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a b s t r a c t
Anthropogenic activities can have great effects on ecosystem stability. One such impact is a regime shift
in the ecosystem community. Although these changes can occur naturally, many studies have shown
that anthropogenic activities can also induce these changes. Possible drivers of a freshwater ﬁsh regime
shift in the Wabash River in the United States that occurred in the 1990’s were investigated. Given the
shift occurred over a time period of changing agricultural practices in an agriculturally-dominated watershed, we used the Soil and Water Assessment Tool (SWAT) to evaluate the possible inﬂuence that these
management changes had on the observed regime shift. The results suggest that changing fertilizer management, tillage, and precipitation, may be associated with the ﬁsh regime shift. The increase in mineral
phosphorus levels in the Wabash River at the watershed outlet correlated well with the corresponding increase in benthic invertivores. Although other changes, both natural and anthropogenic, could be
drivers as well, we demonstrate that a combination of climate and agricultural management practices
were likely inﬂuencing the observed ﬁsh regime shift.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Humans have been altering the landscape more rapidly than
ever (Foley et al., 2005), and we are only beginning to understand
some of the effects on the ecosystems. Given over 40% of terrestrial biomes are now classiﬁed as agricultural (cropland/pasture),
agricultural management practices can induce some of the greatest
changes on ecosystems globally (Foley et al., 2005; Dale and Polasky
2007; Scanlon et al., 2007; Stoate et al., 2009; Bell et al., 2016).
Agriculture can affect ecosystems by introducing typically limited
resources in large quantities, including adding excess nutrients to
soils and bringing groundwater to the surface faster than it can
recharge. These types of changes alter hydrology as well as water
and soil quality (McLauchlan 2006; Tilman et al., 2009; Sharpley
and Wang 2014). Agricultural practices can also alter species composition and the biodiversity of ecosystems (Allan 2004; Tscharntke
et al., 2005; Tsiafouli et al., 2015).
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The relationships between land use, land management, environmental variables and freshwater ecosystems and ﬁsh communities
has been evaluated in many research studies (Lenat and Crawford
1994; Guegan et al., 1998; Rathert et al., 1999; Koel and Peterka
2003; Allan 2004; Grubbs et al., 2007; Carlisle et al., 2008; Cookson
and Schorr 2009; Helms et al., 2009; Tonkin et al., 2015). The inﬂuence of agriculture speciﬁcally on ﬁsh communities has also been
examined (Walser and Bart, 1999; Allan, 2004; Sutela and Vehanen,
2010). From these studies it is clear that ﬁsh communities are explicably linked to their local habitat, as well as regional environmental
variables. Improving our understanding of exactly how ﬁsh communities respond to changes in these variables can help to improve
how we manage our landscapes for aquatic biodiversity and associated ecosystem services.
Ecosystem regime changes have been demonstrated to occur
by natural and anthropogenic inﬂuences, or a combination of both
(Scheffer and Carpenter 2003; Folke et al., 2004; Kinzig et al., 2006;
Dakos et al., 2015). Regime shifts are observable changes in the
composition of species in an ecosystem community. Broadway et al.
(2015) demonstrated that the Wabash River in Indiana (Fig. 1) experienced a ﬁsh community shift that occurred during the 1990 s.
The pre-shift assemblage (1974–1992) was dominated by trophic
groups of planktivores and omnivores, whereas the post-shift
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Fig. 1. Location of the Upper Wabash River Basin within the state of Indiana in the United States. Fish sampling locations from 1974 to 2008 are indicated with “x” marks
and occur only in the main stem of the Wabash River (shown in blue). The Wabash River ﬂows towards the southwest and eventually merges with the White River before
entering into the Ohio River. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.).
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assemblage (1993–2008) was dominated by benthic invertivores.
Although the authors speculated as to the drivers of change, they
did not complete further investigation to determine possible causes
for the shift. During this time period, tillage and fertilizer practices in conventional agriculture were changing in the U.S. Corn
Belt (as shown in subsequent sections), so we hypothesized that
these changes in agricultural management practices may have contributed to the observed ﬁsh community change. The objective of
this study was to investigate the impacts of agricultural management, speciﬁcally tillage and nutrient application, as one possible
driver of the ﬁsh community change in the Wabash River.
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2. Materials and methods
2.1. Study area
The study area for this research was the Upper Wabash River
Basin (UWRB; 42,762 km2 ) located mostly in Indiana, with smaller
portions in Illinois and Ohio (Fig. 1). The UWRB is predominantly
conventional corn-soybean rotation agriculture (∼70%), with few
large urban areas. The watershed is characterized by low slopes,
and many of the agricultural lands have subsurface drains (tile
drains). The Wabash River is joined by the White River south of the
Illinois-Indiana Border before it ﬂows into the Ohio River. Although
streamﬂow has been monitored since the 1920s in this watershed,
regular water quality measurements, especially near the outlet of
the UWRB, have only begun to be taken recently.
The Wabash River ﬁsh population has been sampled and
described nearly annually since 1974 (Fig. 1; Gammon 1998; Pyron
et al., 2006, 2011). The ﬁsh data used in this research are described
in detail in Broadway et al. (2015). Fishes were sampled annually
from June to October using boat electroﬁshing along 500 m reaches
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Fig. 2. Functional feeding group percent compositions adapted from Broadway et al.
2015 for benthic invertivores (used in this study), omnivores, and planktivores.
Other FFGs are not shown in this ﬁgure, but numbers are provided in Appendix
Table A.1.

