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Despite the diverse ecosystem services that forested stream margins (“riparian
buffer strips”) can provide in agricultural landscapes, understanding of their
biodiversity impacts in the tropics is lacking. Stream invertebrates support
many ecosystem functions and several groups are valuable bioindicators of
environmental conditions. Semi-aquatic bugs (insects in Hemiptera that inhabit
the water surface) are important within the aquatic food chain, acting as predators
of other invertebrates and prey for larger animals. Since they inhabit the water
surface, semi-aquatic bugs are potentially valuable indicators of within-stream
health. Focusing on the impacts of conditions at the small-scale, we investigated
how within-stream physical structure and the presence of riparian buffer strips
affected the abundance, total biomass, richness, and community composition of
semi-aquatic bugs in oil palm plantations in Sabah, Malaysia. We also assessed the
effects on the proportion of juveniles and females of Ptilomera sp. (a common
genus). Our focus on the small-scale make findings applicable for management
both within smallholder and large-scale plantations. At the small-scale (10-m
transect), oil palms streams with riparian buffers contained twice as many semi-
aquatic bugs as those without (average richness in streams with buffers 3.55
(SE+0.42) compared to 140 (SE+0.22) in streams without). We found a total
of 14 morphospecies in streams with buffers, compared to just seven in those
without. There was no difference in total biomass or the proportion of female
Ptilomera sp. in streams with or without buffers. There was a significantly higher
abundance of semi-aquatic bugs in streams with wider wetted width, more
isolated pools, shallower slopes, and lower percentage of deadwood. The
proportion of juveniles was higher in streams with higher canopy openness, higher
percentage of deadwood, lower percentage of pebbles, and narrower wetted
widths. This study demonstrates that small-scale differences in stream conditions
within oil palm can influence semi-aquatic bugs, opening up the possibility that
oil palm management could be tailored to improve environmental conditions
for stream communities. As our findings are based on only a few streams and
at measurements collected at a single time-point, more studies are needed to
validate what we have found.
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Introduction

Globally, over 100,000 species (of plants as well as invertebrates
and vertebrates) rely on freshwater systems for their habitat, but many
of these systems have been degraded by land-use change, flow
modification, pollution, invasive species, overharvesting, and
management for hydropower (Carpenter et al.,, 2011; Cazzolla Gatti,
2016; Reid et al., 2019). The extinction or decline of freshwater species
in modified systems is often driven by a change in physical and
chemical environmental conditions within and around freshwater
systems, as well as the loss or reduction of resources (Reid et al., 2019;
Tanaka et al., 2021). In terms of land-use change, forest conversion
causes erosion, sedimentation, and increased inputs of pollution into
waterways (Dudgeon et al., 2006). These increased inputs also change
the characteristics of waterways. For instance, an increased amount of
sediment deposited at the bottom of streams can reduce the flow rate
and alter aspects of the stream physical structure, such as reducing
channel width and depth (Luke et al., 2017a). In addition, conversion
often results in the loss of natural habitat margins surrounding
freshwater systems, resulting in a reduction in canopy cover, which
reduces litter inputs and increases water temperature, as well as
increasing erosion and nutrient enrichment (Wantzen and Mol, 2013;
Cole et al., 2020; Tanaka et al., 2021).

Whilst it is estimated that 83% of global freshwater biota
populations have declined between 1970 and 2014, little information
is available within the tropics, particularly about how species respond
to each type of threat (WWE 2018; Reid et al., 2019; Sundar et al.,
2020). Environmental impacts in the tropics are expected to be more
severe than in other regions (Dudgeon et al., 2006), since they house
higher levels of biodiversity (Myers et al., 2000) and experience higher
precipitation — hence more flash flood events and higher erosion
(Tanaka et al., 2021). Therefore, more investigation is needed to
improve evidence-based conservation policy and management for
tropical freshwater ecosystems. Given the extensive scale of global
tropical agricultural expansion, including in Southeast Asia (Halpern
et al, 2022), studies addressing how land-use change affects tropical
freshwater species and how conservation strategies can mitigate these
impacts, are needed urgently, particularly at a scale at which land-
managers can influence conditions.

Several management approaches have been proposed that could
reduce impacts of habitat change on streams. These include
conservation easement (leaving private land unexploited), retaining
natural margins around streams (or “riparian buffer strips”), returning
crop residue to the soil (reducing erosion by covering the soil surface
with crop residue), reducing tillage in the surrounding catchment, and
planting grass or vegetation strips around waterways and ditches.
These strategies all aim to reduce erosion and sedimentation, or limit
inputs of nutrients and pollutants into waterways (Blanco-Canqui
et al., 2004; Cooper et al., 2004; Farmer et al., 2015; Luke et al., 2019;
Duetal, 2022). Several studies have assessed the impacts of retaining
riparian buffer strips on a range of freshwater species, including fishes
and several groups of invertebrates, and have recorded benefits in
terms of both abundance and diversity (e.g., Pusey and Arthington,
2003; Arnaiz et al.,, 2011; Ceneviva-Bastos and Casatti, 2014; Luke
etal., 2017b).

