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Abstract

Fire has become a common feature in tropical drained peatlands, and it may have detrimen-
tal impacts on the overall biodiversity of the forest ecosystem. We investigated the effect of
fire on termite and ant assemblages and the importance of remnant forest in restoring spe-
cies diversity in fire-impacted tropical peat swamp forests. The species loss of both termites
and ants was as high as 50% in some fire-impacted peats compared to remnant forests, but
in most cases the species richness for termites and ants was statistically equal along the
land uses surveyed. However, a pronounced difference in functional group composition of
termites was detected. In particular, sites close to remnant forests contained two additional
termite feeding groups so that they shared a similar composition structure with remnant for-
ests but were significantly different from sites distant from remnant forests. In general, ants
were resilient to fire, and the similarity index showed a high degree of similarity among ant
communities in all land uses surveyed. The Shannon diversity index for termites and ants
decreased with increasing distance from the remnant forests and level of ecological degra-
dation. Peat vegetation variables and ecological degradation were important in shaping ter-
mite and ant communities in the tropical peatlands, but their relative importance was not
significant in fire-impacted peats regardless of distance from the remnant forests. This study
highlights the importance of remnant forests as a biodiversity repository and natural buffer
that can enhance species diversity and recolonization of forest-adapted species.

Introduction

The forest cover of peat swamps in the Indo-Malayan region has decreased by 41% since the
early 1990s and contributed only 36% of the total forest area in 2010. If the current deforesta-
tion rate progresses at 4.9% per year, Southeast Asian peat swamp forests are likely to
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disappear off the face of the Earth in the next two decades [1]. Tropical peat swamp forests,
which are sensitive to disturbance, have been subjected to logging for valuable timber and land
conversion for agro-industrial plantations. As a result, fire has become a common feature in
the drained peatlands due to the highly flammable nature of dry peat. In addition, the El Nino
phenomenon has intensified the fires in recent decades [2].

In temperate peat bogs, highly mosaic peat swamp forests have the potential to support a
considerable number of arthropods, which are vital to ecosystem function [3,4,5,6]. They also
serve as bioindicators of the peat recovery process [7,8]. In tropical forest ecosystems, termites
and ants are highly abundant and diverse insect groups. Termites play pronounced roles as
soil ecosystem engineers that help with soil fertilization, decomposition, and nutrient-carbon
cycling; while ants act as seed dispersers, mutualists, and direct predators on multiple taxa, and
they assist in soil processing and nutrient cycling [9,10]. Recent studies of the food web at mul-
tiple trophic levels in a tropical rain forest suggested that predators (e.g., ants) are highly
dependent on herbivores and detritivores (e.g., termites) as part of their diet [11,12]. The feed-
ing natures of termites and ants suggest that they may be fundamental in food web dynamics
in a given tropical peat swamp forest and may help maintain the stability of the ecological
system. Termite and ant diversity usually decreases with increased land use disturbance
[13,14,15]. The relatively high temperature of tropical peat fires and their long-lasting smolder-
ing effects elicit greater detrimental impacts on soil-dwelling insects (e.g., termites) [16].