of the main stem of the Wabash River (not in tributaries). The ﬁshes
were identiﬁed, weighed and released. Fishes were assigned to
functional feeding groups (FFG) based on Frimpong and Angermeier
(2009). For example, the planktivore FFG includes Gizzard Shad and
Bigmouth Buffalo; the omnivore FFG includes Channel Catﬁsh and
Flathead Catﬁsh; the benthic invertivore FFG includes Freshwater
Drum, the Redhorse suckers (Moxostoma spp.), and Blue Sucker. The
data consists of the annual trophic compositions (annual percent
composition of ﬁshes by FFG) of all ﬁshes collected in the UWRB
from 1974 to 2008 (Fig. 2). Before the community shift, the assemblage was dominated by planktivores (36%) and omnivores (30.1%);
after the community change benthic invertivores were the domi-
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nant FFG (47.8%). Given Broadway et al. (2015) found signiﬁcant
relationships among these three major ﬁsh FFG and the fact that
the benthic invertivore FFG showed the greatest temporal signal,
we used the percent of benthic invertivores (the annual percentage
of total ﬁshes captured per year) as our primary response variable
in this study.
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4.4
79.5
4.4
76.1
19.5
20.5
75.1
4.4
6.4
68.8
24.8
9
53.8
37.2
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Corn-Soyb
Land Use (%
Soyb)
Inorganic Fertilizer
Application in
Spring (% land)
Inorganic Fertilizer for
Soybeans (% land receiving,
amount)
Inorganic Fertilizer for Corn
(% land receiving, amount)
Tillage Type (% land) [half
tilled in fall, half spring]*
Year

Table 1
Overview of agricultural management operations implemented in the Soil and Water Assessment Tool Upper Wabash River Basin model. Section 2.3 provides further details and data sources.

