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Abstract Reservoirs are artificial ecosystems with
physical, chemical, and biological transitional charac-
teristics between rivers and lakes. Greater water reten-
tion time in reservoirs provides conditions for cycling
materials inputs from upstream waters through sedi-
mentation, biological assimilation and other biogeo-
chemical processes. We investigated the effects of res-
ervoirs on the water quantity and quality in the Great
Plains (Kansas, USA), an area where little is known
about these dominant hydrologic features. We ana-
lyzed a 30-year time-series of discharge, total phos-
phorus (TP), nitrate (NO3

−), and total suspended solids
(TSS) from six reservoirs and estimated overall remov-
al efficiencies from upstream to downstream, testing
correlations among retention, discharge, and time. In
general, mean removal of TP (42–74 %), TSS (0–
93 %), and NO3

− (11–56 %) from upstream to down-
stream did not change over 30 years. TP retention was
associated with TSS removal, suggesting that nutrient
substantial portion of P was adsorbed to solids. Our
results indicated that reservoirs had the effect of low-
ering variance in the water quality parameters and that
these reservoirs are not getting more or less nutrient-

rich over time. We found no evidence of temporal
changes in the yearly mean upstream and downstream
discharges. The ratio upstream/downstream discharge
was analyzed because it allowed us to assess howmuch
contribution of additional unsampled tributaries may
have biased our ability to calculate retention. Nutrient
and sediment removal was less affected by hydraulic
residence time than expected. Our study demonstrates
that reservoirs can play a role in the removal and
processing of nutrient and sediments, which has reper-
cussions when valuing their ecological services and
designing watershed management plans.

Keywords Eutrophication . Long-term
assessment . Multipurpose reservoirs . Nutrient
removal . Solids retention

Introduction

Reservoirs dominate most river networks and general-
ly increase water retention time (Vörösmarty et al.
2003), which is an important parameter controlling
biogeochemical processes (Rueda et al. 2006).
Reservoir flushing affects downstream river water
quality in relation to organic forms of nutrients, bio-
chemical oxygen demand (Chung et al. 2008), and
particulate and dissolved metals (Cánovas et al. 2012).

Nutrient pollution is common in freshwaters
(Traykov and Boyanovsky 2008; Popovicova 2009).
Reservoirs can influence the transport of added nutri-
ents to the oceans and other downstream receiving
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waters because reservoirs may act as sinks for sedi-
ments and pollutants (Bukaveckas et al. 2005; Liu et al.
2012). While modeling reservoir hydrodynamics and
water quality is an important tool to help selecting
strategies and operational procedures for effective wa-
ter management through a good command of the eco-
logical processes in the water bodies (Diogo et al.
2008), less empirical information is available on
long-term effects of reservoirs on material transport.

By slowing water movement, reservoirs are often
able to capture roughly one-half of the river sediments
that flows into them (Zahar et al. 2008) and modify
their chemistry. Sedimentation in reservoirs can de-
crease the transport of solids from upstream to down-
stream (Dang et al. 2010). Often, suspended materials
are dominated by inorganic solids in the inflows but by
the time water leaves the reservoir, solids are dominat-
ed by organic fractions (Whiles and Dodds 2002; Jones
and Knowlton 2005; Klaver et al. 2007). Accumulation
of sediments can reduce the storage volume and de-
crease water quality (López-Tarazón et al. 2009).
Suspended solids can decrease light penetration, cause
release of previously adsorbed metals and pesticides,
and have negative effects on aquatic biota (Billota and
Brazier 2008).

A wide range of nitrate retention percentages are
described in the literature for reservoirs (e.g.,
Okereke et al. 1988; Jossette et al. 1999; David et al.
2006; Schoch et al. 2009). Denitrification is considered
the main route for nitrate loss in lentic water bodies
(Harrison et al. 2009) and depends upon the water
depth and residence time (Seitzinger et al. 2002). The
retention of this nutrient can vary over time within the
reservoirs (Cope et al. 2011) and empirical models are
available to predict the nitrogen seasonal dynamics
(e.g., Tomaszek and Koszelnik 2003). Phytoplankton
assimilation, especially ammonium and nitrate
(Reynolds 1997), and subsequent sedimentation and
burial can also contribute to the depletion of these
inorganic nitrogen forms in the water column.

