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ABSTRACT 
 
As tropical rainforest ecosystems undergo modification, biodiversity patterns are likely to change since the 
habitats of many species are altered. This study shows that riparian frog communities on Borneo were adversely 
affected by tropical rainforest habitat modification. Promoting biodiversity has globally been recognized as 
being of utter importance. Tropical rainforest regions support very high levels of biodiversity and these regions 
have during the last part of this century undergone much exploitation in terms of forestry and the establishment 
of plantations, affecting both terrestrial and aquatic environments. Frogs utilize both terrestrial and aquatic 
environments and this fauna has been suggested to be ecologically important. The riparian frog communities in 
eleven streams in three different types of landscapes, Primary forest, Secondary logged forest, and Plantation in 
Sabah, Malaysian Borneo, were examined. Data on 32 environmental and microclimatic variables were gathered 
in order to correlate changes herein to the variation in the frog community as well as emphasizing patterns of 
variation in the environmental and microclimatic variables depending on landscape class. Significant differences 
in species richness, species diversity, evenness and abundance were found among the three landscape classes 
surveyed. These differences could be explained by a number of important environmental and microclimatic 
variables related to subcanopy climate, forest floor litter and stream channel characteristics. Among the 19 
species registered during the survey seven or eight were endemic to the island of Borneo. Except for one, 
endemics were correlated to primary forest habitats. Eight species, including four endemics, were identified as 
probable indicator species. It was possible to outline a pattern of the variation in environmental and 
microclimatic variables depending on landscape classes. Habitat modification in tropical rainforest regions has 
the last decades been intense, which likely has seriously influenced biodiversity patterns. Thus, the urgency of 
developing sustainable land use management is indisputable.   

 
 
INTRODUCTION 
 
 
Biodiversity 
 
Species diversity in general is highest in tropical rainforests. Globally there is a tension between the preservation 
of biological diversity and the utilization of natural resources by modern society (Meijaard et al. 2005). In 1992, 
at the Rio Earth Summit 150 government leaders signed the Convention on Biological Diversity, recognizing the 
importance of promoting biological diversity. Focus was not only on preserving plant and animal species, other 
organisms and ecosystems for their own sake, but also on people and our need for food, water, security, 
healthcare, education, being entitled to human rights and other essentials. This was defined as fundamental 
grounds on which modern society exists upon. The harvesting of natural resources was seen as crucial in order to 
build such fundamental grounds. However, in order to have a long term production of essential resources, 
sustainability is crucial and promoting biological diversity will be one important aspect of sustainability. In the 
world wherefrom we withdraw necessary resources, the diversity of living organisms is a fundamental aspect of 
a continuous production of biological resources (Secretariat of the Convention on Biological Diversity 2000).  
 
 
Land use in tropical countries: could forestry and plantation management be compatible with 
wildlife conservation? 
 
Questions concerning the effects of different types of land use are central on a local, regional and global level. 
The principal problem is that the different activities, related to land use, adversely affect the diversity of plant 
and animal species on various spatial and temporal scales. This is not least a problem in tropical rain forest areas. 
The exploitation of tropical rainforests is a worldwide problem. Thus, there is a global responsibility that 
techniques for harvesting rainforest resources are compatible with sustainable development. 

There are still protected areas of pristine forest, however, these are not likely to be large enough to preserve all 
species demanding rainforest habitat (e.g. Fimbel et al. 2001). Therefore, biodiversity in tropical rainforest 
regions is essentially dependent on sustainable development of land use management in unprotected areas (e.g. 
Meijaard et al. 2005). Since harvesting of rainforest trees is associated with important profits and since forest 
production, in contrast to for instance large plantations, actually depends on the diversity of the local tree flora, 
sustainable forestry may be the most politically viable alternative for keeping large areas of tropical forest 
(Meijaard et al. 2005). The concessionaires that are implementing more sustainable techniques are likely to get 
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their production certified and are directly involved in biodiversity preservation (Higman et al. 2005; Nussbaum 
& Simula 2005). However, such techniques still have room for improvements (Hunter 1990; Johns 1997; Sheil 
& van Heist 2000). Meijaard et al. (2005) suggest that if the negative effects of forest harvesting techniques 
could be reduced, without decreasing the efficiency of the forestry, a minimal number of species will be 
adversely affected and a high level of biodiversity can be sustained. Not only the general public, but also long 
term concessionaires should have great interest in maintaining high levels of biodiversity in production forests, 
as many species living there are vital for the regeneration and health of the forest. Promoting high levels of 
biodiversity in production forests is therefore essential for maintaining a long-term sustainable use of forest land 
in tropical regions. More research is needed to emphasize factors which maintain high biodiversity in production 
forestry areas. The determination of such factors would make wildlife conservation more compatible with 
production forestry (Meijaard et al. 2005). 
 
 
General effects of rainforest habitat modification 
 
Modifications of the natural primary rainforest habitat result in a variety of climatic, geological and ecological 
responses (e.g. Burghouts et al. 1992; Douglas et al. 1992, 1993, 1999; Martius et al. 2004; Ranvestel et al. 
2004; Inger & Stuebing 2005; Meijaard et al. 2005). Tropical rainforest ecosystems have existed for a large 
amount of years and these forests have under an optimized intermediate disturbance regime promoted an 
extremely variable biota now adapted to this system. Habitat modification in terms of foremost deforestation and 
various degrees of attenuation of vegetation does not only result in the direct loss of forest structure and tree 
flora but also, for instance, a drastic change of forest floor microclimates (e.g. Martius et al. 2004).  

Disturbance of vegetation and soils invoke drastic response in riparian and aquatic habitats, where, for 
instance, an increased sediment yield in catchments results in more suspended sediment in streams, which, in 
turn, leads to sediment accumulation and downstream consequences (Douglas et al. 1992, 1993, 1999). Sediment 
accumulation in streams is likely to inhibit important algae production affecting aquatic primary production. 
Algae appear to be an important food source for aquatic life, for instance the larvae of many frog species (e.g. 
Ranvestel et al. 2004; Inger & Stuebing 2005). In turn, the larvae of frogs play an important ecological role in 
the stream dynamics by, for instance, facilitating insect larvae feeding by clearing surfaces from silt and 
exposing periphyton (Ranvestel et al. 2004) which are proposed to have cascading effects, indicating that frogs 
have key species attributes.  

Effects of disturbance of forest vegetation on small and medium size streams are transferred along waterways 
and have consequences on a rather vast regional scale (e.g. Douglas et al. 1992, 1993, 1999) linking local impact 
and regional response.   
 
 
The forest-stream ecotone: biodiversity in the riparian zone 
 
The riparian zone, the area where terrestrial and stream ecosystems meet, has many times been suggested to 
support considerably high levels of biodiversity (e.g. Fausch et al. 2002). Studies by Shigeru Nakano in Japan 
show a strong linkage between stream and forest food webs, and highlight the importance of the forest-stream 
ecotone (Fausch et al. 2002). These studies demonstrate that aquatic prey represented 26% of the total annual 
energy budget for forest birds, and that terrestrial prey represented 44% of the total annual energy budget for 
stream living fish. Furthermore, the forest-stream ecotone sustained higher densities and diversity of species in 
both habitats than would be supported in either habitat alone. Thus, riparian zones are important in terms of 
being local hotspots for biodiversity. 
 
 
Indicator species and endemics 
 
Certain species seem to be more sensitive to disturbances and modifications of their natural habitat than other. 
These species are likely, for various reasons, well adapted for a relatively constant habitat and probably utilize 
niches that are easily affected by habitat disturbances. Such species would therefore, in a habitat where they are 
normally present, with their decrease in numbers indicate that something in the environment affecting this 
habitat has changed. There are also species which instead prosper from disturbance and habitat modification. A 
significant increase in numbers of such species would thus also indicate that something out of the ordinary 
regime of disturbance of a certain habitat has occurred. There might also be species that, in relation to other 
species, are commonly abundant in diverse communities and scarce in non-diverse communities and vice versa. 
Such species could serve as an indicator on the quality of certain habitats as regards to supporting diverse 
communities (e.g. Meffe & Carrol 1997).  
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Endemic species are by definition confined to a certain region (e.g. Meffe & Carrol 1997). The presence of 
endemics would indicate that the habitat in their spatial range of distribution would have unique important 
features or that their spatial distribution range has no or little connection to similar habitats making dispersal 
difficult. Modification of habitats of endemic species would thus involve endangerment of species and habitats 
which would increase the risk of adversely affecting local and global biodiversity. 
 
