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ARTICLE INFO ABSTRACT

Keywords: Freshwater ecosystems in the Indo-Burma biodiversity hotspot face immediate threats through habitat loss and
Streams species extinction. Systems to monitor ecological status and trends in biodiversity are therefore crucially needed.
Water quality Myanmar is part of Indo-Burma but with no past experience of biomonitoring in freshwaters. In this study, we
I]::/f;clfogi}r])vertebrates aimed to assess the ecological and biodiversity status of a lowland river network in south-central Myanmar by
Biomonitoring identifying and quantifying pressures using macroinvertebrates as bioindicators. Novel data on water quality

(nutrients, sediments and metals), hydromorphology (Morphological Quality Index; MQI), habitat quality (Litter-
Siltation Index; LSI), land use, and macroinvertebrates were collected from 25 river sites. The dominant pressures
on rivers were urban land use, inputs of untreated sewage, in-stream and riparian garbage littering, run-off from
agricultural fields and plantations, as well as physical habitat degradation. Water chemistry data indicated inputs
of sediments and nutrients to degraded streams, but no obvious metal pollution. The LSI and MQI indices
indicated high perturbation in agricultural and urban areas, respectively. Ecological status was assessed using a
first version of a modified Average Score per Taxon index (ASPT), while biodiversity was assessed by family
richness within the orders Ephemeroptera, Plecoptera, Trichoptera, Coleoptera and Odonata (EPTCO), which
was tested against the pressure gradient by principal component regressions. ASPT had high diagnostic capa-
bilities (R? = 0.68, p < 0.001) and showed that the index can be used to evaluate ecological water quality in this
region. Biodiversity, expressed as family richness, also declined along the gradient (R? = 0.59, p = 0.041), giving
support to the fact that current land-use practices in this area are unsustainable.

1. Introduction

Southeast Asia is known for an exceptionally high rate of biodiversity
and endemism but is also one of the most biologically threatened regions
worldwide (Brooks et al., 2002; Hughes, 2017; Myers et al., 2000).
Freshwater aquatic communities remains relatively understudied in
parts of the region (e.g. Allen et al., 2012) despite living in areas that are
especially exposed to human degradation (Sala et al., 2000; Vorosmarty
et al.,, 2010; Young et al., 2016). In this study, we explore threats to
freshwaters and management options in a river network in Myanmar, a
part of the Indo-Burma biodiversity hotspot (Myers et al., 2000) with no

history of biomonitoring, and where the ecological and biodiversity
status of surface waters is largely unknown.

Myanmar currently lacks systems for evaluating ecological status of
its surface waters, though there have been attempts to adopt Integrated
Water Resources Management (IWRM) for this purpose through a
number of recent governmental initiatives, including the Myanmar
National Water Policy (NWP) and the Myanmar National Water
Framework Directive (NWRC, 2014), inspired by the EU Water Frame-
work Directive (EU WFD; European Community, 2000). Ecological sta-
tus evaluations, per the EU WFD, are primarily based on bioindicators
(biological quality elements; BQE), such as fish, algae, macrophytes and
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Fig. 1. Map showing the location of sampling sites and dominating soil types.

macroinvertebrates, which are supported by physical and chemical pa-
rameters. The use of these parameters is therefore desirable in the
management strategies for Myanmar, but with little previous experience
in biomonitoring, it is necessary to develop the appropriate tools. Recent
attempts were therefore made to test the applicability of bioindicators in
Myanmar, including riverine macroinvertebrates, lake algae and lake
macrophytes (Ballot et al., 2018, 2020; Ko et al., 2020). Apart from some
biomonitoring initiated by the Mekong River Commission in the lower
Mekong River and its tributaries, including Cambodia, Lao PDR,
Thailand and Vietnam, there is to our knowledge no biomonitoring
programs for rivers in Indo-Burma.

Macroinvertebrates have a good track record as reliable

bioindicators of anthropogenic degradation of surface waters worldwide
(Cairns and Pratt, 1993; Wright et al., 2000; Morse et al., 2007; Dam-
anik-Ambarita et al., 2016; Mangadze et al., 2019), and are used more
frequently than any other groups of organisms for assessing the water
quality of lotic systems (Carter et al., 2017). A widely applied system to
evaluate ecological water quality by macroinvertebrates is the Biolog-
ical Monitoring Working Party (BMWP). It was originally designed for
use in the United Kingdom (Hawkes, 1998) but has later been applied
worldwide, with and without modifications (e.g. Armitage et al., 1983;
Dickens and Graham, 2002; Mustow, 2002; Rios-Touma et al., 2014). Its
main advantage is that it can be introduced to new areas, even when
there is limited taxonomic knowledge, and enable the detection of
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Table 1
Variables collected in the various sampling campaigns, measuring device and
analysis methods.

Variables Sampling Measuring device Analysis method
campaign
Biological
Macroinvertebrates 1 Kicknet/handnet Stereo microscope
(Leica MZ205)
Hydromorphological
Morphological quality 1 Visual assessment
index (MQI)
Spatial
Land use 1 ArcGIS Remote sensing
Habitat
Substrate-litter index 1 Visual assessment
Inorganic litter 1 Visual assessment
Physical and chemical
(units)
Water temperature (°C) 1&2 HQ40D multi
meter!
Specific conductivity 1&2 HQ40D multi
(pS/cm) meter!
pH 1&2 HQ40D multi
meter!
Dissolved oxygen (mg 1&2 HQ40D multi
02/L & % saturation) meter’
Total nitrogen (ug TN/L) 1&2 Sequential flow NS 4743:1997
analyzer?
Total phosphorus (ug 1&2 Sequential flow NS-EN ISO 6878
TP/L) analyzer?
Orthophosphate (ug 1 Sequential flow NS-EN ISO 6878
PO4-P/L) analyzer?
Alkalinity (mmol/1) 1&2 Man-Tech Robot>  NS-EN ISO
9963-1
Ions (Na, K, Ca, Mg, Cl, 1&2 Ion NS-EN ISO
S04, NO3) chromatograph4 14911:1999 & NS-
EN ISO
10304-1:2009
Heavy metals (Cr, Fe, As, 1&2 ICP mass NS-EN ISO
Cd, Zn, Ni and Pb) spectrometry5 17294-1:2007
Total suspended solids 2 NS-4764:1980
(mg/L)
Hg (total and 3 Atomic Braaten et al.
methylated) Fluorescence (2014)8
Detector®
Average flow velocity 1 Electromagnetic
(m/s) flow meter’
Bacteriological
Escherichia coli (E. coli) 4 9222 D and 9222 G
(APHA et al.
2012)°

! HACH, Loveland, USA

2 Skalar, Breda,
Netherlands

3 Man-Tech Co., Canada

4 Dionex, ThermoFisher
Scientific, USA

5 perkinElmer, New
York, USA

© Brooks Rand Labs
MERX, Seattle, USA

7 OTT MF Pro, Loveland, USA

8 Braaten, H. F. V., H. A. de Wit, E. Fjeld, S. Rognerud, E. Lydersen & T. Larssen, 2014.
Environmental factors influencing mercury speciation in Subarctic and Boreal lakes.
Sci Total Environ 476:336—345

9 APHA, AWWA & WEF, 2012. Standard Methods for the examination of water and
wastewater. 22 ed. edn. American Public Health Association, Washington, USA

perturbations of organic pollution and general degradation of the
environment (Paisley et al., 2014; Turley et al., 2014). For Myanmar,
like other parts of Southeast Asia, this is particularly relevant as multiple
pressures including prominent sewage pollution are common (Hart-
mann et al., 2010; Li et al., 2010; Park et al., 2018). Biodiversity is a
major determinant of ecosystem productivity, stability, and nutrient
cycling (Tilman et al., 2014), where high diversity is generally favorable
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to ecosystem processes (Loreau et al., 2001). Species richness is a
fundamental measure of community diversity (Gotelli and Colwell,
2001), and species or taxon richness are widely used to describe the
integrity of river ecosystems, such as in the orders Ephemeroptera,
Plecoptera, Trichoptera, Coleoptera and Odonata (Boonsoong et al.,
2009; Raburu et al., 2009; Baptista et al., 2013; Huang et al., 2015).
Such metrics could therefore be suitable tools for evaluation of the
ecological and biodiversity status of rivers in Myanmar.

The overall aim of the present study was to investigate ecological and
biodiversity status in response to environmental quality in parts of a
lowland tropical river network in Myanmar using macroinvertebrates as
a bioindicator. We took a range of physical and chemical measurements
and sampled the macroinvertebrate communities at a large number of
sites with some sampling repeated in time. We aimed to elucidate the
main pressures in the river network to provide a baseline for coming
monitoring efforts that can contribute towards a sustainable future for
Myanmar. Our hypotheses were that 1) as there is no heavy industry in
this area, land-use such as deforestation and point source pollution from
urban areas would be the main contributors to environmental degra-
dation, in part because both stressors may impact water oxygen levels
from already low baselines, and consequently impact ecological and
biodiversity status, and 2) methods and approaches used in the EU WFD,
and elsewhere, to assess ecological status of rivers can be applied in
Myanmar and are able to differentiate sites along degradation gradients.

2. Methods
2.1. Study area

The focal point of our study was the Bago District that covers approx.
3000 km?, has a population around 2 million, and is representative in
terms of land-use for a large proportion of lowland Myanmar. We
studied a river network consisting of 25 lowland locations (< 75 m a.s.l.)
in the lower part of the Sittaung river basin, which is comprised of the
Sittaung and Bago Sub-basins located in the south central of Myanmar
(Fig. 1; station coordinates are given in Supplementary material,
Table 1). The climate in this region is tropical monsoon with distinct wet
and dry seasons. The dry season lasts from December to April and the
wet season from May to October. December and January are the coldest
months with mean temperatures ranging from 24 °C to 31 °C (Haruyama
and Hlaing, 2013). For the period 1990-2009 the average annual pre-
cipitation was 3185 mm and 2746 mm at Bago City and Zaungtu,
respectively (Shrestha and Htut, 2016). According to the classifications
by the world reference base for soil resources (WRB, 2015), the two
dominant soil types in this area are eutric gleysols (faosoil GE37—-2/3a;
with clear signs of groundwater influence), and dystric nitisols (faosoil
Nd55-2/3b; red soils with a clayey horizon).

