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Abstract

In tropical regions, rampant land-use conversion for agriculture threatens biodiversity
hotspots. Forests are vanishing, and taxonomic diversity is severely affected by the transformation
on a large scale. For mitigating the impacts of these land-use changes and reconciling human needs
with biological conservation, we require effective and standardized biodiversity monitoring methods.
Along with the biodiversity decline, functional diversity is also believed to suffer great losses,
affecting ecosystem functions and their resilience. This also poses the question how ecosystem

services will be affected.

Focusing on the province of Jambi in Sumatra, Indonesia, | present results from studies on
aboveground biodiversity, concentrating on birds. | investigated four different land-use systems:
lowland rainforest, jungle rubber, rubber monocultures, and oil palm monocultures. The
performance of autonomous acoustic sampling of birds was compared with classical bird point
counts using a systematic review and meta-analysis, as well as field data. For the first time, | present
methods for measuring the sound detection space: the sampling area of acoustic recorders, an
important pre-requisite of any diversity comparison. | then document the changes in diversity of
birds associated with the conversion of forests to plantations, and show how bird communities and
feeding guilds are affected. The functional dimension of these changes is expanded next, when we
analyse the relationship between species richness and functional diversity, and subsequently analyse
the change in ecological function of birds, arboreal ants, and leaf-litter invertebrates using single-trait
and multi-trait indices. Finally | demonstrate the role of birds and bats, as well as ants, on ecosystem
functions and yield in a long-term and large-scale full-factorial exclusion experiment situated in

young oil palm plantations.

My results show that autonomous sound recordings systems are at least equal to traditional
avian survey methods, generating datasets of indistinguishable completeness. However, acoustic
sampling is superior to bird point counts in many other ways, not the least a lack of observer bias and

guaranteed verifiability of results. Importantly, | show that the sound detection space of sound
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recorders is measurable and has a strong impact on any measure of diversity obtained from acoustic
data. Using traditional bird point counts, we also confirm previous research, presenting strong
declines in bird diversity and large differences in their communities, which also impact feeding guilds
differently in our two study regions. The more general study of bird, ant, and invertebrate function
demonstrates that multi-trait indices can mask trends that are better assessed with single-trait
indices. Nevertheless, species diversity was strongly correlated with functional diversity and their
relationship indicated low functional redundancy, as well as a shift towards lower trophic levels for
all taxa and towards more mobile species in birds and ants. Contrary to our expectations, these
functional changes did not seem to affect ecosystem functions or oil palm yield in our exclusion
experiment: we found that the bird and ant exclusion only affected arthropod predators, but left

ecosystem functions and yield untouched.

| recommend promoting the use of autonomous acoustic sampling methods for their many
advantages over traditional survey methods based on human observation. These methods still need
to be developed and standardized, and | provide first elements of response by deriving sound
detection spaces of acoustic recorders. However overall, acoustic sampling bears strong potential
and could become a method of choice for assessing multiple animal taxa with one tool. In the
discussion | further show that results from acoustic data are equivalent to those obtained from point
counts, confirming that the taxonomic biodiversity losses we observed are robust and real. We can
assert that land-use conversion detrimentally affects frugivores, possibly also insectivores, and
positively affects omnivores. Also, the low functional redundancy we observed across all taxa
predicts dire consequences of biodiversity loss for ecosystem functioning and resilience. Although we
could not demonstrate a positive role of birds and ants on oil palm, we believe the observed trends
to be specific to the region, which still experiences very low pest damage. However, we need to link
animals to their function more directly with individual-based dietary data, and straightforward
measurements of birds’ ecosystem functions. We also call for examining animal movement more
thoroughly to reveal the true picture of the functional transformation associated with land-use

change.
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Introduction

General context

Never before has Mankind exerted such pressure on the Earth’s natural environments. We
rely greatly on natural ecosystems for our own survival (Daily 1997) but environmental degradation is
at an all-time high (Vitousek et al. 1997), and efforts to counter-act that development are so far
ineffective (Butchart et al. 2010). Although our motivation to preserve biodiversity might stem from

our own survival instinct, nature also has a value of its own and it is our obligation to protect it.

Biodiversity loss and environmental degradation must be comprehended as a first step
before any action is taken. As ecologists we must use efficient means to recognise and study the
mechanisms underlying what is more objectively called a transformation process. We must deliver
sound science to guide decision-makers for mitigating the impact of human activities on the natural

environment, while upholding or enhancing the services that it provides.

At present, tropical ecosystems are both the most threatened and the most species-rich
(Myers et al. 2000). Threats comprise land-use and climate change, invasive species, pollution, and
hunting among others. Meanwhile, focusing on terrestrial systems, agricultural expansion, along with
goods collection, have the largest impact on terrestrial wildlife (The IUCN Species Survival

Commission 2004; Geist and Lambin 2002).

Biodiversity, ecosystem functions and services associated with

aboveground biodiversity

| focus on Southeast Asia, which as a whole constitutes a biodiversity hotspot (Myers et al.
2000) for its high biodiversity and endemism levels, as well as the alarming rate of conversion of
forest to agricultural systems (Sodhi et al. 2004). Recently, oil palm (Elaeis guineensis) expansion has
been identified as the greatest threat to biodiversity in Southeast Asia (Wilcove and Koh 2010).
Biodiversity changes after forest conversion to oil palm plantations have already been reviewed,
showing radically reduced biodiversity across several taxa (E.B. Fitzherbert et al. 2008) as well as
drastic composition changes, although changes in abundance are more taxon-specific (Savilaakso et
al. 2014, Foster et al. 2011, see Fig. 1). Another important cash crop of Southeast Asia is rubber
(Hevea brasiliensis). The three main producers of rubber — Thailand, Indonesia, and Malaysia — are in
Southeast Asia and provide two thirds of the globally produced natural rubber with strongly
increasing shares (Food and Agriculture Organization 2013). In contrast, rubber plantations have not
been reviewed yet, but several studies show strong reductions in richness and changes in

composition of aboveground biodiversity in bats (Phommexay et al. 2011) and plants (Beukema et al.
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2007), while most literature focuses on birds (Li et al. 2013, Thiollay 1995a, Aratrakorn, Thunhikorn,
and Donald 2006, and Beukema et al. 2007). Arboreal ant communities however, change in

composition but do not decrease in richness (Rubiana et al. 2015).
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Figure 1: The impacts of converting primary rainforest into an oil palm plantation on the
abundance and species richness of different taxa. Extracted from Foster et al. (2011)

Although biodiversity trends are quite clear, changes in ecosystem functions have received
very little attention in oil palm (Savilaakso et al. 2014), and only disparate studies exist (Foster et al.
2011). Strikingly, | could not find any study linking ecosystem functions to aboveground biodiversity
in rubber plantations. By classifying organisms into functional groups such as feeding guilds however,
it becomes possible to infer functional changes with biodiversity loss as has been done with birds (C.
H. Sekercioglu, Daily, and Ehrlich 2004). Along these lines, litter invertebrates have been shown to
suffer greater losses of predators with land-use conversion to rubber and oil palm plantations
(Barnes et al. 2014). Furthermore, frugivorous and insectivorous birds are negatively affected by
conversion to rubber and oil palm (Thiollay 1995a, Aratrakorn, Thunhikorn, and Donald 2006).
However, we should not directly infer loss of ecosystem functioning from biodiversity changes in
functional groups (Swift, Izac, and van Noordwijk 2004). More importantly, the abundance, body
mass and activity of the organisms are important determinants of ecosystem functioning (Barnes et
al. 2014). So far, the actual ecosystem functions provided by aboveground biodiversity, such as pest
control, litter decomposition, seed dispersal, and pollination, have not been measured directly in

these different land-use systems, revealing a true knowledge gap.

Similarly, we lack research on ecosystem services, which are essentially a subset of all

ecosystem functions that are beneficial from an anthropogenic point of view. One study showed that
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birds may protect oil palms by controlling arthropod pests (L.P. Koh 2008), and more evidence
suggests great potential of birds for bio-control of arthropod pests (De Chenon and Susanto 2006).
Moreover, litter decomposition and oil palm pollination depend mainly on single species — the oil
palm weevil Elaeidobius kamerunicus for pollination and the termite Macrotermes gilvas for
decomposition (Foster et al. 2011). The role of pollinator and decomposer communities on these
ecosystem services in oil palm are currently unknown, so that we cannot yet assert the role of

aboveground biodiversity on ecosystem services.

Location

| carried out my research in tropical landscapes of the province of Jambi, on the island of
Sumatra in Indonesia, Southeast Asia. Sumatra belongs to the Southeast Asian biodiversity hotspot
and also undergoes very rapid, human-driven land-use change. Agricultural expansion has
considerably reduced the forest cover (Margono et al. 2014) over the past decades in Indonesia, and
Sumatra is a prime example of a process that is already advanced. Large swathes of land have been
and are being converted to monoculture plantations of oil palm and rubber trees, but also to Acacia
and Eucalyptus plantations, all of them cash crops, which currently constitute the main anthropic

land use of the province of Jambi (Melati et al. in prep.).

This research is part of the Collaborative Research Centre 990 (EFForTS), and as such, most
field work was carried out on the project’s core plots established in forest, jungle rubber, and rubber
and oil palm monocultures. The study sites are described in detail in Drescher et al. (2016) and
presented in Figure 2. We additionally established additional experimental plots in young oil palm

plantations, which are described more in detail in chapter 5.
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Figure 2: Overview of the CRC 990 study region, core plots, and research project infrastructure
from Drescher et al. (2016)

Study organisms and methods

In the present study, | focus on birds because of their influential and varied roles in terrestrial
ecosystems. By virtue of their diverse diets and great mobility, birds fulfil many functions as
predators, seed dispersers and consumers, pollinators, and scavengers (Whelan, Wenny, and
Marquis 2008). Birds are also one of the most species-rich taxa which experienced a fast radiation
(Jetz et al. 2012). Thus, they constitute a taxon of choice for investigating the impact of agricultural

expansion on biodiversity and ecosystem functioning.

We must aim for global, standard, and effective methods to assess biodiversity in the first
place. Birds have been thoroughly studied for centuries using a variety of survey techniques and are
therefore suitable for evaluating different assessment methods. Birds are surveyed on different
spatial scales (points, transects, entire regions) with different detection methods (visual, acoustic,
mist-netting, see Sutherland, Newton, and Green 2004). These survey techniques all rely on human

observation but recently, autonomous recording units (ARUs) have emerged for carrying out
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acoustic-only surveys. The effectiveness of these modern sampling methods has not been evaluated

thoroughly yet.

Aims

In the present thesis, | analyse traditional and modern avian survey techniques by comparing
them and providing solutions for standardizing acoustic sampling methods. We then use these
methods to assess taxonomic and functional diversity trends associated with the conversion of forest
to rubber and oil palm agricultural systems in Southeast Asia, Indonesia. We finally elucidate bird

functions and services using an experimental approach.

| evaluate autonomous sound recorders compared with the golden standard of bird surveys:
traditional point counts, which rely on human observation, in chapter 2. Using a systematic review of
studies comparing both methods, | carried out a meta-analysis with the available data and
complemented the review with data from our own field survey, underlining fundamental differences
between human-based and microphone-based detections. | conclude with a clear list of advantages

for each method.

Acoustic survey methods have not existed for a long time and thus very few attempts have
been made to standardize the methodology. Using simple equipment and protocols, in chapter 3 |
show how to measure the detection space areas of acoustic recorders. By knowing the sampled area,
we can infer the density of the sampled animals and make valid comparisons of biodiversity between

sampling sites.

With these tools at hand, bird communities should be assessed in reference land-use systems
and their agricultural derivatives. In chapter 4 | present the results of a point-count based survey to
sample birds along a transformation gradient from forest habitats to oil palm plantations, while

tracking the associated functional changes.

To unravel the birds’ function, we use functional traits as proxies and investigate the
functional response of arboreal ants, birds, and litter invertebrates in chapter 5. We contrast single
trait values with multiple-traits indices and analyse the functional redundancy of the animal

communities by relating species diversity to functional diversity.

Our ultimate goal is to expose the role of birds experimentally: in chapter 6, we manipulated
ant and flying vertebrate (bird and bat) access to young oil palm plantations using exclosures for a
whole year. We measured ecosystem functions such as decomposition, herbivory, pollination and
predation alongside the crop yield to uncover the role of ants and flying vertebrates such as birds

and bats.
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Chapter 1: Autonomous sound recording outperforms direct
human observation in bird surveys: Synthesis and new

evidence
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:Department of Crop Sciences, Agroecology, Georg-August-University, Grisebachstr. 6, 37077
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Abstract

Autonomous acoustic sampling techniques are relatively new survey methods that are primarily used
for birds, but also for anurans. Its rapidly increasing adoption faces an equally high scepticism as to
whether such modern survey methods can match traditional, established methods based on human
observation, primarily point and transect counts. Although several disparate studies have tested

these modern sampling methods with the traditional ones, the overall conclusion is unclear.

We review the available evidence speaking for and against autonomous sound recording techniques
and compare those systematically with avian point count surveys as a reference. We objectively
compare alpha and gamma diversity levels of birds for both methods using a meta-analysis and

complement the analysis with our own field survey data.

We found no significant difference between point counts and autonomous sound recordings in their
efficiency of avian species sampling, although the sampled community composition differs in our
own and several other studies. Although human hearing and microphones sample sound in a
fundamentally different manner, results from both survey methods are comparable. We further
discuss inherent pros and cons of either method and summarize our findings for guiding future study

designs.

Modern acoustic sampling methods have come of age and effectively outperform traditional survey
methods on grounds of sampling completeness, temporal and observer bias, data breadth, and
practicality. Although we are certain of our results for birds, we are lacking similar studies to
ascertain the efficiency of acoustic sampling methods for anurans and mammals. However in general
our findings are generalizable to all sonant animal taxa and provide strong arguments for using

autonomous sound sampling to monitor animal biodiversity.
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Introduction

In the face of the current threats to global biodiversity, we urgently need to devise more
efficient methods to survey vertebrate animals (Watson and United Nations Environment
Programme 1995). We need a larger coverage on temporal and spatial scales, maximal return on
financial investment and minimal bias to enable standardized, comparable, and repeatable results,
but are facing massive challenges. Tropical regions in particular suffer from the disparate coverage of
biodiversity assessments, as biodiversity is most intensively monitored in temperate regions,
although species diversity is lower there (Collen et al. 2008). Although the importance of long-term
biodiversity data is widely acknowledged, our temporal coverage of biodiversity is still low as such
datasets are very rare (Magurran et al. 2010). Cost-effectiveness of survey methods, although it is a
crucial factor in any ecological study design, has been explicitly considered only in a few studies, for
example by recommending morpho-species identification in invertebrates (Oliver and Beattie 1996)
and indicator taxa like birds for forest inventories (Gardner et al. 2008). Finally, considerations of
global standardization and management of primary biodiversity data have only been theoretical so

far (Soberdn and Peterson 2004).

Most vertebrate taxa are usually surveyed by direct human observation. Human observers
rely on aural and visual detection to count animals and identify species. However, any survey method
based on human observation is prone to bias due to differences in experience and detection strength
(eg. invasive plants (Fitzpatrick et al. 2009) and birds (Sauer, Peterjohn, and Link 1994)).
Furthermore, data are not verifiable since we can generally only rely on the expertise and memory of
the surveyors for correct species identification, a shortcoming that is addressed in environmental
DNA sampling approaches (Ji et al. 2013), although the method has its own drawbacks (Ficetola et al.
2015). Another alternative is to use photographic evidence to increase the standardisation of visual
observations. Camera traps are specially designed for this and are used increasingly often, however,

they can only practically sample animals of sufficient size (Rowcliffe and Carbone 2008).

Given that most terrestrial vertebrates (birds, bats, amphibians, mammals, but not reptiles)
and some insects (e.g. cicadas and orthopterans) commonly use sound that can be recorded
(Fletcher 2007), passive acoustic monitoring methods have recently gained more attention. Sound
propagation is not impeded by obstacles such as vegetation as much as light waves are, so that
animals are generally audible or detectable more often although they are rarely visible, especially in
vegetated environments. For birds in particular, acoustic sampling methods have been studied in
several studies by comparing them with traditional survey methods based on direct human
observation (e.g. point counts and transects, for a simple overview see (Alquezar and Machado
2015)). Results are controversial in the sense that some studies show that acoustic surveys are more

11
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effective than point counts, while other studies point to the opposite conclusion. Despite that
extensive body of research, acoustic methods have not been used yet in community ecology to
derive measures of species richness, abundance, or density. The existing literature focuses on single
species or subsets of the bird community (eg. European nightjars (Zwart et al. 2014) or Water rails

(Stermin, David, and Sevianu 2013).

First, we perform a meta-analysis of the current literature and compare the sampling
completeness of acoustic monitoring methods with human observation surveys, using alpha and
gamma richness as indicators. We also shed light on the performance of both methods with respect
to species richness, abundance, community composition, and detection rate using data from a field
survey. We discuss the inherent advantages of either method on the example of birds, focusing on a)
temporal and sampling bias, b) sampling completeness and detection probability, c) data type and
comparability, and d) practicality considerations. Results from our own survey are integrated into the

meta-analysis and illustrate several points highlighted in the discussion.

Methods

Systematic review and meta-analysis

We retrieved scientific references from the Web of Science with the advanced search
function, covering all years and databases, on the 29th of February, 2016. We used the following
search string include any references dealing with birds, acoustic sampling methods, and point counts

or transects:

TS=((bird* OR avian OR avifaun*) AND ("sound record*" OR "acoustic record*" OR "automated
record*" OR "acoustic monitor*" OR "recording system*") AND ("point count*" OR "bird count*" OR

"point survey*" OR "point-count*" OR “point transect*”))

We read all abstracts to determine the relevance of each study: studies that compared
acoustic and observational bird survey methods were included into our systematic review. Full texts
were retrieved for all these studies and read entirely, and the references of these studies were
further checked for additional potential studies. Studies that published data on mean bird species
richness per site (alpha richness) or total species richness (gamma richness) recorded with both
methods were used in the meta-analysis. The species richness between methods was compared with

log response ratio (LRR) values (Hedges, Gurevitch, and Curtis 1999) using the following formula:

species richnessyoint counts >

LRR = log< - -
species ”Chnesssound recordings
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Positive values indicate higher species richness in point counts, and negative values indicate higher

species richness in sound recordings.

Field study

Twenty-six lowland rainforest plots were visited once in Jambi, Indonesia (Fig. 1), between
April and June 2015, during the dry season, which corresponds to the breeding season for most birds
in Indonesia. Some the forest plots had previously experienced selective logging, and hunting and
bird trapping were reported in the area. We established a 200 m* quadrant in the plots by spanning
four 10 m ropes into each cardinal direction; all trees above a DBH (diameter at breast height) of 10
cm were counted and their DBH was measured. Forest plots had a closed canopy, an average basal
area of 3111 + sd: 1443 m*ha™, and a tree density of 827 + sd: 256 ha™. During the plot screening,
we recorded a pure tone sequence (0.5, 2, 4, 8, 12 and 16 kHz, one second long at each step) emitted
at distances of 2, 4, 8, 16 and 32 meters with portable loudspeakers (OnePe DZ-250, Dazumba,
Indonesia) from our sound recorder (SM2Bat+ recorder fitted with one SMX-Il and one SMX-US
microphone). We call these recordings the sound transmission sequences; they were used to

estimate the sound falloff with distance.
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Figure 1: Map of the plots used in the survey. Forest cover is derived from Landsat data (used
with permission from Dian Melati).
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Sound recorders were installed one day before the bird survey and programmed to start
recording at sunrise, and stopped at the end of the point counts. Twenty-minute point counts were
carried out between 6:00 and 10:00, one minute after arriving on the plot, to avoid disturbing
secretive bird species. The survey team comprised one ornithologist observer (IF) and one recordist
without ornithological knowledge. The recordist notified the observer of bird calls that he did not
detect and recorded all calls to aid in identification using a directional microphone (Sennheiser ME-
66 coupled to Olympus LS-3). All detected birds were recorded and identified following the
MacKinnon field guide (MacKinnon and Phillipps 1993); their distance was measured with laser
rangefinders (Nikon Laser 100 AS and Bushnell Fusion 1 Mile). The number of simultaneously

detected individuals was counted for each species as a conservative measure of abundance.

The autonomous sound recordings were stopped manually at the end of the point count.
Considering that autonomous sound recorders can collect data without human presence and start
recording earlier in sites that are difficult to access, we used twenty minute sound recordings starting
30 minutes before the point count. Recordings and sound transmission sequences without

information about their origin were uploaded to http://soundefforts.uni-goettingen.de/. The same

observer (IF) listened to the recordings online while inspecting the spectrograms and tagged all bird
calls with the species name, number of individuals, and estimated distance. The sound transmission
sequence assisted the listener to estimate bird distances more accurately. An additional listener

without ornithological knowledge listened to the same recordings to notify the observer of calls that

he did not detect and check for general data consistency.

Bird data analysis

Using bird data from the point counts and sound recordings, we counted the number of
species per plot (alpha richness) and the maximum number of simultaneously detected individuals of
each species (abundance) per plot, to assess the survey method’s sampling completeness. We used
non-metric multidimensional scaling based on Bray-Curtis distance matrices to visualize the bird
community composition. We standardized the community abundance matrix with a Hellinger
transformation (Rao 1995) and performed a paired permutation test on a redundancy analysis of
principal coordinates where the survey method was the explanatory variable. To investigate whether
birds avoided human observers and assess how detection probability drops with distance, we plotted

the distances to all bird detections for both survey methods.

14
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Results and Discussion

Meta-analysis
We found nineteen studies with our search string (including the present one), of which
fifteen were relevant, and twelve had usable data for the meta-analysis (Table S1). Alpha and gamma

species richness recorded with both methods were not significantly different (Figure 1).
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Figure 2: Log response ratios of bird richness sampled by point counts compared to automated
sound recordings. Positive values indicate higher species richness in point counts, and negative
values indicate higher species richness in sound recordings. The error bars display 83%
confidence intervals, and indicate a significant (p<0.05) difference to the control (point counts)
when they do not overlap the dotted line (Krzywinski and Altman 2013). The red dots represent
the means.

Avian abundance and richness comparison from the field survey

The significance of all statistical tests was assessed at a level of P < 0.05. Paired-sample
Wilcoxon signed rank tests showed that the mean richness and abundance between sampling
methods were not significantly different (richness: P = 0.32; abundance: P = 0.16, Figure 3). In total,

68 bird species were detected in point counts, versus 62 in sound recordings.
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Figure 3: Boxplots and data points of bird species richness and abundance per plot, sampled in
26 forest plots with point counts and sound recordings. Measures from the same plot are
connected with a line.

Community composition differences

The paired permutation test for redundancy analysis of principal coordinates to compare bird
communities between methods was significant (P = 0.004), indicating that the sampled bird
communities were different (Figure 4). Twenty-four species that were recorded by point counts were
not recorded by autonomous recording units, while 18 species that were sampled by autonomous

recording units were not sampled in point counts (Table S2).
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Figure 4: Non-metric multidimensional scaling of the bird communities sampled with different
methods, the red polygon corresponds to sound recordings, the blue polygon corresponds to point
count data.

Frequency of detection with distance to sampler

Detections were distributed differently along the distance to the sampler (human observer or sound
recorder) for both methods (Figure 5). In point count data, detections were homogeneously
distributed between 18 and 44 meters, with a distinct drop in detection number at close range (<18
m) and long range (>44 m). For sound recording data, the frequency of detections followed a strong
decline with distance; most detections were recorded at close and medium ranges (<25 m). At close

range (<18 m), 15 detections were found in point counts, versus 120 in sound recordings.
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Figure 5: Frequency of bird detections in bins of equal area around the observer.

Discussion

Temporal and sampler bias

Point counts suffer from a trade-off between observation time and observer bias: the
number of observers determines how many simultaneous (thus temporally unbiased) data points can
be obtained, but it also dictates the number of observer-specific (thus observer biased) data points
(Sauer, Peterjohn, and Link 1994). In contrast, sound recorders incur no sampler bias (or recorder
bias), provided that microphones are calibrated. Microphones are manufactured under specific
signal-to-noise ratio tolerances to start with, but signal-to-noise ratio can drift apart with time,
depending on the environmental stress they have experienced (rainfall, temperature variations,
shocks, pers. obs. KD). Thus, regular measurement of microphone signal-to-noise ratio at different
frequencies is required to ensure that they can be calibrated, so that different recording units have

the same detection efficiency.

When point count observations have corresponding photographic or audio evidence
material, the bias between observers can be lessened by secondary verification, but these data are
rarely available. To obtain such data, an additional worker is often needed, further raising the costs
of the human-based survey. With sound recordings, audio material is essentially available at no

additional cost, and it can be used for future identification checks. Even if sound recordings are
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processed by people with little experience in call identification, as long as all calls are detected and

reviewed by an expert ornithologist, the species identification will be standardized.

Sampling completeness and detectability

One clear and inherent advantage of human observation surveys is that they include visual
detections, whereas sound recorders obviously don’t. That advantage might be minor in dense
forests —in our survey only 5% of observations were visual-only — but considerable in more open
systems (e.g. (Diefenbach, Brauning, and Mattice 2003)). However, birds invariably vocalise, thus by

using longer recording durations, even rarely singing species will eventually be detected.

Secretive species can be affected by the presence of human observers, especially when there
is more than one. Indeed in our field survey, birds were less often detected close to human
observers, whereas in sound recordings, birds are often heard near to the recorder (Figure 5). We
attribute this drop in detection rate close to the observer to avoidance behaviour of birds.
Interestingly, birds in disturbed systems might be less sensitive to human observer presence (see
chapter 2, Fig S2). While timid birds might still be counted at greater distances in point counts, the

detection probability would correspondingly be lower.

Species detectability in sound recordings is mainly a function of the microphone’s signal-to-
noise ratio. Sound can be amplified to any desired level after recording, but noise is amplified as well,
so that bird call detection probability at long distances is affected by the noise level rather than the
sensitivity. It is important to distinguish between the different types of noise: the ambient sound
level — anthropogenic or biogenic — cannot be changed and equally affects humans and sound
recorders; the equipment’s noise level is determined by the microphone’s signal-to-noise
specification and by the noise floor of the recording device’s electronics, which is usually negligible
on all but the cheapest recorders. For acoustic sampling to be effective, the equipment noise floor
should not exceed the ambient sound level. Our equipment — first released in January 2012 — used
relatively cheap microphones (signal-to-noise ratio >62dB), which currently retail at about 10 USD
(Panasonic WM-61A). However, the more recent recorders released in 2015 by the same
manufacturer use more sensitive elements (signal-to-noise ratio >68dB). This shows that bird

detection rates in sound recordings will improve along with technological progress.

