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It allows results to be compared over
time and in different river systems.
UAVs and satellite images aid obtaining
objective measurements of river condi-
tions.

This method can be taken for river eco-
system assessment globally.
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GRAPHICAL ABSTRACT

ABSTRACT

Assessing and comparing global river ecosystem health in an objective and quantitative way remains a major
challenge. In this study the widely-used semi-quantitative methods Rapid Biological assessment Protocols
(RBPs) was used to determine the health of rivers. The findings were then compared to the results derived
from our new UAV (Unmanned aerial vehicles) orthophotographic imagery method. This method quantitatively
and objectively assesses river ecosystem health. As a comparison, our method was used to quantitatively mea-
sure distance and areas of a range of hydrological and biological attributes thus improving the accuracy of
distance- and area-related indices, consequently avoiding subjective errors in these estimations that is fraught
in methods like the RBPs. To strengthen the objectivity of the assessment the weights of these indices were ob-
jectively determined using the entropy weighting method. This new method was then tested using 9551 UAV
orthophotographs taken over six field campaigns. It performed satisfactorily, showing that in our study area
the health status of mountain rivers was the best with the highest score of 0.94 out of 1.0. Temporally, the health
of the river was better in summer (0.65) compared with that in autumn (0.40). Changes in river ecosystem health
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were driven by variations in biology and water quality. In contrast the outputs of RBPs, especially in relation to
distance and area indices, had ~ 20% uncertainty due to visual errors and subjectivity in estimations by observers.
The UAV orthophotographic imaging method proposed in this study can improve the ability to compare the
health of rivers across different periods and regions throughout the globe.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Healthy rivers are crucial to the survival of humanity (Wei et al.,
2009; Palmer and Febria, 2012; Zhu et al., 2014), as they not only
provide water for domestic, industrial and agricultural uses but are
also essential for ecological services to commerce, transportation, recre-
ation and other activities (Deng et al., 2015). As rivers are an important
component of the terrestrial environment, they are vulnerable to
human impacts, leading to changes in water quality and biological
diversity (Fendorf et al., 2010; Grafton et al., 2013).

Globally, climate change and disruptive human activities have al-
tered water cycles and river environments (Palmer, 2010; Luo et al.,
2013; Poff et al., 2016), such as hydrological conditions, pollutant
loads, and habitat attributes, which pose a serious threat to ecosystem
health and services (Marzin et al., 2014; Zhu et al., 2014; Zhao et al.,
2018). The degradation of the health of rivers has become a major crisis
for human survival and sustainable development (Tang et al., 2002;
Acreman and Dunbar, 2004; Zhu et al., 2014). Thus research to seek
approaches to maintain and protect the health of riverine ecosystems
is needed.

River health is often defined as the health of its ecosystem by some
researchers (Cairns Jr and McCormick, 1992; Cairns et al., 1993;
Schofield and Davies, 1996; Costanza et al., 1997; Pan et al., 2015);
while others define it more anthropocentrically to include ecosystem
services to humans particularly in the context of development of the
local economy and society (Rapport, 1989; Meyer, 1997; Peng et al.,
2015). The goal of our paper is to assess the health of river ecosystems,
which is the first step towards its protection. Such studies are of global
concern for researchers, governments and other stakeholders (Clarke
et al., 1996; Clarke and Hering, 2006; Hughes et al., 2000; Marzin
et al,, 2014). Consequently, many theories have been put into practice
over the last few decades. Assessment of a river ecosystem needs to
integrate physical, chemical and biological variables to characterize
the threats to its health in a sufficiently robust way (Boulton, 1999;
O'Brien et al., 2016). Among these variables, the quality of habitat,
e.g., riparian vegetation, instream hydrological regime, and water qual-
ity determines the structure of river ecosystem communities. Therefore,
accurately assessing the health of the habitat is core to gaining insights
to the condition in the river. A number of methods have been
developed. Hankin and Reeves (1988) developed a visual method for
estimating habitat area in forested salmonid streams. The USEPA
produced a rapid physical habitat assessment for use throughout the
U.S., which evolved into the Rapid Bioassessment Protocols (RBPs)
(Plafkin et al., 1989). In the same year Rankin (1989) published a
qualitative habitat evaluation index (QHEI). Both these protocols were
refined in subsequent years (Barbour et al., 1999; Rankin, 2006).
Among these methods, the RBPs was one of the most widely used
methods due to its efficiency and effectiveness (Barbour et al., 1999;
Hughes et al., 2010; Blue, 2018). RBPs can reflect overall ecological in-
tegrity and directly assess the status of a waterbody (Stephens and
Farris, 2004). From the perspective of habitat and biology, RBPs select
13 indicators including flow velocity, water depth, river bed stability
and river channel morphology to construct a river health assessment
system (Barbour et al., 1999). However, previous methods used for
habitat health assessment have been semi-quantitative, and there
exist few reports on habitat health assessment (Stubauer et al., 2010;
Mouton et al., 2012; Marteau et al., 2017), thus generating great uncer-
tainty for assessing the health of rivers.

Traditionally, indices of river ecosystem health assessment have
been evaluated by a scoring method and divided into four levels:
‘optimal’, ‘suboptimal’, ‘marginal’, and ‘poor’, with possible scores of 1
through 4 based on fuzzy descriptive evaluation criteria at each level
(Barbour et al., 1999; Deng et al., 2015). This method can generally
describe the condition of a river but cannot quantitatively measure
river ecosystem health. In addition, using only qualitative and descrip-
tive indices can result in serious bias in assessment results because the
assessment relies on the expertise of assessors, which varies from
person to person. Thus comparing the health of rivers across regions
would be constrained.