There are several pressures acting on the river network in this area
with large forested areas being converted to agricultural fields (rice,
corn, peanut, sesame, chili, pigeon pea and vegetables), rubber planta-
tions, roads and other infrastructure at an increasing rate (Eriksen et al.,
2017). This leads to potentially increased erosion and diffuse pollution
loads that will influence the aquatic environment negatively through
excess sedimentation, high levels of nutrients and xenochemicals.
Furthermore, sewage and other wastewater enter the river network in
urbanized areas, with the major input of untreated sewage coming from
the Bago City area. There is also extensive garbage littering in riverside
locations as river corridors are used for disposal of garbage and only
inadequate refuse systems are in place. Dams for hydroelectric power
and diversion of water for irrigation, human consumption and industrial
purposes are found in most parts of the river network. There is little
heavy industry in this area but sand mining from the riverbed is frequent
and there is also illegal gold mining.
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Table 2
Variables used to quantify the degradation of stream sites, expected response
and score categories.

Scale and variable Expected response to Categories
degradation

Catchment

1. Prop. area forested - 0-1

2. Prop. area agriculture or 0-1
plantations

3. Prop. area settlements/ + 0-1
urbanized

Reach

4. Hydromorphology - MQI + 0-150
index

5. Prop. area villages/urban 500  + 0-1
m

Site

6. Percent inorganic litter + 0-100

7a. SLI - sedimentation/sludge + No (3), low (2),
layer/FPOM" medium (1), high (0)

7b. SLI - organic litter - No (0), low (1),
(allochthonous material)” medium (2), high (3)

8. Total nitrogen (pg TN/L) +

9. Total phosphorus (pg TP/L) +

10. Visible sewage input + Yes (1) or no

2 The substrate litter index (SLI) was calculated as the total score of variables
7a and 7b, where a high score corresponds to high habitat quality.

2.2. Selection of sampling sites

Selection of sampling sites within the river network was as repre-
sentative as possible and covered a gradient of degradation. We included
a wide range of river sizes, sampling depths and water current velocities.
The stream sediments were dominated by sand and silt. We used ele-
ments of the EU WFD criteria for the delineation of water bodies based
on characteristics relating to the chemical, physico-geological and
morphological attributes (Eriksen et al., 2017). There was almost no
available assessment data for this purpose as there is very limited
environmental monitoring in the Bago District. However, by applying
geological soil type and land use maps, together with selected water
chemical data measured as part of a previous Japanese funded project
(JICA, 2014), a delineation of 59 water bodies in the lower Sittaung
basin was possible; with 35 lying in the Bago Sub-basin (Eriksen et al.,
2017) and 24 in the Sittaung Sub-basin (unpublished material). Sam-
pling campaigns were subsequently initiated to document degradation
in the river network. In a few cases there were more than one sampling
location per water body (in five of the water bodies). Sampling of
additional locations were done to estimate within water body vari-
ability. Sampling campaigns were subsequently initiated to document
degradation in the river network. The relatively small Bago Sub-basin
was our pilot focus area, and only here did we attempt to cover the
whole catchment. Sites from Sittaung Sub-basin were located only in the
lower part of the basin and belonged to the Bago District.

2.3. Sampling strategy

Novel data on water chemistry, hydromorphology, habitat quality,
land use and macroinvertebrates were collected during the period
2016-2018 (Table 1). Four sampling campaigns were undertaken.
Sampling campaign 1 focused on an integrated approach by investi-
gating all the data types from 30 samples and 25 sites. The sampling took
place in the dry season (February — March) when all streams were
accessible, and only in areas without saltwater intrusion. Spot mea-
surements of water chemistry, hydromorphology and habitat quality
were taken at the same time as the collection of macroinvertebrates,
whereas land use information was gathered from remote sensing data
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following the collection. Sampling campaign 2 focused entirely on water
chemistry and served the purpose of continuous monitoring, by monthly
to bimonthly collection in the study period, also covering areas with
saltwater intrusion. Sampling campaign 3 was a screening for mercury,
which we suspected could be a problem resulting from illegal gold
mining. Sampling campaign 3 was conducted on one occasion in 2016 at
13 stream sites, covering most parts of the Bago Sub-basin (B1 to Yan-
gon; Fig. 1). In campaign 4 water samples were taken from two sites for
the enumeration of Escherichia coli (E. coli) to detect fecal pollution.

The degradation of stream sites was quantified at the scale of
catchment, reach and site by applying ten degradation variables: 1) % of
catchment forested, 2) % of catchment converted to agriculture or
plantations, 3) % of catchment converted to settlements and urbanized
areas, 4) hydromorphological degradation of stream reach (Morpho-
logical Quality Index; MQI-index), 5) % of area urbanized, or with set-
tlements, measured within 500 m of sampling site, 6) % inorganic litter
on the stream bed, 7) sedimentation/sludge layer and quantity of
organic litter on the stream bed (Substrate Litter Index; SLI), 8) total
nitrogen, 9) total phosphorus, and 10) visible sewage inputs at the site
during collection (Table 2). Non-impacted sites (reference sites) were
designated based on no or low impacts observed during surveys (sub-
strate, riparian vegetation and flow modifications), as well as low like-
lihood of any human activity based on remote sensing (satellite images).
The reference sites were distributed across both sub-basins and reflected
various altitudes (34-72 m), river widths (1.5-68 m), water current
velocities (0.01 — 0.53 m/s) and geological conditions (1.6-18.8 mg Ca/
L). As we avoided the lower parts of the river networks (slow flowing
and deep river sections; sometimes with saltwater intrusion), the
degradation gradient was only to little extent confounded by a natural
upstream to downstream gradient.

2.4. Water chemistry sampling

During sampling campaign 1, we measured dissolved oxygen (DO;
spot measurement in daytime), pH, alkalinity, calcium (Ca), sodium
(Na), potassium (K), magnesium (Mg), chloride (Cl), sulfate (SO4), total
nitrogen (totN), nitrate (NOg), total phosphorus (totP), orthophosphate
(PO4-P), copper (Cu), chromium (Cr), iron (Fe), arsenic (As), cadmium
(Cd), zinc (Zn), nickel (Ni), and lead (Pb). During sampling campaign 2
suspended sediments, pH, alkalinity, Ca, conductivity, Cu, Zn, As, Cd,
Zn, Ni, Pb, totN and totP were measured. Total mercury (totHg; unfil-
tered and filtered) and methylmercury (MeHg; unfiltered and filtered)
were measured in sampling campaign 3. The water samples in cam-
paigns 1 and 3 were analyzed in Norway because there was a lack of
necessary infrastructure in Myanmar. Samples from campaign 2 were
analyzed in Myanmar, although nutrients and metals were not always
successfully analyzed (technical issues). Samples were conserved by
adding acids immediately following collection. Water samples for heavy
metals were filtered prior to analysis (0.45 pm mesh; Merck Millex-HA)
in order to estimate their dissolved forms. The conservation of nutrient
and metal water samples was done by applying 1% sulphuric acid (4 M
H2S04) and 1% nitric acid (7 M HNOs), respectively. We did not have
the facilities to conduct analysis of biochemical oxygen demand (BOD)
in Myanmar, and for bacterial analysis, we experienced challenges
related to traveling distances and storage of samples following collec-
tion. Therefore, although these two parameters may be useful to quan-
tify organic pollution, they could not be used in any of the sampling
campaigns on a routine basis.

For most metals, the thresholds for effects on aquatic life were
evaluated based on criteria from the United States Environmental Pro-
tection Agency (U. S. EPA), although with some modifications for copper
because of uncertainty in the criteria (U. S. EPA, 1986, 2007). Levels for
acute and chronic effects were set respectively as: Pb (65 and 2.5 pg/L),
Cu (dependent on physicochemical water properties and thresholds for
aquatic life are variable; we set a tentative threshold of 2 pg/L to
consider this substance harmful), Cr (dependent on physicochemical
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water properties, lowest threshold (soft water) at 16 and 11 pg/L), Cd
(1.8 and 0.8 pug/L), Ni (470 and 52 pg/L), Zn (120 pg/L for both), As (340
and 150 pg/L), Fe (not given, 1000 pg/L), and totHg (1400 and 770
ng/L).

2.5. Assessment of in-stream habitat characteristics

Habitat data were collected by visual assessment in connection with
macroinvertebrates sampling, typically covering an area of 50 - 200 m?,
depending on river size. This was done by the same person (T. E. Erik-
sen) throughout the study period to limit variability. Water current ve-
locities (0.6x depth from the surface) were measured using a handheld
electromagnetic flow meter from multiple locations within the study site
area. Substrate grain sizes were categorized, following Wentworth
(1922): silt and clay (< 0.063 mm diameter), sand (0.064—2 mm), small
and medium pebbles (2.1—16 mm), coarse pebbles (16.1-64), cobbles
(64.1—256 mm), and boulder (> 256 mm). Substrate size was loga-
rithmically transformed to Krumbein scale, phi units (¢), and a score was
calculated as the average of values based on the relative substrate
composition. The following phi units were adopted for these calcula-
tions: silt and clay = 8.89; sand = 2.97, small and medium pebbles =
-3.24; coarse pebbles = -5.24; coarse gravel = -7; cobble = -8.5; boulder
= -10. Positive phi scores are therefore associated with fine sized sub-
strate particles and negative numbers with coarser particles. The pro-
portion of substrate covered by inorganic litter (garbage and other
foreign objects) was estimated visually in shallow streams and by foot
tactility and hand net in deep or turbid waters. Cover was estimated as
percent of the wetted stream bed at the site. The substrate-litter index
(SLI index) was estimated as substrate covered by allochthonous mate-
rial (coarse particulate organic matter, CPCOM) and the cover of silt/-
sludge. The CPOM cover densities were assigned to levels nil, low,
medium and high, corresponding to approximately 0 %, 1-20 %, >
20-40 % and > 40 % cover. The categories were based on the cover
observed in reference conditions and scored 0-3, respectively. The sil-
tation/sludge layer was scored likewise, based on 1) the existence of a
sludge layer, and 2) the clogging frequency of a 250 pm kick net during
macroinvertebrate sampling (< 1, 1, 2 or > 3 subsamples for the net to
fully clog; see macroinvertebrate sampling and identification). Hence,
the SLI index had a maximum score of 6. Any pipes or ditches with
obvious sewage inputs to the stream were scored 1 and no score was
given otherwise.