2.2. SWAT model development
2.2.1. Model set-up
Because water quality data were not available consistently at
or near the outlet of the UWRB, a watershed model, the Soil and
Water Assessment Tool (SWAT), was developed to estimate nutrient and sediment loading during the time period of the available
observed ﬁsh data, 1974–2008. SWAT is a semi-distributed, hydrologic model that has been widely applied and evaluated in many
watersheds (Arnold et al., 1998; Jayakrishan et al., 2005; DouglasMankin et al., 2010). SWAT divides a basin into sub-watersheds,
and sub-watersheds into hydrologic response units (HRUs) that
are units of unique soil, land use, and slope combinations. Modeling occurs at the HRU scale; then water, sediment, and nutrients
are routed through the sub-basins and then to the watershed outlet (Arnold et al., 1998). SWAT requires inputs of climate, soils,
land-use, land management, and elevation and then provides output at various time (daily-annual) and spatial (HRU/ﬁeld, reach,
watershed) scales. SWAT is an especially useful model for estimating watershed dynamics in agricultural ecosystems (Gebremariam
et al., 2014).
A previously developed SWAT 2012 (Rev. 488) model for the
UWRB was utilized in this study. The model was developed and
calibrated for 1990–2012 and is further described in Sharma et al.
(2013). The model consists of 481 sub-basins, and over 5000 HRUs.
To extend the model set up to include 1974–1989, the previously developed model’s corn and soybean management ﬁles were
updated to account for this time period’s fertilizer, tillage, manure,
and corn-soybean land-use percentage data described below. Since
data during this time period were generalized for either Indiana or
a swath of counties in the UWRB, the management data were randomly applied to each of the corn and soybean HRUs, based on the
land area percentages of the HRUs. The general management information, which was derived from the data described in the next
section, is summarized in Table 1 and further described in Section
2.3.
Because the land management information was randomly
applied to individual HRUs based on land area in the earlier time
period, a modiﬁed Monte Carlo analysis was completed to evaluate
the variation in water quality outputs at the basin outlet. The model
was run 100 times, each time with different, randomly applied
management information. The average values and standard deviations of all runs were extracted to evaluate potential variability
associated with the random application of management information, and the average values were used in subsequent statistical
analyses as there was little variation in watershed-level outputs
among the multiple model runs.
The ﬁnal model was run from 1974 to 2009, using 4 years
(1974–1977) as warm-up in order to eliminate initialization bias.
The annual reach level data (sediment (tonnes), organic nitrogen
(kg), organic phosphorus (kg), nitrate (kg), mineral phosphorus
(kg), total nitrogen (kg), and total phosphorus (kg)) were extracted
at the basin outlet only for two reasons. First, the ﬁsh sampling
data were available for the lower portion of the main stem of the
Wabash River, not individual sub-reaches, and the ﬁsh data were
described on an annual basis. Second, examining sub-basin or HRU
level results may have lower precision due to the spatial randomization of the fertilizer and tillage data in the earlier time period.
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Fig. 3. Plots containing data used to derive fertilizer and manure application rates. The nitrogen application rates and percent of land receiving nitrogen (a, b) to both corn
and soybeans, respectively, as well as the phosphorus application rates for and percent of land receiving phosphorus (c,d) are derived from USDA-ERS, 2013. The total number
of cattle and calves (e) and total number of hogs and pigs (f) for the swat of Upper Wabash River counties as well as all of Indiana are derived from the National Agricultural
Statistics Service (NASS) Census.

The same data were also extracted at the daily scale to evaluate
annual average concentrations.

2.2.2. Primary model assumptions
While there are certainly inherent modelling assumptions
within the SWAT modelling framework (Gassman et al., 2007), individual SWAT modelers must make their own assumptions with
respect to things such as input data and land management information. Due to the large spatial scale of this model, and the time period
of analysis, the following assumptions were made. Although this
earlier time period (1974–1989) follows the passing of the Clean
Water Act of 1972, actual point source data were not included in
this model because they were not available outside of allowed (permitted) discharges or at all, speciﬁcally for the earlier time period.
There are two urban areas in the UWRB (Lafayette, IN, Kokomo,
IN) that currently have less than ∼70,000 people each. Therefore,
this study focuses primarily on the changes induced by large-scale,
conventional agriculture, rather than point source pollution. The
second model assumption was that land use in the UWRB was not
changing signiﬁcantly, which is reasonable since the amount of
harvested farmland stayed fairly constant during this time period
(USDA NASS, 1999). Appendix Fig. A.3 shows that corn and soybean
acreage account for the majority of harvested cropland, therefore,
only changing the management of these lands is a reasonable modelling decision.