Across tropical agricultural crops, oil palm is one of the main
drivers of biodiversity loss (Sodhi et al., 2004; Foster et al., 2011),
including within freshwater communities (e.g., Mercer et al., 2014;
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Giam et al,, 2015; Luiza-Andrade et al., 2017; Luke et al., 2017b;
Carvalho et al,, 2018; Chellaiah and Yule, 2018). As a platform to
improve the sustainability of palm oil production, the RSPO (the
Roundtable on Sustainable Palm Oil) provides guidelines for less
environmentally damaging production techniques, including for
maintaining and managing riparian buffers strips. This includes
recommendations on the width of buffer to be maintained and how
to design riparian buffer strips within oil palm plantations,
considering the type of soil, stream characteristics, and age of the
plantation (Barclay et al., 2017). Retaining riparian buffer strips in
oil palm in Malaysian Borneo has been shown to support higher
species richness and abundance of adult dragonflies (Luke et al.,
2017b), as well as altering the composition of benthic
macroinvertebrate communities (Chellaiah and Yule, 2018).
However, this strategy does not protect the diversity and abundance
of larval dragonflies (Luke et al., 2017b) or other sensitive groups
[such as larvae of aquatic insects, dung beetles, and large mammals
(Deere et al, 2022)]. Furthermore, beyond these few studies,
research on the effects of riparian buffer strips on freshwater
communities in the tropics, including Southeast Asia (Luke et al.,
2019), has been limited. Considering the large total area of oil palm
in Southeast Asia (Pendrill et al., 2022), studies based in this region
will be particularly useful for informing biodiversity conservation
strategies, including platforms such as the RSPO, and assessing
whether the benefits of maintaining buffer strips apply to a wide
range of taxa in the region.

Invertebrates play critical functions in freshwater systems by
acting as decomposers, herbivores, predators, or prey items (Bay,
1974; Malmqvist, 2002).
Hemiptera) are predator-scavengers as well as being preyed upon by

Semi-aquatic bugs (Gerromorpha,

other animals (Foster and Treherne, 1981; Spence and Andersen,
1994). All stages within the lifecycle of semi-aquatic bugs occur on
or in the water (Spence and Andersen, 1994), making their survival
highly dependent on within-stream conditions. Within each
population, there can be polymorphism in terms of the presence or
absence of wings, and the form that they take. The proportion of
winged and wingless adults can be related to the stability (Andersen,
2000) and quality of the habitat (Cunha et al., 2020), as well as
whether it is the breeding season - although in the tropics, semi-
aquatic bugs generally breed throughout the year (Andersen, 2000).
For instance, a study by Ditrich et al. (2008) on semi-aquatic bug
communities in spring areas in the Czech Republic found that,
unlike in permanent pools and streams, temporary systems were
dominated by winged individuals. As such, the quantification of
winged forms of semi-aquatic bugs could potentially provide a
valuable source of information about stream conditions in disturbed
habitat sites. Consideration of ratio of juveniles to adults, and males
to females within populations may also give valuable insights into
stream and community conditions. A laboratory study found that
the growth of mayflies (species investigated: Eurylophella prudentalis
and Eurylophella macdunnough) was affected significantly by water
temperature, with either an increase or decrease of five degrees
Celsius causing higher mortality or a reduction in the hatch success
of eggs (Sweeney, 1993). Consequently, this could reduce the number
of juveniles and affect the proportion of juveniles to adults, if an
increasing proportion of individuals cannot develop into the adult
stage. Additionally, since female insects sometimes require more
nutrition than males (Teder and Kaasik, 2023), a reduction in food
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resources, such as when the loss of riparian buffer strips causes a
reduction in food inputs from the surrounding area, could reduce
the proportion of females to males and the reproductive success of
the population.

Studies have reported shifts in species composition of semi-
aquatic bugs between streams with and without forested riparian
margins in Brazilian savanna streams (Dias-Silva et al., 2020).
Furthermore, richness of semi-aquatic bugs has been found to
be lower in oil palm streams than in forest streams in Amazonia
(Cunha et al., 2015), highlighting the impact of land-use change
on semi-aquatic bugs. Another study found a higher number of
winged individuals in forests than in oil palm in the Amazon
(Cunha et al,, 2020). However, no studies have yet assessed the
impacts of maintaining riparian buffer strips on this group in
Southeast Asia. In particular, studies seeking to understand how
conservation strategies affect streams at a small scale within rivers
could provide relevant information regarding the impacts of
microhabitats on this group and could increase understanding of
how microhabitat conditions affect demographic factors, such as
reproduction and sex ratios, that influence population growth in
semi-aquatic bugs. Work at the within-stream scale may
be particularly relevant for conservation management and for
informing sustainability guidelines, as this is the scale at which
individual industrial or smallholder plantation managers can
operate (Maddock, 1999).

In this study, we investigated the impacts of within-stream
physical structure and maintaining riparian buffer strips on semi-
aquatic bugs in oil palm streams in Sabah, Malaysia. We also assessed
impacts on the demographic factors of the most widespread and easily
sexed taxon in the study: Ptilomera sp. We asked the
following questions:

1) What is the variability in within-stream physical structure

across oil palm streams, and do conditions differ between
with
We hypothesized that riparian areas with buffer strips would

streams and without riparian buffer strips?
have different environmental conditions than those without,
with streams without riparian buffer strips having a higher
percentage of canopy openness, a lower percentage deadwood,
as well as narrower wetted width, lower flow speed, and more
homogenous flow regimes (due to a higher level of runoff and
sediment deposition).

2) What is the impact of within-stream physical structure and the
presence of riparian buffer strips on the richness, abundance,
total biomass, and composition of semi-aquatic bugs in oil
palm? Since semi-aquatic bugs live on the surface of the water
and are therefore likely to be affected by the environmental
conditions in and around streams, we hypothesized that oil
palm streams without forest margins would have lower species
richness, abundance, and total biomass of semi-aquatic bugs,
compared to streams with forested river margins. As some
species are likely to be more resilient to disturbed conditions,
we also hypothesized that the absence of riparian buffers, and
altered environmental conditions, would result in an altered
community composition, with a higher abundance of
disturbance-tolerant species.

3) What is the impact of within-stream physical structure and
the presence of riparian buffer strips on the proportion of
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juvenile semi-aquatic bugs, proportion of winged and
wingless adult individuals, as well as the proportion of female
Ptilomera sp.? As different sexes, presence of wings in adults,
and juvenile and adult semi-aquatic bugs may be affected by
environmental conditions to different extents, we predict
significantly altered proportions between stream types, with
streams without riparian buffers having reduced numbers of
females, higher numbers of wingless adults, and reduced
numbers of juveniles.