Reservoirs also act as a sink for phosphorus through
sedimentation and burial. Nutrient availability and lon-
ger residence time stimulate phytoplankton growth in
reservoirs as compared to rivers entering them (Neal
et al. 2006). The process of phosphorus retention in the
reservoirs depends on external loading and factors
influencing sedimentation, including hydraulic resi-
dence time, area, and depth (Kõiv et al. 2011), as well
as uptake for primary production (Jossette et al. 1999).

There is still a lack of data from areas where reser-
voirs dominate surface water and studies on how re-
tention varies over time. Retention coefficients can
predict nutrient retention in lakes, but may underesti-
mate retention in reservoirs (e.g., Hejzlar et al. 2006).
Many studies focused on monitoring finer temporal
scales (e.g., weekly), with results relying on only a
few years (or even a single year) of data (Kann and
E. Asarian 2007). However, land use and climate
changes occur over several years, and shorter-term
studies could miss important aspects of significant
temporal variation (Gelbrecht et al. 2005). In addition,
as reservoirs age, their nutrient and sediment retention
could change.

We aimed to investigate the effects of reservoirs on
the water quantity and quality in the Great Plains
(Kansas, USA) by analyzing a 30-year time-series of
discharge, total phosphorus, nitrate and total
suspended solids from six reservoirs. We estimated
the removal of nutrients and solids from upstream to
downstream in each reservoir and investigated correla-
tions among retention, discharge and time.

Materials and methods

Study area

The State of Kansas (KS), located in Midwestern USA
(Fig. 1), has annual precipitation ranges from west to
east of between 400 and 1,200 mm. Maximum river
flows usually occur in the spring, from March to June.
We selected six reservoirs in KS with different areas,
depths, and residence times (Table 1). These aquatic
systems are located in the Missouri River and the
Arkansas River Basins. The reservoirs are used for
drinking water supply, flood control, recreation, navi-
gation, irrigation, and pollution abatement. Despite all
these different uses, the water quality in KS reservoirs
is progressively decreasing due to agriculture
(Dzialowski et al. 2005; Wang et al. 2005) and other
anthropogenic impacts, mainly from nonpoint
sources (Bhuyan et al. 2003). Their current enrich-
ment condition corresponds to the mesotrophic–
eutrophic state (Dodds et al. 2006; Carney 2009).
Water quantity is also a point of concern as cli-
mate change and groundwater overexploitation are
leading to streamflow decline and negative annual
water budgets (Brikowski 2008).

1144 Environ Monit Assess (2014) 186:1143–1155



Fig. 1 Studied reservoirs in
Kansas (USA): Kanopolis,
John Redmond, Wilson,
Tuttle Creek, Milford and
Waconda Reservoirs
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Data analysis

We collected data on upstream and downstream dis-
charge, total phosphorus (TP), total suspended solids
(TSS), and nitrate (NO3

−) from the assessed reservoirs.
TP, TSS, and NO3

− were quantified in a bimonthly
basis from 1972 to 2010 by the Kansas Department
of Health and Environment (KDHE) as part of its
stream monitoring network. Samples were collected

between 9 a.m. and 5 p.m. at each site and analyzed
through standard methods (KDHE 1972–2010,
USEPA 1983). Discharge was monitored by the
United States Geological Survey (USGS) (see details
on Table 2). We calculated yearly arithmetic mean
values for each variable and multiway analysis of var-
iance (MANOVA) was used to verify the significance
of the following effects: (1) retention over time (years)
and (2) spatial position (upstream and downstream).
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Fig. 2 Discharge (cubic meter per second) in a log scale over time (1972–2010) in the Kanopolis, John Redmond, Wilson, Tuttle Creek,
Milford, and Waconda Reservoirs (upstream and downstream)

Environ Monit Assess (2014) 186:1143–1155 1147



We considered a confidence level of 95 % (p<0.05)
indicative of statistical significance. We used linear
regression to analyze the relationships between (1)
the difference in discharge (ratios of discharge
upstream/downstream) and retention and (2) paired
nitrate and total nitrogen (when available) to verify if
the former would be a good indicator of the latter in our
dataset.