 
Tropical rainforest frogs 
 
The tropical rainforest frog community is the most diverse anuran community. Many frog species in this 
community are sensitive to environmental changes (e.g. Voris & Inger 1995; Alford & Richards 1999; Iskandar 
2004; Inger & Stuebing 2005). Thus, frogs will probably be a good ecological indicator group. Studies indicate 
that frogs may have key species attributes (e.g. Ranvestel et al. 2004) and are also proposed to have umbrella 
species quality (e.g. Inger & Stuebing 2005). Tropical frogs utilize a wide spectrum of both terrestrial and 
aquatic habitats and many species dwell in the riparian zone (e.g. Inger 2005; Inger & Stuebing 2005).  Among 
vertebrates, frogs are relatively abundant in their habitat and the number of species is high, which makes this 
group comparatively easy to observe and survey (Iskandar 2004). Even so, there are few studies on the effects of 
forestry and plantations on frogs (Iskandar 2004; Meijaard et al. 2005). Tropical frogs represent an important 
faunal group that make up an intricate web of predators and prey that are vital to this type of tropical ecosystem 
(Reagan & Waide 1996; Meijaard et al. 2005). 
 
 
Aims 
 
The aims of this study were: 1) examine patterns of the variation of environmental and microclimatic variables in 
variously modified areas of tropical rainforest and further to 2) determine whether there are any differences and 
patterns in the structure of riparian communities of frogs between variously modified areas of tropical rainforest. 
Moreover, by using data on community structure of the above fauna, 3) emphasize environmental and 
microclimatic variables that are important for species richness and biodiversity in the riparian zone. Finally to 4) 
identify ecologically important frog species showing indicator species qualities. 
 
 
 

MATERIALS AND METHODS 
 
 
Study areas 
 

The region of Sabah has a climate typical to that of tropical rain forest areas. Monthly and daily temperature 
varies little from the annual mean which is around 26.7oC (at Danum Valley). Relative humidity is high and the 
daily maximum, close to saturation, is reached during mornings. Throughout the day the air gets less humid and 
the daily minimum of 72% (at Danum Valley) is reached in the early afternoon. In the region of southeastern 
Sabah rain falls on average on 218 days per year and at Danum Valley, between 1985 and 1998, mean annual 
rainfall was 2668.5 mm (Walsh & Newberry 1999).  

Three classes of variously exploited landscapes (Primary forest, Secondary logged forest, and Plantation) in 
Sabah, Malaysian Borneo, were investigated. In total 11 streams were surveyed. Five streams in Primary forest. 
Four streams in Secondary logged forest. Unfortunately there was limited access to plantation areas as to why 
only two streams could be surveyed in this landscape class.   

All sites surveyed were situated in hilly lowland areas. Streams were chosen to be included in the study on the 
basis of being of similar character with regard to size, geomorphology, flow velocity and other aspects of habitat 
variation. Only streams that were likely to have permanent flow throughout the year were included in the study. 
The streams were moderately swiftly flowing with parts of stagnant water, pools and small waterfalls at places. 
Streams were of small to medium size with channel widths ranging between 4.3 to 13 meters with an average of 
8.7 meters.  
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Figure 1. Map of Sabah showing sample sites at their approximate location. Light gray area 
represents Yayasan Sabah forest concession. Dark gray areas represent conservation areas. 
Primary forest sample sites were inside the ring in Danum Valley Conservation Area, 
Secondary logged forest sample sites are noted with square symbols and Plantation sample 
sites were located outside Lahad Datu and noted with a cross. 
 
 
Primary forest 
Five streams (table 1) in the primary dipterocarp rainforest of Danum Valley Conservation Area (DVCA) were 
sampled on random occasions between the end of July and the beginning of October 2006.  
 
Secondary logged forest 
Four streams in three Secondary logged forest regions; Coupe 89, Forest management unit 16 and Sabah 
Biodiversity Experiment1  plot, all within the Yayasan Sabah concession, were studied. Pioneer tree species 
appeared to be the dominating tree flora. Whether riparian buffer zones2 had been implemented during the 
logging activities were uncertain. The three regions had been logged in different years, Sabah Biodiversity plot 
was logged in the seventies, coupe 89 in 1989 and Forest management unit 16 in the beginning of the nineties.  

In coupe 89 two streams: Baru and Sapat Kalisun (table 1) were surveyed on random occasions between the 
end of July and the beginning of October. The site is situated about 2.5 km northeast of Danum Valley Field 
Station. Baru is a tributary of the somewhat larger stream, Sapat Kalisun, which has its outlet in the much bigger 
Segama River. The two areas in the two streams studied were located upstream from the junction of the two 
streams. This area was logged in 1989 (for detailed information on logging activities of this area see Douglas et 
al. 1992, 1993, 1999). The larger trees were dominated by pioneer tree species. A small number of dipterocarp 
species were emerging in the understorey vegetation. It was relatively easy to find dipterocarp seedlings and 
saplings.  

The sample area of stream Ayop was surveyed between the 22nd and the 24th of August 2006. The sample area 
was situated around 10 km north of Imbak Canyon Conservation Area in Forest Management Unit 16 which was 
managed by Yayasan Sabah. The stream segment surveyed was located where the dirt road from Imbak Village 
(Kampung Imbak) crosses the stream. The bridge was several meters above the stream constructed with large 
logs and other matter. In what extent erosion, as a result from this bridge, did have an impact on the stream-
riparian habitat was uncertain. Ayop is a small tributary to the large Milian River. Relatively many small villages 
were scattered along Milian and both Milian and Ayop are utilized for fishing and other traditional means. The 

                                                 
 
1The  Sabah Biodiversity Experiment is the largest-ever experiment on the role of biodiversity in ecosystem 
function. British, Swiss and Malaysian scientists are hoping to document the influence of biological diversity on 
foremost timber production and carbon storage (Schilthuizen 2003). 
2 Trees in areas at a close distance (at least 30 meters, or sometimes the length/height of the very tree to be cut) 
to streams are not to be logged. 

 
 

6



large part of the stream Ayop runs through Yayasan Sabah forest management land. However, the lower part of 
Ayop (around 6 km) was surrounded by a zone set aside to be utilized and managed by the local villages. The 
Stream channel width was from various reasons not measured. However, if compared to other stream channels 
that were measured, the mean channel width of this stream was estimated to be approximately 10 meters.  

The stream DD runs through the Sabah Biodiversity Experiment plot layout which was situated in the Malua 
Forest Reserve. The stream was surveyed between the 20th and the 24th of March 2006. The Sabah Biodiversity 
Experiment plot was approximately 10 kilometers north of the DVCA and there was a field research station 
present at the site which was accessible by road. The stream sample location was located 20 minutes by foot 
along an old logging road in a northeast direction from the field station. 

The area was highly damaged during the logging activities in the 1970ies. Except for the sites in landscape 
class Plantation, this site was, among the sites surveyed, probably the most severely damaged. The level of the 
canopy was lower than that in Primary forest but still supported some cover. The ground in areas that had a more 
open canopy was covered by grass and other low vegetation. The old logging road did cross the stream where 
signs of a previous primitive bridge were visible.  
 
Plantation 
Two streams within a cultivated area outside of Lahad Datu were surveyed (table 1). The area was dominated by 
oil palms but did have a mixture of various crops (e.g. tapioca, banana and other) and small stands of forest; 
thus, being somewhat different to the vast monoculture type of oil palm plantations also present on Borneo. Still, 
this was the most modified habitat out of the ones surveyed and appeared to have very few features left from a 
rainforest type of habitat.  
 
Table 1. Summary of the streams that were surveyed. 

Stream Landscape class Region 
Badak Kanan Primary forest Danum Valley Conservation Area 
Badak Kiri Primary forest Danum Valley Conservation Area 
Purut Primary forest Danum Valley Conservation Area 
Rhino Pool Primary forest Danum Valley Conservation Area 
West Stream Primary forest Danum Valley Conservation Area 
Ayop Secondary forest Forest management unit 16 
Baru Secondary forest Coupe 89 
DD Secondary forest Sabah Biodiversity Experiment plot 
Sapat Kalisun Secondary forest Coupe 89 
Johnny Plantation Outside Lahad Datu 
Stefanus Plantation Outside Lahad Datu 

 
 
Survey of the riparian frog community 
 
Transects 
Transects of 340 meters were set up along each of the 11 streams. Transects were split up in 4 smaller sample 
stretches of 40 meters wherein sampling took place.  The 40-meter sample stretches were separated by gap 
stretches of normally 60 meter but at a few cases shorter. The separation was done in order to make the survey 
more time efficient while still covering a longer total distance of the streams to increase the possibility of 
covering a wider range of variation of the riparian habitat.  

The 40-meter sample stretches were furthermore divided into segments of 10 meter. Markers were placed at 
every 10-meter point. 
 
Survey 
Most frog species on Borneo associated to riparian habitats are nocturnal (Inger 1969) and thus night time was 
used to search and register frog species. Data were gathered between 6:45 p.m. and 1:30 a.m.  
Each stream was searched three times, except for West Stream which was searched four times. A search team 
moving along the stream searched and registered the animals. Headlamps and hand torches were used. The 
search team consisted of one to three persons, though the most frequent number of searchers was two. No 
fraction along the stream was scanned by more than one team member per visit. 

