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Abstract—To determine the impact of nutrient loading from a sewage treatment plant and from aquatic
macrophytes on riverbed chemistry, a 6-month (May-November) study was undertaken in the South
Saskatchewan River, Saskatchewan, Canada at five sites located upstream and downstream of a municipal
sewage treatment plant outfall and with differing biomasses of aquatic macrophytes. Nitrogen and
phosphorus concentrations in the sediment-bound and porewater pools of the riverbed were greatest and
porewater dissolved oxygen concentrations were lowest at the site with highest open-water nutrient
concentrations (118 and 553 ug/l TP and TDN) and aquatic macrophyte biomass (205 g/m?). Sites
receiving little or no sewage effluent (23-60 ug/l TP and 221-325 ug/l TDN) had the lowest porewater
and sediment-bound nutrient concentrations if no macrophytes were present, whereas concentrations were
one-third to seven-fold greater if macrophytes were present in moderate abundance (135 g/m?). Our results
showed that effluent loading and aquatic macrophytes may cause significant changes in the chemistry of
riverbed sediments and suggest that for shallow slow-flowing rivers, benthic nutrient exchanges represent
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a critical component in water quality modeling.
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INTRODUCTION

The impact of increased nutrient loading on lentic
ecosystems has been well documented, particularly
with respect to changes in water and sediment chem-
istry and phytoplankton production (e.g. Schindler,
1974; Edmondson and Lehman, 1981). These findings
have been incorporated into water quality models to
predict the impacts of nutrient loading on open-water
nutrient concentrations, primary production and
higher trophic levels in lakes (Dillon and Rigler, 1975,
Di Toro et al., 1983; Camara and Randall, 1984). In
contrast, much less is known about eutrophication in
river ecosystems, particularly the impact of added
nutrients on riverbed sediments and benthic biota,
and exchanges between the open water and the
riverbed. Observed enhancements of primary and
secondary production by nutrient loading (Chambers
et al., 1989; Johnston et al., 1990; Bothwell, 1992)
indicate that nutrient additions to rivers cause
changes that extend beyond the direct effects on water
chemistry. The findings that riverbed sediments can
act as a buffer system in the control of soluble
reactive phosphorus concentrations in surface water
(Gessner, 1960; Taylor and Kunishi, 1971; Meyer,
1979; Klotz, 1988) and that benthic vegetation can
trap suspended particulates (Gregg and Rose, 1982),
take up nutrients from the sediments (Chambers
et al., 1989) and release them to the water column
(Peverly, 1985) indicate the importance of riverbed
sediments and biota in nutrient cycling. However,

453

despite indications that riverbed processes can mod-
ify instream nutrients, the standard water quality
models for predicting downstream dissipation of
point-source nutrient loads are primarily hydraulic
and focus on advection or advection—diffusion kin-
etics. Knowledge of the role of riverbed nutrient
dynamics is critical for the development of realistic
water quality models, particularly for shallow, low-
nutrient and/or slow-flowing rivers where the poten-
tial for exchange of nutrients between open-water and
riverbed pools is considerable. Moreover, the poten-
tial for benthic plants to modify riverbed sediments
may mitigate management programs aimed at rooted
plant control through reduced open-water nutrient
loading.

The aim of this study was to characterize the
nutrient pool in the riverbed of a regulated river in
western Canada and to assess the effect of increased
open-water nutrient loading and benthic primary
production on riverbed chemistry. Many rivers in
western Canada receive sewage inputs from sewage
lagoons or municipal sewage treatment plants. In the
broad (75-300 m), shallow (<3 m deep) rivers of the
Canadian prairies, these nutrient-enriched reaches
are dominated by rooted aquatic plants which can
achieve biomasses > 1000 g/m?2. This work forms part
of a larger study aimed at modelling the role of
benthic processes in river systems and establishing
nutrient loading criteria to improve water quality and
reduce excessive aquatic macrophyte growth in
prairie rivers. A 6-month (May-November) study of
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nutrient pools in the South Saskatchewan River,
Saskatchewan was undertaken whereby open-water,
porewater and sediment-bound (total and exchange-
able) phosphorus and nitrogen concentrations were
monitored at five sites located upstream and down-
stream of a municipal sewage treatment plant outfall
and with various biomasses of aquatic macrophytes.
This allowed us to test the hypotheses that: (1) sewage
loading to a regulated river is associated with an
increase in nutrient concentrations in the riverbed
and (2) aquatic macrophytes can affect riverbed
chemistry independent of any effects due to effluent
loading.

