised linear mixed models (us-
ing likelihood ratio test) examining the effects of fragment
area (log), location (edge/interior), exclusion treatment
(with/without holes) and time of incubation (60, 120 and
180 days), on abundance and richness of leaf litter fauna.
Location, incubation time and treatment were defined as
fixed effects, with site (fragment identity) as random effect.
DF: degrees of freedom

Predictor variables DF X2 P

Abundance
Fragment area 1 0.72 0.40
Location 1 15.62 <0.0001
Treatment 1 0.54 0.46
Time incubation 2 111.1 <0.0001

Richness
Fragment area 1 1.61 0.20
Location 1 1.99 0.16
Treatment 1 0.22 0.64
Time incubation 2 31.73 <0.0001
Random effects
Site identity

Fig. 3. Abundance (a) and richness (b) from edge/interior
locations in Chaco Serrano forest. Mean of 12 fragments
(�SE).
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of leaf litter fauna as drivers of fragment area and
edge effects on decomposition fit the data adequately
(P = 0.58, Fig. 5). The results showed that decom-
position rates were only influenced directly by frag-
ment area (b = 0.28, P = 0.04, Fig. 5). Location
(edge or interior) had a positive effect on invertebrate
abundance (b = 0.45, P = <0.0001, Fig. 5) which, in

turn, influenced species richness, but did not ulti-
mately impact on litter decomposition rates
(b = 0.18, P = 0.05, Fig. 5).

DISCUSSION

In this study, fragmentation of a subtropical dry for-
est differentially affected leaf litter fauna and decom-
position rates, suggesting independent changes in
biodiversity and ecosystem function. On the one
hand, abundance of leaf litter fauna showed positive
edge effects but was unrelated to forest size, whereas
decomposition rates of a common substrate declined
with forest size independently of edge or interior
location. On the other hand, our results showed that
the effect of forest size on decomposition was not
mediated by changes in abundance or richness of leaf
litter fauna. We discuss these results in detail below.
Contrary to our expectations, richness and abun-

dance of invertebrates in litter bags were independent
of the size of the forest remnant in which they had
been incubated. This lack of relationship has been
found for some ground-dwelling insects related to
leaf litter decomposition in tropical (some species of
Coleoptera; Didham et al. 1998) and subtropical for-
ests (leaf litter ants; Lozano-Zambrano et al. 2009).
Also, experimental (Rantalainen et al. 2006, 2008)
and field studies (Heiniger et al. 2014) showed that
soil mesofauna (i.e. mites and collembolans) could
be indifferent to fragment size. A possible explana-
tion could be that litter fauna do not perceive land-
scape dimensions as humans do (Tscharntke et al.
2012), so that our fragment range might not imply
limitations to the lifecycle requirements for these
small organisms. In fact, experimental studies
demonstrated that only very small patches (2 cm2-
200 cm2) diminished mite abundance or richness
(Gonzalez & Chaneton 2002; Rantalainen et al.
2006). A second possible explanation suggests that
mesofauna may be affected mainly by small-scale soil
disturbances and spatially and temporally

Table 2. Results of linear mixed model examining the effects of fragment area (log), location (edge/interior), exclusion treat-
ment (with/without holes) and incubation time (60, 120 and 180 days), on decomposition, as dry weight mass loss (arcsine
%). Location, incubation time and treatment were defined as fixed effects, with site (fragment identity) as random effect. SE:
standard error, DF: degrees of freedom

Term Estimates � SE DF F P StDev Residuals

Intercept 0.91 � 0.02 1, 129 6594.42 <0.0001
Fragment area 0.02 � 0.01 1, 10 4.74 0.05
Location �0.02 � 0.02 1, 129 1.8 0.18
Treatment �0.02 � 0.01 1, 129 3.18 0.08
Time incubation 0.03 � 0.007 1, 129 20.4 <0.0001
Random effects
Site identity 0.03 0.07