The first meter of land from the water edge is suggested to be the area where the highest abundance of riparian 
frogs are found (Inger 1969), thus, both sides of the streambed were searched for frogs. The survey was done by 
walking along the waterline and, depending on the geomorphology and density of vegetation, keeping focus on a 
field up to approximately four meters of land from the edge of the water. In cases where frogs were calling, the 
source of the sound could be pinpointed and if it was possible to also visually find the frog, it was included in the 
count. Calling frogs were counted even if they were sitting outside the normal field of focus, however, not if 
outside the riparian zone. 
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There was some variance in depth along streams. Shallow areas where substrates such as stones, rocks or 
sandbanks were emerged in the stream were also searched. Shallower areas also gave the opportunity to see 
submerged animals, which then were included in the count. 
 
Identification of species 
Individuals were identified to species mainly in field at the place and at the time they were found. If a more 
careful examination of specimens was necessary for the identification, the specimens were carefully brought 
back to the field base and later released where they were found. Various literature (Inger & Lian 1996, Inger 
2005; Inger & Stuebing 2005) were used in the procedure of species identification. 
The frogs registered in this study were in general relatively easy to identify, as each species had more or less 
unique features to use as identifiers. Also, the animals were with few exceptions easy to trap for closer 
examination. Thus, the vast majority of the identifications was accurate; however, four species were less obvious 
to define. It is not clear whether Ansonia longidigita, as referred to as in this study, instead should be referred to 
as A. leptopus. These two species are quite similar (Inger & Stuebing 2005); sharing similar habits, habitats and 
both being distributed in the sampling region. Some species in the genus Meristogenys are similar to each other 
and difficult to separate (Inger & Stuebing 2005). The literature by Inger & Stuebing (2005) has due to this fact 
only presented descriptions of four of the species of this genus, which represent the main types of identification 
features of adults of this genus. In this study one type of Meristogenys was registered and identified as being M. 
orphnocnemis. The only of the 19 species that could not be identified to species was referred to as Limnonectes 
sp. The identification to this genus is most probably accurate. The problem was due to the fact that this was the 
only specimen of this species ever found during the survey and field situations made detailed examination 
impossible. The species referred to as Rana erythraea, registered in Ayop, was extremely wary and was never 
trapped for close examination. It is therefore of some doubt whether the identification was accurate. If the 
species was not R. erythraea, the next best alternative would be Polypedates leucomystax. 

Only in the cases of the two genera Ansonia and Meristogenys, since there possibly could be two or more 
species of each genus in the survey not registered, community variables might have been slightly affected by 
false identifications. However, the conclusions of this study could not have been notably affected by any of the 
above considerations. 
 
 
Community variables 
 
Species richness 
The mean species richness for a given landscape class is in this study based on the cumulative number of species 
found at each stream in a given landscape class during the survey. Thus, it estimates the average number of 
species being present in the riparian zone of a survey segment in a certain landscape class during the survey. 
Rarefied species richness was computed using statistical software ‘R’. The rarefaction algorithm in ‘R’ is based 
on Hurlbert's (1971) formulation, and the standard errors on Heck et al. (1975). For further specification on the 
algorithm see online documentation on the community ecology package ‘Vegan’ for ‘R’. 
 
Abundance 
The mean abundance for a given landscape class was calculated from the average abundance of each stream in a 
certain landscape class.  The average abundance of each stream was calculated from the abundance at each of the 
sampling opportunities in a certain stream. The variable Abundance per species is the average abundance per 
stream divided by the species richness per stream.    
 
Species diversity: The Shannon-Wiener function 
The Shannon-Wiener function is most sensitive to rare species in contrast to, for instance, Simpson’s index 
(Krebs 1989). Tropical rainforests are known to support very high levels of biodiversity. It would thus be 
reasonable to assume that tropical rainforest habitats possibly could support a number of rare species. The 
Shannon-Wiener function is also the most frequently used measure of species diversity which is favorable in 
cases of comparison. Thus, the Shannon-Wiener function seemed suitable. A Shannon-Wiener index was 
calculated for each sampling opportunity and from that a mean was calculated for each stream, which in turn was 
used to calculate a mean at landscape class level.  
 
Evenness 
Species evenness is a variable rendering information on how equal species are in numbers in a given community 
(Krebs 1989) and species evenness ranges from 0 to 1. If all species within the community are equally common, 
evenness is 1. If species within the community differ in numbers, evenness declines.  
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The calculation of evenness deviates slightly from the general approach here when handling diversity data. 
The Shannon-Wiener indices for the streams are mean values based on Shannon-Wiener indices of the replicate 
surveys for each stream. Due to the fact that richness in Plantation actually was too poor (≤1) at replicate level, 
the approach of using the total accumulated richness of each stream during the survey had to be implemented. 
Evenness is, for all landscape classes, therefore slightly underestimated. 
 
 
Indicator species 
 
Common species within differently diverse and rich communities 
Correlations between the abundance of species to communities of high levels of species diversity and species 
richness were analysed with a PLS model. Independent variables were the abundances of each species in each 
surveyed stream and the dependent variable was species diversity of the communities of each stream. 
 
Certain species related to certain landscape classes 
Data on the abundance of each species in each of the surveyed landscape classes were analyzed by creating three 
orthogonal PLS models to identify significant correlations between each species abundance to the given 
landscape classes. Orthogonal comparisons were: Primary forest against Secondary logged forest, Primary forest 
against Plantation and Secondary logged forest against Plantation. Independent variables were species abundance 
in the given landscape classes and dependent dummy variables were the landscape classes.  A contribution 
analysis was run in order to produce a descriptive figure with the species relative weights in the different 
landscape classes in relation to each other.  
 
 
Terrestrial environmental and microclimatic variables 
 
Environmental and microclimatic variables (EMV’s) in terrestrial areas were sampled in plots at a distance of 
around 24 meters from the stream channel edge and perpendicular to the stream flow direction. Four plots, two 
on each side of the stream, were set up along each stream.  
 
Forest canopy cover 
Canopy cover was estimated by using a DSLR camera taking pictures on the foliage at a perspective from the 
forest floor with the exposure plane set orthogonal to the horizon. The images produced were analyzed and the 
relative area of foliage covering the sky was computed with image processing computer software, thus 
estimating the canopy cover. 

The focal length of the lens used was 17mm and the camera sensor format was 22.5 x 15mm. The focal point 
was set at infinity. F - number was set at the highest number (f/22) in order to maximize the depth of field. 
Shutter speed was left automatic to get the accurate exposure.  ISO speed was set to 100. 
 
Light intensity at ground level (Luminance [cd/m2]) 
The actual light intensity, or luminance, at ground level inside the forest, was measured with a DSLR camera. 
The values of the camera settings, when taking pictures for an estimate of canopy cover, were used for the 
calculation of luminance by the following expression (Wikipedia contributors): 

 
( )2 1003
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N = Relative aperture or f - number 
t  = Shutter speed (s) 
Lum = Luminance (cd/m2)  

 
 
 
Temperature and relative humidity during mid day at ground level 
Relative humidity and temperature at ground level were measured around noon between 10:00 a.m. and 14:00 
p.m. A hygrometer/thermometer was set up in the corners of a 2 x 2 meter square at each of the four sampling 
plots along the stream, thus 16 samples per stream. The sensor was at a height of approximately 10 cm above 
ground. 
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Temperature and relative humidity in evenings 
This was sampled along the stream transect. Each time a 40 meter sample stretch was entered or exited 
temperature and relative humidity were noted. Also, each time a frog was registered, temperature and relative 
humidity were noted.   
 
Density of understorey vegetation 
The technique used here for measuring the density of the understorey vegetation is similar to and adapted from 
the technique used by Marsden et al. (2002). A white screen with dimensions 225 x 150 cm was set up vertically 
at a fixed height at ground level facing a DSLR camera placed at a three meter distance one meter above ground. 
From the ensuing picture the relative area of the projected vegetation was later calculated with image processing 
computer software. 

The focal length of the lens was 40mm and the camera sensor format was 22.5mm x 15mm. The focal point 
was set at 1 meter. F - number was set at the highest number (f/22) in order to maximize the depth of field. 
Shutter speed was left automatic to get the accurate exposure.  ISO speed was set to 100.  

 
Litter depth 
Litter depth was measured by carefully pushing a sharp stick vertically through the litter, without significantly 
altering the depth of the litter, down to the soil. The distance from the soil to the highest point, where a mark was 
made on the stick, was then measured with a tape measure. This was done in the corners of a 2 x 2 meter square 
at the four sampling plots along the stream, thus 16 samples per stream.  
 
 
Terrestrial environmental variables in stream channels 
 
Relative distribution of substrates in the dry part of a stream channel 
Each 10-meter segment of the 40-meter stretches was visually mapped for the presence of different substrates. 
The number of 10-meter segments, wherein certain substrates were present, gives an estimate of the relative 
distribution of different substrates. Six types of substrates; Mud, Sand (Mud < Sand < 5mm), Gravel (5mm < 
Gravel < 50mm), Stones (50mm < Stones < 500mm), Rock (Rock > 500mm) and Wood (logs, branches and 
other woody debris) were recorded, diameters and specifications are given in brackets. 
 
