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Abstract The interface between lotic and lentic
ecosystems is often a zone of intense metabolic
activity, as primary production in streams and rivers
can be light limited whereas nutrients often limit
primary production in lake ecosystems. Our objective
was to model the influence that rivermouths (the lotic-
lentic interface) could have on the loads of soluble
reactive phosphorus (SRP) and dissolved inorganic
nitrogen (N) passing from the tributary to the
nearshore zone of a lake. To achieve this objective,
we modeled the combined role of water column
nutrient transformation rates with sediment nutrient
flux rates. For sensitivity analysis, we picked plausible
parameter ranges based on values previously
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measured in the Fox rivermouth (a tributary to Lake
Michigan). Sensitivity analysis of the model demon-
strated that overall the importance of water column
processing rates increases with increasing nutrient
concentration and discharge. We then applied the
model to the Fox rivermouth, simulating the change in
nutrients on four dates where all of the necessary
parameters had been estimated. This modeling sug-
gests that the Fox rivermouth is often a net sink for
SRP and source for ammonia (NH,), with water
column processing driving SRP removal and both
water column and sediment flux driving NH4 dynam-
ics. Removal of SRP in the water column means
conversion to particulate and/or organic P, and those P
pools are generally considered to be less bioavailable
than SRP, so it may be that rivermouths disconnect
upstream sources of nutrients from nearshore food
webs. These results demonstrate that the interface
zone between lotic and lentic systems has the potential

P. C. Frost - M. A. Xenopoulos
Department of Biology, Trent University, Peterborough,
ON K9J 0G2, Canada

W. F. James

Center for Limnological Research and Rehabilitation,
Department of Biology, University of Wisconsin-Stout,
Menomonie, WI, USA

@ Springer


http://orcid.org/0000-0002-6414-9758
https://doi.org/10.1007/s10533-021-00821-8
https://doi.org/10.1007/s10533-021-00821-8
https://doi.org/10.1007/s10533-021-00821-8
https://doi.org/10.1007/s10533-021-00821-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-021-00821-8&amp;domain=pdf
https://doi.org/10.1007/s10533-021-00821-8

190

Biogeochemistry (2021) 155:189-203

to substantially alter the load and character of nutrients
as river waters pass through rivermouths to adjacent
nearshore areas.

Keywords Rivermouths - Nitrogen - Phosphorus -
Models - Hotspots

Introduction

Interface zones between different ecosystem types
often create conditions favorable for rapid processing
of nutrients and other bioreactive substances (McClain
et al. 2003; Schade et al. 2005). Rapid processing
occurs when nutrients can be found in excess of
biological demand in one ecosystem, but in limiting
quantities in the adjacent ecosystem (Schade et al.
2005). For example, production in streams is often
limited by light, disturbance and turbidity (Vannote
et al. 1980; Hilton et al. 2006), whereas lentic
ecosystem production is primarily limited by the
availability of nutrients (Schindler 2012; Paerl et al.
2016). Therefore on a landscape scale, interfaces
between lotic and lentic waters are likely biogeo-
chemical hotspots and interact to create a mosaic of
biogeochemical processing environments (Kling et al.
2000; Larson et al. 2007).

Rivermouths, like saltwater estuaries, are the
interface between lotic and lentic waters. As river
waters enter rivermouth zones, they interact with lake
waters and create a physiochemical environment that
is distinct from either the upstream river or the open
waters of the adjacent lentic ecosystem (Elliott and
Whitfield 2011; Larson et al. 2013b). Tributary
nutrient loads delivered by rivers may be retained or
transformed in rivermouths prior to reaching lentic
waters (Downer 1985; Krieger 2003; Morrice et al.
2004; Garnier et al. 2010; Gilbert et al. 2013; Weinke
et al. 2014; Larson et al. 2016), essentially weakening
the connection between upstream landscapes and the
nearshore zone (Larson et al. 2013a, 2014). Estimates
of nutrient loading to large lakes usually take place at
water discharge gages that are placed well upstream of
lake influence to simplify loading estimates (e.g.,
Robertson et al. 2018), but these estimates obviously
do not account for these rivermouth-induced changes.

Processes that remove or transform nutrients may
occur in the water column (Reisinger et al. 2015) and
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the sediments (Steinman et al. 2006, 2009) and include
both biotic and abiotic processes (Fig. 1). Collec-
tively, these processes result in changes in the amount
and timing of nutrient fluxes entering the lake.
Estimating these effects within rivermouths is com-
plicated by seiches (i.e., backflows) that occur during
storm events, and the presence of multiple surface
inflows and groundwater inputs (Trebitz 2006; Mor-
rice et al. 2011). In addition, rivermouths are often the
location of intense human development, so point
source inputs such as wastewater, stormwater and
industrial pollution are frequently concentrated in
populated rivermouths (“The Cadmus Group” 2012;
Larson et al. 2013b). Therefore, mass balance
approaches to estimate rivermouth effects have gen-
erally been limited to simpler rivermouths and estu-
aries (Krieger 2003; Robson et al. 2008; Larson et al.
2016) or have used statistical associations to identify
rivermouth effects on nutrients (e.g., Larson et al.
2013a). Although there have been many studies
measuring individual processing rates of nutrient
transformation in river, rivermouth and estuarine
ecosystems (e.g., Steinman et al. 2009; Reisinger
et al. 2015; Larson et al. 2019), there have been few
attempts to estimate the collective role of these
processes (e.g., McCarthy et al. 2007a, b).

