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Abstract
Shallow lakes are typically found in one of two stable states, a macrophyte-dominated clear water state or a turbid state due to 
excessive phytoplankton and suspended sediment. Whether shallow backwater lakes in large river floodplains exhibit similar 
alternate stable states is less understood. This study considers mechanisms, interactions and feedbacks associated with a 
shift in environmental conditions and biotic community structure in backwater lakes of a hydrologically dynamic floodplain 
river system. We use long-term data from backwater lakes to show an increase in submersed aquatic vegetation, improved 
water quality, and resulting shifts in the community structure of aquatic vegetation and fish following a 4 year period of 
summer low water discharge on the Upper Mississippi River. Backwater lakes in our study span a gradient of environmental 
conditions. Backwater lakes located in the upper reach of our study area were chronically turbid and support only sparse 
aquatic macrophytes, whereas those downriver exhibited clearer water and abundant vegetation. An increase in submersed 
aquatic vegetation in the lower backwater lakes resulted in a fish community shift to more vegetation-associated species. A 
lesser response in submersed aquatic vegetation abundance and fish community shift was observed in the upper, more turbid 
backwater lakes. The combination of vegetative cover and turbidity were key environmental variables associated with fish 
community structure in lower backwater lakes. Turbidity was the key environmental variable associated with submersed 
aquatic vegetation in both upper and lower backwaters. Providing further insight into the physical, chemical and biological 
interactions associated with ecological shifts will help guide management and restoration decisions towards more resilient, 
macrophyte-rich floodplain backwaters.
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Introduction

The concepts of ecological regime shifts, alternative sta-
ble states and ecosystem resilience were introduced dec-
ades ago (Lewontin 1969; Holling 1973; May 1977). In 

freshwater systems, classic examples of regime shifts take 
place in shallow lakes that alternate between a clear water 
state dominated by macrophytes and a turbid state charac-
terized by phytoplankton and suspended sediment (Scheffer 
et al. 1993). Aquatic macrophytes in shallow lakes provide a 
feedback loop that enhances water clarity and improves con-
ditions for growth. Mechanisms may include phytoplankton 
suppression from direct competition for nutrients or allel-
opathy (van Donk and van de Bund 2002), stabilization of 
bottom sediments (Dieter 1990; James et al. 2004), wind 
energy reduction (James and Barko 1994) and refuge from 
fish predation for zooplankton that consume phytoplankton 
(Timms and Moss 1984; Schriver et al. 1995). Without feed-
back mechanisms that provide resilience, shallow eutrophic 
lakes are susceptible to excessive phytoplankton growth and 
sediment resuspension, which will increase turbidity, reduce 
light penetration and may lead to the loss of submersed 
aquatic vegetation (SAV) and inhibit its reemergence. 
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Aquatic macrophytes also provide structural habitat com-
plexity and their presence can structure invertebrate (Chilton 
1990; Beckett et al. 1992; Burdis and Hoxmeier 2011) and 
fish communities (Bettoli et al. 1993; Crowder and Cooper 
1982). Thus aquatic macrophyte dynamics are key to the 
resilience of shallow lake systems existing in one stable state 
or another.

While many studies of freshwater regime shifts have 
reported on the relatively closed systems of shallow inland 
lakes, few studies have identified whether these sorts of 
ecological shifts occur in large rivers (but see Sparks et al. 
1990; Ibáñez et al. 2012; Giblin 2017). Large floodplain-
river systems often consist of an array of lateral off-channel 
areas including shallow backwater lakes (hereafter referred 
to as backwaters). Shifts in closed lake systems are generally 
thought to be biotically driven (Dent et al. 2002); however, 
the dynamics of biotic and abiotic drivers of aquatic mac-
rophytes in backwaters of a large floodplain river are less 
understood. Backwaters are diverse and may be driven by 
both physical and biological mechanisms. Water discharge 
has been described as a master variable that controls many 
processes in river ecosystems (Doyle et al. 2005). Discharge 
directly affects current velocity, water residence time, water 
elevation, depth, and sediment and nutrient loading. While 
discharge regime and associated physical attributes may be 
important to macrophytes in river systems, consideration 
must also be given to the potential of biotic interactions and 
feedback (Dent et al. 2002; Franklin et al. 2008).

Most large rivers in the world have been altered by human 
activity (Gore and Shields 1995) including the Upper Mis-
sissippi River (UMR) (Sparks et al. 1998). Hydrological 
characteristics of the UMR have been modified by a low-
head lock and dam system built for commercial navigation 
and levees for flood protection. Inundation of large areas of 
the floodplain caused by the lock and dam system created 
new and productive backwater habitat of ecological and rec-
reational importance (Fremling 2005). However, over time 
some backwaters began to lose aquatic macrophytes and 
became turbid, unvegetated lakes vulnerable to wind and 
wave energy. In addition, much of the UMR basin has been 
converted to intensive agriculture resulting in water qual-
ity impairments due to excessive nutrients and sediments 
associated with row crop agriculture (Tuner and Rabalais 
2003) raising concerns of cumulative effects on the state 
of the river (Bouska et al. 2018). Despite these alterations 
and stressors to the system, much of the floodplain remains 
connected in upper reaches of the river providing a complex 
assemblage of habitats that support diverse biological com-
munities (Bouska et al. 2018).

Our study area on the UMR contains a long mainstem 
natural riverine lake that retains suspended material, sub-
stantially improving water clarity downriver (Houser et al. 
2010). Long-term data from contrasting environmental 

conditions upriver and downriver of the mainstem lake 
provide a unique opportunity to study long term ecologi-
cal dynamics of two different groups of shallow, floodplain 
backwaters located in close proximity. The objective of this 
study was to use our 23 years of monitoring data to illus-
trate that the macrophyte-turbidity relationship identified by 
Scheffer et al. (1993) as driving dynamics in shallow inland 
lakes is also present in backwaters of a large floodplain river 
system. We examined spatiotemporal responses in water 
quality, SAV, and patterns in fish community structure to a 
period of low water discharge. Lastly, we attempt to identify 
whether there are a subset of particularly important environ-
mental variables associated with changes in SAV and fish 
community composition.

