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Abstract: Intensive agriculture has degraded streams in subtropical Taiwan, but
agricultural impacts on fish assemblages are not well studied. The goal of this
study was to understand changes in structure and function of fish assemblages
along environmental gradients in an agricultural region of South-central Taiwan.
Nineteen sites in the hill and upper plain regions were selected for fish sampling
during the base flow period. Water chemistry analyses and rapid habitat assess-
ment were also conducted. Cluster analysis separated fish assemblages into four
assemblage groups and a single site. A redundancy analysis (RDA) showed that
environmental variables explained 73.9% of species variance. RDA axis 1 repre-
sented a habitat-diversity, cover, and nutrient gradient, whereas RDA axis 2 rep-
resented a complex riparian condition gradient. Relative abundances of domi-
nant fish species and assemblage groups were related to water and habitat
variables. Trophic and tolerance guilds were correlated with RDA axes. Number
of fish species increased with decreasing elevation. Both structure and function
of fish assemblages changed with water and habitat gradients in these subtropical

agricultural streams.

STrEAM FISH assemblages are structured by
environmental factors, especially physical
habitats and water quality, in agricultural re-
gions (Cooper 1993, Allan 2004, Vondracek
et al. 2005, Griffith et al. 2009). Physical dis-
turbances in agricultural watersheds, such as

" This study was supported by the Taiwan Environ-
mental Protection Administration. Manuscript accepted
23 July 2013.

? Department of Environmental Resources Manage-
ment, Transworld Institute of Technology, 1221 Jen-
Nang Road, Yunlin County 640, Taiwan.

¥ Department of Natural and Biological Technology,
Nanhua University, No. 55, Sec. 1, Nanhua Road, Chiayi
County 62249, Taiwan.

* Department of Biological Resources, National
Chia-Yi University, No. 300 Syuefu Road, Chiayi City
60004, Taiwan.

* Department of Ecological Sciences and Technology,
National University of Tainan, 33, Sec. 2, Shu-Lin
Street, Tainan 70005, Taiwan.

¢ Corresponding author (e-mail: ykwang@mail.nutn.
edu.tw).

Pacific Science (2014), vol. 68, no. 2:213-230
doi:10.2984/68.2.4

© 2014 by University of Hawai‘i Press

All rights reserved

riparian vegetation removal and channeliza-
tion, can often increase water temperature
and sediment input (Nagasaka and Nakamura
1999, Heartsill-Scalley and Aide 2003, Zaimes
and Schultz 2011), which can reduce habitat
quality and diversity, subsequently changing
fish communities (Nerbonne and Vondracek
2001, Vondracek et al. 2005, Mueller et al.
2011). Inputs of excessive nutrients and ani-
mal wastes (e.g., from swine) can make streams
unsuitable for sensitive fish due to low oxygen
levels (Grimvall et al. 2000, Chambers et al.
2006, Sutela and Vehanen 2010). These
degraded conditions in agricultural streams
occur worldwide, but few examples are known
from Taiwan and subtropical East Asia (Wang
1989, Wang et al. 1996).

Few published studies of stream fish in
Taiwan describe the relationships between
fish assemblages and both water and habitat
quality in agricultural watersheds (Wang
1989, Wang et al. 1996) because habitat qual-
ity is not required for fish survey programs of
water resources and environmental protec-
tion agencies. Information about these rela-
tionships can yield a more complete picture of
agricultural impacts. In general, water and
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habitat conditions deteriorate from high- to
low-elevation sites in Taiwan (Wang et al.
1996, Chen 2004). This gradient is associated
with increasing agricultural development and
urbanization in lower elevations (Lee et al.
2004). Consequently, fish assemblages change
with both elevation and environmental degra-
dation (Wang et al. 1996, Yeh et al. 2000,
Chen 2004, Guo 2011). Similar patterns of
human development along an elevation gradi-
ent and related responses of fish assemblages
were also observed in Hawaiian (Brasher
2003, Brasher et al. 2006) and Japanese
streams (Yoshimura et al. 2005).

In this study, instead of including a large
elevation difference, we chose sites at mid and
low elevations (hill and upper plain regions),
where many fish species are presumed to co-
exist (Yeh et al. 2000) and stream conditions
vary across different disturbance gradients. By
sampling across this range, elevation was not
the dominant factor controlling all relation-
ships; thus we were able to gain more under-
standing of the relationships between fish and
water and habitat variables. The goal of this
study was to understand how structure and
function of fish assemblages change along
environmental gradients. We first explored
the relationships between fish assemblages
and environmental variables with multivariate
statistics, evaluated the responses of fish guilds
to environmental gradients, and then assessed
the relationships between fish species richness
and elevation. Results of this study can in-
crease our understanding of the extent of deg-
radation, the problems of fish conservation,
and the feasibility of bioassessment in agricul-
tural regions of Taiwan.

MATERIALS AND METHODS
Study Area

The study area is located in South-central
western Taiwan in subtropical East Asia. The
study area, including parts of Bai-Kang, Pu-
T'zu, and Ba-Jang River watersheds, is in the
hilly and upper plain regions of Chiayi
County. The annual mean temperature is
23.0 £ 0.6°C (mean £ 1 SD), and the monthly
average temperature ranges from 16.3 1.0
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(January) to 28.5+0.5°C (July) (Central
Weather Bureau 2012). The region has a
monsoon climate, with the wet season from
May through September and the dry season
from October through April. The mean an-
nual rainfall is approximately 2,300 mm, 80%
of which is concentrated in the wet season
(Taiwan Institute of Landscape Architects
2006). Streams in this region have steep to-
pography and high rainfall events, which re-
sult in a flashy hydrology (Chang et al. 2009).
Alluvium is located in the plain region, the
Pleistocene Lateritic Terrace deposits and the
Toukoshan Formation are located in the hilly
region, and the Miocene Kueichulin Forma-
tion is located in the mountain region (Ho
2003).