METHODS
Study site

The South Saskatchewan River is a seventh-order river
and a major tributary of the Saskatchewan-Nelson river
system. It originates in south-eastern Alberta, Canada with
the convergence of the Bow and Oldman rivers and flows
northeast across the prairies, joining with the North
Saskatchewan River in east-central Saskatchewan to form
the Saskatchewan River (Fig. 1). The latter flows through

Cedar Lake and Lake Winnipeg into the Nelson River
which drains into Hudson Bay. With the exception of the
montane headwaters, the drainage basin is located entirely
within the prairie ecozone of Canada which is characterized
by a semi-arid climate, brown or black chernozemic soils,
and vegetation dominated by short or mixed grass commu-
nities in the southern and central portions and trembling
aspen and poplar to the north (Environment Canada, 1986).

Flows in the South Saskatchewan River are regulated by
more than 20 dams in Alberta and the Gardiner Dam
located 114 km upstream of the City of Saskatoon. Since
completion of the Gardiner Dam in 1965, mean annual
flows at Saskatoon have averaged 213 m’/s (1965-1986) with
peak flows typically occurring in winter and minimum flows
recorded during summer. Exceptions to this pattern occur
when unusually high mountain snowpack in combination
with heavy rainfall produces high flows in mid-summer.
Operating guidelines for the Gardiner Dam require that a
minimum flow of 42.5m%s be maintained in the river at
Saskatoon throughout the year. In 1971, the City of
Saskatoon (population 125,089) initiated primary sewage
treatment. Effluent is discharged from the sewage treatment
plant (STP) into the river through a series of diffusers
originating 50 m off the west riverbank and extending
one-third of the channel width (total width 300 m). Chlori-
nation to kill bacteria was added in 1985 and in 1989 (the
study year), the City (population 183,897) continued with

Saskatoon

Confluence with
North Saskatchewan River .

SOUTH SASKATCHEWAN RIVER
DOWNSTREAM OF SASKATOON

Fig. 1. Map of the Canadian prairie provinces showing the South Saskatchewan River and the study sites.
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primary treatment and chlorination. Based on a 1980 study,
86% of the phosphorus load in the South Saskatchewan
River at Saskatoon was derived from Gardiner Dam dis-
charge (Tones et al., 1980). Downstream of Saskatoon,
approx. 86% of the phosphorus load was derived from the
STP (May—Sept. 1988; Chambers, unpublished data).

Five study sites were selected on the basis of open-water
quality and aquatic macrophyte biomass from data col-
lected from 1987 and 1988 surveys of the river (Chambers
et al., 1989; Chambers, unpublished data) (Fig. 1). Site I was
located approx. 100m upstream of the Saskatoon STP
outfall; aquatic macrophytes were absent, total phosphorus
(TP) and total dissolved nitrogen (TDN) concentrations
averaged 18 and 293 ug/l, respectively (n =21 and 18;
June-September 1987 and 1988). Site II was located 25 km
downstream of the STP outfall. Here, the plume of sewage
effluent (discharged along the west bank of the river) had
not completely mixed across the entire river. As a result,
open-water nutrient concentrations were considerably less
along the east riverbank {30 and 323 ug/l TP and TDN,
respectively, (n = 8 and 6); June-September 1987 only] than
along the west bank [113 and 571 ug/l TP and TDN,
respectively (n =21 and 19); June-September 1987 and
1988]. In addition, aquatic macrophyte biomass peaked at
205 + 72 g/m? dry weight (August 1988; mean + SE) along
the west riverbank while rooted plants were absent along the
east bank. Sampling stations were established along both
the west and east riverbanks and henceforth will be referred
to as Site II-weed and Site II-nonweed, respectively. Site 111
was located 150 km downstream of the STP outfall. Here,
the effluent plume was mixed across the entire width of the
river and TP and TDN concentrations averaged 38 and
271 ug/l, respectively (n = 13; June—September 1988 only).
Aquatic macrophytes were confined to an area extending
approx. 55m off both shores with peak biomasses of
135+ 19 g/m? dry weight (August 1988). Two sampling
stations were established: Site I1I-weed located approx. 45 m
offshore of the west bank and Site III-nonweed located
approx. 70 m offshore of the west riverbank.

Sampling methods

The five stations were visited on 35 occasions between
May and November 1989. On each date, open-water
samples were collected 15-30 cm below the water surface for
phosphorus [total (TP), total dissolved (TDP) and soluble
reactive (SRP) phosphorus] and nitrogen [total dissolved
(TDN), nitrate + nitrite (NO, + NO,) and ammonium
(NH,)] analyses. Flow-weighted sewage effluent samples
were collected daily between May and August 1989 and
analyzed for TP, TDP, SRP, TDN, NO, + NO, and NH,.
Samples for TDN, TDP and SRP were filtered in the field
through pre-washed 0.45-um Sartorius membrane filters;
samples for NH, analysis were preserved with 0.25-ml 40%
v/v H,S0O,. All samples were stored on ice in coolers and
then refrigerated at 4°C in the laboratory until analyzed.
Current velocity was measured at each station with a
Gurly—Price model 22 current meter at 0.1 and 0.25 m below
the water surface and 0.1 m above the riverbed. Mean
current velocity was calculated as the average of the three
readings.