Methods

Study area

Pool 4 of the UMR (Fig. 1) is one of 29 pools created pri-
marily by a low-head lock and dam system built for naviga-
tion. The floodplain remains mostly connected to the main-
stem river and has an extensive off-channel system of side 
channels and shallow backwaters. Pool 4 is unique among 
the navigation pools in that a 35 km long mainstem natural 
riverine lake, Lake Pepin, is located in the middle and sepa-
rates the pool into an upper and lower reach of which each 
are about 19 km long. There are large physical and biologi-
cal differences between the two reaches due in part to Lake 
Pepin, which creates a semi-lentic environment that retains 
suspended material, improving water clarity downriver by 
twofold (Houser et al. 2010). Backwaters in the upper reach 
are chronically turbid during most of the year and aquatic 
vegetation is sparse, whereas the lower reach backwaters 
have abundant aquatic vegetation and clearer water. The lock 
and dam system has stabilized water elevations relative to 
the historical, unconstrained river (Theiling and Nestler 
2010), especially at the lower ends of the pool. However, a 
gradient of water elevation fluctuation now extends through 
the pool so that when water discharge increases, the upper 
backwaters experience much greater water level fluctuations 
than lower backwaters.

Sampling design

Data were collected as part of a multi-agency cooperative 
partnership known as Upper Mississippi River Restoration 
program’s Long Term Resource Monitoring element https 
://www.umesc .usgs.gov/ltrm-home.html. Water quality, 
aquatic vegetation and fish have been sampled annually in 
Pool 4 since the early 1990’s. All three monitoring compo-
nents utilized a stratified random sampling (SRS) design 

https://www.umesc.usgs.gov/ltrm-home.html
https://www.umesc.usgs.gov/ltrm-home.html
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whereby strata represent the major habitat types on the 
UMR. Water quality SRS is conducted during four seasonal 
episodes that generally occur within a 2 week window (win-
ter—late January, spring—late April, summer—late July, 
fall—early October). Fish were sampled over three SRS 
episodes during the midsummer (June 15th–July 31st); late 
summer (August 1st–September 15th) and fall (September 
16th–October 31st). SAV was sampled during one midsum-
mer episode (June 15th–August 15th). In addition, water 
quality was sampled at 14 fixed site locations on a bi-weekly 
to monthly frequency, depending on time of the year. Stand-
ardized sampling was conducted from 1993 through 2015 
for the fish and water quality components and from 1998 
through 2015 for the vegetation component. For this study, 
only data collected from the backwater stratum was used in 
the analysis where backwaters upriver of Lake Pepin were 
identified as upper backwaters and those below Pepin as 
lower backwaters.

Fifty random backwater sites were allocated for water 
quality sampling during each seasonal SRS episode (Soballe 
and Fischer 2004). Water temperature and current velocity 
were taken in situ. Water grab samples were collected for 
laboratory analysis of turbidity, chlorophyll-a (CHL), total 

suspended solids (TSS), volatile suspended solids (VSS), 
total phosphorus (TP) and total nitrogen (TN).

A minimum of 200 backwater sites per year over the 
23 years of the study were allocated for standardized annual 
aquatic vegetation sampling using a rake method (Yin et al. 
2000). At each site, six subsites, each approximating a 
quadrat of 150 cm long by 35 cm wide (i.e. width of rake), 
were sampled around the perimeter of the boat. Sampling 
included an initial visual scan of each quadrat followed by 
the dragging of a two-sided rake along the sediment. All 
species observed during the visual scan were recorded as 
present. The relative abundance of SAV species captured in 
each rake was assigned a six-level ordinal plant density score 
where increasing values represented increasing thickness of 
plant material on the rake teeth. If plants were not captured, 
the sample received a plant density score of 0. If submersed 
plants were captured the entire sample was assigned a value 
of 1, 2, 3, 4 or 5 which corresponded to the amount of plant 
material on the rake.

For each of the 23 years of the study a minimum of 42 
sites were allocated in backwaters for fish sampling during 
the late summer (August 1st–September 15th) and fall (Sep-
tember 16th–October 31st) episodes. The fish community 

Fig. 1  Map of Upper Mississippi River Navigation Pool 4 including backwater lake study areas above and below Lake Pepin
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was sampled using fyke nets, mini-fyke nets, and day elec-
trofishing. In addition, a visual assessment of percent veg-
etation coverage at each site was assigned one of four cate-
gorical values (0 = 0, 1 = 1–50%, 2 = 51–75%, 3 = 76–100%) 
(Ratcliff et al. 2014).

Data analysis

Environmental conditions

Multiple independent environmental variables were analyzed 
for spatial and temporal trends, and were used as explanatory 
variables in multivariate analyses of biological community 
structure (Table 1). Environmental variables were obtained 
from three sources: routine water quality monitoring, lock 
and dams (i.e., discharge, elevation), or collected as part of 
fish sampling (i.e., vegetation cover). Median values of envi-
ronmental variables were used in most multivariate analyses, 
except for water elevation, which used calculated coefficient 
of variation, and vegetation cover, where categorical data 
was averaged. P < 0.05 was set as the level of significance 
for all statistical analyses.

To justify separation of upper and lower backwaters for 
analysis, environmental data were analyzed using multivari-
ate techniques with PRIMER 6 and PERMANOVA + soft-
ware (PRIMER_E Ltd. Plymouth, UK). Principle compo-
nent analysis (PCA) was used to examine spatiotemporal 
patterns using a subset of environmental data (Table 1). To 

test for significant environmental differences between upper 
and lower backwaters a one-way permutational multivariate 
analysis of variance (PERMANOVA) was performed. Data 
were transformed when necessary to approximate normality.