In point counts of species-rich sites, birds can be missed when they occur simultaneously.
One study showed a systematic underestimation of bird detections when calls are simultaneous (Bart
and Schoultz 1984), which can also be worsened by human error (fatigue and lack of attention). In
contrast, sound recorders will have unchainging performance until the batteries are depleted, and

sound recordings can be played back repeatedly, so that birds can only be missed if the listening time
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is deliberately constrained. Furthermore, spectrograms (eg. sonograms) can be routinely generated
with open-source software and inspected while listening to audio recordings, allowing for both visual

and aural detection of bird calls, further enhancing detection probability.

Finally, it is worth mentioning a fundamental difference between microphones and the
human auditory system. While microphones respond linearly to sound pressure, humans have an
approximately log-linear response to sound pressure, which explains the use of decibels (which is a
logarithmic ratio) for describing loudness. In practice, this means that sounds that are much louder
(in terms of sound pressure) are only perceived as being a little louder by humans. This characteristic
is of advantage for humans but constraining for the design of microphones, where sensitivity needs
to be balanced against the risk of saturation. In conclusion, humans have a much wider dynamic
range for perceiving sounds, which explains the relatively flat frequency diagram in Figure 5, versus a

sharp decline in detections with distance for sound recordings.

Data type and comparability of methods

Sound recordings provide a multitude of other data types that cannot be obtained from point
counts. For instance, it is much easier to measure bird activity in time units or rates, even for
different vocalizations types, which can be an interesting alternative to abundance measurements
(see Figure 3 in the discussion). We can also analyse temporal dynamics throughout the day,
between days, between seasons and years. Furthermore, we can generate sound diversity indices for
large datasets automatically (Jérome Sueur et al. 2014), at the only expense of coding and
computation time. Acoustic indices can be used as a surrogate for species richness (Depraetere et al.
2012). Finally, all other sonant animal taxa are also available, allowing a more holistic biodiversity

survey by sampling multiple organisms with the same equipment in a single survey.

When visual detections are numerous, observations can yield usable auxiliary data such as
behaviour, food items, sometimes even the sex and age of the bird, although such data are rarely
used in ornithological publications. To some degree, bird vocalizations convey similar information,
since calls and songs have different functions: territorial advertisement, mate attraction, and alarm
warnings are all indications about the bird’s behaviour (Catchpole and Slater 2008). In some cases
when the bird is moving and calling at the same time, movement direction can also be inferred.
Depending on the position of the microphones, it is also possible to derive the source height of the

calling bird and extract information about the stratum of occurrence like in point counts.

Abundance data tend to be more readily obtained from point counts, since it is more
intuitive to track the movement of birds and infer whether they are different individuals. However in

forests, bird individuals are rarely seen and thus hard to distinguish so that we can never really know
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whether two different sightings correspond to the same or different individuals. Even in open areas,
we cannot constantly track individual birds for ascertaining their identity in point counts. A more
conservative estimate of abundance is obtained by summing the maximal number of simultaneously
detected individuals over all species. This is the measure we used here, and it can be obtained from

both survey methods.

The estimation of bird distance is also more straightforward to achieve in point counts since
the distance to the estimated position of the animal can be measured with rangefinders. This forms
the basis of distance sampling methods, which allow to compare diversity measures between
different sites and to derive density estimates (Buckland et al. 2005). We must bear in mind,
however, that these are also approximations, except when the animal can be seen and directly
pointed at. In sound recordings, distances to birds can also be estimated, but they are probably more
variable than distance measures from observers present on-site (for a similar study see Alldredge,
Simons, and Pollock 2007). However, this should not introduce a bias between sampling sites when
sound transmission recordings are used like in our study, so that animal diversity between sites can
still be compared when filtering data above a common threshold distance. For another approach at

standardizing detection spaces, see chapter 2.
Practicality

Travel time

Observers carrying out point counts usually need to reach the sampling site once before the
survey to become familiar with the itinerary and surroundings. For every subsequent data collection,
only one travel is necessary. In contrast, sound recorders need to be installed before they start
recording and must be picked up or visited each time data collection or battery recharging is
necessary. Typically, ARUs can record sound for several days in a row, or several days spread across a
few months. Entirely autonomous recording systems have also been developed, which rely on solar
panels for electricity, radio transmission for data transfer, and automated algorithms for species
identification on a server (Aide et al. 2013), indicating that there is potential for improvement.
Depending on the study design, either one of the survey methods could be more practical: if
sampling periods are on consecutive days, at the same site, and the theft risk is low, sound recorders
will prove advantageous. However if the number of sampling sites is high, either many recorders or

frequent travels would be needed, making point counts more worthwhile.

Scalability
In point counts, the survey time at each site is traded off against the number of target sites

that must be sampled in one day. Sound recorders however, if available in sufficient numbers, allow
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for greater flexibility in scaling up sampling effort. It is effortless to program automated sound
recorders to record for a few more hours, or even days, which only comes at the expense of data

storage and processing time, as well as energy supply.

Expert workforce

It is often costly to hire taxonomic experts for traditional field surveys, which require their
presence on site. Passive acoustic monitoring systems however can be installed and picked up by
inexperienced staff, while the financial allocation for taxonomic experts can be minimized to use
them only for the actual animal identification. Moreover, since their presence is not needed, data
can be sent to them or provided online (Villanueva-Rivera and Pijanowski 2012), helping to keep

travel and personnel costs low.

In the near future, automated species identification is also conceivable so that reliance on
expert ornithologists will be even further diminished. Numerous studies have showed how calls of
single species can be detected with a measureable probability and accuracy using computer
algorithms (for a review see Swiston and Mennill 2009). It is only a matter of time until reference call
collections are mature (but see Xeno-canto Foundation 2012) and complex song structures or entire

song repertoires can be reliably assigned to species.

Material costs

Point counts usually require binoculars for birds, and field gear. However it is often the case
that birders use their own, helping to keep the costs down. Autonomous sound recorders are
relatively costly, although a multitude of hardware solutions exist (see Sousa-Lima et al. 2013 for an
overview of marine recorders), spanning a price range between hundreds and thousands of U.S.
dollars. An important consideration is also that in long-term studies, it is often difficult to employ the
same people throughout. Sound recorders however are pieces of hardware that are purchased once
and typically last for many years. They can be used over and over again, repaired and maintained,

until they get broken or stolen, greatly facilitating long-term data compatibility.

Site accessibility

Some pristine habitats can be very difficult to reach. Especially when conducting morning
point counts of birds, the observer should be present on site at dawn. This is often impossible in
inaccessible areas where travel by night would be required and risky. When using sound recording
platforms however, as long as the recorder is installed before the survey, it can be programmed to

start any time to reliably meet the desired time point.
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Rapid assessments

Sound recordings can be used to rapidly asses the avian diversity of a sampling site without
requiring the elaborate and time-intensive process of identifying animals to species. Alternatively,
bird vocalisation types could be counted as a proxy for morphospecies, and audio recordings are
particularly amenable to rapid visual screening as they can be represented as spectrograms.
However, some birds have a large repertoire of songs so they might bias that measure. Still, on a
more abstract level, sound diversity indices can be computed from soundscape recordings, providing

an even faster measure of biodiversity (Jérome Sueur et al. 2008).

Conclusion

We summarised the pros and cons of human observation surveys compared with acoustic
surveys in Table 1 on a high level. Overall, we are convinced that automated sound recorders provide
a convincing solution for gathering standardized and verifiable data over any time scale. Sound
recorders do not disturb animals and record levels of biodiversity that are indistinguishable from the
golden standard of avian survey methods. However, it is unknown how effective these sampling
methods are for other animal taxa, although some evidence suggests that anurans might be equally
well monitored (Acevedo and Villanueva-Rivera 2006). Beyond that, the technology is still new and

enormous potential will be unlocked in the coming years.

Table 1: Pros and cons of human observation and automated acoustic methods for surveying
birds. The more advantageous method is highlighted in bold.

Criteria Human observation survey Automated acoustic survey

Bird sampling completeness |(reference level) indistinguishable from reference

Bird distance data measurable estimable

Behaviour observation possible for visual indications from vocalisation types
detections

Observer bias and temporal [negative trade-off no bias between recorders

bias

Sampling over long time very difficult possible for multiple days

periods during the day

Long-term surveys over difficult without contracted possible during recorder lifespan

months and years ornithologists

upscaling sampling effort difficult easy

Sampling time flexibility limited unlimited

Calculation of acoustic impossible possible

diversity indices

Measuring bird singing difficult easy
activity
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Identification validation

Detection of timid species

Sampling in higher
vegetation strata

Travel time

Cost-effectiveness

only with evidence
material (audio or photo)

impaired at close range

expensive or dangerous

one travel per survey

depending on region and
expert availability

easy

possible

possible

two travels per installation (except when
permanent stations are used)

stable for each product type

24



Chapter 1: Autonomous sound recording outperforms direct human observation in bird surveys: Synthesis and new evidence

Supplementary data

Table S1: Overview of studies retrieved using the search string in the Web of Science. Asterisks denote studies that were suitable for the systematic
review, crosses indicate studies that yielded usable data for the meta-analysis. Note that the study by Venier et al. is mentioned twice as two types of
equipment were tested.

a richness y richness
point counts sound point counts sound
First author Title Year recordings
Acevedo*t Using Automated Digital Recording Systems as Effective Tools 2006 16
for the Monitoring of Birds and Amphibians
Alquezar*t Comparisons between autonomous acoustic recordings and 2015 19.61 18.38 81
avian point counts in open woodland savanna
Celis-Murillo*t | Using soundscape recordings to estimate bird species 2009 73 72.7
abundance, richness, and composition
Celis-Murillo*t | Effectiveness and utility of acoustic recordings for surveying 2012 70.16 70 123
tropical birds
Chandler Spatially explicit models for inference about density in unmarked 2013
or partially marked populations
Cunningham™f | Sound recording of bird vocalisations in forests. |. Relationships 2004 22.08 30.088
between bird vocalisations and point interval counts of bird
numbers — a case study in statistical modeling
Darras*t 2016 8.92 7.19 68
Digby* A practical comparison of manual and autonomous methods for 2013
acoustic monitoring
Furnas*t Using automated recorders and occupancy models to monitor 2015
common forest birds across a large geographic region
Haselmayer* A comparison of point counts and sound recording as bird survey 2000 12.03 12.4
methods in Amazonian southeast Peru

17

76

120

62
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Hobson*t

Hochachka

Holmes*
Hutto*t
Klingbeil*t

Rempel*

Stermin
Venier*t
Venier*t

Wimmer*t

Acoustic Surveys of Birds Using Electronic Recordings: New
Potential from an Omnidirectional Microphone System

Sources of Variation in Singing Probability of Florida Grasshopper

Sparrows, and Implications for Design and Analysis of Auditory

Surveys

Using automated sound recording and analysis to detect bird
species-at-risk in southwestern Ontario woodlands

Humans versus autonomous recording units: a comparison of

point-count results

Bird biodiversity assessments in temperate forest: the value of

point count versus acoustic monitoring protocols

Bioacoustic monitoring of forest songbirds: interpreter variability

and effects of configuration and digital processing methods in the

laboratory

An Evaluation of Acoustic Monitoring Methods for a Water Rail

(Rallus aquaticus) Population in a Large Reed Bed

Evaluation of an automated recording device for monitoring forest

birds

Evaluation of an automated recording device for monitoring forest

birds

Sampling environmental acoustic recordings to determine bird

species richness

2002

2009

2014

2009

2015

2005

2013

2012

2012

2013

13.8

8.35

9.71

9.71

39.75

9.1

7.85

8.95

10.21

78

28

58

58

66

32

54

56

96
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Table S2: Species found only point counts or sound recordings. Birds detected only visually are indicated with an asterisk.

Survey method Species

Point counts Cuculus micropterus, Corvus enca, Spilopelia chinensis, Prionochilus percussus, Pitta granatina,
Chalcophaps indica, Calyptomena viridis, Terpsiphone paradisi, Psilopogon haemacephalus,
Orthotomus sericeus, Psittacula longicauda*, Pycnonotus aurigaster, Meiglyptes tukki, Chloropsis
cochinchinensis, Stachyris rufifrons, Hypothymis azurea, Gracula religiosa*, Psittinus cyanurus,
Berenicornis comatus, Pelargopsis capensis, Rhinortha chlorophaea, Picoides moluccensis,
Pycnonotus melanicterus®, Eurystomus orientalis

Sound recordings Aethopyga siparaja, Alophoixus phaeocephalus, Arachnothera affinis, Cacomantis merulinus,
Caprimulgus macrurus, Chrysophlegma miniaceum, Gallus gallus, Ketupa ketupu, Malacopteron
cinereum, Nectarinia jugularis, Nyctyornis amictus, Oriolus xanthornus, Pellorneum capistratum,
Pomatorhinus montanus, Prinia familiaris, Pycnonotus cyaniventris, Rhyticeros undulatus,
Stachyris poliocephala
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Chapter 2: Measuring sound detection spaces for acoustic animal sampling and monitoring

Abstract

Sound recordings obtained from passive acoustic monitoring systems are increasingly used to sample
animal biodiversity. However, sound recorders sample variable detection spaces, so that data may
not be comparable between sampling sites and recording setups.

Focusing on terrestrial systems, we measured understory vegetation, tree structure, sound
transmission, ambient sound pressure level, and derived sound detection spaces of 38 plots in
lowland rainforest, jungle rubber, and oil palm and rubber plantations, using different combinations
of sound frequency (0.05 to 40 kHz) and source height (0 to 5m).

We show that simple vegetation structure measures poorly predict sound transmission, so that direct
sound transmission measurements are indispensable. We depict highly variable sound detection
spaces in different land-use types. Finally we estimated species richness of exemplary animal groups
and found considerable differences between land-use types on the basis of variable detection space
areas alone.

Sound detection spaces show complex responses but they need to be quantified in acoustic surveys
to avoid substantial bias in biodiversity estimates between sampling sites. Detection spaces also
determine species detection probabilities and allow comparing data between recording setups. We
provide guidelines and computer scripts for measuring sound transmission and ambient sound level
using consumer audio equipment and for computing detection spaces. Appreciating the effective
sampling area of acoustic recorders closes a gap between acoustic and traditional animal survey
methods. Species richness estimates can now be reported for measured sampling areas, and animal

population variables such as abundance, density, and activity can be compared at equal areas.
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Introduction

Passive acoustic monitoring systems are increasingly prevalent for surveying a wide range of sound-
emitting animals: ecologists use these systems to record birds (Celis-Murillo, Deppe, and Allen 2009),
bats (Bader et al. 2015), amphibians (Aide et al. 2013), insects (Lehmann et al. 2014), terrestrial
(Mielke and Zuberbiihler 2013) and marine mammals (Wiggins and Hildebrand 2007), to construct
general biodiversity indices (Jérome Sueur et al. 2014), or to record soundscapes (Pijanowski et al.
2011). More complex systems using microphone arrays have been proposed for a wider audience of
biologists to study a variety of other aspects such as anthropogenic noise, species interactions and
social dynamics (Blumstein et al. 2011). Conservationists recognize the potential of passive acoustic
monitoring techniques (Brandes 2008) and practitioners also increasingly embrace and implement
acoustic monitoring programs on large scales (Fristrup 2009)). While challenges in automated signal
recognition have been identified (e.g. (Swiston and Mennill 2009), there have been few attempts to
standardize the sound recording methodology itself (Llusia, Marquez, and Bowker 2011); (Merchant

et al. 2015).

Basic biodiversity estimates — such as species richness, activity, abundance and density — are derived
from sampling methods that apply to defined areas or volumes, but when sampling sound, it is
challenging to measure that space. In essence, biodiversity estimates derived from sound recordings
in different sites may not be directly comparable due to site-specific acoustic characteristics: sound
travels variable distances depending on the frequency, its sound pressure level, the background
noise, the location of the sound source and also due to varying topography, climatic conditions and

vegetation.

The determinants of sound transmission (or sound attenuation, hereafter “transmission”) are well
known. They have been described early for audible sound (Wiley and Richards 1978) and later also
for higher frequencies reaching ultrasounds (Romer and Lewald 1992). The effect of vegetation has
also been specifically addressed (Marten and Marler 1977; Marten, Quine, and Marler 1977); (Aylor
1972) and reviewed later (Forrest 1994). In most sound transmission studies, the focus has been on
animal communication and rarely on the implications for acoustic biodiversity sampling (though see

(Hobson et al. 2002) and (Patriquin et al. 2003)), a field which has expanded only relatively recently.

The area sampled by acoustic monitoring systems needs to be measured to identify the scale of a
particular biodiversity estimate, as basic biodiversity estimates invariably increase with sampled area.
Furthermore, it has been recognised that acoustic detectors vary in detection efficacy and range for
different bat species (Adams et al. 2012), for aquatic organisms (Huveneers et al. 2015), and also for

birds (Rempel et al. 2013). Furthermore birds have different detection probabilities (Sliwinski et al.
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2015), but the acoustic sampling area has not been considered yet to tackle these issues. The
sampled area also depends on the ambient sound pressure level: distant sounds are more difficult to
detect in noisy environments. Relatively early, (Morton 1975) calculated distances from the sound
source over which sounds would reach the ambient sound level. More recently, a comprehensive
analysis of acoustic communication distance determinants was made by (Ellinger and H6dl 2003) but
it described only one study site and focused on implications for animal communication. We use the
term “sound detection space” (hereafter “detection space”), which was introduced later by (Llusia,
Marquez, and Bowker 2011), to define the space — in terms of area or volume — sampled by acoustic
monitoring systems. Fortunately, the source sound pressure level and frequency — and to a certain
degree, the source position — of animal sounds and vocalizations are generally characteristic and
measurable for different species, and we assume here that variation between species is higher than
within them. Thus, it is possible to compute detection spaces for different species across habitats,

but as of today this has not been achieved.

We propose a method to measure sound transmission in various habitat types using consumer audio
recording and playback equipment. We challenge the usefulness of our measurements by
investigating whether vegetation structure data can predict sound transmission. Then, combining
sound transmission values with calibrated ambient sound pressure level measures, we derive
detection space areas of different land-use types. Finally, using exemplary species, we illustrate the
impact that variable detection spaces can have on biodiversity measures derived from sound

recordings.

Materials and methods

Study region and vegetation structure measurements

The study region is situated in the Batanghari and Sarolangun regencies of the province of Jambi,
Sumatra, Indonesia. We recorded sound in 38 plots split into 5 land-use types. Core plots comprised
8 lowland rainforest plots, 8 jungle rubber plots, 8 rubber plantation plots, and 8 mature oil palm
plantation (older than 8 years) plots. Six additional young oil palm plantation plots (younger than 4
years) were established to determine sound detection spaces in plantations without closed canopy.
Our forest plots are located in an area of disturbed primary lowland rainforest that has been
selectively logged in the past. Jungle rubber is an agroforestry system that is minimally managed,
consisting of forest and rubber trees. The rubber (Hevea brasiliensis, Mill. Arg.) and oil palm (Elaeis
guineensis, Jacq.) plantations are intensively managed monocultures. For more detailed information

about the study area and the core plot design, see (Drescher et al. 2016).
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In the 50x50m core plots, all trees with a diameter at breast height (DBH) equal to or higher than 10
cm were counted to derive tree density per hectare, and their DBH was measured to derive total
basal area per hectare (Kotowska et al. 2015b). Oil palm DBH was measured including the remaining
leaf bases which stay attached to the trunk for many years after the leaf is cut, inflating its measure.
The trunks in young oil palm plots did not yet reach breast height, therefore their DBH was null; their
density was determined by measuring the area of a block containing 49 oil palms (a 7x7 block). Tree
and mature oil palm height and crown base height were measured using a Vertex measuring device
(IV-GS, Haglof, Langsele, Sweden), and young oil palm height was measured using a meter. Tree
height was measured until the tip of the highest branch and oil palm height was measured until the
meristem. The crown base height was defined as the height of the lowest branch, or in the case of oil
palm the lowest uncut frond. All vascular understory plant individuals (>1 cm height) growing within
five randomly placed 5x5 meter subplots (3 subplots in young oil palm plots) were counted and their
height measured. Understory plant density was expressed as the number of plants per hectare. In
core plots, trees were counted and their DBH measured between August and September 2012
(Kotowska et al. 2015b); all other plant measurements were carried out between February 2013 and
August 2014. In young oil palm plantations, all vegetation structure measurements were done in

September 2015.

Sound transmission measurement

The sound transmission measurements were carried out in March 2014 in the core plots and January
2015 in the young oil palm plots, in good weather (no rain) and windless conditions, when insect
noise was not prominent. We ruled out daily micro-climate variation effects by varying measurement
times in the focal land-use types (Figure Al in Appendix A), although time of day effects on sound
transmission are known to be minor (Ellinger and H6dl 2003). We created a website to help
researchers measure sound detection spaces which will be updated with new developments (Darras

2015).

In the middle of each plot, we attached autonomous sound recorders (“Song meters”: SM2+ and
SM2Bat+, default amplifier gain: 48dB, Wildlife Acoustics Inc., Massachusetts, USA) to a pole at a
height of 2m. The SM2+ recorder was set to a sampling rate of 44.1 kilohertz (kHz) with two acoustic
omni-directional microphones for audible sound (SMX-II with Panasonic WM-61 unit), and the
SM2Bat+ was set to 192 kHz with two ultrasonic omni-directional microphones for ultrasound (SMX-
US with Knowles SPM0404UDS5 element). A rope with markings at 1, 2, 4, 8, 16, 32 and 64m was
stretched from the recorder front face to the plot border to position the sound emitters at

logarithmically increasing distances. The sound emitters’ polar axes were always at 90° from the
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microphones’ polar axes, thus ruling out variation in recorded sound level due to the microphone’s

polar pattern.

At each marked distance step, we used portable loudspeakers (OnePe DZ-250, Dazumba, Indonesia)
and an ultrasound emitter in “chirp” mode (US calibrator Wildlife Acoustics Inc., Massachusetts,
USA), to emit audible and ultrasonic test sounds. The audible test sound consisted of a pure tone
sequence at 0.5, 2, 4, 8, 12 and 16 kHz, one second long at each step, repeated 3 times (Appendix B).
The ultrasound test sound was not adjustable and consisted of pure tones at 40 kHz, emitted
approximately every 0.25 seconds for 10 seconds. The loudspeaker and calibrator were attached to a
squeegee with rubber strips to minimize vibration. We emitted test sounds from ground level (10
cm) and then fitted the squeegee onto a telescopic cleaning pole to reach heights of 2 and 5 meters.
After recording all test sounds from 1 to 64 meters (only until 32 meters for ultrasound) at all
heights, we stretched the rope from the back side of the recorder to the opposite direction and

repeated the measurements.

Ambient sound level measurement

We recorded ambient audible sound and ultrasound in all plots using the same autonomous sound
recorders, from the same position. From late June to late July 2014, we sampled audible sound (0-20
kHz) in the core plots over a total period of 12 days; at any day 2 plots in each land-use type (8 plots
in total) were recorded simultaneously with SM2+ units set to 44.1 kHz and fitted with two SMX-I|
microphones. In December 2014, we sampled ultrasound (20-80 kHz) in the core plots over a total
period of 8 days; at any day one plot in each land-use (4 in total) were recorded simultaneously with
SM2Bat+ units set to 192 kHz and fitted with two SMX-US microphones. Audible sound and
ultrasound from the additional young oil palm plots were sampled in the beginning of July 2014 over
4 days using SM2Bat+ units fitted with one SMX-Il and one SMX-US microphone. Ambient audible
sound recordings were extracted from 20 minutes of sound after sunrise on two consecutive days for
each plot (three recordings were unusable due to rain). Ambient ultrasound recordings were
extracted from 20 minutes of sound between sunset (around 18:00) and 21:00 for each plot,
depending on the timing of rain. We listened to the recordings to identify the sources of sound at

different frequency bands.

We produced calibrated sound pressure level measures using the method presented by (Merchant et
al. 2015) for each recording channel. The base frequency response of the acoustic SMX-Il microphone
(flat from 50 Hz to 15 kHz) and ultrasonic SMX-US microphones (measured by Wildlife Acoustics Inc.
from 20 to 90 kHz), as well as the SM2+ and SM2Bat+ gain and analog-to-digital converter voltage
were extracted from the manufacturer’s technical documentation to determine the sensitivity of our

recording setup. We additionally measured the frequency response of all our microphones relative to
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each other at each test sound frequency (audible frequencies for SMX-Il microphones and 40 kHz for
the SMX-US microphone) to account for the differences between individual microphones.
Microphone sensitivities in-between the frequencies of the test sounds were interpolated. Finally,
we additionally determined the noise floor of our recorder and the directivity of our sound emitters

(Appendix C).

Calculation of sound transmission, ambient sound level, and detection spaces

We calculated sound transmission, ambient sound pressure level and detection space values for each
land-use type against all sound frequencies (hereafter “frequency”) and sound source heights
(hereafter “height”) to detect trends between land-use types at different frequencies and heights.
The audio data were analysed in R 3.10 (R Foundation for Statistical Computing 2014) with the
package seewave 1.7.6 (J. Sueur, Aubin, and Simonis 2008) and graphs were generated with the

package ggplot2 1.0.1 (Wickham 2009). All R scripts and data are available in Appendix D.

For sound transmission measurements, we extracted the sound pressure level from spectrograms
with a Hanning window and a window length of 512 ms. We used all pure tones and their
background ambient level (one second from the pure tone for audible frequencies and in-between
test sounds for ultrasound tones) at all combinations of frequency, distance, height, direction and
plot. We used 2 seconds for the pure audible tones at their base frequency (+0.1 Hz) and 2 seconds
for the ultrasound pure tones (40 kHz +0.4 Hz) at each combination. Ultrasound test signals were
emitted as pure tones with irregular timings, so the amplitude peaks were detected automatically
and confirmed manually. We obtained a total of 44 954 sound measures. Clipped signals were
detected automatically and rejected. Pure tone sound pressure level values that were less than 4dB
higher than their corresponding ambient level were rejected too. Estimated distances to the sound
source were computed using the Pythagorean Theorem. We used linear regression models to
calculate sound transmission: we defined it as the slope of the sound level linear decay with the

logarithm of distance and expressed it in decibel (dB) loss per doubling of distance.