To reduce the bias in estimating river ecosystem health - especially
habitat health, a more quantitative measurement of attributes espe-
cially distance and area is urgently needed. Unmanned aerial vehicles
(UAVs) are a new measurement platform developed in recent years.
UAVs can measure distances and areas very accurately, making them a
promising tool for ecological restoration and river monitoring studies
at reach scales (Dunford et al., 2009; Carbonneau et al., 2012; Dufour
et al., 2013; Messinger et al., 2016). Physical habitat, as an important
component of river ecosystem health, can therefore be accurately mon-
itored using UAVs (Marteau et al., 2017).

The purpose of this paper is to present a new method to assess the
health of rivers using quantitative data sources and newly developed
index-calculating methodologies. By using this quantitative and objec-
tive method, the subjectivity encountered in previous methods was
greatly reduced and poor comparability of these assessments tempo-
rally and spatially was also overcome.

2. Study area

Jinan (36.0-37.5° N, 116.2-117.7° E) city, located in eastern China, is
bordered by Mount Tai to the south and traversed by the Yellow River. It
has steeper topography in the south than in the north (Fig. 1). The city
spans hilly areas, piedmont clinoplain and alluvial plains from south to
north. The elevation within the area ranges from —66 to 957 m above
sea level, with highly contrasting relief (Cui et al., 2009; Zhang et al.,
2010; Zhao et al., 2015a). The semi-humid continental monsoon climate
in the city area is characterized by cold, dry winters and hot, wet
summers. The average annual precipitation is 636 mm, 75% of which
falls during high-flow periods. The average annual temperature was
14.3 °Cover the survey period (2014-15); the average monthly temper-
ature was highest in July, ranging from 26.8 to 27.4 °C; and the lowest
was in January, ranging from —3.2 to —1.4 °C (Zhao et al., 2015a;
Zhao et al., 2015b). Jinan is the first pilot city reconstructed as a healthy
water ecology precinct in China. With rapid industrial development and
urbanization in recent decades, water resources in Jinan city have be-
come severely polluted and reduced in quantity through extraction
(Zhang et al., 2007a, 2007b). As a result, water safety and human health
are increasingly threatened (Hong et al., 2010). To mitigate water safety
and human health concerns, assessment and restoration of its river eco-
system is urgently needed.

To explore an effective method to assess and restore the health of
this river system, 59 routine monitoring sites were set up across
the drainage network (Fig. 1). In this study, four representative sites
(key site in Fig. 1) among 59 routine monitoring sites were selected to
represent different river characteristics: J1 was located in a mountain-
ous river with little human activity, while |5 represented a mountainous
river with intensive human activity; J16 represented a river plain sub-
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Fig. 1. Study area of Jinan City with locations of 59 routine limnological monitoring stations (eco-monitoring site); the four key sites can represent different river characteristics in the

study area.

catchment occupied by farmland, while J32 was a river plain sub-
catchment with sparse farmland (Fig. 1).

3. Methods and data
3.1. Methods

To comprehensively assess the health of the river, we set up an as-
sessment system consisting of 3 first-level indices i.e., habitat, biological
status, and water quality, where nine, three and ten second-level attri-
butes, respectively were integrated (Fig. 2). Weights for each of the
identified index at both levels were then determined using the entropy
method. The entropy method was used to avoid subjectivity in calculat-
ing the weight of each index (Hao and Singh, 2013; Zhao et al,, 2015a).

Based on these calculations the weighted sum of second-level indices
should equal the weight value of their respective first-level index. The
weighted sum of the first-level indices was then used to determine
the health of the river.

3.1.1. Conversion of physical habitat indices from semi-quantitative to
quantitative values with newly presented formulae for assessing the health
of the river

Ten traditional semi-quantitative indices derived for the RBPs were
converted to nine quantitative ones (Indices 1-9 in Table 1) using
UAV orthophotographs, which provided more accurate and objective
assessment outputs. Hydrological parameters of velocity, depth and
streamflow were used to assess the status of the physical habitat. In ad-
dition, a new index (Index 10 in Table 1) was developed to quantify the
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Biology Status ® Water Quality = Habitat Status

Fig. 2. River ecosystem health assessment system. The biology status (green), water
quality (blue) and habitat status (orange) were the first-level indices. Based on their
second-level indices in the outer-most layer, the three fist-level indices were integrated
to assess the health of the river. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

impact of non-point source pollution on river ecosystem health.
Distance and area were measured using ESRI ArcGIS! and Google
Earth Pro.? Detailed formulae are listed in Table 1.

Epifaunal Substrate and Embeddedness (Index 1 in Table 1) includes
the relative quantity and variety of natural structures in the stream,
such as cobbles, large rocks, fallen trees, logs and branches, and under-
cut banks, available as refugia, or as sites for feeding-spawning-nursery
functions of aquatic macro-fauna (Barbour et al., 1999). Epifaunal sub-
strate and embeddedness were evaluated in this study using the
Margalef index (Margalef, 1958; Gamito, 2010), wherein the number
of individuals was replaced with the area that can be easily obtained
from UAV orthophotographs over the dry season.

Velocity and Depth Regime (Index 2 in Table 1) includes patterns of
velocity and depth as an important attribute of habitat diversity
(Barbour et al., 1999). Their variance was used to assess the diversity
of water depth and velocity. The average of normalized variance was
the final score for velocity and depth regime.

Channel Flow Status (Index 3 in Table 1) reflects the volume of flow
over the monitored period and is important because adequate flow is
essential for river ecosystem health (Rankin, 1995; Xu and Li, 2016).
At each reach section, the ratio of the width of water surface to the
width of the river was calculated using UAV orthophotographs. The av-
erage of three sections i.e., the sampling site, and 150 m upstream and
150 m downstream of the site - was calculated as the status of channel
flow at that particular site.

Channel Sinuosity (Index 4 in Table 1) is an important attribute in
many rivers and has a positive effect on medium and long-term river
ecosystem health (Brussock and Brown, 1991; Rankin, 1995; Deng
et al., 2015). In this study, “Google Earth” data were used to vectorize
20 km of the river channel along the bank line. Sinuosity is defined as

! http://www.esri.com/arcgis
2 https://www.google.com/earth/

the ratio of the length of the river to the straight line. A viewing height
of 1 km above the ground in “Google Earth” was used to ensure the
image was clear at a moderate scale.