Taxa lost in fire-impacted peatlands and in oil palm plantations converted from peatlands
may be able to recover through successional processes, mainly via two possible mechanisms.
First, the recovery of forest structure and the availability of food sources after a fire are the
prime ecological drivers for succession. For example, the termite assemblage in fire-impacted
wet savanna was found to be was highly diverse, likely because of the rich vegetation structure
post-fire [17,18]. For ants, leaf litter volume, forest structure, and vegetation structure and
composition were significant determinants shaping the leaf litter ant community structure in
the Amazonian forest and savanna [19,20]. The dominance of opportunist ants in a central
North American grassland was associated with increased plant biomass [21]. Second, remnant
forests may act as sources to restore the loss of functionally important species in fire-impacted
peatlands. Seasonal water inundation of the forest floor and the acidic nature of peat have led
to the misconception that tropical peat swamps support low biodiversity and abundance, thus
fewer in-depth biodiversity studies of this ecosystem have been conducted compared to tem-
perate zonal peat bogs [22]. However, the biodiversity of peat swamps, including plants, mam-
mals, birds, reptiles, amphibians, and fishes, is now receiving increasing attention from
biologists, and a recent review reported that tropical peat swamp forests support numerous
rare and threatened species [23]. Thus, these remnant forests or protected areas are seen as
biodiversity reservoirs that are necessary for succession in fire-impacted land use areas. The
influence of remnant forests on vertebrate and vegetation succession in human-modified land-
scapes is obvious [24], but no clear pattern for arthropods has been reported [25,26]. Limited
evidence of arthropod succession in a tropical oil palm plantation due to the effect of forests is
available for butterflies [27], ants [28], and orchid bees in a neotropical oil palm landscape
[29]. However, the degree to which both mechanisms (i.e., recovery of habitat complexity
post-fire and remnant forests) could act as main drivers to restore the biodiversity loss in fire-
impacted peatland remains poorly understood.

The goals of this study were to address the following questions: Is there any difference in
functional diversity and community structure of the studied taxa between fire-impacted peats
far from the remnant forest and those close to the remnant forests compared with the assem-
blage in the remnant forests? and is the effect of environmental variables or the effect of rem-
nant forests more important in supporting termite and ant diversity and shaping their
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community structure? We studied three sites within remnant forests, six sites that were close
to remnant forests, and five sites that were within 10 km from the nearest forest in the same
region. This allowed us to exclude any taxa structure discrepancies at the regional scale and
minimize the effect of habitat heterogeneity.

Materials and methods

Study sites

We conducted the study in the Giam Siak Kecil-Bukit Batu Biosphere Reserve (0°44-1°11'N,
0°11’-102°10’E) in Riau Province, Indonesia. This research was undertaken with the field per-
mit number 412/SIP/FRP/SM/X/2012 from Ministry of Research, Technology and Higher
Education of the Republic of Indonesia. Fires in the croplands have been prevalent following
decades-long ground water drainage. Different management practices of the fire-impacted
peatlands after fire have created a structurally heterogeneous landscape with fragments of
abandoned peat forests, cultivated lands, and remnant forests.

We sampled termites and ants in the remnant forests, in the fire-impacted peatlands at sites
close to the remnant forests, and at sites distant from the remnant forests. We assumed that
arthropods in the remnant forests have the potential to colonize and succeed the fire-induced
losses in a given landscape. The remnant forests were surveyed and treated as reference sites
(F1-F3). Six sites close to the remnant forest were selected: A1-A4 (adjacent sites) were situ-
ated close to F1-F2 (10-100 m) and A5-A6 were located close to F3 (60-1000 m) (Fig 1). In
addition, five locations within 10 km from the remnant forests (distant sites, D1-D5) were
sampled (Fig 1). For logistical reasons, ants were only surveyed at sites D1, 3, and 4. Time
since fire and environmental variables (canopy cover, understory vegetation cover, plant litter
depth and dry litter weight) were recorded based on Neoh et al. [14]. The level of ecological
degradation in the peats was categorized based on Page et al.’s classification [30] (Table 1).
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Fig 1. Map of the region where the study was conducted showing the relative location of each transect in the
study. The inserted map in the upper right corner shows the position of the Giam Siak Kecil-Bukit Batu Biosphere Reserve
in Riau, Sumatra.

https://doi.org/10.1371/journal.pone.0174388.9001
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Table 1. Description of the seven studied locations in tropical peats in Sumatra, Indonesia.