Porewater and sediment samples, and open-water Ca and
DO samples were collected on 7-10 sampling dates for each
station. Porewater was sampled with 80-mi single chamber
dialyzers (“gravel peepers”; Sly, 1988) fitted with biologi-
cally inert membranes (Gelman HT-450). The samplers were
filled with degassed distilled deionized water and allowed to
equilibrate in a closed water bath bubbled with nitrogen gas
for at least 4 days prior to use. Two racks, each containing
three peepers stacked vertically, were inserted side-by-side
into the riverbed at each station, ensuring that the same
location (within 1-2 m?) was maintained throughout the
entire study. As each sampler measured 6 cm dia., porewater
samples were integrated over three depth intervals: 0-6,
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6-12 and 12-18 cm into the riverbed. The samplers were
allowed to equilibrate with the pore water for a minimum
of 2 weeks before retrieval (Sly, 1988). On each sampling
date, two racks (i.e. six samplers) were retrieved from each
station. Pore water was recovered from the samplers with
syringes. Samples for SRP, NH,, Ca and Fe?* analysis were
injected into glass vials that had been gassed with nitrogen
and capped with Wheaton stoppers. Samples for dissolved
oxygen (DO) analysis were fixed in the syringe following the
micro-Winkler method of Burke (1962). All porewater
samples were removed from the sampler within 5min of
retrieval to reduce contact with the air and chemical precipi-
tation. The samples were kept in the dark on ice until
analyzed. Two sediment cores (20 cm long, 5cm i.d.) were
collected at each station within 2 days of porewater collec-
tion. The cores were extruded and sectioned into 6-cm slices
that were frozen for subsequent analysis.

Analytical methods

Surface water samples were analyzed for TP, TDP, SRP,
TDN, NO, + NO, and NH, at the Western Regional Water
Quality Branch Laboratory, Environment Canada follow-
ing Environment Canada (1979). Samples for TP and TDP
analyses were digested with potassium persulfate and sulfu-
ric acid; TP, TDP and SRP were analyzed on a Technicon
autoanalyzer following the molybdenum blue method. NH,
and NO, + NO; were determined on a Technicon autoana-
lyzer; the NH, method was modified to use sodium salicy-
late, instead of phenol, as the reaction agent with sodium
hypochlorite. TDN was analyzed by u.v. digestion followed
by colorimetry on a Technicon autoanalyzer.

Porewater samples were analyzed for SRP, NH,, Fe?*,
Ca and DO. All porewater samples were analyzed within
24h of collection. SRP and NH, were analyzed on a
spectrophotometer following the molybdenum blue method
of Murphy and Riley (1962) and the phenol hypochlorite
method of Solorzano (1969), respectively. Fe>* was ana-
lyzed on a spectrophotometer following the phenanthroline
method (APHA et al., 1985). Porewater and open-water DO
was determined by titration against sodium thiosulfate
following the Burke (1962) micro-Winkler method. Porewa-
ter and open-water Ca was analyzed by flame emission on
a Perkin—Elmer (model 3030) atomic absorption flame
emission spectrophotometer (APHA et al, 1985). All
porewater samples were analyzed in duplicate.

Sediment samples were analyzed for total and exchange-
able nitrogen (N) and phosphorus (P). Total N and P were
analyzed at the Freshwater Institute Laboratories, Fisheries
and Oceans Canada, Winnipeg, Manitoba on dried sedi-
ments ground to pass through 100-um mesh. Total phos-
phorus was extracted with 0.165 N HCI from ashed (1 h at
550°C) samples and analyzed on an autoanalyzer (after
Stainton et al., 1977). Total N was determined on a Control
Equipment Model 24XA C-H-N analyzer. Exchangeable N
and P were analyzed on previously-frozen sediments that
were thawed to room temperature. Exchangeable P was
extracted by shaking sediment samples for 16 h with 0.1 N
NaOH-0.1 N NaCl (after Williams et al., 1967) and
measured spectrophotometrically (Murphy and Riley 1962).
Exchangeable N was extracted by shaking sediment samples
for |h with 2M KCl (Bremner, 1965) and measured
spectrophotometrically as ammonium (Solorzano, 1969).
Exchangeable nutrient concentrations were expressed per
dry weight of sediment as determined by drying wet sedi-
ments to constant weight at 110°C. Total nutrient analyses
were performed in duplicate; exchangeable nutrient analyses
were performed in triplicate.