The key processes differ for different nutrients as
well. For example, soluble reactive phosphorus (SRP)
delivered by river tributaries may be taken up by algae,
bacteria and plants in both the water column and
benthos, transforming SRP to particulate phosphorus
(PP) and dissolved organic phosphorus (DOP). This
newly created PP and DOP may eventually decompose
and re-mineralize P, which creates a future source of
recycled SRP, or it may be buried in sediments for
long periods (Klump et al. 1997). Other sources of PP
and DOP include inorganic and detrital sediments
from upstream. Benthic and suspended sediments may
release or adsorb SRP abiotically due to dis-equilib-
rium with surface water conditions or periods of low
oxygen and biotically via bacterial decomposition and
remineralization (Orihel et al. 2017).

In addition to SRP, loads of labile inorganic
nitrogen (N) are also thought to be important for
promoting ecosystem productivity (Paerl et al. 2016).
As with SRP, rivermouth biota take up ammonium
(NH,4) and nitrate (NOy), essentially converting it into
organic forms, which are often less bioavailable and
may then decompose or may be buried for longer time
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Fig. 1 Conceptual model showing some important nutrient
transformation and processing steps that occur in rivermouths.
The most bioavailable forms of nutrients are typically their

periods. Unlike P, many forms of N can be lost to the
aquatic ecosystem via volatilization. The fate of these
labile N forms could ultimately be N, the (relatively)
inert gas that makes up a large portion of the
atmosphere (Schlesinger and Bernhardt 2013). The
conversion of NOj to N,, or incompletely to N,O, is
referred to as denitrification, and is often responsible
for large losses of N from aquatic ecosystems
(Seitzinger et al. 2006; Kreiling et al. 2011; Small
et al. 2016). Denitrification is often associated with
sediments, as interfaces between oxic/anoxic condi-
tions facilitate the process (Seitzinger et al. 2006).
Sediment denitrification rates can be high enough to
reduce overall N availability across large ecosystems
(McCarthy et al. 2007b), and thus fluxes of N into the
sediment could represent permanent losses to the
system.

Our primary objective was to integrate estimates of
water column processing and sediment flux rates to
assess the degree to which an entire rivermouth can
alter the riverine loads of labile N and P. To
accomplish this objective, we built a simple mass-
balance model that uses estimates of processing rates
and water residence time to calculate estimates of the
mass change that occurs to riverine loads of a nutrient
over some time increment (e.g., each day). We then

dissolved inorganic forms. More detailed descriptions are
included in the introduction. Volatization is probably limited
to a few forms of N (N,, ammonium, N,O)

used this model and previously published measure-
ments of nutrient processing and hydrology from the
Fox tributary of Lake Michigan (Green Bay, WI) to
assess how much the Fox rivermouth likely alters the
delivery of SRP, NH, and NOy to Lake Michigan. To
implement this model for a real-world system, we
incorporated variation by drawing processing rates
from a range of potential values and generating a
corresponding distribution of overall rivermouth
effects.

Methods
Model of rivermouth nutrient transformations

In this model, we are estimating how much change in
nutrient mass would occur for a certain volume of
water as it passes through the rivermouth (in this case,
the amount of water that enters via river discharge over
a single day; Fig. 2). This model calculates the change
in mass due to water column processing, the change in
mass due to sediment flux and adds them together to
estimate a total rivermouth effect (detailed description
below and in Fig. 2). The same approach could be
used to break the rivermouth into smaller segments or
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shorter time periods, which would require detailed
information about water movement through those
individual segments. For the sake of clarity, we are
referring to the mass of water that enters the
rivermouth from the river as ‘river water.” These river
waters and their associated load are the exclusive
focus of this model, although in real life groundwater,
precipitation, surface runoff and seiches will con-
tribute additional water (and nutrients) to varying
degrees in different rivermouths and at different times.
These other sources of water and nutrients would
change the nutrient concentration beyond what is
depicted in this model.

The concentration of nutrient in rivermouth waters
after water column processing is given by the follow-
ing equation (from Reisinger et al. (2015), solved for
the final concentration):

CO = CReKNXWRT, (l)

where C and Co« are the concentrations (mg L") of
the nutrient in the river water before and after the time
required to pass through the rivermouth (the water
residence time), respectively. Ky is the first-order
water column nutrient loss rate (h~'; Reisinger et al.
2015). Wgr is the residence time of the rivermouth (in
hours). By using the water residence time to estimate

the change in concentration, we are restricting these
estimates to only the period of time when the river
waters are in the rivermouth, before they reach the
lake.