Name of location

Remnant forests
F1

F2

F3

Sites close to

remnant forests

A1

A2

A3

A4

A5

A6

Sites distant from

remnant forests

D1

D2

D3

D4

D5

https://doi.org/10.1371/journal.pone.0174388.t001

Geographic
location

01°33.493'N, 101°

51.827’E

01°33.370'N, 101°

48.662'E

01°35.889’'N, 101°

48.480’'E

01°33.564’N, 101°

51.819°E

01°33.627’' N, 101°

51.815E

01°33.424’'N, 101°

51.692°E

01°33.473' N, 101°

51.668'E

01°35.841’'N, 101°

48.500’'E

01°36.444'N, 101°

48.615’'E

01°38.382'N, 101°

48.756’E

01°38.556' N, 101°

44.220'E

01°37.825'N, 101°

43.988’E

01°37.668' N, 101°

43.949°E

01°38.309'N, 101°

44.204’E

Level of ecological Time since fire | Canopy Understory Plant litter Dry litter
degradation [30] (month) cover (%) vegetation cover (%) depth (cm) |weight(g)
Low Unburned 91 50 5 558
Low Unburned 85 55 5 533
Low Unburned 87 61 5 495
Moderate 96 40 5 1 210
Moderate 96 35 6 1 150
High 12 0 7 1 240
High 12 0 8 1 132
Moderate to high 24 0 10 1 221
Moderate to high 12 0 2 1 250
High 6 0 5 1 205
Moderate 96 5 24 1 268.6
High 6 0 4 1 198
High 6 0 6 1 221
Moderate 96 37.8 11.4 1 250

Termite and ant sampling

To sample termites, we employed a standardized belt transect (100 x 2 m) as described by
Jones and Eggleton [31]. The transect was divided into 20 sections of 5 m intervals. The collec-
tor spent 1 h on a section (5 x 2 m each) searching through the potential habitats of termites,
such as dead tree branches, tree logs, termite galleries, nests, and soil under logs. Soldier and
worker termites were collected and stored in 80% ethanol until they were identified. The ter-
mites were sorted to species level based on identification keys of the termite fauna of the Indo-
Malayan region [32,33,34,35,36]. To sample ants, pitfall traps were set along 100 m transect of
10 m intervals for 48 h. The pitfall traps were filled with soapy water to prevent the trapped
insects from escaping. Ants were collected and stored in 80% ethanol until they were identi-
fied. The ants were identified based on descriptions by Hashimoto [37] and Bolton [38]. Ter-
mite and ant voucher specimens were deposited at the Department of Entomology, National
Chung Hsing University, Taiwan. Termites and ants were assigned to feeding groups [39] and
functional groups [40,41], respectively (See S1 and S2 Tables).
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Statistical analysis

We produced sample-based rarefaction curves with 50 randomizations for each sampling plot.
Computations were carried out using the program EstimateS Version 8.2 [42]. We compared
the species richness and feeding and functional groups in each sampling plot using analysis of
variance (SPSS Version 18) at o = 0.05.

The species richness data were subjected to fourth-root transformation prior to analysis of
similarities. Pairwise resemblance matrices were visualized using a clustering dendrogram
based on the Bray-Curtis percentage similarity index for both termite and ant assemblages at
each study site. The clusters were then separated using a similarity profile permutation test
(SIMPROF procedure). We constructed one heat map for each taxon surveyed based on habi-
tat type and functional group of the insect. The heat map is a color-coded graphical representa-
tion of a matrix that reorders rows and columns according to hierarchical clustering. The
matrix illustrates the variation in occurrence as a color gradient from light (low abundance) to
dark (high abundance). In addition, a similarity percentage analysis (SIMPER procedure) was
conducted to determine the percentage of species present in a surveyed site. The analyses were
performed using The PRIMER v7 statistical program (PRIMER-E Ltd, Lutton, UK).

Distances among functional groups and habitat types were obtained using CANOCO 5.0
[43]. The feeding and functional groups within each surveyed site were correlated with envi-
ronmental traits using canonical correspondence analysis (CCA). A Monte-Carlo test with 999
permutations was conducted to test the significance of the ordination axes. A parametric gen-
eralized additive model with Gaussian distribution was used to visualize the association
between the Shannon diversity index that reflected species evenness.