Statistical methods

Data were analyzed with the Statistical Analysis System
(SAS Institute Inc., 1988). Differences in open-water
nutrient chemistry between sites was determined by multi-
variate analysis of variance (MANOVA). Comparisons of
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Fig. 2. Discharge rates and current velocities (mean of three depths) for the South Saskatchewan River,

Saskatchewan: (a) discharge rate at Saskatoon (6.8 km upstream of Site I) and St Louis (Site III)

(Environment Canada, 1990) and for the effluent from the Saskatoon STP and (b) current velocities for
nonvegetated sites (mean of Sites I, II-nonweed and III-nonweed), Site II-weed and Site I1l-weed.

porewater and sediment chemistry between sites and depth
strata were analyzed by MANOVA. There were no
significant differences (P > 0.05) in porewater or sedi-
ment nutrient concentrations for samples collected from
peepers or cores positioned side-by-side in the riverbed;
the samples were therefore treated as duplicates. All
ANOVA and MANOVA tests were followed by Student—
Newman-Keuls (SNK) multiple range tests to identify
differences in open-water, porewater or sediment chemistry
between sites, dates and, in the case of riverbed samples,
depth strata. Regression analysis was used to relate porewa-
ter SRP and NH, concentrations to sediment phosphorus
and nitrogen concentrations for each depth strata. Porewa-
ter SRP and NH, concentrations were also related to
open-water nutrient concentrations and current velocity
(integrated over the 2 weeks prior to sampling) with site
introduced as a dummy variable in the regression. Results
are presented as mean + 1 SE in the text; mean values are
plotted in the figures.

RESULTS
Surface water

Discharge rate remained relatively constant
throughout May—September 1989, averaging 58 +
0.4 m%/s 6.8 km upstream of Site I and 55 + 0.4 m®/s
at Site III (Fig. 2). By October, flows had begun to
increase reaching values in excess of 200 m%/s by
mid-November as a result of increased releases over
the Gardiner Dam. While differences in discharge
between the two sites were small, flows were consist-
ently less at the downstream site (P < 0.001; ¢-test)

due to high rates of evaporation (700800 mm mean
annual lake pan evaporation) relative to precipitation
(300400 mm mean annual) (Fisheries and Environ-
ment Canada, 1978). Effluent release rates from the
STP averaged 90,430 + 682 m’/d, May-September
1989 and represented <2% of river discharge.

While discharge rate was only marginally different
between the sites, current speed differed between the
five locations (Fig. 2). Mean current speed was not
significantly different (P > 0.1; ANOVA) for the
three sites without macrophytes and averaged
0.29 + 0.01, 0.27 £+ 0.02 and 0.31 + 0.01 m/s at Site I,
Site II-nonweed and Site III-nonweed, respectively.
By comparison, mean current speeds at the vegetated
sites were significantly less (P < 0.01; ANOVA), av-
eraging 0.03 +0.01 and 0.12 + 0.01 m/s at Site II-
weed and Site III-weed, respectively.

Open-water nutrient concentrations also differed
between sites. Phosphorus (TP, TDP and SRP) and
TDN concentrations were consistently lowest up-
stream of the STP (Site I) and greatest 25 km down-
stream along the west riverbank (Site II-weed)
(Table 1, Fig. 3). Concentrations were intermediate at
Sites II-nonweed, III-nonweed and II-weed with no
significant differences (P > 0.1) between the vege-
tated and non-vegetated locations at Site III.
In contrast, NH, and NO,+ NO, concentrations
were lowest at the furthest downstream sites (Sites
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Table 1. Nutrient concentrations in the open-water, porewater and bottom sediments of
the South Saskatchewan River, Saskatchewan at five sites. Data are presented as
mean + SE averaged from June to November 1989. Porewater and sediment data are also
averaged over a depth extending from 0 to 18 cm below the sediment-water interface