Materials and methods
Stream sites

Streams within oil palm plantations were surveyed in July —
September 2011 and in May - August 2012 in Sabah, Malaysia,
where there is little seasonality throughout the year (tropical
rainforest climate with average annual rainfall of 2,455 mm in the
study sites) (Luke et al, 2017a). All the streams were natural
channels present in established oil palm plantations (with drainage
channels present in the surrounding area), either had or did not have
forested riparian buffer strips, and were located within the SAFE
(Stability of Altered Forest Ecosystems) Project study system, which
was near the Kalabakan Forest Reserve, 116°570E to 117°420F,
4°380N to 4°460N (Ewers et al., 2011) (Figure 1). Oil palm sites
with forested riparian buffers strips (OPB) were in Gaharu, Keruing,
and Merbau estates (managed by Benta Wawasan). The width of the
buffer strips differed between streams, with average widths of
approximately 331 m (ranging from 75m to 1,111 m), 68 m (ranging
from 33m to 173m), and 26 m (ranging from to 2 to 57m) in
Gaharu, Keruing, and Merbau respectively, and buffers being
continuous at all streams, but with plantation roads likely to cross
them (Luke, 2016; Luke et al., 2017b; Supplementary Table 1). Exact
buffer widths varied across the length of each stream (Luke, 20165
see Supplementary Table 1) and measurements were made on both
sides of the stream at approximately 25 m intervals along a 500 m
stretch to assess this (Luke, 2016). For the stream at Gaharu,
measurements of buffer widths were conducted using a map of the
plantation, while for the streams at Keruing and Merbau,
measurements were conducted using GPS tracks that were walked
in the field. Streams without forested riparian buffer strips (OP) were
in Binuang and Selangan Batu estates, where oil palms were planted
up to the margins of streams. Within oil palm sites without forested
buffer strips, oil palms were managed and harvested as normal up to
the stream edge.

All streams originated within oil palm catchments (see
Supplementary Table 1 for information on the sizes of catchments
surrounding stream sites, average slopes, as well as channel and wetted
widths of the streams), with surrounding oil palms being planted
between 1999 and 2009 (see Supplementary Table 1 for the exact year
of each plantation), and were therefore between two and thirteen years
old at the time of this study (Luke et al, 2017b). At each stream, data
collection was standardized to be conducted from approximately 2km
downstream from the stream source. This was to ensure catchment
areas across streams were comparable, and this point is termed as the
“Om point” throughout this manuscript.
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FIGURE 1

Map of streams in oil palm with and without riparian buffer strips in the SAFE (Stability of Altered Forest Ecosystems) Project sites in Sabah, Malaysian
Borneo. The SAFE Project sites consist of streams within forest areas, an experimental area ("SAFE experimental area”) nearby the Kalabakan Forest
Reserve, as well as oil palm streams with and without riparian buffer strips. See Luke et al. (2017a,b) for more details.

Data collection on within-stream physical
structure

Stream environmental data at each site were collected once in May
- August 2012 along a 200 m transect from the “Om point” and going
upstream. Data were collected during non-flood conditions. Stream
physical structure was recorded at points at 10-m intervals along the
transect and consisted of: flow speed (time needed for a tennis ball to
travel along a 2 m string at the fastest flowing point along each transect
(at rapids or riffles), repeated three times and then averaged), canopy
openness (measured using a spherical densiometer (Lemmon, 1956)
in the middle of each stream facing upstream, downstream, and to the
left and right sides of the stream; average calculated), and wetted
width of the stream, measured using a tape measure. Due to logistical
constraints in the field, it was not possible to measure specific buffer
widths at each sample point. However, as riparian width is likely to
affect within-stream conditions downstream of the buffer location,
rather than at the location itself, measurement at this scale is unlikely
to reflect conditions at the sample locations themselves.

The physical structure of the whole river channel was also
measured by recording percentage cover of rocks, pebbles, sand, dead-
wood, rapids, riffles, connected pools, and isolated pools between
successive pairs of 10-m points, and slope at each point using a
clinometer. Deadwood were large chunks of wood from trees (tree
trunks or portions of them, or very large branches), with coverage of
>5% over the 10-m intervals. Pools, riffles, and rapids were assessed
according to water speed (pools =still water, riffles=flowing water
with a rippled surface, and rapids = fast-flowing white water). The
average of each variable was calculated for subsequent analyses.
We acknowledge that because we measured within-stream conditions
at one time-period only, we are unlikely to have captured the full range
of conditions experienced by bugs at each location, although our
measurements do reflect conditions at the time of sampling. We also
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acknowledge that water chemistry and condition can be an important
driver for semi-aquatic bugs, but we did not collect data on this at the
scale of the 10-m transect, so we did not include this aspect of
environmental conditions in our analyses. However, another study at
a larger scale conducted at the same sites showed that, out of three
parameters of water chemistry and condition that were recorded
(water temperature, pH, and conductivity), streams with and without
riparian buffer strips differed significantly only in terms of water
temperature (Supplementary Table 2). Water temperature is associated
with canopy openness (which we measured), so it is likely that this
aspect of water condition can be implied from our canopy
openness data.