Ambient sound pressure level was measured from the median frequency spectrum of the ambient
sound recordings at a reference level of 20 puPa using a modified version of the meanspec (R package
seewave) function (Appendix D). The ambient sound level and detection spaces of one young oil

palm plot were excluded as we used an uncalibrated microphone.

To derive detection spaces, we determine the sound extinction distance: we defined it as the
distance at which the source’s sound pressure level reaches the ambient sound pressure level,
similarly to (Morton 1975). It is also defined as the “communication distance” in research focusing on

the implications for animal communication. First, we standardized the loudspeaker’s and calibrator’s
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sound pressure level to a reference value of 80dB at 1 meter from the source by subtraction. Then,
we obtained the extinction distance at the intersection of the linear sound decay line with the
ambient sound level threshold (Figure A2 in Appendix A). Thus, the sound extinction distance
corresponds to the radius of the detection space, when approximated by a circle, and sound
detection spaces were defined as the area of that circle. Data consistency was checked using plots of
sound falloff against logarithmic distance to the source at different heights and frequencies at all

sites (Appendix E).

Statistical analysis of sound transmission, sound extinction distance, and vegetation
structure

We analysed the contribution of land-use type to sound transmission and sound extinction distance
in analyses of variance. We constructed separate linear mixed-effects models to explain sound
transmission and the logarithm of sound extinction distance with land-use type, frequency and
height (including all interactions) as predictors, using plot as a random effect. We conducted a
stepwise model selection (stepAIC function from R package MASS) for each model to determine the

best model.

We compared models using vegetation structure, plot, and land-use type variables to find the best
predictors of sound transmission. Accounting for heteroscedasticity, we constructed separate
feasible generalized least squares models for each ecological predictor (plot, land-use, tree height,
tree density, basal area, crown base height, understory plant density and height), together with
physical variables (height, frequency) to explain sound transmission. A simple model including only
the physical variables was also constructed for comparison purposes. Since tree density information
would be available whenever trees are measured, we also included tree density as an additional
predictor in the basal area, tree height, and crown base height models to improve their predictive
power. We used dummy variables for each height and frequency in the feasible generalized least
squares models, as they had complex non-linear relationships with sound transmission. We included
all two-way interactions between predictors. We conducted a stepwise model selection for each
model. The resulting models, each containing its respective ecological predictor, were compared by
Akaike’s Information Criterion (AIC) scores, which can be seen as a means of comparing models in

terms of predictive ability (Konishi and Kitagawa 2008).

Simulation of detected species richness

We chose four species from representative animal taxa (frogs, bats, cicadas and birds) whose calls
were heard in our recordings to calculate exemplary detection spaces with frequencies, call sound
levels, and heights that are typical for each animal group (recordings in Appendix B). For the bat and

the bird species, we calculated the call sound level directly from our recordings (method in Appendix
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C) as we had the distance of the animal at our disposal. For the frog and the cicada, we chose sound
source levels of similar species found in the literature. All call sound levels were expressed at a
reference distance of one meter, relative to 20 pPa. The birds were represented by the short-tailed
babbler (Malacocincla malaccensis, Hartlaub), which calls at 71 dB around 3 kHz and is active close to
the ground. We chose a vesper bat (Tylonycteris robustula, Thomas), which is an aerial forager
emitting ultrasound mostly around 40 kHz, to represent bats, and determined a call level of 59 dB.
Further, we use a cicada song (family Cicadidae, undetermined species) that can be found on tree
trunks, predominantly heard at 14 kHz (sound recordings in Sl). We assumed that it can attain a
source sound level of 97 dB, which is the mean sound level of 30 cicada species analysed by (Sanborn
and Phillips 1995). Finally we chose frog calls (undetermined species) calling out from the ground,

and determined that it had a typical sound source level of 100 dB (Penna and Solis 1998).

We illustrated how the differing detection space areas would translate to different numbers of
detected species based on documented species-area relationships. We used the most relevant and
best-fitting power-law models describing species-area relationships as reviewed by (Drakare, Lennon,
and Hillebrand 2006): an amphibian model from the West Indies for the frog (MacLean, Kellner, and
Dennis 1977), a butterfly model from the West Indies for the cicada (Davies and Spencer Smith
1998), a model for birds of South-East Asia (Brooks et al. 1999) and a model for fruit bats from the

Philippines (Heaney 1991).

We compared the detected species richness between land-use systems for each animal taxon. First
we computed the sound extinction distance of each representative species based on its call source
level, height and frequency. We computed the detection space area from the extinction distance and
transformed it to a theoretical detected species richness number using the corresponding species-
area models. We used a linear mixed-effects model with the logarithm of the extinction distance of
each species, accounting for heteroscedasticity, to test for differences between forest and the other
land-use types with Tukey post-hoc tests (R package multcomp). The Tukey post-hoc tests reveal the
significance of the expected species richness differences between land-use types, as the extinction
distance is only a transformed measure for the expected number of species. We visualized the
relative detected species richness and calculated it by dividing the detected species richness by the

mean detected species richness among all land-use systems for easier comparison and visualization.
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Results

Vegetation structure proxies for sound transmission

We found that the best predictor of sound transmission was the plot identity, despite the loss of

degrees of freedom (Table 1). Land use type also predicted transmission better than any of the

simple or combined vegetation structure variables.

Table 1: Comparison of generalized least squares models (n=756) explaining variation in sound
transmission, accounting for heteroscedasticity. Akaike Information Criterion scores are shown
for the resulting models after stepwise model selection from models including all two-way

interactions.
Physical Ecological explanatory AIC score of LME degrees of
explanatory variable model freedom
variables
height, frequency (none) 2633 21
plot 2392 336
land use 2496 57
tree density 2579 30
basal area + tree density 2555 44
tree height + tree density 2527 58
crown base height + tree 2522 56
density
understory density 2625 24
understory height 2604 30
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It was not possible to separate the effects of DBH, tree height, tree crown base height and —to a
lesser degree — tree density from the effect of land-use, as the tree variables were characteristic for
each land-use. However, we show the relationship between all vegetation structure variables and
sound transmission in Figures A3-5 in Appendix A as there is often significant (p<0.05) positive
correlation with tree height, tree density, and crown base height at frequencies above 12 kHz and
heights of 2m, and especially 5m. Basal area contrasts with the other tree variables, as it does not

scale with height in oil palm plantations.

For understory density and height, which show some overlap between land-use types, we found
significant correlations with sound transmission (Figures A3-5 in Appendix A). For instance,
understory height is negatively associated with ultrasound transmission at Om, indicating that tall
vegetation blocks sound for ground-based sources. However understory height has a positive effect
at higher source heights (2 and 5 m). Understory density negatively affects frequencies above 12 kHz
for sound sources at 5m, indicating that it absorbs and scatters sound that would otherwise be

reflected from the ground.

Sound transmission patterns

Frequency and height are the main determinants of sound transmission, but land use still has an
impact (p=0.0065, see Table A1). The effects of height and frequency were different in each land-use
type since their interactions with land-use showed a distinct effect (all p<<0.05 ). Absolute
transmission values cannot be compared between frequencies as they depend on our sound source’s
directivity, which increases with frequency (Figure A6 in Appendix A), meaning that sound waves
become more focused and suffer less loss with distance. However for given frequencies, transmission

values can be compared across land-use types and heights.

Generally, the higher the source, the higher the transmission values, but trends vary between land-
use types (Figure 1). At low frequencies (0.5 kHz), plantations have high ground-level sound
transmission, probably because they largely lack a scattering leaf-litter layer. In mature rubber and
oil palm plantations, at 8 and 12 kHz, sound transmission at medium level (2m) often surpasses

sound transmission at high levels (5m), presumably because of a wave guide effect (Appendix C).

38



Chapter 2: Measuring sound detection spaces for acoustic animal sampling and monitoring

1: *d._%' *...é -*El #Q T't' g

B G A L
Tom =~ a wm =

N, , N
- NN N
1 1 1

R
ox

. Source height
*% **E . B o1

-10- - * | ;i

v‘m' £ *g *$ ‘-:-E . *é ;

, L
o e N
1 1
L]

Sound transmission
dB decrease per distance doubling)
o]

i

-

4
)’

'}
R
i—D]
ﬁ{r
F il

-12- L
-14 - .
-10+ °
15+ é ? . .
20- F ¢ * i &
L] L]
. [ ]
-25 -
Forest Jungle rubber Rubber Oil palm Young oil palm

Figure 1: Boxplots of sound transmission values for different sound frequencies, source heights,
and land-use systems.

Ambient sound pressure levels

In sunrise recordings, forest is generally louder than the other land-use types (Figure 2). Plantations
are noisier at low frequencies (below 0.5 kHz) due to engine noise (motorbikes and cars). At
approximately 3.6 kHz, all land-use types exhibit a peak due to bird activity. Plantations and forest
experience a peak in ambient sound at 5 kHz due to insect noise. At high audible frequencies (above
10 kHz), forest and jungle rubber have distinctly higher sound levels, with a peak at 15 kHz, due to

cicadas (mostly one species).
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In night recordings, jungle rubber and forest are distinctly noisier than plantations (up to 20 dB more)
but all land-use types follow a similar pattern. There are ambient level peaks from 3 to 6 kHz due to
insect noise and at 70 kHz (probably of insect origin). The origins of the peaks in young oil palm
plantations at 60 and 70 kHz were unrecognizable. Similarly as in sunrise recordings, low frequencies
(50 Hz to 1 kHz) are louder than all other frequencies, which is also due to the higher noise floor of

the recorder at low frequencies.
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Figure 2: Means of the ambient sound median frequency spectrum (window length: 512) for
different land-use systems. Acoustic and ultrasound levels were respectively extracted from 20
minutes of dawn recordings on two consecutive days and 20 minutes of night recordings. Error
bands represent standard errors of the mean.

Detection spaces

Sound extinction distances directly determine sound detection spaces, and the former were mainly
determined by sound source frequency and height (see interactive plot), but land-use type still had a
minor effect (Table A2). Detection spaces are smallest in forest sites, and generally increase with
sound source heights (Figure 3). Compared with forest and jungle rubber, plantations have greater
detection spaces at audible and ultrasound frequencies, except between 4 and 6 kHz, where their
ambient sound level is high (Figure 2). However, detection spaces in oil palm are distinctly smaller

than the other plantations at 5m, as the sound source would often be masked by the fronds. Only for
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sound sources at two meters height at 40 kHz (night time) and also at 50 Hz (at sunrise) do forest
habitats have markedly bigger detection spaces than the other land-use types. Forest detection

spaces reach their minima at 15 and 3.6 kHz, where their ambient sound levels are high.
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Figure 3: Geometric mean of sound detection space areas for different frequencies and sound
source heights in different land-use types, error bands represent standard errors of the mean.
Our sound source had increasing directivity with frequency and a source level of 80 dB. See the
iPlot for an interactive version.

Detected species richness

Figure 4 demonstrates that depending on the strength of the call, the sound frequency used by
animals, and the stratum in which they vocalize, different trends in detected species richness could
be observed on the basis of sampling area alone. We depict p-values under the assumption that
there is no difference between the relative species richness of forest and the respective land-use.
Generally, forest sites have the lowest relative detected species richness except for bats. Rubber

plantations consistently reached relatively high values.
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Figure 4: Detected species richness relative to the mean detected species richness across all
land-use types. Detected richness describes the number of species that would be found based on
the detection space area alone. Mean richness for each land-use type is indicated by red points
with standard error of the mean error bars. P-values (rounded to 2 decimals) under the
hypothesis of equal species richness to the forest are depicted and derived from a post-hoc test
based on a linear mixed-effects model of sound extinction distance with plot as random effect.

Discussion

The need to measure sound transmission and detection spaces directly

No simple vegetation structure proxy can be used to determine the sound transmission of a
particular habitat or location. Alternatively, more complex combinations of vegetation structure
measures could be used to predict sound transmission more accurately (Embleton 1963). However,
any such calculations would involve more effort than measuring sound transmission directly.
Furthermore, we already tested some combined tree variables (eg. DBH with tree density data), but
none of these were satisfying predictors. It is possible that understory measures, which were
measured over the course of more than one year, did not exactly represent the plot’s understory
condition at the time of the sound measurements, but they were still representative of each land-use
type.

Land-use type does not predict sound transmission precisely enough either. Similarly, earlier work on
sound transmission (Marten and Marler 1977)(Marten, Quine, and Marler 1977) suggested that

habitat affects sound transmission only slightly. Climatic conditions,which also affect transmission,
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are typical for each land-use type but they differ only little between land-use types (Drescher and et
al., n.d.). Sound transmission differences would have been greater if we had compared open and
wooded systems — young oil palm plantations did not have a closed canopy but the palm fronds were
as high as 5 meters.

Presumably, the large unexplained variation in sound transmission within land-use types was due to
site-specific differences in plant composition, leaf morphology, and topography. Indeed, plot-level
data predicted sound transmission best, solidly supporting our recommendation to measure sound
transmission directly in each sampling site. The underlying sources of variation leading to the
observed patterns in sound transmission are manifold. Our study was not designed to address these,

but they are discussed elsewhere (Appendix C).

Variation in ambient sound

Ambient sound levels varied considerably with frequency, but they were also distinct between land-
use types (Figure 2). They are variable throughout the day and across seasons too, but minor day-to-
day variation was averaged out with our replicates. Similarly, (Ellinger and Hodl 2003) show that
ambient noise varies tremendously with the time of the day and the frequency. Thus to fully account
for the variability in ambient sound level, multiple time periods should be sampled. However, here
we refrained from analysing temporal patterns and focused on dawn levels corresponding to peak
bird calling times, and nightly ultrasound levels corresponding to bat and frog calling times.
Correspondingly, we advise to match ambient sound recordings with the typical daily activity time of
the monitored animals, while also measuring ambient sound during the different sampling seasons.
Furthermore, (Ellinger and Hodl 2003) emphasized that ambient noise affects communication
distances — thus detection spaces — more than sound transmission. We confirm their findings
because the differences in ambient sound level between land-use types were more pronounced than

those in sound transmission.

Variation in detection spaces

We saw that detection space areas also vary tremendously: analogously to ambient sound level,
detection spaces are affected by land-use (Table A2), as well as frequency and time of the day (Figure
2), but also height (Figure 3), like (Ellinger and H6dl 2003) showed. Thus, the vocalizing organism is an
important determinant due to its choice of stratum within the vegetation. Moreover, the sound level
of the vocalization affects detection spaces greatly as they increase with the square of the sound
extinction distance. In addition, the latter increase exponentially with higher transmission values,
which might result from calls that are lower-pitched or more directive (Patricelli, Dantzker, and
Bradbury 2007). Variation in detection spaces becomes even higher when considering species with

multiple songs in their repertoires, which might be emitted from different heights. Likewise, complex
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songs spanning a wide frequency range would not have a unique sound detection space value but
rather different detection spaces at each combination of frequency and source level. Hence, out of
simplicity and feasibility, we recommend referring to the maximal sound detection space area

attained by animals at their highest sound level with their best-transmitting call frequency.

Implications for ecoacoustic studies

Here we derived estimated species richness values for different exemplary animal groups. We
demonstrated how the differences in sound detection space areas would translate into flawed
estimates of species richness between land-use types, even though they are relatively similar in our
case (all systems contain trees providing a more or less closed canopy). Our results are different for
each animal group and identify the multitude of factors which determine the detection space of the
species: mainly the sound source amplitude, the stratum it vocalizes in, the sound frequency it uses,
the background noise it experiences, and the land-use in which it is emitting sound. Fortunately, our
results allow quantifying the sampling area in different sampling sites. We elaborate on technical

recommendations separately (Appendix C).

Methodological studies are particularly affected by sound detection space theory. It has been shown
previously that acoustic recorders differ in their detection efficacy for different animal groups
(Adams et al. 2012) (Huveneers et al. 2015); (Rempel et al. 2013). Indeed, quantifying the detection
spaces of these recorders would allow us to compare data from different recording systems and
sites. It should be noted that although their ranges would not simply depend on the polar pattern
and sensitivity of the microphones used but also on the recorder noise floor and microphone signal-
to-noise ratio, and these specifications are implicitly taken into account when measuring detection
spaces. The different detection areas sampled by different survey methods also have not been taken
into account in several studies reporting the efficacy of point counts versus acoustic recordings
(Acevedo and Villanueva-Rivera 2006); (Alquezar and Machado 2015); (Celis-Murillo, Deppe, and
Ward 2012): clearly, survey methods with larger detection spaces should yield more detections.
Similarly, quantifying detection spaces of single species has high relevance for calculating species
detection probability and their measured occurrence. It was already suggested by (de Solla et al.
2005) on the example of anuran surveys, that species detectability is driven by specific calling
strategies. Indeed detection spaces, when multiplicatively coupled with calling frequencies and
population densities — which are respectively probabilities of calling and presence — should be the
main determinants of acoustic detection probability. Detection spaces offer an alternative for

calculating species occupancy models.

Biodiversity surveys would generally also benefit from quantifying detection spaces. In our study, we

observed high correlations between vegetation structure and ultrasound transmission, suggesting
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that habitats with contrasting vegetation will affect bat detection differently. Indeed, it was shown
that vegetation measures correlate with bat activity (Ford et al. 2005), and they have been taken into
account in occupancy models recently (Bader et al. 2015). Although it was recognized early that
ultrasound transmission differs across habitat types (Patriquin et al. 2003), and it has been observed
to affect sampling of bats directly (Kalcounis et al. 1999), such considerations are not systematically
taken into account (see for example (Frey-Ehrenbold et al. 2013); (Jung et al. 2012); (Newson, Evans,
and Gillings 2015). We argue that instead of measuring vegetation variables, direct quantification of
detection spaces would be more useful. Along the same line, variable detection spaces affect the
results obtained from sampling birds in different habitat types (Wimmer et al. 2013)(Sebastian-
Gonzalez et al. 2015), and they could even influence acoustic diversity indices in relation to
vegetation structure (Pekin et al. 2012), since sites with higher sound transmission would have a

higher chance of yielding a higher acoustic diversity.

Interestingly, call transmission measurements have been used in a few cases for calculating detection
ranges of single cryptic bird species (K. T. A. Lambert and McDonald 2014) and temperate song birds
(Furnas and Callas 2015), although in the latter case it is unknown how much they varied between
species. The authors could make valid comparisons of abundances between habitats on the basis of

an identical acoustic sampling area, taking into account the bird call’s source level and height.

Applications for acoustic animal sampling

Obtaining species richness estimates from acoustic data that are comparable between sampling sites
is challenging, as the relationship between area and species richness is not linear. Moreover, each
land-use type actually follows its own species-area relationship. On one hand, detection spaces can
be larger in some habitats, but they can have shallower species-area curves (e.g. in plantations for
birds), which counteract the depicted differences in relative richness. On the other hand, habitats
with greater detection spaces do not necessarily have shallower species-area curves (e.g. forest for
bats), so the effect can be reversed and is entirely dependent on the organism and its stratum.
Hence, calculating expected species richness for a common reference area requires considerable
knowledge: comprehensive studies are needed to estimate accurate species-area model parameters

and derive absolute species numbers.

Alternative methods still need to be devised to compare species richness without bias in the field of
ecoacoustics, especially because richness is the measure of choice for appreciating biodiversity and
its conservation value. As we alluded here, for a simple correction, relative detected species richness
could be used as a multiplicative term to correct for the total species numbers. Otherwise, when
transmission values are known for sampling sites, noise could be artificially added to sound

recordings to cap the detection spaces to a common, equal area. However, all approaches would
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require individual calculations for each species, so that the task is daunting for anyone sampling
entire communities. While detection spaces of some species might be used to represent others,
some of the variation would be swept under the rug. Overall, easy solutions are not available yet for
guantifying detection spaces of each species in entire animal communities, but our study reveals the

complexity of acoustic detection space matters and cautions strongly against ignoring them.

Estimating distances to each animal call is a tempting and simple method since all detections below a
certain threshold could be filtered to yield a dataset that enables unbiased species richness
comparisons while avoiding dealing with the complex, multiple factors affecting detection spaces.
Listeners could estimate distances to each animal call in the sound recordings, although the
uncertainty might be substantial (Alldredge, Simons, and Pollock 2007). Additionally including sound
recordings of test sounds from increasing distances could allow them to appreciate the sound
transmission and assist them to estimate call distance. However, it is unknown how accurate human
distance estimates from unattended sound recordings would be. Provided animal sound source
levels are known, measuring the sound level, and ideally the directivity of animal calls in sound
recordings and gauging them with measured transmission values could yield more trustworthy

extinction distance estimates and detection spaces.

Other animal population variables like abundance and activity are more straightforward to compare.
For instance in one sampling site, animal calling activity and abundance probably increase linearly
with the sampling area and thus become quantifiable with known detection space areas. With these
measures, comparison at a common denominator area is easier, since we only need to divide them
by the sampled area or interpolate to the lowest sampled area. In that sense, detection spaces can
be used further to calculate population densities too, simply by dividing the number of detections by
the sampled area, addressing a shortcoming of acoustic sampling systems underlined by (Acevedo
and Villanueva-Rivera 2006). With bird recordings, listeners can even distinguish between individuals
and estimate true abundances by using known call repetition rates and localizing the sound source in
stereo recordings. Previously, to calculate population densities with acoustic data, uncalibrated
microphone arrays were used (Dawson and Efford 2009), making the analysis and survey setup
inherently more complicated. In contrast in marine systems, the theory behind terrestrial animal
density estimation using acoustic data is more advanced and has been reviewed by Marques et al.

(Marques et al. 2013), although the necessity for measuring detection spaces also prevails.

To some degree, the challenges we underlined for acoustic monitoring also apply to traditional
survey methods like point counts. We argue that gauging sound detection spaces allows animal
ecologists to obtain comparable data from acoustic surveys as they would obtain from traditional

surveys, thereby closing a knowledge gap between these two methods. Although we have exposed
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the complexity of measuring sound detections spaces and accounting for them in animal acoustic
biodiversity surveys, we believe this is a necessary evil to take advantage of the compelling potential

offered by passive acoustic monitoring systems as a tool for conservation science.

Glossary

Sound transmission: coefficient of the linear decay of the sound pressure level with the logarithm of

distance to the source level.

Sound extinction distance: the distance at which a source’s sound pressure level reaches the ambient

sound pressure level

Ambient sound level: Sound pressure level of all surrounding sound, usually sampled with

omnidirectional microphones

Species-area curves: Curves describing the relationship between total number of species and the

area of the sampled area, both of which might be log-transformed
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Appendix A: Supplementary Tables and Figures

Table A.1 Analysis of variance of a linear mixed-effects model (n=777) explaining sound transmission
with frequency, height, land-use and all interactions. We accounted for heteroscedasticity and used
plot as random variable.

Explanatory variables F-value p-value
frequency 377 <0.0001
height 537 <0.0001
land-use 4 0.0065
frequency:height 11 <0.0001
frequency:land-use 4 <0.0001
land-use:height 7 <0.0001
frequency:land-use:height 2 <0.0001
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Table A.2 Analysis of variance of a linear mixed-effects model (n=773) explaining the logarithmic
sound extinction distance (the radius of detection spaces) with frequency, height and land-use data.
We accounted for heteroscedasticity and used plot as random variable. The three-way interaction
was removed after stepwise selection.

Explanatory Variables F-value p-value
frequency 166 <0.0001
height 228 <0.0001
land-use 4 0.013
frequency:height 12 <0.0001
frequency:land-use 2 0.0001
land-use:height 3 0.0041
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Figure A.1 Time of the day of the sound transmission measurements in each land-use. Grey semi-
transparent dots represent the measurements (both for front and back directions) and we used jitter
to avoid overplotting, red dots represent the means and the error bars represent standard errors of
the mean.
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Figure A.2 Typical sound profile for a rubber plantation plot. The red line caps the sound
transmission slopes at the corresponding ambient sound level. The microphones have different
sensitivities which were coded as a dummy variable in the linear model and thus affect only the
regression’s intercept. The sound source reference sound pressure level is at one meter from the
microphone. Negative distances correspond to the direction to the back of the recorder.
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Figure A.3 Correlations between sound transmission and scaled vegetation variables at a sound

source height of 0.1 m. Slopes indicate significant (p<0.05) correlations based on a t-test in the
simple linear regression model.
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Appendix C: Additional measurements and discussion

Noise floor measurement

An anechoic chamber was not available, so we recorded sound for 3 minutes at night in cotton-
stuffed cool boxes with both types of sound recorders (SM2+ and SM2Bat+) and fitted microphones
to determine the noise floor of our recorders. This allows us to compare sound level measures
between frequencies to discern when higher values are due to a higher noise floor or to a higher

recorded sound level.

Loudspeaker and ultrasound calibrator directivity measurement

At heights of 0 and 5 m, the sound emitters could not be exactly directed to the sound recorders so
we corrected for the diminished sound level by measuring sound emitter directivity at angles of O,
15, 30, 45, 70, and 90 degrees from the front of the sound emitter, at a height of 2 meters above the
ground, in a bare land site. The loudspeaker was positioned 2 meters from an acoustic microphone
(SMX-11) and the ultrasonic calibrator at 4 meters from an ultrasonic microphone (SMX-US). We
achieved the measurements at the different angles by tilting the sound emitter upwards at each
angle increment, and repeated the measurements with the sound emitter upside down. We took the

mean of the values to find the directivity of our sound emitters at each angle and frequency (Fig A6).

Determining bird and bat call sound pressure levels

Using the distance to the animal and the microphone sensitivity, we computed the sound pressure
level from the mean frequency spectrum (window length of 512 meanspec function in R package
seewave) of four different calls for each animal. We calibrated the sound pressure level using
(Merchant et al. 2015) and extracted the maximum SPL to characterize the peak sound pressure level
of the bird and the bat. For the bird Malacocincla malaccensis, we used the average of two estimates
of its distance to the sound recorder from two human listeners. The sound pressure level at one
meter was calculated using the inverse square law for sound loss with distance. For the bat
Tylonycteris robustula, we used a recording of a captured individual situated exactly at one meter

from the microphone.