Nonweed Weed

Site I Site II Site IIT Site 11 Site IIT
Open-water (ug[l)
TP 2347 48 +2 60+3 118+9 60+3
TDP 841 3542 49 +3 97+9 49+3
SRP 4403 2142 3113 7248 29+3
TDN 21+6 325+12 259+8 553+24 277+ 12
NH, 18+2 61+7 1341 158 + 26 1611
NO, + NO, 45+5 §1+10 13+3 198 + 14 10+0.2
Porewater
SRP (ug/h) 21 +4 36+6 T1+8 627 + 48 356 + 18
NH, (ug/h) 347+48 219+37 141+23 23724+268 93155
Fe'* (ugfl) 193+30 151+26 171 +19 25114282 87134142
Ca (mg/l) 33+1 3612 30+2 5143 2741
DO (mg/) 24+03 281+04 18+02 1.0+0.1 1.440.1
Bottom sediments (ug /g dw)
Exchangeable P 87+11 1106 105+7 214+ 12 152+7
Exchangeable N 39+09 34106 35107 29+6 77+ 14
Total P 378+29 419+21 331+12 638 + 17 440 + 12
Total N 115422 126 +13 119125 436 + 58 2717+ 29

ITI-weed and nonweed), greatest at Site II-weed and
intermediate at Sites I and II-weed. Nutrient concen-
trations in the effluent averaged 4.1 +0.1 mg/l TP
and 20.0 + 0.2mg/l TDN throughout the summer
(May-September 1989).

Open-water nutrient concentrations were relatively
constant throughout the year at the upstream site
(Site I) (Fig. 3). By comparison, downstream concen-
trations varied considerably over the year generally in

response to fluctuating discharge and nutrient con-
centrations of the effluent. However, a two to three-
fold increase in TP, TDP and SRP concentrations
was observed at the high biomass site (II-weed) from
mid-July to mid-August despite relatively constant
loads from the STP. This indicates an unidentified
short-term source of nutrient loading in the 25km
reach below the STP such as from a spill or internal
nutrient loading from the sediments to the
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Fig. 3. Surface-water nutrient concentrations for five sites on the South Saskatchewan River,
Saskatchewan and effluent concentrations for the Saskatoon sewage treatment plant: (a) total phosphorus
(TP) concentrations and (b) total dissolved nitrogen (TDN) concentrations.
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open-water. Dominant ion concentrations did not
differ between sites or dates and averaged 42, 29, 2.9,
17, 87 and 9.4mg/l Ca, Na, K, Mg, SO, and Cl,
respectively.

Porewater chemistry

Porewater nutrient concentrations differed signifi-
cantly between vegetated and nonvegetated sites
(Table 1). Comparison of porewater SRP, NH, and
Fe?* concentrations averaged over depth and date
showed that sites without submerged plants did not
differ significantly (P > 0.1) and were consistently
less nutrient rich (P <0.05) than sites with
macrophytes. Moreover, for the two sites with
macrophytes, porewater SRP, NH, and Fe** concen-
trations were consistently greater for the site with
higher biomasses of aquatic vegetation (Site 1I-weed).
Differences in DO concentrations between sites were
consistent with respect to nutrient chemistry and
aquatic macrophyte abundance: DO concentrations
were lowest at the high biomass nutrient-rich site,
highest at the low-nutrient nonvegetated sites and
intermediate at the site with moderate biomass and
nutrient concentrations. Porewater Ca concen-
trations were greatest at the high biomass nutrient-
rich site but showed no consistent pattern with
changes in aquatic macrophyte abundance or nutri-
ents for the other four sites.

In addition to differences between sites, porewater
chemistry varied with depth and date (Fig. 4). There
was, however, no consistent pattern in porewater
temporal variation between sites with and without
plants. Strong depth gradients were rarely established
at any site. However despite this weak stratification,
porewater DO concentrations were almost always
less than open-water values and, with the exception
of May and November samples, always less than
4 mg/l. Even at sites with coarse substrates (cobble at
Site I and sand at Site II-nonweed), porewater DO
values averaged less than 3 mg/! while at the high
biomass site (Site II-weed), concentrations were
< 1 mg/! for most of the summer. Porewater SRP and
NH, concentrations also tended to be greater than
open-water values for vegetated sites. However, at
sites without macrophytes, open-water nutrient con-
centrations were often similar to porewater values,
particularly for the shallowest depth strata. Ca con-
centrations were generally greater in the open-water
than in the porewater except at the high biomass
nutrient-rich site where they were indistinguishable.

Porewater SRP, NH,, Fe**, DO and Ca concen-
trations were highly intercorrelated (Table 2). Analy-
sis of porewater data for all sites and depths showed
that SRP, NH, and Fe?* concentrations were all
positively correlated with one another. SRP, NH, and
Fe’* were negatively correlated with DO. While Ca
was positively correlated with SRP, NH, and Fe**,
removal of the high biomass nutrient-rich site from
the data set (i.e. Site Il-weed, the only site with
significantly different porewater Ca concentrations)

resulted in negative correlations with SRP
(r = —0.25, 0.001 < P <0.01) and NH, (r = —0.35,
P <0.0001) and a positive correlation with DO
(r =0.40, P <0.0001).