Semi-aquatic bug collection and
processing

Semi-aquatic bugs were collected once from five or ten 10-m
sub-transects along the 200 m transects in July — September 2011 or
June - August 2012, using hand-held nets (following Ditrich et al.,
2008), with mesh size of 1 mm or less (hereafter, termed as “10-m
transect”) (Supplementary Table 3). The bugs were collected from the
same starting points as the measurements of stream environmental
variables (the “Om point”). After collection, all the bugs were
preserved in 70% ethanol. Juveniles were identified to family level,
while adults were identified to morphospecies level, using relevant
identification guides and taxonomic papers (Andersen, 1982;
Polhemus and Polhemus, 1988; Chen and Nieser, 1992, 1993a,b; Chen
and Zettel, 1998). During the identification process, advice from
taxonomic experts was also obtained (see Acknowledgements for
details). Although morphospecies were split as accurately as possible,
it is possible that morphospecies in this study do not align perfectly
with true species identities.
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In addition to identification, the body length of all individuals was
measured to allow biomass calculations. Body length measurement
was done to the nearest 1 mm using graph paper. Biomass was then
calculated using power regression equations, following Harianja et al.
(2023a) (derived from semi-aquatic bugs from the same study area).
Family and body form of the bugs can influence the length-biomass
relationship, thus we used three equations for the biomass calculations:
y=0.040x>*"" for Cylindrostethinae, Gerrinae, and Ptilomerinae;
y=0.072x>*'® for Halobatinae; and y=0.041x>** for Veliidae, with
y=the biomass and x=the body length of a bug (see Harianja et al,
2023a for further details). Total biomass was obtained by summing all
individual biomass calculations of semi-aquatic bugs from each of the
10-m transects, and this total was used for subsequent analyses.

For assessment of the demographic structure of semi-aquatic
bugs, we grouped adults and juveniles separately. The grouping was
based on tarsal segments: juveniles have only one tarsal segment,
while adults have at least two. For one morphospecies, Ptilomera sp.,
which has clear sexual dimorphism, we further grouped individuals
into males and females: it was not feasible to distinguish sex reliably
in other species. For each adult individual, we also recorded whether
they were winged or wingless. However, because of the low number of
winged adult individuals, we did not conduct further analysis on this
aspect of the data.

Statistical analysis

We carried out analyses and visualization using R version 4.0.4 (R
Core Team, 2021) and R Studio version 2022.07.1+554 (R Studio
Team, 2022). For analysis, basic R syntax and package “dplyr” were
used (Wickham et al., 2021). We used “plotrix” (Lemon, 2006) to
calculate standard errors and “car” to run Levene’s Test for equality of
variances (Fox and Weisberg, 2019). To check for association between
the presence or absence of riparian buffer strips and each of the stream
environmental variables, we used “ltm” package (Rizopoulos, 2006).
To run Dunn tests to assess significant differences in species richness
among streams with riparian buffer strips, we used the “FSA” package
(Ogle et al., 2023).

To summarize and visualize stream environmental variables,
we used a Principal Component Analysis (PCA), run through built-in
codes in R and “factoextra” (Kassambara and Mundt, 2020),
respectively. For analyses on impacts of stream physical structure and
the presence or absence of riparian buffer strips on semi-aquatic bugs,
we used “vegan” (Oksanen et al, 2020) to run Canonical
Correspondence Analysis (CCA), and “Ime4” (Bates et al., 2015) to
run Linear Mixed-Effect Models (LMMs) and Generalised Linear
Mixed-Effect Models (GLMMs). We used the following packages for
all other visualizations in this study: “tidyverse” (Wickham et al.,
2019), “cowplot” (Wilke, 2020), and “gridExtra” (Auguie, 2017).

Within-stream physical structure

To reduce dimensionality and summarize the environmental
variables measured across all oil palm stream sites, we used PCA
(Jolliffe, 1986), with data from each 10-m transect included as a
separate data point. We did not transform any variables used in the
analyses, and all variables were standardized first to account for
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differing units (using correlation matrix) (Jolliffe, 1986). In R,
standardization was conducted using the following function:
“scaling=TRUE?” Sand was excluded from the PCA because its value
was implied from the total percentages of other measured percentage
cover stream variables. Since the stream environmental variables
could be correlated with the presence or absence of riparian buffer
strips, we assessed whether buffer strip presence was associated with
environmental variables. For this, we ran a biserial correlation test and
found that there was a weak to moderate correlation, suggesting that
additional information was included in the environmental data and
presence/absence of buffer information (Supplementary Table 4).
Therefore, for subsequent analyses, we included the presence of
riparian buffer strips as a separate factor (hereafter “Riparian”).
Finally, to assess if the stream physical structure differed between oil
palm with and without riparian buffer strips, we ran separate Mann-
Whitney U tests for the most influential stream Principal Component
(PC) scores (i.e., PC scores 1-4 [“StreamPCl1, “StreamPC2,
“StreamPC3,” and “StreamPC4”]), obtained from PCA between the
two types of streams.

Impacts of within-stream physical
structure and retaining riparian buffer
strips on semi-aquatic bugs

To assess the impacts of measured stream environmental
conditions as well as the presence or absence of riparian buffer strips
on semi-aquatic bugs (abundance, total biomass, and richness), we ran
LMMs or GLMMs, with each data point representing a 10-m transect
site. For all analyses, we considered four PC scores on stream
environmental variables (“StreamPC1,” “StreamPC2,” “StreamPC3,
and “StreamPC4;” obtained from the PCA) as separate predictors,
because PC scores explained similar levels of variation among stream
environmental variables. In all models, stream identity was included
as a random factor to take into account the non-independence of
points within each stream (Zuur et al., 2009). We included stream as
a random rather than a fixed effect, as we did not aim to specifically
test the effect of stream identity on our dependent variables, but rather
wanted to take into account the impact of non-independence of
sampling points in our analyses. Rather than composite biodiversity
indices, we chose to focus on simple measures of our community, as
these allow assessments of specific impacts of environmental
conditions (Barrantes and Sandoval, 2009).