Channel Alteration (Index 5 in Table 1) indicates the degree of chan-
nelization. Highly channelized rivers, assigned a low value in this index,
impact aquatic habitat and its biota (Barbour et al., 1999; Kim and An,
2015). In this study, the river image was vectorized from the UAV
orthophotographs for sections 150 m upstream and downstream of
the sample location. The ratio of the length of the river without artificial
alteration to the total length of the river was the index score. A value
nearly equal to 1.0 suggests a natural river without any alteration.

Bank Stability (Index 6 in Table 1) is an important index for short-
term stability of the river. Unstable embankments can lead to problems
such as erosion and alteration of channel morphology (Brussock and
Brown, 1991; Che et al., 2012; Wang et al., 2016). In this study, the
ratio of non-eroded bank length to total vectorized bank length repre-
sents bank stability, in which 300-meter-long images of the river bank
were vectorized from the UAV orthophotographs. Erosion was identi-
fied using the method of Marteau et al. (2017) by comparing two pe-
riods of the UAV-retrieved elevation values of bank pixels, where
changes >10 cm were considered to be eroded.

Riparian Zone Vegetation Diversity and Coverage (Indices 7 and 8 in
Table 1), which represent the riparian vegetation status, have an impor-
tant positive effect on river ecosystem health, as diversified and dense
riparian vegetation protects the bank from erosion, reduces pollutant
runoff into the river and provides a diverse habitat for wildlife
(Brussock and Brown, 1991; Rankin, 1995; Deng et al., 2015). In this
study, we estimated riparian vegetation diversity using 30-m long and
5-m wide transects taken on each bank of the sampling site and, 150-
m upstream and downstream of the site. Plant species were identified
and the coverage of each species i (s;) on the transect was estimated.
Vegetation diversity (Hy) was calculated using the formula for Index 7
(Table 1). Vegetation coverage was calculated based on the following
rules: 1) “g>r & g>b” where r, g, b represents the value of the red,
green and blue bands respectively in the orthophotograph; 2) “g > x”
where x is the threshold value of the green band (Zhang et al., 2007a,
2007b), which ranged from 30 to 45. Larger values of the two indices
imply better river ecosystem health.

Riparian Vegetative Zone Width (Index 9 in Table 1) has a direct influ-
ence on the health of rivers, as wider riparian vegetation zones can bet-
ter prevent pollutant runoff from entering the river (Pariyadath and
Eagleman, 2007). In this study, we used UAV orthophotographs to mea-
sure the width of the riparian vegetation zone 150 m upstream and
downstream of each sampling site and divided this width by 18 since
a riparian zone 18-m wide is considered sufficient to protect river
banks (Barbour et al., 1999). Larger values of the riparian vegetation
zone imply better river condition.

Nonpoint Source Pollution (Index 10 in Table 1) negatively impacts
on river ecosystem health in areas with intensive human activities
where large amounts of non-point source pollutants enter the river
(Powers et al., 2016), which contributes to eutrophication leading to
ecosystem degradation (Wei et al., 2009; Che et al., 2012; Deng et al.,
2015; Pan et al., 2015). To assess nonpoint source pollution impacts
on river ecosystem health, “Google Earth” was used to measure the
length of the nonpoint source pollution section along the river bank
within 1 km upstream and downstream of the monitoring site, the
ratio of which to the total channel length suggests the degree of influ-
ence of nonpoint source pollutants. To facilitate this assessment, we
used higher values to reflect better conditions, with few nonpoint
source pollutants discharging into the river. For details, please refer to
the formula in Table 1.

The semi-quantitative indices in the RBPs were converted to quanti-
tative ones. Improving these indices enhances the objectivity of the
evaluation results, reduces the dependence on the experience of the
evaluators, and more importantly allows more realistic comparison of
the results between different regions, e.g., China and the United States.
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Table 1

Newly developed physical habitat quality assessment methodology based on conceptions in the RBPs (Appendix Table S1). Attributes of geomorphology, hydrology, riparian vegetation
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and non-point source pollution are quantitatively formulated.

Position in Appendix
Table S1

The s is the total area of individuals in the community and N is the total area
of individuals observed, details refer to Margalef (1958) and Gamito (2010).

Index Formula Description
1. Epifaunal Substrate and s—1
Embeddedness ESE="11N

2. Velocity & Depth Regime

> (vel;—0.3)

) _ X (dep—05)°

o5 = N
VDR = (07 + 07)/2

Water width
3. Channel Flow Status =
cFs Channel width

4. Channel Sinuosity CS = Channel length

5. Channel Alteration

6. Bank Stability

7. Riparian Zone Vegetation
Diversity

8. Riparian Zone Vegetation

Valley length

CA=1—

BS=1—

52 =

v

Unstable length
Channel length

Alteration length
Channel length

N

RZVD = — 3~ (si/S¢) In (si/Se)

Vegetation coverage area

Coverage Rzve = Total area of demo
9. Riparian Zone Vegetation RZVW — width/18, width<18
Width 11 width>18
10. Non-point Source NSP = 1— Non—point pollution length

Pollution

Channel length

The area could be measured from orthophoto imagery. Higher values are
considered to indicate better conditions.

07, o%represent variances of depth and velocity, respectively;oando? were
normalized variances of depth and velocity. Orthophotographic images are
generated by UAV, and a visual judgment standard score is determined from
these images. The general guidelines are 0.5 m depth to separate shallow
from deep, and 0.3 m/s to separate fast from slow (Barbour et al., 1999).
Water width and channel width are measured from UAV orthophotographic
images at each sampling site and 150 m downstream and upstream. An
average value is calculated from these measurements. Higher values are
considered to indicate better conditions.