Water quality trends

Water quality variables collected as part of routine moni-
toring (Table 1) were analyzed for monotonic trends over 
the period of study (1993–2015) with SAS software version 
9.4 (SAS Institute Inc. Cary, NC, USA). Kendall’s tau test 
(Kendall 1975) was used to test for significant trends and 
the associated Sen’s slope estimates (Sen 1968) were used 
to capture the magnitude of the trend. Data were not sum-
marized or transformed for these nonparametric tests. Sites 
were grouped into upper or lower backwaters for analysis.

Submersed aquatic vegetation

The annual percent frequency of occurrence of all SAV 
and individual species were calculated for both upper and 
lower backwaters as the number of sites where observed 
divided by the number of sample sites. In addition, SAV 
biomass at each site was estimated based on a quadratic 
relationship between rake density scores and fresh weight 
(Drake and Lund 2020). SAV community structure was 
analyzed using multivariate techniques with PRIMER soft-
ware version 6. Annual percent frequency of occurrence 

Table 1  Description of environmental variables used in principle 
component analysis (PCA), permutational multivariate analysis of 
variance (PER), nonmetric multidimensional scaling BIOENV proce-

dure for submersed aquatic vegetation (SAV) and fish (Fish) commu-
nity pattern analysis, and Kendall tau long term trend analysis (Ken)

Variable transformations (T)
sp Spring, su summer

Variable T Data source PCA
PER

SAV Fish Ken

Total phosphorus log Collected in backwaters during summer water quality sampling episodes X X X
Total nitrogen log Collected in backwaters during summer water quality sampling episodes X X X
Turbidity log Collected in backwaters during summer water quality sampling episodes X X X X
Vegetation cover Mean categorical vegetation coverage collected at fish sampling sites X X
Water temperature-sp Collected in backwaters during spring water quality sampling episodes X X
Water temperature-su Collected in backwaters during summer water quality sampling episodes X X X X
Chlorophyll a log Collected in backwaters during summer water quality sampling episodes X X
Current velocity log + 1 Collected in backwaters during summer water quality sampling episodes X X X X
Water discharge-sp Discharge (Apr–May) at Lock and Dam 3 (upper) or 4 (lower) X X
Water discharge-su Discharge (Jun-Aug) at Lock and Dam 3 (upper) or 4 (lower) X X
Water elevation-sp log Water elevation coefficient of variation (Apr-May) at Lock and Dam 3 (upper) and 4 

(lower)
X X

Water elevation-su log Water elevation coefficient of variation (Jun-Aug) at Lock and Dam 3 (upper) and 4 
(lower)

X X X

Total solids Collected in backwaters during summer water quality sampling episodes X
Volatile solids Collected in backwaters during summer water quality sampling episodes X
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of thirteen commonly occurring SAV species were square 
root transformed prior to the creation of a Bray–Curtis 
similarity matrix and analysis with non-metric multidi-
mensional scaling (NMDS) (Clarke 1993). Cluster analysis 
along with similarity profile permutation tests (SIMPROF) 
were used to identify groups of years that were signifi-
cantly similar based on SAV community structure. Simi-
larity percentages method (SIMPER) (Clarke and Gorley 
2006) was performed to determine individual SAV species 
most responsible for differences between year groupings 
identified in cluster analysis. Lastly, the BIOENV method 
(Clarke and Gorley 2006) was performed to identify 
environmental variables that may explain SAV commu-
nity structure and patterns using relevant available data 
(Table 1).

Fish

Fish community structure was also analyzed using multi-
variate techniques with PRIMER. In order to analyze mul-
tiple gear types together, a multi-gear mean standardization 
method (Gibson-Reinemer et al. 2016) was used to com-
bine the catch per unit effort of fyke nets, mini-fyke nets 
and electrofishing into a single index of abundance (here-
after referred to as CPUE). A total of 46 fish species were 
included in the community analysis. Rare species captured 
at a frequency of less than 10% over the study period were 
excluded from this analysis based on the findings of Poos 
and Jackson (2012). Fish CPUE data were square root trans-
formed prior to the creation of a Bray–Curtis similarity 
matrix to minimize the impact of more abundant species. 
NMDS was performed using annual mean abundances cal-
culated from late summer and fall sampling episodes.

Cluster analysis and SIMPROF were used to identify 
groups of years that were significantly similar based on fish 
community structure within upper and lower backwaters. 
To determine if there were significant differences in the fish 
community structure between upper and lower backwaters 
a one-way analysis of similarity (ANOSIM) was performed. 
The ANOSIM procedure provides an R statistic, which is a 
comparative measure of the degree of separation between 
communities (Clarke and Warwick 2001). Values of R near 
zero indicate assemblages are similar and support the null 
hypothesis of no differences between communities, whereas 
values close to 1 indicate greater differences. Next, SIMPER 
was performed to determine the individual species respon-
sible for the differences between the groups identified in the 
cluster analysis and in differences in the fish community 
between the upper and lower backwaters. Finally, BIOENV 
was performed to identify environmental variables that may 
explain fish community structure and patterns using relevant 
available data (Table 1).

Results

Environmental and hydrologic conditions

PCA biplot of environmental variables revealed a dis-
tinct spatial pattern separating upper and lower backwa-
ters (Fig. 2) that was significant based on PERMANOVA 
analysis (P = 0.001). Vegetation cover, turbidity and water 
elevation variability contributed the most to the first prin-
ciple component in PCA analysis, which accounted for 
47% of the total variance (Table 2). Vegetation cover was 
most associated with lower backwaters, while turbidity 

Fig. 2  Principal component biplot for environmental variables illus-
trating the relationship between upper and lower backwaters. Varia-
bles are abbreviated as follows: chlorophyll-a (Chl), total phosphorus 
(TP), total nitrogen (TN), turbidity (Turb), water elevation (Elv), cur-
rent velocity (Vel), vegetation cover (Veg)

Table 2  Variable loadings on first and second principal components 
of environmental predictor variables collected in upper and lower 
backwaters

Water elevation coefficient of variation (CV) was calculated from the 
upper (L&D3) and lower (L&D4) lock and dams

Variable PC1 PC2

Vegetation cover − 0.477 − 0.067
Turbidity 0.469 0.055
Water temperature 0.119 − 0.553
Elevation (CV) 0.428 0.093
Total phosphorous 0.327 − 0.261
Total nitrogen 0.275 0.355
Chlorophyll-a 0.396 − 0.311
Current velocity 0.126 0.622
% variation 47.6 21.7
Cum. % variation 47.6 69.4
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and water elevation variability were most associated with 
upper backwaters. The environmental spatial pattern was 
consistent over the study period, aside from one outlier 
year that included flood-level conditions, justifying separa-
tion of upper and lower backwaters for community analysis 
of SAV and fish. 