Land use in the study region is primarily
agriculture, with towns and small factories
dispersed throughout the area (Department
of Urban Planning of National Cheng Kung
University 1997). The percentage of agricul-
tural land use ranges from 38% to 68% in
different townships (Department of Urban
Planning of National Cheng Kung University
1997). The major crops include sugarcane,
bamboo, pineapple, tea, citrus, longan, yam,
pomelo, and persimmon; pig, duck, and
chicken feedlots are also distributed in the
region (Taiwan Institute of Landscape Archi-
tects 2006). The major point sources of waste-
water are households, animal feedlots, and
factories. Multiple types of pollution sources
exist in the watersheds (DHV Planetek Com-
pany 2006) and may create complex environ-
mental gradients. No wastewater treatment
plants were present in the watersheds. The
study area is outside the urban center, Chiayi
City. No large forest patch is present, whereas
small forest patches are often a mixture of
bamboo, old orchard trees, and a few peren-
nial trees (Chen and Chen 2006). The stream
channels in this region are characterized by
channelization and concrete embankments.
This region offers a unique opportunity to
explore the relationships between fish assem-
blages and multiple environmental gradients.

Nineteen study sites on Bei-Kang (BK),
Pu-Tzu (PT), and Ba-Chang (BC) Rivers
were selected (Figure 1). Three sites in the
main stem of Pu-Tzu River are monitoring
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Ficure 1. Map of study sites in Chiayi County, Taiwan. BK, Bei-Kang River; PT, Pu-Tzu River; BC, Ba-Chang

River.

sites of the Environmental Protection Admin-
istration. We tried to sample all tributaries in
this area. Most sites were in the tributaries or
below confluences. Tributaries not selected
were either dry or inaccessible for sampling.
The sites had low to high levels of agricul-
tural areas based on prior reconnaissance and
satellite images (Figure 1) (Liu 2007). Ac-
cording to reconnaissance and satellite im-
ages, P17, BK1, BC4, and BC5 were sur-
rounded by agriculture landscape, whereas
BK2, PT1, PT2, PT9, PT10, and BC3 had
less agricultural land use. The other sites had
medium levels of agricultural land use. How-
ever, animal feedlots and a food-processing
facility, major sources of nutrients, were not
identifiable in satellite images.

Sample Collection

Sampling was conducted in January 2008.
Fishes were collected using the electrofishing
method with local and national governmental

agencies permits. One person operated the
backpack electrofisher (Freshwater, Minghsi-
ung, Chiayi, Taiwan) and a fishnet, and two
additional people held large fishnets to catch
the stunned fish. The length of each sampling
site was 100 m (Lee and Liang 2003). Block
nets were set at both the upstream and down-
stream ends of the reach. Single-pass removal
sampling was used to estimate fish assemblage
compositions (Chen et al. 2004, Han et al.
2007). Fish species, number, and total length
to the nearest millimeter were recorded in the
field. The high flow in the wet season impeded
proper sampling. Voucher specimens were
preserved in the laboratory.

Dissolved oxygen (DO), pH, water tem-
perature, and conductivity were measured and
recorded in the field (YSI DO200 and YSI
model 63 [YSI Inc., Ohio, USA]). The equip-
ment was calibrated before use. One liter
of 5-day biological oxygen demand (BODYS)
and 500 ml of suspended solids (SS) samples
were collected separately. One liter of water
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samples for NH4-N, NO;-N, PO,-P, and
total phosphorus (TP) analyses were acidified
with sulfuric acid to pH <2, and 250 ml of
NO,-N samples were not acidified. Water
samples were collected in acid-rinsed poly-
ethylene bottles and stored on ice until trans-
ported to the laboratory.

Water physical and chemical parameters
were analyzed according to Taiwan’s National
Institute of Environmental Analysis (NIEA)
methods  (http://www.niea.gov.tw/analysis/
epa_www.htm). Water samples were filtered
with 33 mm diameter filters of 0.45 pm pore
size in the laboratory except for the SS and
TP samples. SS samples were filtered on a
preweighed 47 mm diameter glass-fiber filter
of 1.5 um pore size, stored in predried and
weighed aluminum dishes, then dried in a
105°C oven for 1 hr until weight was constant
(precision to 1 mg) (NIEA W210.57A). The
weight difference between dried sample plus
filter and dried filter divided by filtered water
volume is the SS. BODS5 was analyzed accord-
ing to NIEA methods (W510.55B). NHs-N
was analyzed with the phenol method (NIEA
W448.51B), and NO;-N and NO,-N were
analyzed with spectrophotometric methods
(NIEA W419.51A and NIEA W418.51C, re-
spectively). The PO4-P and TP samples were
analyzed with the ascorbic acid method
(NIEA W427.53B).

Benthic algal biomass represented by chlo-
rophyll # (Chl #) was estimated by the follow-
ing methods. Algae were randomly collected
from five rocks in flowing water by using a
toothbrush to brush the rock surface inside a
rubber circle placed on the rocks and then
scraping the sample into a plastic bag. Algal
samples were preserved on ice in the field and
in a 4°C refrigerator in the laboratory. The
inside of the rubber circle has an area of 36
cm’. Well-mixed known volumes of algal ali-
quot were filtered through a 47 mm What-
man GF/C filter of 1.2 um pore size with the
assistance of a vacuum pump. Chl # was
extracted by immersing the filter in 10 ml of
90% aqueous acetone that was then exposed
to 30 sec of sonication and kept in a 4°C
refrigerator for 24 hr. After 20 min of cen-
trifugation at 500 x g, Chl # was measured
following methods of APHA (1998) with a
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spectrophotometer (Spectro  Instruments)
and corrected for pheophytin 4.

Habitat Assessment

Habitat assessment was conducted following
the high-gradient protocols of the U.S. Envi-
ronmental Protection Agency (Barbour et al.
1999) because the average slope of the study
streams is about 1.9% (TIIWE 2005). Ten
variables were included in this habitat assess-
ment: available cover (H-AC), embeddedness
(H-EB), velocity/depth regime (H-VD), sedi-
ment deposition (H-SD), channel flow status
(H-CF), channel alteration (H-CA), frequency
of riffles (H-FR), bank stability (H-BS), veg-
etative protection (H-VP), and riparian vege-
tative zone width (H-RW). The highest score
of each variable is 20; higher scores of these
variables indicate better habitat conditions.
Each variable was assessed according to de-
scriptions of each variable and of score range
in Barbour et al. (1999). Scores 0 to 4 indicate
poor condition, scores 6 to 10 indicate mar-
ginal condition, scores 11 to 15 indicate sub-
optimal condition, and scores 16 to 20 indi-
cate optimal condition. The total scores of
each site were the sum of scores of these 10
variables. Habitat assessment was performed
by one person and was calibrated with several
on-site visits to ensure the quality of the data.