Use Google Earth data to obtain a vectorized 20 km reach along the river
channel, CS is the ratio of channel length and the straight distance between
the start point and end point of that reach. For CS < 4, higher values indicate
better conditions; for CS > 4, lower values indicate better conditions.

The altered length and channel length are measures from vectorized
orthophoto imageries along 300 m of the river channel. Higher values are
considered to indicate better conditions.

The unstable length and channel length are measures from vectorized
orthophoto imageries along 300 m of the river channel. Higher values are
considered to indicate better conditions.

Use orthophoto maps at each sampling site and 150 m upstream and
downstream on the river on both sides to define transects 30-m long and 5-m
wide, Plant species were identified by visual discrimination and the area of
the species i (s;) on the graph was delineated. S, represents the total area of all
species. Higher values are considered to indicate better conditions.

Use UAV orthophoto imagery at each sampling site and 150 m upstream and
downstream to define 30-m long and 5-m wide transects, use the software to
calculate the vegetation cover and average the results. Higher values are
considered to indicate better conditions.

Use UAV orthophoto imagery at each sampling site 150 m upstream and
downstream, along left and right banks, measure the width of riparian
vegetation at each location and average these measurements. Higher values
are considered to indicate better conditions.

Use Google Earth imagery to identify and locate possible non-point sources 1 km
upstream and downstream of each sampling site and within 50 m of the river, and
calculate the length of reach with possible non-point issues. Higher values are

Habitat Parameter 1
(Barbour et al., 1999)

Habitat Parameter 3
(Barbour et al., 1999)

Habitat Parameter 5
(Barbour et al., 1999)

Habitat Parameter 7
(Barbour et al., 1999)

Habitat Parameter 6
(Barbour et al., 1999)

Habitat Parameter 8

(Barbour et al., 1999)

Habitat Parameter 9
(Barbour et al., 1999)

Habitat Parameter 9
(Barbour et al., 1999)

Habitat Parameter 10.
(Barbour et al., 1999)

Newly developed in
this study.

considered to indicate better conditions.

Indices 1-9 were formulated based on original RBPs; Index 10 was newly developed in this study.

To further quantify the uncertainties of the original RBPs values, we
calculated the difference between the RBPs-estimated indices and the
UAV orthophotograph derived indices using Eq. (1), using the physical
habitat indices as an example.

V = (Scoreyay —Scorey,;) /Scoreyay (1)
where V represents the difference between the two methods, with
Scoreyay representing the score obtained from the UAV orthophotographs
and Score,,; is the score obtained by the original RBPs.

3.1.2. Using biodiversity to reflect variation in biological communities in
river ecosystem health assessment

Biodiversity indices have been widely used to assess aquatic ecosys-
tem health (Keylock, 2005; Pinheiro et al,, 2015; Fierro et al., 2017). In
this study, the Shannon-Weiner diversity was used to assess the health
status of the aquatic community. Generally, in aquatic ecosystems the
zoobenthos and fish are often used as indicators of ecosystem health
(Liu et al., 2011; Zhao et al., 2018). The zoobenthos is more sensitive
than fish to changes in the aquatic environment, but the former often
recovers more quickly than the latter after a disturbance. Thus, the
diversities of both zoobenthos and fish were used as indices of river
ecosystem health to provide an assessment of the short-term and
long-term health status of a river.

3.1.3. Selection of water quality indices to reflect the impact of pollution on
river ecosystem health

Due to the high correlation and information redundancy among water
quality indices, a correlation analysis was used to remove redundant
water quality indices. The remaining indices were then used to determine
the score for water quality. The Kolmogorov-Smirnov normal distribution
test (Smirnov, 1948; Arnold and Emerson, 2011) was performed prior to
correlation analysis. Pearson correlation analysis (Pearson, 1895) was
used for indices that meet the assumption of normality, and the Spearman
rank correlation analysis (Spearman, 1904) was applied to the remaining
indices. A correlation coefficient of 0.6 between any two indices was
deemed as the threshold value to select independent indices. Normality
distribution tests and correlation analyses were conducted using SPSS>
software.

3.14. Integrated assessment of river ecosystem health

The entropy method has been demonstrated to objectively derive
the weighting assigned to each index and is widely used in engineering
technology, social economy, environmental evaluation and sustainable
management (Hao and Singh, 2013; Liu et al., 2014; Zhang et al.,
2014; Diaz-Varela et al., 2016). The basic idea behind the entropy
method is to determine the weight based on the variability of the

3 http://Www.spss.com.cn/
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index. In general, the larger the amount of information provided by the
index, the greater the weight in the overall evaluation (Harte and
Newman, 2014). In order to objectively determine the weights of the
indices, we first need to eliminate the influence of the different dimen-
sions between the indicators. The original indicator data were standard-
ized with Eq. (2).

X Xmin

Vi = Xmax —Xmin @

Second, entropy and entropy weightings can be determined with
Eq. (3).

Hj= —Ki(fij lnfij> 3)
i-1

Hj is the entropy of the index j, f; = y;;/ N Vi, k=1/Inn.
We assume that when fj; is zero, f;; Inf;; equals to zero. And then the
weighting of the index j can be calculated with Eq. (4).

1—H; 1
Wj=—g—— 05w;<1,» w;=1 (4)
! Z?:l(l_Hf) ! ,:21 !

Based on entropy and using quantified biological, water quality and
physical habitat indices, the abovementioned river-ecosystem health
(RH) was calculated with Eq. (5):

RH=Y_1,w; P 5)
P =31 wyPy

where RH is the integrated health score weighted by its first-level
indices (i.e., biological, water quality and habitat status) (Fig. 2), and a
higher RH value implies a healthier river ecosystem condition.iandj de-
note the i-th and j-th indices, respectively; n and m are the total number
of first and second level indices, respectively; P;, wi, P; and w;; represent
the first-level index, first-level index weight, second-level index, and
second-level index weight, respectively.