Stream canopy cover 
Canopy cover over the stream was estimated using a densitometer3. The densitometer was centered in the stream 
channel and centered in relation to every 10-meter segment, thus positioned at 5, 15, 25 and 35 meter of the 40-
meter stretches. The reason for using a densitometer for measuring this variable rather than using a DSLR 
camera, as was the case when measuring Forest canopy cover, was that the DSLR camera, which was the only 
one at hand, could be damaged from contact with water. 
 
Stream channel width 
The width of the stream channel was measured with a tape measure at the start and end point of every 40-meter 
stretch of the transects. 
 
 
Aquatic environmental and microclimatic variables 
 
Conductivity, turbidity and Water temperature 
These measurements were taken in the streams within or slightly outside the transects where the Flow 
characteristic was 1 or 2, see Flow characteristics. 

 
Depth of water 
Each 10-meter segment of the 40-meter stretches was visually approximated for the relative area of the three 
categories of depth; Shallow (< 0.2 m), Medium (0.2 < 0.5) and Deep (> 0.5). Measures of the depth of water 
were avoided during and after rains when streams often are flooded. 
 
 
                                                 
 
3 This is a small hand held tool for mapping relative canopy cover or canopy openness.  It has a convex or 
concave mirror with a grid reflecting the foliage 180 degrees to the operator who then by counting the number of 
squares in the grid, that is either reflecting foliage or sky, can tell the relative cover/openness of the foliage. 
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Flow characteristics 
Each 10-meter segment of the 40-meter stretches was visually approximated for the relative area of the four 
categories of Flow characteristics; 0 = No visible movement of water, 1 = Movement without ripples on the 
surface, 2 = Movement with ripples on the surface and 3 = Turbulent movement with white water. Measures of 
Flow characteristics were avoided during and after rains when streams often are flooded. 
 
 
Analysis of environmental and microclimatic variables 
 
Environmental and microclimatic variables influencing riparian frog communities 
In order to identify EMV’s that were important to riparian frog communities, two PLS models were created, one 
with species diversity as dependent variable and one with species richness as dependent variable. Both had 
EMV’s (table 2) as independent variables.   
 
Characterization of landscape classes – important environmental and microclimatic variables 
Three orthogonal PLS models; Primary forest against Secondary logged forest, Primary forest against Plantation 
and Secondary logged forest against Plantation, were created to analyze which EMV’s (table 2) were 
significantly correlated to which of the three surveyed landscape classes. 
 
 
Table 2. Summary of the 32 environmental and microclimatic variables that 
were analyzed in the study. 

  Variable   Category   
       
  Evening air temperature     
  Evening relative humidity Temperatures and humidity   
  Daytime air temperature     
  Daytime relative humidity     
  Litter depth     
  Understorey Forest environment and structure   
  Forest canopy cover     
  Luminance (cd/m2)      
  Water temperature     
  Conductivity Water characteristics   
  Suspended sediment (mg/L)     
  Stream canopy cover     
  Stream channel width     
  Channel substrate diversity     
  Channel substrate evenness     
  Percent mud Stream channel characteristics   
  Percent sand     
  Percent gravel     
  Percent stones     
  Percent rocks     
  Percent wood     
  Flow characteristic diversity     
  Flow characteristic evenness     
  Percent flow characteristic 3 Flow characteristics   
  Percent flow characteristic 2     
  Percent flow characteristic 1     
  Percent flow characteristic 0     
  Stream depth diversity     
  Stream depth evenness     
  Percent shallow water Stream depth   
  Percent medium depth     
  Percent deep water     
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Statistical analysis 
 
Confidence intervals are at 95% significance. Differences between means of species diversity, evenness, 
abundance and abundance per species of frogs were statistically analyzed by one-way ANOVA with post hoc 
comparison using Fisher’s multiple comparisons of means using the statistical software, Minitab 14.  Rarified 
richness was computed using the statistical software R. PLS models were produced using Umetrics Simca-P+ 
v.10.5 where the number of significant components was estimated through cross validation. Confidence intervals 
in PLS models were estimated through jack-knifing, which give significance estimates similar to traditional 
ANOVA (Martens et al. 2001).  
 
 
 

RESULTS AND ANALYSIS 
 
 
Part I – The frog community 
 
In general 
Out of the total 19 frog species related to riparian habitats that were registered during the study, 14 were found in 
Primary forest, ten in Secondary logged forest and five in Plantation. The relative abundance of species differed 
between landscape classes (table 3). There were five species unique to Primary forest (Ansonia spinulifer, 
Ingerana baluensis, Limnonectes sp., Pedostibes hosii, Staurois latopalmatus), two species unique to Secondary 
logged forest (Rana erythraea and R. hosii) and three unique species to Plantation (Fejervarya limnocharis; 
Limnonectes paramacrodon and Rana nicobariensis). The three overall most abundant species were Rana 
picturata (98 individuals), Limnonectes leporinus (57 individuals) which also was the only species present in all 
three landscape classes and Limnonectes kuhlii (39 individuals). The three overall rarest species (and only three 
species represented by one individual) were A. spinulifer, L. sp x5 and R. nicobariensis. The most abundant 
species in each landscape class were in Primary forest R. picturata (12 individuals per stream), in Secondary 
logged forest: R. picturata (9.50 individuals per stream), however almost equally abundant in this landscape 
class was L. leporinus (9.25 individuals per stream) and in Plantation: F. limnocharis (8 individuals per stream). 
 
Table 3.  Summary of frog species that were registered during the study. I = No. of individuals, IPS = Individuals per 
Stream, PSLC = Percent of TI represented in respective landscape class, TI = Total No. of individuals. (E) = Endemic to 
the island of Borneo (Inger & Stuebing 2005). 

Species   Primary forest   
Secondary 

logged forest   Plantation    Total 
    I IPS PSLC   I IPS PSLC   I IPS PSLC   TI 
Ansonia longidigita (E)  8 1.6 86  1 0.25 14  0 0 0  9 
Ansonia spinulifer (E)  1 0.2 100  0 0 0  0 0 0  1 
Bufo juxtasper  25 5 69  9 2.25 31  0 0 0  34 
Fejervarya limnocharis  0 0 0  0 0 0  16 8 100  16 
Ingerana baluensis (E)  4 0.8 100  0 0 0  0 0 0  4 
Leptolalax dringi (E)  12 2.4 91  1 0.25 9  0 0 0  13 
Limnonectes kuhlii   32 6.4 79  7 1.75 21  0 0 0  39 
Limnonectes leporinus (E)  15 3 20  37 9.25 63  5 2.5 17  57 
Limnonectes paramacrodon  0 0 0  0 0 0  2 1 100  2 
Limnonectes sp  1 0.2 100  0 0 0  0 0 0  1 
Meristogenys orphnocnemis (E)  29 5.8 89  3 0.75 11  0 0 0  32 
Pedostibes hosii  13 2.6 100  0 0 0  0 0 0  13 
Rana chalconata   15 3 46  0 0 0  7 3.5 54  22 
Rana erythraea  0 0 0  2 0.5 100  0 0 0  2 
Rana hosii  0 0 0  4 1 100  0 0 0  4 
Rana nicobariensis  0 0 0  0 0 0  1 0.5 100  1 
Rana picturata (E?)  60 12 56  38 9.5 44  0 0 0  98 
Staurois latopalmatus (E)  11 2.2 100  0 0 0  0 0 0  11 
Staurois natator   15 3 92   1 0.25 8   0 0 0   16 
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Community variables in different landscape classes 
A rarefaction curve with 95% confidence intervals (figure 2) showed significant differences of rarified species 
richness between landscape classes. At sample level 28 individuals (maximum abundance in Plantation was 31 
individuals) the rarified species richness in landscape class Primary forest was significantly greater than that in 
Plantation. At sample level 100 individuals (maximum abundance in Secondary logged forest was 103 
individuals) the rarified species richness in landscape class Primary forest was significantly greater than that in 
Secondary logged forest (at this sample level, rarified species richness in Plantation was not defined). 

The rarified species richness in the landscape class Secondary logged forest was not significantly different to 
that in the two other landscape classes (Plantation and Primary forest) at sample level 28 individuals. However, 
from the shape of the curves and from the trend of shrinking confidence intervals at higher sample levels, the 
rarified species richness in all three landscape classes appear to diverge as the sample level increases indicating 
significant separation of  the rarified species richness in all three landscape classes.  
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Figure 2. Rarefaction curves with 95% confidence intervals. The three curves representing Plantation, 
Secondary logged forest and Primary forest. 
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Species diversity (figure 3) differed between all three classes of landscapes (ANOVA, p = 0.004; post hoc 
analysis confirmed the separation between all three landscape classes). The highest level of species diversity was 
found in Primary forest (1.54) followed by that in Secondary logged forest (0.98) and the lowest level was found 
in Plantation (0.38). 