2.6. Assessing hydromorphological features

Hydromorphological degradation was assessed using a modified
version of the morphological quality index (MQI index; Rinaldi et al.,
2013). We omitted the use of historical information on flow alterations
and historical maps as this was not accessible to us. The hydro-
morphological features were visually assessed in the field along
200-1000 m stream reaches depending on channel width and the sur-
veyor’s ability to get an uninterrupted view of the river channel and its
surroundings. All sites were assessed by the same surveyor (N. Friberg).
Features surveyed included loss of continuity of sediment and wood,
presence of an active floodplain, naturalness of bed sediments, number
and types of artificial structures among others. A total number of 25
features were assessed resulting in a score ranging from 0 (pristine) to
150 (most degraded).

2.7. Identification of catchment land use

At the catchment scale, degradation of each sampling site was esti-
mated based on the proportion of the catchment that was 1) forested, 2)
cultivated (agriculture/plantations), and 3) converted to villages/urban
development. Furthermore, the proportion of urban development/
houses in an area 500 m upstream the sampling sites was estimated from
orthophotos (Google Earth; Landsat/Copernicus). This was done by
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investigating a 500-m reach, at a 180 degrees angle from the sampling
point, facing upstream. Assessments of land use were undertaken by
remote sensing in ArcGIS (version 10.1) by the application of ortho-
photos and open source landcover maps (https://www.arcgis.com;
Myanmar’s Land Cover Change from 2002 to 2016; retrieved
20.2.2018). Geological composition of soils was determined from a 1:
5,000,000 soil map (http://www.fao.org/; Digital Soil Map of the
World; version 3.6; retrieved 20.1.2018). A digital elevation model
(DEM) was provided by the Directorate of Water Resources and
Improvement of River Systems of Myanmar and used for the delineation
of catchments.

2.8. Macroinvertebrate sampling and identification

Macroinvertebrates were sampled in the dry season by kick sam-
pling, using a standardized, semi-quantitative approach commonly used
in Europe for routine monitoring (Friberg et al., 2006). Nine subsamples
each covering 1 m were collected from each site and later pooled to a
single sample. The kicking movement was maintained for 20 s for each 1
m subsample. In total, each sample covered approximately 2.25 m? of
the substratum and the sampling time was a total of 3 min covering all
habitats with sampling time in each habitat reflecting their occurrence
(Friberg et al., 2006). The sampling net dimensions were according to
the CEN standard, 25 x 25 cm and mesh size 250 pm, which is recom-
mended for surveys requiring complete taxa lists including rare taxa for
conservation evaluations (NS-EN ISO 10870, 2012). All macro-
invertebrate samples were collected and analyzed by the same person
(T. E. Eriksen). The sample was immediately preserved by adding 99 %
ethanol to the collected material. All the collected material was brought
back to the laboratory. If the size of the specimen allowed, the specimens
were identified to the level of family (most groups) or subclass/class
(Oligochaeta and Polychaeta), using stereoscopic microscope (Leica
M205C). The following taxonomic literature were applied: Dudgeon
(1999) and Sangpradub and Boonsoong (2006).

2.9. Data treatment and index calculation

Macroinvertebrate data were evaluated by means of family richness
within the orders Ephemeroptera, Plecoptera, Trichoptera, Odonata and
Coleoptera (EPTCO) and the biotic index Average Score Per Taxon
(ASPT; Armitage et al., 1983). ASPT is calculated as the average score of
Biological Monitoring Working Party (BMWP) indicators in a sample
and is based on presence/absence at the family levels, except for Oli-
gochaeta (order level). In this system, the bivalve family Sphaeriidae is
assigned with the score 3 whereas the related family Corbiculidae has no
score. Because minute specimen of these two families were difficult to
distinguish by morphology, Sphaeriidae/Corbiculidae were combined
and assigned the score 3 in this study for the purpose of ASPT. This is
comparable to Mustow (2002) who also scored Corbiculidae by 3 in his
study of Thailand rivers. Richness of EPTCO taxa are much used for
biomonitoring purposes of rivers worldwide because they are common
to most surface waters and show an overall strong response to changes in
the environment (Boonsoong et al., 2009; Raburu et al., 2009; Baptista
et al., 2013; Huang et al., 2015).

Statistical analyses were performed in R (R Core Team, 2017),
version 3.4.0. A principal component analysis (PCA) was performed on
relevant catchment, physical and chemical variables, using the built-in
function prcomp. The data were centered and scaled for the analysis. A
principal component regression (PCR) was subsequently applied to test
the biological response of ASPT and EPTCO to the principal components.

3. Results
3.1. Geological differences in water chemistry

Local geology (shown in Fig. 1) was found to have a clear effect on
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Sampling site characteristics

Fig. 2. Characteristics of the sampling sites for Sampling campaign I. The
distribution of data for are shown for (a) altitude, (b) wetted river width, (c)
sampling depth, (d) water current velocity (measured at 0.6 x depth from the
surface), (e) water temperature (spot measurement at the time of sampling),
and (f) substrate grain size in phi units (¢). Within each boxplot, the thick,
horizontal lines represent the median, the top and bottom of the boxes repre-
sent the 75th and 25th percentiles, the dashed error bars extend to the most
extreme data point which is no more than 1.5 times the interquartile range from
the box, and separate points represent outliers.

water chemistry with water samples from gleysol soils having lower
levels of calcium (< 4 mg/L) and alkalinity (< 1 mmol/L) compared to
nitisol soils (calcium > 8 mg/L and alkalinity > 1.5 mmol/L; Supple-
mentary material Fig. 1). Sites with transitional soil type (gleysol/niti-
sol) had intermediate levels for these parameters (calcium 4-8 mg/L and
alkalinity 1-1.5 mmol/L). Conductivity and pH also followed this trend
with lower levels in areas dominated by gleysol soils. Levels of 20—40
ug/L totP were measured from reference and low impact sites located in
the nitisol soils without any known settlements or perturbations,
whereas < 20 pg/L totP were recorded from equivalent gleysol sites
(Supplementary material Fig. 2), hence indicating that the nitisol soils
(clayish) have higher background levels of totP. Total nitrogen was
generally in the range 200—400 pg N/L and no clear difference between
soil types was observed in our data.

3.2. Water chemistry along the degradation gradient

The amounts of suspended sediments and water turbidity were
highest in areas with intensified land-use and increased notably in the
Bago River from Bago City (Supplementary material Fig. 3). Levels of
totP and totN were highest in areas having a high proportion of agri-
culture and plantations in the catchment. In gleysol stream sites
receiving sewage inputs, levels of 20—40 pg totP /L were measured,
showing that totP levels were above expected background levels for
gleysol soils, although not for nitisols. This difference was further sup-
ported by the detection of E. coli in the gleysol site, but not in the nitisol
site despite having similar totP levels. Oxygen concentrations measured
during daytime were in the range 11.3 mg Oy/L (155 %) - 6.1 mg Os/L
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Fig. 3. The distribution of data for a) the siltation and organic litter index, b)
inorganic litter index, c) visible sewage inputs to streams during collection, and
d) MQI (modified) scores assessing hydromorphological degradation. The MQI
scores range from O (pristine) to 150 (extremely impacted) based on European
criteria. References sites are denoted by grey dots and the horizontal lines are
drawn at the lowest quality measurements from reference stations. Data in each
plot are ordered by ascending numbers.

(77 % saturation). Based on filtered samples, the detected levels of heavy
metals were below the following concentrations: Pb 0.5 pg/L; Cu 1.3 pg/
L; Cr 1.3 pg/L; Cd 0.03 pg/L; Ni 2.5 pg/L; Zn 14 pg/L; As 1.7 pg/L, Fe <
1000 pg/L, totHg < 2.8 ng/L; MeHg 0.11 ng/L (Supplementary material
Figs. 4,5). Hence, based on the water quality criteria by the U. S. EPA,
and data from reference localities, there seem to be limited heavy metal
pollution in the study area (Fig. 2).

3.3. Catchment land-use, habitat quality and hydromorphological
conditions

The upper parts of the network were generally undisturbed by
human activities with degradation increasing downstream. The general
trend downwards through the network was for forested areas to be
converted into cultivated areas (agriculture and plantations), human
settlements and urban development (Supplementary material Fig. 6).
Habitat quality at the site scale showed that some sites were degraded by
higher siltation/sludge layer and less natural organic litter located on
the substratum (SLI index; Fig. 3a). At some degraded sites, a layer of
fine particles covered coarser particles and skewed the phi score in the
direction of finer sediments. Moreover, many sites had high levels of in-
stream and riparian garbage littering and inputs of untreated sewage
(Fig. 3b-c). The water temperature was higher at sites where the riparian
vegetation had been completely removed, and sites near reservoirs had
lower water temperature because of inputs from the deeper parts of
reservoirs during releases in the dry season. Hydromorphological con-
ditions ranged from pristine rivers segments, with no evidence of
modifications, to severely degraded reaches (Fig. 3d). However, most
sites assessed showed relatively little degradation, especially in the
upper parts of the river network. The main impacts on the
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measurements from reference stations.

hydromorphology were the presence of dams upstream, embankments
and extensive loss of riparian vegetation. In and around Bago City, most
river reaches have been physically modified and the most impacted sites
were found here.