Data Analyses

The similarity of the fish assemblages from
different sites was determined first. The rela-
tive abundance data of fish assemblages were
subjected to a cluster analysis with the
unweighted pair-group method using arith-
metic averages (UPGMA). Bray-Curtis dis-
similarity was calculated as the distance for
clustering. The resulting dendrogram was
plotted, and the dominant species (mean rela-
tive abundance >10%) was calculated for
each cluster group. The differences in envi-
ronmental variables among cluster groups
were compared with one-way analysis of vari-
ance (ANOVA). When ANOVA showed a
significant result, Student-Newman-Keuls
(SNK) post hoc tests were applied to separate
different groups. ANOSIM (analysis of simi-
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larities) was used to test for significance
among cluster groups, and SIMPER (similar-
ity percentage) was used to determine species
responsible for cluster groups. ANOSIM is a
nonparametric test of significant difference
between two or more groups based on Bray-
Curtis dissimilarity distance measure, where-
as SIMPER is used to assess which taxa are
primarily responsible for an observed differ-
ence between groups (Clarke 1993).

To assess the relationships between the
fish assemblages and the water quality and
habitat variables, redundancy analysis (RDA)
was employed to explore possible patterns.
RDA is a direct extension of multiple regres-
sion and models a linear combination of the
response variables according to a linear com-
bination of the explanatory variables (Legen-
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dre and Legendre 1998). Fish species present
at less than three sites were excluded from the
RDA. Forward selection was used to select
environmental variables. Environmental vari-
ables with a high variance inflation factor
(VIF) (>20) were removed from analysis. The
environmental variables were standardized
and centered, and relative abundance data
were not transformed.

The relationships between fish guilds and
environmental gradients were evaluated with
Pearson correlation analysis. Site scores on
RDA axes (results of RDA) were used to rep-
resent environmental gradients. Fish guilds
included trophic groups and tolerance of the
fish species to pollution (Table 1). The tro-
phic groups were categorized as herbivores,
insectivores, omnivores, and piscivores, and

TABLE 1

Species List, Trophic and Tolerance Guilds of Species, and Nonnative Status (modified from Chang et al. [1999] and

Shao [2012]

Trophic
Family Species Abbrev. Common Name Group®  Tolerance’ Nonnative’
Anguillidae  Anguilla marmorata AM Marbled eel Pisc./Ins. H
Bagridae Pseudobagrus adiposalis PA Bagrid catfish Pisc./Ins. I
Pseudobagrus brevianalis PB Bagrid catfish Pisc./Ins. I
Balitoridae  Hemzimyzon formosanus HF Formosan river loach ~ Herb. I
Channidae ~ Channa striata CS1 Snakehead murrel Pisc./Ins. H \%
Cichlidae Oreochroniis sp. OR Tilapia Omn. H A%
Amphilophus citrinellus AC Midas cichlid Omn. H \
Clariidae Clarias fuscus CF Walking catfish Pisc./Ins. H
Cobitidae  Cobitis sinensis CS2  Siberian spiny loach Omn. M
Misgurnus anguillicandatus ~ MA Pond loach Omn. H
Cyprinidae  Acrossocheilus paradoxus AP Taiwan striped barb Herb. M
Candidia barbata CB Dace Insect. 1
Carassius auratus auratus CA Golden carp Omn. H
Cyprinus carpio carpio CC Common carp Omn. H \%
Microphysogobio alticorpus ML Deep-body gudgeon Omn. H
Onychostoma barbatulum OB Taiwan shoveljaw carp  Omn. I
Opsariichthys pachycephalus (0)Y Freshwater minnow Insect. M
Pseudorasbora parva PP Topmouth minnow Omn. M
Puntius semifasciolatus PS Six-banded barb Omn. H
Tanakia himantegus TH Taiwan bitterling Omn. H
Gobiidae Rhinogobius candidianus RC Goby Insect. M
Rhbinogobius giurinus RG Goby Insect. H
Rbinogobius rubromaculatus ~ RR Goby Insect. M
Siluridae Silurus asotus SA Chinese catfish Pisc./Ins. H \%
Poeciliidae  Gambusia affinis GA Mosquito fish Insect. H A%

“ Herb., herbivores; Insect., insectivores; Omn., omnivores; Pisc./Ins., piscivores/insectivores.
"1, intolerant species; M, tolerant species; H, highly tolerant species.
¢V, nonnative species.
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the tolerance to pollution was represented by
a classification into intolerant, tolerant, and
high-tolerant species. For example, an
insectivore/piscivore fish species was classi-
fied in both guilds, and percentage of each
guild was calculated by dividing its percentage
by 2. Trophic groups and tolerance to pollu-
tion of fish species were based on the Taiwan
fish database (Tzeng 1986, Chang et al. 1999,
Shao 2012) and consultation with experts.

The relationships between the number of
species (native or nonnative) and elevation
and between the numbers of species
occupying <50% of sites and elevation were
also assessed with Pearson correlation anal-
ysis. The relative abundance data were
arcsine-square root transformed before anal-
yses, and environmental data were log-
transformed except pH. The cluster analysis,
ANOVA, RDA, and Pearson correlation
analysis were performed with the vegan (Ok-
sanen et al. 2010) and rdaTest packages of the
R program (R Development Core Team
2009). ANOSIM and SIMPER were analyzed
with the PAST program (Hammer et al.
2001).

RESULTS

Summary of Fish Samples and Environmental
Variables

A total of 25 species was collected. The aver-
age number of fish species caught at a site was
8+ 3 (meanx 1 SD), and the maximum and
minimum numbers of fish species caught were
13 and 4, respectively. The average number of
fish caught at sites was 236 + 108. One-third
of the species collected occurred at only one
site. Opsariichthys pachycephalus (Cyprinidae),
Acrossocheilus paradoxus (Cyprinidae), and Rbi-
nogobius candidianus (Gobiidae) were collected
from all sites and had average relative abun-
dance of 28.9%, 26.0%, and 14.4%, respec-
tively. Cyprinidae represented 40% of all spe-
cies collected, followed by Gobiidae (12%).
Catadromous Anguilla marmorata was the
only diadromous migratory species caught.
Rhinogobius giurinus can have either freshwa-
ter or amphidromous populations. Nonnative
species were caught at nine sites and had a
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relative abundance of 7.3% +6.7%. Among
the five nonnative species collected, Oreochro-
mis sp. was the most abundant.