Evenness of species (figure 3) in Plantation (0.33) was lower than that of the two forested landscape classes; 
Primary forest (0.72) and Secondary logged forest (0.59) (ANOVA, p = 0.016; post-hoc confirmed the 
separation). More accurate levels for Evenness (not defined in Plantation) were (0.88) and (0.86) for Primary 
forest respectively Secondary logged forest (see methods for details). 

Abundance of frogs (figure 3) differed between Primary forest (14.78) and Plantation (5.17). The statistical 
analysis was performed on logged values of the abundance (ANOVA, p = 0.048; post-hoc analysis confirmed the 
separation). The mean abundance in Secondary logged forest was 8.58.  

There was no significant difference in Abundance per species (figure 3) between plantation (2.0), Secondary 
logged forest (1.71) and Primary forest (1.69). 
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Figure 3. Boxplots of species diversity, evenness, abundance and abundance per species depending on landscape class.  
Numbers in the boxes are mean values. The lower whisker extends to the lowest value within the lower limit. The bottom of the 
box is the first quartile. The line in the middle of the box is the median. The top of the box is the third quartile and the upper 
whisker extends to the highest value within the upper limit. 
 
 
Correlations between the environmental and microclimatic variables and diverse communities 
Out of the 32 EMV’s (table 2), seven were positively correlated to diverse communities, whilst three were 
negatively correlated (figure 4). The significant positive correlations were Evening relative humidity, Percent 
medium depth, Daytime relative humidity, Stream depth evenness, Stream depth diversity, Litter depth and Flow 
characteristic 3. The significant negative correlations were Daytime air temperature, Luminance and Percent 
shallow water. Among these ten variables there were two general variable types. One type was related to sub 
canopy climate and the forest floor environment while the other type was related to stream channel structure and 
hydrology.   
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Figure 4. PLS loading plot showing the correlation pattern of environmental and microclimatic variables in relation to frog species 
diversity. R2(1) = 0.402, R2(2) = 0.100. Triangles: environmental and microclimatic variables (black triangles = significant). 
Square: Y variable species diversity. 
 
 

There was a relatively clear separation in the PLS space of landscape classes (figure 5) with EMV’s as 
independent variables and species diversity as dependent variable. The Plantation streams were in the PLS space 
distinctively separated from the two forested landscape classes which did not have the same degree of separation. 
Still, Primary forest streams and Secondary logged forest streams were in separate groups and data points from 
the two forested landscape classes were not mixed together.  

Projecting the score plot on the loading plot, the variables negatively correlated to species diversity were all 
clearly associated to Plantation while the variables positively correlated to species diversity were associated to 
forested landscape classes and in particular Primary forest. 
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Figure 5. PLS score plot showing landscape class separation depending on the diversity of frog communities. R2(1) = 0.402, R2(2) = 
0.100. Squares: Primary forest, triangles: Secondary logged forest, diamonds: Plantation. The ring in the plot is a confidence ellipse 
based on hotelling T2 (data points outside the confidence ellipse are to be considered as outliers). 
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Part II – Indicator species 
 
Correlation of the abundance of species to landscape classes 
Out of the species registered in this study, ten were unique to their habitat (table 3). However, according to 
statistical analysis the abundance of only 7 species differed between landscape classes (table 4).  The abundance 
of M. orphnocnemis, S. natator, L. dringi and I. baluensis were higher in Primary forest than that in Secondary 
logged forest as well as in Plantation. The abundance of B. juxtasper was higher in Primary forest than that in 
Plantation. The abundance of R. picturata was higher in both Primary forest and Secondary logged forest than 
that in Plantation. The abundance of L. leporinus was higher in Secondary logged forest than that in Primary 
forest as well as in Plantation. OPLS model validity: OPLS Pr orth. Se; 1+1 comp., R2X=0.532, R2Y=0.933, 
Q2= 0.748. OPLS Pr. orth. Pl.; 1+3 comp., R2X=0.736, R2Y=1, Q2=0.958. OPLS Se orth. Pl.; 1+3 comp., 
R2X=0.834, R2Y=1, Q2=0.991.  
 
Table 4. Summary of frog species that according to statistical analysis differed 
between landscape classes. Pr: Primary forest, Se: Secondary logged forest, Pl: 
Plantation, LC: landscape classes, MLC: modified landscape classes (Se+Pl), 
FLC: forested landscape classes (Pr+Se).  
Species   Endemic   Significance type 
M. orphnocnemis  Yes Higher in Pr than in the MLC
S. natator  No  Higher in Pr than in the MLC 
L. dringi  Yes  Higher in Pr than in the MLC 
I. baluensis  Yes  Higher in Pr than in the MLC 
R. picturata  Maybe  Higher in FLC than in Pl 
B. juxtasper  No  Higher in Pr than in Pl 
L. leporinus   Yes   Higher in Se than in the other two LC 

 
 

The two species that had the strongest weight in the Primary forest were S. natator and in particular M. 
orphnocnemis (figure 6). Also I. baluensis, L. dringi and B. juxtasper had strong weights in Primary forest and I. 
baluensis and L. dringi were closely related in the PLS loading space. Even if R. picturata was significantly 
higher in both of the forested landscape classes than in Plantation, it had its strongest weight in Primary forest. 
Among significantly correlated species, only L. leporinus had weight in Secondary forest and none of the 
significantly correlated species had weight in Plantation. PLS model validity: 3 comp., R2X=0.593, R2Y=0.875, 
Q2=0.631; 1st comp; R2X=0.298, R2Y=0.421, Q2=0.243; 2nd comp., R2X=0.141, R2Y=0.355, Q2=0.307. 
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Figure 6. PLS loading plot showing the correlation pattern of the abundance of respective frog species in relation to landscape 
classes. Triangles: species (black triangles=significant). Squares: Landscape classes. Pr: Primary forest, Se: Secondary logged 
forest, Pl: Plantation. R2 (1) = 0.298, R2(2) = 0.141. 
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The pattern of abundance of species was reflected in the analysis of separation between landscape classes 
(figure 7), depending on the abundance of species, where all three landscape classes formed separate groups. 
PLS model validity: 3 comp., R2X=0.593, R2Y=0.875, Q2=0.631; 1st comp; R2X=0.298, R2Y=0.421, 
Q2=0.243; 2nd comp., R2X=0.141, R2Y=0.355, Q2=0.307. 
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Figure 7. PLS score plot showing landscape class separation depending on the abundance of frog species.  R2(1) = 0.298, R2(2) = 
0.141. Squares: Primary forest, triangles: Secondary logged forest, diamonds: plantation. The ring in the plot is a confidence ellipse 
based on hotelling T2 (data points outside the confidence ellipse are to be considered as outliers). 
 
 
Correlation of the abundance of species to diverse communities  

Out of the 19 species registered, 6 showed significant positive correlations to diverse communities (figure 8). 
The correlated species were M. orphnocnemis, S. natator, B. juxtasper, I. baluensis, l. dringi and L. kuhlii. No 
significant negative correlations were found (PLS model validity: 3 comp., R2X=0.566, R2Y=0.991, Q2=0.694). 
M. orphnocnemis had strongest weight in diverse communities closely followed by S. natator and B. juxtasper. 
These three species were closely related in the PLS loading space, in particular the two latter species. Also I. 
baluensis and L. dringi were closely related in the PLS loading space and these two species also shared closeness 
to L. kuhlii. The species that had a significant positive correlation to diverse communities were also related to 
primary forest streams (figure 6).  
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Figure 8. PLS loading plot showing the correlation pattern of the abundance of respective frog species depending on frog species 
diversity. Triangles: species (black triangles = significant). Square: Y variable species diversity. R2(1) = 0.304, R2(2) = 0.135. 
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Part III– Landscape classes 
 