55



Chapter 2: Measuring sound detection spaces for acoustic animal sampling and monitoring

Discussion of sound transmission sources of variation

Many variables affect sound transmission, but our study was not designed for pinpointing its
determinants. It was shown before that sound from higher up usually transmits better within
vegetation strata (Marten and Marler 1977). Indeed, low sound sources lose a greater proportion of
their energy as it is reflected off (or absorbed by) the ground and cannot reach the recorder, which is
worsened by the presence of temperature gradients at the ground, leading to a “sound shadow”
effect (Wiley and Richards 1978). Our design differs from previous studies in that we recorded sound
from the listener’s perspective, so that sound from higher strata has to cross the tree crowns to

reach the recorder. Nevertheless, sound transmission generally improved with height (Figure A7).

Under specific circumstances however, sound transmission from low and medium levels can be
higher than expected. At higher frequencies, sound reaches wave lengths that allows it to interact
with leaves: at 8 kHz, the wavelength attains 4 cm and matches the size of small tree leaves in our
sites. In plantations, rubber leaflets have entire leaflets, elliptical to ovate, with dimensions of 4 to 50
cm times 1.5 to 15 cm (Boer 2000) and oil palm leaflets are 35 to 65cm times 2 to 4 cm large (R. H. V.
Corley and Tinker 2008). Indeed, live plants act as a low-pass filter (Martens et al. 1985), so that
higher frequencies can interact with them. Note that we carried out our measurements inside a
mature vegetation structure with a canopy (except in young oil palm sites): at two meters height, the
sound path from the emitter to the recorder was relatively unobstructed (especially in plantations).
We suggest that at these heights, our wooded habitats enhance sound transmission of high
frequencies: sound emitted between the ground and canopy might be channelled, thus confirming
the “wave-guide effect” mentioned by (Wiley and Richards 1978). As (Morton 1975) also postulated,
the canopy acts as the ceiling and we might add that the ground acts as the floor. Further, leaves are
mostly horizontal in the lower crown parts (pers. obs.) and sound reflection coefficients of plant
leaves increase strongly with sound frequency (Martens et al. 1985). Leaves could reflect sound like a

myriad of mirrors.

Other sources of sound transmission variation include climatic variables, such as atmospheric
temperature gradients and turbulences, as reviewed by (Ingard 1953). Our test signals were repeated
at multiple distances, typically over 30 to 45 minutes. The daily variations of climatic variables
(temperature, humidity, etc.) were implicitly averaged over the course of the day in our
measurements and thus should not introduce a bias in our comparisons between land-uses. (Ellinger
and Hodl 2003) also showed that the time of the day played only a minor role compared to height
and frequency thus sound transmission measurements need not to be replicated at several times of
the day. Nevertheless, it is possible that systematic climatic differences contributed to our observed

trends, but then again they would be inherent to each land-use. Interestingly, it is possible that in the
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core plots, sound waves could meet a temperature gradient in the tree crown, thus refracting down
instead of being lost in the upper levels (Wiley and Richards 1978), further enhancing the sound

channelling effect hypothesized before.

Technical aspects and recommendations

Sound source directivity has a considerable impact on sound transmission measurements (Wiley and
Richards 1978), and therefore, sound detection spaces. Common commercial loudspeakers such as
the one we used have a directivity that is physically determined by the sound source size: generally

the larger the source, the more directed the sound is for increasingly lower frequencies.

In that sense, they are representative of animal sound sources, which are also directional and we
might add that moderately-sized birds probably have sound-emitting organs of similar size as our
loudspeakers (membrane diameter: 25 mm). Thus the varying directivity precludes the comparison
of transmission values across the frequency range. While loudspeakers that are omni-directional
across a part of our frequency range such as these employed in architectural acoustics would allow
designing experiments describing transmission trends along the frequency axis, their price is
prohibitive for field ecologists and such systems are not portable. These systems should be used for
guantifying sound transmission in general terms irrespective of directivity and without reference to
animal calls, which are generally directional. Preferably, in biodiversity surveys, sound transmission
of every animal call should be measured separately. (Llusia, Marquez, and Bowker 2011) provided a
short protocol for measuring sound detection spaces of single species using loudspeakers calibrated
to the source’s sound level, but did not take into account the directivity of the loudspeakers nor the
variations in ambient noise. Ideally, sound detection spaces should be measured using live animals,
which could be feasible for studies focusing on single species but daunting for general biodiversity

studies dedicated to entire communities.

We recommend using pure tones for measuring sound transmission and demonstrated that simple
portable loudspeakers can be used. Sound transmission measurements traditionally rely on a system
of specialized equipment (Ellinger and H6dl 2003) to calculate sound transmission. In contrast, we
leverage freely available computational technology to obtain the same results. Likewise, white noise
is usually used to characterize multiple frequencies in one go (Morton 1975). We could also achieve
this with our loudspeakers, however our results were more variable than with pure tones, whose
intensities can be adapted singly to compensate for the irregular frequency response of low-end
loudspeakers. Besides, for sound transmission measurements, the absolute sound level of the
loudspeakers needs not to be known or calibrated: since sound transmission is described by the
slope of the sound fall-off, thus it is not affected by the absolute source level (the intercept, which is

affected by the microphone sensitivity).
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We also advocate using logarithmically increasing source distances instead of recording sound in two
points only: a wider frequency range can be covered (Marten et al. had difficulties to record the
higher frequencies at a distance of 100 m in some habitats) as different frequencies have different —
a priori unknown — extinction distances. Moreover, low-cost loudspeakers typically do not have flat
frequency responses, thus some frequencies clip at one or two meters from the recorder while
others do not, thus multiple sampling distances are required. Having more data points also allows
estimating the transmission more accurately and to sample a whole transect in the habitat, as
transmission will vary with the exact position of the emitter in the vegetation, especially at higher

frequencies which are affected more strongly by vegetation.

We argue that total sound transmission values are more practical for ecologists than excess
transmission values, commonly used by acousticians. Excess transmission expresses the difference of
the measured sound level to the theoretical sound level that would have been attained by a point
source of sound in free space (Marten and Marler 1977). However, terrestrial systems of interest to
ecologists invariably have a ground and often vegetation, and animal sound sources are directional,

so that substantial departures from the theory are the rule.

There are several possibilities to measure ambient sound pressure levels. We used median instead of
mean ambient sound levels to account for the fact that birds and mammals usually vocalize when
conspecifics are quiet: median values are less influenced by extreme values and would thus be more
representative of the constant background sound level that vocalizing animals must exceed. Note
that this consideration may not apply for some insects and amphibians which vocalize in chorus
(Greenfield 1994) or irrespective of conspecific calls, but these sounds are generally continuous and
thus median sound levels would yield similar results. Better still, it would be even more accurate to
devise methods that measure the sound pressure level of background noise, filtering out impulsive

sounds to measure only the continuous sound that vocalizing animals must exceed.
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Abstract

Rapid land-use change in the tropics causes dramatic losses in biodiversity and associated functions.
In Sumatra, Indonesia, lowland rainforest has mainly been transformed by smallholders into oil palm
(Elaeis guineensis) and rubber (Hevea brasiliensis) monocultures, interspersed with jungle rubber
(rubber agroforests) and a few forest remnants. In two regions of the Jambi province, we conducted
point counts in 32 plots of four different land-use types (lowland rainforest, jungle rubber, rubber
plantation and oil palm plantation) as well as in 16 nearby homegardens, representing a small-scale,
traditional agricultural system. We analysed total bird abundance and bird abundance in feeding
guilds, as well as species richness per point count visit, per plot, and per land-use system, to unveil
the conservation importance and functional responses of birds in the different land-use types. In
total, we identified 71 species from 24 families. Across the different land-use types, abundance did
not significantly differ, but both alpha and gamma species richness were reduced in plantations.
Feeding guild abundances between land-use types were variable, but homegardens were dominated
by omnivores and granivores, and frugivorous birds were absent from monoculture rubber and oil
palm. Jungle rubber played an important role in harbouring forest bird species and frugivores.
Homegardens turned out to be of minor importance for conserving birds due to their low sizes,
although collectively, they are used by many bird species. Changes in functional composition with
land-use conversion may affect important ecosystem functions such as biological pest control,
pollination, and seed dispersal. In conclusion, maintaining forest cover, including degraded forest and
jungle rubber, is of utmost importance to the conservation of functional and taxonomic bird

diversity.
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Introduction

Land-use change is inevitable: the growing human population, increasing wealth, and development
of global markets lead to increasing demands for natural products, and as a response, natural
ecosystems continue to be converted to agriculture (Schroth et al. 2013). This expansion endangers
wildlife biodiversity as well as the capacity of the ecosystem to continue delivering services (Jonathan
A. Foley et al. 2005a). The quest for more cropland has put more pressure on tropical regions, which
often offer lower production costs and less environmental regulation (H. K. Gibbs et al. 2010).
Tropical lowland forest is one of the most biodiversity-rich terrestrial ecosystems, but with the
continuing expansion of agricultural land, that biodiversity is in a fragile state, in particular in

Southeast Asia (Sodhi et al. 2004).

The island of Sumatra has experienced rapid land-use change. Indonesia’s annual forest cover loss is
now estimated to be the highest in the world (Margono et al. 2014), and by 2010 70% of Sumatra’s
forested area had been converted (Margono et al. 2012). In Jambi, rubber agroforestry and oil palm
agroforestry respectively covered 1 284 003 and 941 565 ha, summing up to 45% of anthropogenic
land-use cover (Dinas Komunikasi dan Informatika Prov. Jambi 2013). Plans by the Indonesian
government to double its palm oil production by 2020 suggest this trend will continue (L. P. Koh and
Ghazoul 2010). In the face of dwindling forest cover, the question arises as how to compensate for

the natural habitat losses and their impact on functional and taxonomic biodiversity.

In Southeast Asia, the response of bird communities to forest conversion has been documented
before. In Thailand, bird diversity is lower in commercial rubber and oil palm plantations than in
forest, and frugivorous-nectarivorous, insectivorous, and forest species are most affected
(Aratrakorn, Thunhikorn, and Donald 2006). Similar findings were reported by Thiollay for agro-
forests (including rubber) situated in separate regions of Sumatra (Thiollay 1995a). While
monoculture agro-forests are also omni-present in our study region, agricultural systems with a more
complex structure and plant composition might serve as refuges for plants and animals. Two such
land-use systems are commonly found in our study region in the form of jungle rubber - a forest-like
rubber plantation - and homegardens — defined here as a multistory combination of trees and crops
around the homestead (B. M. Kumar and Nair 2006). Despite that, jungle rubber is not equivalent to
forest in conservation terms, but it can harbor more birds than rubber monocultures (Beukema et al.
2007). Homegardens are another diverse land-use system but on a smaller scale, and they are widely
adopted by Indonesian households as they can support households in times of food shortage or
generate additional income (Marsh 1998). They are traditional agricultural systems characterized by
low intensity management and high plant biodiversity, sometimes resembling natural forest (Mohri

et al. 2013). However plant species richness and structure are variable and determined by social and
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geographic factors (B. Mohan Kumar and Nair 2004). Jungle rubber and homegardens are traditional
agricultural systems with potential for conservation due to their high plant species richness and
structural heterogeneity. Jungle rubber however may be threatened, as it was once prevalent in the

province of Jambi but it is being replaced by monospecific plantations (Feintrenie and Levang 2009).

The effect of land-use change on birds in the relatively small-scale mosaics of smallholder rubber
plantations, oil palm plantations, jungle rubber, remnant forest blocks and homegardens, have never
been jointly investigated. Existing studies sampling birds in rubber habitats usually come either from
large-scale commercial plantations (Aratrakorn, Thunhikorn, and Donald 2006), or from older,
intensive single-site transect studies on a subset of these systems (Beukema et al. 2007). Qil palm
plantations have been more intensively studied by Azhar et al. in peninsular Malaysia (Azhar et al.
2015), (Azhar et al. 2011), but without comparison to other agricultural land-use systems. In
Indonesia, smallholder oil palm plantations cover an equally large area as commercial plantations
(USDA 2007) but they have lower intensity management and yields, thus having greater potential for
biodiversity conservation (Azhar et al. 2013), (Azhar et al. 2011), although some evidence suggests
that the difference may be negligible (Asrulsani Jambari et al. 2012). The bulk of the rubber
production in Indonesia is also coming from smallholder plantations (Kopp and Briimmer 2015) with
low management intensity. Valorising these small-scale agricultural habitats could not only help to
meet conservation targets by maintaining a more heterogeneous landscape for bird communities; it
could also enhance their own ecological functions, since birds can control arthropods pests (Maas,
Karp, Bumrungsri, Darras, Gonthier, Huang, Lindell, Maine, Mestre, Michel, Morrison, et al. 2015),

disperse seeds, and pollinate plants (Whelan, Wenny, and Marquis 2008).

Here we use lowland rainforest as a reference to investigate the effect of conversion to different
land-use types on the total bird abundance, the abundance within feeding guilds, different measures
of species richness, and species composition of bird communities, and evaluate the conservation
value of these habitats. We conducted bird point counts in 32 plots of 4 different systems: lowland
rainforest, jungle rubber, rubber plantations and oil palm plantations, which are the main land-use
systems in the landscape mosaic in Jambi. We additionally sampled birds in 16 homegardens that
represent small-scale traditional systems, situated in the same study region to evaluate their
contribution to conservation. We expect that bird species richness is highest in forest due to the
more diverse food resources and structural complexity, and lowest in the monocultures.
Homegardens and jungle rubber may have intermediary biodiversity levels and thus act as refuges
for forest species because of their high plant species diversity and structural heterogeneity. We also

expect that some groups, such as feeding generalists (omnivores), reach higher abundances in the
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monocultures because these species are more flexible in their diets and can thus take advantage of

disturbed systems’ food resources.

Materials and methods
Data are publicly available on Dryad (doi:10.5061/dryad.g77m8). The study plots are privately owned
except for the forest sites, which are situated in the protected forests Harapan Rainforest (PT.

Restorasi Ekosistem Indonesia) and the Bukit Duabelas National Park.

Bird field sampling was observational and carried out by the first author, who is Indonesian, so no
research or collection permit was required. The joint co-authors' research permit (number
211/SIP/FRP/SM/VI/2012) was recommended by the Indonesian Institute of Sciences (LIPI) and

issued by the Ministry of Forestry.

This research involved human participants from 16 households for the homegarden survey. No
institutional review board or ethics committee was available in our project region. Instead, the
survey was approved by the Unit Management office of the CRC 990 at the local University of Jambi
and by the project's Indonesian counterparts. Local authorities (village leaders) were informed of the
survey with official letters from the Unit Management office. Complying with Indonesian customs,
simple verbal consent was obtained from each household head for sampling in their homegardens
and participating in the interview. Participants signed receipts for obtaining monetary compensation
after the interview. Personal data were first recorded in the field for identification purposes and later

removed for the statistical analysis and deposition on Dryad.

Study sites

The study sites are situated near two protected forests in Jambi Province, Sumatra, Indonesia (Fig 1).
Thirty-two plots, 50x50m in size, with 16 plots per region, were established on lowland rainforest
and 3 transformed habitats: jungle rubber, rubber (Hevea brasiliensis) plantation and oil palm (Elaeis
guineensis) plantation in the frame of the CRC 990 (EFForTS) project. Our lowland rainforest sites are
natural forests that have experienced some disturbance such as clearing and logging. Jungle rubber is
planted rubber with secondary forest re-growth and minimum management practices (Feintrenie
and Levang 2009). Rubber plantations and oil palm plantations are intensively managed monoculture
plantations covering an extensive area of the province. The study design and region is described in
detail by Drescher at al. (Drescher et al. 2016). The mean pair-wise distance between sites was 11.5

km and 18.2 km for the Bukit Duabelas and Harapan regions, respectively.
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Fig 1. Map of the plots and homegardens in Jambi Province, Sumatra, Indonesia. The first letter
of plot and homegarden codes indicates the region (H: Harapan, B: Bukit Duabelas), the second
letter the land-use type (F: forest, ]: jungle rubber, R: rubber, O: oil palm, G: homegarden). Forest
cover is derived from Landsat 2013 (data from USGS/NASA Landsat, imagery interpretation
courtesy of Dian Melati).

We additionally selected 8 homegardens, which were not part of the core study sites of the CRC 990,
in each region. Homegardens were separated by a minimum distance of 100 m and it was not
possible to have larger separation between them since they are invariably tied to human settlements
along roads. The selected homegarden areas ranged between between 100 to 300 m?, smaller or
larger homegardens (observed range 50-800m?) were either too small for meaningful bird surveys,
or, for the larger ones, too rare and unrepresentative to include in our sample. The typically small
size of homegardens compared to plots prompted us to double the amount of homegardens (16

homegardens vs. 8 plots per land-use type).

Bird survey
We conducted point count surveys in the centre of the plots in forest, jungle rubber, and rubber and
oil palm plantations. Each plot was visited four times, except five plots (BF1, BF2, BJ2, BJ4, and BO1,

see Fig 1) which could only be visited three times due to time constraints. Each homegarden was also
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visited four times, except two homegardens (BG1 and BG2) which could only be visited three times
due to time constraints. Each point count visit lasted 20 minutes. In the homegardens, birds were
observed from the best possible vantage point. Individuals flying through or above the plot or
homegarden were excluded. Each site was surveyed from June until July 2013, during non-rainy days.
Cloud cover during the visit was estimated by eye and expressed in percent as clouded weather can

possibly affect bird activity (Robbins 1981).

Birds were surveyed by sound and sight between 6:00 and 10:00 by the first author using 7x42mm
binoculars (Nikon Monarch). Species identity, number of individuals, used vegetation layer (only for
plots: ground, understory, middlestory, canopy, emergent trees) or used plant species (only for
homegardens), horizontal distance from the observer (measured by a digital rangefinder Nikon Laser
1000AS) were recorded. The timing of bird data collection randomly alternated between early to late
morning to minimize a bias due to the observation time (Ralph, Droege, and Sauer 1995),
(Sutherland, Newton, and Green 2004). Unfamiliar bird calls were recorded using a directional
microphone (Sennheiser ME-66/K6) coupled to a digital sound recorder (Olympus LS-3). The
recordings were later compared with online databases: the public bird call database Xeno Canto

(www.xeno-canto.org) and our own database SoundEFForTS (http://soundefforts.uni-

goettingen.de/). Bird species identification in the field followed Mackinnon, Phillips & van Balen
(MacKinnon and Phillipps 1993), but we used Birdlife international (BirdLife International 2015)

taxonomy in the analysis.

Homegarden survey

Semi-structured interviews (S1 Questionnaire) with the homegarden owners showed they were
tended by people aged 21 to 71 years, and mostly by women or both genders (13 out of 16
homegardens). Homegarden products were used for personal consumption and only occasionally
sold (3 households). Fertilizer and herbicides were used in 13 homegardens, with insecticides used in
8 homegardens. On average, the ground cover consisted of 65% of vegetation and litter, while the
rest was mostly bare ground. We could identify a total of 109 cultivated plant species, of which 42
were tree species. An average of 18 (sd: + 7) identified cultivated plant species per homegarden was
found, of which an average of 7 (sd: + 4) species were trees. The most common plants (found in more
than half of the plots) were chili pepper (Capsicum frutescens), papaya (Carica papaya), coconut
trees (Cocos nucifera), turmeric (Curcuma longa), lemongrass (Cymbopogon sp.), sweet potato
(lIpomea batatas), mango (Mangifera indica), cassava (Manihot esculenta), banana (Musa sp.),
sugarcane (Saccarum officinarum), katuk (Sauropus androgynus), and ginger (Zingiber sp.). Generally,
homegardens had few tall trees and they were never integrated in remnant forest habitat (for an

example see S1 Fig),
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Due to their inevitably smaller areas (mean * sd = 220 + 51 m?), the 16 homegardens’ bird
abundance, richness, feeding guilds, and communities were not comparable statistically to those
from the plots (area: 2500 m?). In one homegarden (HG8), the owner “cleaned” all vegetation so that

the bird survey could not be conducted.
Data analysis

Diet, stratum, habitat and Red List status

All birds were classified into feeding guilds (insectivores, frugivores, granivores, omnivores, and
nectarivores) based on their primary diet. The classification is mainly based on Thiollay (Thiollay
1995a) and was completed with data from the Handbook of the Birds of the World (del Hoyo, Elliott,
et al. 2015). We used the same sources, as well as Beukema et al. (Beukema et al. 2007), to
complement the data with the birds’ preferred habitat use as defined by Thiollay (Thiollay 1995a)
(primary and old secondary forest interior; forest gaps, edges, or upper canopy; little wooded and
cultivated areas). Data about the foraging strata were extracted from Wilman et al. (Wilman et al.
2014a) (tree crown; bark and wood at any height; understory, mostly foliage and epiphyte; grass
shrubs in open areas). We plotted the abundance per feeding guild, habitat type, or foraging strata in
each land-use type and region and only used the data from the first three visits to avoid a bias due to
several sites missing the fourth visit. We supplemented the bird data with information from the IUCN
Red List (The IUCN Species Survival Commission 2004) to show the number of species of conservation

importance.

Response variables

We used the sum of the maximum of simultaneously detected individuals per species as a
conservative measure of abundance. Abundance was computed per point count visit to be
comparable with our measure of species richness per point count visit. We also analysed the
abundance in each feeding guild and the rarefied richness per plot after 3 visits, and the total
richness per land-use type after 3 visits was visualised. For the per-visit richness and abundance, we
also counted birds that were only identified to genus level if they differed from the genera of the

other observed birds during the same visit.

For homegardens, we computed the average number of species and abundance of birds, counted
after three visits. We also pooled data from all 16 homegardens, obtaining a total area of 3297 m?,
which is more similar to the area covered by our point counts in core plots, to count the total species

richness.
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Statistical models
All analyses were carried out using R software version 3.2.1 (R Core Team 2015a) and graphs were

made using the ggplot2 R package (Wickham 2009).

For all per-visit count data (abundance and richness), we fitted generalized linear mixed-effects
models (GLMER, glmer function from R package Ime4) with plot as a random effect and Poisson
family. Rarefied species richness yielded one data point per plot and as a consequence, it was
modelled using a generalized linear model (GLM) with Poisson family (without random effects). For
all models, we started with the full set of explanatory variables, including land-use type and region
(categorical variables) as well as their interaction, and scaled cloud cover (z-transformed to avoid
convergence issues in GLMERs). The full model’s overdispersion, homoscedasticity and residual
normality assumptions, as well as outliers, were checked using diagnostic plots. We generated all
possible models based on all combinations of predictors included in the full model and ranked them
by AlCc (Burnham and Anderson 2004) (dredge function from R package MuMlIn). All variables that
were included in the best models (models within 2 AAICc scores from the best model) were used to
construct a model which served in a subsequent post-hoc pairwise comparison of land-use types with
forest (glht function from R package multcomp (Hothorn, Bretz, and Westfall 2008a)), and we report
the results whenever a global Chi-square-test was significant (P<0.05). Total richness per land-use

type was not analysed statistically since it is an aggregated measure.

Community composition

We visualized the bird community composition using non-metric multidimensional scaling (NMDS)
based on Bray-Curtis distances derived from an abundance community matrix (R package vegan
(Oksanen et al. 2015)). We performed permutational multivariate analysis of variance tests (adonis
function from R package vegan) to detect the difference of each transformed land-use’s community

with forest.
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Results

Based on our point counts, we detected 451 birds representing 71 species and 24 families, as well as
74 birds from 13 species and 7 families, respectively in core plots and in homegardens. Sampling
intensity was comparable between land-use types, and rarefaction analysis supports our finding (52
Fig), although forest appears to have been under-sampled. Among all detections, 25 were only
identified to genus level and 9 detections remained wholly unidentified. Twenty genera were only
found in forest, 4 only in jungle rubber, 6 only in rubber, and 5 only in oil palm. Birds were usually
recorded more often close to and also far away from the observer in the plantations (S3 Fig). The
estimated cloud cover was highest in forest and lowest in rubber (S4 Fig), but we did not test for

statistical significance.

Total bird abundance and species richness

The best model for bird abundance per visit was the null model, and there were no other models
within 2 AAICc, so no global test was needed. The bird abundance per visit followed different trends
among regions (Fig 2). The best models (within 2 AAICc) for bird abundance per feeding guild (using
only insectivores and omnivores for which we had enough detections) did not contain land-use type
or region as predictors, so no global test for assessing differences between land-use type and region
was conducted. The best models for species richness per visit contained land-use type and region
predictors. The global Chi-square test for the contrasts between land-use types was significant
(P<0.05) and the multiple comparison showed significantly (P<0.05) higher values in forest than in
the rubber and oil palm plantations for the Harapan region. The best model for rarefied species
richness contained only land-use type as a predictor: there were no other models within 2 AAICc. The
global test for the contrasts between land-use types was significant (P=0.01) and showed significantly
(P<0.05) higher values in forest than in the rubber and oil palm plantations (Fig. 3). For all responses,
cloud cover was dropped from the predictors as it was never contained in the best models within 2

AAIC.
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Fig 2. Bird abundance and species richness per 20 minute visit, split up by land-use type for two
regions in the province of Jambi, Sumatra. Black dots represent visits, red dots represent mean
values per land-use type, error bars represent the mean standard error, asterisks denote
statistical significance in post-hoc multiple comparisons with forest.
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Fig 3. Rarefied species richness after three 20 minute visits, split up by land-use type for both
regions combined in the province of Jambi, Sumatra. Grey dots represent plots, red dots
represent mean values per land-use type, error bars represent the mean standard error,
asterisks denote statistical significance in post-hoc multiple comparisons with forest.

In both regions, the total species richness per land-use type was highest in forest (see Fig 4). The
species richness in rubber sites of Bukit Duabelas was relatively high, even surpassing the species
richness in jungle rubber. In both regions, species of conservation concern (“near threatened”
category according to IUCN Red List) were increasingly rare along the land-use conversion gradient

and mostly absent in plantations.
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Fig 4. Total bird richness after three 20 minute visits in each land-use type and IUCN Red List
threat status for two regions in the province of Jambi, Sumatra. For some unidentified birds, the
threat status was not available (NA).