The data of water quality and physical vari-
ables are shown in Table 2. The elevation
ranged from 33 to 165 m, corresponding to
stream orders from 5 to 1. The highest-
elevation site was BK2, and the lowest was
PT8. Conductivity ranged from 180.1 to
1,249 uS/cm (mean + 1 SD), and suspended
solids (SS) ranged from 0 to 22 mg/liter. The
water temperature ranged from 18.5 to
25.4°C, and the pH was from 5.93 to 10.75.
The BODS ranged from 0 to 20.7 mg/liter,
and the dissolved oxygen (DO) was from 7.95
to 13.44 mg/liter. NO;-N ranged from 0.03
to 3.68 mg/liter, and NH4-N was from 0.04
to 1.17 mg/liter. Total phosphorus (TP),
closely related to PO4-P concentrations,
ranged from 0.01 to 0.89 mg/liter. Nutrients
levels were relatively high.

The results of rapid habitat assessment are
shown in Table 3. The rapid habitat assess-
ment scores ranged from 93 to 141, with a
mean of 112.6. Among the habitat assessment
variables, available cover had the highest
mean (15.2) because cobbles and boulders
were the dominant substrata at most sites.
Bank stability and velocity/depth regime had
higher scores. Many sites had concrete stream
banks, which were stabilized to prevent fur-
ther erosion. Sediment deposition had the
lowest mean because these streams had high
sediment loads. Channel alteration and ripar-
ian zone width had lower scores, indicating a
high degree of human modification of chan-
nels and riparian zones.

Relationship berween Fish Assemblages and
Environmental Variables

The cluster analysis resulted in the dendro-
gram shown in Figure 2. The cutoff similarity
was set at 0.57 based on visual assessment and
resulted in four cluster assemblage groups and
a single site (BC6). Four groups were not
restricted to any drainage basins. ANOSIM
showed a significant difference of assemblage
groups (R=0.82, P<.001). SIMPER indi-
cated that A. paradoxus, O. pachycephalus, C.
barbata, and R. candidianus contributed to a
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Ficure 2. Dendrogram of results of cluster analysis of
study sites, site groups, and dominant species of each
group. Species abbreviations: AP, Acrossocheilus paradoxus;
CB, Candidia barbata; OP, Opsariichthys pachycephalus; RC,
Rhbinogobius candidianus.

total of 69.2% of dissimilarity among sites.
Group 1 had four sites and four dominant
species: R. candidianus (goby), A. paradoxus
(Taiwan striped barb), O. pachycephalus (fresh-
water minnow), and Misgurnus anguilicaudatus
(pond loach). Group 2 had seven sites and
three dominant species: O. pachycephalus, A.
paradoxus, and R. candidianus. Group 2 also
had two small subgroups: one comprised sites
PT4, PT7, and PT10 with O. pachycephalus as
the most dominant, and the other included
PT1, PT5, BK3, and BC4 with A. paradoxus
as the most dominant. Group 3 had five sites
and three dominant species: Candidia barbata
(dace), O. pachycepbalus, and A. paradoxus.
Group 4 had two sites and two dominant spe-
cies: O. pachycephalus and R. candidianus; O.
pachycepbalus had a mean relative abundance
of 53.8% in group 4.

Comparison of environmental variables
among four assemblage groups showed that
channel alteration scores differed significantly
among assemblage groups (Table 4), and
SNK post hoc tests showed that groups 1 and
4 had higher means than groups 2 and 3. Bank
stability differed significantly among assem-
blage groups, and SNK showed that groups 1,
2, and 3 had higher means than group 4. Ri-
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parian vegetation width differed significantly
among assemblage groups, and SNK showed
that groups 1, 2, and 4 had higher means than
group 3. NH4-N and TP were significantly
different among assemblage groups, and SNK
showed that group 4 had a higher mean NH4-
N and TP than the other groups. PO4-P and
TP were highly correlated (= 0.97, P < .001).

A total of 13 environmental variables was
selected based on forward selection for redun-
dancy analysis (RDA) (Table 5). Elevation
was added to the RDA because it is an impor-
tant factor based on literature. Dissolved oxy-
gen was excluded due to high variation infla-
tion factor. Environmental variables explained
a total of 73.9% of species variance, and the
first two RDA axes explained 48.5% of species
variance. The first RDA axis was positively
associated with available cover, velocity/depth
gradient, bank stability, and conductivity and
negatively associated with TP, NH,-N, chan-
nel alteration, and SS. The second RDA axis
was positively associated with elevation, can-
opy, and bank stability and negatively associ-
ated with riparian zone width, available cover,
and SS. RDA axis 1 represented a habitat di-
versity, cover, and nutrient gradient, whereas
RDA axis 2 was more a complex riparian con-
dition gradient.

The RDA biplot showed that dominant
fish species scattered apart and were related to
different environmental variables (Figure 3).
Opsariichthys pachycephalus was positively cor-
related with TP and NH4-N and negatively
correlated with available cover, conductivity,
and velocity/depth regime. Rhinogobius can-
didianus was positively correlated with SS and
riparian width and negatively correlated with
elevation and canopy. Candidia barbata was
positively correlated with elevation and can-
opy and negatively correlated with SS and
riparian width. Acrossocheilus paradoxus was
positively correlated with available cover,
conductivity, and velocity/depth gradient and
negatively correlated with TP and NHs-N.
The remaining species were near the origins
of both axes, indicating that they were rela-
tively unresponsive to environmental gradi-
ents in this study.

Group 1 was in the positive direction
of riparian width, SS, available cover, and
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TABLE 5 channel alteration and in the negative direc-
Variance Explained by and Scores of Environmental tion of eleva‘tlon and canopy (Flgur e 3), and
Variables of RDA Axes group 3 was in the opposite direction of group
1. Group 4 was in the positive direction of TP
Parameters RDAAxis] RDAAxis2 and NH4-N and in the negative direction of
- : s 028 available cover, velocity/depth gradient, bank
1genvalues . . 14 S
% Variance of species 25.54% 22.91% Stabllltl}glggd C.OnldUCtIVIty' Group 2 spanned
Environmental variables across axis 1.
Elevation 0.05 0.18
C -0.02 0.19 . . . .
Czizﬂidvity 0.15 ~0.03 Relationship between Fish Guilds and
Water temp. -0.05 ~0.09 Environmental Gradients
TP -0.36 —-0.05 . .
BOD ~0.03 001 The fish guilds defined by trophic and toler-
NH,-N -0.17 -0.07 ance groups were correlated with environ-
SS —0.12 -0.29 mental gradients (RDA axes). RDA axis 1 was
g;[?llllaslili)lcl?t‘; ' 8:?? 78:1? positively correlated with percentage herbi-
Channel alteration 2015 011 vores (r=0.78, P <.001) and negatively cor-
Riparian width ~0.05 ~0.34 related with percentage insectivores (r=
Velocity/depth regime 0.16 0.04 -0.68, P=.001) (Figure 4). RDA axis 2 was