3.2. Data

To explore the health of the river system in the Jinan catchment, six
extensive field campaigns were conducted to monitor the nominated
river attributes (May-2014 (spring), Aug-2014 (summer), Nov-2014
(autumn), May-2015 (spring), June-2015 (summer), Oct-2015
(autumn)). Information on instream biota, water quality, and physical
habitat were collected in situ using portable equipment in each field
campaign. The length of the river sections sampled was 300 m

Zoobenthos and fish were collected and preserved in 10% formalin
solution, and were classified and weighed in the laboratory. Details on
the collection methods are as follows.

3.2.1. Zoobenthos

In mountain streams with depths <30 cm or the shallow zones of riv-
ers, a Siirber sampler (0.5 x 0.5 m) with a 60 pm mesh size net was used
to collect samples. For deep biotopes, a 1/16 m? Peterson grab sampler
was used to collect samples. A 60 um mesh size screen was used to
rinse the collected bottom mud, and all retained material was poured
into a white ceramic plate and all animals were handpick, stored in a
1-L-wide-mouth bottle and preserved with 70% alcohol.

3.2.2. Fish

For wadable rivers with depths <1.5 m, an electric fishing apparatus
was used to sample fish. The sampling process involved one operator
using a 20-pipe ultrasonic electric fishing apparatus to catch the fish,
while another operator collected samples with a dip net. The samples

Table 2

Water quality data in Jinan City over the six field campaigns from 2014 to 2015.
NO. Parameter Abbreviation Range SD
1 Ammonia nitrogen NH4-N 0.03-75.80 4.85
2 Anion Surface AS 0-3.48 0.34
3 Bicarbonate HCO3 0-2247 149
4 Biochemical Oxygen Demand BOD 0-57.50 4.83
5 Calcium ca’t 0.99-486 56
6 Carbonate co%~ 0-38.50 493
7 Chemical Oxygen Demand COD_Cr 0-275 23.74
8 Chlorine cl- 0.99-1156 165
9 Conductivity Cond 287-57,756 852
10 Dissolved Oxygen DO 0-13.50 2.25
11 Fluoride F 0.18-2.51 0.34
12 Natrium Na* 0-109 7.9
13 Nitrate NO3-N 0-22.00 334
14 Nitrite NO2-N 0-1.97 0.25
15 Permanganate index COD_Mn 0.57-71.50 5.84
16 pH pH 6.90-9.30 0.39
17 Potassium K* 0-767 117
18 Sulfate S03~ 0-1046 170
19 Sulfide S 0-1.29 0.11
20 Total Alkalinity TA 0.99-1057 87
21 Total Hardness TH 0.99-1400 222
22 Total Nitrogen TN 0.25-80.03 6.07
23 Total Phosphorus TP 0-8.06 0.68
24 Turbidity Turb 0.52-924 103
25 Volatile Phenol VP 0-0.16 0.22

a.Cyanide and the other 10 heavy metal ions, e.g., copper, zinc, lead, were below detection
and they are therefore omitted.

b. All units except for Turb (deg), pH and Cond (mS/m) of the chemical attributes are in
mg/L.

were collected under different flow velocity and depth conditions. The
sampling period was 30-60 min. For non-wadable rivers with depths
>1.5 m, a boat was used to catch the fish by trawling over a distance
not exceeding 100 m between each sampling point. Fish were also col-
lected from fishermen (if available).

In total, 73 species of benthic organisms (belonging to 3 phyla, 6
classes, 12 orders, 26 families) and 58 species of fish (belonging to 1
phylum, 1 class, 7 orders, 19 families) were recorded.

Water quality parameters were also measured in situ, and water sam-
ples for chemical analysis were concurrently collected at the monitoring
sites and tested in the laboratory within 24 h following the methods of
the national environmental quality standards for surface water “GB
3838-2002" (Zhao et al., 2018). Dissolved oxygen (DO) and pH were mea-
sured using a portable HACH kit (PC101). An ion chromatograph
(DIONEX-600) was used to measure fluoride (F), sulfate (SO7 ™), chloride
(C17) and nitrate (NOs) concentrations; a spectrophotometer (DR5000)
was used to measure total nitrogen (TN), ammonium nitrogen (NH4-N),
total phosphorus (TP) and hexavalent chromium; and an automatic
Flow Injection Analyzer (KALAR SAN++) was used to measure volatile
phenols (VP), anionic detergents (AS). In total, 36 water quality parame-
ters were analyzed (see Table 2).

Physical habitat information included (a) 381 physical habitat scores
that were estimated across sites using the original RBPs (Barbour et al.,
1999) over the six field campaigns. They were used to study uncertainties
compared with that of UAV orthophotographic observations. The physi-
cal habitat status was assessed semi-quantitatively using ten attributes
covering four grades (optimal, suboptimal, marginal, and poor), and (b)
9551 RGB UAV orthophotographs taken by a DJI Phantom 3 Pro drone
with Pix4D control software. Image overlap was set to 90%, and flight
height was generally set at 100 m. Post-processing of images was per-
formed using Pix4D Mapper* software, with an average ground sampling
distance (GSD) under 5 cm. Geographical coordinates were WGS84, and
projected coordinates were WGS84/UTM zone 50 N. More details are

4 https://pixdd.com
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provided in Zhao et al. (2017). (c) One satellite image of the study
area was taken from Google Earth on 31/12/2016 with a view height
set to 1 km.

4. Results

4.1. Physical habitat indices calculated with newly developed quantitative
methodologies

Based on the formulae in Table 1, the physical habitat indices were
calculated as shown in Table 3.