Results
Species richness

Twenty-six species of termite from 11 genera were sampled across the 14 sites. In general, the
number of termite species in remnant forests was significantly higher than those in fire-
impacted peatlands (d.f. = 13, 279; F = 10.435; p < 0.01) in rarefaction curves, but the post-hoc
Tukey analyses revealed that the number of species did not differ significantly between sites
distant from the forests and sites close to forests (Fig 2A). In all three land use types, Group I
species constituted at least 30% of the species richness (Fig 3A). Species richness of Group I at
sites distant from the forest was significantly higher than that in the other two land use types
(d.f. =2, 13; F = 38.420; p < 0.05). The species richness of Group II was equal in remnant for-
ests and sites close to the forests, but Group II was absent from sites distant from the forests
(d.f.=2,13; F = 5.836; p < 0.05). Species richness of Group III in remnant forests was signifi-
cantly higher than that present in the other two land use types (d.f. =2, 13; F = 17.365; p <
0.05). Group IV consisted of a single species (d.f. = 2, 13; F = 8.643; p < 0.05), and it was pres-
ent only in remnant forests.

For ants, 29 species from 8 functional groups were observed. The sample-based rarefaction
curves registered 10-12 species in the remnant forests, 8-10 species in fire-impacted peatlands
close the remnant forests, and 3-9 species in the distant sites. No significant difference in spe-
cies richness was detected among the land use types with the exception of site D4 (d.f. = 8, 89;
F =5.856; p < 0.01). At this site, the number of local ant species was at least 70% lower com-
pared to that of remnant forests (Fig 2B). Significantly, more Cryptic (d.f. = 2, 8; F = 7.128;

p < 0.05) and Tropical-climate Specialist (d.f. = 2, 8; F = 5.451; p < 0.05) ant species were
found in the remnant forests compared to the other land use types. In contrast, the number of
species of Dominant Dolichoderinae in remnant forests was significantly lower than that in
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Fig 2. Sample-based rarefaction curves for termite (A) and ant (B) assemblages from standardized 100 m belt transect and pitfall
trap samples in fire-impacted peats that were close to and distant from remnant forest compared with assemblages in the
remnant forest at Riau, Sumatra.

https://doi.org/10.1371/journal.pone.0174388.9002

other land use types (d.f. = 2, 8; F = 7.670; p < 0.05). The species richness of Specialist Predator
ants in remnant forests and sites close to the forests was significantly higher than that in distant
sites (d.f. =2, 8; F = 6.644; p < 0.05). The species richness of Generalized Myrmicinae (d.f. = 2,
8; F=0.169; p > 0.05), Hot-climate Specialists (d.f. = 2, 8; F = 2.333; p > 0.05), Opportunists
(d.f. =2, 8; F =2.388; p > 0.05), and Subordinate Camponotini (d.f. = 2, 8; F = 1.000; p > 0.05)
ants did not differ significantly among all land use types (p > 0.05) (Fig 3B).

Distribution of functional groups in relation to environmental, ecological
degradation, and distance traits

Functional group composition of both taxa varied with habitat type. For the termites, the sites
distant from the forests differed significantly from those in the remnant forest sites and sites
close to the forests, which were grouped into two clusters (remnant + close and distant) (Fig
4A). SIMPER analysis revealed that among the functional groups, Groups II and III contrib-
uted up to 79.8% of the dissimilarity to separate the two clusters. The CCA determined that
76.8% of the total variation in the data was explained. The distribution of the termite feeding
groups in all tested land use types along the two canonical axes was not random (F-ratio = 3.9,
P =0.005, 999 permutations). Litter depth, canopy and understory vegetation cover, and dry
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Fig 3. Species richness for termite (A) and ant (B) assemblages from standardized 100 m belt transect
and pitfall trap samples in fire-impacted peats that were close to (A1-A6) and distant from remnant
forest (D1-D5) compared with assemblages in the remnant forest (F1-F3) at Riau, Sumatra. The
termite and ant species encountered were assigned to functional groupings. Abbreviations for termite feeding
groups: Group | = feed on dead wood only; Group |l = feed on grass, dead wood, and plant litter; Group