Correlations of environmental and microclimatic variables to different landscape classes 
Three orthogonal PLS models; Primary forest against Secondary logged forest (model validity: R2X=0.688, 
R2Y=0.998, Q2=0.967), Primary forest against Plantation (model validity: R2X=0.306, R2Y=0.922, Q2=0.720) 
and Secondary logged forest against Plantation (model validity: R2X=0.711; R2Y=0.990; Q2=0.906), constitute 
the analysis of significant correlations. A fourth PLS model (model validity: R2X=0.853, R2Y=0.991, 
Q2=0.840) outlines relations between the contribution of various variables to the three different landscape 
classes (figure 9). I) Luminance and Daytime air temperatures were highest in Plantation, intermediate in 
Secondary logged forest and lowest in Primary forest. Evening relative humidity and Daytime relative humidity 
were highest in Primary forest, intermediate in Secondary logged forest and lowest in Plantation. Conductivity 
and Percent sand were highest in Plantation and lowest in Secondary logged forest, thus, Primary forest 
constituted the intermediate here in contrast to the cases of the other above variables. II) Water temperature and 
Percent shallow water were higher in Plantation than in the two forested landscape classes. Forest canopy cover, 
Stream channel width, Litter depth and Flow rate diversity were higher in the two forested landscape classes than 
in Plantation. III) Percent medium depth was higher in Primary forest than that in the two modified landscape 
classes. IV) Percent mud was higher in Plantation than in Primary forest, whilst it was opposite for Flow 
characteristic 3, Stream depth diversity and Stream depth evenness. V) Evening air temperature was higher in 
Secondary logged forest than in Primary forest whilst it was opposite for Percent rock and Substrate evenness. 
Stream canopy cover was higher in Secondary logged forest than that in Primary forest. VI) Flow characteristic 
0, Flow characteristic 1 and Percent gravel were different between Secondary logged forest and Plantation, 
where Flow characteristic 0 and Percent gravel were higher in Secondary logged forest and the opposite for Flow 
characteristic 1. VII) Percent stones were higher in Secondary logged forest than it was in Primary forest and 
Plantation.  
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Figure 9. PLS contribution plot showing the correlations of environmental and microclimatic variables to respective landscape class. 
PLS weights are normalized, where Primary forest weights are zero. Stars note variables showing significant differences and 
abbreviations indicate where differences are; PrSe: between Primary forest Secondary logged forest; PrPl: between Primary forest 
and Plantation; SePl: between Secondary logged forest and Plantation; FlcPl: between forested landscape classes and Plantation; 
PrMlc: between Primary forest and modified landscape classes. 
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Separation of landscape classes depending on microclimatic and environmental variables 
There was a distinct separation of the landscape classes (PLS validity: R2X=0.853, R2Y=0.991, Q2=0.840): 
Primary forest, Secondary logged forest and Plantation (figure 10). The three classes show three separate groups: 
The Primary forest streams are closely clustered. The Secondary logged forest Streams also show a distinct 
grouping but the data points were slightly more scattered than that of Primary forest. The two streams in 
Plantation are distinctively separated from the streams in the two other landscape classes. 
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Figure 10. PLS score plot showing landscape class separation depending on the environmental and microclimatic variables. 
R2(1) = 0.405, R2(2) = 0.150. Squares: Primary forest, triangles: Secondary logged forest, diamonds: plantation. The ring in 
the plot is a confidence ellipse based on hotelling T2 (data points outside the confidence ellipse are to be considered as 
outliers). 

 
 
 

DISCUSSION 
 
 
The landscape class separation (figure 10) based on the variation of EMV’s (figure 9), clearly suggests that 
conversion of primary forest to secondary forest or plantations has an influence on the environment and the 
microclimate in the primary forest-stream ecotone. Frog communities were significantly affected by habitat 
modification by foremost plantations but also by forestry.  
 
 
Part I – The frog community 
 
Habitat modification influence on the riparian frog community 
The species richness and species diversity of the communities were considerably reduced in modified landscape 
classes. The largest impact was from the type of habitat modification in Plantation. The evenness of species and 
the abundance of frogs were significantly higher in forested landscape classes than in Plantation. Abundance per 
species did not differ between the three landscape classes, identifying that the decline of species in modified 
habitats were not counteracted by higher abundances of fewer species. These facts clearly suggest that land use 
management has an important role to play in determining ecological scenarios in tropical rainforest regions. 
Forested areas, primary and secondary, support more diverse and abundant communities than plantation areas 
do; however, forestry management of the 1970ies and onto the 1990ies still show to have adversely affected 
biodiversity to an alarming extent. However, noted must be in this context that the stream Ayop, which was 
located in the area which had been logged in the early 1990ies, showed to have similar levels of frog species 
diversity and species richness as in Primary forest. Whether this is a result from a development of more 
ecologically adapted forestry techniques is yet uncertain. 
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Environmental and microclimatic variables influencing riparian frog communities 
Out of the thirty-two analyzed EMV’s, ten were of significant importance to the species diversity of the riparian 
frog communities. Of most striking weight was the direct influence from the increase in luminance, causing 
temperature to rise whilst humidity fell; thus, causing a drastic change of the subcanopy climate. Since tropical 
rainforest floor conditions normally are very shady, humid and supporting a climate of low diurnal and annual 
variance (e.g. Inger 1969; Walsh & Newberry 1999), communities herein would not be adapted to handle 
disturbances such as abrupt habitat changes. This kind of changes of the subcanopy climate would contribute to 
moisture stress, temperature stress and stress to tissue from the intensified radiation (e.g. UV-B). These are 
factors probably affecting overall stamina which could lead to lethal or sublethal conditions. Along with the 
dispersal of pathogens due to climate change, these are all factors discussed and suggested to be harmful to frogs 
and involved in the cause of global amphibian declines (e.g. Pounds & Crump 1994; Lips et al. 2005; Trenham 
& Diamond 2005; Pounds et al. 2006; Weyrauch & Grubb Jr. 2006). Furthermore, as the climate-buffering 
vegetation is removed there is likely to be an alteration in the intermediate disturbance regime that would be the 
state in tropical rainforest; thus, adversely affecting biodiversity. Of the frog species found in riparian habitats, 
some spend their entire life in the riparian zone, while others only utilize streams for reproduction and otherwise 
move mostly in terrestrial habitats (Inger 1969; Inger & Stuebing 2005). The closer to the terrestrial end of the 
scale a species habits would reach, the more important is, of course, the terrestrial microclimate.  

Litter depth was auto-correlated to Luminance and the lack of vegetation producing leaf and other type of 
litter. However, it is still reasonable to assume that Litter depth per se could be important to species richness and 
biological diversity of the riparian frog community. Forest floor litter is most likely important in terms of 
predation escape, temperature regulation, prey productivity, moisture and shade dependence and other studies 
have also shown significant correlations between Litter depth and the species richness and the abundance of 
terrestrial frogs (e.g. Van Sluys et al. 2007). This applies probably not only to anurans but also to other fauna; in 
fact, invertebrates are found to increase in abundance with the amount of litter (Burghouts 1992), which further 
implies that there likely will be more prey for frogs if litter is abundant. The amount of litter in the terrestrial 
system probably is fairly linearly related to the amount of submerged accumulated litter in streams and side 
pools, being of essential importance to the larvae of many frog species (e.g. Inger 2005; Inger & Stuebing 2005). 
In plantations, e.g. oil palm plantations, there is very little vegetation that produces leaves that in turn become 
ground or stream bed litter.   

Habitat heterogeneity in stream channels was of importance to the species diversity of the riparian frog 
community. It was mostly the variation of and evenness of the depth of the water that stood out. Such variation 
in water depth is related to the geomorphologic diversity of the channel, consisting of obstacles constructing a 
mixture of shallows and pools resulting in a more structurally heterogenic habitat. Water flow turbulence (Flow 
characteristic 3) was of positive importance to frog communities, which further points to the importance of 
geomorphologic structures in determining the diversity of riparian frog communities. Riparian frogs are often 
found along clear rocky streams (Inger & Stuebing 2005), and the channel substrate appears to be important, not 
least since tadpoles utilize a variety of habitats related to various intensity of currents and different channel 
substrates (Inger 1969). Tadpoles of several species graze algae from rocks and boulders and some have evolved 
abdominal suckers to effectively hang onto rocks in swift currents (e.g. Inger & Stuebing 2005). Tadpoles of 
other species depend on quiet side pools with litter (Inger 1969; Inger & Stuebing 2005), which form when 
depressions are filled up by frequent floods. Percent mud was occupying the same PLS loading space as the 
significantly correlated variable Shallow water and these two stood in negative relation in the PLS space to 
Stream depth diversity, Stream depth evenness, Medium depth and Flow characteristic 3. Habitat heterogeneity 
in stream channels will most likely be adversely affected by sediment accumulation in the channels which is a 
response to an increase in sediment yield in catchments (e.g. Douglas et al. 1992, 1993, 1999) making channels 
muddy, structurally poor and uniformly shallow by filling up depressions, crevices and such structures. Habitat 
modification leading to this kind of alteration of stream channel heterogeneity probably is a major obstacle to 
many riparian frog species. 
 
 
Part II – Indicator species 
 
The species and ecological notes 
Eight species were identified as being important in terms of being indicators of certain habitats and of diverse 
frog communities. Apart from R. picturata and L. kuhlii, indicator species correlated to primary forest were also 
correlated to diverse communities. The only species significantly correlated to modified landscape classes was L. 
leporinus and, thus, having no weight in the diversity component. F. limnocharis, R. nicobariensis and L. 
paramacrodon had PLS correlation to Plantation. These three species were only found present in Plantation. A 
discussion on the ecology of the species here identified as biological indicators is of interest since the various 
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species preferences of habitat could point to important features in the environment and of the microclimate as 
well as giving an explanation on why these species were significant in the PLS model.     