The results in Table 3 show that the river habitat was spatially het-
erogeneous: the habitat average scores at J1, J5, J16, and ]32 were
0.59, 0.62, 0.61, and 0.49, respectively. J5 scored the highest, as it is a
completely natural river bank with the densest coverage and widest
band of riparian vegetation; J32 scored the lowest due to its poor flow
condition. In addition, J5 had the highest second-level index scores for
riparian vegetation coverage (0.83) and width (0.74), as well as higher
scores for eight other second-level indices which further supported its
superior stream condition compared with the other three sites. In con-
trast, the lowest second-level index scores for velocity and depth regime
(0.15), channel flow status (0.15) and nonpoint source pollutants (0.11)
reduced the total score of J32.

Compared with previous empirical scoring methods, where most of
the distance or area-related indices were visually estimated rather than
measured (e.g., Velocity and Depth Regime, Channel Sinuosity, Channel
Alteration, and Riparian Zone Vegetation Diversity in original RBPs),
UAV orthophotographic imagery provides a convenient and accurate
method for long-distance and large-area measurements (Chen et al.,
2017; Qayyum et al.,, 2017). Thus, this method was used to calculate
distance or area related physical habitat indices (Table 1). The
calculated index values were compared with that of the original
RBPs values from the four representative sites (J1, J5, J16, and ]32)
as shown in Fig. 3. Six of the ten indices were different (Fig. 3).
Specifically for bank stability and channel alteration (thick circles
in Fig. 3), the values estimated by the original RBPs differed statisti-
cally from those calculated by the UAV orthophotographic method;
the latter method undoubtedly providing a better evaluation of
these indices.

Based on absolute values of V, we found that of the 59 sampling
records, 39 records had Score,,; values greater than zero due to errors
in estimating distances. The percentage error exceeded 10% in nearly
80% (31/39) of the records, illustrating that the majority of values esti-
mated by the RBPs were not as accurate as the UAV orthophotographic
values; for 25% (10/39) of the records, the percentage error estimated
by the RBPs exceeded 50%; and for 13% (5/39) of the records, the
percentage error exceeded 70%, suggesting that quite a number of the
estimates of the RBPs deviated substantially from their true values,
as shown in Appendix Fig. 1. The comparison between the RBPs-
estimated and the UAV-orthophotographic indices suggests that
the former indices contained large errors. This indicates that the UAV

Table 3

Habitat condition in the four representative key sites (J1,J5, J16, and J32).
Indices n J5 J16 ]32 Average
Epifaunal Substrate and Embeddedness 0.80 0.35 025 0.50 0.48
Velocity & Depth Regime 0.80 0.65 025 0.15 0.46
Channel Flow Status 080 065 025 0.5 0.46
Channel Sinuosity 034 028 031 029 0.31
channel alteration 000 100 1.00 1.00 0.75
Bank Stability 1.00 091 093 1.00 0.96
Riparian vegetation diversity 051 051 074 0.65 0.60
Riparian vegetation coverage 053 0.83 079 0.61 0.69
Riparian vegetation width 038 074 053 047 0.53
Non-point pollutants 077 025 100 0.11 0.53
Average 059 062 061 049 0.58
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Fig. 3. Comparison of results calculated by the two methods. The horizontal axis
represents indices calculated using the new UAV orthophotographic method, and the
vertical axis represents indices estimated by the RBPs.

orthophotographic imagery method does greatly improve the accuracy
and stability of index assessment.

4.2. Biological variation indicated by diversity

Sampling sites J1, J5, 16, and ]32 are located in key riverine reaches
targeted for ecological remediation (see Fig. 1 for sampling locations);
thus their ecological condition has been monitored over time. The bio-
logical data obtained from these sites are shown in Appendix Fig.S2.
The maximum diversity value was 2.98, while the minimum was 0.88
with a mean of 1.98 for the zoobenthos. For fish, the maximum diversity
was 3.62, while the minimum was 1.37, with a mean of 2.41. In general,
fish diversity was higher than that of the zoobenthos (Appendix Fig.S2).

4.3. Selection of water quality indices for river ecosystem health assessment

Correlation analysis showed that the correlation coefficient between
pH and carbonate was 0.61 (p < 0.01). However, pH had higher average
correlation coefficients with the remaining attributes than that with
carbonate (Appendix Fig.S3); as such pH was retained, and carbonate
was deemed redundant. Chloride was highly correlated with conductiv-
ity, sulfate, bicarbonate, potassium permanganate index, total hardness,
total alkalinity, fluoride, Na, and K (correlation coefficients ranged from
0.61 to 0.94 with p <0.01), so chloride was retained, and the other indi-
ces were deemed redundant. Similarly, Turb, pH, Ca, Cl, DO, TN, NH3-N,
NO,-N, COD, and BOD were selected and retained in determining the
water quality indices.

4.4. River ecosystem health assessment

After selecting the biological, water-quality and habitat indices, the
health of the river in the study area was assessed using Eq. (5). The
weight of each index was calculated using the entropy method
(Egs. (2)-(4), in Appendix Table S2). An index with little variance was
automatically assigned a low weight value, and vice versa. The weights
of the three first-level indices were 0.29 (biological status), 0.64 (water
quality status) and 0.07 (habitat status), which indicates that habitat
status in the study area (in Appendix Table S2), e.g., channel sinuosity
and bank stability, varied less than that for water quality. Among the
three first-level indices, the smaller the water quality index value, the
higher the quality of water, while the reverse was true for the other
two first-level indices. Consequently, the reciprocal of water quality at-
tributes was used for assessing the health of the river. For the secondary
biological indices, the weights of the diversity of the zoobenthos and
fish were 0.66 and 0.34, respectively, while the maximum weight for
water quality was 0.31 for ammonia and the minimum weight was
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0.01 for pH, respectively. For the secondary indices of physical habitat,
the maximum weight was 0.31 for river channel alteration, and the
minimum was 0.01 for bank stability.

Using these weights the health status of the river in the study area
was calculated using Eq. (5), as shown in Fig. 4. Its health status showed
different characteristics, with four different trends over a year.