Results

We accounted for approximately 88 % of discharge in
the Kanopolis Reservoir (i.e., only 12 % of the dis-
charge was made up of other streams and tributaries we
did not account for), 19 % in John Redmond, 100 % in
Wilson, 30 % in Tuttle Creek, 100 % in Milford, and
36 % in Waconda (Fig. 2). The lower discharges were
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Fig. 3 Total phosphorus (milligram per liter) in a log scale over time (1972–2010) in the Kanopolis, John Redmond, Wilson, Tuttle
Creek, Milford and Waconda Reservoirs (upstream and downstream)
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found in the Wilson and Waconda Reservoirs (fre-
quently below 10 m3/s), whereas the greatest ones were
observed in the Tuttle Creek (maximum of 268 m3/s
downstream the reservoir in 1993).

The TP, TSS, and NO3
− concentrations were gener-

ally greater upstream when compared to downstream,
indicating a net retention (Figs. 3, 4, and 5). In the

Wilson Reservoir, yearly mean TP concentrations var-
ied between 0.04 and 0.31 mg/L (upstream) and 0.04
and 0.13 mg/L (downstream); TSS concentrations var-
ied between 22 and 388 mg/L (upstream) and 13 and
107 mg/L (downstream); NO3

− varied between 0.02
and 0.94 mg NO3

−N/L (upstream) and 0.02 and 0.58
(downstream). The highest nutrient and solids
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Fig. 4 Total suspended solids (milligram per liter) in a log scale over time (1972–2010) in the Kanopolis, John Redmond, Wilson, Tuttle
Creek, Milford and Waconda Elder Reservoirs (upstream and downstream)
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concentrations were observed in the Tuttle Creek
Reservoir (maximum of 1.7 mg TP/L, 5,200 mg
TSS/L, and 2.8 mg NO3

−N/L) and the lowest were
observed in the Kanopolis Reservoir (maximum of
0.5 mg TP/L, 490 mg TSS/L, and 1.1 mg NO3

−N/L).
Nitrate was considered a good estimator of total nitro-
gen as a significant relationship (R2=0.78) was found
between available paired data on these variables
(Fig. 6).

All reservoirs significantly removed nutrients and
solids (p<0.05, MANOVA) from the upstream to the
downstream waters. The percentages of mean reduc-
tion (Table 3) varied between 42 and 74 % (TP), 0 and
93 % (TSS), and 11 and 56 % (NO3

−) over time across
all reservoirs. The ability for removing these materials,
however, did not vary over time (p=0.214 for TP; p=
0.847 for TSS, and p=0.159 for NO3

−, MANOVA),
suggesting that the retention capacity did not change
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Fig. 5 Nitrate (milligram per liter) in a log scale over time (1972–2010) in the Kanopolis, John Redmond, Wilson, Tuttle Creek, Milford
and Waconda Reservoirs (upstream and downstream)
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within the last 30 years, although some recent data is
missing in our dataset, especially on TP.

The difference in discharge (ratios of discharge
upstream/downstream) significantly influenced the reten-
tion of TP, TSS, and NO3

− (p<0.05, MANOVA) when
data for all reservoirs were considered (Table 4).
Conversely, when considered separately, the relation-
ship between the ratios and the retention capacity was
significant only for TSS in the Kanopolis Reservoir and
NO3

− in the John Redmond and Milford Reservoirs. In
the case of the John Redmond Reservoir, the ratios
upstream/downstream discharge were always below
0.3 because we were accounting for only 20 % of the
water overall (Fig. 2). The retention may thus be
underestimated as other streams may contribute to in-
creasing nutrients and solids concentrations in the water.

However, in the Milford Reservoir, we were ac-
counting for most of the water and the ratios
presented a greater variation (from 0.8 to 1.4).
Figure 7 further illustrates that when downstream
exceeded upstream discharge (ratios <1), NO3

−

retention was smaller, reflecting the possible im-
pact of other streams and tributaries we did not
account for. On the other hand, NO3

− removal was
greater with ratios higher than one (maximum of
70 % of retention, with a respective discharge ratio
of 1.4).
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Table 3 Mean reduction (%) for total phosphorus (TP), total
suspended solids (TSS), and nitrate (NO3

−) from upstream to
downstream each of the studied reservoirs: Kanopolis, John
Redmond, Wilson, Tuttle Creek, Milford and Waconda