positively correlated with percentage intoler-
ance (r=0.87, P <0.001) and negatively cor-
related with percentage tolerant and percent-
age piscivore fish (r =-0.56, P = .01;7=-0.74,
P <.001, respectively).
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Ficure 3. Triplot of results of RDA of fish species, sites, assemblage groups, and environmental variables. Abbrevia-

tions of environmental variables: H-AC, available cove

r; H-BS, bank stability; H-CA, channel alteration; H-RW, ri-

parian zone width; H-VD, velocity/depth regimes; Cond, conductivity.
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Ficure 4. Plots of fish guilds with RDA axes and trend lines. A4, Percentage herbivores; B, percentage insectivores; C,
percentage intolerant; D, percentage tolerant; E, percentage piscivores. A—E were significantly correlated with respec-

tive RDA axes.

Elevation Gradient but was not correlated with the RDA axes or

the stream order. The number of native spe-
Despite reduced elevation gradient, the num- cies was also correlated with elevation
ber of species was still negatively correlated (r=-0.71, P=.001). Percentage of nonnative
with elevation (r=-0.65, P=.003) (Figure 5) species increased with decreasing elevation
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Ficure 5. Plots between species richness and elevations
and trend lines showing numbers of species that were sig-
nificantly decreased with increasing elevation. 4, Total
number of species; B, number of native species.

(r=-0.58, P=.01), whereas the number of
nonnative species was not correlated with
elevation. Further analysis showed that the
number of species with occurrence frequency
<50% was negatively correlated with eleva-
tion (r=-0.51, P=.02), indicating that low-
occurrence species increased with decreasing
elevation.

DISCUSSION
Assemblages-Environment Relationships

Fish assemblages and water and habitat vari-
ables were related as shown by redundancy
analysis (RDA). Nutrients, SS, riparian condi-
tions, available cover, and habitat diversity
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were the major factors affecting fish assem-
blages. Many sites had NO;-N > 1 ppm and
TP > 50 ppb, indicating widespread nutrient
enrichment. Concrete stream banks and
grade-control dams were widespread. As in
other regions around the world, these water
and habitat degradations are commonly ob-
served in agricultural streams (Johnson et al.
1997, Zimmerman et al. 2003, Boody et al.
2005, Chambers et al. 2006, Zaimes et al.
2008). Under intensive agricultural develop-
ment, native fish assemblages survived under
degraded conditions. Dominant species were
widely distributed and shared by assemblage
groups in this region. However, their relative
abundances changed with different environ-
mental conditions as revealed by RDA.

Assemblage groups and related dominant
species were related to environmental condi-
tions in this study. Fish assemblage groups
were often found to be related to environ-
mental variables in other regions (Brown
2000, Quist et al. 2004, Orrego et al. 2009).
Although site assemblages had high similarity
and dominant species were widespread, as-
semblage groups based on assemblages were
significantly ~ different as revealed by
ANOSIM. SIMPER further indicated that
three dominant species contributed to dis-
similarity among sites. These results support
that dominant fish changed in relative
abundance with respect to environmental
conditions.

Species-Environment Relationships

The relationships between fish species distri-
butions and environmental conditions in this
study provided autecological information that
is needed for environmental management
(Suen and Herricks 2006). Few studies have
documented the relationships between fish
distributions, water quality, and habitats in
Taiwan (Wang et al. 1996, Chen 2004). For
this reason, we could not always find results
comparable to ours in the literature.

We classified dominant fish species into
groups according to their environmental
preference in RDA results. Candidia barbata
belongs to the higher canopy cover group,
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whereas A. paradoxus and R. candidianus be-
long to the open-canopy group. Acrossocheilus
paradoxus prefers diverse habitat and high
available cover, whereas O. pachycephalus has
wide distribution and is a tolerant species. In
agreement with our results, C. barbata has
been reported to prefer slow water and canopy
cover (Yen 1993, Chuang et al. 2006). Acros-
socheilus paradoxus was reported to prefer open
canopy (Con and Day 2006), but its relation-
ship with habitat diversity was not studied.
Also in agreement with our results, Wang
etal. (1996) and Chen (2004) reported that O.
pachycephalus occurred in lower reaches and
was more tolerant of pollution.

The correlation between fish guilds and
environmental gradients can be explained by
the species that occur in the fish guilds. The
positive correlation between percentage her-
bivore and RDA axis 1 reflected the trend of
relative abundances of A. paradoxus along
RDA axis 1 because A. paradoxus was the pri-
mary herbivore species. The negative correla-
tion between percentage insectivores and
RDA axis 1 reflected the trend of relative
abundances of O. pachycephalus and R. candidi-
anus because they were the primary insecti-
vore species. The positive correlation of per-
centage intolerance with RDA axis 2 reflected
that C. barbata increased with RDA axis 2.
The negative correlation of percentage pisci-
vores with RDA axis 2 was because piscivore/
insectivore catfish species were more abun-
dant in lower-elevation sites.

Elevation Pattern of Number of Species

Despite the short elevation gradient, the
numbers of native fish species and of all fish
species were both negatively related to eleva-
tion in this study. Many previous studies have
also reported that the number of fish species
increased with decreasing elevation (Yeh et al.
2000, Quist et al. 2004, Robinson and Rand
2005, Ibafiez et al. 2007, Kang et al. 2009, Li
et al. 2012). Lower-elevation sites may pro-
vide diverse habitats, less environmental fluc-
tuation, and more resources for more species
(Schlosser 1982, Rahel and Hubert 1991).
Thus, lower-elevation sites harbored more
species than higher-elevation sites.
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The number of fish species may increase as
an effect of species addition with decreasing
elevation in this study. The number of species
with occurrence frequency <50% was signifi-
cantly correlated with the total number of
species at each site, and dominant species oc-
curred in most sites. This result may indicate
that low-occurrence species were added to
sites along the gradient of decreasing eleva-
tion. These added species included both na-
tive and nonnative species. Our sites were
located in the hill and upper plain regions and
showed a gradual change in environmental
conditions, which is where species addition
has been found (Jackson et al. 2001). Hence,
species addition, not substitution, may be the
reason for the increase in the number of spe-
cies with decreasing elevation in this study.