Sediment chemistry

Differences in sediment chemistry between sites
were consistent with porewater chemistry (Table 1).
Concentrations of both exchangeable and total phos-
phorus and nitrogen were greatest at the heavily-
weeded site (Site II-weed), intermediate at the site
with moderate macrophyte growth (Site III-weed)
and lowest at the sites without macrophytes. While
sediment nitrogen and phosphorus concentrations
varied with depth and date, there were no consistent
patterns and depth gradients were rarely established
(Fig. 5). Changes in sediments nutrient concen-
trations were, however, highly intercorrelated
(Table 2).

Open-water, porewater and sediment inter-relations

Nitrogen and phosphorus concentrations in the
porewater and sediment-bound or open-water pools
were highly correlated (P <0.005, Table 2) when
data from all sites were pooled. However, within each
site, there were no correlations (P > 0.1) between
nutrients in the porewater and open-water or sedi-
ment-bound pools. There was also no correlation
between porewater nutrient concentrations and cur-
rent velocity (P > 0.26) averaged over the 2 weeks
prior to sampling for a depth of 0.1 or 0.25 m below
the water surface, 0.1 m above the sediment-water
interface or averaged for the entire water column.

DISCUSSION

Nutrient concentrations in the bottom sediments of
the South Saskatchewan River varied in response to
open-water effluent loads and the presence/absence of
aquatic macrophytes. Total, exchangeable and pore-
water phosphorus and nitrogen concentrations in the
riverbed were greatest at the site with highest open-
water nutrient concentrations (118 and 553 ug/l TP
and TDN, respectively) and aquatic macrophyte
biomass (205 g/m?) and lowest at the sites with little
or no effluent loading (23-60ug/l TP and
221-325 ug/l TDN) and no aquatic macrophytes.
Riverbed nutrient concentrations were intermediate
at the site with little effluent loading (60 ug/l TP and
277 ug/l TDN) yet moderate aquatic macrophyte
growth (135 g/m?). Overall, porewater values ranged
from below detection limits to 1.7, 2.4 and 2.5 mg/!
SRP, NH, and Fe?* while sediment-bound concen-
trations ranged from <1 to 116 ug/g exchangeable
nitrogen, 28 to 360 ug/g exchangeable phosphorus,
215 to 770 ug/g total phosphorus and 10 to 1550 ug/g
total nitrogen. These concentrations are consistent
with values previously reported for other streams and
rivers (Dahm et al., 1987, Carr, 1989; Chambers
et al., 1992) and are similar to concentrations found
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Table 2. Correlation matrix for porewater soluble reactive phosphorus (SRP), ammonium (NH,), ferrous iron (Fe’*),
calcium (Ca) and dissolved oxygen (DO) concentrations and sediment total and exchangeable phosphorus (P) and nitrogen
(N) concentrations for all depth strata and all stations on the South Saskatchewan River, Saskatchewan. Data presented

as Pearson correlation coefficients (r) and sample size

Porewater Sediment
SRP NH, Fe** DO Ca Exch-P  Exch-N  Total P Total N
Porewater
SRP 1.00
(182)
NH, 0.84%** 1.00
(182) (186)
Fe?* 0.64%** 0.65%** 1.00
(182) (183) (183)
DO —0.40%** —0.35%** —0.29%**s 1.00
(182) (184) (183) (184)
Ca 0.45%* 0.48%* 0.53**+ —0.02 1.00
(154) (155) (155) (155) (155)
Sediment
Exch-P 0.65%** 0.53%%* 0.55%%* —0.32* 0.54%** 1.00
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Fig. 5. Total and exchangeable phosphorus and nitrogen concentrations at three depth intervals into the
riverbed for Sites I, II-weed and III-weed on the South Saskatchewan River, Saskatchewan. Site I is
presented as representative of the three sites without aquatic macrophytes.
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in mesotrophic to eutrophic lakes (Barko and Smart,
1980; Enell and Lofgren, 1988; Shaw and Prepas,
1990).

The direct effects of effluent loading on riverbed
chemistry are difficult to isolate from the indirect
effects caused by enhanced growth of aquatic
macrophytes. Total, exchangeable and porewater nu-
trient concentrations did not differ significantly be-
tween nonvegetated sites that were unimpacted (i.e.
upstream, 23 ug/l TP and 221 ug/l TDN) or only
moderately impacted (i.e. Sites II-nonweed and III-
nonweed, 4860 pg/l TP and 259-325 ug/l TDN) by
sewage effluent. Over this range, open-water nutrient
concentrations had little effect on riverbed chemistry.
Because of continuous plant cover at the heavily-im-
pacted site (Site II-weed), the effects of aquatic
macrophyte growth on riverbed chemistry could not
be separated from those of open-water nutrient load-
ing at this site. However, comparison of riverbed
chemistry for vegetated and nonvegetated sites in a
moderately-impacted reach showed that aquatic
macrophytes had a significant impact on the chem-
istry of riverbed sediments. Thus, porewater nitrogen
and phosphorus concentrations were 5-7-fold greater
while sediment-bound nutrient concentrations were
one-third to two times greater for the vegetated
versus the nonvegetated site. In addition, porewater
dissolved oxygen concentrations were lower while
ferrous iron and ammonium concentrations were
greater at the vegetated site.