For abundance, we ran negative binomial models due to
overdispersion. For total biomass and richness, we ran LMM and
GLMM with gaussian and Poisson distribution, respectively, according
to the type of data (biomass and count). To assess the importance of
(“StreamPC1”/  “StreamPC2”/ “StreamPC3”/
“StreamPC4”/ “Riparian” [“Riparian” indicates the presence/absence

each predictor

of riparian buffer strips]), we ran log-likelihood ratio tests. In
particular, we used separate ANOVA tests to compare the full model
(consisting of all predictors) with a model in which one of the
predictors was dropped. To assess the effects on community
composition, we ran CCA with 999 random permutation tests using
stream environmental variables and buffer strip presence along with
community data of adult bugs. To assess the impact of stream physical
structure and retaining riparian buffer strips on the proportion of
juveniles as well as the proportion of female Ptilomera sp., we ran
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GLMM with binomial family. Similarly, for assessing the importance
of each predictor on the proportion of juveniles and female Ptilomera
sp., we ran log-likelihood ratio tests. Since there were very few winged
individuals found in this study, we carried out no formal analysis on
these data, but present totals in the results.

Results

Variability and differences in within-stream
physical structure between oil palm
streams with and without riparian buffer
strips

At the stream scale, PCA scores were spread evenly between axes
1, 2, 3, and 4 (“StreamPC1,” “StreamPC2;, “StreamPC3,” and
“StreamPC4,” respectively), with StreamPCl and StreamPC2
explaining 24.5 and 18% of the variation in environmental variables
measured in all stream sites, while “StreamPC3” and “StreamPC4”
explained 15.3 and 11.7%, respectively, (Figure 2). In general, this
means that multiple uncorrelated variables explained environmental
differences between streams. “StreamPC1” scores were correlated with
a higher percentage cover of rocks (0.387), rapids (0.366), and riffles
(0.306), a steeper slope (0.374), and more rapid flow speed (—0.333,
negative sign indicates that less time was needed for a tennis ball to
travel the 2m string), and with lower percentage cover of connected
pools (—0.471) (Table 1). “StreamPC2” scores were associated with
wider wetted width (0.464) and higher percentage of pebbles (0.417),
and with lower percentage of canopy openness (—0.531) and
deadwood (—0.332) (Table 1). “StreamPC3” scores were associated
with a steeper slope (0.312), a higher percentage of rocks (0.475),
pebbles (0.372) and isolated pools (0.359), and with lower percentage
of riffles (—0.538) (Table 1). Finally, “StreamPC4” scores were
correlated with a higher percentage of deadwood (0.427) and steeper

10.3389/ffgc.2023.1203513

slope (0.342), and with a lower percentage of isolated pools (—0.566)
and narrower wetted width (—0.445) (Table 1). Streams with and
without riparian buffer strips only differed significantly in
“StreamPC4” scores (Table 2), with streams without riparian buffer
strips having a higher percentage of deadwood but lower percentage
of isolated pools, steeper slopes, and lower wetted widths. (Table 2).

Impacts of within-stream physical
structure and retaining riparian buffer
strips on the abundance, total biomass,
and richness of semi-aquatic bugs

We found 2,699 semi-aquatic bugs (including 1858 juveniles and
841 adults) across oil palm streams in this study. The bugs were from
two families (Gerridae and Veliidae), eight genera, and 15
5, 6). Higher “StreamPC4”
scores were significantly associated with lower abundance of bugs

morphospecies (Supplementary Tables

(Figure 3, Supplementary Table 7), and the presence of riparian buffer
strips (“Riparian”) was significantly associated with higher richness of
bugs (Supplementary Table 7). Overall, the average abundance of
semi-aquatic bugs in oil palm with and without riparian buffer strips
were 10435 (SE+11.81) and 61.2 (SE+17.41), respectively.
Additionally, the average number of morphospecies of semi-aquatic
bugs in oil palm streams with riparian buffer strips was 3.55
(SE£0.42), compared to 1.4 (SE+0.22) in oil palm streams without.
There were no other significant effects of within-stream physical
structure on the abundance, total biomass, or richness of semi-aquatic
bugs (Figure 3, Supplementary Table 7). Nor was there an effect of the
presence of riparian buffer strips on the abundance or total biomass
of the bugs (Supplementary Table 7).

There was a differing community composition of semi-aquatic bugs
associated with StreamPC1 and the presence of buffer strips, but not
with other environmental variables representing stream physical
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TABLE 1 Outputs of PCA (Principal Component Analysis) for 30 10-m transects representing streams with (OPB) and without riparian buffer strips (OP)
(from three and two streams for OPB and OP, respectively), showing loading scores of each environmental variable within Principal Component (PC)
axis 1 to 4 (“StreamPC1,” “StreamPC2,” “StreamPC3,"” and “StreamPC4," respectively).

Parameter Description StreamPC1 StreamPC2 StreamPC3 StreamPC4
Average._FlowAverage Average flow speed represented by time —0.333 0.238 —0.076 —0.273
needed by a tennis ball to travel a 2-m string

Average_CanopyAverage Average canopy openness —-0.131 —0.531 0.176 —0.079
Average_WettedWidth Average wetted width of stream —0.088 0.464 —0.188 —0.445
Slope Average slope 0.374 0.086 0.312 0.342
Rocks Average percentage cover of rocks 0.387 —0.082 0.475 —0.076
Pebbles Average percentage cover of pebbles -0.229 0.417 0.372 0.079
DeadWood Average percentage cover of dead wood —0.253 —0.332 —0.047 0.427
Rapids Average percentage cover of rapids 0.366 0.199 —0.202 0.154
Riffles Average percentage cover of riffles 0.306 —0.240 —0.538 —0.206
ConnectedPools Average percentage cover of connected pools —0.471 0.186 —0.038 0.141
IsolatedPools Average percentage cover of isolated pools 0.069 —0.116 0.359 —0.566

Variables with loading scores over 0.3 for each axis are shown in bold. Each stream consisted of five transects, but with one stream (Gaharu) having ten transects.

TABLE 2 Outputs of Mann—Whitney U-test used to assess the difference in stream physical structure between oil palm with (OPB, three streams) and
without riparian buffer strips (OP, two streams), consisting of 20 and 10 10-m transects, respectively.