The species having high relative abundance in landscape class Primary forest and in diverse communities were 
M. orphnocnemis and S. natator. Both of these frogs inhabit clear rocky streams; S. natator is a pure riparian 
species never found more than a few meters from streams whilst M. orphnocnemis only utilizes such streams for 
suitable breeding sites and otherwise are known to move widely through the forest (Inger & Stuebing 2005). 
Apart from the fact that S. natator is strongly confined to clear streams, free of suspended or accumulated 
sediment, fairly little is known of its habits (Inger 2005; Inger & Stuebing 2005). However, known is that 
tadpoles of S. natator are found in quiet side pools with accumulated litter (Inger & Stuebing 2005) but are also 
assumed to dwell in swift rocky currents (Inger 2005). The tadpoles of M. orphnocnemis are adapted for 
development in swift currents; the tadpoles have a large abdominal sucker and cling onto rocks and boulders 
where the tadpoles graze on periphyton (Inger & Stuebing 2005). This is probably one of the important reasons 
why M. orphnocnemis has such strong relation to primary forest streams, which are often free of silt or 
accumulated sediments from erosion related events, which would otherwise cover necessary channel structures 
for algae production and likely also create textures difficult to adhere to. Juveniles and adults of M. 
orphnocnemis dwell in the forest; thus, the terrestrial environment and microclimate would also be important for 
the species to have biological success. The need for both terrestrial and aquatic habitat quality is likely 
contributing to that M. orphnocnemis has, among the species here studied, the strongest weight in landscape 
class Primary forest.  

The knowledge on the habits and habitats of I. baluensis appears to be limited (Inger & Stuebing 2005), 
however, this species occupied the same PLS space as L. dringi (figure 6 & 8) and these two species would thus 
presumably thrive under fairly similar conditions. Species of genus Leptolalax are commonly referred to as 
slender litter frogs, inhabiting the forest floor while adults move to clear streams only to breed (Inger & Stuebing 
2005). Thus, both aquatic and terrestrial environments are important. Eggs are presumably deposited under rocks 
and larvae usually utilize the channel structure as they for instance are known to wriggle into crevices (Inger & 
Stuebing 2005) which probably is a response to predation. Sediment accumulation would likely render the 
stream channel poor of structure like crevices and also fill cavities under rocks and stones. 

The only toad among the eight significantly correlated species was B. juxtasper. It was not obvious why B. 
juxtasper was significantly correlated to rich and diverse communities. This species was however occupying the 
same PLS loading space as S. natator, which clearly had some strict habitat preferences. B. juxtasper breed in 
streams where their larvae develop and adults are otherwise known to move through primary and secondary 
forest (Inger & Stuebing 2005), implying that both terrestrial and aquatic conditions are important for this 
species. Inger (2005) suggests that B. juxtasper would also withstand to live in areas of more disturbed habitats. 
However, the literature (Inger 2005) was originally published in 1966 and the anthropogenic habitat disturbance 
must then have been rather different than that of today. Still, species of Bufonidae are generally anatomically 
more adapted to more arid terrestrial climates than what general frog species would be, which could explain why 
individuals perhaps could manage to move in and out of larger disturbed areas. The larvae of B. juxtasper seem 
to prefer swift to strong currents and presumably cling onto submerged structures with its enlarged lips (Inger & 
Stuebing 2005). Thus, the aquatic conditions would probably preferably be free from silt and accumulated 
sediment. Data are scarce but it appears likely that the larvae of this species would graze algae from rocks and 
boulders, which in such case put further validity to the species preferences for quality stream habitat.  

L. kuhlii is a strict riparian species, seldom found more than a few meters from streams (Inger & Stuebing 
2005), therefore only the aquatic conditions seem directly important. However, as noted earlier, terrestrial 
disturbance of course indirectly influences aquatic environments. L. kuhlii is known to mostly inhabit small 
rocky streams in primary and old secondary forest (Inger 2005; Inger & Stuebing 2005). It is suggested that L. 
kuhlii depends on large boulders behind which it can manage to avoid being swept away by swift currents, which 
indicates that this species may take advantage of a structurally diverse and a mud free stream channel. L. kuhlii 
are apparently absent in areas that are inhabited by L. leporinus which prey on frogs (Inger & Stuebing 2005). L. 
leporinus was in high abundance in Secondary logged forest and perhaps direct interference was a factor as to 
why L. kuhlii was significantly correlated to rich and diverse communities such as in landscape class Primary 
forest.  

R. picturata was the most abundant species during the survey. It was widely distributed along Primary and 
Secondary logged forest streams and was registered in each and every stream in these landscape classes. In 
contrast, no individuals of the species were found in landscape class Plantation. Apart from that the larvae of this 
species develop among litter in side pools, which perhaps is a reason among others (e.g. high luminance, 
temperature and low relative humidity) why R. picturata was not registered in Plantation which had very little 
ground litter. R. picturata does not appear to be very picky in habitat preferences. The significant correlation of 
this species to rich and diverse communities is probably largely due to the sharp contrast between its great 
abundance in forested landscape classes and the total lack of the species in the much less diverse and much 
poorer Plantation.   
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The species having the absolute highest relative abundance in Secondary logged forest was L. leporinus (figure 
6). However, since the abundance of L. leporinus was strongly correlated to Secondary logged forest, being the 
landscape class of intermediate rich and diverse communities, L. leporinus had in the diversity PLS model low 
importance (figure 8). This species does not seem to be affected by water turbidity and apart from that the 
species reproduction cycle seems to need sand or gravel bars where the male scoops up a temporary pool for the 
female to deposit eggs in, the channel substrate does not seem to be too important a feature either (Inger 2005; 
Inger & Stuebing 2005). The larvae seemingly prefer shallow side pools with accumulated dead leaves (Inger 
2005; Inger & Stuebing 2005). The species appears to have only moderate demands on habitat features that are 
central in the context of habitat modification of the type discussed in this report. However, it is suggested to 
prefer shady environments and appear to prefer forested areas (Inger 2005), which explains the low abundance in 
the plantations.  

Three species, F. limnocharis, R. nicobariensis and L. paramacrodon, were all equally related to the landscape 
class Plantation (figure 6) which also was the only landscape class in which these species were registered during 
the survey (table 3). However, very few individuals of R. nicobariensis and L. paramacrodon were found, which 
adds some amount of uncertainty. Though, 16 individuals of F. limnocharis were found, which clearly indicates 
that this species was typical in the Plantation habitat. These three plantation species and in particular F. 
limnocharis also had the least relation to diverse communities (figure 8). F. limnocharis and R. nicobariensis are 
known to be confined only to areas of extreme natural habitat modification, such as towns, road ditches and 
football pitches (Inger 2005; Inger & Stuebing 2005), where forest habitat conditions are, of course, nonexistent. 
These species never occur in primary forest and not even in dense secondary growth (Inger 2005). This shed 
light on the degree of impact Plantation has on the rainforest habitat. The third species, L. paramacrodon, are 
found to inhabit lowland streams, sitting on banks of clay or gravel (Inger 2005; Inger & Stuebing 2005). Little 
seems to be known about the species; however, telling from the fact that it prefers clay banks, erosion related 
disturbance would not be a problem.  
 
Endemics 
Except for L. leporinus, which had strong correlation to Secondary logged forest, none of the frog species 
endemic to Borneo registered during the survey was related to any other landscape class than Primary forest. 
Many of the species having significant correlations to Primary forest or diverse communities were endemic to 
Borneo or had a narrow range of distribution. This, in comparison to that species related to Plantation and low 
diversity communities were general species with a wide range of distribution, points to the ecological importance 
of sustainable land use in the tropics. 
  
 
Part III – Landscape classes 
 
Characterization of landscape classes 
The models created for the analysis of differences in environmental and microclimatic factors did all have good 
validity. The PLS models here highlight variation in a number of microclimatic and environmental variables 
(table 2) depending on landscape class. Alterations of original habitat features were obvious in both classes of 
modified landscape classes; but in general the impact was largest in Plantation. The overall characterization of 
landscape classes is valid; however, it is an outline of variables and each variable needs further studies to meet 
satisfying conclusions in detail.  

The amount of vegetation intercepting sun radiation was central in the characterization of landscape classes. 
As more sun radiation leaks through attenuated vegetation, ground level temperature rises, while ground level 
relative humidity falls. In turn, these drastic changes of the microclimate lead to a number of additional 
consequences and the removal of vegetation did also directly affect a number of further features of the rainforest 
habitat.  

Litter depth was significantly less in Plantation compared to Primary forest and Secondary logged forest, 
which is reasonable since the area sampled constituted of oil-palms. The only litter having weight in this 
landscape class was basically from piled dead dry palm branches. Litter depth in Secondary logged forest was 
not different from Primary forest even though Luminance was higher, as a result from less vegetation 
intercepting sun radiation. Litter fall, litter mass and litter decomposition do not differ in any significant sense 
between primary forests and selectively logged forests (Burghouts et al. 1992). However, Burghouts et al. 
(1992) measured high rates of litter fall and litter disappearance (decomposition?) beneath clusters of certain 
species of primary forest emergent trees, implying higher rates of litter fall, but also proportionally higher rates 
of decomposition, in primary forests. Burghouts et al. (1992) further showed that the moisture content of the 
litter layer differed between the two types of forested landscapes. A hypothesis as to why Litter depth did not 
differ between Primary forest and Secondary logged forest would be that the less humid microclimate within the 
secondary forest litter layer basically makes the litter less dense. Thus, Litter depth in Primary forest could be 
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equal to that in Secondary logged forest, even if perhaps Primary forest had higher dry-mass of litter than 
Secondary logged forest. The indication of proportionality between litter fall and litter decomposition could be 
an additional explanation as to why Litter depth did not differ between Primary forest and Secondary logged 
forest. 