2.2.3. Model validation
The model was previously calibrated for streamﬂow and water
quality for the 1990–2009 time period, resulting in adequate model
performance. In order to check that performance in the earlier
time period was adequate, the simulated ﬂow was compared to
observed ﬂow for the entire modelling period at the subbasin closest to the outlet that had available streamﬂow data. The daily
and yearly R2 values were calculated, as well as the Nash-Sutcliffe
model efﬁciency (NSE) coefﬁcient to ensure that the streamﬂow
was satisfactorily estimated by the SWAT model during the modelling period. Since water quality data during the earlier time period
was not available near the outlet consistently, a further comparison
of the later time period water quality data was completed by comparing SWAT simulated water quality data to a recent USGS report
on water quality in Indiana (Risch et al., 2014).
2.3. Updating model input data
2.3.1. Fertilizer data (1974–1989)
Fertilizer data for the 1974–1989 time period came from two
sources. The fertilizer type and application timing data were estimated from bi-annual Indiana Fertilizer Tonnage Reports that
document the amount and type of fertilizers purchased in each
county (Indiana State Chemist Ofﬁce (1974:1989a,b)). It was
assumed that fertilizer bought within the season (fall/spring) was
used in that season and not stored on-site. A swath of counties
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in Indiana (Tippecanoe, Carroll, Cass, Miami, Wabash, Huntington)
lying along the center of the UWRB were selected as representative of the conditions for the entire watershed. The fertilizer
types were reduced to fertilizers likely to be applied in corn and
soybean ﬁelds only, as all fertilizers, including some turf and specialty crop fertilizers, were included in the reports. Next, only
the top six fertilizers (Urea [46-0-0], Anhydrous Ammonia [820-0], 28% Urea Ammonium Nitrate [UAN; 28-0-0], Diammonium
Phosphate [18–46-0], Ammonium Polyphosphate [10–34-0], Triple
Superphosphate [0-45-0]) by weight across the time period were
included (representing the majority of corn/soy fertilizers applied),
and the percent of each type of fertilizer was adjusted accordingly.
Although SWAT cannot model the potential differences in solubility
of these fertilizers, it is an important management change to document. The ﬁnal nitrogen and phosphorus fertilizer type percentages
are provided in Appendix A.
Fertilizer timing (fall versus spring) was also estimated using
Indiana Fertilizer Tonnage Reports (Indiana State Chemist Ofﬁce,
[1974:1989]) and evaluated using the same UWRB counties. The
timing did not vary signiﬁcantly over this time period (Appendix
Fig. A.4), so the same average values were used each year: 79% of
nitrogen fertilizers were applied in the spring and 21% were applied
in the fall; 65% of phosphorus fertilizers were applied in the spring
and 35% in the fall.
The amount of fertilizer applied per crop (kg/ha), and the percentage of areas that received nitrogen and phosphorus fertilizer
(Fig. 3) were derived from United States Department of Agriculture
Economic Research Service (USDA ERS) “Fertilizer Use and Price”
reports (USDA-ERS, 2013). These data were generalized for all of
Indiana (i.e., not available for a speciﬁc county), and speciﬁc to the
crop. The date of the fertilizer applications was randomized over
three different weeks in SWAT, assuming 1/3 of the HRUs were
fertilized in each of three consecutive weeks.
2.3.2. Manure application data
Manure application can affect the amount of nutrients entering
streams, as well as the type of nutrients (organic versus inorganic).
The amount of manure applied was estimated using NASS Census
animal numbers for cattle and swine (Fig. 3) from the UWRB swath
of counties, using methods from Ruddy et al. (2006) to estimate
nutrient generation from the animal manure. The total amount
of nitrogen and phosphorus generated was divided by the total
amount of harvested cropland to obtain an average application
rate of manure. It was then assumed that half of this manure was
applied in the spring, and half in the fall to all corn and soybean
HRUs. Manure calculations were also completed for the later time
period (1990–2009) and an average amount of nitrogen and phosphorus applied as manure during this time period was used for all
corn and soybean lands. During the earlier time period the number of cattle was declining while swine were rising. Both swine
and cattle numbers stabilized during the later time period. This
change in the type of dominant animal in the UWRB created similar application rates of nitrogen and phosphorus as manure (kg/ha),
however, each animal has a different proportion of their manure
nitrogen and phosphorus as mineral versus organic. For example,
in SWAT’s fertilizer database, swine are estimated to have higher
mineral nitrogen than organic nitrogen in their manure whereas
the opposite occurs for cattle. This change in the form of nitrogen and phosphorus applied also can impact the simulated nutrient
load in streams.
2.3.3. Tillage data (1974–1989)
Tillage data for this time period were from estimates in the
trade magazine No Till Farmer, which were derived from surveys
of National Resource Conservation Service (formerly Soil Conservation Service) ofﬁcials (Lessiter [1975:1990], Fig. 4). The estimates
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Fig. 4. Estimations of Indiana tillage categories from 1974 to 1989 from No-Till
Farmer (Lessiter, 1974; Lessiter, 1989) and updated to account for changes in terminology based on Schertz (1988).