3.4. Macroinvertebrate communities

We recorded a total of 60 families, mostly within the orders
Ephemeroptera, Trichoptera, Coleoptera, Odonata, Diptera and Gas-
tropoda (Appendix). Only one plecopteran taxon was recorded. The
ASPT index ranged from 2.2 to 6.6, the BMWP 13-124, the family
richness of EPT, i.e., Ephemeroptera (E), Plecoptera (P) and Trichoptera
(T) 0-12, and the composite family richness of EPTCO, i.e. EPT plus
Coleoptera (C) and Odonata (O), 0—19. The non-degraded sites (refer-
ences sites) had generally higher values for these metrics compared to
non-reference sites (Fig. 4 a-d). Total abundance (range 257-6038) and
the relative abundance of EPTCO (0 - 0.84) did not reveal any clear
pattern between sites (Fig. 4 e-f).

The dominating taxa in degraded rivers were Oligochaeta,

Polychaeta, the gastropod families Thiaridae, Physidae, Planorbidae,
Viviparidae and Pachychilidae, and one or more representative of the
hirudinean families Salifidae, Erpobdellidae and Hirudinidae. A few
ETCO were normally also present in degraded rivers, typically repre-
sented by Baetidae (E), Caenidae (E), and Libellulidae (O). Many EPTCO
were normally present in reference rivers, typically represented by
Leptophlebiidae (E), Heptageniidae (E), Ephemerellidae (E), Poly-
mitarcyidae (E), Perlidae (P), Dipseudopsidae (T), Helicopsychidae (T),
Polycentropodidae (T), Psychomyiidae (T), Hydroptilidae (T), Lep-
toceridae (T), Pshephenidae (C), Elmidae (C), Hydrophilidae (C), and
Gomphidae (0).

3.5. Macroinvertebrate response to degradation

Our integrated approach to assess the cumulative degradation was
supported by the PCR analysis undertaken on the ASPT and EPTCO
indices and the environmental variables collected. Variance explained
along PCA axis 1 represented degradation going from pristine forest sites
with natural leaf litter in the upper part of river network to river sites
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heavily influenced by pollution and hydromorphological degradation
related to urban and agricultural land-use (Fig. 5a). Variance explained
along PCA axis 2 was primarily related to natural characteristics of soil
type and river size. The ASPT index was significantly related to principal
component axis 1 (RZ = 0.68, p < 0.001), hence showing a high diag-
nostic capability to this group of stressors (Fig. 5b). Biodiversity
expressed by EPTCO likewise declined in response to the pressure
gradient (R? = 0.59, p = 0.041).

4. Discussion

We found that applying a river basin management approach to this
tropical river network, based on the principles of the EU WFD on setting
up a monitoring network, was an effective way to identify pressures and
assess environmental status. The intensive land-use practices in the Bago
District, dominated by land-use conversion and point source run-offs
from urban areas, resulted in homogenizations of riverine macro-
invertebrate communities (hypothesis 1), and the applied foreign eval-
uation indices (ASPT and EPTCO) differentiated sites accordingly
(hypothesis 2).

4.1. Degradation of river water chemistry

As shown by our study, nutrients may indicate water quality dete-
rioration in areas where forest has been converted into agriculture fields
and plantations (Fig. 5a). However, for the purpose of supporting
evaluations by bioindicators, like in the EU WFD, considerable work
remains to identify target levels and class boundaries for nutrient
pollution because background levels may be dependent on geological
characteristics (Lintern et al., 2018) and bioavailability (Withers and
Jarvie, 2008). More data on nutrient sources and background levels are
therefore needed, and these criteria should eventually be related to
biological communities and responses to estimate harmful thresholds
(Dodds and Welch, 2000; Dodds, 2006; Poikane et al., 2019).

Sewage inputs to rivers are rapidly consumed by bacteria and other
organisms which reduce the levels of oxygen in the water and sediments
which are crucial for the survival of macroinvertebrates (Hynes, 1960).

Although our analysis indicates that sewage effluents are a major pres-
sure in our study area, we were not able to quantify it for several reasons.
Several sites with known sewage inputs had more than 85 % oxygen
saturation in daytime (sampling campaign 1), hence indicating
non-lethal conditions. During night oxygen levels could become criti-
cally low because of non-compensated respiration rates (Mulholland
et al,, 2005), and 30-40 % lower night-time concentrations were
recorded from some sites (T. E. Eriksen, personal observation).
Biochemical oxygen demand (BOD) measures the actual oxygen con-
sumption of aquatic microorganisms (Friberg et al., 2010) and is for this
reason often used in monitoring to organic pollution (Cerqueira et al.,
2008; Cunha et al., 2011; EEA, 2015). However, it was not feasible to
conduct a full surveillance of BOD, as well as for bacteria, from our study
sites owing to a combination of long travelling distances, poor road
infrastructure, the warm climate and lack of appropriate laboratory fa-
cilities. Elevated levels of nutrients found at some river sites are also
likely to come from agricultural land-use. These may have less direct
effect on macroinvertebrate communities as their bioavailability is
generally lower than nutrients entering from sewage inputs (Friberg
et al., 2010; Withers and Jarvie, 2008).

4.2. Physical degradation of catchment and habitats

The morphological quality index (MQI) indicated that about 1/3 of
the river reaches were hydromorphological degraded. Although the re-
sults make sense, they should be interpreted with caution as the method
was developed for temperate rivers in Europe (Rinaldi et al., 2013). At
the catchment scale, it is predicted that a conversion of forests into
cultivated and urban areas will alter sediment dynamics and nutrient
fluxes to rivers (Owens et al., 2005). Therefore, at the habitat scale, the
relatively low amounts of CPOM and high siltation (SLI index) observed
in degraded river sites was probably a result of lower leaf inputs
resulting from degraded catchments and riparian zones (Studinski et al.,
2012), faster decomposition rates in warmer and more eutrophic waters
(Kominoski et al., 2015), and possibly also physical weathering and
burial by sediment and garbage inputs (Yule et al., 2015). At sites sub-
ject to heavy garbage littering, we observed that plastic bags covered a
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large proportion of the stream bed and in effect clogging the underlying
sediments. Kick sampling in these areas revealed that gas had accumu-
lated underneath, possibly methane, hydrogen sulfide, carbon dioxide
and/or ammonia following decomposition of organic matter (see Hynes,
1960), indicating a retarded interaction between oxygenated river water
and the sediments. For this reason, we believe that plastic pollution may
increase the threshold for oxygen amelioration on river fauna following
organic pollution.

4.3. Ecological and biodiversity response to degradation

The ASPT index demonstrated high diagnostic capabilities in relation
to the pressure gradient and showed that the index can be used to
evaluate ecological water quality in this region. The ASPT was designed
for use in the United Kingdom (Hawkes, 1998), but has been applied
worldwide with and without modifications (Armitage et al., 1983;
Dickens and Graham, 2002; Mustow, 2002; Rios-Touma et al., 2014),
and has also proven useful for evaluating water quality in tropical rivers
in South America and Africa impacted by organic pollution, acting alone
or in combination with other stressors (Jacobsen, 1998; Soldner et al.,
2004; Wronski et al., 2015). Based on our samples collected only in the
dry season, there is a good probability that rivers sites are degraded
when the ASPT value is below 5, and values lower than 4 are un-
doubtedly indicative of strong perturbation. However, given its origin,
the index naturally lacks sensitivity scores for several taxa that are
common in tropical regions and which may fill similar niches to Euro-
pean indicator taxa. For this reason, several modifications to the BWMP
score exist in other Asian countries, such as Thailand, the Hindu-Kush
region and Vietnam for the purpose of river biomonitoring (Mustow,
2002; Ofenbock et al., 2010; Forio et al., 2017), although the modifi-
cations are sometimes minor compared to the original system. The Asia
Foundation proposed a simplified BMWP/ASPT for river biomonitoring
in Lao PDR, that require limited taxonomical expertise to operate (TAF,
2017). A modification to this system for Myanmar rivers by adding more
sensitivity scores (Ko et al., 2020) looks promising. Furthermore, the
Mekong River Commission conducts some biomonitoring in the Mekong
River and its tributaries by using a locally modified ASPT index (MRC,
2009). Modifications by adding sensitivity scores for local taxa could be
considered in Myanmar. However, because different sensitivity scores
have been assigned to the same taxa in many of these modified systems,
we believe more data should be gathered from Myanmar before making
such modifications.

The decline in EPTCO family richness along the pressure gradient
shows that the current practices of intense land-use may be critical also
for the biodiversity in this area. Using a family-level richness proxy is
likely not optimal because the radiation within families can be high in
species rich areas (Guerold, 2000; Bailey et al., 2001; Marshall et al.,
2006). However, it may also ameliorate inherent variation in richness
metrics (Vinson and Hawkins, 1998), as it is more probable to encounter
taxa belonging to higher taxonomical levels (e.g. order and family)
compared to lower levels (genus/species) by using a rapid bio-
monitoring approach. Even so, until more reference data is acquired
from various regions and geological conditions, that cover spatial and
temporal variation in community composition, target levels for assess-
ments (expected reference values) must be used with caution. We
recommend more studies to address the inherent variation to richness
and abundance/dominance-based metrics in this area given their global
popularity for biomonitoring.