Variable reservoir TP (%) TSS (%) NO3
− (%)

Kanopolis 67 83 14

John Redmond 67 72 56

Wilson 50 64 39

Tuttle Creek 74 93 11

Milford 63 86 33

Waconda 42 – 48

All shown percentages of reduction were considered statistically
greater than zero (p<0.05, MANOVA)

– no reduction

Table 4 Statistical analysis of the relationships between the
difference in discharge (ratios of discharge upstream/down-
stream) and retention of total phosphorus (TP), total suspended
solids (TSS) and nitrate (NO3

−) from upstream to downstream
each of the studied reservoirs: Kanopolis, John Redmond, Wil-
son, Tuttle Creek, Milford and Waconda

Reservoir Upstream/downstream discharge (ratio)
versus retention of:

TP TSS NO3
−

Kanopolis p=0.057 p<0.05 p=0.092

John Redmond p=0.057 p=0.754 p<0.05

Wilson p=0.469 p=0.262 p=0.085

Tuttle Creek p=0.377 p=0.468 p=0.612

Milford p=0.275 p=0.760 p<0.05

Waconda p=0.405 – –

All reservoirs p<0.05 p<0.05 p<0.05

The MANOVA considered a confidence level of 95 % (statisti-
cally significant if p<0.05)
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Discussion

Upland streams significantly affect downstream water
quality (Dodds and Oakes 2008) and land use shifts
have potential influences on water chemistry through
nonpoint pollution sources in Kansas. Protection of both
headwaters and downstream riparian zones may con-
tribute to attenuating pollutant loads entering the water
bodies (Banner et al. 2009). Besides such control zones,
artificial reservoirs are also an important component for
removing and processing nutrient and sediment entering
them and the watersheds.

However, it is difficult to establish a general rule on
how reservoirs influence nutrient and sediments given
the complexity and individuality of the aquatic systems
(Friedl and Wüest 2002). Considering the assessed
Great Plain reservoirs, the mean reduction percentages
of TP and TSS were relatively high in comparison to
similar studies in Europe (12 % for TP and 55 % for
TSS reported by Teodoru and Wehrli 2005) and the
USA (13 % for TP and 80 % for TSS presented by
James and Barko 2004).

As a consequence of smaller upstream discharges
and longer hydraulic residence times, retention is nor-
mally greater in extremely dry years. We expected
more TP and TSS removal in the Wilson and
Waconda Reservoirs because these water bodies have
the longest mean residence times (28 and 18 months,
respectively, Table 1), favoring sedimentation and bio-
geochemical processing. However, the opposite was
found: the lowest reduction percentages were found
in such reservoirs, ≤50 % for TP and ≤64 % for TSS.
In the case of the Waconda Reservoir, we were ac-
counting for only 36 % of the discharge and the con-
tribution of other tributaries may have increased nutri-
ent concentrations in the water, compromising our
ability to calculate retention rates. Therefore, in prac-
tical terms, the ratio for upstream/downstream
accounted discharge is an important parameter to be
considered when analyzing nutrient and sediment reten-
tion. Despite its short residence time (5 months),
Tuttle Creek Reservoir presented the highest re-
moval percentages among all reservoirs (74 % for
TP and 93 % for TSS).

The removal efficiency depends upon the configu-
ration of the aquatic systems, (e.g., one single reservoir
or a series of reservoirs along a river, Kummu and Varis
2007). Depth and surface area are also important pa-
rameters controlling reservoir retention capacity.

Shallower reservoirs and those with a longer fetch are
more prone to suspension of sediments. John Redmond
Reservoir, the shallowest (1.8-m average depth) and
one of the smallest analyzed reservoirs (32.7 km2), had
the second lowest TSS removal percentage (72 %).
Considering lakes larger than 25 km2 and with hydrau-
lic residence times smaller than 4 months, phosphorus
retention coefficients are expected to increase with
increasing relative depths (Kõiv et al. 2011).