Fig. 4. Leaf litter dry weight mass loss (%) in relation to
fragment area in Chaco Serrano forest. Circles: 60, Trian-
gles: 120 and Squares: 180 days of incubation, respectively.
Although linear mixed-effects models were performed (see
Results), the least-squares trend line is shown to illustrate
the direction of the significant relationship.
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heterogeneous distribution of resources, rather than
by bigger scale changes in fragment size (Lavelle &
Spain 2003; Rantalainen et al. 2008 and bibliography
cited therein).
When location within the forest (edge/interior) was

considered, invertebrates were more abundant in lit-
ter bags incubated at the edge, in comparison with
those at the interior of the Chaco Serrano forest.
These results are in line with the findings of Molina
et al. (2006) for ground-dwelling Coleoptera within
the same area of Chaco Serrano forests and for leaf
litter fauna in tropical forest fragments (Didham et al.
1998). Microclimatic conditions at forest edges, usu-
ally hotter and drier than the interior (Chen et al.
1995; Camargo & Kapos 1995), may actually be
favourable for leaf litter fauna (Rantalainen et al.
2008 and bibliography cited there in). In addition,
the arrival of opportunistic or generalists species from
the matrix (Laurance et al. 2002; Ewers & Didham
2006) through active (e.g. Formicidae and Staphilin-
idae) or passive (e.g. Gastropoda) dispersion
(G€otmark et al. 2008) could increase macroinverte-
brate abundance at the forest edge.
In agreement with our predictions, reductions in

fragment size negatively affected leaf litter decomposi-
tion in Chaco Serrano forest, supporting previous find-
ings from a shorter incubation within the same area
(Moreno et al. 2014). However, we did not find sup-
port for the hypothesis of litter fauna abundance or
richness as a driver of the effect of fragment size on
decomposition, probably because the relationships
among area, diversity and decomposition are not
straightforward, as shown in a mesocosm experiment
(Paolucci et al. 2016). Leaf litter fauna has also failed
to explain decomposition in studies within the same
Chaco Forest (Bernaschini et al. 2016). The role of lit-
ter fauna in mediating fragmentation effects on
decomposition might be context dependent, varying
with experimental design, leaf litter traits, climate and

type of forest (Innangi et al. 2018). For example, soil
fauna has been shown to affect decomposition in
humid or tropical regions (Gonzalez et al. 2001; Brad-
ford et al. 2002; Yang and Chen 2009; Cuke & Srivas-
tava 2016), but a neutral relationship was observed in
regions where soil biota is more constrained by soil
microclimatic conditions, as is the case of Chaco Ser-
rano forest (Wall et al. 2008). Also, it has been sug-
gested that soil fauna, particularly mesofauna (e.g.
Acari and Collembola), of the most abundant groups
in our samples has little effects on decomposition
when confronted with higher quality (e.g. lower C/N)
leaf litter (Yang & Chen 2009). In our study, leaf litter
does have high quality (Moreno et al. 2014), in which
microorganisms could be assumed to play a more sub-
stantial role in the decomposition process. Thus, it
appears that the role of soil fauna on decomposition
may be maximised in sites with particular combina-
tions of microclimatic conditions and litter quality. In
line with this, a recent review by Van Der Plas (2019)
stated that neutral relationships between soil
biodiversity and decomposition were more common in
natural ecosystems.
Our study provides the first direct test of the rela-

tionship between decomposition and invertebrates in
the context of fragmentation, in a highly threatened
dry subtropical forest in South America. We showed
that leaf litter fauna seemingly benefitted from edge
conditions, but failed to explain the negative effects of
declining fragment size on decomposition. Our find-
ings suggest that particular components of habitat frag-
mentation, such as fragment size and edge effects, may
differently influence biodiversity and ecosystem func-
tion. Further studies (e.g. using lower quality litter,
incorporating microclimate data, different experimen-
tal designs) are necessary in order to disentangle the
potential mechanisms underlying such effects. From a
conservation viewpoint, our results support the protec-
tion of large forest remnants in order to sustain

Fig. 5. Structural equation models evaluating direct and indirect (through changes in associated invertebrate assemblages)
influences of fragment area and edge effect on litter decomposition. Arrow thickness indicates the standardised magnitude of
each coefficient (b), asterisks denote significant relationships: **P < 0.005; *P < 0.05. Overall fit of piecewise S.E.M. was
evaluated using Shipley's test of d-separation: Fisher's C statistic (if P > 0.05, then no paths are missing and the model is a
good fit) and Akaike information criterion (AICc).
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adequate rates of decomposition and thus avoid cas-
cading effects from impaired nutrient recycling in this
endangered ecosystem.
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