1l = feed on soil with high organic content; Group IV = feed on soil with low organic content. Ant functional
groups: C = Cryptic, HCS = Hot-climate Specialists, SP = Specialist Predators, TCS = Tropical-climate
Specialists, O = Opportunists, GM = Generalized Myrmicinae, DD = Dominant Dolichoderinae, SC =
Subordinate Camponotini. The species richness in each transect is relative to values in the remnant forests
(i.e., F2 for termites and F3 for ants).

https://doi.org/10.1371/journal.pone.0174388.9003
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Fig 4. Heat map of species occurrence according to feeding groups of termites (A) and functional
groups of ants (B) and habitats. Dark cells represent the highest species occurrence, and light cells
represent the lowest. Dendrograms of group-average clustering of functional groups and habitats are based
on means of Bray—Curtis distances. Solid lines represent significant differences among groups based on
SIMPROF tests (p < 0.05). Abbreviations for feeding and functional groups are as for Fig 3.

https://doi.org/10.1371/journal.pone.0174388.g004
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Fig 5. Canonical correspondence analysis (CCA) triplot showing the distribution of termite feeding groups (A)
and ant functional groups (B) (triangles) and study sites (white circle) in relation to environmental variables,
level of ecological degradation, and distance of site from remnant forest (arrows). The Shannon diversity
index values characterizing termite feeding (C) and ant functional groups (D) are shown with isolines fitted
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variables: Distance = distance of study site from the nearest remnant forest, EcolDegr = ecological
degradation, LittDept = litter depth, UndVegCv = understory vegetation cover, Time-sin = time since fire,
DryLitWe = dry litter weight, CanpCovr = canopy cover.

https://doi.org/10.1371/journal.pone.0174388.g005

litter weight were positively associated with the termite feeding groups, notably Group IV,
which was present only in remnant forests (as evidenced from the strong positive association
detected for the ‘Time since fire’ explanatory variable). In contrast, the association between
Groups II and III and the environmental variables listed above was weak and present in old-
and recent-burned fire-impacted peats (Fig 5A). Group I was mainly found in recently burned
fire-impacted peats with increased ecological degradation and distance from the remnants for-
ests (Fig 4A). However, it is worth noting that this group was omnipresent, representing 97.5%
of the feeding group composition, and showed high abundance in all habitat types based on
SIMPER analysis.

For ants, no significant cluster was formed along the land use types based on ant functional
group composition. Nevertheless, three main functional groups were found (Fig 4B). The
CCA revealed that 93.3% of the variation could be explained, with axis 1 explaining 38.7% and
axis 2 accounting for 26.5% of the variation. The distribution of ant functional groups in the
analysis along the two canonical axes was not random (F-ratio = 4.7, P = 0.01, 999 permuta-
tions). The first group, Cryptic and Hot-climate Specialist ants, was positively associated with
litter depth, canopy and understory vegetation cover, and dry litter weight. These ants were
exclusively dominant in old growth land uses such as in remnant forests and at a site that was
closes to the remnant forest (A1) (Fig 4B). The second group included Specialist Predators,
Tropical-climate Specialists, Opportunists, Generalized Myrmicinae and Dominant Dolicho-
derinae. However, the association between the Specialist Predators, Tropical-climate Special-
ists, and Generalized Myrmicinae ants and the habitat characteristics mentioned above was
weak (Fig 5B). The occurrence of Tropical-climate Specialists, Opportunists, and Generalized
Myrmicinae was relatively constant in all habitats regardless of time since fire (Fig 5B). Special-
ist Predators were consistently found in remnant forests and sites close to remnant forests, but
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they were very uncommon in sites distant from the remnant forests (Fig 4B). Dominant Doli-
choderinae occurred exclusively in fire-impacted peatlands regardless of distance from rem-
nant forests and time since fire, thus they showed no relationship with the environmental
variables tested. The last group consisted of Subordinate Camponotini, which were found only
in sites distant from remnant forests with characteristics of high ecological degradation.