The significance of aquatic macrophytes in altering
sediment chemistry has previously only been reported
for lakes. Here, macrophytes have been found to
change sediment chemistry both passively, by trap-
ping fine particulates and contributing organic matter
during die-back (Butcher, 1933; Westlake, 1961;
Ladle and Casey, 1971; Werner and Weise, 1982;
Gregg and Rose, 1982) and actively, through the
release of oxygen into the rhizosphere (Armstrong,
1967; Tessenow and Baynes, 1975, 1978; Sand-Jensen
and Prahl, 1982; Sand-Jensen et al., 1982; Sorrell and
Dromgoole, 1987; Gunnison and Barko, 1989). The
ability of plants to release oxygen through their roots
suggests that vegetated sediments should have lower
available iron, phosphorus and ammonium concen-
trations due to increased sediment redox. However,
oxygen release sufficient to overcome the reducing
capacity of most submerged sediments has only been
observed for small isoetid macrophytes growing in
oligotrophic lakes with oxidized sediments (Tessenow
and Baynes, 1978; Reddy and Patrick, 1984, 1986;
Jaynes and Carpenter, 1986). Our observation that
riverbed nutrient concentrations were greater and
dissolved oxygen concentrations were lower in vege-
tated than nonvegetated areas receiving anthropo-
genic nutrient loading is consistent with studies on
the effect of aquatic macrophytes on sediment chem-
istry in mesotrophic and eutrophic lakes (Carignan,
1985). Moreover, comparison of riverbed chemistry
for the two vegetated sites showed that porewater,

exchangeable and total nutrient concentrations were
greater and porewater DO values were lower at the
high versus the low biomass site. This finding suggests
that not only does the presence or absence of
macrophytes affect sediment chemistry but that their
impact varies with plant biomass.

Differences in riverbed chemistry between adjacent
moderately-impacted vegetated and nonvegetated
sites suggests that the presence of macrophytes was
largely responsible for the increased nutrient concen-
trations rather than nutrient-enriched sediments serv-
ing as the stimulus for plant growth. Qur finding that
current velocities measured prior to the onset of plant
growth (late May) did not differ between nonvege-
tated, moderately vegetated and high biomass sites
(Fig. 2) while summer (July-August) velocities
differed significantly between these habitats (0.28,
0.13 and 0.03 m/s, respectively) is consistent with this
hypothesis and suggests that the macrophytes them-
selves were responsible for decreasing current speed
due to their increasing biomass and, in turn, enhanc-
ing particulate deposition and sediment reducing
conditions. Madsen and Adams (1989) likewise noted
that Potamogeton pectinatus occurred in stream sec-
tions where velocities had been considerably higher in
the months preceding growth while Gregg and Rose
(1982) observed that the presence of aquatic
macrophyte enhanced deposition over nonvegetated
controls. The ability of aquatic macrophytes to alter
both their flow and sediment environment suggests
that, providing nutrient concentrations exceed the
minimum needed to support plant growth and cur-
rent speeds are conducive to plant establishment
(<lm/s; Chambers et al, 1991), aquatic
macrophytes will establish and flourish. Once beds
have become established, plants in the center of the
beds will continue to act as a particulate filter and
depositional site while those on the fringes will serve
as pioneers in expanding the bed.