Pool 4 of the UMR experienced unusually low water dis-
charge (below 50% of the 23 year median) during the sum-
mer months of 2006, 2007 and 2009 (Fig. 3a). Tailwater 
elevation at Lock and Dam 3, which indicate water elevation 
conditions in upper backwaters, were lower and less vari-
able during those same three years (Fig. 3b). Water elevation 

near Lock and Dam 4, which indicate conditions in lower 
backwaters, were more stable over the entire study period. 
With the exception of the low water discharge period, upper 
backwaters experienced more variability in water elevation 
than lower backwaters. Current velocity in backwaters is 
positively correlated to water discharge at the lock and dams. 
This relationship was most noticeable in the lower backwa-
ters when summer median current velocity was zero from 
2005 through 2010 (Fig. 4a). 

Water quality differed between the upper and lower 
backwaters over the 23-year period of record (Table 3; 
Fig. 4). Turbidity, TSS, and CHL concentrations during 

Fig. 3  Median summer (Jun–
Aug) discharge (a) and summer 
elevation (b) at lock and dam 3 
and 4. Reference lines in graph 
a represent the 23 year median 
for Lock and Dam 3 (solid line) 
and Lock and Dam 4 (dashed 
line). Box and whiskers in graph 
b represent the median, 5th, 
25th, 75th and 95th percentiles
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Fig. 4  Median (SE) current 
velocity (a), chlorophyll-a (b), 
and turbidity (c) of upper and 
lower backwaters during sum-
mer stratified random sampling 
episodes
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summer SRS episodes were approximately three times 
higher in the upper backwaters compared to the lower. 
Nutrient concentrations were also higher in the upper 
backwaters; total nitrogen and phosphorus were over 15% 
greater on average.

Water quality trends

Water quality trends (Table 3) included a decrease in tur-
bidity and TSS in both upper and lower backwaters over 
the study period. In lower backwaters, a decrease in VSS, 
CHL (Fig. 4b) and turbidity (Fig. 4c) occurred in 2007. 
There was also an obvious decrease in turbidity at a fixed 
site that coincided with the increase in SAV (Fig. 5). Total 
phosphorus concentrations had no significant change in 
upper backwaters and a slight decrease in lower backwa-
ters. There was a similar decrease in total nitrogen in both 
upper and lower backwaters.

Submersed aquatic vegetation

Seventeen species of SAV were identified in Pool 4 over the 
study period, the two most common being coontail (Cera-
tophyllum demersum) and Canadian waterweed (Elodea 
canadensis; Table 4). Four species were very rare, found at 
less than 5% of sites and only in lower backwaters: northern 
watermilfoil (Myriophylum sibiricum), alpine pondweed 
(Potamogeton alpinus), common bladderwort (Utricularia 
macrorhiza), and clasping-leaf pondweed (Potamogeton 
richardsonii). Annual SAV species richness increased in 
upper and lower backwaters during and following the low 
discharge years (Fig. 6a). However, total and annual species 
richness was greater in lower backwaters (17 total species; 
11–13 per year) than in upper backwaters (11 total species; 
2–10 per year).

Frequency of occurrence of SAV in lower backwaters 
increased sharply in 2005 (from 65 to 80%), continued 
to increase through the low discharge years (2006–2009) 

Table 3  Median values for water quality variables (1993––2015) and results for the Kendall tau test and Sen’s slope estimator

Variable Upper backwaters Lower backwaters

Median N Kendall p-value Sen slope Median N Kendall p-value Sen slope

Turbidity (NTU) 30.0 260 < 0.001 − 1.226 8.0 733 < 0.001 − 0.555
Total suspended solids (mg  L−1) 36.3 259 < 0.001 − 1.300 9.8 743 < 0.001 − 0.570
Volatile suspended solids (mg  L−1) 11.7 259 0.484 5.1 742 < 0.001 − 0.080
Chlorophyll-a (μg  L−1) 42.3 261 0.375 15.3 750 < 0.001 − 0.555
Temperature (oC) 26.0 264 < 0.001 0.077 25.7 794 0.026 0.020
Current velocity (m  s−1) 0.030 250 0.003 − 0.001 0.010 794 < 0.001 − 0.001
Total phosphorus (mg  L−1) 0.198 97 0.514 0.162 339 0.029 − 0.001
Total nitrogen (mg  L−1) 2.057 97 < 0.001 − 0.036 1.746 341 < 0.001 − 0.036

Fig. 5  Annual summer 
(Jun–Sep) turbidity (box and 
whiskers) and percent frequency 
of occurrence of submersed 
aquatic vegetation (SAV; solid 
circles and line) in a lower 
backwater. Box and whisk-
ers represent the median, 5th, 
25th, 75th and 95th percentiles. 
Turbidity data is from a fixed 
site and SAV is from random 
sampling sites within this 
backwater
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Fig. 6  Annual species rich-
ness (a), percent frequency of 
occurrence (b) and estimated 
mean annual biomass (c) of 
submersed aquatic vegeta-
tion (SAV) in upper and lower 
backwaters
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and exceeded 80% for the remainder of the study period 
(Fig. 6b). Frequency of occurrence in the upper backwa-
ters increased sharply in 2007 (from 8 to 23%) and con-
tinued to increase steadily through the low discharge years 
to over 50% (Fig. 6b). The proportion of sites where SAV 
was observed was greater in lower backwaters during all 
years though both reaches exhibited similar patterns over the 
entire study period. Annual SAV biomass estimates gener-
ally followed the same increasing and decreasing patterns 
as percent frequency of occurrence. However, biomass esti-
mates revealed a more pronounced contrast between upper 
and lower backwaters where annual mean biomass ranged 

from 4 to 16 times greater in lower backwaters and followed 
a similar increasing pattern through the low discharge years 
(Fig. 6c). The very large increase in SAV biomass and 
percent frequency of occurrence in 2005 coincided with a 
decrease in CHL (Fig. 4b) and turbidity (Fig. 4c) in lower 
backwaters.