Species evenness

In general, the isolines of termite species evenness in the remnant forests and fire-impacted
peats located close to the remnant forests corresponded closely with explanatory variables of
time since fire and environmental variables. Termites showed clear variability relative to
distance and ecological degradation traits, especially between the remnant forests and fire-
impacted peats distant from the remnant forests (Fig 5C). For ants, the low species evenness in
distant sites corresponds to a function of distance and level of ecological degradation. Ants
showed no clear variability relative to environmental variables and time since fire traits, espe-
cially between the remnant forests and fire-impacted peats located close to the remnant forests
(Fig 5D).

Discussion

We detected a pronounced difference in functional group composition of termites between
sites close to and sites distant from remnant forests. In particular, sites close to remnant forests
contained two additional termite feeding groups so that they shared a similar composition
structure with remnant forests. In contrast, a high degree of similarity was detected among ant
communities in all land uses surveyed compared to remnant forests. The Shannon diversity
index for termites and ants decreased with increasing distance from the remnant forests and
level of ecological degradation.

Effect of fire

Despite the loss of termite species number, which was as high as 50% in some fire-impacted
peats compared to the remnant forests, the species richness for termites was statistically equal
along fire-impacted peatlands regardless of distance from the remnant forests. However, there
was a pronounced difference in feeding group composition of termite communities with dis-
tance from the remnant forests. In particular, only the termite family Rhinotermitidae was
present in the distant fire-impacted peatlands. Thus, the influence of peat fire on the termite
community is obvious. Our previous study showed that termites belonging to the family Ter-
mitidae were among the most affected by fire in tropical degraded peatland [44]. The high
temperature of peat fires and the smoldering effect could have driven the collapse of these
exclusively nest-building termites, whereas rhinotermitids that adaptively nest in tree barks
could have survived the effects of fire. Thus, the presence of termitids (Groups II and III) in
fire-impacted peatlands located close to remnant forests most likely indicates recolonization.
Our analysis of the ant data suggests that no land use type was significantly different in
term of species richness and the Bray-Curtis index based on functional group occurrence. This
indicates that peat fires have a negligible effect on ant species richness. The insensitivity of ant
species richness to fires agrees somewhat with a previous study conducted in the Brazilian Cer-
rado wetland [45]. It was reasoned that any loss of ant species in a given site can be offset by
gains of other generalist ants, so the effect on community composition in association with the
ants’ functional roles in an ecosystem is pronounced [45]. However, the effects of fire are very
habitat specific. The present results are somewhat contradictory, as no significant difference in
ant functional group composition between the burned sites and remnant forests was detected.
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Fire could act as an ecological filter to eliminate the ant species that are most vulnerable to
fires and post-fire effects in association with changes in vegetation structure and composition,
canopy openness, and soil characteristics [19,46,47,48]. Few of our ant functional groups,
including Tropical-climate Specialists, Opportunists, Generalized Myrmicinae, and Dominant
Dolichoderinae, appeared to be diagnostic functional groups in fire-impacted peatlands. How-
ever, the Cryptic ants and Specialized Predator ants were absent from the burned sites.
Although the ant functional group composition remained the same across all types of land use,
the overall abundance of ants in distant sites increased due to the dominance of aggressive or
exotic species. These findings corroborate the Shannon diversity index results, which showed
that the evenness of functional diversity decreased with increased distance from remnant for-
ests. In particular, Anoplolepis gracilipes Smith, Iridomyrmex sp., Paratrechina sp., and Pheidole
sp. were recorded in high frequency in the distant fire-impacted peatlands (S2 Table). Species
from these genera are known to be behaviorally and ecologically dominant, with high abun-
dance and resource monopolization, in highly disturbed landscapes. These ants have been rec-
ognized as dominant species in many ant communities in disturbed habitats worldwide, where
they suppress invertebrate biodiversity via competitive exclusion [49,50,51,52,53].