In 4 of the 15 homegardens, we did not find any bird even after four visits. After 3 visits, the average
total species richness per homegarden was 1.6 (sd: £1.4) with a maximum of 5 species, and the mean
number of detections per visit was of 1.15 individuals. All 15 homegardens pooled together had a

species count of 11 after three visits.

Feeding guild abundances

Insectivores declined in converted land-use types in the Harapan region, and the trend was reversed
in the Bukit Duabelas region (Fig 5); the highest omnivore abundances were observed in plantations,
but both trends were not significant (global Chi-square test P=0.18), so we refrain from a more
detailed description of these results. Frugivores were absent from plantations in both regions, while
nectarivores were only present in plantations at Bukit Duabelas, and in forest and jungle rubber at

Harapan. Granivores made up a minor proportion of detections and were mostly found in oil palm.
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In homegardens, we predominantly found granivores (22 individuals) and omnivores (17 individuals).

Nectarivores were still common (10 individuals), while insectivores were rare (3 individuals).
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Fig 5. Bird abundance after three 20 minute visits in each feeding guild per land-use type for the
two different regions of the province of Jambi, Sumatra. Feeding guild categories were based on
Thiollay et al. (1995).

Community composition

Two dimensional ordination visualization of bird communities based on abundance data showed that
the forest community was different from the other communities in the converted land-use systems
(Fig 6). Clear overlap was visible between jungle rubber and rubber plantations, and to a lesser
extent between rubber and oil palm plantations. The ADONIS analyses revealed that land-use type
was significant in partitioning the bird communities, and that forest communities were significantly

different from each of the other communities in converted land-use types (all p<0.001).
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Fig 6. Non-metric Multidimensional Scaling of bird communities in different land-use types of
Jambi, Sumatra. Graph based on abundance data from both regions.

Discussion

We found no differences in terms of abundance between the land-use types, but both richness per
visit and rarefied richness per plot were significantly lower in plantations compared with forest.
Frugivores were absent from monocultures; the trends in abundance of insectivores and omnivores
are statistically not significant, so we do not interpret them further. Richness per land-use type
decreased along the transformation gradient, with almost no bird species of conservation concern
present in monocultures. Bird communities in jungle rubber, rubber and oil palm monocultures were

significantly different from forest communities.

Diversity along the land-use conversion gradient

Overall, species richness decreased from forest to plantations. In our region, forest harboured more
than twice the number of species compared to oil palm plantations, and many more genera were
restricted to forest habitats than to plantations. However the species richness decline was not as
sharp as the one observed by Aratrakorn et al. in commercial plantations (Aratrakorn, Thunhikorn,

and Donald 2006), where losses of at least 60% bird species were reported: we documented losses of
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43-45% in rarefied richness in plantations compared to forest. It suggests that smallholder
agricultural plantations might be less detrimental for birds, due to their inherently smaller sizes
contributing to a higher diversity of habitats in the landscape mosaic. Species groups that went
missing after conversion of forest are hornbills, trogons, barbets, woodpeckers, flycatchers, and
some babblers. The lack of large canopy trees (for hornbills), standing dead trees (for woodpeckers),
woody understory growth (for babblers and understory foragers), might have greatly affected these

forest species (Thiollay 1995a)(Sodhi et al. 2010).

We expected that monoculture rubber would be more hospitable to birds than oil palm plantations:
the branched rubber tree structure may provide more space for foraging, perching, or nesting. Even
though rubber is harvested more frequently, tapping takes place at the trunk base, while harvesting
in oil palm occurs in the middle of the canopy, which is potentially more disturbing. Although several
bird species are able to shift their foraging height in response to disturbance (F. R. Lambert 1992), oil
palm plantations clearly cannot harbour tree crown species, integrating open-land species instead
(S5 Fig). However all in all, we could not detect differences in abundance or richness between the
rubber and oil palm plantations, and their communities were relatively similar (Fig 6), which was also
found by Aratrakorn et al. (Aratrakorn, Thunhikorn, and Donald 2006). Both plantation types are
novel, simplified monocultures with a high disturbance regime due to human management activities,

explaining the high prevalence of similar generalist species in both systems.

Differences in feeding guild responses

In our study, frugivores were seldom found in jungle rubber compared to forest, and were entirely
absent in the monoculture plantations. Therefore we deduce that bird seed dispersal may be
severely decreased in transformed systems. This result was consistent with other findings in
Sumatran agroforest (Thiollay 1995a), in Hainan rubber plantations (Li et al. 2013), and in Thai
commercial rubber and oil palm plantations (Aratrakorn, Thunhikorn, and Donald 2006). Availability
of fruits, which fluctuates strongly between seasons and years even in natural forests (Terborgh
1986), is crucial for maintaining frugivores, and the presence of fruiting remnant forest trees in jungle

rubber could make a decisive difference (Abrahamczyk et al. 2008).

In Bukit Duabelas, we found nectarivores only in plantations, while they only occurred in jungle
rubber and forest in Harapan. Although agroforestry systems, when adjacent to open areas, may
result in spillover of nectarivore species (Cagan H. Sekercioglu 2012), we suggest this increase is
mainly due to the Hevea blooming during the bird survey in Bukit 12. Rubber provides large extra-
floral nectar resources during the blooming period, and Li et al. (Li et al. 2013) suggest that birds
utilize them, as they also observed similar temporal trend of nectarivores. We hypothesize that

nectarivorous sunbirds (which are facultative insectivores) might also be attracted by the insect
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pollinators of rubber (thrips and midges, pers. obs. YC). Flowerpeckers (Dicaeum trigonostigma)
might use rubber as well, as they were reported to consume rubber flowers directly (Cheke and
Mann 2016). Bird pollination thus seems to be decreased in plantations and only temporarily upheld

in rubber plantations during the blooming time, when bird pollinators are attracted.

Especially in Harapan, insectivore abundances decreased from forest to jungle rubber and then to
rubber. In Bukit 12 however, insectivore abundance increased in plantations. Almost all insectivores
found in oil palm are open land and common species such as Prinia and Orthotomus. Forest-
dependent insectivores, such as Grey-chested Jungle-flycatcher Rhinomyias umbratilis, Scarlet-
rumped Trogon Harpactes duvaucelli, and Banded broadbill Eurylaimus javanicus were never found
outside the forest sites. At the same time, a large portion of understory insectivores, such as
babblers, were found almost exclusively in forest and jungle rubber, as they are sensitive to habitat
degradation (Powell, Cordeiro, and Stratford 2015). They could not be found entering deep into the
plantations, even when observed in nearby jungle rubber fragments (pers. obs. WEP). The absence of
undergrowth vegetation on plantation plots seems to be affecting this group greatly (Aratrakorn,
Thunhikorn, and Donald 2006). Bark gleaning insectivores like woodpeckers and nuthatch were
entirely missing in oil palm. Under these circumstances, we are unsure whether pest predation
services — which might be relevant for oil palms (L.P. Koh 2008) — are hampered or enhanced in
plantations. There are indications that common species (like Pycnonotus, Orthotomus and Prinia
species) comsume a broad variety of insects in oil palm, but not specifically pests (De Chenon and
Susanto 2006). Consequently biocontrol effects could be positive or negative, as birds may affect
pests as well as their natural enemies. Note that overall, the diversity of the insectivorous feeding
guild is strongly reduced (S6 Fig, 16 species in plantations combined versus 29 in forest and jungle

rubber combined).

In rubber and oil palm plantations, we generally observed similar species compositions with
omnivores such as Pycnonotus goiavier and Dicaeum trigonostigma dominating. Overall, omnivores
were more than twice as abundant in the plantations compared to the forest, but they had only
slightly lower observed richness (13 species in plantations combined versus 16 in forest and jungle
rubber combined). Forest omnivores such as leafbirds, fulvettas, and scimitar-babblers, were
replaced by other species that have adapted well to anthropogenic habitats, such as bulbuls
(Pycnonotus spp.). In summary, our results show that there is a feeding guild composition change
towards less specialized birds in the simpler habitat types such as plantations (Abrahamczyk et al.
2008),(Cagan H. Sekercioglu 2012) (Maas, Clough, and Tscharntke 2013b). It is uncertain whether the
omnivorous birds can still fulfil the seed dispersal function of the missing frugivores in plantations, as

only dietary analyses could reveal that.
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Confounding factors and recommendations

Differences in bird detectability between land-use types should hardly bias our results since we only
recorded birds that are within the plot (maximum distance 35m). However we found that birds in
forest and jungle rubber were rarely detected in the close vicinity of the observer, suggesting in
these natural systems birds are usually more secretive. We could not correct for this minor bias so
our estimates are conservative for forest sites. Moreover, the weather conditions were usually
worse in forest than in the other systems, while the skies were clear during the rubber plot visits.
While we could account for that in our models, the weather covariate was always dropped,

suggesting that it may not affect our outcomes significantly (see also (Bas et al. 2008)).

Both regions showed strikingly different trends in the abundance, species richness and number of
conservation-relevant species for forests and rubber plantations, suggesting that regional effects are
of major importance. While we cannot test or quantify the regional effect with only two studied
regions, we know that especially the forests were dissimilar: in Bukit Duabelas, law enforcement was
ineffective as bird trapping and rubber tapping were still ongoing in the vicinity of our plots. The

Harapan forest sites were better protected and could also benefit from ongoing restoration efforts.

Other factors may influence the observed abundance and richness trends. Indeed several studies
(Aratrakorn, Thunhikorn, and Donald 2006), (Azhar et al. 2015) (Asrulsani Jambari et al. 2012)
showed that understory presence could positively affect bird species richness. We did not test for
such an effect, but our highest abundance and richness values were in plots with dense and tall
undergrowth (pers. obs. WEP). The importance of rubber blooming was mentioned above and
indeed, we observed higher nectarivore abundances in the Bukit 12 survey when rubber was
blooming. Another possible influencing factor is the distance from the forest fragments. Aratrakorn
et al. (Aratrakorn, Thunhikorn, and Donald 2006) did not find any evidence for this in their
commercial plantations, but Azhar et al. found effects for arboreal omnivores and terrestrial
frugivores (Azhar et al. 2013). In our Bukit 12 region however, plots from converted land-uses were
closer to the forest border than in Harapan (on average 3.2 km versus 6.0 km for Harapan, Fig 1). We
suggest that the proximity to forest could explain the relatively high species richness and abundances
in the Bukit 12 converted land-use plots. . All things considered, we recommend that during bird
surveys in rubber plantations, blooming events should be noted, and in plantations, understory
density should be quantified. A designed gradient in distance from the transformed plots to the
forest (as a reference system), combined with a more sophisticated land-use cover analysis, could
impart the influence of forest proximity on bird communities, which should ideally be tested in

different regions.
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Conservation Implications

Despite being perennial habitats, monospecific plantations are too simplified to harbour as many
species as forests. Our results show that among the transformed habitats on the study site, jungle
rubber still plays an important role in harbouring bird species, particularly forest species that cannot
survive in structurally much simpler habitat (S7 Fig): jungle rubber in both regions harboured 14
forest species, which was more than twice the number in both monoculture plantations combined (6
species). Strikingly, the entire feeding guild of frugivores was missing from the moncultures. Jungle
rubber communities were intermediate in composition between forest and plantation communities
(Fig 6), and almost half of the 15 near threatened species from the forest were found in jungle
rubber. As a buffer (Beukema et al. 2007), jungle rubber favours forest bird species due to its
vegetation structural complexity and plant diversity (including fruiting trees), as it resembles

secondary forest more than the other types of land-use (Gouyon, de Foresta, and Levang 1993).

Despite encouraging evidence from other parts of the world that homegardens can sustain bird
communities and thus support conservation targets (Goulart et al. 2011), we found that single
homegardens in our region were quite irrelevant for conserving bird communities. The gardens were
irregular in shape, leading to possibly stronger edge effects, markedly smaller in size than the study
plots, and located near to roads and households, which are a source of disturbance. Homegardens
may be attractive to birds for its food-resources. Therefore, owners may perceive them as a threaten
to the crops, and in some cases use visual methods such as birds-scarers to dissuade birds from
entering into the homegardens (pers. obs. MTH). Additionally we found a low plant species richness
and structure and full-grown trees were rare (pers. obs. MTH). In contrast, homegarden studies in
Sulawesi and Java respectively recorded from 28 to 37 and from 42 to 58 plant species per
homegarden (Kehlenbeck and Maass 2004), (Yamamoto et al. 1991). In contrast however, when
pooling homegarden data for a fairer comparison of species richness with core plots at similar areas,
we found a high number of species (11). Although this number is inflated due to the geographical
separation between homegardens (high beta-diversity) it comes second after the highest species
richness recorded in plots. Therefore, although homegardens certainly do not provide breeding
habitat for birds due to their high disturbance regime, they can apparently provide resources that are

used by many bird species.

Bird communities can be preserved with several management practices. Favouring a more diverse
tree structure and habitat in plantations can be achieved by planting trees in cohorts of varying ages,
with intercropping of rubber (Snoeck et al. 2013) and oil palm (Amoah et al. 1995), keeping remnant
forest trees — especially fruiting trees for the missing frugivorous trees (Harvey and Haber 1998) —

and standing dead trees (“snags”) (J. P. Gibbs, Hunter, and Melvin 1993), and by maintaining a denser
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undergrowth (Aratrakorn, Thunhikorn, and Donald 2006), (Azhar et al. 2015) (Asrulsani Jambari et al.
2012). Interestingly, some findings by Azhar et al. suggest that polyculture may not necessarily be
beneficial for the overall bird species richness (Azhar et al. 2014). Finally at the regional scale, the
matrix between the forested natural habitat and transformed habitat can be improved by keeping

plantations small and forested systems connected (Tscharntke et al. 2008).

Previously, the predicted land use development in Jambi incorporated a combination of jungle
rubber along with monoculture plantations (Feintrenie and Levang 2009). However recent changes
show a shift to more profitable monoculture plantations(Clough (in revision)). Smallholders could
maintain their jungle rubber agroforestry due to the minimal management costs and limited capital,
but oil palm offers short term profits (Feintrenie and Levang 2009), (Lee et al. 2014). The immediate
challenge for conservation in the study area is the change of forest and jungle rubber towards a

homogenized region dominated by large scale monoculture plantations.

Policies which support smallholders in maintaining the heterogeneity within the landscape mosaic
are required. With the growing eco-sensitive market, smallholder rubber certification — despite its
complexity — should be developed further (Gouyon 2003). A multi-stakeholder approach providing
incentives for smallholders to maintain their jungle rubber is feasible as has already been
implemented in the Bungo regency (Leimona et al. 2015). Favouring jungle rubber and mixed crop
plantations, along with practices which maintain structural complexity of the plantation will benefit
the environment and biodiversity more. Meanwhile, it is of utmost importance to protect and

maintain the remaining forest cover.
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Abstract

In the tropics, land-use transformation from rainforest to monoculture agriculture such as oil palm
and rubber plantations is happening at a rapid rate causing considerable species loss. Patterns of
species loss with land-use change are comparatively well studied, but this is in contrast to the
building evidence that functional diversity, and not species richness per se, is the main driver of
ecosystem functioning and stability. To comprehensively investigate the effects of land-use change
on species richness and functional diversity, as well as the relationship between the two, we
surveyed birds, arboreal ants and leaf-litter invertebrates across 32 lowland rainforest, jungle rubber,
monoculture rubber and oil palm plantation sites in Sumatra, Indonesia. We quantified species
richness, functional diversity and single- and multi-trait functional indices (community-weighted
mean and variance, functional dispersion, functional evenness and functional divergence) for each
taxonomic group using feeding guild, dispersal and biomass traits. We found linear relationships
between species richness and functional diversity across all taxa, indicating low functional
redundancy in these systems. Also, species richness and functional diversity declined from forest to
oil palm for birds and leaf-litter invertebrates, with intermediate responses in the rubber systems.
Ants however, had higher diversity in oil palm compared with forest and jungle rubber. There were
few significant responses to land-use change for multi-trait indices, but noteworthy responses for
single-trait indices. In particular, for all taxa species from higher trophic guilds decreased from forest
to oil palm. The observed decrease in species richness from rainforest to monoculture plantations
across multiple taxa, along with the tightly coupled decreases in functional diversity and low
functional redundancy, could threaten long-term ecosystem stability through potential
consequences for ecosystem processes. The complementary results from using multiple functional
indices emphasizes the need to combine different multi-trait and single-trait measures to better

understand the effects of land-use change on communities and associated functions.
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Introduction

Land-use change due to agricultural expansion is causing considerable species loss worldwide
(Jonathan A. Foley et al. 2005b; Newbold et al. 2015). In tropical regions in particular, conversion of
forest and agroforests into monoculture agriculture such as oil palm is happening at an extremely
rapid rate, leading to highly simplified landscapes (Emily B. Fitzherbert et al. 2008). In Indonesia,
currently the world’s leading palm oil producer, oil palm plantation crop cover was nine million
hectares in 2010 with a projected increase to 18 million hectares by 2020 (Lian Pin Koh and Ghazoul
2010). The predicted further large-scale expansion of oil palm plantations and other high-intensity
agricultural systems has extensive implications for species loss and subsequent alteration of

ecosystem functions and services (Emily B. Fitzherbert et al. 2008).

Although patterns of species loss with land-use change are relatively well studied (Emily B.
Fitzherbert et al. 2008), it is now widely understood that functional diversity, and not species
richness per se, is the main driver of ecosystem functioning and stability (Tilman et al. 1997; Lefcheck
and Duffy 2015; Gagic et al. 2015). Functional diversity refers to a component of biodiversity that
measures the variation in the functionally relevant traits present in a community (Petchey and
Gaston 2006). Trait-based diversity indices provided higher explanatory power than species-based
diversity indices (e.g. species richness and Shannon diversity) for predicting seven ecosystem
functions’ responses in a recent study by Gagic et al. (2015). Also, multifunctionality of ecosystems
(rates of multiple processes) was only directly affected by variation in functional diversity measures
rather than taxonomic diversity in a grassland biodiversity experiment (Mouillot et al. 2011).
Understanding the response of functional diversity to land-use change will be extremely important if

we are to fully grasp the long-term consequences on ecosystem functioning (Senior et al. 2013).

Quantifying functional diversity also enables the investigation of the relationship between species
richness and functional diversity. Functional diversity and species richness are often correlated (Flynn
et al. 2009; Bihn, Gebauer, and Brandl 2010), but the relationship between the two is not necessarily
linear. Its shape has important implications for functional redundancy and complementarity (Flynn et
al. 2009). For example, species may be lost without an equivalent loss in functional diversity if a
number of species have similar traits within the community, indicating functional redundancy and
the possibility of community resilience to disturbance. Alternatively, if functionally unique species
are lost there could first be a sharp decline in functional diversity with only a small reduction in
species richness. For example, species with large body sizes, small geographic ranges and high
trophic position are often more sensitive to disturbance and are therefore lost first in disturbed
ecosystems with potential serious consequences for the ecosystem functions they perform (Henle et
al. 2004; Larsen, Williams, and Kremen 2005).
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Functional responses can be assessed using indices based on single-traits (e.g. community-weighted
mean (CWM), Sonnier, Shipley, and Navas 2010) or multiple traits (e.g. functional dispersion, the
mean distance of each species trait values to the community trait space centroid, Etienne Laliberté
and Legendre 2010). Recently, there has been a growing body of research investigating the relative
benefit of different functional indices and which best predict ecosystem functioning (e.g. Mouillot et
al. 2011; Butterfield and Suding 2013; Gagic et al. 2015). However, it is still unclear if single-trait,
multi-trait or combinations of both provide the most appropriate or informative data for
understanding changes in functional diversity or the consequences of those changes. A number of
studies investigating both single-trait and multi-trait functional indices in plants have found that a
single-trait index (CWM) better predicts measured ecosystem functions (e.g. Butterfield and Suding
2013). Correspondingly, Gagic et al. (2015) found that, of the reviewed studies that considered both
single- and multi-trait indices, 73% demonstrated certain single-trait indices were better at predicting
ecosystem functioning than multi-trait indices. However, others claim that only considering one type
of index is insufficient, and that both are needed to gain a comprehensive understanding of

community functional diversity (Gagic et al. 2015).

Although there is an increasing amount of research that investigates both taxonomic and functional
diversity in the context of land-use change, studies across multiple taxa and in different land-use
systems are still rare (but see Flynn et al. 2009; Senior et al. 2013; Gagic et al. 2015). In the present
study, we use community and trait data from arboreal ants, leaf-litter macro-invertebrates and birds
to study functional diversity responses to land-use change in Sumatra, Indonesia. We assess four
land-use systems important to the study region, lowland rainforest, jungle rubber, rubber and oil
palm. To comprehensively assess changes in functional diversity, we estimate the relationships
between taxonomic and functional diversity and the responses of multiple single and multi-trait
functional indices to land-use change, and compare the relative value of single or multi-trait indices.
Understanding functional diversity loss in these systems is important for predicting effects on

ecosystem functioning and for understanding the overall consequences of land-use change.
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Materials and Methods

Study Area

Our study was carried out within two lowland regions in the Batanghari and Sarolangun Regencies of
Jambi Province, Sumatra, Indonesia at elevations of 40-100 m a.s.l. These regions were adjacent to
two protected areas, the Bukit Duabelas National Park and the Harapan Rainforest (Fig. S3.1). This
area is typical of lowland Sumatra in that it has undergone extensive selective logging and
deforestation, especially over the past 50 years as a result of the increasing expansion of agricultural
land (Laumonier et al. 2010). In particular, rubber is the most dominant crop in the province with a
land cover of 650,000 ha in 2011. However, over the past 20 years oil palm has become increasingly
dominant, increasing almost 4-fold from 150,000 ha to 550,000 ha in the period from 1996 to 2011
(Gatto, Wollni, and Qaim 2015).

Study design

Between October 2012 and August 2014 sampling was conducted across four land-use systems:
degraded lowland rainforest, jungle rubber, rubber plantation and oil palm plantation. In the two
study regions, each land-use system was replicated four times (n=32). At each of the 32 study sites, a
50 m x 50 m sampling plot was defined, which included five randomly assigned 5 m x 5 m subplots.
All sites were on little or no slope, had comparable soil and mircoclimate conditions within a region,
and the plantations were of similar age. The mean pair-wise distance between sites was 11.5 km and
18.2 km for Bukit Duabelas and Harapan regions, respectively). The rainforest sites were within Bukit
Duabelas National Park and Harapan Rainforest and, although protected, have been selectively
logged in the past. Jungle rubber represents an agroforestry system consisting of degraded forest
with rubber trees between the native vegetation and minimal management (e.g. minimal mechanical
weeding but typically no fertilizer application). The rubber and oil palm plantations, in contrast, were
intensively managed monoculture systems. For a detailed description of the study site management

practices see Allen et al. (2015).
Sampling methods and trait determination

Arboreal ants

We used plastic observation plates with two baits of 2 cm? of tuna in oil and two sponges saturated
with 70% sucrose solution attached to sample arboreal ant species (hereafter, “ants”) (Wielgoss et al.
2010). One plate was tied at breast height on each of two randomly selected trees in all five subplots
at each site (total of 10 trees per site). If there were not two trees in a subplot (often the case in oil
palm plantations), the closest trees to the subplot were chosen. At 15, 30, 45 and 60 minutes after

placing the plates on the trees, the abundance of each ant species present on the plate (separately
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for ants feeding on sugar or tuna) was recorded. Specimens were collected from each ant species
present where possible without disrupting recruitment. Surveys were conducted at each site four
times during the study period (first: October 2012, second: February-March 2013, third: September-
October 2013, fourth: February 2014), between 9:00 am and 11:00 am. No sampling was conducted
during or immediately after rain due to a reduction in ant activity under wet conditions. All ants
collected were identified to genus level (Fayle, Yusah, and Hashimoto 2014). We identified specimens
to species level where possible and assigned the remainder to morphospecies. Ant abundance per
species at a given site was defined as the mean of the maximum number of each species on each
plate (at any time measurement) used at a site (over the whole survey). By taking the mean
abundance from the maximum at any given time during the surveys we took into account the
possibility of competition that could disadvantage subdominant species if only looking at the

abundance after 60 minutes.

Three traits were defined for each ant species present: head length (as an indicator of body mass),
protein/carbohydrate preference ratio (feeding type) and relative leg length (dispersal) (Bihn,
Gebauer, and Brandl 2010). Head and leg length (combined tibia and femur) were measured to the
nearest 0.01 mm on between one and five individuals from each species at each site and a mean was
used for analysis. Relative leg length was calculated by dividing by head length. The
protein/carbohydrate preference ratio for each species was determined by dividing the total
abundance of the species counted at the protein baits (tuna) by the total abundance of the species at

both baits (higher ratio indicates increased predator abundance).

Leaf-litter macro-invertebrates

In each of three (out of the possible five) randomly chosen subplots at each site we sieved 1
m? of leaf-litter over a coarse sieve (mesh width of 2 cm). Macro-invertebrates were then hand-
collected from the sieved litter. Samples were collected in October and November 2012. Specimens

were identified to morphospecies based on consistent morphological characteristics.

Three traits were defined for each morphospecies of leaf-litter macro-invertebrate
(hereafter, “invertebrates”): body mass, feeding guild and dispersal capacity (Mumme 2014). Body
mass was calculated from individual body lengths using length-mass regressions from the literature
(for details see Mumme 2014). Each morphospecies was assigned to one of three feeding guilds:
primary consumers (herbivores and detritivores), omnivores and predators, based on a combination
of literature, taxonomy and morphology. To enable the analysis of categorical traits, each feeding
guild was given a score between 0 and 1 for analysis; primary consumers were scored as 0,
omnivores as 0.5 and predators as 1. Dispersal capacity was assessed by allocating morphospecies

into two groups according to whether they were winged (scored as 1 for analysis) or wingless (0).
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Birds

Bird data were collected using standardized point counts and passive acoustic monitoring stations.
The point counts were completed at the center of each plot and all birds within the plot were
observed (using 7 x 40 mm Nikon Monarch binoculars) and recorded for 20 minutes between 6:00
and 10:00 from June-July 2013. The timing of bird data collection alternated between early and late
morning and all plots were visited 3 times (60 min sampling per plot in total). Individuals flying above
the canopy were excluded, and unfamiliar bird calls were recorded using a directional microphone
(Sennheiser ME-66/K6). The recordings were compared with an online bird call database (Xeno-
Canto) for confirmation. Bird species identification follows Birdlife International (BirdLife
International 2015) (97.4 % of observed birds were identified to species level). Additionally, we
recorded sound for 20 minutes after sunset at 44100Hz on two channels using sound recorders
(SM2+ recorder with 2 SMX-1I microphones, Wildlife acoustics ®) which were attached to a tree at the
center of the plot at 2-2.5m. Eight plots could be sampled simultaneously, so sampling all 32 plots
took 4 days (10th and 13th of May for Harapan region, and the 3rd and 7th of June 2013 for Bukit

Duabelas). Recordings were uploaded to a website (http://soundefforts.uni-goettingen.de/) where

two independent ornithologists tagged all audible bird calls within an estimated 35m radius with the
corresponding species name. A third ornithologist reviewed all identifications. Bird data from sound

recordings and point counts were subsequently merged.