Community structure of SAV shifted in both upper and 
lower backwaters (Fig. 7). SIMPROF analysis identified 
3 distinct SAV clusters in lower backwaters: 1998–2004, 
2005–2007, and 2008–2015 with the exception of 2014 
which clustered with the early years. Sampling efficiency 
for SAV may have been hindered in 2014 due to very high 

Fig. 7  Non-metric multidimen-
sional scaling (NMDS) ordina-
tion of annual SAV assem-
blages in a upper and b lower 
backwater lakes. Dashed circles 
represent significantly different 
year clusters
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discharge and elevation during the sampling episode. SAV 
community structure in upper backwaters also had 3 distinct 
clusters: 2004 on its own, 1998–2008 clustered together with 
2012–2014, and 2009–2011 with 2015.

SIMPER analysis revealed that an increase in overall 
abundance of flat-stem pondweed (Potamogeton zosteri-
formis), narrow-leaf pondweeds (Potamogeton spp.), Cana-
dian waterweed and coontail were primarily responsible for 
the shift in SAV composition in lower backwaters. In upper 
backwaters an increases in coontail was most responsible 
for the SAV community shift. BIOENV analysis showed 
turbidity as the environmental variable that best explained 
SAV community patterns in upper and lower backwaters 
(Table 5).

Fish community

Of the 46 species of fish used in analysis, bluegill (Lepomis 
macrochirus) was by far the most common fish in back-
waters of Pool 4 (Table 6). Spatial differences in the fish 
community between the upper and lower backwaters were 
significant (ANOSIM, R = 0.68, P = 0.001; Fig. 8). Blue-
gill, yellow perch (Perca flavescens), weed shiner (Notro-
pis texanus) and largemouth bass (Micropterus salmoides) 
were more abundant in lower backwaters. Emerald shiner 
(Notropis atherinoides), gizzard shad (Dorosoma cepedi-
anum), and black crappie (Pomoxis nigromaculatus) were 
more abundant in upper backwaters. These seven species 
contributed to over 40% of the dissimilarity between upper 
and lower fish communities (Table 6; Fig. 8). Several species 

Table 5  Rank correlation coefficients (ρ) between among-sample pat-
terns of assemblage of fish and submersed aquatic vegetation (SAV) 
and independent environmental variables

Significance level of sample statistic (P). Number of environmental 
variables (No.). Variable abbreviation: turbidity (Turb), total nitrogen 
(TN), current velocity (vel), coefficient of variation of spring water 
elevation (SpElv), vegetation cover (veg) spring discharge (SpDis), 
summer discharge (SuDis), coefficient of variation of summer water 
elevation (SuElv)

Backwater community ρ P No. Variables

Upper backwater—SAV 0.425 0.028 1 Turb
0.388 2 Turb, TN
0.373 2 Turb, vel

Lower backwater—SAV 0.576 0.001 1 Turb
0.482 2 Turb, SpElv
0.469 2 Turb, SpElv

Upper backwater—fish – 0.814 – –
Lower backwater—fish 0.473 0.001 2 Turb, veg

0.471 3 Turb, veg, SuDis
0.452 3 Turb, veg, SuElv

Table 6  Results of SIMPER 
analysis of upper (up) and 
lower (low) backwater fish 
communities (1993–2015)

Multi-gear mean standardization catch per unit effort (CPUE × 100), percent contribution of individual spe-
cies (Cont. %) towards community differences between upper and lower backwaters and cumulative contri-
bution (Cum. %)

Common name Scientific name CPUE-up CPUE-low Cont. % Cum. %

Bluegill Lepomis macrochirus 74.63 135.96 9.27 9.27
Emerald shiner Notropis atherinoides 55.14 8.21 7.59 16.86
Gizzard shad Dorosoma cepedianum 47.72 16.98 6.65 23.51
Yellow perch Perca flavescens 1.01 18.18 5.66 29.17
Weed shiner Notropis texanus 0.45 15.61 4.36 33.53
Black crappie Pomoxis nigromaculatus 40.32 16.76 4.21 37.74
Largemouth bass Micropterus salmoides 6.20 16.67 3.64 41.37
Spotted sucker Minytrema melanops 0.03 4.40 3.49 44.87
Pumpkinseed Lepomis gibbosus 0.09 7.17 3.40 48.27
Bullhead minnow Pimephales vigilax 16.72 3.19 3.22 51.49
Silver redhorse Moxostoma anisurum 1.35 7.39 3.16 54.65
Pugnose minnow Opsopoeodus emiliae 0.27 7.81 2.97 57.63
Rock bass Ambloplites rupestris 0.12 4.18 2.97 60.59
White crappie Pomoxis annularis 6.27 0.32 2.76 63.35
White bass Morone chrysops 4.84 2.57 2.64 65.99
Spottail shiner Notropis hudsonius 10.16 1.68 2.38 68.36
Golden shiner Notemigonus crysoleucas 0.04 1.95 1.91 70.27
Spotfin shiner Cyprinella spiloptera 5.02 1.06 1.88 72.16
Common carp Cyprinus carpio 6.53 5.50 1.81 73.97
Shorthead redhorse Moxostoma macrolepidotum 2.49 2.27 1.65 75.62
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of fish that are routinely collected in lower backwaters were 
rarely collected in upper backwaters [e.g. pumpkinseed 
(Lepomis gibbosus), spotted sucker (Minytrema melanops), 
golden redhorse (Moxostoma erythrurum) and golden shiner 
(Notemigonus crysoleucas)]. In fact three fish species: pirate 
perch (Aphredoderus sayanus), yellow bullhead (Ameiurus 
natalis) and black bullhead (Ameiurus melas) have never 
been collected in upper backwaters.