Species and genus level identifications of many macroinvertebrates
is not possible in tropical Asia because several groups are understudied,
so that new genera and species are continuously being discovered
(Kaltenbach and Gattolliat, 2019; Mey and Freitag, 2019; Kaltenbach
et al., 2020). Consequently available identification literature is largely
incomplete and deficient (Dudgeon, 1999; Boonsoong and Braasch,
2013). Because Myanmar has practically no experience in river bio-
monitoring using macroinvertebrates, local taxonomical expertise is still
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limited. The family level indices, ASPT and EPTCO therefore represent
two operative metrics to evaluate ecological and biodiversity status of
rivers in Myanmar that could be established without too much effort.
Ongoing species loss is a major concern in this region (CEPF, 2012).
Thus, as more data is collected, we recommend that future studies
address biodiversity status in rivers using lower taxonomic levels, such
as using molecular methods, because the true diversity is probably very
high (Kaltenbach and Gattolliat, 2019), although poorly documented.
Furthermore more metrics should be tested and locally adapted to
Myanmar to create more robust evaluation systems, such as multimetric
systems (Karr and Chu, 1999), as has been the practice for river moni-
toring in the EU and elsewhere (Hering et al., 2006; Baptista et al., 2013;
Shi et al., 2017).

4.4. Perspectives in a biodiversity context

Myanmar, as part of the Indo-Burma biodiversity hotspot, holds a
very high overall species diversity (Myers et al., 2000; Brooks et al.,
2002) and has for long been noted for its exceptionally high diversity of
freshwater organisms (Allen et al., 2012). Degradation of undisturbed
nature is taking place at an alarming rate, and estimates for Indo-Burma
showed that only 5 percent of pristine habitats remained in 2011 (CEPF,
2012), and by the year 2050, most of the remaining intact vegetation
may be lost due to overexploitation and climate change (Habell et al.,
2019). By the year 2012, 13 percent of all assessed freshwater species in
Indo-Burma were already threatened by extinction, with numbers pre-
dicted to increase dramatically. Over the period 2010-2015 Myanmar
lost 1.8 % of its forest every year (FAO, 2015). Our study confirms that
the conversion of forest to intensive agriculture is now a major threat to
the integrity of rivers in Myanmar; a fact recognized by the Global
Assessment of Biodiversity and Ecosystem Services (IPBES, 2019). To
our knowledge, it is quite unique to find this many tropical lowland
rivers (< 75 m a.s.l.) with such a low degree of human degradation.
However, without any protective legislation they will soon be gone. An
immediate focus should therefore be put on protecting the remaining
pristine river ecosystems that are now facing increasing pressures to
safeguard aquatic and riparian biodiversity in these extremely species
rich ecosystems.

5. Conclusions

Although our results are promising, much work remains to imple-
ment a nation-wide system in Myanmar with legally binding actions for
ecological water quality. Substantial local resources are required to be
able to characterize, monitor, evaluate, and eventually improve the
status of water bodies, and such capacity takes time to build. Not only is
there a need for more instruments and laboratory facilities, but experts
on taxonomy and water chemistry are also urgently needed, in addition
to evaluation criteria required to operate such a biomonitoring system in
practice. Despite the many challenges, we highly recommend that this
work continues. We recommend coming studies to test similar ap-
proaches also outside the Bago District, and moreover, that sensitivity
scores of the local fauna are considered when more data are available.
The primary focus onwards in Myanmar should be to establish status
class boundaries for biological and supportive elements. As per the EU
WEFD, the “high/good” and “good/moderate” class boundaries represent
the two most important thresholds as 1) at least good status must be
obtained, and 2) water bodies having “high status” must remain in this
class. As such classifications are entirely based on observed deviations
from natural states, more data from reference conditions are needed to
cover different regions, geologies and river typologies to account for
natural variation that such elements are often subject to. However, as
shown in this study and elsewhere, the ASPT may serve the purpose of
separating sites subject to high and no/low perturbations, despite some
underlying natural variation, and may therefore serve the purpose of
getting started in the use of bioindicators in Myanmar.
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Table A1

Taxon list showing the number of registrations based on 30 samples from 25
stream sites in the Bago and Sittaung Sub-basins. Identification level was to
family if possible (except for Oligochaeta and Polychaeta). Applied BMWP
scores are shown following Armitage et al. (1983) apart from the split taxon
Corbiculidae/Sphaeriidae = 3.

Taxon group Family Number of samples where =~ BMWP
taxon was present score

Bivalvia Bivalvia indet. 7

Bivalvia Corbiculidae/ 15 3
Sphaeriidae

Bivalvia Unionidae 4 6

Coleoptera Coleoptera indet. 11

Coleoptera Dytiscidae 8 5

Coleoptera Elmidae 13 5

Coleoptera Gyrinidae 1 5

Coleoptera Hydraenidae 1

Coleoptera Hydrophilidae 5 5

Coleoptera Psephenidae 3

Coleoptera Scirtidae 3

Crustacea Isopoda indet. 1

Crustacea Gecarcinucidae 1

Crustacea Palaemonidae 17

Decapoda Sesarmidae 1

Diptera Diptera indet. 11

Diptera Ceratopogonidae 24

Diptera Chaoboridae 2

Diptera Chironomidae 30 2

Diptera Culicidae 5

Diptera Empididae 1

Diptera Limoniidae 1

Diptera Simuliidae 15 5

Diptera Tipulidae 1 5

Ephemeroptera  Baetidae 28 4

Ephemeroptera  Caenidae 26 7

Ephemeroptera  Ephemerellidae 2 10

Ephemeroptera  Ephemeridae 12 10

Ephemeroptera  Heptageniidae 5 10

Ephemeroptera  Leptophlebiidae 6 10

Ephemeroptera  Polymitarcyidae 9

Ephemeroptera  Prosopistomatidae 1

Ephemeroptera  Teloganodidae 1

Gastropoda Gastropoda indet. 3

Gastropoda Ancylidae 10 6

Gastropoda Hydrobiidae 1 3

Gastropoda Pachychilidae 10

Gastropoda Physidae 4 3

Gastropoda Planorbidae 4 3

Gastropoda Pleuroceridae 1

Gastropoda Thiaridae 16 3

Gastropoda Viviparidae 5 6

Hemiptera Hemiptera indet. 2

Heteroptera Corixidae 14 5

Heteroptera Gerridae 4 5

Heteroptera Nepidae 2 5

Heteroptera Notonectidae 1 5

Hirudinea Erpobdellidae 1 3

Hirudinea Hirudinidae 3

Hirudinea Piscicolidae 1 4

Hirudinea Salifidae 2

Hydrachnidia Hydrachnidae 14

Nematoda Nematoda 2

Odonata Anisoptera indet. 6

Odonata Zygoptera indet. 1

Odonata Chlorocyphidae 11

Odonata Coenagrionidae 8

Odonata Gomphidae 16 8

Odonata Libellulidae 8 8

Oligochaeta Oligochaeta 30 1

Planipennia Sisyridae 2

Platyzoa 2

Plecoptera Perlodidae 1 10

Polychaeta Polychaeta 3

Trichoptera Trichoptera indet. 4

Trichoptera Dipseudopsidae 1

Trichoptera Ecnomidae 13 6

10
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Table A1 (continued)

Trichoptera Helicopsychidae 1

Trichoptera Hydropsychidae 17 5
Trichoptera Hydroptilidae 17 6
Trichoptera Leptoceridae 19 10
Trichoptera Philopotamidae 3 8
Trichoptera Polycentropodidae 2 7
Trichoptera Psychomyiidae 1 8

CRediT authorship contribution statement

Tor Erik Eriksen: Conceptualization, Methodology, Visualization,
Formal analysis, Investigation, Writing - original draft, Writing - review
& editing. Nikolai Friberg: Conceptualization, Methodology, Formal
analysis, Investigation, Writing - original draft, Writing - review &
editing. John E. Brittain: Conceptualization, Writing - original draft,
Writing - review & editing. Geir Sgli: Conceptualization, Writing -
original draft, Writing - review & editing. Andreas Ballot: Conceptu-
alization, Methodology, Investigation, Writing - review & editing. Eirin
Arstein-Eriksen: Investigation, Writing - review & editing, Visualiza-
tion. Tomas Adler Blakseth: Methodology, Writing - review & editing.
Hans Fredrik Veiteberg Braaten: Investigation, Writing - review &
editing.

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgements

This work was supported by the Royal Norwegian embassy in
Myanmar / Norwegian Ministry of Foreign Affairs. The study was a
component of a larger collaborative project (The integrated water re-
sources management - institutional building and training) with
Department of Forestry (FD), Ministry of Natural Resources and Envi-
ronmental Conservation (MONREC) of Myanmar and the Norwegian
Institute for Water Research (NIVA). We thank Bo Ni, retired director of
Watershed Management Division (FD), Zaw Win Myint — the director of
Watershed Management Division (FD), Ko Ko Oo (Irrigation and Water
Utilization Management Department; IWUMD), Htay Aung (Directorate
of Water Resources and Improvement of River Systems; DWIR), Toe
Aung (FD) and Ingrid Nesheim (NIVA). A special acknowledgement is
given to the monitoring sampling team in Myanmar: Phyo Wai
(IWUMD), Phyo Thet Naing (FD), Mya Htet Aung (IWUMD), Thet Myat
(FD), Htay Kywe (IWUMD), Zao Myo (FD), Phyo Thet (FD), Swuam
Pyaye Aye Aung (FD), Eai Chit Thu Maung (FD) and Mr. Moe (FD). We
also thank Frank Kohler (Australian Museum Research Institute),
Boonsatien Boonsong and Damrong Chainthong (Kasersart University,
Thailand), and Narumon Sangpradub (Khon Kaen University, Thailand)
for helping us with the identification of certain macroinvertebrate taxa.
We are also grateful for the useful comments provided by the editor and
two anonymous referees.

Appendix A

Table Al

References

Allen, D.J., Darwall, W.R.T., Smith, K.G., 2012. The Status and Distribution of
Freshwater Biodiversity in Indo-burma. IUCN Species Survival Commission (SSC),
p. 158.

Armitage, P.D., Moss, D., Wright, J.F., Furse, M.T., 1983. The performance of a new
biological water-quality score system based on macroinvertebrates over a wide-
range of unpolluted running-water sites. Water Res. 17 (3), 333-347. https://doi.
org/10.1016,/0043-1354(83)90188-4.


http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0005
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0005
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0005
https://doi.org/10.1016/0043-1354(83)90188-4
https://doi.org/10.1016/0043-1354(83)90188-4

T.E. Eriksen et al.