Three traits were defined for each bird species present: body mass, feeding guild and relative
wing length (dispersal). Body mass and feeding guild were obtained from Wilman et al. (2014b) and
wing length data from Robinson & Chasen (1927). The bird species were assigned to one of three
feeding guilds: herbivores (frugivore, nectivore, granivore, scored as 1), omnivores (0.5) and
predators (mostly insectivores, 0). Relative wing length was calculated by dividing wing length by

body mass.

Functional diversity indices

We calculated functional diversity (FD) in each site for each taxonomic group (community) to directly
compare it with species richness (SR) and determine the relationship between the two (Flynn et al.
2009). FD is a dendrogram-based index calculated as the total branch length of the community
functional dendrogram following Petchey & Gaston (2002). FD is one of the most commonly used
trait-based measures of functional diversity and, as suggested by Flynn et al. (2009), can be related to
species richness to assess the functional redundancy within a system (Flynn et al. 2009; Brown et al.
2011). FD calculations were computed based on presence/absence data and standardized trait values

in R 3.2.0 (R Core Team 2015b).
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To compare community trait composition across land-use systems, we calculated three
multi-trait functional indices that are based on how species are distributed within a multi-
dimensional functional trait space (trait-space based indices): functional evenness (FEve), functional
divergence (FDiv) and functional dispersion (FDis) (Villéger, Mason, and Mouillot 2008; Etienne
Laliberté and Legendre 2010). FEve measures the evenness of abundance distributions within the
total trait space. FDiv describes the proportion of the total abundance that includes species with
extreme traits. Finally, FDis is the abundance-weighted mean distance of each species trait values to
the community trait space centroid. We calculated the three indices with abundance data and
standardized trait values using the dbFD function in the FD package in R 3.2.0 (Etienne Laliberté and
Legendre 2010; E. Laliberté and Shipley 2014; R Core Team 2015b).

To determine if important functional responses are lost when combining traits into multi-
trait indices of functional diversity, we also calculated two single-trait indices for each trait studied;
community weighted mean (CWM) and community weighted variance (CWV) (Sonnier, Shipley, and
Navas 2010; Butterfield and Suding 2013). CWM is the abundance-weighted mean trait values for a

community, whereas CWV is the variability of the trait values around the mean community value.
Statistical analysis

Relationship between species richness and functional diversity

Under the assumption that land-use system is driving both SR and FD, we tested for
differences between the SR and FD response to land-use system (and therefore a presumed non-
linear relationship between the two) by directly testing for the presence of an interaction between
the type of diversity measure used (SR or FD) and land-use system. For each taxonomic group, we
therefore compared two linear mixed-effects models (LMEs) (fitted by maximum likelihood) testing
for the effect of land-use system on diversity (including both diversity types in the data); one with
diversity type included as a predictor with an interaction term, and one without. Study site nested
within region was included as a random effect in both models. The statistical notation of the models
thus read as

(1) Diversity ~ land-use type x diversity type + random="1|region/site

(2) Diversity ~ land-use type + random=~1]|region/site
where diversity is the standardized SR and FD values and diversity type is either SR or FD. If AAICc > 2,
the model with the lowest AlCc (small sample size corrected Akaike information criterion’s scores)
was considered the best supported model. We also considered Akaike weight when determining the
best supported model. If the best supported model did not include the interaction term then a linear
relationship between species richness and functional diversity was assumed. The best-fit model,

refitted using restricted maximum likelihood, was then used to determine the effect of land-use
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system on overall diversity (both SR and FD). Tukey post-hoc tests with Bonferroni correction were
used to test for significant differences among the systems. Apart from FD, FDis has also been used to
investigate relationships between species richness and functional diversity (Luck, Carter, and
Smallbone 2013; Grass, Berens, and Farwig 2014b). To corroborate our findings based on FD, we also
tested for differences between SR and FDis responses to land-use system, using the same modelling
framework as with FD. LMEs, AlCc score calculations and post-hoc tests were conducted using the
nime (Pinheiro et al. 2015), AICcmodavg (Mazerolle 2015) and multcomp (Hothorn, Bretz, and
Westfall 2008b) packages in R 3.2.0 (R Core Team 2015b).

Responses of functional diversity indices to land-use change

We used LMEs to determine the effect of land-use system on FEve, FDiv, FDis, CWM and CWV, with
region specified as a random effect. When LMEs contained a significant effect of land-use system on
the response variable, we performed a Tukey post-hoc test (with Bonferroni correction) to test for
significant pair-wise differences among land-use systems. To meet assumptions of normality all

biomass CWM and CWV values were log transformed prior to analysis.

93



Chapter 4: Single- and multi-trait measures reveal widespread functional diversity loss in human-
modified tropical landscapes

Results

Relationships between taxonomic and functional diversity

For all taxonomic groups (ants, invertebrates, birds), the model testing the response of SR and FD to
land-use change without an interaction with diversity type included as a predictor was the best-
supported model based on AICc (Fig. 3.1, Table S3.1). The supplementary analyses comparing species

richness with FDis showed similar results (Table B1).

When testing the response of overall diversity (SR and FD) to land-use system using the best-
supported model, we found that all taxonomic groups responded significantly to land-use change,
although directions of the effect varied (Fig. 3.1, Table S3.2). Both birds and invertebrates showed a
significant decline in both taxonomic and functional diversity across the land-use gradient (Fig. 3.1,
Table S3.3). Ants conversely had significantly lower SR and FD values in forest and jungle rubber
compared with oil palm and significantly lower values in rubber compared with jungle rubber (Fig.
3.1, Table S3.3). SR and FD of invertebrates were significantly lower in oil palm, compared with all the
other land-use systems, which had similar values except for a marginally significantly higher diversity
in forest than jungle rubber (Fig. 3.1, Table S3.3). SR and FD were significantly higher in forest than

oil palm for birds, with the rubber systems having intermediate values (Fig. 3.1, Table S3.3).
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Figure 3.1. The relationship between species richness and functional diversity (left column) and
response of species richness and functional diversity to land-use system (right column) for ants,
leaf-litter macro-invertebrates and birds. Means (SR and FD) with different letters are
significantly different (Tukey’s HSD, p <0.05). Error bars indicate standard error. F = forest, | =
jungle rubber, R = rubber, O = oil palm. SR = Species richness, FD = Functional diversity.

Functional diversity responses to land-use change

Multi-trait functional indices

FDiv and FDis did not respond significantly to land-use change for both birds and invertebrates,
however, for ants there significant differences between land-use systems for FDiv and FDis (Table
S3.4). More specifically, ant FDiv was significantly higher in jungle rubber and oil palm compared with
forest (Fig. 3.2, Table S3.5) and ants had significantly higher FDis values in oil palm than in forest with
intermediate values for the rubber systems (Fig. 3.2, Table S3.5). FEve was only significantly different
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between land-uses for birds (Table S3.4), with oil palm having significantly lower FEve values than the

other three land-uses which had similar values (Fig. 3.2, Table S3.5).
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Figure 3.2. The response of ant, leaf-litter macro invertebrate and bird multi-trait (trait-space
based) functional indices (functional evenness (FEve), functional dispersion (FDis) and
functional divergence (FDiv)) to land-use system. Means with different letters within taxonomic
group are significantly different (Tukey’s HSD, p <0.05).

Single-trait functional indices

The CWM and CWYV values for the animal biomass traits for each taxonomic group (ant head length,
invertebrate body mass, bird body mass) showed a significant response to land-use change for
invertebrates but not for ants or birds (Table S3.6). More specifically, CWM and CWV values for
invertebrates were both significantly lower in oil palm than forest and rubber, with CWV values also

significantly lower in jungle rubber than forest (Fig. 3.3, Table S3.7).

Ant, invertebrate and bird CWM values for trophic guild measures (ant protein/carbohydrate
preference ratios and invertebrate and bird trophic guild) significantly decreased across the land-use
gradient, with oil palm having significantly lower values than forest in all cases and the rubber

systems having intermediate values (Fig. 3.3, Tables $3.8+53.9). This indicates a decrease in the
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presence of species at high trophic levels (i.e. predators) from forest to oil palm. Trophic guild CWV

values did not differ significantly between land-uses for any of the taxonomic groups (Table S3.8).

The CWM and CWV values for the animal mobility traits (ant leg length, invertebrate mobility
and bird relative wing length) showed a significant response to land-use change for ants and birds
(only CWM), but not invertebrates (Table $3.10). Ant leg length CWM was significantly higher in oil
palm than rubber, and higher in jungle rubber than forest. Also, bird relative wing length CWM was
significantly lower in forest than in jungle rubber and rubber, with intermediate values for oil palm
(Fig. 3.3, Table S3.11). The ant CWV values were significantly lower in forest than in any of the other

land-use systems (Fig. 3.3, Table S3.11).
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Figure. 3.3. The response of the community weighted mean (CWM) and community weighted
variance (CWV) of ant, leaf-litter macro invertebrate and bird biomass, feeding guild and
mobility traits to land-use system. Means with different letters within taxonomic group are
significantly different (Tukey’s HSD, p <0.05).
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Discussion

We studied the relationship between taxonomic and functional diversity as well as the changes in
functional diversity of multiple taxa with tropical rainforest transformation using several single and
multi-trait indices of functional diversity. We found a linear relationship between species richness
and functional diversity across all taxa, suggesting low functional redundancy in the land-use systems
studied. The use of both dendrogram based and trait-space based multi-trait indices, along with
single-trait indices, provided complementary results describing animal functional responses to land-
use change and their implications. We found a general negative effect of land-use change on species
richness and functional diversity, in particular for oil palm plantations. In addition, we established
that higher trophic guilds were most vulnerable to land-use change; dispersal ability and to a lesser

extent body mass were also important traits for determining animal responses to disturbance.

Our results showed a consistent linear relationship between species richness and functional diversity
across three different taxonomic groups; ants, invertebrates and birds. The linear relationship implies
low functional redundancy in the studied systems, which occurs when many of the species present in
a community have a unique combination of traits (Flynn et al. 2009). Low functional redundancy has
also been found in a number of other studies (e.g. Micheli and Halpern 2005; Petchey et al. 2007;
Laliberte et al. 2010). For example, Petchey et al. (2007) found functional diversity changes were
almost exactly proportional to species richness in British bird assemblages. In communities with low
functional redundancy, even a relatively small decrease in species richness can decrease functional
diversity which can have potential dramatic consequences for ecosystem functioning (Micheli and
Halpern 2005). Due to this, redundancy is also linked with an ecosystem’s resilience to disturbance
and stability (Laliberte et al. 2010). Thus in our study, the low functional redundancy across a large
number of different taxa points towards a much reduced resilience of the studied land-use systems

towards future anthropogenic pressures.

As expected, due to the highly simplified habitat and intensive management of monoculture
plantations, we also found a general decrease in functional diversity and species richness for birds
and leaf-litter invertebrates from lowland rainforest towards monoculture production systems. The
general decline, however, did not hold for arboreal ant species, which showed the highest
biodiversity in the monoculture plantations, in particular oil palm. This could be due to a sampling
bias because of the differences in vegetation density between the systems. However, a detailed
study on the ant communities at the same sites also did not find a decline in species richness with
land-use change (Rubiana et al. 2015), and similarly, Luke et al. (2014) found comparable occurrences
of ants between oil palm and old growth forest in Malaysian Borneo. Nevertheless, both studies still

concluded ant communities are changed from forest to oil palm due to the large differences in
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community composition. The observed alteration of species richness with land-use change, along
with the tightly coupled decreases in functional diversity and low functional redundancy, threatens
long-term stability through potential consequences for ecosystem processes vital to the sustainability

of agricultural systems such as biocontrol, decomposition and nutrient cycling.

We found that the majority of trait-space based functional indices showed no response to land-use
change, with only three out of the nine measures used showing significant responses. The minimal
response however, is in contrast to expectation as there are still large changes in the species richness
and dendrogram based functional diversity of communities between these systems. However, using
multi-trait indices may mask the underlying changes if different traits have varying responses; for
example, if one trait responds positively to change and the other negatively then combining them
could mask those responses entirely (Spasojevic and Suding 2012). By looking at each trait

separately, we may gain more understanding about the specific changes in these communities.

Our investigation of each trait using single-trait functional indices yielded important results that
would be masked by using multi-trait indices alone. In particular, we found a decline in the higher
trophic guilds (predators) for all taxa from forest to oil palm plantations. Theory predicts losses of
higher trophic guilds, in particular predators, with disturbances such as fragmentation and land-use
change, and that these losses precede those of species at lower trophic levels (Holt 2009). However,
empirical research demonstrating this is still uncommon and mostly restricted to a few specific taxa
(in particular, parasitoid-host relationships) (van Nouhuys 2005; Cagnolo et al. 2009). In the land-use
systems we investigated, however, there was a consistent loss of predators with land-use change,
which threatens the long-term sustainability of the agricultural systems due to the potential decrease
in important ecosystem services they provide; in particular, biocontrol. For example, it is established
that birds and bats control arthropods in agroforestry systems and therefore impact herbivory and,
often subsequently, yield (Maas, Karp, Bumrungsri, Darras, Gonthier, Huang, Lindell, Maine, Mestre,

Michel, Morrison, Emily B., et al. 2015).

Interestingly, we also found unexpected results for ant and bird community-weighted mean biomass
data, in that there were no significant differences between land-use systems. The results highlight
that although species with large body sizes are often sensitive to disturbance, overall community
biomass may not decrease with disturbance due to the persistence of large and/or very common
generalist species. Ant communities in the plantations for example, are dominated by the medium-
sized invasive species and generalists such as the very common Anoplolepis gracilipes. In contrast,
comparatively larger forest specialists (e.g. Camponotus gigas and Polyrachis spp.) only occur in low
numbers (Rubiana et al. 2015). Similarly, many of the birds that are able to persist in the plantations

are large-bodied omnivores (e.g. Bulbuls and doves), which may better be able to use disturbed land-
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use systems due to their less specialized resource use (Newbold et al. 2013; Grass, Berens, and

Farwig 2014a).

Both ant and bird communities became dominated by more mobile species from forest to one or
more of the agricultural systems. Also, ant leg length had higher variability in all agricultural systems
compared with forest. Species with high mobility are often associated with disturbed or non-natural
habitats (Driscoll and Weir 2005). For example, the highly invasive ant A. gracilipes has the largest
relative leg length of any ant species in the study, a trait which positively relates to locomotion and
foraging efficiency (Bihn, Gebauer, and Brandl 2010). Increased dispersal capability is a common trait
in species that persist in disturbed habitats due to improved resource acquisition abilities where
resources may be scarcer than in natural habitats (Barnes et al. 2014). In summary, we found that
using single-trait functional indices allowed us to understand how species traits such as trophic guild
position, biomass and dispersal capacity mediate species’ responses to land-use change, shaping the
trajectory of local community assembly and the taxonomic and functional diversity in different land-

uses.

Conclusions

The low functional redundancy seen here implies that even relatively small losses in biodiversity may
impact ecosystem functioning. This finding suggests strong effects from biodiversity losses following
rainforest transformation, particularly towards monoculture production systems. Ecosystem
processes associated with higher trophic guilds are most vulnerable, indicating non-random
simplification of food webs which may imperil ecosystem stability in the long-term. Single-trait
functional indices provided information about important changes in the studied animal groups that
were masked by most multi-trait indices. However, the comparison of multi-trait indices with species
richness yields conclusions about the level of redundancy in a system. The few unexpected results
along with the differing complementary applications of the different functional indices emphasize
the need to investigate many aspects of taxonomic diversity, functional diversity and community
composition if we want to fully understand the overall effects of land-use change on animal and

plant communities.
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Figure S3.1. Map of study area located in Jambi, Sumatra, Indonesia. In the two study regions,
each land-use system was replicated four times. The regions were adjacent to two protected
areas, the Bukit Duabelas National Park and the Harapan rainforest (area shaded in orange).
Figure modified from Allen et al (2015).
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Table S3.1. AlCc table for comparison of fits of linear mixed effects models testing the effect of
land-use change on overall diversity (species richness and functional diversity/functional
dispersion). The two models tested for (a) arboreal ant, (b) leaf-litter invertebrate and (c) bird
overall diversity (both species richness and functional diversity or functional dispersion) are
shown with K (number of parameters in the model), AlCc (AIC adjusted for bias due to small
sample size), AAICc (change in AlCc, models with AAICc < 2 have an equal likelihood of being the
model that best explains the response variable), and Akaike weight (relative probability of each
model being the best model).The best supported models are indicated in bold. LUS is land-use
system and DivType is diversity type.

Functional diversity Functional dispersion

Response variable K  AlCc AAICc  Akaike Wt K AlCc AAICc Akaike Wt

(a) Ant
LUS 7 17454 0.00 0.97 7 170.28 0.00 0.92
LUS*DivType 11 181.68 7.15 0.03 11 175.07 4.79 0.08

(b) Invertebrate

LUS 7 170.58 0.00 099 7 184.58 0.00 0.78

LUS*DivType 11 179.13 8.56 0.01 11 184.06 2.48 0.22
(c) Bird

LUS 7 169.37 0.00 1.00 7 180.64 0.00 0.94

LUS*DivType 11 180.13 10.76 0.00 11 186.12 5.47 0.06

103



Chapter 4: Single- and multi-trait measures reveal widespread functional diversity loss in human-
modified tropical landscapes

Table S$3.2. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use
system on overall diversity (species richness and functional diversity). The best-fit linear mixed
effects models which determined the effect of land-use change on (a) arboreal ant, (b) leaf-litter
invertebrate and (c) bird overall diversity (both species richness and functional diversity)
(Table S1). Significant P-values are indicated in bold (P = <0.05).

Response variable Effect df F-value P-value

(a) Antdiversity Land-use system 59 3.606 0.018
(b) Invertebrate diversity Land-use system 59 9.565 <0.001
(c) Bird diversity Land-use system 57 7.333 <0.001
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Table $3.3. Summary statistics of Tukey post-hoc tests testing for significant differences in
overall diversity (species richness and functional diversity) among land-use systems. Tukey
post-host tests were performed on the best-fit linear mixed effects models which determined the
effect of land-use change on (a) ant, (b) leaf-litter invertebrate and (c) bird overall diversity
(both species richness and functional diversity) (Table S3.1). Significant P-values are indicated
in bold (Tukey’s HSD, P = <0.05). F=forest, ]=jungle rubber, R=rubber, 0=0il palm.

Response variable Estimate z-value P-value

(a) Ant diversity

J-F 0.043 0.132 1.000
O-F 0.933 2.867 0.025
R-F 0.170 0.522 1.000
0-1J 0.889 2.734 0.038
R-1 0.127 0.390 1.000
R-0 -0.763 -2.344 0.114

(b) Leaf-litter invertebrate diversity

J—-F -0.774 -2.619 0.053
O-F -0.158 -5.345 <0.001
R—-F -0.702 -2.374 0.106
o-J -0.806 -2.726 0.038
R-J 0.072 0.245 1.000
R-0 0.878 2.971 0.018
(c) Bird diversity
J-F -0.698 -2.345 0.114
O-F -1.446 -4.688 <0.001
R-F -0.707 -2.375 0.105
o-J -0.748 -2.425 0.092
R-J -0.009 -0.030 1.000
R-0 0.739 2.396 0.099
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Table S3.4. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use system on trait-space based functional indices. The
linear mixed effects models determined the effect of land-use change on (a) arboreal ant, (b) leaf-litter invertebrate and (c) bird functional evenness,
functional evenness and functional dispersion. Significant P-values are indicated in bold (P = <0.05).

functional evenness

functional divergence functional dispersion

Response variable Effect df F-value P-value df F-value P-value df F-value P-value

(a) Ant Land-use system 27 0.504 0.683 27 5.433 0.005 27 3.882 0.020
(b) Invertebrate Land-use system 27 0.307 0.820 27 1.841 0.164 27 1.656 0.200
(c) Bird Land-use system 26 7.254 0.001 26 1.988 0.141 26 0.231 0.874
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Table S3.5. Summary statistics of Tukey post-hoc tests testing for significant differences in trait-space based functional indices among land-use

systems. Tukey post-host tests were performed on linear mixed effects models determining the effect of land-use change on (a) arboreal ant and (b)
bird functional evenness, functional evenness and functional dispersion. Only values from response variables with significant responses to land-use
system (Table S3.4) are shown here. Significant P-values are indicated in bold (Tukey’s HSD, P = <0.05). F=forest, ]= jungle rubber, R=rubber, O= oil

palm.
functional evenness functional divergence functional dispersion
Response variable estimate z-value P-value estimate z-value P-value estimate z-value P-value

(a) Ant

J—-F 0.210 3.221 0.008 0.542 2.243 0.194

O-F 0.220 3.370 0.005 0.796 3.292 0.006

R—F 0.072 1.103 1.000 0.560 2.314 0.124

0-J 0.010 0.149 1.000 0.254 1.049 1.000

R-J -0.139 -2.118 0.205 0.017 0.071 1.000

R-0 -0.148 -2.267 0.140 -0.237 -0.978 1.000
(b) Bird

J-F -0.010 -0.368 1.000

O-F -0.113 -4.163 <0.001

R—F -0.017 -0.647 1.000

0-J -0.103 -3.807 <0.001

R-J -0.007 -0.279 1.000

R-0 0.096 3.538 0.002
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Table S3.6. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use system on single-trait (biomass) functional indices.
The linear mixed effects models determined the effect of land-use change on the community weighted mean (CWM) and community weighted

variance (CWV) (a) arboreal ant, (b) leaf-litter invertebrate and (c) bird biomass traits.

CWM cwv
Response variable Effect df F-value df F-value P-value
(a) Ant (head length) Land-use system 27 2.028 27 1.265 0.306
(b) Invertebrate (body mass) Land-use system 27 4.146 27 7.424 <0.001
(c) Bird (body mass) Land-use system 26 2.333 26 2.031 0.134
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Table S3.7. Summary statistics of Tukey post-hoc tests testing for significant differences in single-trait (biomass) functional indices among land-use
systems. Tukey post-host tests were performed on linear-mixed effect models testing the response of the community weighted mean (CWM) and
community weighted variance (CWV) of leaf-litter invertebrate to land-use system. Only values from response variables with significant responses to
land-use system (Table S3.6) are shown here. Significant P-values are indicated in bold (Tukey’s HSD, P = <0.05).

CWM-biomass CWV-biomass
Response variable estimate z-value p-value estimate z-value p-value
Invertebrate (body mass)
J-F -0.780 -1.477 0.838 -1.371 -2.667 0.046
O-F -1.428 -2.706 0.041 -2.211 -4.301 0.001
R—-F 0.237 0.448 1.000 -0.418 -0.813 1.000
0-J -0.649 -1.229 1.000 -0.840 -1.634 0.614
R-J 1.016 1.925 0.325 0.953 1.854 0.382
R-0 1.665 3.154 0.010 1.793 3.488 0.003
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Table S3.8. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use system on single-trait (feeding guild) functional
indices. The linear mixed effects models determined the effect of land-use change on the community weighted mean (CWM) and community
weighted variance (CWV) (a) arboreal ant, (b) leaf-litter invertebrate and (c) bird feeding traits. Significant P-values are indicated in bold (P = <0.05).

CWM cwyv
Response variable Effect df F-value F-value P-value
(a) Ant (protein/carbohydrate ratio) Land-use system 27 5.437 27 0.669 0.578
(b) Invertebrate (feeding guild) Land-use system 27 3.047 27 2.401 0.090
(c) Bird (feeding guild) Land-use system 26 6.737 26 2.054 0.131
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Table S3.9. Summary statistics of Tukey post-hoc tests testing for significant differences in
single-trait (feeding guild) functional indices among land-use systems. Tukey post-host tests
determined the response of the community weighted mean (CWM) of (a) arboreal ant, (b) leaf-
litter invertebrate and (c) bird feeding guild traits to land-use system. Only values from response
variables with significant responses to land-use system (Table $3.8) are shown here. Significant
P-values are indicated in bold (Tukey’s HSD, P = <0.05).

CWM-feeding guild

Response variable estimate z-value P-value

(a) Ant (protein/carbohydrate ratio)

J—-F -0.047 -1.447 0.887
O-F -0.122 -3.763 0.001
R—-F -0.020 -0.611 1.000
o-J -0.075 -2.316 0.123
R-1J 0.027 0.836 1.000
R-0 0.102 3.151 0.010
(b) Invertebrate (feeding guild)
J—-F -0.032 -0.830 1.000
O-F -0.112 -2.919 0.021
R—-F -0.057 -1.494 0.811
o-J -0.080 -2.090 0.220
R-1J -0.025 -0.664 1.000
R-0 0.055 1.425 0.925
(c) Bird (feeding guild)
J—-F -0.043 -0.599 1.000
O-F -0.313 -4.185 <0.001
R-F -0.124 -1.722 0.510
o-J -0.270 -3.606 0.002
R-1J -0.081 -1.123 1.000
R-0 0.189 2.521 0.070
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Table S$3.10. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use system on single-trait (mobility) functional indices.
The linear mixed effects models determined the effect of land-use change on the community weighted mean (CWM) and community weighted
variance (CWV) of (a) arboreal ant, (b) leaf-litter invertebrate, and (c) bird mobility traits. Significant P-values are indicated in bold (P = <0.05).