Fish community structure in both upper and lower back-
water lakes separated into two significant clusters (Fig. 9). 
However, in upper backwaters only two nonconsecutive 
years (i.e. 2012, 2015) were identified as having distinct 
community structure (Fig. 9a). The separation of these 
2 years was driven by increased abundance of bluegill, spot-
tail shiner (Notropis hudsonius), black crappie and decreased 
abundance in emerald shiner and gizzard shad. These five 
species accounted for over 50% of the dissimilarity between 
clusters (Table 7). In contrast, the fish community in lower 
backwaters experienced a temporal shift between 2005 and 
2008 and revealed two distinct and significantly different 
clusters (Fig. 9b). This shift was driven in large part by an 
increase in weed shiner, which had rarely been captured 
prior to 2006 (Table 8; Fig. 10). Nine species accounted for 
over 50% of the dissimilarity, including increased abundance 
in bluegill, pumpkinseed and yellow perch and decreased 
abundance in gizzard shad, pugnose minnow (Opsopoeo-
dus emiliae), emerald shiner, bullhead minnow (Pimephales 
vigilax) and black crappie (Table 8; Fig. 10).

Environmental variables were not associated with fish 
community patterns in upper backwaters as indicated by 
the BIOENV procedure (Table 5). However, in lower back-
waters the multivariate combination of aquatic vegetative 
cover and turbidity best explained fish community patterns 
(ρ = 0.47, P = 0.001).

Discussion

We documented an abrupt increase in water clarity and 
SAV abundance and an associated shift in the structure 
of a diverse fish community to fewer open water species 
and more vegetation-associated species following several 
consecutive years of low discharge. These changes were 
observed throughout our study area but were more pro-
nounced in lower backwaters downriver of Lake Pepin. 
We hypothesize that low discharge enhanced a subset of 
environmental conditions beyond a critical threshold in 
backwaters and triggered an increase in SAV growth. SAV 
community composition also shifted towards more lentic 
species intolerant of high current velocity. Feedback associ-
ated with increased abundance of SAV was detected in lower 
backwaters as water clarity increased two years following a 
large increase in SAV abundance. Turbidity was the envi-
ronmental variable most associated with changes in SAV in 
both upper and lower backwaters, yet the cause or effect rela-
tionship between SAV and turbidity could differ between the 
two sets of backwaters. Vegetation cover and turbidity were 
the environmental variables most temporally associated with 
fish community patterns in lower backwaters. There were no 
significant associations between environmental variables and 
fish community patterns in upper backwaters.

In their review, Franklin et  al. (2008) identified dis-
charge, light availability, substrate, and nutrient availabil-
ity, in addition to current velocity, as the most important 
variables governing macrophyte growth in river systems. 
Current velocity negatively affects macrophytes by uproot-
ing or causing physical damage to the plant, but it can also 
influence indirect physiological mechanisms affecting nutri-
ent uptake, gas exchange and photosynthesis (Madsen et al. 
2001). While current velocity is important, it is understood 

Fig. 8  NMDS ordination of 
annual fish assemblages in both 
upper and lower backwater 
lakes and vectors of the fish 
species most responsible for 
community difference. Fish spe-
cies are abbreviated as follows: 
bluegill (BLGL), emerald shiner 
(ERSN), gizzard shad (GZSD), 
yellow perch (YWPH), weed 
shiner (WDSN), black crap-
pie (BKCP), largemouth bass 
(LMBS)
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that other environmental variables also determine the distri-
bution and abundance of SAV. Prevalence and composition 
of SAV in lower backwaters during the early years of our 
study suggests that light was adequate. Water-column nutri-
ent concentrations and water elevation, both of which are 
known to control SAV communities (Franklin et al. 2008), 
remained relatively stable in lower backwaters throughout 
the study period suggesting these variables were not primary 
drivers of the increase in SAV. Our analysis identified tur-
bidity as the variable most strongly associated with changes 
in SAV community patterns. While water clarity improved 
as SAV increased, we believe this may have been more of a 

feedback provided by SAV in lower backwaters. The other 
notable environmental change in lower backwaters was the 
distinct period of low current velocity. We suspect that the 
low current velocity may have acted as a catalyst to start the 
increase in SAV abundance and shift towards more lentic 
species similar to what has been observed in nearby areas 
on the UMR (Carhart and De Jager 2019).

Gurnell et al. (2006) found altered patterns and reductions 
in current velocities within and near SAV stands. We sus-
pect that current velocities may have been further reduced 
in lower backwaters following the increase in SAV. Sand-
Jensen and Mebus (1996) noted SAV species with large leaf 

Fig. 9  NMDS ordination of 
annual fish assemblages in 
upper (a) and lower (b) back-
waters lakes. Dashed circles 
represent significantly different 
year clusters
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areas on bushy shoots (e.g. Canadian waterweed) reduced 
current more than species with narrower streamlined leaves. 
Noticeable increases in coontail and Canadian waterweed 

along with flat-stem and narrow-leaf pondweeds and only 
modest increases in lotic species such as wild celery (Val-
lisneria americana) and water stargrass (Heteranthera 

Table 7  Results from SIMPER 
analysis of upper backwater fish 
clusters

Multi-gear mean standardization catch per unit effort (CPUE × 100) for pre and post community shift 
years, percent contribution of individual species (Cont. %) towards community differences between clusters 
and cumulative contribution (Cum. %). Pre shift years (1993–1994, 1997–2001, 2004–2009, 2001, 2013–
2014). Post shift years (2012, 2015)