Particle trapping by lakes and reservoirs is common-
ly correlated with the relative low phosphorus concen-
trations downstream (Houser et al. 2010). TP removal
was coupled with TSS retention within the studied
reservoirs in Kansas (R2=0.51), indicating that a sig-
nificant part of this nutrient was adsorbed to solids.
High inputs of sediments during the periods of maxi-
mum river flows may result in more significant phos-
phorus retention as phosphorus combines with
suspended solids and is removed from the water col-
umn by sedimentation (Bolin et al. 1987). During
periods of drought and water level drawdown, outflow
concentrations of TP and TSS normally increase due to
different factors like sediment resuspension (Shantz
et al. 2004), especially in shallow ecosystems. Since
we focused on a broader time scale and calculated
yearly means for the studied variables, such seasonal
effects were not seen in our study.

Reservoirs retain more than 30 % of the total nitro-
gen removed by lentic systems globally (Harrison et al.
2009). Nitrate removal presented relatively high vari-
ation among the studied reservoirs (minimum of 11 %
and maximum of 56 %). A similar 30-year study
(Schoch et al. 2009) reported a reduction of 22±6 %
in NO3

− concentrations as an effect of the Saylorville
Reservoir (USA). Residence time is normally consid-
ered an important parameter for modeling nitrate in
reservoirs and lakes (Whitehead and Toms 1993).
However, despite having the lowest hydraulic resi-
dence time, the John Redmond Reservoir presented
the highest NO3

− retention percentage, suggesting that
the mechanism of removal was not affected by the
water retention time in this aquatic system. The con-
centration ratios of NO3

−/TP from the upstream sam-
pling points of the analyzed reservoirs were about two
times higher than the same ratios downstream, indicat-
ing that NO3

− retention was smaller than TP in per-
centage terms across all reservoirs.

Inflow water quality and quantity varies in both
seasonal and interannual scales and affects reservoirs
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influence on biogeochemical cycles (Cooper and
Knight 1990). Great Plains Rivers’ regimes are
altered by impoundments and hydrologic records
have shown increase in minimum discharge events
and decrease in floods (Costigan and Daniels
2012). Land use shifts and ongoing climate change
in one of the world’s most important agricultural
regions (Drummond et al. 2012) is also a point of
concern in the Great Plains as such alterations
might affect water quality over time. However,
we have not found evidence of changes in the
yearly mean upstream and downstream discharges
in our study. Retention capacity of TSS, TP, and
NO3

− has not changed within the 30 years of the
analysis either.

Our investigation has also shown that the evaluated
reservoirs are not getting more nutrient rich. TP, for
example, was relatively stable within the 30-year peri-
od. Reservoirs have the tendency to decrease variance
in nutrient loads. In terms of the 30-year standard
deviation upstream/downstream (milligram per liter):
0.11–0.03 (Kanopolis), 0.17–0.06 (John Redmond),
0.07–0.02 (Wilson), 0.30–0.05 (Tuttle Creek), 0.19–
0.04 (Milford), and 0.10–0.11 (Waconda). The respec-
tive values for upstream–downstream NO3

− standard
deviation were (milligram per liter): 0.18–0.12, 0.99–
0.19, 0.24–0.13, 0.47–0.37, 0.26–0.20, and 0.47–0.42.
The standard deviation values were frequently higher
for the upstream dataset in comparison to the down-
stream, indicating that reservoirs had the effect of
lowering variance in the studied water quality
parameters

Humans are increasing nutrient export worldwide
(Caraco and Cole 1999; Mayorga et al. 2010; Qu
and Kroeze 2010). If people want to control the
associated eutrophication, management actions are
necessary to control the loads reaching freshwaters
and oceans. The studied Great Plains reservoirs
provide important ecosystem services, including
reduction in nutrient and solids concentrations
and overall benefits to the downstream water qual-
ity. However, none of the reservoirs completely
removes nutrient or sediment pollution. Although
their removal capacity has not changed in the last
30 years, it is advisable to perform continuous
monitoring of their retention ability and, if neces-
sary, set upper limits for admissible inflow loads
in order to avoid reservoir siltation and further
undesirable enrichment.

Conclusions

Our study indicated that the assessed Great Plains
reservoirs are not only able to remove (on average)
61, 66, and 34 % of the upstream TP, TSS, and NO3

−

concentrations, respectively, but also have been
maintaining this ability for 30 years, despite all anthro-
pogenic impacts they are submitted to. This has impor-
tant implications when valuing the environmental ser-
vices performed by the reservoirs and when designing
watershed management plans to alleviate eutrophica-
tion and other forms of water pollution.
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