Few studies have examined the impact of anthro-
pogenic nutrient loading on riverbed sediments and
among those which have, the response of bottom
sediments to nutrient enrichment is varied. Smith
et al. (1978) observed that anthropogenic nutrient
loading to the Crnojevica River, a weed-choked river
in Yugoslavia, was associated with an exponential
decrease in open-water TP concentrations and a
linear decrease in sediment inorganic phosphorus
concentrations yet no significant change in sediment
total or organic phosphorus concentrations. Simi-
larly, Fox et al. (1989) reported that Fe-bound phos-
phorus decreased while Ca- and saloid-bound
phosphorus increased over a distance of 16 km down-
stream of the Ashford STP on the Great Stour River,
England. These results suggest that the impact of
anthropogenic nutrient loading on riverbed chemistry
varies with the phosphorus species and the binding
efficiency of the bottom sediments. Tessenow (1974)
showed that in oxic water, more phosphorus ad-
sorbed onto iron when Fe-P molar ratios were
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greater than 1.8; at molar ratios less than 1.8 some
Fe-P sorption may occur. Comparison of porewater
Fe-P molar ratios for our three nonvegetated sites
showed that the capacity of iron to adsorb phos-
phorus varied, averaging 5.29 + 1.83,4.72 + 1.07 and
1.37 + 0.27 at Sites I, II-nonweed and III-nonweed,
respectively. At the vegetated sites, porewater Fe-P
molar ratios averaged 2.25+0.4 and 2.08 + 0.68
(II-weed and ITl-weed, respectively). These findings
demonstrate that within a reach of 125 km, riverbed
sediments varied in their efficiency at binding phos-
phorus and hence, their ability to mitigate added
nutrients.

In addition to variations in riverbed chemistry
between sites, porewater and sediment-bound nutri-
ents also varied with date and depth although consist-
ent patterns and strong depth gradients were rarely if
ever established. This lack of clear temporal or depth
patterns is particularly surprising for the vegetated
sites in that lake and laboratory studies have shown
that aquatic macrophytes can mobilize 0.3-21 mg/I P,
12-20 mg/l NH,, approx. 50 ug/g exchangeable phos-
phorus and 110-150 ug/g exchangeable nitrogen
(Barko and Smart, 1980; Carignan, 1985, Chen and
Barko, 1988) and cause a significant decrease in
sediment nutrient concentrations (Carignan, 1985;
Smith and Adams 1986) over one summer. Our
observations that changes in riverbed chemistry at
any site were not correlated with changes in either
velocity or open-water chemistry indicate that the
lack of seasonal or depth patterns in riverbed chem-
istry at any site is not due to irrigation with surface
water. Comparison of porewater Fe—P molar ratios
for all dates and depths showed that the phosphorus-
binding efficiency of the sediments varied consider-
ably with ratios less than 1.8 for 41, 81, 65, 54 and
37% of the samples from Sites I, I1I-weed, III-non-
weed, II-weed and II-nonweed, respectively. In ad-
dition to changes in phosphorus-binding efficiency,
trapping and accumulation of fine particulates and
associated nutrients within the macrophyte beds may
have obscured any decrease in riverbed nutrients due
to plant uptake. While variable inputs from ground-
water may also have obscured temporal changes in
porewater chemistry, measurements of deuterium
concentrations in porewater samples collected on 20
September 1989 from Site II-nonweed and Site 111
gave no evidence of groundwater intrusion (R. J.
Cornett and P. A. Chambers, unpublished data).

In summary, our results showed that effluent load-
ing and aquatic macrophytes may cause significant
changes in the chemistry of riverbed sediments. Riv-
erbed nutrient concentrations were greater and dis-
solved oxygen concentrations were less beneath
high-biomass ( ~ 200 g/m*) macrophyte beds in heav-
ily-impacted surface waters (118 ug/l TP, 553 ug/l
TDN) than beneath moderate-biomass (~ 135 g/m?)
beds in slightly-impacted waters (60 ug/1 TP, 277 ug/l
TDN). Moreover, porewater and sediment-bound
nitrogen and phosphorus concentrations were one-
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third to seven-fold greater for vegetated versus non-
vegetated areas despite identical open-water
chemistry. The enrichment of riverbed sediments as a
result of both direct loading from the open water and
the indirect effects of increased aquatic macrophyte
growth pose particular problems for water quality
modeling of rivers. Riverbed sediments can represent
either a sink of nutrients, under depositional con-
ditions, or a source, under conditions conducive to
internal loading or under high flows which suspend
the bottom sediments and irrigate the riverbed.
Moreover, riverbed nutrient concentrations cannot
be predicted from open-water nutrient loading, even
within a given river or geologic region, due to modifi-
cations by the benthic plant community. The impact
of riverbed sediments and aquatic macrophytes on
water quality will be of particular significance in the
broad shallow rivers in the semi-arid region of central
Canada and elsewhere, as well as in smaller rivers and
streams throughout temperate and tropical regions,
where aquatic macrophytes can grow abundantly.
The potential for long-term reductions in water flow
as a result of river regulation or regional climate
warming will likely further increase the distribution
of aquatic macrophytes and associated nutrient-rich
reducing sediments. Inclusion of riverbed processes in
water quality models will be critical for modeling
downstream changes in river water quality in shallow,
low-nutrient and/or slow-flowing rivers where the
potential for exchange of nutrients between open-
water and riverbed pools is considerable.
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