of minimum tillage were ‘discounted’ based on Schertz (1988) to
account for changes in tillage nomenclature. Since tillage timing
(fall versus spring) could not be determined from any data source
for the earlier time period, it was assumed that half of corn and soybean acres were tilled in the fall and half in the spring. As a quality
check of the No Till Farmer numbers, their estimations of total land
area in agriculture were compared to USDA National Agricultural
Statistic Service (USDA NASS) data for Indiana (Appendix A; USDA
NASS, 1999). Since the totals are similar, it was assumed that tillage
estimates were within reason. The date of the tillage was randomized over three weeks in SWAT, assuming 1/3 of the HRUs were
tilled in each of the weeks.
2.3.4. Land use change information
The USDA NASS Census data were mined to evaluate how agricultural land use changed within the modelling timeframe, if at
all, across Indiana. The total amount of harvested cropland was
extracted to determine if the amount of land in agriculture was
changing over time (Appendix A). The acreage of major crops harvested during the modelling period was also extracted to determine
if these values were changing over time (Appendix A). From the
NASS Census data, it appears that the total amount of land harvested
was not changing signiﬁcantly over the time period. However, prior
to 1987, there were fewer acres of soybeans planted than corn.
Therefore, from 1974 to 1985 it was assumed that 60% of cornsoybean acreage was corn and 40% was soybean, and from 1986
the corn-soybean acreage was approximately half corn and half
soybean.
2.4. Data analyses
Statistical analyses were performed to evaluate the relationships between the annual benthic invertivore FFG percent and the
annual basin-level water quality data (Table 4). The total annual
loads of nutrients and sediments and the annual average concentrations of nutrients and sediment at the watershed outlet along
with annual average streamﬂow at the outlet and total annual
precipitation across the entire basin were used in the analyses.
Mann-Kendall trend tests were completed on each variable ﬁrst
to test if there were any strong monotonic trends over the modelling period that might indicate a changing water quality regime.
The second analysis evaluated the correlation between each variable and the percent of benthic invertivores. The time period for
comparison was 1978–1999, 2002–2008, due to the availability of
the ﬁsh data, as well as the exclusion of the modelling warm-up
period. Finally, two multiple linear regressions were performed to
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Table 2
Comparison of observed and SWAT-simulated streamﬂow near the outlet of the Upper Wabash River Basin.

R2 Annual
R2 Daily
NS Annual
NS Daily

Entire Modelling Period(1976–2009)

Calibrated Model Period(1990–2009)

Uncalibrated Model period (1976–1989)

0.83
0.62
0.78
0.61

0.87
0.64
0.80
0.63

0.77
0.59
0.67
0.57

Table 3
Comparison of SWAT simulated water quality from 2000 to 2009 and observed values reported by Risch et al. (2014) across the Wabash River Basin for 2000–2010. Values
reported are mean [min, max].
Constituent

SWAT UWRB Outlet

Average of Wabash Basins from Risch et al. (2014)

Nitrate (mg/L)
Organic Nitrogen (mg/L)
Total Phosphorus (mg/L)
Suspended Solids (mg/L)

7.6 [0.2, 154]
1.2 [0,18.3]
0.2 [0,2.7]
38 [7719]

3.6 [0.1, 16.0]
1.0 [0.1, 5.6]
0.19 [0.03, 2.10]
55 [4,1020]

try and predict the percent of benthic invertivores based on the
annual load data and the annual average concentration data. For
each regression model, the correlation between the variables was
determined, and the multicollinearity of the variables was evaluated using the variance inﬂation factor (VIF). The variables with
the highest VIF were removed one at time, until all VIFs for each
variable were under ﬁve, to ensure that multicollinearity did not
impact the results (Kutener et al., 2005). All dependent and independent variables in the regression analysis were log-transformed
due to the differences in variance between many of the variables.
3. Results
3.1. Modelling results
The model streamﬂow validation statistics that are provided in
Table 2 and the daily time series in Fig. 5 show that the model
estimated streamﬂow well (R2 and NSE greater than 0.5) during
both modelling periods, at both the daily and annual time scale
(Moriasi et al., 2007). A comparison of estimated water quality data
to Risch et al. (2014) showed similar statistics for concentrations
of nitrate, organic nitrogen, total phosphorus and suspended solids
for the later time period (Table 3). The SWAT simulated ranges may
be larger than the Risch et al. (2014) estimates because the SWAT
model values include simulations for every day of the year whereas
the Risch et al. (2014) estimates are based on discrete sampling
that may not be able to capture the peak sediment and nutrient
discharge events.
The annual water quality loading averages from the 100 runs
were plotted with the standard deviation among the 100 runs
(Appendix B) to ensure that the variation between runs was not
large. Since the variation was small, it was assumed that the annual
average value of the 100 runs was reasonable to use for the statistical analyses. The annual concentration averages and standard
deviations for each variable are also provided in Appendix B. Data
Analyses
Mann-Kendall trend tests were performed on total annual
precipitation (mm), annual average streamﬂow (cms), annual sediment and nutrient loads (tonnes or kg), and the annual average
sediment and nutrient concentrations (tonnes or kg). The MannKendall test evaluates whether or not there is an upward or
downward monotonic trend over time (Yue et al., 2002). Organic
nitrogen and mineral phosphorus annual loads demonstrated
signiﬁcant (p < 0.05) downward and upward monotonic trends,
respectively (Table 4). Precipitation and streamﬂow exhibited
somewhat signiﬁcant (0.05 < p < 0.10) upward trends during the
time period. Four annual average concentration variables showed
signiﬁcant trends during the time period: organic nitrogen, organic