Bailey, R.C., Norris, M.T., Reynoldson, T.B., 2001. Taxonomic resolution of benthic
macroinvertebrate communities in bioassessments. J. N. Am. Benthol. Soc. 20 (2),
280-286. https://doi.org/10.2307/1468322.

Ballot, A., Mjelde, M., Swe, T., 2018. Integrated water resources management in
Myanmar. Assessing ecological status in Inlay Lake. NIVA Report 7301, p. 79, 2018.

Ballot, A., Swe, T., Mjelde, M., Cerasino, L., Hostyeva, V., Miles, C.O., 2020.
Cylindrospermopsin- and deoxycylindrospermopsin-producing raphidiopsis
raciborskii and microcystin-producing microcystis spp. in Meiktila Lake, Myanmar.
Toxins (Basel) 12 (4), 23. https://doi.org/10.3390/toxins12040232.

Baptista, D.F., Henriques-Oliveira, A.L., Oliveira, R.B.S., Mugnai, R., Nessimian, J.L.,
Buss, D.F., 2013. Development of a benthic multimetric index for the Serra da
Bocaina bioregion in Southeast Brazil. Braz. J. Biol. 73 (3), 573-583.

Boonsoong, B., Braasch, D., 2013. Heptageniidae (Insecta, Ephemeroptera) of Thailand.
ZooKeys 272, 61-93. https://doi.org/10.3897/zookeys.272.3638.

Boonsoong, B., Sangpradub, N., Barbour, M.T., 2009. Development of rapid
bioassessment approaches using benthic macroinvertebrates for Thai streams.
Environ. Monit. Assess. 155 (1-4), 129-147. https://doi.org/10.1007/s10661-008-
0423-2.

Brooks, T.M., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Rylands, A.B.,
Konstant, W.R., Flick, P., Pilgrim, J., Oldfield, S., Magin, G., Hilton-Taylor, C., 2002.
Habitat loss and extinction in the hotspots of biodiversity. Conserv. Biol. 16 (4),
909-923. https://doi.org/10.1046/j.1523-1739.2002.00530.x.

Cairns, J.J., Pratt, J.R., 1993. A history og biological monitoring using benthic
macroinvertebrates. In: Rosenberg, D.M., Resh, V.H. (Eds.), Freshwater
Biomonitoring and Benthic Macroinvertebrates. Chapman & Hall, New York,
pp. 10-27.

Carter, J.L., Resh, V.H., Morgan, J.H., 2017. Macroinvertebrates as biotic indicators of
environmental quality. In: Lamberti, G.A., Hauer, F.R. (Eds.), Methods in Stream
Ecology (Third Edition). Volume 2: Ecosystem Function. Academic Press,
pp. 293-318.

CEPF, 2012. Ecosystem Profile - Indo-burma Biodiversity Hotspot. Critical Ecosystem
Partnership Fund, p. 360.

Cerqueira, M.A,, Silva, J.F., Magalhaes, F.P., Soares, F.M., Pato, J.J., 2008. Assessment of
water pollution in the Antua River basin (Northwestern Portugal). Environ. Monit.
Assess. 142 (1-3), 325-335. https://doi.org/10.1007/s10661-007-9932-7.

Cunha, D.G.F., Dodds, W.K., Calijuri, M.D., 2011. Defining nutrient and biochemical
oxygen demand baselines for tropical rivers and streams in so paulo state (Brazil): a
comparison between reference and impacted sites. Environ. Manage. 48 (5),
945-956. https://doi.org/10.1007/500267-011-9739-8.

Damanik-Ambarita, M.N., Lock, K., Boets, P., Everaert, G., Nguyen, T.H.T., Forio, M.A.E.,
Musonge, P.L.S., Suhareva, N., Bennetsen, E., Landuyt, D., Dominguez-Granda, L.,
Goethals, P.L.M., 2016. Ecological water quality analysis of the Guayas river basin
(Ecuador) based on macroinvertebrates indices. Limnologica 57, 27-59. https://doi.
org/10.1016/j.1imno.2016.01.001.

Dickens, C.W.S., Graham, P.M., 2002. The South African scoring system (SASS) version 5
rapid bioassessment method for rivers. Afr. J. Aquat. Sci. 27, 1-10.

Dodds, W.K., 2006. Eutrophication and trophic state in rivers and streams. Limnol.
Oceanogr. 51 (1), 671-680.

Dodds, W.K., Welch, E.B., 2000. Establishing nutrient criteria in streams. J. N. Am.
Benthol. Soc. 19 (1), 186-196. https://doi.org/10.2307/1468291.

Dudgeon, D., 1999. Tropical Asian Streams. Zoobenthos, Ecology and Conservation.
Hong Kong University Press, Hong Kong.

EEA, 2015. Freshwater quality. Indicator Assessment - Data and Maps. Accessed
21.03.2019. https://www.eea.europa.eu/data-and-maps/.

Eriksen, T.E., Nesheim, L., Friberg, N., Aung, T.T., Zaw, W.M., 2017. Characterization of
the Bago sub-basin, pilot implementing the EU Water framework directive. NIVA
Report 7194-2017, p. 92.

European Community, 2000. Directive 2000/60/EC of the European Parliament and of
the Council of 23 October 2000 establishing a framework for Community action in
the filed of water policy. Off. J. Eur. Commun. L327, 72.

FAO, 2015. Global Forest Resources Assessment 2015. Http://www.fao.org/3/a-i4808e.
pdf.

Forio, M.A.E., Lock, K., Radam, E.D., Bande, M., Asio, V., Goethals, P.L.M., 2017.
Assessment and analysis of ecological quality, macroinvertebrate communities and
diversity in rivers of a multifunctional tropical island. Ecol. Indic. 77, 228-238.
https://doi.org/10.1016/j.ecolind.2017.02.013.

Friberg, N., Sandin, L., Furse, M.T., Larsen, S.E., Clarke, R.T., Haase, P., 2006.
Comparison of macroinvertebrate sampling methods in Europe. Hydrobiologia 566,
365-378. https://doi.org/10.1007/510750-006-0083-6.

Friberg, N., Skriver, J., Larsen, S.E., Pedersen, M.L., Buffagni, A., 2010. Stream
macroinvertebrate occurrence along gradients in organic pollution and
eutrophication. Freshw. Biol. 55 (7), 1405-1419. https://doi.org/10.1111/j.1365-
2427.2008.02164.x.

Gotelli, N.J., Colwell, R.K., 2001. Quantifying biodiversity: procedures and pitfalls in the
measurement and comparison of species richness. Ecol. Lett. 4 (4), 379-391. https://
doi.org/10.1046/j.1461-0248.2001.00230.x.

Guerold, F., 2000. Influence of taxonomic determination level on several community
indices. Water Res. 34 (2), 487-492. https://doi.org/10.1016/50043-1354(99)
00165-7.

Habell, J.C., Rasche, L., Schneider, U.A., Engler, J.O., Schmid, E., Rodder, D., Meyer, S.
T., Trapp, N., del Diego, R.S., Eggermont, H., Lens, L., Stork, N.E., 2019. Final
countdown for biodiversity hotspots. Conserv. Lett. 9. https://doi.org/10.1111/
conl.12668.

Hartmann, A., Moog, O., Stubauer, I., 2010. HKH screening": a field bio-assessment to
evaluate the ecological status of streams in the Hindu Kush-Himalayan region.
Hydrobiologia 651 (1), 25-37. https://doi.org/10.1007/510750-010-0288-6.

11

Limnologica 86 (2021) 125835

Haruyama, S., Hlaing, K.T. (Eds.), 2013. Morphometric Property and Flood Equation -
Lesson from the Bago River Basin, Myanmar. Terrapub, Tokyo.

Hawkes, H.A., 1998. Origin and development of the biological monitoring working party
score system. Water Res. 32 (3), 964-968. https://doi.org/10.1016/50043-1354(97)
00275-3.

Hering, D., Feld, C.K., Moog, O., Ofenbock, T., 2006. Cook book for the development of a
Multimetric Index for biological condition of aquatic ecosystems: experiences from
the European AQEM and STAR projects and related initiatives. Hydrobiologia 566,
311-324. https://doi.org/10.1007/510750-006-0087-2.

Huang, Q., Gao, J.F., Cai, Y.J., Yin, H.B., Gao, Y.N., Zhao, J.H., Liu, L.Z., Huang, J.C.,
2015. Development and application of benthic macroinvertebrate-based multimetric
indices for the assessment of streams and rivers in the Taihu Basin, China. Ecol.
Indic. 48, 649-659. https://doi.org/10.1016/j.ecolind.2014.09.014.

Hughes, A.C., 2017. Understanding the drivers of Southeast Asian biodiversity loss.
Ecosphere 8, 33.

Hynes, H.B.N., 1960. The Biology of Polluted Streams. Liverpool University Press,
Liverpool.

IPBES, 2019. In: Diaz, S., Settele, J., Brondizio, E.S., Ngo, H.T., Gueze, M., Agard, J.,
Arneth, A., Balvanera, P., Brauman, K.A., Butchart, S.H.M., Chan, K.M.A.,
Garibaldi, L.A., Ichii, K., Liu, J., Subramanian, S.M., Midgley, G.F., Miloslavich, P.,
Molnar, Z., Obura, D., Pfaff, A., Polasky, S., Purvis, A., Razzaque, J., Reyers, B., Roy
Chowdhury, R., Shin, Y.J., Visseren-Hamakers, 1.J., Willis, K.J., Zayas, C.N. (Eds.),
Summary for Policymakers of the Global Assessment Report on Biodiversity and
Ecosystem Services of the Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services. IPBES secretariat, Bonn, Germany, p. 56.

Jacobsen, D., 1998. The effect of organic pollution on the macroinvertebrate fauna of
Ecuadorian highland streams. Arch. Hydrobiol. 143 (2), 179-195.