CWM cwv
Response variable Effect df F-value F-value P-value
(a) Ant (relative leg length) Land-use system 27 7.451 27 12.637 <0.001
(b) Invertebrate (dispersal capacity) Land-use system 27 0.684 27 0.641 0.595
(c) Bird (relative wing length) Land-use system 26 3.417 26 0.425 0.736

112



Chapter 4: Single- and multi-trait measures reveal widespread functional diversity loss in human-modified tropical landscapes

Table S$3.11. Summary statistics of Tukey post-hoc tests testing for significant differences in single-trait (mobility) functional indices among land-use
systems. Tukey post-host tests determined the response of the community weighted mean (CWM) and community weighted variance (CWV) of (a)
arboreal ant and (b) bird dispersal traits to land-use system. Only values from response variables with significant responses to land-use system
(Table S3.10) are shown here. Significant P-values are indicated in bold (Tukey’s HSD, P = <0.05).

CWM-mobility/dispersal CWV- mobility/dispersal
Response variable estimate z-value P-value estimate z-value P-value

(a) Ant (relative leg length)

J-F 0.651 2.652 0.048 2.320 5.056 <0.001

O-F 1.053 4.289 <0.001 2.546 5.550 <0.001

R-F 0.197 0.762 1.000 1.468 3.200 0.008

o-J 0.402 1.637 0.610 0.227 0.494 1.000

R-1J -0.464 -1.890 0.352 -0.851 -1.856 0.381

R-0 -0.866 -3.527 0.003 -1.078 2.350 0.113
(b) Bird (relative wing length)

J-F 0.863 2.570 0.061

O-F 0.870 2.501 0.074

R-—F 0.912 2.713 0.040
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o-J 0.007 0.019 1.000
R-1J 0.048 0.143 1.000
R-0 0.042 0.120 1.000
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Chapter 5: Major predators do not influence ecosystem functions and yield in oil palm plantations

Abstract

One of the world’s most important and rapidly expanding crops, oil palm, is associated with very low
levels of biodiversity. Large changes in communities at higher trophic levels might alter ecosystem
services and subsequently sustainable management but these links have received little attention to
date. Here, for the first time, we manipulated ant and flying vertebrate (birds and bats) access, using
six smallholder oil palm plantations in Sumatra (Indonesia), and measured effects on arthropod
communities, related ecosystem functions (herbivory, predation, decomposition and pollination) and
crop yield. Spiders increased in response to reductions in ant and bird access, but the overall effect
of experimental manipulations on ecosystem functions was minimal. Similarly, effects on yield were
not significant. We conclude that ecosystem functions and productivity in oil palm are, under current
levels of low pest pressure and large pollinator populations, robust to large changes in the

communities of major predator groups.
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Introduction

Conversion of natural forests to agricultural systems results in considerable losses in biodiversity
(Newbold et al. 2015), yet the remaining biodiversity can play an important role through supporting
ecosystem functions and services, alongside inputs such as fertilisers and labour (Fischer,
Lindenmayer, and Manning 2006). In tropical agricultural systems, species groups including ants,
birds and bats contribute to a number of ecosystem services, in particular predation (biocontrol), soil
aeration and nutrient cycling (Folgarait 1998; Vandermeer et al. 2002; Evans et al. 2011), and have
been shown to positively affect yield (Evans et al. 2011; Wielgoss et al. 2014; Maas, Karp,
Bumrungsri, Darras, Gonthier, Huang, Lindell, Maine, Mestre, Michel, Morrison, Emily B., et al. 2015;
Maine and Boyles 2015). Currently the most rapidly expanding tropical perennial crop is oil palm, the
world’s most important oilseed commodity (Phalan et al. 2013). Despite the importance of oil palm,
there have been few studies linking biodiversity and function (e.g. Dejean, Djieto-Lordon, and
Durand 1997; Lian Pin Koh 2008; Slade et al. 2014) and the majority of these have looked at only one
function or service (but see, Gray and Lewis 2014) and no studies as yet have analysed the

relationship between biodiversity, functions and yield.

Almost all organisms studied thus far show a steep decrease in species diversity from forest
to oil palm (Emily B Fitzherbert et al. 2008; Barnes et al. 2014; Foster et al. 2011). More importantly,
this biodiversity loss is often non-random, endangering ecosystem functioning (Emily B Fitzherbert et
al. 2008; Senior et al. 2013). However, certain management practices can promote biodiversity in oil
palm plantations (Chung et al. 2000; N3jera and Simonetti 2010; Teuscher et al. 2015). Yet,
plantation owners are unlikely to adopt new management practices to increase biodiversity alone.
However, if there is any relationship between biodiversity and yield and/or any beneficial ecosystem

service, this might alter a plantation owner’s willingness to change.

While ant species richness and abundance in Indonesian oil palm can equal or exceed that in
lowland rainforest, species and functional composition is drastically altered (Rubiana et al. 2015).
Therefore, although ants remain dominant and likely play an important part in oil palm plantations,
their influence on the community and certain ecosystem functions may be altered. Furthermore,
birds and bats reduce the abundance of arthropod communities in agricultural systems, which
results into lower herbivory and higher yields (Maas, Karp, Bumrungsri, Darras, Gonthier, Huang,
Lindell, Maine, Mestre, Michel, Morrison, Emily B., et al. 2015). For instance, birds may lower leaf
damage by pests in young, unproductive oil palms (Lian Pin Koh 2008). However, null and negative

effects on herbivory and yield have also been reported for other systems (e.g. Gras et al. 2016).
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Exclusion studies including ants, birds and bats can exhibit important intra-guild interactions
that lead to non-additive effects (Maas, Karp, Bumrungsri, Darras, Gonthier, Huang, Lindell, Maine,
Mestre, Michel, Morrison, Emily B., et al. 2015), but such studies are scarce (Gras et al. 2016). In the
present study, we established a one year long, large-scale full-factorial combination of flying
vertebrate (birds and bats) and ant exclosures in young, productive oil palm plantations in Sumatra,
Indonesia. We comprehensively assess the influence of ants, birds and bats on arthropod
communities and associated ecosystem functions and services, investigating changes in arthropod
communities and four key ecosystem functions: herbivory, predation, pollination (using pollinators
as a proxy) and decomposition.This is the first study to assess the impact of predator exclusions on

oil palm yield.

Methods

Study area

The experiment was carried out in the Batanghari Regency of Jambi Province, Sumatra, Indonesia.
The climate of the region can be characterised as tropical humid, with more than 2000 mm rainfall
per year (Allen et al. 2015) and a long sunshine duration of an average 6h/day. Thus, it is classified as
suitable for oil palm production (R. Hereward V. Corley and Tinker 2003), and attainable yields are
above 30,000 kg FFB/ha/year (FFB=fresh fruit bunch) during the most productive phase in the life
cycle of the oil palm (Hoffmann et al. 2014). Over the past 20 years oil palm has become one of the
most dominant crops in the Province, increasing almost 4-fold from 150,000 ha to 550,000 in the

period from 1996 to 2011 (Gatto, Wollni, and Qaim 2014).

Experimental design

Six smallholder oil palm plantations were selected in the study area for inclusion in this study with a
minimum distance between the sites of 1.0 km (mean distance to closest site: 2.4 km; Figure S1). We
selected oil palm sites with trees that were 2—3 years old (earliest age to begin harvesting) due to
height limitations of establishing the bird and bat exclusion cages. The plantation management was
consistent with plantations in the study area and site conditions were similar (Supplementary
methods, Appendix 1). Within each plantation we created a full factorial combination of ant and
flying vertebrate (bird and bat) exclusion plots, and each plot’s location was randomly assigned
(Figure 1). This resulted in four experimental plots per site: control, ant exclusion only, flying
vertebrate exclusion only and both ant and flying vertebrate exclusion. Each plot was approximately

16 m x 16 m, encompassing four oil palm trees.
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a) b)

Figure 1. Experimental design. Full factorial combination of ant and bird and bat exclusion plots
at each study site. (a) both bird, bat and ant exclusion, (b) ant exclusion only, (c) control (no
exclusion), (d) bird and bat exclusion only. (e) example of a bird, bat and ant exclusion plot with
approximate scales indicating the cage dimensions (Photo courtesy of Eulefilm ©).
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Exclusion methodology

Two methods were used to suppress ants in the exclusion plots. A 50 cm high aluminium
barrier was established surrounding the plot, buried 20 cm beneath the soil and the top of the
barrier was covered in insect glue (Tanglefoot, Contech Enterprises Inc., British Columbia). The glue
was regularly checked and replaced when needed. We also carried out toxic baiting five days per
week and targeted poisoning of ant nests during the first month of the experiment and then toxic
baiting three times per week for the duration of the experiment. The toxic baiting consisted of
placing sugar and tuna as attractants, mixed with the insecticide chlorpyrifos (Dursban™ 200EC, Dow
AgriSciences, Jakarta, Indonesia) in nine random locations (one in each tree, five on the ground) in
each ant suppression plot for a minimum of one hour. Preliminary experiments determined these

two attractants to be attractive to the majority of ant species present, but not to other arthropods.

Flying vertebrate (birds and bats) exclusion cages were constructed using a metal structure
consisting of nine 5.0-5.5 m high iron poles (2.5 inches diameter). The poles were embedded in
concrete foundations, lined with plastic bags to prevent leaching of carbonate to the soil. Fish nets
(35 mm mesh size transparent, nylon) were pulled over the structure and fastened to the ground.
Due to the size of the exclosure and the length of the experiment it was not possible to use
removable nets that could be manipulated to differentiate between the effects of vertebrates with
day or night activity (i.e., birds and bats; Maas et al., 2013). Ant suppression and bird and bat
exclusion was continuous for one year, from August 2013 until August 2014 in four out of six plots,

and from May 2014 to May 2015 for the other two.

Ant abundance, bird and bat activity monitoring

Ants were surveyed monthly in every plot to monitor the effectiveness of the ant suppression
methods. We used two plastic observation plates per plot with two baits of 2 cm? of tuna in oil and
two sponges saturated with 70% sugar solution attached (Wielgoss et al. 2010). At 15, 30, 45 and 60
minutes after placing the plates on the ground the abundance of each ant species present on the
plate was recorded. Specimens were collected from each ant species present and were identified at
species or morpho-species level (Fayle, Yusah, and Hashimoto 2014). Ant species abundance at a
given plot each month was defined as the mean of the maximum number of each species on each
plate used at an exclusion plot and the sum of all these values at each plot determined the total ant

abundance each month (Denmead et al., in review).
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Bird and bat calls were recorded in January (4 sites) and July (6 sites) 2014, and January 2015
(remaining two sites) with automated sound recorders attached to the central oil palm, and fitted
with one acoustic and one ultrasound microphone (SM2Bat+ recorder, SMX-Il and SMX-US
microphones, Wildlife Acoustics Inc., Massachusetts, USA). We recorded sound for 48 hours starting
at sunset, and programmed a sampling rate of 44.1 kHz during the day and a sampling rate of 192
kHz at night. Bird and bat recordings were processed on an online sound platform

(http://soundefforts.uni-goettingen.de/). An ornithologist identified bird species in one morning

recording per plot for each month (20 min starting after sunrise). We classified them into feeding
guilds based on Thiollay et al. (1995b); missing data were retrieved from del Hoyo et al. (2015). The
distance to bird calls (including songs) was estimated by ear by both the ornithologist and an
additional listener. We computed the mean distance for each call and excluded calls beyond 35 m .
For bats, night recordings of 20 min per plot for each month (starting from 18:30) were time-
expanded by a factor of 4 (from 192 to 48 kHz) to make bat ultrasound calls audible. For
insectivorous and omnivorous birds as well as insectivorous (echolocating) bats, we used the total
duration of their calls in each plot to measure their activity in minutes. The activity of birds and bats

inside cages was assumed to be null.
Sampling methods

Soil and tree variables

In each plot we measured four variables which could potentially vary between and within sites and
influence our experiment’s response variables to be included in our analysis: Soil pH (H,0), soil
texture (clay content), initial oil palm height and oil palm red/green leaf colour ratios (Appendix 1).
Soil pH and texture reflected soil conditions at our plots, initial oil palm height accounts for oil palm
developmental stage and red/green leaf colour ratios were used to gauge the proportion of the

leaves that had photosynthetic activity.

Arthropod collection and identification

The arthropod communities present in the oil palms were sampled intensively after one year of
exclusion through three survey methods: insecticide spraying, beating and vacuuming. All methods
were completed at one plot before moving to the next. First we laid four 0.9 m x 2.9 m white sheets
on the ground at right angles from four points at the base of the trunk of each oil palm. One person
then walked around the palms twice spraying an insecticide with knock-down effect (deltamethrin,
Decis ® 2,5 EC, Bayer CropScience, Jakarta, Indonesia) over each palm using a knapsack sprayer. After
15 min all arthropods on the sheets were collected. Next, the beating method was completed by

holding a 5 m x 3 m sheet under four different fronds per palm and shaking the frond up and down
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so arthropods dropped onto the sheet. All arthropods that had dropped onto the sheet were
collected. Finally, arthropods in the oil palm leaf axils and flowers were collected by vacuuming the

axils for four minutes per palm using a modified vacuum cleaner.

Arthropods — other than ants and the introduced oil palm pollinator Elaeidobius
kamerunicus, which were identified to species/morpho-species level — were identified to higher
taxonomic groups, counted and assigned to four feeding guilds: herbivores, predators, detritivores

and omnivores based on literature (Table S1).

Ecosystem functions
In each of the plots, data on four important ecosystem functions were collected: herbivory,

decomposition, predation and pollination.

Herbivory was quantified using photos of two leaflets (pinnae) from four fronds per palm
(eight leaflets per palm). Percentage leaf loss per photo was calculated using Image) software and

converted to an average leaf loss per palm. These photos were taken at nine months after exclusion.

Leaf-litter decomposition was measured using litter bags (Falconer, Wright, and Beall 1933).
Litter bags were 20 cm x 20 cm and made from mesh with a 4 mm x 4 mm mesh size. Each litter bag
contained a known dry weight (10.0 g + 0.05 g) of oil palm leaves. Four litter bags were placed at
random points within each plot. After approximately four and a half months the litter bags were
collected and the remaining contents were air dried and weighed. Initial weight minus weight at

collection divided by days exposed determined the decomposition rate.

Predation rates were estimated using three different prey sizes. To represent the large prey
size we used dummy caterpillars modelled on (similar size and colour) a common species of nettle
caterpillar that is known to attack oil palm (Setothosea asigna). Four dummy caterpillars were glued
to a leaflet on four different fronds on each oil palm (four caterpillars/palm) and collected 48 hours
later. Each caterpillar was defined as predated (visible marks present in the clay) or not (no marks
present) and missing caterpillars were excluded from analysis. This method was carried out four and
eight months after exclusion start. To represent a medium and small prey size we used dead crickets
(Acheta domesticus) and aphids (Aphidoidea sp.) respectively. Four individuals were glued onto a
piece of card and then one card was glued to four different fronds on each oil palm (16
individuals/palm for both prey). Cards were checked after two hours for crickets and four hours for
aphids, and each individual was defined as predated (visible marks present, or individual missing) or

not (no marks present). The cricket predation method was carried out at eight (last two sites) and 12
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months (first four sites), and the aphids at five and eight (last two sites), and 11 and 12 months (first

four sites) after exclusion.

We used the abundance of Elaeidobius kamerunicus collected at final arthropod sampling as
a proxy for pollination in our ecosystem functions analysis. Elaeidobius kamerunicus was introduced
to South East Asia in the 1980s and is now the main pollinator of oil palm in the area (Foster et al.
2011). The introduction resulted in an approximate 20% increase in yield and removed the need for

hand pollination (Greathead 1983; Foster et al. 2011).

Yield

Yield measurements continued throughout the experiment and six months after exclusion
ended (total = 18 months), except for one plot where the manager decided to terminate their
partnership with the experiment at exclusion end (site two, Figure S2). Plantation owners harvested
fruit bunches following their normal schedule (twice per month). Yield as fresh fruit bunch weight
was recorded as kg/palm. In oil palm, pollinated flowers take 5-6 months until they reach bunch
maturity (Verheye 2010), therefore we discarded the first six months of data and used the following
12 months’ data in order to reduce carry-over effects from the pre-study period. Also, a few palms
had not developed mature bunches by the experiment start, therefore, we computed yield by time
by dividing yield by the number of days since the first harvest (FFB (kg/palm)/day) (Figure S2). Two
palms (out of 96) that were never harvested were excluded from the overall analysis. Analysis of all

18 months of yield data (FFB (kg/palm)/day) was also included in the supporting information.

Statistical analysis

Treatment effects on arthropods, ecological functions, growth and yield

We used linear-mixed effect models (LMEs) to determine the effect of experimental treatment on
the arthropod feeding guild abundances (predator, herbivore, detritivore and omnivore), weevil
abundances, oil palm herbivory (% leaf loss), decomposition rate, predation rates and oil palm yield
(FFB (kg/palm)/day). In the LMEs a Poisson distribution was specified for modelling arthropod
abundances and a binomial distribution was specified for modelling predation rates, where we used
the counts of predated and unpredated prey items (aphids, crickets and dummy caterpillars). An
observation-level random effect was included in the case of over-dispersion with the Poisson
distributions (Harrison 2014). Experimental treatment consisted of three variables: average ant
abundance, bird activity and bat activity (measured in minutes; bird and bat activity in caged plots
was set to zero). To account for the different combinations of exclusion we included an interaction
term for ants and birds and ants and bats. We used these three continuous variables instead of the

factorial treatment to account for the variation in the effectiveness of ant suppression and the
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known variation in bird and bat activity between sites (Appendix 1, Table S2, Figure S3+54). In each
model all other theoretically possible measured predictors were also included (Table S3) and
treatment was nested within site (plantation) as a random effect. Oil palm initial height, soil pH and
soil clay content were included as predictors in all the models where is was theoretically relevant
due to preliminary analyses determining there were significant differences between treatments
within sites (Appendix 1, Table S4). Due to highly skewed distributions, we log-transformed bat
activity and weevil abundance when they were included in models as predictors. All numeric

predictors were z-transformed to facilitate comparisons of effect sizes.

We then used a model selection approach to assess which of the variables included were
most important in explaining each response variable (i.e., maximized the likelihood of the model).
For each response, we constructed a model set based on the initial full model —which included all
possible combinations of predictors up to a model including only the intercept — and ranked models
within each set using Akaike’s Information Criterion for small sample sizes (AlCc) (dredge() function
in R-package MuMiIn (Barton 2013)). We then identified the best models as those with AAICc < 2
(Burnham and Anderson 2002). We used model averaging to combine the best models, which were
equivalently likely (Grueber et al. 2011), and derived relative variable importance by summing up the
predicted variables weights (model.avg() function in package MuMIn) (Burnham and Anderson
2002). We also determined conditional R values for all of the best models (Table S5). All analyses

were conducted in R 3.2.2 (R Core Team 2015b).
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Results
The following results from LMEs are displayed in Fig. 2, 3 and 4 and listed in detail in the supplement
(see Table S6 (arthropods), S7 (functions) and S8 (yield)). If not specified, discussed relationships are

significant at least at a P-value of <0.05.

Arthropod responses to ant, bird and bat treatments.

Average ant abundance and bird activity had negative effects on arthropod predator abundance,
however, bat activity did not significantly influence predators (Fig. 2). Predator abundance decreased
by 53% and 42% from the lowest to the highest ant abundance and bird activity respectively. Ant
abundance also had negative effects on omnivore abundance and a marginally significant negative
relationship with herbivore (P = 0.078) abundance but not bird or bat activity (Fig 2.). Omnivore
abundance decreased by only 18% (eight individuals) from the lowest to the highest ant abundance.
Detritivore abundance was not affected by ant abundance or bird and bat activity. Soil clay content

had a positive relationship with predator, herbivore and detritivore abundance.
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Figure 2. The response of arthropod feeding guilds to average ant abundance, bird activity and
bat activity. Significant (P<0.05) relationships are indicated with a solid line. Darker shading of
points indicates multiple overlapping points.

Ecosystem function responses to ant, bird and bat treatments and arthropod
communities

Our ant, bird and bat manipulations had no effects on herbivory, rather only oil palm initial height
and soil pH had (marginally significant for height) positive and negative effects respectively (Fig. 3).
Decomposition was not affected by any of our treatments (Fig. 3) or measured variables. Bird and
bat activity respectively had a negative and positive marginally significant relationship (P = 0.070 and
0.081) with predation rate for crickets, but were not related to the predation rate for aphids and

dummy caterpillars (Fig. 3). Ant abundance did not affect predation rate for any of the prey types.
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Arthropod predator abundance (99% of which were spiders) however had a positive effect on
predation rate of all three prey types (though only marginally significant for dummy caterpillars, P =
0.090). Furthermore, herbivore abundance had a positive relationship with aphid predation and
omnivore abundance had a negative relationship with cricket predation. Pollinator weevil abundance
was not affected by ant abundance and bird and bat activity (Fig. 2). However, weevil abundance
was positively related to omnivore abundance and soil clay content and negatively to oil palm initial

height.
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Figure 3. The response of measured ecosystem functions to average ant abundance, bird
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and dummy caterpillars by “D”. Significant (P<0.05) relationships are indicated with a solid line.
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0il palm yield responses to ant, bird and bat treatments and ecosystem functions

Total oil palm yields for the year averaged 37 kg FFB/palm (+28 kg SD). The variables included in our
models had no effects on yield (FFB(kg/palm)/day) (Fig. 4) and the three supplementary yield

measurements showed similar results (Table S9).
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Figure 4. The response of yield (FFB (kg/palm)/day) to average ant abundance, bird activity
and bat activity. Significant (P<0.05) relationships are indicated with a solid line. Darker shading

of points indicates multiple overlapping points.
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Discussion

This is the first exclusion experiment in productive oil palm plantations covering considerable
temporal and spatial scales. Our results detail the role of ants, birds and bats for arthropod
communities, ecosystem functions and yield in oil palm. We found a strong negative effect of
manipulated ant abundance and bird activity on arthropod predators, but only minimal effects if any
on the other arthropod feeding guilds. The measured ecosystem functions, including herbivory,
predation, decomposition and pollination, did not respond to variation in ant, bird and bat
abundance. Rather, local soil variables, tree height and arthropod abundances (other than ants)
were, although generally weakly related, the most important predictors for ecosystem functions in
our oil palm plantations. The economically most important ecosystem service, yield, however, did

not respond to our measured predictors.

Birds and ants have strong effects on arthropod predators but not on other arthropods
groups

Our study showed that ants and birds both have a strong negative influence on arthropod
predators. However, except for a weak negative influence of ants on herbivores, all other feeding
guilds were not influenced by our experimental exclusion. It is likely that the predators (ants, birds,
and other arthropod predators) of our disturbed sites are generalists (Emily B Fitzherbert et al. 2008)
and therefore can exert similar predation pressures on the other arthropod communities. The
predators would be complementary through processes such as mesopredator release or similar in
the sense that the absence of one predator group is compensated by the increase of the other,
resulting in a constant predation pressure. Indeed, the most active birds (see Table S9) all consume
arthropods to some degree, and all but one were omnivores and small insectivores who glean
arthropods. The lack of bat effects on arthropods could be due to bats mostly feeding on aerial
nocturnal insects, which would not have been optimally sampled with our methods and can disperse

freely between experimental cages, diluting the effect of bat predation.

No net effects of ants, birds and bats on ecosystem functions in oil palm plantations
Our manipulations of ants, birds and bats had no significant effects on any of the ecosystem
functions measured. Local environmental variables and arthropods other than ants were generally

more important.

Although ants, birds and bats manipulation did not influence predation rates, we found a
positive correlation between arthropod predator abundance and predation rate for all three prey

types. This suggests that ants, birds and bats may not successfully suppress phytophagous insects, or
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at least the species we investigated, in oil palm plantations. Also, other predators could play an

important role (e.g. spiders and Orthoptera (Nurdiansyah et al., unpublished data).

Contrary to previous research (Lian Pin Koh 2008), exclusion of birds and bats did not affect
oil palm herbivory. However, the previous research looked at very young (one year old) palms, which
are likely more susceptible to damage (Coley 1980). Furthermore, these plants were situated in a
relatively old (more than one crop generation) and large oil palm complex (pers. comm. Lian Pin
Koh), where pest pressure may be higher. Our sites were smallholder plantations all bordered by
other vegetation types, including forest and jungle rubber. The herbivory we measured on our palms
was overall low (0—4.8%, mean * standard error of 0.9 + 0.1 %, versus 0-21% herbivory in Koh
(2008)). Overall, our findings suggest that defoliating pests are not a major problem in the
smallholder oil palm plantations of Jambi Province, where the crop has been introduced only one
crop cycle ago. In particular, two of the most important defoliating pests of oil palm, the nettle
caterpillar (Setothosea asigna) and bagworm (Metisa plana) are relatively uncommon in the study
area (Nurdiansyah et al. unpublished data) and tend to have non-cyclic outbreaks. We only observed
a single pest outbreak in our experimental sites, which subsided without control, and insecticide
application throughout the entire experiment was null. However with time, if pest numbers increase

and outbreaks become cyclic the role of predators for pest control may become more important.

Ant, bird and bat manipulation did not affect decomposition rates directly or indirectly
through changes in detritivore abundance. This could suggest that other unmeasured variables are
more important for the decomposition rate of oil palm leaves than the variables we measured. Many
other factors can contribute to decomposition and are often more important than the variables we
measured, such as local climatic variables, microbial activity and soil nutrients (Vossbrinck, Coleman,

and Woolley 1979; Dyer, Meentemeyer, and Berg 1990).

The pollination of oil palm in Indonesia relies to a large extent on the weevil E. kamerunicus
(Foster et al. 2011). While birds can consume E. kamerunicus in oil palm plantations (Amit et al.
2015), the lack of predator effects on E. kamerunicus found in our study is reassuring, and suggests
that measures taken to increase the abundance and diversity of predators of arthropods are unlikely
to be accompanied by reduced pollination. However, in the long-term the reliance on a single
pollinator species may be a risky strategy given the significant fluctuations of wild and managed

pollinators in other agricultural systems (Potts et al. 2010).