Long-term impact of fire

A simplified termite community structure and dominance of Group I termites were observed
in distant fire-impacted peatlands. This was especially true at sites D2 and D5, where the
reduced termite composition structure was still readily recognizable even though the fire took
place in 2007. In the semi-arid mallee region in Southeastern Australia, habitat heterogeneity
played a more pronounced role in shaping the termite assemblage compared to time since the
fire [18]. In our study, the vegetation structure became complex at sites D2 and D5 over time,
but the complexity of vegetation structure did not favor termite colonization. For ants, we only
sampled at distant sites that were recently burned in the present study, so our ant results are
not conclusive. However, poor dispersal ability [54] and unfavorable conditions in the oil
palm plantation [50] at the study site may have created an effective dispersal barrier for forest
ant colonization in the distant fire-impacted peats, as has been shown for butterflies [55]. Flo-
ren and Linsenmair [56], who investigated the effects of logging activity on arboreal ants in a
tropical rain forest, reported that the loss of ant diversity and changes in community structure
in disturbed land use areas were obvious even in a 40 year old regenerated forest. In an Ama-
zonian forest, Silveira et al. [46] found that the differences in ant species communities between
unburned and burned forests remained apparent 10 years after fire disturbance. These previ-
ous studies reinforce the suggestion that the impact of fire on termite and ant taxa that results
in local extinction of forest species and the dominance of invasive and tramp ants and wood-
feeding termites in the distant peat sites could be a long-term effect.

Recolonization

In general, soil-feeding termites are particularly sensitive to fragmentation; they showed a 20%
reduction of total species richness compared to the scenario in Amazonian continuous forests
[57]. Similarly, the ant assemblage in a tropical rain forest was significantly reduced and com-
munity composition was simplified due to fragmentation [58,59]. Ants with specialized habits
tend to be more sensitive to forest fragmentation compared to opportunist and generalist ant
species [60]. In the present study, the peat swamp forest sites surveyed were smaller than 5 ha.
We did not sample in continuous peat swamp forests, so it is not possible to know if the species
assemblage was affected by fragmentation. However, the fragmented forests support distur-
bance-sensitive species of both taxa, such as soil-feeding termites (Subulitermes group), and
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Specialist Predators and Generalized Myrmicinae ants that reportedly are strongly associated
with forest systems [61]. Given the rich biodiversity of remnant peat swamp forests, these rem-
nants can act as sources for recolonization of adjacent areas.

As arule, recovery of insect biodiversity depends on habitat quality following fire events
and insect dispersal ability [62]. Avitabile et al. [18] showed that the effect of vegetation change
after a fire on the overall termite species and community was limited as long as dead wood as
termite food continued to be available. An experimental habitat perturbation demonstrated
that dead wood left on the ground not only facilitates the recovery of species richness and
abundance but that it also enriches the composition of the termite community [63]. In the
present study, the effect of habitat heterogeneity on sites both distant and adjacent to remnant
forests was expected to be subtle because the in situ above-ground vegetation and canopy
openness in both fire-impacted peatlands were homogenous. Although ant community com-
position was not statistically different among land use types in the present study, there is good
evidence to support the hypothesis that the presence of forest-adapted functional groups (i.e.,
Cryptic and Specialized Predator ants) in sites close to remnant forests would reflect the poten-
tial of forests to act as a biodiversity reservoir to facilitate the recolonization process. Research
conducted in a Southeast Asian tropical rain forest showed that ant species richness in oil
palm plantation was higher when the plantation was close to forest [28]. In programs designed
to rehabilitate Australian bauxite mines, plant species richness and diversity, time since reha-
bilitation, percentage of plant cover and litter cover, and availability of logs affected recoloniza-
tion by opportunist ants, but these factors failed to promote the return of forest ants [64]. In
addition, the high evenness of functional diversity in fire-impacted sites close to remnant for-
ests indicates that forests could act as a natural buffer and limit the dominance of certain ant
species while enhancing species diversity via recolonization of forest-adapted species. The
dominance of tramp ants probably is buffered by limited resource monopolization and forag-
ing area and increased interspecific competition. In our study we did not address the question
of how far away recolonization could occur. However, the maximum distance of the recoloni-
zation effect may be 1 km from the remnant forest, as this is the farthest termite dispersal dis-
tance recorded to date [65]. Working with the invertebrate community associated with the
plant Sporadanthus ferrugineus (Restionaceae) in peat bogs, Watts and Didham [66] reported
that the total number of taxa recorded in potted plants located 800 m from an intact peat bog
decreased to 38% of the number present in the peat bog compared to 62% on potted plants at a
distance of 30 m.