Compared PC scores w p-value
StreamPCl1 121 0.373
StreamPC2 56 0.054
StreamPC3 129 0.213
StreamPC4 174 <0.001 ***

Stream physical structure was represented by four PC scores (“StreamPC1,” “StreamPC2,” “StreamPC3,” and “StreamPC4”) obtained from a PCA, which explained most of the environmental
variability between the two stream sites. p-values that are less than 0.05 are given in bold and indicate significant differences.

TABLE 3 Outputs of CCA (Canonical Correspondence Analysis) used to assess the impacts of within-stream physical structure (represented by
“StreamPC1,” “StreamPC2,"” “StreamPC3,” and “StreamPC4") and the presence of riparian buffer strips (“Riparian”) on the community composition of

semi-aquatic bugs.

Predictor Ve F p-value
StreamPC1 0.178 3.381 0.002
StreamPC2 0.088 1.681 0.095
StreamPC3 0.046 0.870 0.492
StreamPC4 0.045 0.860 0.472
Riparian 0.181 3.431 0.004

p-values were obtained from 999 random permutation tests. p-values that are less than 0.05 are given in bold and indicate the significant impact of a particular predictor on the community

composition of semi-aquatic bugs. Data included adult bugs only. N=29 stream transects (one transect was removed from the analysis because of zero abundance of adults (Binuang transect

“0-10-m”).

structure (Table 3; Figure 4). In particular, the two commonest
morphospecies, Ptilomera sp. and Rhagovelia sp. differed markedly in
their distribution in relation to the presence of riparian buffer strips:
Ptilomera sp. were found across sites, but Rhagovelia sp. were found
almost exclusively in streams with buffers (Figure 4). Across the 15
morphospecies of adult bugs found across streams, only seven were
found in oil palm without riparian buffer strips (while 14 morphospecies
in total were found in oil palm streams with riparian buffer strips) and
they were generally in low abundance (Supplementary Table 5).
We found two genera that are known to be resilient to habitat change
and pollution: Limnogonus and Rheumatogonus (Mohd Ishadi et al.,
2014). On the other hand, a genus that is generally found in shaded

Frontiers in Forests and Global Change

streams only, Metrocoris, Polhemus (1990), was found at an extremely
low abundance across streams in this study, with only one individual
from streams without riparian buffer strips (Supplementary Table 6).

Impacts of within-stream physical
structure and retaining riparian buffer
strips on the ratios of juveniles to adults
and females to males in Ptilomera sp.

We found that StreamPC2 (wider wetted width and higher
percentage of pebbles, and lower percentage of canopy openness and
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FIGURE 3
Impacts of within-stream physical structure (“StreamPC1,” “StreamPC2," “StreamPC3," and “StreamPC4") on the abundance (left-hand side panel), total
biomass (middle panel), and richness (right-hand side panel) of semi-aquatic bugs. For analyses on abundance and total biomass, both juvenile and
adult individuals were used. For richness analysis, only adult bugs were used. value of ps were obtained from ANOVA tests in the framework of log-
likelihood ratio tests used to assess the importance of each predictor. Regression lines shown for significant associations fitted from “glm” with
negative binomial family. Shaded areas show 95% confidence intervals. OP = Oil palm without buffer strips, OPB = Oil palm with buffer strips. Each
point represents a 10-m transect from each stream site. N = 30 stream transects.

deadwood) significantly affected the proportion of juveniles across

Discussion

streams, with higher StreamPC2 scores being associated with a lower

proportion of juveniles. We found no other effects of within-stream
physical structure or retaining riparian buffer strips on the proportion

of

Supplementary Table 8). We found a total of only 12 winged individuals:
ten in streams with riparian buffers, two in streams without buffers.

juveniles

and females

of Ptilomera

Frontiers in Forests and Global Change

Small-scale conditions of streams with and
without riparian buffer strips
sp.  (Figure 5,

At the small-scale (10-m transects), we found that streams without
riparian buffer strips had a significantly higher percentage of

08 frontiersin.org


https://doi.org/10.3389/ffgc.2023.1203513
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Harianja et al.

10.3389/ffgc.2023.1203513

IS
o

w
o

N
=)

Cylindrostethus scrutator
W Cylindrostethus sp.

10-m transect

Limnogonus sp.
[l Metrocoris sp.1
W Ptilomera sp.
B Rhagovelia sp.1
B Rhagovelia sp.2
Il Rhagovelia sp.3

Semi-aquatic bug mean abundance/
S

(o3 oP ol

o

B Rheumatogonus sp.1
Bl Rheumatogonus sp.3
1 Rheumatogonus sp.4
B Rheumatogonus sp.6
B Tenagogonus sp.
Ventidius sp.1
Ventidius sp.2

A
RiparianPresent
<«
LA StreamPC2
]
o o
9 © StredmP G4
3 StreamPC1 réamPC3
Dl s)
¥ g
e 0
© | o
T T T T
-10 -5 0 5 10
CCA1
FIGURE 4

because of zero abundance of adults (Binuang transect “0-10-m”)).