The significant increase in Water temperature in the Plantation streams was most probably because of high 
levels of sun radiation leaking down to the ground level heating the water, ground and air. It was probably also 
due to the fact that these streams were somewhat shallow and narrower; making the lesser body of water more 
susceptible to temperature change.  

Percent shallow water did occupy the same PLS loading space as Percent mud. Hydrological studies show that 
habitat modification by removal of vegetation (and in combination with that the mechanical impact on soils) has 
a drastic influence on soil erosion (e.g. Douglas et al. 1992, 1993, 1999), causing an increase in sediment yield, 
resulting in suspended sediments in streams. The sediment accumulates in the stream channel (mud) and covers 
sand, gravel and other natural channel substrates (Douglas et al. 1992). It seems fair to suggest that this kind of 
sediment deposits could result in shallower streams, since such fine material could fill up depressions and 
crevices in the channel.  

The Stream channel width in landscape class Plantation was significantly smaller than that in Primary forest. 
The relatively small channel width in Plantation probably is a result of an unfortunate choice of sample streams. 
In turn, this fact renders the discussion on shallowness questionable since if a stream is naturally of a smaller 
class, the depth would presumably also be smaller. Still, habitat modification related events could possibly 
produce shallower streams. Looking at the variation of Stream channel width and Shallowness in Secondary 
logged forest streams, we see that these streams are shallower than those in Primary forest while the width of the 
streams does not differ between the two landscape classes. It is of interest to discuss multivariate variations; 
however, giving a concrete conclusion on the relation between, in this case, shallowness and channel width in 
proportion to natural size class and habitat modification would need a more detailed study design. 

Streams get more turbid as more sediment is suspended in the water. Sediment yield in the catchments is 
drastically increased during precipitation (e.g. Douglas et al. 1992, 1993, 1999). Since the amount of Suspended 
sediment depends a lot on the weather, as being a response to heavy rains, the sampling for Suspended sediment 
should take place under similar weather conditions for all streams to be accurately comparable. A large amount 
of samples would of course diminish the variance and also converge towards a true mean. This study did fail to 
time the sampling to similar weather conditions for all streams. Also, resources did not allow for a large enough 
amount of samples from all streams. On the other hand, previous studies focused on the erosion-by-disturbance 
questions (e.g. Douglas et al. 1992, 1993, 1999) show strong evidence that erosion and sediment yield is 
drastically increased by vegetation removal. Douglas et al. (1992, 1993, 1999) thoroughly investigated the two 
streams Baru and W8S5 (West Stream) where the Baru showed to suffer from sediment yield in opposite to 
W8S5 (West Stream). Baru and West Stream (W8S5) were surveyed in my study and the frog community was 
found to be richer and more diverse in West Stream (W8S5) than it was in Baru.  

Stream canopy cover was higher in Secondary logged forest compared to Primary forest. It is an interesting 
variable as it may, among other things, influence primary production in the stream. However, this variable is 
here somewhat weakly valid. The method used in this case for registering Stream canopy cover may have 
invoked irrelevant variation to the result because of a slightly subjective stage in the measuring process. Still, the 
variation of this variable could not be ignored.  

Percent rock had a strong correlation to Primary forest habitats, the cause of which is not immediately obvious. 
The sample region is geologically diverse and only generally described (e.g. Douglas et al. 1992; Marsh & Greer 
1992). This, in combination with, in the context, a rather blunt variable specification “Rock”, makes any 
straightforward conclusions on this variable difficult. However, out of the types of rocks present in this region, 
some are easily eroded (e.g. Douglas et al. 1992; Marsh & Greer 1992) which may be a reason why sediment 
yield appear to be high here compared to other regions of Borneo and Peninsular Malaysia (Douglas et al. 1992). 
This implies that there is a possibility that the decrease in percentage of rocks in modified landscape classes 
might be due to the fact that rock there have eroded to such a significant extent. Furthermore, since sediment 
yield increases with disturbance of vegetation and soil, resulting in siltation and sediment accumulation in stream 
channels (e.g. Douglas et al. 1992, 1993, 1999), it is reasonable to discuss whether a fraction of the natural 
coverage of rocks might have been buried in mud, whereas in stream channels of undisturbed areas, suspended 
sediment are evacuated due to a higher runoff:sediment yield ratio, thus a relatively larger fraction of rocks 
would be exposed.  This is, however, in contradiction to the fact that the percentage of stones was increased in 
landscape class Secondary logged forest. On the other hand, this increase of stones supports the idea that rocks 
might have eroded. That is, higher discharges of catchments in disturbed areas result in more intense floods, 
setting more and heavier debris (e.g. logs and other material) in motion and all together putting stress to easily 
eroded rock. Thus, rocks weakened by erosion, could possibly by such impact splinter into smaller parts, which 
in this study are referred to as “stones”. Substrate composition (rock, stones, gravel, sand, mud and wood) in 
stream channels is also reflected in the variable Substrate evenness which was decreased in modified landscape 
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classes. It was the increase of foremost mud, sand and stones and the decrease of rock, that did appear to 
contribute to a less even stream channel as regards to substrate. 

Flow characteristic evenness and Flow characteristics in general, had little importance separating landscape 
classes. However, Flow characteristic was related to primary forest habitats. This seems reasonable since fine 
material such as mud and silt from sediment depositions flattens the channel surface by filling up irregularities 
and rendering a smoother texture for the water to travel upon which would have an impact on flow dynamics. 
This would likely in turn also affect water depth. Stream depth diversity, Stream depth evenness and Flow 
characteristic diversity were decreased in Plantation which indicates a less structurally heterogenic stream 
channel. 

Percent medium depth was higher in Primary forest than it was in the two modified landscape classes. The 
discussion on channel smoothening from erosion related event seems also here at hand for proposing possible 
reasons. The accumulation of sediment in depressions and crevices in combination with active erosion on 
channel structures affecting channel heterogeneity negatively, produce a less structurally diverse channel 
environment with fewer obstacles and pools. An average of water depth of structurally diverse streams with high 
structure evenness, would possibly be at an intermediate level compared to an average of water depth in streams 
with less structurally diverse channels. 

The variation of Conductivity, Percent sand and Percent stones were significantly different in landscape 
classes. However, these variables lacked direction in the modification component, being positively correlated to 
one of the modified landscape classes whilst being negatively correlated to the other. This, of course, implies 
that such variables were of low importance with regard to landscape class characterization in the aspect of 
habitat modification. Still, habitat modification from forestry could, from various aspects, be very different from 
that of an establishment of plantations, resulting in different environmental effects.  
 
 
 

CONCLUSIONS 
 
 

The riparian frog community was significantly adversely affected by foremost establishment of plantations but 
also by forestry activities between 1970ies to1990ies. Frogs are referred to as having umbrella species attributes 
which in such case makes this result further important. A number of environmental and microclimatic 
parameters important to biodiversity were emphasized. However, there were variables auto-correlated to other 
variables and additional studies are needed to confirm which variables are causal. Still, an outline where sub 
canopy climate and stream channel hydrology were central must be considered as valid. Intensified luminance, 
higher temperature and lower relative humidity are variables that should affect frogs and certainly also other 
biota. Also the depth of forest floor litter is possible to relate to ecologically important mechanisms. The 
alteration of stream channel hydrology seems to be related to the heterogeneity of the stream channel 
geomorphology and a less heterogenic habitat would likely support a less diverse community of biota.  
The majority of the nineteen species registered during the survey were related to Primary forest. Among the 
nineteen species registered, seven or eight were endemic to the island of Borneo and all of these endemics except 
for one, which was related to Secondary logged forest, were related to landscape class Primary forest. Eight 
species were identified as potential indicator species of which four were endemic to Borneo. Seven were either 
correlated to Primary forest or diverse communities or both. Only one species, L. leporinus, had strong 
correlation to Secondary logged forest, thus, being indicator of the habitat condition of that landscape class and 
consequently having minor weight in the diversity component. The one species that showed to be most 
correlated to both Primary forest and diverse communities was M. orphnocnemis, thus, referred to as the most 
important of the identified indicator species.  

It was possible to determine a pattern of variation of EMV’s depending on landscape class. Even though this 
part of my study must be considered as a screening stage, several variables showed strong validity and it was 
foremost changes in subcanopy climate and stream channel hydrology that were important in separating the 
landscape classes studied here.  

This was a correlation study and the results outlined here should foremost be considered as an initial step 
identifying patterns and potentials. This is an important step studying complex tropical rainforest ecosystems. As 
such, this study should be seen as a contribution to the body of knowledge on rainforest ecosystem patterns, 
which can be used to form hypothesis that could further help us to better understand how to utilize natural 
resources without eroding biodiversity. 
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