phosphorus, mineral phosphorus, total phosphorus (Table 4). These
trends identiﬁed during the modelling period do not necessarily
inform what caused the ﬁsh regime change, but they do provide
an overall assessment that in-stream water quality was changing
during this time period.
The correlation coefﬁcients and the coefﬁcient of determination
(R2 ) were calculated between all variables and the percent of benthic invertivores (Table 4). Annual mineral phosphorus load and
annual average concentration of mineral phosphorus showed high
correlation to the percent of benthic invertivores (R2 > 0.4). Other
variables with high correlation to the percent of benthic invertivores included annual average concentrations of organic nitrogen,
organic phosphorus, and total phosphorus.
From the two regression models described in the methods (Section 2.4), mineral phosphorus was a signiﬁcant predictor in both
(Table 5). Other signiﬁcant predictors included organic nitrogen,
nitrate, organic phosphorus, and precipitation, depending on the
model. The annual average concentration model resulted in the
highest adjusted R2 value, though the annual loads model performed similarly with fewer variables included.
The annual loads regression model included the consideration
of precipitation, organic nitrogen, nitrate, and mineral phosphorus. All other variables were removed due to multicollinearity
(Appendix C). The ﬁnal selected model included two variables:
organic nitrogen and mineral phosphorus. These two variables had
opposite effects on the predicted percent of benthic invertivores.
More organic nitrogen was associated with a decrease in the percent of benthic invertivores whereas more mineral phosphorus was
associated with an increase in the percent of benthic invertivores.
The annual average concentrations regression model included
precipitation, sediment, organic phosphorus, nitrate, and mineral
phosphorus after variables with high multicollinearity (VIF >5)
were removed (Appendix C). Similarly to the annual loads model,
increasing mineral phosphorus in addition to increasing precipitation was predicted to increase the percent of benthic
invertivores, whereas nitrate and organic phosphorus had the
opposite effect.Discussion
3.2. Relationship between ﬁsh regime change and water quality
changes
There is an association between water quality changes due to
changing agricultural practices and possibly increased precipitation, and the identiﬁed change in the Wabash River ﬁsh community.
Over the modelling time period (1974–2009), conventional agricultural tillage and fertilization practices in Indiana changed. These
changes, as well as the slightly upward trend in precipitation appear
to be associated with the ﬁsh community change observed by
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Fig. 5. Daily time series of observed streamﬂow near the watershed outlet, compared with the SWAT simulated streamﬂow.

Table 4
Statistical analysis results for annual loads and average annual daily concentrations including Mann-Kendall trend tests for each variable, as well as the correlation and
coefﬁcient of correlation between each variable and the percent of benthic invertivores FFG.
Variable

Mann-Kendall Test on Variables

tau

S

p

Correlation
(with Benthic
Invertivores)

R2 (with Benthic Invertivores)

Annual Totals

Sediment (tonnes)
Organic Nitrogen (kg)
Organic Phosphorus (kg)
Nitrate (kg)
Mineral Phosphorus (kg)
Total Nitrogen (kg)
Total Phosphorus (kg)
TN:TP (ratio)
Precipitation (mm)

0.24
−0.25
−0.05
−0.03
0.38
−0.14
−0.02
−0.09
0.22

111
−117
−23
−15
175
−67
−7
−41
88

0.06
0.05
0.71
0.81
0.003
0.26
0.92
0.50
0.10

0.32
−0.17
0.09
−0.04
0.46
−0.08
0.12
−0.22
0.30

0.10
0.03
0.008
0.002
0.21
0.006
0.014
0.05
0.09

Annual Averages

Sediment (mg/L)
Organic Nitrogen (mg/L)
Organic Phosphorus (mg/L)
Nitrate (mg/L)
Mineral Phosphorus (mg/L)
Total Nitrogen (mg/L)
Total Phosphorus (mg/L)
Streamﬂow (m3 /s)