Several studies have shown how important natural or semi-natural areas are for providing a
vital ecosystem service to nearby disturbed lands. Working with bees in canola fields in south-
ern Alberta, Canada, Morandin et al. [67] demonstrated that fields with high pastureland
cover contained significantly more native bee species, which might have contributed to the
high pollination rate compared to that in fields with low plant cover. In a Costa Rican coffee
agroecosystem, tropical forest remnants significantly enhanced species richness of bees and
the pollination rate in sites located close to the fragments [68]. Similar observations were made
for butterflies in tropical rain forest fragments [28,69]. In the present study, recolonization by
ant and termite taxa may have facilitated post-fire ecosystem restoration. For example, Dono-
van et al. [70] showed that a soil-feeding termite (Group III) and increased soil pH, organic
carbon, and water content significantly modified soil composition to favor plant growth. Ter-
mite nests create spatial structure for plant survival and growth and increase functional diver-
sity of woody plants [71,72,73,74] and also provide refugia for multiple taxa [75,76]. In
addition to the roles of species within functional groups of Specialist Predators and Cryptic
ants, their effects on a variety of ecological processes have been widely recognized [9]. The
introduction of forest ant species from remnant forests indirectly alters the ant dominance
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structure in fire-impacted peats, which favors ecosystem processes such as species coexistence
in a given site [77].

Conclusion

Drainage and peat fires can have detrimental effects on the hydrophysical properties of peat.
The combined effects of both disturbances result in increased soil bulk density, water reten-
tion, and loss of moisture content [78,79]. The heat produced by peat fires potentially causes
massive loss of peat mass and thus creates nutrient-poor peat [80]. Such changes make the
plant regeneration process impossible and the cultivation of many agricultural crops difficult.
The successional processes of termites and ants in the tropical peat swamp forest ecosystem
following disturbances may have important implications for ecosystem function restoration
and the ecological dynamics of species. In the present study, we were unable to fully address
the generality of the trends observed in the tropical peat swamps in the Indo-Malayan region,
as factors such as the effect of spatial autocorrelation in the distant sites might affect interpreta-
tion of results, and variation in fire intensity was not included as an explanatory variable. Nev-
ertheless, we provide evidence supporting the value of conserving remnant peat forests in
Southeast Asia, where tropical peats are continuously being threatened and exploited for more
oil palm and timber plantations [81].

Supporting information

S1 Table. Abundance of termite assemblages in remnant forests, sites close to remnant for-
ests, and sites distant from remnant forests. The termites were categorized based on feeding
groups: Group I: termites that feed only on wood (mainly Rhinotermitidae); Group II: termites
that have a wide range of food types, including wood, plant litter, and microepiphytes; Group
III: termites that feed on soil with high organic content or highly decayed soil-like wood;
Group IV: termites that feed on soil with low organic content [38].

(PDF)

S2 Table. Abundance of ant assemblages in remnant forests, sites close to remnant forests,
and sites distant from remnant forests. Ants were categorized based on functional groups:
Cryptic (C): abundant and diverse in forests, nest underground or in dead plant materials;
Dominant Dolichoderinae (DD): numerically and behaviorally dominant group in open envi-
ronments; Generalized Myrmicinae (GM): widespread group, armed with chemical defenses
and often show resource monopolization; Hot-climate Specialists (HCS): highly adaptable to
extreme heat and distribution limited to arid regions; Opportunists (O): widespread group,
especially when ant diversity is low, and less competitive and unspecialized in ecological func-
tion; Subordinate Camponotini (SC): generally present in areas with high diversity of the ant
community and often show apparent niche separation with DD; Specialist Predators (SP): spe-
cialization on certain arthropod prey; Tropical-climate Specialists (TCS): Hot-specialized ant
group with distribution limited to the tropics [39,40].

(PDF)
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