* Increasing trend (Fig. 4a) in mountainous rivers with minimal human
activity: the key driving attributes were turbidity and total nitrogen
concentrations, which generally decreased throughout the year.
An increasing trend for turbidity and total nitrogen occurred in a
mountainous river also with a little human activity, where high river
flows dilute the concentration of pollutants in summer and autumn,
especially in the former, resulting in better water quality status
(Wang et al.,, 2017), as shown at J1.

« Parabolic trend (Fig. 4b) in mountainous rivers with intensive human
activity: the river ecosystem health status was best in summer and
lower in spring and autumn because the upstream reservoir retained
water in spring and autumn to meet the demand for water for
anthropogenic activities. This, coupled with substantially less rainfall
and higher pollutant concentrations than that in summer, resulted
in poor water quality in the downstream reaches which seriously
impacted the health of the river ecosystem (Chen et al., 2005), as
indicated at J5.

Falling trend (Fig. 4c) in river plains mostly occupied by farmland:

river ecosystem health was good in spring, but the score dropped

markedly in summer and autumn as exemplified at site J16. This
was due to the fact that there are many sluices/weirs and dams in
this catchment resulting in frequent zero flows in summer and
autumn, while in spring, the demand for irrigation water to service
agricultural activities maintained the flow of water in the rivers
(Zhao et al., 2015). The change in river flow influenced zoobenthic
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and fish diversities, chemical oxygen demand, biological oxygen de-
mand, total nitrogen and ammonia nitrogen, leading to seasonal var-
iations in the health status of the river.

Decreasing trend (Fig. 4d) in river plains with sparse farmland: the
river ecosystem health score decreased slightly from spring to autumn
as exemplified by site J32. The key attributes influencing the trend
were zoobenthic and fish diversities. In a river plain with little agricul-
tural influence water quality varied negligibly (Zheng and Lv, 2016).
As such, the variations in biological status over seasons drove the
trend in river ecosystem health. This was especially due to variations
in zoobenthic diversity (with values of 1.71 through O in the first
year and 2.67 through 1.71 in the second year).

Overall, changes in river ecosystem health in the study area were
principally driven by variations in the biological status and water qual-
ity, as these variations were far greater than those of the habitat (Fig. 2).
The river ecosystem health scores showed that it was best over summer
(0.65), followed by spring (0.62), and poorest in autumn (0.40). Specif-
ically, the health status of mountain rivers (J1 and J5) was better than
that in the remote plains (J32), while it was worst in the city (J16).
Because |1 is located upstream of a reservoir and J5 is downstream,
the water captured in the reservoir led to lower river flow downstream,
resulting in a decrease in biodiversity at J5, and its lower score relative
to J1. The health status of the river at both mountain sites (J1 and J5)
improved significantly from spring to summer. However, ]16, located
in the city, had a poor overall status, as flows were low or absent in
summer and autumn over the two-year sampling period. During spring
and autumn, biological diversity decreased gradually, which negatively
affected the final river ecosystem health score at ]32.

An index with a higher score suggests greater river ecosystem
health, as shown in Appendix Fig. S4. The score of first-level indices
(water quality (WQ), physical habitat (HQ), and biological (BIO)
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Fig. 4. River ecosystem health at the four representative sites of J1 with increasing trend (a), J5 with parabolic trend (b), J16 with falling trend (c) and 32 with decreasing trend (d).
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attributes) showed that water quality played an important role in
assessing river ecosystem health. Over the six sampling events from
May 2014 to October 2015, WQ contributed significantly more to the
health of river than BIO and HQ attributes.

5. Discussion

5.1. Improved accuracy for assessing the physical habitat quality using low-
altitude UAV orthophotographic imagery

The use of UAV orthophotographic imagery greatly improved the ac-
curacy of habitat ratings, as it overcame the shortcomings of subjective
estimations of distance and area used in traditional methods, which
often introduced large errors and reduced assessment accuracy
(Stockdale et al., 2015). Experiments by Levin and Haber (1993)
showed that humans typically incur a 4+ 10% error in estimating
distances, which increases with distance. Also, error estimating the
size of distant objects increases with distance due to visual illusion
(Pariyadath and Eagleman, 2007; Zhou et al., 2013; Van der Hoort and
Ehrsson, 2016). The effects of visual illusion in estimating river habitat
attributes can be significant, especially when estimating water surface
width, channel width, channel alteration, and width of the riparian
vegetation zone, leading to substantial assessment errors. This problem
is less likely to occur using UAV orthophotographic imagery, and
measurement errors tend to be very small (Harwin et al., 2015)
as the attributes can be quantitatively measured on these images
(Appendix Fig. S5), thus providing a more accurate assessment of
habitat conditions.

To further explore the errors incurred in estimating distances the
channel flow index (Index 3, Table 1) was selected to assess the effect
distance perception error would have on assessing river ecosystem
health. Channel flow status was calculated using the equation in
Table 1. Both channel width and water surface width were measured
on the orthophotographs. Most previous studies determining the
score of this index used visual estimation of distances. For example,
with an error of approximately 4-10% in visually estimating distances
a true value of 44.22 m may be estimated as 10% less than this value,
i.e., 39.80 m, or 10% more than the true value, i.e., 48.64 m, as shown
in Appendix Fig.S5.

With a £10% error in estimating distances, the score of the channel
flow status index (Index 3, Table 1) will vary from 0.82 to 1.22 times its
true value. At the four sampling sites J1, J5, J16, and ]32, the index
scores were 0.59-0.89, 0.60-0.90, 0.35-0.52, 0.69-1.00, respectively
(Appendix Table S3), which translates to an error range of 18%-22%.
In short, errors emanating from visual estimations usually result in
large uncertainties depending on its geographical surroundings.