0.05
−0.63
−0.49
−0.11
0.55
−0.16
−0.47
0.20

25
−295
−229
−51
255
−73
−217
93

0.68
6e-07
1e-04
0.40
2e-05
0.22
2e-04
0.12

0.08
−0.63
−0.51
−0.30
0.45
−0.35
−0.48
0.38

0.006
0.40
0.26
0.09
0.20
0.12
0.23
0.14

Table 5
Most parsimonious regression models for predicting the percent of the total number of ﬁshes in the community that belong to the benthic invertivore FFG. *Indicates
signiﬁcance level of <0.05 and †indicates signiﬁcance level of <0.01.
Model

Response Variable

Signiﬁcant Variables

Coefﬁcient Estimate

Pr( > |t|)

Model Adjusted R2

Annual loads

Percent of ﬁsh belonging to benthic
invertivore FFG

Organic nitrogen
Mineral phosphorus

−2.3
2.8

2.3e-04*
1.3e-05*

0.53

Annual average
concentrations

Percent of ﬁsh belonging to benthic
invertivore FFG

Precipitation (total annual)
Organic phosphorus
Nitrate
Mineral phosphorus

2.8
−2.6
−0.72
3.3

3.7e-02*
9.9e-03*
5.3e-02†
5.69e-04*

0.62

Broadway et al. (2015). The increased mineral phosphorus annual
load and annual average concentration both were associated with
an increase in benthic invertivore ﬁshes. During this time period the
amount of phosphorus applied to soybeans increased from 40 kg/ha
to 50 kg/ha and an increase in soybean acreage occurred, while little to no change in phosphorus fertilizer applications were seen
in corn and their acreage remained relatively constant. This relatively recent (last 50 years) occurrence of increased phosphorus
loads to U.S. streams/lakes has been previously observed (David
and Gentry 2000; Stow et al., 2015). There was also a change in
the type of phosphorus fertilizer applied–a decline in use of 0–45-