Common name Scientific name CPUE-pre CPUE-post Cont. % Cum. %

Bluegill Lepomis macrochirus 53.32 245.09 15.42 15.42
Spottail shiner Notropis hudsonius 2.15 74.26 10.27 25.69
Emerald shiner Notropis atherinoides 61.97 0.51 10.08 35.77
Black crappie Pomoxis nigromaculatus 31.99 106.92 9.33 45.10
Gizzard shad Dorosoma cepedianum 52.88 6.45 6.42 51.52
Bullhead minnow Pimephales vigilax 16.40 19.28 6.00 57.52
Weed shiner Notropis texanus 0.10 3.27 2.70 60.22
Largemouth bass Micropterus salmoides 5.70 10.22 2.62 62.84
Northern pike Esox lucius 1.30 7.02 2.39 65.24
White bass Morone chrysops 5.30 1.15 2.17 67.41
Spotfin shiner Cyprinella spiloptera 5.35 2.37 2.07 69.48
White crappie Pomoxis annularis 6.76 2.32 1.92 71.40
Common carp Cyrinus carpio 7.05 2.40 1.81 73.21
Logperch Percina caprodes 0.44 2.08 1.65 74.86
Yellow perch Perca flavescens 0.91 1.80 1.59 76.44

Table 8  Results from SIMPER 
analysis of lower backwater fish 
clusters

Multi-gear mean standardization catch per unit effort (CPUE × 100) for pre and post community shift 
years, percent contribution of individual species (Cont. %) towards community differences between clusters 
and cumulative contribution (Cum. %). Pre shift years (1993–2002, 2004, 2005, and 2007). Post shift years 
(2006, 2008–2015)

Common name Scientific name CPUE-pre CPUE-post Cont. % Cum. %

Weed shiner Notropis texanus 0.14 37.95 11.59 11.59
Bluegill Lepomis macrochirus 116.58 163.95 8.81 20.40
Gizzard shad Dorosoma cepedianum 27.19 2.25 7.10 27.50
Pugnose minnow Opsopoeodus emiliae 13.10 0.17 5.51 33.00
Pumpkinseed Lepomis gibbosus 2.47 13.96 4.18 37.18
Yellow perch Perca flavescens 12.96 25.73 3.75 40.93
Emerald shiner Notropis atherinoides 10.06 5.53 3.49 44.43
Bullhead minnow Pimephales vigilax 4.33 1.54 3.35 47.78
Black crappie Pomoxis nigromaculatus 20.98 10.67 3.20 50.98
Largemouth bass Micropterus salmoides 12.17 23.16 3.11 54.09
White bass Morone chrysops 4.27 0.10 2.85 56.94
Silver redhorse Moxostoma anisurum 9.89 3.78 2.67 59.62
Common carp Cyrinus carpio 7.77 2.22 2.63 62.25
Tadpole madtom Noturus gyrinus 0.40 3.08 2.11 64.35
Golden shiner Notemigonus crysoleucas 0.97 3.35 2.06 66.41
Rock bass Ambloplites rupestris 4.81 3.27 1.87 68.28
Bowfin Amia calva 2.50 4.93 1.77 70.05
Yellow bullhead Ameiurus natalis 0.21 1.42 1.68 71.74
Spottail shiner Notropis hudsonius 2.03 1.19 1.58 73.32
Spotfin shiner Cyprinella spiloptera 0.88 1.32 1.57 74.89
Shorthead redhorse Moxostoma macrolepidotum 2.96 1.27 1.49 76.38
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dubia) are another indication that discharge and current 
velocity are potential key drivers of an overall increase in 
SAV abundance and community shift. Carhart and De Jager 
(2019) found similar results in Pool 8 of the UMR where 
SAV shifted towards a community dominated by coontail 
and narrow-leaf pondweeds in areas where current veloc-
ity was reduced due to island construction. In our study, 
the SAV shift in lower backwaters appeared to include a 
transition community (2005–2007) before stabilizing in the 
later years. Lentic species of narrow-leaf pondweeds and 
Canadian waterweed accounted for most of the dissimilarly 
between early and late SAV communities. While our analysis 
did not uncover a significant link between SAV and current 
velocity, prevalence of lentic species warrants further inves-
tigation into this relationship.

In contrast to lower backwaters where water clarity is 
good, light penetration in upper backwaters remained chroni-
cally impaired by turbid conditions. Lund (2019) estimated 
the mean summer depth of 1% surface light to be 1.2 m in 

upper backwaters over a similar period of study. Turbidity, 
combined with water elevation fluctuations that are inherent 
in upper backwaters, may limit light availability for SAV 
growth during typical discharge regimes. However, SAV 
abundance did increase and composition was more diverse in 
upper backwaters during and following low discharge years. 
Water elevation and depth are positively linked to discharge, 
and during years of low discharge adequate light penetration 
for SAV growth reaching bottom sediments likely increased. 
Hilt et al. (2011) described a similar occurrence on the Spree 
River in Germany where an increase in light availability 
due to lower water elevation and or lower seston resulted in 
rapid macrophyte development. A concurrent study in Pool 
4 identified increases in SAV occurrence correlated to low 
summer discharge in upper backwaters and negatively corre-
lated to high summer discharge (Lund 2019). This supports 
our notion that discharge regime may have played a role in 
SAV community structure even though our analysis identi-
fied turbidity as most associated with changes in SAV. While 

Fig. 10  Annual mean catch per unit effort (CPUE) of the nine fish species that accounted for over 50% of the of the fish community differences 
between lower backwater clusters
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upper backwaters did have a modest increase in clarity, the 
two most common SAV species (coontail and sago pond-
weed (Stuckenia pectinatus)), were canopy-formers capable 
of surviving in poor light conditions (Lougheed et al. 2001). 
Moreover, five species of SAV found in lower backwaters 
have never been collected in upper backwaters. Without sub-
stantial sediment load reduction and further improvements in 
water clarity in upper backwaters, any gains achieved from 
short-term low discharge events may not be sustainable and 
an ecological shift similar to what transpired in lower back-
waters is unlikely. For example, in an agricultural domi-
nated landscape, backwaters on the Illinois River shifted 
from clear macrophyte-driven lakes to turbid non-vegetated 
waters in the late-1950s due to chronic sediment loads and 
have never recovered (Sparks et al. 1990). These patterns in 
SAV illustrate the importance of habitat conditions, particu-
larly the effects of water clarity and hydrological conditions.