Conservation Implications

Fish bioassessment may be feasible in this re-
gion. Developing stream bioassessment crite-
ria in this region is important because it will
allow us to assess stream conditions and de-
velop management strategies to protect these
streams. The relationship between fish as-
semblages and environmental degradation
was revealed by RDA results. In addition, the
first two RDA axes were not strongly corre-
lated with natural variation, especially eleva-
tion. They can be used as environmental
gradients for screening fish bioassessment
metrics (Whittier et al. 2007). Furthermore,
the correlations of the trophic and tolerance
guilds of fish assemblages with environmental
gradients imply that the application of rapid
bioassessment protocols may be promising
(Barbour et al. 1999). However, the fish bio-
assessment approach needs to be further de-
veloped and tested.

Nonnative fish species have spread to al-
most 50% of the study sites and pose a major
threat to native fish. Percentage of nonnative
species increased with decreasing elevation.
Most sites with nonnative species were below
100 m in elevation, but three sites over 100 m
elevation had nonnative species. Introduction
by humans is the major source of nonnative
fish (Chen et al. 2003). These nonnative spe-
cies are often tolerant of poor water quality
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and utilize sites with habitat destruction
(Marchetti et al. 2004, Brasher et al. 2006).
Therefore, fish communities in lower eleva-
tions are often dominated by nonnative fish.
"This distribution pattern of nonnative species
is similar to the pattern observed in Hawai'i,
with greater numbers of introduced species in
low-elevation developed sites (Brasher et al.
2006). Several nonnative predators, such as
Channa striata and Oreochromis sp., pose major
threats to native fish. Oreochromis sp. is the
most widespread nonnative fish in Taiwan
streams (Chen et al. 2003), and Channa striata
is a fierce predator. With degrading environ-
mental conditions, these nonnative fish may
expand their distribution and increase the
threats that they pose to native fish.

Based on results of this study, erosion, nu-
trients, riparian removal, and in-stream habi-
tat destruction may be the major problems in
these agricultural streams in addition to non-
native species invasion. The adoption of man-
agement practices for these problems may
yield easement of current impacts on stream
ecosystems. As revealed by several studies,
management practices often improve envi-
ronmental conditions when the problems are
correctly identified (Monaghan et al. 2007,
Yates et al. 2007, Gabel et al. 2012).

This study clearly showed that both water
quality and habitat variables were related to
fish assemblages in this agricultural region.
For fish survey programs of water resources
and environmental protection agencies in
Taiwan, habitat quality should be incorpo-
rated to better understand river conditions
and their consequent impacts on fish assem-
blages. Future studies may survey more de-
tailed habitat characteristics to fully assess fish
and habitat relationships. Expanding the
study region by including different stream ba-
sins may yield a broader picture of the rela-
tionship between fish assemblages and water
and habitat variables in Taiwan.

ACKNOWLEDGMENTS

We thank Ke-Ching Shao, Shih-En Tai, and
those involved with field sampling and labora-
tory chemical analyses.

Lin et al. 227

Literature Cited

Allan, J. D. 2004. Landscapes and riverscapes:
The influence of land use on stream eco-
systems. Annu. Rev. Ecol. Syst. 35:257-
284.

Barbour, M. T., J. Gerritsen, B. D. Snyder,
and J. B. Stribling. 1999. Rapid bioassess-
ment protocols for use in streams and
wadeable rivers: Periphyton, benthic mac-
roinvertebrates and fish. 2nd ed. EPA 841-
B-99-002. U.S. Environmental Protection
Agency, Office of Water, Washington,
D

Boody, G. B., B. Vondracel, D. A. Andow, M.
Krinke, J. Westra, J. Zimmerman, and P.
Welle. 2005. Multifunctional agriculture
in the United States. BioScience 55:27-38.

Brasher, A. M. D. 2003. Impacts of human
disturbances on biotic communities in Ha-
wailan streams. BioScience 53:1101-1111.

Brasher, A. M. D., C. D. Luton, S. L. Good-
bred, and R. H. Wolf. 2006. Invasion pat-
terns along elevation and urbanization gra-
dients in Hawaiian streams. Trans. Am.
Fish. Soc. 135:1109-1129.

Brown, L. R. 2000. Fish communities and
their associations with environmental vari-
ables, lower San Joaquin River drainage,
California. Environ. Biol. Fishes 57:251-
269.

Central Weather Bureau. 2012. Statistics.
http://south.cwb.gov.tw/.

Chambers, P. A., J. M. Culp, N. E. Glozier,
K. J. Cash, F. J. Wrona, and L. Noton.
2006. Northern rivers ecosystem initiative.
Noutrients and dissolved oxygen: Issues and
impacts. Environ. Monit. Assess. 113:117-
141.

Chang, F.-J., T.-C. Wu, W.-P. Tsai, and
E. E. Herricks. 2009. Defining the ecolog-
ical hydrology of Taiwan Rivers using
multivariate statistical methods. J. Hydrol.
376:235-242.

Chang, M.-H., S.-C. Wang, and K.-T. Shao.
1999. Fish. Pages 5-1-25 in J.-P. Chen,
J.-G. Lin, P.-S. Yang, J.-T. Wu, K.-T.
Shao, H.-L. Hsieh, and Y.-S. Pon, eds.
The establishment of handbook of bio-
logical survey and biological indicators of
Danshuey River Basin. [In Chinese.] EPA-




228

88-(G108-03-301. Environmental Protec-
tion Administration, Taipei, Taiwan.

Chen, C.-Y., and Z.-Q. Chen. 2006. A study
on land use changes of reservoir buffer
zone. [In Chinese.] J. Soil Water Conserv.
38:399-418.

Chen, L., K.-C. Chu, and Y. Chiu. 2004. Im-
pacts of natural disturbance on fish com-
munities in the Tachia River, Taiwan. Hy-
drobiologia 522:149-164.

Chen, P.-R. 2004. Fish investigation and
management zoning in Maoao streams,
northeastern Taiwan. [In Chinese.] Mas-
ter’s thesis, National Taiwan University,
Taipei.

Chen, R.-T"., P.-H. Ho, and H.-H. Lee. 2003.
Distribution of exotic freshwater fishes and
shrimps in Taiwan. [In Chinese.] Endem.
Species Res. 5:33-46.