Community composition of semi-aquatic bugs in stream sites in oil palm with (OPB, orange points) and without buffer strips (OP, yellow points) in
relation to environmental conditions (representing within-stream physical structure) measured at stream scales, visualized by a Canonical
Correspondence Analysis (CCA) tri-plot (Panel A). The presence of riparian buffer strips is also shown. Environmental parameters are indicated as
arrows. Community composition is shown by adult bug morphospecies, indicated by circles with no color but red borders. The position of a
morphospecies represents the probability of finding that species in a stream. Mean and percentage abundance of each morphospecies in both stream
types (OPB, OP) are also shown (Panel B and C, respectively). N = 30 stream transects (but for the CCA, one transect was removed from the analysis
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deadwood, fewer isolated pools (although in general the presence of
deadwood and isolated pools were low across all streams), steeper
slopes, and lower wetted width (all were factors strongly associated
with “StreamPC4” axis) than those with riparian buffers. The
characteristics of streams without riparian buffer strips that
we recorded, particularly steeper slopes and lower wetted widths,
could be because riparian areas around smaller streams with narrower
wetted widths are less likely to be protected during plantation
establishment. In addition, smaller streams may be more likely to
be found on steeper slopes (Burt et al., 2023, Supplementary Table 1).
RSPO (Roundtable on Sustainable Palm Oil) (2018) advises that
riparian buffer strips should be at least five meters wide for streams or
rivers between one and five meters wide, and that wider strips should
be maintained along larger waterways. As all oil palm streams in this
study (both with and without riparian buffer strips) had average
widths  that 12 m
(Supplementary Table 1), they should now all receive protection under

channel were between five and
RSPO guidelines. Those streams without buffer strips could have
experienced more impacts of disturbance, such as higher surface
runoff and erosion (Du et al., 2022).

It should be noted that buffers in our study areas were variable
in size and condition (average widths of buffer strips were
approximately 331 m, 68 m, and 26 m in Gaharu, Keruing, and
Merbau, respectively, but with widths varying along the length of
each stream; (Supplementary Table 1), and we only sampled two oil
palm streams without buffers and three oil palm streams with
buffers. Differences could therefore be heavily influenced by
parameters associated with just one stream, and it is important to
assess these findings in a larger-scale study. Additionally,
we collected data on stream physical structure once at each site.
Therefore, the conditions we recorded may not be representative of

Frontiers in Forests and Global Change

the overall conditions of streams or the conditions experienced by
semi-aquatic bugs over longer time periods. However, some
characteristics we recorded were less likely to be impacted by this
than others (for example, percentage canopy openness, percentage
cover of rocks, and steepness of slopes are less likely to vary over the
year than wetted width or flow speeds).

In contrast, the lack of clear differences that we found in most
factors (“StreamPC1” -
structure between streams with and without riparian buffer strips

“StreamPC3”) forming stream physical

indicates that, in general, the presence of riparian buffer strips does not
have significant impacts on within-stream physical structure. This could
be because the influences of wider catchment properties, including
management in the wider oil palm landscape, on stream conditions are
more pervasive than maintaining buffer strips or not, necessitating
Before-After Control-Impact (BACI) studies to assess the effects of
entire catchments (Spray et al., 2022). Additionally, it could because the
riparian buffers in this study were not able to protect streams from the
influence of chemical runoff or erosion from the surrounding
agricultural landscape (Xu et al., 2023; Harianja et al., 2023b).

Values of riparian buffer strips on
semi-aquatic bugs

We found only a limited range of species in our study system,
consisting of 15 morphospecies, from eight genera and two families.
This is much lower than previous studies within forested areas in
the region (e.g., up to 30 morphospecies from all forest sites in
Harianja et al. (2023b). Other studies have also found a similar
pattern, particularly that - regardless of the presence of riparian
buffer strips - oil palm streams cannot support species that are
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sensitive to anthropogenic disturbance. For instance, some insect
species [including some Odonata in Carvalho et al. (2018) and Luke
etal. (2017b)], and aquatic insect larvae and dung beetles in Deere
etal. (2022) are not found in oil palm streams.

We found that oil palm streams with riparian buffer strips had
more species/morphospecies of semi-aquatic bugs and contained a
distinct assemblage compared to streams without buffers. This is
likely to be because oil palm with riparian buffer strips provides
more food resources, such as leaf litter for invertebrates that are
prey of semi-aquatic bugs or terrestrial invertebrates falling into the
water (Maier, 1977; Mendes et al., 2019a; Popescu et al., 2021).
Furthermore, the presence of the strips may buffer the microclimatic
conditions within streams, so bug species with lower heat tolerance
can be supported. Indeed, studies conducted on other aquatic
invertebrates have found that oil palm streams house more species
that are tolerant to the higher water temperatures found in these
systems, caused by the loss of canopy cover, compared to forest
streams (Mendes et al., 2019b).

It is notable that only seven of the 15 morphospecies in our
study were found in streams without buffers: Limnogonus sp.,
Metrocoris sp., Ptilomera sp., Rhagovelia sp. 1, Rheumatogonus sp. 1
and sp. 3, and Tenagogonus sp.. Previous studies have found
Limnogonus species in forest as well as oil palm streams, showing
this genus to be resilient to habitat change (Al-Shami et al., 2011;
Mohd Ishadi et al., 2014; Moy et al., 2022). In contrast, Metrocoris
species are known to live in shaded streams (Polhemus, 1990),
which may explain their low abundance in this study: only one
individual was found in oil palm streams without riparian buffer
strips and overall abundance of this genus across streams was
generally extremely low (see Supplementary Table 6). Ptilomera and
Rhagovelia species can tolerate fast-flowing water because of
specialized structures for maintaining their position on the water
surface in these habitats (Kim et al., 2022). This may explain their
presence in oil palm streams, which can be highly variable in
streamflow due to rapid surface runoff from surrounding
agricultural land. Mohd Ishadi et al. (2014) also found Rhagovelia
and Rheumatogonus bugs across stream sites exposed to various
pollution sources (including from households, mining operations,
and agriculture), demonstrating the resilience of these genera to
changing stream conditions.