Aquatic macrophytes are a key component of fish habi-
tat and can be important in early life history (Holland and 
Huston 1984; Werner and Hall 1988) and adult stages of 
fishes (Diehl 1988). Aquatic macrophytes typically increase 
abundance and diversity of the fish community by provid-
ing structurally complex habitat (Killgore et al. 1989; Petry 
et al. 2003). Presence or absence of aquatic vegetation can 
influence fish community structure, especially open water 
species. For example, gizzard shad are generally less numer-
ous in lakes with abundant vegetation (Allen et al. 2000; 
Michaletz and Bonneau 2005), possibly due to lower food 
abundance of appropriate size, reduced foraging efficiency in 
structurally complex vegetation and greater risk of predation. 
Like gizzard shad, emerald shiners also tend to occupy and 
feed in open water (Becker 1983) and have been reported to 
avoid dense aquatic vegetation. Johnson and Jennings (1998) 
did find a positive correlation between emerald shiners and 
vegetation in UMR backwaters; however, percent frequency 
of occurrence and biomass of vegetation in their study was 
far less than what we measured in lower backwaters during 
the later years of our study. Emerald shiners and gizzard 
shad, both key species driving the fish community shift in 
upper and lower backwaters, declined in abundance follow-
ing the increase in SAV.

In contrast to the decline in open water fish species, 
several sight feeding and vegetation-associated species 
increased in abundance. Most noticeable was the increase 
in weed shiners in lower backwaters, where the species 
was exceedingly rare prior to the increase in SAV. Weed 
shiners were shown by our analysis to be the species most 
responsible for the fish community shift in lower backwaters. 
DeLain and Popp (2014) found significant positive correla-
tions between SAV and weed shiner abundance in multiple 
habitats on Pool 4 of the UMR. Pumpkinseed also increased 
in abundance along with SAV in lower backwaters. Hinch 
and Collins (1993) reported macrophyte cover as one of 

the major environmental factors influencing pumpkinseed 
and bluegill abundance in Ontario lakes. They surmised 
enhanced food abundance in the macrophytes and reduc-
tion in predator efficiency may have increased the growth 
and survival of both juveniles and adults. Sight feeding pis-
civores such as largemouth bass and bowfin (Amia calva) 
also increased in abundance during our study. Rodríguez 
and Lewis (1997) found transparency was an excellent pre-
dictor of fish community structure in floodplain lakes of the 
Orinoco River. Sight feeding fishes dominated in clear lakes, 
whereas fish adapted to low light dominated in turbid lakes. 
Similarly, Diehl (1988) found that European perch (Perca 
fluviatilis) were more efficient foragers in vegetation com-
pared to bream (Abramis brama) and roach (Rutilus rutilus) 
which were superior in turbid non-vegetated water. In our 
study, yellow perch abundance increased greatly in lower 
backwaters with an increase in SAV and this species has 
become a major component of the sport fishery on the UMR. 
We speculate that both improved clarity and the physical 
structure provided by aquatic vegetation were key to the fish 
community shift. This is consistent with our finding that 
aquatic vegetation cover and turbidity were the environmen-
tal variables most strongly associated with changes in fish 
community structure. Similarly, Giblin (2017) found TSS 
and aquatic vegetation key to fish assemblage changes in 
Pool 8 of the UMR. Although fish community structure did 
change in upper backwaters, it was not to the extent observed 
in lower backwaters. Vegetation-associated species such as 
bluegill and black crappie did increase in abundance; how-
ever, other species found in lower backwaters such as pump-
kinseed, spotted sucker, golden redhorse and golden shiner 
remained extremely rare in upper backwaters. These pat-
terns in fish community structure illustrate the importance 
of aquatic macrophytes in backwaters.

Conclusions

Several consecutive years of low summer discharge on the 
UMR appears to have altered environmental conditions and 
triggered biological changes that represent a shift in the 
ecology of floodplain backwaters. A substantial increase in 
SAV abundance added structural complexity to backwaters 
and feedback mechanisms improved water clarity beyond 
what was already supporting SAV. Fish community structure 
shifted away from open water species to those associated 
with aquatic macrophytes and sight feeders dependent on 
clear water. SAV community structure also shifted towards 
a greater abundance of lentic species less tolerant of cur-
rent. Habitat conditions between upper and lower back-
waters differed in quality and consequently fish and SAV 
community structure as well. Continued stability of SAV 
abundance, water clarity and the new fish assemblage in 
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lower backwaters indicates a sufficient level of resilience 
in the system to withstand the recurrence of less favorable 
hydrological conditions. Physical and biological response 
in upper backwaters was less noticeable and arguably did 
not represent an ecological regime shift. Upper backwaters 
endure a chronic influx of turbid water from the main chan-
nel and bottom sediment resuspension that impairs clarity. 
Without a large reduction in suspended solids load, it may 
be unrealistic to expect a clear water macrophyte driven 
system in these backwaters. While hydrological conditions 
that reduced physical stress on SAV and enhanced light pen-
etration may have initiated the shift, it appears biological 
processes are providing resilience to the ecosystem via SAV 
feedback. Finally, we confirmed the macrophyte-turbidity 
relationship common in shallow inland lakes occurs in this 
system as well. This is also one of the few studies to docu-
ment ecological shifts in a hydrologically dynamic large 
floodplain river system.
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