JICA, 2014. Data Collection Survey on Water Resources Potential for Thilawa Special
Economic Zone and Adjoining Areas. Final Report (Summary). Japan International
Cooperation Agency, Sanyu Consultants Inc., p. 175

Kaltenbach, T., Gattolliat, J.L., 2019. The tremendous diversity of Labiobaetis novikova
& Kluge in Indonesia (Ephemeroptera, Baetidae). ZooKeys (895), 1-117. https://doi.
org/10.3897 /zookeys.893.38576.

Kaltenbach, T., Garces, J.M., Gattolliat, J.L., 2020. A new genus of Baetidae (Insecta,
Ephemeroptera) from Southeast Asia. Eur. J. Taxon. 32.

Karr, J.R., Chu, E.W., 1999. Restoring Life in Running Waters: Better Biological
Monitoring. Island Press, Washington.

Ko, N.T., Suter, P., Conallin, J., Rutten, M., Bogaard, T., 2020. The urgent need for river
health biomonitoring tools for large tropical rivers in developing countries:
preliminary development of a river health monitoring tool for Myanmar rivers.
Water 12 (5), 1-15. https://doi.org/10.3390/w12051408.

Kominoski, J.S., Rosemond, A.D., Benstead, J.P., Gulis, V., Maerz, J.C., Manning, D.W.P.,
2015. Low-to-moderate nitrogen and phosphorus concentrations accelerate
microbially driven litter breakdown rates. Ecol. Appl. 25 (3), 856-865. https://doi.
org/10.1890/14-1113.1.sm.

Li, F.Q., Cai, Q.H., Ye, L., 2010. Developing a benthic index of biological integrity and
some relationships to environmental factors in the subtropical Xiangxi River. China.
Int Rev Hydrobiol 95 (2), 171-189. https://doi.org/10.1002/iroh.200911212.

Lintern, A., Webb, J.A., Ryu, D., Liu, S., Bende-Michl, U., Waters, D., Leahy, P.,
Wilson, P., Western, A.W., 2018. Key factors influencing differences in stream water
quality across space. Wiley Interdiscip Rev-Water 5 (1), 31. https://doi.org/
10.1002/wat2.1260.

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P., Hector, A., Hooper, D.U.,
Huston, M.A., Raffaelli, D., Schmid, B., Tilman, D., Wardle, D.A., 2001. Ecology -
Biodiversity and ecosystem functioning: current knowledge and future challenges.
Science 294 (5543), 804-808. https://doi.org/10.1126/science.1064088.

Mangadze, T., Dalu, T., Froneman, P.W., 2019. Biological monitoring in southern Africa:
a review of the current status, challenges and future prospects. Sci. Total Environ.
648, 1492-1499. https://doi.org/10.1016/j.scitotenv.2018.08.252.

Marshall, J.C., Steward, A.L., Harch, B.D., 2006. Taxonomic resolution and
quantification of freshwater macroinvertebrate samples from an Australian dryland
river: the benefits and costs of using species abundance data. Hydrobiologia 572,
171-194. https://doi.org/10.1007/s10750-005-9007-0.

Mey, W., Freitag, H., 2019. New species of caddisflies (Insecta: trichoptera) from
emergence traps at streams in central Palawan, Philippines. Aqu. Insects 40 (3),
207-235. https://doi.org/10.1080/01650424.2019.1617423.

Morse, J.C., Bae, Y.J., Munkhjargal, G., Sangpradub, N., Tanida, K., Vshivkova, T.S.,
Wang, B.X., Yang, L.F., Yule, C.M., 2007. Freshwater biomonitoring with
macroinvertebrates in East Asia. Front. Ecol. Environ. 5 (1), 33-42. https://doi.org/
10.1890/1540-9295(2007)5[33:fbwmie] 2.0.c0;2.

MRC, 2009. Report on the 2006 biomonitoring survey of the lower Mekong River and
selected tributaries. MRC Technical Paper No. 22. Mekong River Commission.

Mulholland, P.J., Houser, J.N., Maloney, K.O., 2005. Stream diurnal dissolved oxygen
profiles as indicators of in-stream metabolism and disturbance effects: fort Benning
as a case study. Ecol. Indic. 5 (3), 243-252. https://doi.org/10.1016/j.
ecolind.2005.03.004.

Mustow, S.E., 2002. Biological monitoring of rivers in Thailand: use and adaptation of
the BMWP score. Hydrobiologia 479 (1), 191-229. https://doi.org/10.1023/a:
1021055926316.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403 (6772), 853-858.
https://doi.org/10.1038/35002501.

NS-EN ISO 10870, 2012. Water Quality - Guidelines for the Selection of Sampling
Methods and Devices for Benthic Macroinvertebrates in Fresh Waters (ISO 10870:
2012), p. 36.


https://doi.org/10.2307/1468322
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0020
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0020
https://doi.org/10.3390/toxins12040232
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0030
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0030
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0030
https://doi.org/10.3897/zookeys.272.3638
https://doi.org/10.1007/s10661-008-0423-2
https://doi.org/10.1007/s10661-008-0423-2
https://doi.org/10.1046/j.1523-1739.2002.00530.x
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0050
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0050
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0050
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0050
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0055
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0055
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0055
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0055
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0060
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0060
https://doi.org/10.1007/s10661-007-9932-7
https://doi.org/10.1007/s00267-011-9739-8
https://doi.org/10.1016/j.limno.2016.01.001
https://doi.org/10.1016/j.limno.2016.01.001
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0080
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0080
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0085
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0085
https://doi.org/10.2307/1468291
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0095
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0095
https://www.eea.europa.eu/data-and-maps/
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0105
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0105
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0105
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0110
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0110
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0110
https://doi.org/10.1016/j.ecolind.2017.02.013
https://doi.org/10.1007/s10750-006-0083-6
https://doi.org/10.1111/j.1365-2427.2008.02164.x
https://doi.org/10.1111/j.1365-2427.2008.02164.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1016/s0043-1354(99)00165-7
https://doi.org/10.1016/s0043-1354(99)00165-7
https://doi.org/10.1111/conl.12668
https://doi.org/10.1111/conl.12668
https://doi.org/10.1007/s10750-010-0288-6
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0155
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0155
https://doi.org/10.1016/s0043-1354(97)00275-3
https://doi.org/10.1016/s0043-1354(97)00275-3
https://doi.org/10.1007/s10750-006-0087-2
https://doi.org/10.1016/j.ecolind.2014.09.014
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0175
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0175
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0180
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0180
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0185
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0185
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0185
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0185
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0185
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0185
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0185
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0185
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0190
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0190
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0195
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0195
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0195
https://doi.org/10.3897/zookeys.893.38576
https://doi.org/10.3897/zookeys.893.38576
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0205
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0205
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0210
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0210
https://doi.org/10.3390/w12051408
https://doi.org/10.1890/14-1113.1.sm
https://doi.org/10.1890/14-1113.1.sm
https://doi.org/10.1002/iroh.200911212
https://doi.org/10.1002/wat2.1260
https://doi.org/10.1002/wat2.1260
https://doi.org/10.1126/science.1064088
https://doi.org/10.1016/j.scitotenv.2018.08.252
https://doi.org/10.1007/s10750-005-9007-0
https://doi.org/10.1080/01650424.2019.1617423
https://doi.org/10.1890/1540-9295(2007)5[33:fbwmie]2.0.co;2
https://doi.org/10.1890/1540-9295(2007)5[33:fbwmie]2.0.co;2
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0260
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0260
https://doi.org/10.1016/j.ecolind.2005.03.004
https://doi.org/10.1016/j.ecolind.2005.03.004
https://doi.org/10.1023/a:1021055926316
https://doi.org/10.1023/a:1021055926316
https://doi.org/10.1038/35002501
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0280
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0280
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0280

T.E. Eriksen et al.

NWRC, 2014. In: Oo, Htun Lwin (Ed.), Myanmar National Water Policy. Secretary of the
National Water Resources Committee (NWRC), Ntional Water Resources Committee,
Ministry of Transport, Building (5), Nay Pyi, Taw, Myanmar.

Ofenbock, T., Moog, O., Sharma, S., Korte, T., 2010. Development of the HKHbios: a new
biotic score to assess the river quality in the Hindu Kush-Himalaya. Hydrobiologia
651 (1), 39-58. https://doi.org/10.1007/s10750-010-0289-5.

Owens, P.N., Batalla, R.J., Collins, A.J., Gomez, B., Hicks, D.M., Horowitz, A.J.,
Kondolf, G.M., Marden, M., Page, M.J., Peacock, D.H., Petticrew, E.L., Salomons, W.,
Trustrum, N.A., 2005. Fine-grained sediment in river systems: environmental
significance and management issues. River Res. Appl. 21 (7), 693-717. https://doi.
org/10.1002/rra.878.

Paisley, M.F., Trigg, D.J., Walley, W.J., 2014. Revision of the biological monitoring
working party (BMWP) score system: derivation of present-only and abundance-
related scores from field data. River Res. Appl. 30 (7), 887-904. https://doi.org/
10.1002/rra.2686.

Park, J.H., Nayna, O.K., Begum, M.S., Chea, E., Hartmann, J., Keil, R.G., Kumar, S., Lu, X.
X., Ran, L.S., Richey, J.E., Sarma, V., Tareq, S.M., Xuan, D.T., Yu, R.H., 2018.
Reviews and syntheses: anthropogenic perturbations to carbon fluxes in Asian river
systems - concepts, emerging trends, and research challenges. Biogeosciences 15 (9),
3049-3069. https://doi.org/10.5194/bg-15-3049-2018.

Poikane, S., Phillips, G., Birk, S., Free, G., Kelly, M.G., Willby, N.J., 2019. Deriving
nutrient criteria to support’ good’ ecological status in European lakes: an empirically
based approach to linking ecology and management. Sci. Total Environ. 650,
2074-2084. https://doi.org/10.1016/j.scitotenv.2018.09.350.