Since the effects of visual distance estimation errors cascade through
the habitat evaluation process, these errors will ultimately affect the
accuracy in assessing river ecosystem health. Because each error is a
function of many factors, including angular declination below the hori-
zon, eye height, and intrinsic bias, it is difficult to distinguish between
systematic error and random error and therefore difficult to adjust for
this error. This scenario results in considerable randomness and
instability in the evaluation outputs, and therefore reduces its ability
to compare the health of rivers across different periods and regions.

These shortcomings were overcome using the UAV
orthophotographic imagery method with known geographical coordi-
nates, and the plane precision after adjustment was <0.05 m, allowing
measurement of distance or area directly from the photographs using
ArcGIS or AutoCAD. This allowed more precise comparisons between
different periods and regions.

5.2. Weight calculation and its influencing factors

In Section 4.4, the weights for biological, water quality and physical
habitat indices were calculated to be 0.29, 0.64 and 0.07, respectively.

Table 4
Descriptive statistics of aquatic biota, water quality and habitat quality.
Maximum Means SD Variance  Skewness Kurtosis
SQ SQ SQ SQ SQ SE SQ SE
BIO 3.03 1.96 0.83 0.69 —0.92 055 0.46 1.06
wQ 30.44 1195 7.81 60.99 0.96 0.55 0.5 1.06
HQ 0.73 0.58 0.10 0.01 033 047 —144 092

SQ: statistical quantity; SE: standard error. BIO: aquatic biota; WQ: water quality; HQ:
habitat quality.

The weight for the water quality index significantly exceeded the
other two indices, with the weight for the physical habitat index being
less than one-tenth that of the water quality index. Previous studies
have shown that water quality is important to river ecosystem health
(Mouton et al., 2012; Palmer et al., 2014), which is consistent with our
study, where water quality status varied widely and thus had the
greatest weight value, while physical habitat status was less variable,
with the smallest weight value as determined by the entropy method.

The entropy method is based on information entropy in which an
index with greater variance is assigned greater weight (Zhao et al.,
2012). In this study, the water quality attributes varied widely spatially
and temporally; thus, it was assigned a greater weight value. To illustrate
these variations, we used two scenarios to consider the impact of
index variations on weightings: first, to randomly alter the second-level
water quality indices around the maximum index values (i.e., extremely
polluted water) within the range of 4+10-50%, and keeping those
of biology and habitat unchanged (Table 4 and Appendix Table S2)
(as shown in the left sub-figure in Appendix Fig.S6); and second,
to randomly alter these indices around their minimum values
(i.e., cleanest water) within different ranges, with those of biology and
habitat unchanged (right sub-figure in Appendix Fig.S6).

We found that when the water quality indices varied within #+10% of
the maximum (i.e., poorest water quality), the weights of water quality
varied between 0.02 and 0.05, and the weights for the biological and
habitat indices varied between 0.8 and 0.15; when the water quality
indices varied within +10% of the minimum, the result was close
to that of the above (Appendix Fig.S6). The degree of water quality
(polluted or clean) does not influence the magnitude of the weighting.
However, if the range of variation of water quality gradually increased
(from 10% to 50%), the weight increased rapidly, and weights for the bi-
ological and physical habitat indices decreased steeply; when the water
quality variation was 50%, the weight of the biological index decreased
to approximately 0.5, and that of the habitat index decreased to approx-
imately 0.1. Thus, the weight of the water quality index was mainly
determined by the variability of the data. In other words, an index
with great variability is automatically assigned a large weight value.

5.3. High spatial resolution UAV orthophotographic imagery to improve the
accuracy calculating an index

To illustrate the influence of imagery resolution on the results, UAV
orthophotographs were taken at different flight heights with resolutions
of 5cm x 5 cm, 10 cm x 10 cm, 20 cm x 20 cm, and 40 cm x 40 cm
and calculated vegetation coverages of 98.78%, 99.21%, 99.65%, and
100%, respectively.

For dense vegetation coverage and low resolution, the low propor-
tion of water surface was misidentified as vegetation, resulting in a
calculated vegetation coverage that was higher than the actual value.
In contrast, if vegetation coverage and resolution were both low, then
the low proportion of vegetation area was misidentified as water
surface, resulting in a calculated vegetation coverage much lower than
the actual value.

The lower image resolution led to greater difficulty in identifying
types of vegetation and therefore erroneously low values of biodiversity.
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High-resolution images (e.g., a resolution of 5 cm x 5 cm used in this
study) improved recognition of vegetation types, accuracy of vegetation
diversity, and vegetation coverage calculations.

6. Conclusions

To overcome the shortcomings of subjectivity and the lack of quan-
tification and comparability in previous river ecosystem health assess-
ment studies, we developed an assessment methodology using UAV
orthophotographs to calculate the physical habitat indices, which was
then applied to assess the health of rivers. Twenty-two indices were
used to determine the status of the biological, water quality and habitat
components. Mountain rivers had the best health status with a score of
0.94; and temporally the health condition of rivers was best in the sum-
mer with an average score of 0.65, while it was poorest in autumn with
a score of 0.40. Changes in the health of rivers in this study area were
driven by variations in the status of the biological and water quality
components instead of that of the physical habitat. In determining the
weights of each attribute, an index with great variability was automati-
cally assigned a large weight value. We found that values estimated
by the original RBPs differed greatly from those calculated using
the new UAV orthophotographic image-based method. The RBPs-
estimated indices produced large errors compared to that of the UAV
orthophotographic indices. Uncertainties (approximately 20%) in esti-
mating distances and heights visually and subjectively by observers
greatly reduced the assessment accuracy of the former method,
resulting in randomness and instability, thus reducing comparability
of results across different periods and regions. This was largely over-
come by using the new quantitative methodology presented in this
study. This new methodology improved the assessment of river health
by accurately measuring and objectively weighting the physical habitat
indices, making it amenable to assessing a variety of river conditions
across the globe.

While this new methodology was developed with comparatively
short-term datasets with some attendant uncertainties in their outputs,
long-term monitoring datasets should reduce these uncertainties.
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