0 (Triple Superphosphate/TSP). Though the potential difference in
the solubility seen in TSP compared with newer P fertilizers cannot currently be modeled in SWAT, it is an important change to
recognize. An association between organic nitrogen and benthic
invertivores was also observed. The decline in conventional tillage,
along with the observed decline in cattle numbers (which can
be higher producers of nitrogen than swine) are likely the major
drivers of the decline of mineral nitrogen in UWRB.
Average annual nitrate concentrations also showed an association with the percent of ﬁshes belonging to the benthic invertivore
FFG. During this time period, the amount of nitrogen applied to
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corn on average increased from approximately 120 kg/ha in the
mid-1970s to 150 kg/ha in the early 1990s. Although nitrogen and
phosphorus in streams appeared to be associated with changes
in agricultural practices, it should be noted that precipitation
and streamﬂow were also correlated with the percent of benthic invertivores and showed slightly signiﬁcant (0.05 < p < 0.10)
upward trends during this time period. Streamﬂow was not in the
ﬁnal regression models due to multicollinearity, though it is likely
that precipitation via streamﬂow changes inﬂuenced river nutrient concentrations (Jacobson et al., 2010). Generally, the observed
ﬁsh community change appeared to be strongly associated with the
in-stream nutrients, which likely were modiﬁed through a combination of changing agricultural practices and climate (Hatﬁeld et al.,
2013).
Overall, these ﬁnding suggest that changes in nutrient regimes
in the Wabash River were associated with the changes in the ﬁsh
community structure. Nitrogen and phosphorus levels frequently
impact freshwater ﬁsh community composition in both lakes and
rivers (Yurk and Ney 1989; Mitner and Rankin 1998; Bennett et al.,
2001; Wang et al., 2007; Justus et al., 2009; Einheuser et al., 2013;
Perkin and Bonner 2014). Bernot et al. (2006) demonstrated that
in Indiana and Michigan streams, nitrate uptake was saturated,
but phosphorus uptake increased with higher concentrations. This
ﬁnding suggests that phosphorus may have the ability to inﬂuence
stream ecosystems more than nitrogen in the Midwest, as they
may be phosphorus limited (Ryden et al., 1974; Van Nieuwenhuyse
and Jones 1994; Correll 1999; Hill and Fanta 2008). This potential
phosphorus limitation may be further evidenced by the estimated
change in the total nitrogen to total phosphorus (TN:TP) annual
loads ratio in the Wabash River which showed a slight negative correlation (r = −0.22) with the relative abundance of benthic
invertivore ﬁshes during the modeled period.
The connection between the nutrient levels and the ﬁsh community is likely due to the relationship between phosphorus and
nitrogen and the algal communities, through a dynamic food web
link between algae and ﬁshes. Algal communities are frequently
inﬂuenced by phosphorus and nitrogen concentrations (Biggs,
2000; Dodds et al., 2002; Rier and Stevenson, 2006; Justus et al.,
2009; Chambers et al., 2012; Stevenson et al., 2012; Suplee et al.,
2012; Smucker et al., 2013). Although the form of nutrient (total,
inorganic, organic, ratio of N:P, etc.), as well as which nutrient
(nitrogen or phosphorus) had the greater impact varied among
these studies, it is likely that nitrogen and phosphorus control
or strongly inﬂuence the community structure and abundance of
algae in streams. Algal community composition also changes with
nutrient inputs (Stelzer and Lamberti, 2001; Hill et al., 2009). In
Midwestern streams the algal communities are tightly dependent
on nutrient concentrations (Riseng et al., 2004; Bernot et al., 2006;
Lowe et al., 2008; Andrus et al., 2015). Although this study does not
demonstrate a direct connection between the changing nutrients in
the Wabash River and the ﬁsh community change, it does establish
that these two occurrences are correlated.
We selected relative abundance of benthic invertivore ﬁshes as
our response variable because it had the strongest temporal signal and was signiﬁcantly correlated with percent omnivores and
percent planktivores (r = −0.6 and r = −0.8, respectively). Benthic
invertivores are ﬁshes that consume invertebrates on the river
bottom such as insects and molluscs, suggesting a trophic link
from fertilizer to phytoplankton and/or terrestrial allochthonous
river inputs. Simultaneous to the increase in benthic invertivore and omnivore ﬁshes, planktivore ﬁshes decreased in relative
abundance (Broadway et al., 2015). We repeated the regression
models using both the percent omnivores and percent planktivores as the response variable and resulted in a lack of signiﬁcant
models for percent omnivores. However, the regressions with percent planktivores resulted in signiﬁcant yet opposite models (See
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Appendix D). This may result from benthiﬁcation, in which the
relative abundance of benthic species increases in impacted environments (Mayer et al., 2013). For example, as benthic invertivores
increased in abundance with observed in-stream changes planktivore abundance decreased. An additional hypothesis to explain
these patterns in the ﬁsh community is due to invasive Asian carp
that appeared in the Wabash River in the 1990s (Coulter et al.,
2015). Invasive Asian carp ﬁlter phytoplankton from the water column and the majority is expelled as fecal pellets, a potential food
source to ﬁshes (Yallaly et al., 2015). Fecal pellets are a potential
subsidy to benthic invertebrates and/or benthic invertivore ﬁshes.
Similar responses of aquatic ecosystems to invasive species were
observed in the Great Lakes with zebra mussel invasion (Higgins
and Vander Zanden, 2010).
3.3. Limitations of study
A major model assumption in this study was the exclusion
of point source data. Although urban point sources are generally smaller contributors of nutrients to streams, especially in
agriculturally-dominated watershed (EPA, 2014), incorporating
them into the model would improve the conﬁdence of the results.
This was not possible, however, due to a lack of data speciﬁcally
in the earlier modelling time period. Second, the model as set-up
is only able to evaluate watershed-wide water quality and main
stem ﬁsh community. This is partly due to the fact that the ﬁsh data
were available as annual, reach-scale compositions. Also, because
the management data were primarily available at the state level, the
management information had to be randomized across the entire
watershed. Because of this, no comparisons were possible between
water quality and ﬁsh capture data in upper reaches, as management data was randomized across the basin. Finally, although the
model was validated for streamﬂow during the entire modelling
period, it was only validated for water quality during the later time
period (after 1990) due to the lack of water quality data available.
Being able to validate the water quality estimates during the early
time period would further improve the conﬁdence of this model.
4. Conclusions
Although ecosystem regime shifts can occur naturally, changes
in land use and land management due to anthropogenic activities
frequently alter species composition. This study demonstrated that
a combination of increasing precipitation and changing agricultural
management practices were associated with the increased percent
of benthic invertivores (and subsequent decrease in the percent of
planktivores) in the Wabash River. Although nutrients in fertilizers
are inherently linked to productivity in water bodies, detailed water
quality data frequently do not exist to examine the inﬂuence of
these nutrients on community changes. By utilizing a watershed
model, the nitrogen and phosphorus loads and concentrations in
the Wabash River were estimated during a time period where only
limited to no water quality data were available. Through the use
of this model, the association between the observed ﬁsh regime
change in the Wabash River and the changing water quality regime
in the Wabash River was identiﬁed.
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