R Core Team, 2017. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/).

Raburu, P.O., Okeyo-Owuor, J.B., Masese, F.O., 2009. Macroinvertebrate-based Index of
biotic integrity (M-IBI) for monitoring the Nyando River, Lake Victoria Basin, Kenya.
Sci Res Essays 4 (12), 1468-1477.

Rinaldi, M., Surian, N., Comiti, F., Bussettini, M., 2013. A method for the assessment and
analysis of the hydromorphological condition of Italian streams: the Morphological
Quality Index (MQI). Geomorphology 180, 96-108. https://doi.org/10.1016/j.
geomorph.2012.09.009.

Rios-Touma, B., Acosta, R., Prat, N., 2014. The Andean Biotic Index (ABI): revised
tolerance to pollution values for macroinvertebrate families and index performance
evaluation. Rev. Biol. Trop. 62, 249-273.

Sala, O.E., Chapin, F.S., Armesto, J.J., Berlow, E., Bloomfield, J., Dirzo, R., Huber-
Sanwald, E., Huenneke, L.F., Jackson, R.B., Kinzig, A., Leemans, R., Lodge, D.M.,
Mooney, H.A., Oesterheld, M., Poff, N.L., Sykes, M.T., Walker, B.H., Walker, M.,
Wall, D.H., 2000. Biodiversity - Global biodiversity scenarios for the year 2100.
Science 287 (5459), 1770-1774. https://doi.org/10.1126/science.287.5459.1770.

Sangpradub, N., Boonsoong, B., 2006. Identification of Freshwater Invertebrates of the
Mekong River and Tributaries. Mekong River Comission, Vientiane.

Shi, X., Liu, J.L., You, X.G., Bao, K., Meng, B., Bin, C., 2017. Evaluation of river habitat
integrity based on benthic macroinvertebrate-based multi-metric model. Ecol Model
353, 63-76. https://doi.org/10.1016/j.ecolmodel.2016.07.001.

Shrestha, S., Htut, A.Y., 2016. Land Use and Climate Change Impacts on the Hydrology of
the Bago River Basin, Myanmar. Environ. Model. Assess 21 (6), 819-833. https://
doi.org/10.1007/5s10666-016-9511-9.

Soldner, M., Stephen, I., Ramos, L., Angus, R., Wells, N.C., Grosso, A., Crane, M., 2004.
Relationship between macroinvertebrate fauna and environmental variables in small

12

Limnologica 86 (2021) 125835

streams of the Dominican Republic. Water Res. 38 (4), 863-874. https://doi.org/
10.1016/50043-1354(03)00406-8.

Studinski, J.M., Hartman, K.J., Niles, J.M., Keyser, P., 2012. The effects of riparian forest
disturbance on stream temperature, sedimentation, and morphology. Hydrobiologia
686 (1), 107-117. https://doi.org/10.1007/510750-012-1002-7.

The Asia Foundation, 2017. Community Water Quality Monitoring - Biomonitoring
Approach using Macroinvertebrates. Training Guide. https://asiafoundation.org
/wp-content/uploads/2017/10/Community-Water-Quality-Monitoring-Macroinvert
ebrate-Biomonitoring-Training-Guide.pdf.

Tilman, D., Isbell, F., Cowles, J.M., 2014. Biodiversity and ecosystem functioning. In:
Futuyma, D.J. (Ed.), Annual Review of Ecology, Evolution, and Systematics, Vol 45.
Annual Review of Ecology Evolution and Systematics, Vol 45. Annual Reviews. Palo
Alto, pp. 471-493.

Turley, M.D., Bilotta, G.S., Extence, C.A., Brazier, R.E., 2014. Evaluation of a fine
sediment biomonitoring tool across a wide range of temperate rivers and streams.
Freshw. Biol. 59 (11), 2268-2277. https://doi.org/10.1111/fwb.12429.

U. S. EPA, 1986. Quality Criteria for Water. U. S. EPA Office of Water. EPA 440/5-86-
001.

U. S. EPA, 2007. Aquatic Life Ambient Freshwater Quality Criteria - Copper. U.S. EPA
Office of Water. EPA-822-R-07-001 (Revised 2007).

Vinson, M.R., Hawkins, C.P., 1998. Biodiversity of stream insects: variation at local,
basin, and regional scales. Annu. Rev. Entomol. 43, 271-293. https://doi.org/
10.1146/annurev.ento.43.1.271.

Vorosmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P.,
Glidden, S., Bunn, S.E., Sullivan, C.A., Liermann, C.R., Davies, P.M., 2010. Global
threats to human water security and river biodiversity. Nature 467 (7315), 555-561.
https://doi.org/10.1038/nature09440.

Wentworth, C.K., 1922. A scale of grade and class terms for clastic sediments. J. Geol. 30,
377-392.

Withers, P.J.A., Jarvie, H.P., 2008. Delivery and cycling of phosphorus in rivers: a
review. Sci. Total Environ. 400 (1-3), 379-395. https://doi.org/10.1016/j.
scitotenv.2008.08.002.

WRB, 2015. World reference Base for soil resources 2014, update 2015. International
Soil Classification System for Naming Soils and Creating Legends for Soil Maps.
World Soil Resources Reports No 106 FAO, Rome.

Wright, J.F., Sutcliffe, D.W., Furse, M.T., 2000. Assessing the biological quality of fresh
waters : RIVPACS and other techniques: invited contributions from an International
workshop held in Oxford. In: UK on 16-18 September 1997 by the Institute of
Freshwater Ecology (NERC Centre for Ecology and Hydrology). UK, Environment
Agency, UK, Environment Australia, Land and Water Resources R & D Corporation,
Canberra, Australia. Freshwater Biological Association, Ambleside, Cumbrica, UK.

Wronski, T., Dusabe, M.C., Apio, A., Hausdorf, B., Albrecht, C., 2015. Biological
assessment of water quality and biodiversity in Rwandan rivers draining into Lake
Kivu. Aquat. Microb. Ecol. 49 (3), 309-320. https://doi.org/10.1007/510452-015-
9525-4.

Young, H.S., McCauley, D.J., Galetti, M., Dirzo, R., 2016. Patterns, causes, and
consequences of anthropocene defaunation. In: Futuyma, D.J. (Ed.), Annual Review
of Ecology, Evolution, and Systematics, Vol 47. Annual Review of Ecology Evolution
and Systematics, Vol 47. Annual Reviews. Palo Alto, pp. 333-358.

Yule, C.M., Gan, J.Y., Jinggut, T., Lee, K.V., 2015. Urbanization affects food webs and
leaf-litter decomposition in a tropical stream in Malaysia. Freshw. Sci. 34 (2),
702-715. https://doi.org/10.1086,/681252.


http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0285
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0285
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0285
https://doi.org/10.1007/s10750-010-0289-5
https://doi.org/10.1002/rra.878
https://doi.org/10.1002/rra.878
https://doi.org/10.1002/rra.2686
https://doi.org/10.1002/rra.2686
https://doi.org/10.5194/bg-15-3049-2018
https://doi.org/10.1016/j.scitotenv.2018.09.350
https://www.R-project.org/)
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0320
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0320
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0320
https://doi.org/10.1016/j.geomorph.2012.09.009
https://doi.org/10.1016/j.geomorph.2012.09.009
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0330
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0330
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0330
https://doi.org/10.1126/science.287.5459.1770
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0340
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0340
https://doi.org/10.1016/j.ecolmode1.2016.07.001
https://doi.org/10.1007/s10666-016-9511-9
https://doi.org/10.1007/s10666-016-9511-9
https://doi.org/10.1016/s0043-1354(03)00406-8
https://doi.org/10.1016/s0043-1354(03)00406-8
https://doi.org/10.1007/s10750-012-1002-7
https://asiafoundation.org/wp-content/uploads/2017/10/Community-Water-Quality-Monitoring-Macroinvertebrate-Biomonitoring-Training-Guide.pdf
https://asiafoundation.org/wp-content/uploads/2017/10/Community-Water-Quality-Monitoring-Macroinvertebrate-Biomonitoring-Training-Guide.pdf
https://asiafoundation.org/wp-content/uploads/2017/10/Community-Water-Quality-Monitoring-Macroinvertebrate-Biomonitoring-Training-Guide.pdf
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0370
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0370
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0370
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0370
https://doi.org/10.1111/fwb.12429
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0380
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0380
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0385
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0385
https://doi.org/10.1146/annurev.ento.43.1.271
https://doi.org/10.1146/annurev.ento.43.1.271
https://doi.org/10.1038/nature09440
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0400
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0400
https://doi.org/10.1016/j.scitotenv.2008.08.002
https://doi.org/10.1016/j.scitotenv.2008.08.002
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0410
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0410
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0410
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0415
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0415
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0415
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0415
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0415
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0415
https://doi.org/10.1007/s10452-015-9525-4
https://doi.org/10.1007/s10452-015-9525-4
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0425
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0425
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0425
http://refhub.elsevier.com/S0075-9511(20)30197-3/sbref0425
https://doi.org/10.1086/681252

	Ecological condition, biodiversity and major environmental challenges in a tropical river network in the Bago District in S ...
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Selection of sampling sites
	2.3 Sampling strategy
	2.4 Water chemistry sampling
	2.5 Assessment of in-stream habitat characteristics
	2.6 Assessing hydromorphological features
	2.7 Identification of catchment land use
	2.8 Macroinvertebrate sampling and identification
	2.9 Data treatment and index calculation

	3 Results
	3.1 Geological differences in water chemistry
	3.2 Water chemistry along the degradation gradient
	3.3 Catchment land-use, habitat quality and hydromorphological conditions
	3.4 Macroinvertebrate communities
	3.5 Macroinvertebrate response to degradation

	4 Discussion
	4.1 Degradation of river water chemistry
	4.2 Physical degradation of catchment and habitats
	4.3 Ecological and biodiversity response to degradation
	4.4 Perspectives in a biodiversity context

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A
	References