A notable difference in the community composition between
streams with and without buffers was in the two commonest
morphospecies of bugs, Ptilomera sp. and Rhagovelia sp.. Ptilomera
sp. was found across stream types, but in contrast Rhagovelia sp. was
largely restricted to streams with buffers. This could be owing to a
marked size difference between the species: Rhagovelia spp. are
relatively small and perhaps more vulnerable to variable climatic
conditions, whereas Ptilomera sp. are much larger and therefore
may be able to tolerate a wider range of microclimatic conditions
(Kingsolver et al., 2011). We note that, as we only identified bugs to
morphospecies level in this study, it is possible that some
morphospecies may have contained more than one species.
However, this is unlikely to significantly alter our key findings
which are based on consistent differences observed at the genus and
morphospecies level. More detailed taxonomic resolution of these
communities could potentially reveal additional responses to
changes in environmental parameters.
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We also note that the three streams with buffer strips (Gaharu,
Keruing, and Merbau) also differed in terms of average species
richness. Keruing supported a markedly higher number of species
than Gaharu and Merbau, but average abundance and total biomass
10
Supplementary Table 6 for breakdowns of data for each stream). This

(mg) were similar (Supplementary Tables 9, and see
difference did not seem to be related to buffer width; compared to
Gaharu and Merbau, Keruing did not have markedly wider or
narrower buffer strips. Hence this difference is also likely to have
been driven by the catchment conditions. The three areas also
differed the them
(Supplementary Table 1), which may also have influenced the

in age of oil palm surrounding
trends observed. However, there are no obvious patterns, and this
study was not designed to assess the effects of years explicitly. This

area therefore merits further investigation.

Small-scale effects of the presence of
riparian buffer strips and within-stream
physical structure on semi-aquatic bugs

Along 10-m transects, we recorded a significantly higher
abundance of bugs in streams with higher wetted width but lower
percentage isolated pools, as well as shallower slopes and lower
percentage cover of deadwood. It is likely to be related to habitat
availability (although, again, the presence of deadwood and isolated
pools were generally low across all streams). Streams with higher
wetted width are likely to have a larger surface area, providing space
for more individuals. We also found that at the small scale, streams
with riparian buffer strips had more morphospecies of semi-aquatic
bugs that streams without (average number of morphospecies in oil
palm streams with riparian buffer strips was 3.55 (SE+0.42) and 1.4
(SE+0.22) in oil palm streams without). Additionally, we also found
altered community composition. In particular, this was associated
with slope, percentage cover of rocks, rapids, riffles, connected
pools and flow speed. All of these factors, in addition to the
presence of buffer strips, were likely to be related to varying habitat
requirements needed by different species in this group (Andersen,
1982; Andersen and Weir, 1997), impacting the number of
morphospecies and altering community composition.

In contrast to effects on abundance, richness, and composition,
we did not identify any environmental factor or presence of buffer
that affected total biomass of semi-aquatic bugs. However, other
studies have found that the presence of riparian buffer strips is
associated with a higher biomass of invertebrates (Burdon and
Harding, 2008; Sargac et al., 2021). The contrasting trend observed
in this study could have been because of species replacement/
turnover across sites, stabilizing total biomass measurements.
Although streams with buffer strips had a generally higher
abundance of semi-aquatic bugs, this was from a combination of
large- and small-bodied species across life stages, while streams
without buffer strips were dominated by larger bodied bugs for
both life stages. For instance, small species (up to 4 mm in body
length) such as Rhagovelia spp. were common and abundant in
streams with buffer strips, but the larger Ptilomera sp. adults (up
to 19 mm in body length) and juveniles (up to 15mm in body
length) in streams without buffers,

remained abundant
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maintaining a high total biomass owing to their large individual
size (Slade et al,, 2011).

Furthermore, at the small scale (10-m transects), we found that
there were more juveniles in streams with higher canopy openness
and deadwood, but lower wetted width and percentage cover of
pebbles. This might show that juveniles can still survive and grow
in streams with warmer water temperature caused by higher canopy
openness, and indeed warmer conditions could result in higher
growth rates for juvenile bugs, as it can (within an optimal range for
growth) in other insects (Kingsolver et al., 2011). The higher
incidence of deadwood could provide a substrate for egg-laying
(Sweeney, 1993), potentially boosting numbers of juveniles in these
stream sections. Finally, the lower wetted width could mean that
these streams are less commonly used by adults, potentially
allowing juveniles to escape competition, increasing their relative
numbers (Spence and Carcamo, 1991).

We found an extremely low number of winged individuals at
the small scale (10-m transects) across steams and found no
relationship between any environmental factors or the presence of
riparian buffer strips on the sex ratio of Ptilomera sp.. In terms of
sex ratio, this may show that neither sex is disproportionately
affected by habitat disturbance, at least in Ptilomera species. This
could be owing to this species being robust to change or could be a
finding that is true across species and merits further study. As a
caveat to this, since Ptilomera semi-aquatic bugs in this study were
identified to morphospecies level, this group might have included
more than one species, so our results should be interpreted
with caution.

Implications and conclusion

Our study found that certain stream environmental conditions
and the presence of riparian buffer strips benefited semi-aquatic
bugs within streams in oil palm landscapes, particularly their
abundance and richness. Taxa that we found across all oil palm
streams were generally tolerant of disturbance, although we found
a significantly different community composition between streams
with and without riparian buffer strips. More studies, particularly
at a larger scale, are needed to confirm the findings from this
study, particularly because we surveyed only five streams. In
addition, over time there can be variation in semi-aquatic bug
communities (Fernando, 1963) and stream physical parameters
(including those that we did not measure in this study, such as
percentage litter cover and erosion levels). It is therefore important
to carry out studies over longer-time periods. Our study provides
the first evidence of the effects of riparian buffer strips on semi-
aquatic bugs, and extends the currently limited knowledge of the
effects of riparian buffer strips on freshwater communities in
Southeast Asia (Luke et al, 2019). Finally, whilst abundance,
richness, and composition of semi-aquatic bugs were affected by
stream physical structure and the presence of riparian buffer
strips, this was not the case for total biomass, number of winged
individuals, or for the sex ratio of Ptilomera sp.. This suggests that
these factors may be fairly robust to the effects of environmental
change, particularly for semi-aquatic bugs in permanent lotic
habitats, as in this study.
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