Chuang, L.-C., Y.-S. Lin, and S.-H. Liang.
2006. Ecomorphological comparison and
habitat preference of 2 cyprinid fishes,
Varicorbinus barbatulus and Candidia bar-
bata, in Hapen Creek of northern Taiwan.
Zool. Stud. 45:663-672.

Clarke, K. R. 1993. Non-parametric multi-
variate analysis of changes in community
structure. Aust. J. Ecol. 18:117-143.

Con, C.-Y., and Y.-T". Day. 2006. Habitat use
of Acrossocheilus paradoxus in Uanan Creek,
Pingtung. Bio Formosa 41:103-112.

Cooper, C. M. 1993. Biological effects of
agriculturally derived surface water pollut-
ants on aquatic systems: A review. J. Envi-
ron. Qual. 22:402-408.

Department of Urban Planning of National
Cheng Kung University. 1997. Chiayi
County development plan. [In Chinese.]
Chiayi County Government, Chiayi
County, Taiwan.

DHYV Planetek Company. 2006. The overall
water quality improvement planning and
detailed design of Chiayi County. [In Chi-
nese.] Environmental Protection Bureau,
Chiayi County, Taiwan.

Directorate-General of Budget, Accounting,
and Statistics (DGBAS). 2011. The year
book of Republic of China. DGBAS, Ex-
ecutive Yuan, Taipei, Taiwan.

Ezekiel, M. 1930. Methods of correlational
analysis. Wiley, New York.

PACIFIC SCIENCE - April 2014

Gabel, K. W., J. D. Wehr, and K. M. Truhn.
2012. Assessment of the effectiveness of
best management practices for streams
draining agricultural landscapes using dia-
toms and macroinvertebrates. Hydrobiolo-
gia 680:247-264.

Griffith, M. B., F. B. Daniel, M. A. Morrison,
M. E. Troyer, J. M. Lazorchak, and J. P.
Schubauer-Berigan. 2009. Linking excess
nutrients, light, and fine bedded sediments
to impacts on faunal assemblages in head-
water agricultural streams. J. Am. Water
Resour. Assoc. 45:1475-1492.

Grimvall, A., P. Stilnacke, and A. Tonderski.
2000. Time scales of nutrient losses from
land to sea: A European perspective. Ecol.
Eng. 14:363-371.

Guo, R.-L. 2011. The relationships between
fish assemblages and stream habitats in Ka-
oping River Basin. Thesis, National Uni-
versity of Tainan, Tainan, Taiwan.

Hammer, &., D. A. T. Harper, and P. D.
Ryan. 2001. PAST: Paleontological statis-
tics software package for education and
data analysis. Palaeontologia Electronica
4.

Han, C.-C,, K. S. Tew, and L.-S. Fang. 2007.
Spatial and temporal variations of two cyp-
rinids in a subtropical mountain reserve: A
result of habitat disturbance. Ecol. Fresh-
water Fish 16:395-403.

Heartsill-Scalley, T'., and 'T. M. Aide. 2003.
Riparian vegetation and stream condition
in a tropical agriculture—secondary forest
mosaic. Ecol. Appl. 13:225-234.

Herlihy, A. T., J. L. Stoddard, and C. B.
Johnson. 1998. The relationship between
stream chemistry and watershed land cover
data in the Mid-Adantic Region, US.
Water Air Soil Pollut. 105:377-386.

Ho, T.-S. 2003. Introduction to geology of
Taiwan. Central Geological Survey, Min-
istry of Economic Affairs, Taipei City,
Taiwan.

Ibaiiez, C., T. Oberdorff, G. Teugels, V. Ma-
mononekene, S. Lavoue, Y. Fermon, D.
Paugy, and A. Kamdem-Toham. 2007.
Fish assemblages structure and function
along environmental gradients in rivers of
Gabon (Africa). Ecol. Freshwater Fish
16:315-334.




Fish Assemblages along Environmental Gradients -

Jackson, D. A., P. R. Peres-Neto, and J. D.
Olden. 2001. What controls who is where
in freshwater fish communities: The role
of biotic, abiotic, and spatial factors. Can.
J. Fish. Aquat. Sci. 58:157-170.

Johnson, L., C. Richards, G. Host, and J. Ar-
thur. 1997. Landscape influences on water
chemistry in Midwestern stream ecosys-
tems. Freshwater Biol. 37:193-208.

Kang, B., D. He, L. Perrett, H. Wang, W.
Hu, W. Deng, and Y. Wu. 2009. Fish and
fisheries in the upper Mekong: Current
assessment of the fish community, threats
and conservation. Rev. Fish Biol. Fish.
19:465-480.

Karr, J. R. 1991. Biological integrity: A long
neglected aspect of water resource man-
agement. Ecol. Appl. 1:66-84.

Lee, P.-F., T.-S. Ding, F.-H. Hsu, and S.
Geng. 2004. Breeding bird species richness
in Taiwan: Distribution on gradients of el-
evation, primary productivity and urban-
ization. J. Biogeogr. 31:307-314.

Lee, P.-F., and S.-H. Liang. 2003. The study
of animal ecological assessment techniques
and testing of assessment models. [In Chi-
nese.] EPA-91-U1E1-02-112, Environ-
mental Protection Administration, Taipei,
Taiwan.

Legendre, P., and L. Legendre. 1998. Nu-
merical ecology. 2nd English ed. Elsevier
Science BV, Amsterdam.

Li, J., L. Huang, L. Zou, Y. Kano, T. Sato,
and T. Yahara. 2012. Spatial and temporal
variation of fish assemblages and their as-
sociations to habitat variables in a moun-
tain stream of North Tiaoxi River, China.
Environ. Biol. Fishes 93:403-417.

Liu, T.-W. 2007. The relationship between
stream macroinvertebrates and environ-
mental variables and its application for bio-
assessment. Master’s thesis, Nanhua Uni-
versity, Chiayi County, Taiwan.

Marchetti, M. P., T Light, P. B. Moyle, and
J. H. Viers. 2004. Fish invasions in Califor-
nia watersheds: Testing hypothesis using
landscape patterns. Ecol. Appl. 14:1507-
1525.

Miller, J. K. 1975. The sampling distribution
and a test for the significance of the bi-
multivariate redundancy statistic: A Monte

Lin et al. 229

Carlo study. Multivar. Behav. Res. 10:233—
244.

Monaghan, R. M., R. J. Wilcock, L. C. Smith,
B. Tikkisetty, B. S. Thorrold, and D. Cos-
tall. 2007. Linkages between land manage-
ment activities and water quality in an in-
tensively farmed catchment in southern
New Zealand. Agric. Ecosyst. Environ.
118:211-222.