Ants, birds and bats and other measured variables do not influence oil palm yield
Oil palm yield was not affected by the variables studied in this research, indicating that our

comprehensive manipulations of biodiversity or even variation in arthropods and ecosystem
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functions do not affect oil palm productivity. Most interestingly we found no link between herbivory
and yield. However, as mentioned, herbivory was low at the sites, and in the past other studies have
shown leaf herbivory is not always important for yield, rather other types of herbivory can be more
important (e.g. flower herbivory (Maas, Clough, and Tscharntke 2013a)). Also, yield responses to
herbivory may only be observed in the case of pest outbreaks (Kamarudin and Wahid 2010), which
are rare in oil palm in Indonesia. However, there is evidence from other crops that as the area
cultivated increases there is an increase in pest and disease problems (Clough, Faust, and Tscharntke
2009). Lack of any effects on yield at these sites suggests that other limiting factors play a more
important role in yield variation, such as nutrient availability, rainfall and efficiency of light uptake
from the canopy (Breure 2010; Rafflegeau et al. 2010). For example, the very low soil pH across sites
could indicate a potential phosphorous deficiency. Furthermore, the absence of a biodiversity and
yield relationship suggests there is an opportunity for a win-win situation for high biodiversity and

yield in oil palm plantations (Clough et al. 2011; Teuscher et al. 2015).

Conclusions

We conclude that ecosystem functions and productivity in oil palm are, under current levels of pest
pressure and pollinator populations, robust to large changes in the communities of major predator
groups. Although it is widely presumed that biocontrol plays a major role in crop production
everywhere, the lack of relationship we observed between predators and yield proves that
expectation to be wrong. However biodiversity conservation should not be compromised if it is not
coupled with economically meaningful services (Silvertown 2015); its intrinsic value alone is

important.
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Supplementary Material

Appendix 1. Supplementary Methods

Site conditions

The plantation management was consistent with plantations in the study area: herbicides were used
at least twice during the experiment (depending on the owner’s financial situation) and both
chemical and organic fertilisers were used, however exact quantification of nutrient input was not
possible. Soils of the region are fine textured but there was some variation between sites (Table
A1.1). The pH (H,0) ranged from 4.03 (site four) to 4.45 (site five) (Table Al1.1). Plantation area was
between 2 and 10 ha and planting density was between 25 and 47 palms/ha (Table A1.1).Tree
density at each site was determined by measuring the area of a block containing 49 oil palms (a 7x7

block) with a GPS device (Garmin GPSmap 64s), centred around the experiment.

Table A1.1. Conditions for each plantation.

Site Plant source Size (ha) Planting Planting date Average pH Soil type'
density (H,0)"
(palms/ha)

1 Marihat 7 188 January 2011 4.15 Clay

2 Supindo 2 170 August 2010 4.17 Sandy clay

3 Marihat 10 100 August 2010 4.12 Sandy clay

4  Marihat 4 116 September 2009 4.03 Clay

5  Private nursery 2.5 153 March 2008 4.45 Sandy clay loam

6 AHOK 4 150 August 2011 4.37 Clay

' Methods for determination of soil pH and texture (type) are included in the following section
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Soil and tree variable measurements and analysis

We took soil cores in each experimental plot at a depth of 50cm eight months after experiment start.
Eight samples were taken in caged plots, and four samples in plots without cage. All soil samples
were taken between bordering oil palms 200 cm away from the foundation at the border middle.
The additional four samples were taken at 20 cm from the foundation concrete border to test for
possible effects of carbonate leaching into the soil from the concrete foundations of the bird/bat
cages. The soil samples were air dried and sieved (2 mm) then analysed for pH and texture at the
University of Jambi, Indonesia. Soil pH (H,0) was analysed in a 1:2.5 soil-to-water ratio and soil

texture (clay content) was measured using the pipette method (Gee and Bauder 1986).

The height of each oil palm included in the experimental plots was recorded at the beginning (initial
height) and the end of the experiment (final height). We measured height from the palm base to the
tip of the meristem (Kotowska et al. 2015a). We used linear mixed effects models (LMEs) to
determine the differences in initial palm height, soil pH and soil texture between treatments with
plantation (experiment site) included as a random effect. We used Wilcoxon rank sum tests to
compare mean pH values between samples collected near (20cm) and far (200cm) from the
concrete foundation border (n=48). Mean pH values far from the concrete foundation (mean=4.27 +
0.21 sd) were higher than pH values near to it (mean=4.20 £ 0.17), confirming that the concrete

foundations were not leaking carbonates into the soil (Wilcoxon mean comparison: P = 0.288).

The occurrence of red and brown spots on the oil palm leaves was determined by analysis of the red
and green components of leaf JPEG photographs taken for herbivory measurements to estimate a
red/green leaf area ratio. Brownish spots on oil palm leaflets, typical of wet conditions, are due to
algal infestation, and orange-coloured spots are caused by K-deficiency (Turner 1981). One
photograph from each of four fronds was chosen randomly per tree and the white balance was
adjusted with the underlying white cardboard. The crops were twice longer than wide and taken
from the greatest leaf portion without holes. The mean of its scaled red and green values were used
to compute the red/green leaf area ratio, indicating the proportion of the leaf surface that is red and

thus photosynthetically not active.

Effectiveness of ant suppression

We used linear mixed effects models (LMEs) to determine the effect of ant suppression
(independent of bird/bat exclusion) on ant abundance and species richness in the experimental plots
with plantation (experiment site) included as a random effect. To meet assumptions of normality
ant abundance was log-transformed prior to analysis. LMEs were conducted using the nlme (Pinheiro

et al. 2015) package in R 3.2.0 (R Core Team 2015).
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Table S1. Invertebrate higher taxonomic groups, assigned to feeding guilds.

Higher taxonomic group Feeding guild
Acari omnivore
Annelida detritivore
Araneae predator
Blattodea detritivore
Chilopoda predator
Coleoptera omnivore
Collembola omnivore
Dermaptera omnivore
Diplopoda detritivore
Diptera omnivore
Gastropoda detritivore
Haplotaxida detritivore
Hemiptera omnivore
Hymenoptera: Formicidae omnivore
Hymenoptera: other omnivore
Isopoda detritivore
Isoptera detritivore
Lepidoptera herbivore
Mantodea predator
Neuroptera predator
Opiliones omnivore
Orthoptera herbivore
Pseudoscorpionida predator
Psocoptera detritivore
Symphyla detritivore
Thysanoptera herbivore
Thysanura omnivore

Table S2. Linear mixed effects model ANOVA outputs testing for a significant effect of ant
suppression on ant abundance and richness. The linear mixed effects models which determined the
effect of the ant suppression treatment on (a) average ant abundance and (b) average ant species
richness. Significant p-values are indicated in bold (P <0.05).
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Response variable Effect df F-value p-value
(a) Antabundance Ant suppression treatment 17 8.003 0.012
(b)  Ant species richness Ant suppression treatment 17 0.395 0.538
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Table S3. Variables included in full models for each response variable. PredA = predator abundance, HerbA = herbivore abundance, DetA =
detritivore abundance, OmniA = omnivore abundance, herb = herbivory, Decomp = decomposition rate, Pred = predation rate (proportion of
predated baits), WvilA = weevil abundance, AntA = average ant abundance, BirdA = bird activity, BatA = bat activity, Height = initial oil palm height
and RG = leaf red/green ratio.

Response

variable AntA  BirdA BatA pH Clay Height RG PredA HerbA DetA OmniA Herb Decomp Pred WvilA
PredA X X X
HerbA X X X
DetA X X X
OmniA X X X
Herb X X X
Decomp X X X
Predation X X X
WvilA X X X
Yield X X X
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Table S4. Linear mixed effects model ANOVA outputs testing for significant difference in
environmental variables between treatments. The linear mixed effects models which determined
the effect of treatment on (a) soil pH, (b) soil texture and (c) initial palm height. Significant p-values
are indicated in bold (p <0.05).

Response variable Effect df F-value p-value
(a) Soil pH Treatment 85 7.395 <0.001
(b) Soil texture Treatment 81 9.525 <0.001
(c) Initial palm height Treatment 85 4.995 0.003
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Table S5. The range of conditional R2 values for all best models (AAICc < 2) for each response
variable.

Response variable R? range

Predator abundance 0.466-0.472
Herbivore abundance 0.451-0.458
Detritivore abundance 0.216-0.257
Omnivore abundance 0.415-0.491
Decomposition <0.001
Herbivory 0.150-0.153
Predation: aphids 0.293-0.377
Predation: crickets 0.225-0.233
Predation: dummy caterpillars 0.026-0.029
Weevil abundance 0.631-0.652
Yield by time (12 months) 0.214
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Table S6. Linear mixed effects model ANOVA outputs and relative variable importance (RVI) for the average of the best models (AAICc < 2) for
arthropod feeding guild abundances. PredA = predator abundance, HerbA = herbivore abundance, DetA = detritivore abundance, OmniA = omnivore
abundance, AntA = average ant abundance, BirdA = bird activity, BatA = bat activity, Height = initial oil palm height and RG = leaf red/green ratio.
Predictors marked with an “X” were not included in the full model, predictors marked with a “---“ were included in the full but not in the average best
model. Significant (P < 0.05) predictors are indicated in bold.

HerbA DetA PredA OmniA

Predictor coeff P-val RVI coeff P-val RVI coeff p-val RVI coeff P-val RVI

AntA -0.13 0.078 1.00 -0.10 0.275 0.23 -0.11 0.005 1.00 -0.13 0.043 0.84
BirdA 0.06 0.516 0.10 -0.16  <0.001 1.00
BatA - - --- 0.08 0.354 0.12 --- - - - - ---
AntA:BirdA 0.06 0.106 0.52
AntA:BatA - - - - --- --- - - - - - -
Clay 0.29 <0.001 0.71 0.26 0.004 1.00 0.12 0.004 1.00 0.10 0.426 0.14
pH -0.06 0.378 0.18 -0.11 0.225 0.25 -0.22 0.111 0.41
Height 0.17 0.058 0.86
RG -0.04  0.545 0.14 X X X X -0.06  0.495 0.13
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Decomposition Herbivory Predation:aphids  Predation:crickets Predation:Dcat Weevil abund
Predictor coeff P-val RVI coeff P-val RVI coeff P-val RVI coeff P-val RVI coeff P-val RVI coeff P-val RVI
AntA -- 0.26 0.151 0.83 -~ 0.05 0.403 0.19 -0.07 0.735 0.08
BirdA --- -0.05 0.348 0.09 -0.86 0.045 1.00
BatA — 015 0374 016 - - - == - - 100 0.026 1.00
AntA:BirdA - = - - 041 0067 0.08
AntA:BatA - - - - - - - - - -- - - - -- - - - ---
Clay -~ 0.29 0.206 0.37
pH - - --- -0.24 0.044 0.31 X X X X X X X X X 041 0.061 0.51
Height - - - --- - - 0.24 0.111 0.55 0.11 0.441 0.30 --- - --- -0.61 0.002 1.00
RG X X X - - - X X X X X X X X X X X X
PredA --- --- - --- --- --- 0.18 0.058 0.45 0.32 0.002 1.00 0.11 0.093 0.60 -0.20 0.242 0.19
HerbA - - - --- --- --- 0.17 0.058 0.82 -0.13 0.154 047 0.09 0.156 0.52 — - -
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DetA D X X X X X X X X X X X

OmniA - - --- --- --- --- -0.08 0.353 0.16 -0.48<0.001 1.00 --- - -—-- 047 0.002 0.83

Table S7. Linear mixed effects model ANOVA outputs and relative variable importance (RVI) for the average of the best models (AAICc < 2) for
ecosystem functions. Abbreviations are as in Table 1, except for, Dcat = dummy caterpillar. Predictors marked with an “X” were not included in the
full model, predictors marked with a “---” were included in the full but not in the average best model. Significant (P < 0.05) predictors are indicated in
bold.

141



Chapter 5: Major predators do not influence ecosystem functions and yield in oil palm plantations

Table S9. The ten most active bird species heard in all recordings across all sites. Six sites
were recorded twice for twenty minutes. Diet was extracted from del Hoyo et al.( 2015)

Bird Species calling activity (minutes) Diet
Pycnonotus goiavier 324 omnivore
Dicaeum trigonostigma 224 omnivore
Pycnonotus aurigaster 175 omnivore
Orthotomus ruficeps 69 insectivore
Geopelia striata 42 omnivore
Orthotomus sericeus 34 insectivore
Acridotheres javanicus 26 omnivore
Todiramphus chloris 19 carnivore
Prinia familiaris 17 insectivore
Pycnonotus plumosus 16 omnivore
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Figure S1. Study site location. Map of study area located in Batanghari Regency, Jambi

Province, Sumatra, Indonesia. Experimental sites were located in six oil palm plantations.
Plantation borders are indicated in red, Site centres marked with red dots, rivers in blue.

143



Chapter 5: Major predators do not influence ecosystem functions and yield in oil palm plantations

1 1
150 - ! 1
w
1004 T F e S8 B =
4 ® e ———
50 : P B Bt : R
0 a Mf o 1
150 I |
- | 1
1 1 w
100 - : : &
507 ' /j 1 N
o4 -
(o)
X 4504 : Treatment
° i ! ' «
o) 100 \ X o —— control
> 50- | . w
m 0- [ e ———— ——— = T fenced and
L ' : poisoned
1 1
(O] 4
2 150 \ : ¢ | — caged
@ 100 - 1 1 a— d
3 50, ! — caged,
€ ' 2.8 A fenced
5 0- : "'_ X and poisoned
Q
] ]
150 - 1 1
w
100 - \ : =
1 1 CD
507 1 B o &)}
0- | e — T
1 1
oo = : o
| il (5
504 . T »
0- bt L1 1
2013-07 2014-01 2014-07 2015-01 2015-07

Harvest date

Figure S2. Cumulative oil palm yield (FFB (kg)) across sites and treatments. Dashed lines indicate the beginning and end of the experiment.

144



Chapter 5: Major predators do not influence ecosystem functions and yield in oil palm plantations

90

60 -

mean ant abundance

30 - Site

3.5+

oo O A O DN -

3.0

2.5+

mean ant richness

2.0+

ants not suppressed ants suppressed

Figure S3. Ant suppression effectiveness. Means indicated by black dots, error bars represent
standard error of the mean.
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Discussion

Summary

In chapter 1, | provided arguments to promote autonomous acoustic recordings as the
method of choice for monitoring birds. Such recorders should be adopted more widely throughout
the world, in a first step to standardise bird survey methods and foster exchanges across an

international community of ornithologists.

We saw in chapter 2 that acoustically sampled sites may only be objectively compared when
the detection space area is known. Previous studies did not take that into account but since sound
detection spaces of sound recorders can now be measured, we can close the gap between acoustic

monitoring methods and standard point counts.

Using traditional survey methods in chapter 3, we saw that bird species richness clearly
responds negatively to agricultural expansion in our region. We observed that frugivores declined
from natural systems to monoculture plantations. However, we also expected insectivores to decline
and omnivores to increase but this was not observed in each landscape. In line with my acoustic
monitoring recommendations, we also carried out acoustic surveys with a single 20 minute
recording in the same plots during the same season, starting at sunrise. The results are not included
in the manuscript that forms the basis of chapter three, but we display them in Figure 1. Thus, sound
recordings appear to have sampled the bird community very effectively since they surpass the point

count richness count with only one third of the sampling time.
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Figure 1. Total bird richness recorded during a 20-minute sound recording starting at sunset,
and after three 20-minute point counts in the CRC990 core plots during May-July 2013, using
birds detected within 35 m.

We took a closer look at functional changes in bird and invertebrate communities in chapter
4. Here we used data from both the point counts as well as the sound recordings, and so the
functional changes emerge more clearly: we see a significant decline in trophic level from forest to
oil palm, due to a sharp drop in insectivores and a relative increase in omnivorous birds.
Furthermore, the bird community in rubber habitats comprises more mobile species, which indicates
that more vagile birds can cope with the disturbance in their habitat. Overall, the loss of functional
diversity along the transformation gradient, due to the low functional redundancy, presages future

losses in ecosystem functioning.

Contrary to our expectations, experimental evidence in chapter 5 suggests that in our
region, birds and ants may not play an important role in ecosystem functioning for oil palm yet.
Ecosystem functions were unaffected by our pervasive treatments, which could be explained by the
fact that all predator groups are complementary: since we could not exclude spiders, there was
always a constant predation pressure. Furthermore, as pest populations are extremely low in our
region, and leaf damage was consequently minimal, we could not ultimately demonstrate treatment
effects on oil palm yield. However, similar exclusion experiments are under way in other regions
(Costa Rica: Bea Maas, Riau province: BEFTA project) which are experiencing considerably higher

pest pressure and it is likely they will yield different results.
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Outlook

Direct measurement of bird functions

While acoustic monitoring methods are needed to deliver baseline biodiversity data, bird
function is best analysed on an individual basis. Species-level information about diets, habitat use, or
even morphological indicator traits, can still be used as a proxy to hint at general trends in ecological
function, but it is not sufficient as they are prone to a large variation. For example, habitat use of
Chalcophaps indica, which was classified as a forest bird in early surveys (Thiollay 1995b) has
changed, as we currently observe it most often in oil palm plantations and almost never in forest.
However, especially bird diets vary considerably, even more so for omnivorous birds, or birds with a
large distribution range across different regions and land-use types. For example, the diet of
Pycnonotus goiavier, common in our region, varies tremendously (Fishpool, L., Tobias, J. & de Juana,
E 2016). Consequently, birds fulfil a variety of functions in different places, habitats, and times, and
the usefulness of species-specific data may be questioned as they are too coarse for detailed

analyses.

For that very reason, we sampled birds with mist-nets to retrieve their droppings as a means
to investigate their diets. Preliminary analysis of consumer-resource networks suggests that
networks become more specialised in the plantations, presumably due to resource limitation, which
is at odds with the observed trend of increasing omnivores in plantations (Figure 2). Our results also
suggest that not only do individual birds’ diets within species vary in different habitats, but the
whole community is also adaptable in its trophic structure. As a consequence, simple bird feeding
guilds do not convey nearly as much information as detailed individual-based diet analyses do, which
also allow for a wide range of more precise analyses to understand the tremendous variation

observed in bird diets.
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oil palm
H2 = 0.46

H2 =0.44 H2 =0.39

Figure 2. Consumer-resource networks of bird communities sampled in 4 different land-use
types. black boxes represent bird species, brown and green boxes respectively represent
arthropod and plant orders. HZ is an index of network specialisation, with higher values
corresponding to more specialized networks (Bliithgen, Menzel, and Bliithgen 2006).

While bird diets are an excellent indication of the birds’ functions, direct evidence still needs
to be acquired by measuring the ecosystem functions themselves. Frugivory can be measured with
dummy and real fruits, coupled with camera traps, and seed removal can be rapidly assessed
(Boissier et al. 2014). The seed rain from bird droppings can be intercepted by seed-collecting traps,
indicating seed dispersal level (Herrera et al. 1994), and predation pressure can be measured with
dummy caterpillars (A. Howe, Lévei, and Nachman 2009), which enable to distinguish between
different predator types by their characteristic marks, as well as natural baits, if they are coupled
with camera traps for identifying the predator. These direct functional measurements are already

planned in the second phase of the CRC 990.

150



Discussion

Ecosystem services and trade-offs

Bird function is readily measured by catching them and assessing their diet; however
whether their impact trickles down to affect ecosystem functions relevant to humans (ecosystem
services) is an entirely different matter. Theoretically, insectivorous birds are predators that can
exert some biological control (De Chenon and Susanto 2006), frugivores can be seed dispersers or
seed predators (H. F. Howe 1986), and nectarivores can be important plant pollinators (Anderson et
al. 2011). However in our agricultural systems, most of these functions are not directly relevant:
humans themselves arrange crop planting, thus making seed dispersal redundant; insects take over
oil palm pollination, and rubber pollination is irrelevant since the crop’s product is the latex and not
the fruit; pest control can be achieved with pesticides, although the cost of biological control versus
chemical control has not been assessed; finally, decomposition is generally assured by litter
detritivores (microbial and invertebrate). However, birds have been shown to affect crops through
control of herbivores in previous exclusion experiments (Maas, Karp, Bumrungsri, Darras, Gonthier,
Huang, Lindell, Maine, Mestre, Michel, Morrison, Emily B., et al. 2015). Pollination is also possibly
negatively affected by birds through pollinator depredation (Amit et al. 2015), or inversely, positively
through arthropod predator suppression like shown in chapter 5. Finally, detritivores could be
controlled by top-down trophic cascades of birds through arthropod mesopredators. Despite all
these theoretical links of birds to ecosystem services, we could not establish a functional link

between birds and oil palm in our exclusion experiment.

We may still ask however, whether there is a trade-off between biodiversity and oil palm or
rubber productivity. Even if birds are currently unlikely to affect oil palm productivity, the same
cannot be said for rubber, which has not been studied yet. Independently of crop productivity
considerations, birds have a great socio-economic value in Indonesia: Bird keeping is an integral part
of Indonesian culture and their trade represents a large monetary value (Jepson and Ladle 2005).
Furthermore, birds are generally appreciated for purely esthetical reasons. Therefore, we might ask
whether avian biodiversity and crop productivity are negatively related to another: do we have to
choose one over the other? First elements of response were provided by Teuscher et al. (2015), who
showed that there is a negative relationship between the number of remnant trees and crop yield in
oil palm plantations. However we already saw that there is great variation in avian biodiversity
between sampling sites, even in monoculture plantations without any remnant trees, so we may ask
whether there generally is a negative relationship between biodiversity and crop yield in rubber and

monoculture oil palm plantations?

Crop productivity per se does not affect the animals living in plantations. Rather, it is the

management, which is determining yield through pruning, harvesting, fertilizing, weeding, and
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pesticide application, and at the same time affecting the biodiversity within plantations. There is
observational evidence that understory management affects birds (Aratrakorn, Thunhikorn, and
Donald 2006; Azhar et al. 2014 ; Asrulsani Jambari et al. 2012), but no further aspects of
management have been studied. Ideally, we should demonstrate the impact of management on
animal communities experimentally. In the second phase of the CRC 990, we will implement a full-
factorial management experiment in a company-owned oil palm plantation precisely to study trade-
offs between productivity and biodiversity. Different levels of fertilizer and weeding will be applied
to disentangle the effects of these management actions on productivity and biodiversity.
Furthermore, the effect of native tree species in oil palm plantations will also be studied on a large
scale with a tree enrichment experiment (subproject B11), allowing further insights in biodiversity-

productivity trade-offs.

The landscape’s influence

As previously mentioned, the point-count study revealed striking differences between
landscapes. This suggests that the habitats surrounding our sampling sites affect bird communities
on-site, as the Bukit Duabelas landscape, where we observed a non-significant decline of bird
richness with habitat transformation, contains more forest fragments and crop plantations are
generally younger (pers. obs.). There is conflicting information about the effect of forest proximity
on birds (Azhar et al. 2013 ; Edwards et al. 2010), which further stresses that we should explicitly
take the landscape context into account when trying to explain variation in bird presence. We
already carried out a field survey specifically for addressing such questions, spanning a larger area
with 112 plots located in diverse landscape contexts with contrasting forest cover. With such a large
number of plots, we are also able to address biodiversity-productivity trade-offs by using the crop

yield data of the plantations.

It is crucial to elucidate whether the birds that we observe in-situ were observed simply
because they were passing through the site or because they can utilize the sampled habitat for
foraging and breeding. Certainly, passage, breeding and foraging sites need not be the same (Cody
1985), so that a bird observed in a plantation plot might just be passing through it. It is plausible that
breeding and foraging sites are both indispensable for bird populations, while passage habitats (like
wooded habitat for forest birds) are not indispensable in the short term but might support bird
populations by increasing connectivity, dependent on the landscape composition and configuration
(Villard, Trzcinski, and Merriam 1999). Anyhow, foraging and breeding sites are more important, and

we need to ascertain whether plantations can provide such critical habitat for birds.
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Different methods are available for examining the movement of birds across the landscape.
While radio-tagging methods are currently the only available solutions for tracking bird movement
precisely, these methods are cost- and time-intensive, and susceptible to pitfalls (Harris et al. 1990).
As an alternative, we planned to use pollen grains collected from the birds’ beaks and plumage as an
indicator of where the birds have been dwelling before their capture. Most flowering plants and
ferns produce species-specific pollen grains and spores, and plantation plant communities differ
substantially from these found in forest (eg. epiphytic plants, MSc thesis by Arne Wenzel, subproject
B06). The vascular plant communities have previously been documented in detail (CRC 990,
subgroup B06, Katja Rembold) and reference collections for spore and pollen material have been
established (CRC 990, subgroup A01, Siria Biaggioni). Therefore it is technically possible to prove
whether some birds have been dwelling in different habitats from the one they were caught in and

therefore infer that they might depend on these.

A further indication of habitat use can be obtained from the sound recordings. While calls
are usually emitted when birds are on the way or foraging, songs are emitted to defend territories
and attract mates, therefore indicating that the bird is in its breeding habitat (Catchpole and Slater
2008). Indeed, our acoustic data indicate that forest habitats harbour a considerably greater
proportion of singing birds — in contrast to calling birds, with oil palm sites harboring distinctly few
singing birds (Figure 3). Clearly, Forest habitats are of great importance for conserving bird

populations and their associated functions in the long run.
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Figure 3. Boxplots showing the total duration of bird vocalizations for songs and calls in the
different land-use types. Singinficant differences shown with asterisks. Post-hoc based on
generalised linear mixed-effects model with poisson family

Conclusion

The negative taxonomic and functional diversity trends we observed in the current study are
essentially mirrored in a wide range of taxa in tropical regions. Our findings are symptomatic of a
global biodiversity crisis in which ecosystem functions may not be unharmed. It is likely that the
functioning of these ecosystems will be impaired with biodiversity loss due to their low functional

redundancy.

Acoustic sampling methods may replace some of the bird sampling methods that were
traditionally used. With this in mind, they can become a jack of all trades for all organisms that use
sound to communicate (birds, mammals, frogs, cicadas and orthopterans) or for orientation (bats).
This encourages the testing and application of acoustic recording systems to survey a wide range of

organisms.

In finding ways to explore the functions of birds and other animals in the ecosystem, it is
desirable, but not imperative, to demonstrate how biodiversity can benefit agriculture. Despite the
fact that we could not find such a link, we also showed that there were no downsides to the
presence of birds in oil palm plantations. Our further research will explore the functional links in

greater depth, but we should keep in mind that biodiversity should be preserved for its own sake.
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