Mueller, M., J. Pander, and J. Geist. 2011.
The effects of weirs on structural stream
habitat and biological communities. J.
Appl. Ecol. 48:1450-1461.

Nagasaka, A., and F. Nakamura. 1999. The
influences of land-use changes on hy-
drology and riparian environment in a
northern Japanese landscape. Landscape
Ecol. 14:543-556.

Nerbonne, B. A., and B. Vondracek. 2001.
Effects of local land use on physical habi-
tat, benthic macroinvertebrates, and fish in
the Whitewater River, Minnesota, USA.
Environ. Manage. 28:87-99.

Oksanen, J., F. G. Blanchet, R. Kindt, P. Leg-
endre, R. B. O’Hara, G. L. Simpson, P.
Solymos, M. Henry, H. Stevens, and H.
Wagner. 2010. Vegan: Community ecol-
ogy package. R package version 1.17-4.
http://CRAN.R-project.org/package=
vegan.

Orrego, R., S. M. Adams, R. Barra, G. Chi-
ang, and J. F. Gavilan. 2009. Patterns of
fish community composition along a river
affected by agricultural and urban distur-
bance in South-central Chile. Hydrobiolo-
gia 620:35-46.

Peres-Neto, P. R., P. Legendre, S. Dray, and
D. Borcard. 2006. Variation partitioning
of species data matrices: Estimation and
comparison of fractions. Ecology 87:2614—
2625.

Quist, M. C., W. A. Hubert, and D. J. Isaak.
2004. Fish assemblage structure and rela-
tions with environmental conditions in a
Rocky Mountain watershed. Can. J. Zool.
82:1554-1565.

R Development Core Team. 2009. R: A
language and environment for statistical
computing. R Foundation for Statistical
Computing, Vienna, Austria. ISBN 3-
900051-07-0. http://www.R-project.org.




230

Rahel, F. J., and W. A. Hubert. 1991. Fish as-
semblages and habitat gradients in a Rocky
Mountain—Great Plains stream: Biotic zo-
nation and additive patterns of community
change. Trans. Am. Fish. Soc.120:319-332.

Robinson, J. L., and P. S. Rand. 2005. Dis-
continuity in fish assemblages across an
elevation gradient in a southern Appala-
chian watershed, USA. Ecol. Freshwater
Fish 14:14-23.

Schlosser, 1. J. 1982. Fish community struc-
ture and function along two habitat gradi-
ents in a headwater stream. Ecol. Monogr.
52:395-414.

Shao, K.-T. 2012. Taiwan fish database.
http://fishdb.sinica.edu.tw, accessed 12
August 2012.

Suen, J. P., and E. E. Herricks. 2006. Investi-
gating the causes of fish community change
in the Dahan River (Taiwan) using an aut-
ecology matrix. Hydrobiologia 568:317-
330.

Sutela, T., and T. Vehanen. 2010. Responses
of fluvial fish assemblages to agriculture
within the boreal zone. Fish. Manage.
Ecol. 17:141-145.

Taiwan Institute of Landscape Architects.
2006. The structure plan of Chiayi County
rural landscape management. [In Chinese.]
Soil and Water Conservation Bureau, Tai-
chung, Taiwan.

Teng, W.-H., M.-I. Hsu, C.-H. Wu, and
A.-S. Chen. 2006. Impact of flood disasters
on Taiwan in the last quarter century. Nat.
Hazards 37:191-207.

Tzeng, C.-S. 1986. The freshwater fishes of
Taiwan. [In Chinese.] Bureau of Education
of Taiwan Province, Taichung, Taiwan.

Vondracek, B., K. L. Blann, C. B. Cox, F.
Nerbonne, K. G. Mumford, B. A. Ner-
bonne, L. A. Sovell, and J. K. H. Zimmer-
man. 2005. Land use, spatial scale, and
stream systems: Lessons from an agricul-
tural region. Environ. Manage. 36:775-791.

Wang, C.-M. 1989. Environmental quality
and fish community ecology in an agricul-
tural mountain stream system of Taiwan.
Ph.D. diss., lowa State University, Ames.

PACIFIC SCIENCE - April 2014

Wang, H.-C., C. Liu, H.-J. Huang, P.-Y.
Chung, and K.-H. Huang. 1996. Study of
fishes in the Chung-Kung Stream: Species
distribution and organochlorine pesticide
residues. Chem. Ecol. 12:115-123.

Whittier, T. R., R. M. Hughes, J. L. Stod-
dard, G. A. Lomnicky, D. V. Peck, and A.
T. Herlihy. 2007. A structured approach
for developing indices of biotic integrity:
Three examples from streams and rivers in
the western USA. Trans. Am. Fish. Soc.
136:718-735.

Wy, J., J. Wang, Y. He, and W. Cao. 2011.
Fish assemblage structure in the Chishui
River, a protected tributary of the Yangtze
River. Knowl. Manage. Aquat. Ecosyst.
400:115-128.

Yates, A. G., R. C. Bailey, and J. A. Schwindt.
2007. Effectiveness of best management
practices in improving stream ecosystem
quality. Hydrobiologia 583:331-344.

Yeh, M.-F., ]J.-]J. Chiou, and T.-W. Lee. 2000.
Distribution of fishes in Chinshoei Creek
in relation to elevation and stream gradi-
ents. Endem. Species Res. 2:34-43.

Yen, C.-S. 1993. The preliminary study of
population ecology of Zacco bartata in Ha-
Pen Creek. [In Chinese.] Master’s thesis,
National Normal University, Taipei,
Taiwan.

Yoshimura, C., T. Omura, H. Furumai, and
K. Tockner. 2005. Present state of rivers
and streams in Japan. River Res. Appl.
21:93-112.

Zaimes, G. N., and R. C. Schultz. 2011.
Stream bed substrate composition adjacent
to different riparian land-uses in Iowa,
USA. Ecol. Eng. 37:1692-1699.

Zaimes, G. N, R. C. Schultz, and T. M. Isen-
hart. 2008. Streambank soil and phospho-
rus losses under different riparian land-
uses in Iowa. J. Am. Water Resour. Assoc.
44:935-947.

Zimmerman, J. K. H., B. Vondracek, and ]J.
V. Westra. 2003. Agricultural land use ef-
fects on sediment loading and fish assem-
blages in two Minnesota (USA) water-
sheds. Environ. Manage. 32:93-105.