The next step is to translate these changes in
concentration to changes in mass of that nutrient
(ANwc; in mg). At the most basic level, we need to
multiply the volume (V) by the change in concentra-
tion to get the change in mass:

ANyc = (Co — Cg) x V, (2)

where the difference in concentrations is contained
within the first set of parentheses. The volume is
simply the volume of water passing through the
rivermouth that we are considering. This could be any
amount, but for the sake of this exercise, we are using
the volume of water that enters the rivermouth (from
the river) over a certain period of time, so that this can
be connected to the sediment flux rates (i.e. 1 day).
Here, volume is estimated by multiplying discharge by
time (i.e. V = Discharge x Time ). In this arrange-
ment, ANy is positive when water column processing
increases the concentration of that nutrient in the water
column.

As mentioned, this is a very simple model that
assumes processing rates remain fixed throughout the

River Rivermouth Lake

Water column
processing during transit
Mass entering rivermouth
Nz = Volume X C,

Volume =

Concentration after water column
processing:

Change in total mass due to water
column during transit time:

CO = e[(K,v XW g +loge(Cp)]
Mass exiting rivermouth

No= Ng + AN piyermouth
ANy = (Co — Cp) X Volume

Discharge X time
(Ld?) Mass added or lost due to
. sediment flux: (m)
Sediment flux ANgep =F, X Area X time
Total change in river load due to
rivermouth:

AN givermouth = ANszp + ANy

Variable Description Variable Description
Ng Mass of nutrient from river during a particular time period (mg) ANy  Changeinmassof nutrient due to water column
No Mass of nutrient delivered to lake during a particular time period processing (mg)
(mg) ANgzp  Changeinmassof nutrient due to sediment flux(mg)
Cr Concentration of nutrient in incoming river waters (mg L)

Wer Water residence time; time it takes for river water to

Co Concentration of nutrient in outgoing rivermouth water (mg ) travel through the rivermouth (this limits our estimates to
Ky First-orderloss rate of nutrient in water column (d) the time the wateris in the rivermouth, which may be less
Fy Net flux of nutrient from sediments (mgm=2d-) than1d)(d)

Fig. 2 Description of our model for the change in mass of a
dissolved inorganic nutrient as it passes through the rivermouth.
This model focuses on how the concentration of a nutrient

within a certain volume of water changes after it passes through
the rivermouth. This model is explained in more detail in the text
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time the water is in the rivermouth. To apply this
model to an actual rivermouth, we incorporated
variability by iteratively running the model (thousands
of times), drawing Ky from distributions of real-world
measurements (i.e., the posterior distribution of esti-
mates of K generated by Larson et al. 2019). This
approach is computationally simple, while still incor-
porating the considerable real-world variation that has
been observed in these nutrient processing rates.

Sediment contributions (ANggp) to outflowing
nutrient load is given by multiplying the sediment
flux rate (Fn; mg m > dfl) by the sediment surface
area of the rivermouth (A; m2) and; the time period of
interest (#; here 1 day).

ANSED:FNXAXt (3)

As with water column processing rates, using this
equation to model real-world data can use an iterative
process to incorporate known variability in sediment
flux rates by drawing from a distribution of potential
Fy values.

The total change in nutrient mass caused by the
rivermouth (ANR;vermouth) fOr @ given time period can
then be estimated by adding the results of Eq. 2 and
Eq 3 (ANRivermoulh = ANWC + ANSED)~

Study site

Although the model we used here could be employed
in the description of any rivermouth system, we used
nutrient processing rates and flows from the Fox
rivermouth to provide a realistic scenario, since we
have processing rate estimates from this rivermouth
(Fig. 3). The Fox rivermouth has been the subject of
two previous effort to directly measure nutrient
processing rates (Larson et al. 2019, 2020). The Fox
rivermouth occurs within an Area of Concern due to
legacy contamination and pollution associated with
agricultural runoff (https://dnr.wi.gov/topic/
greatlakes/greenbay.html). The Fox River drains an
agricultural watershed (32% row crops and 10% pas-
ture), and also passed through one of the largest inland
lakes in the Great Lakes basin (Lake Winnebago).
Here we treat the rivermouth as extending upstream
from the De Pere Dam (44.448256 N, 88.064133 W)
and downstream to where the channelized portion of
the rivermouth intersects the coastline (44.539571 N,
88.004666 W; Fig. 3). In total, this is 11.9 km longi-
tudinally with a surface area of 4.86 km?.

Sediment nutrient processing rates

To use the model in the Fox rivermouth, we used
previously published measurements of sediment nutri-
ent flux from sampling in 2016 (see Larson et al. 2020
for methodological details of these measurements and
associated data at https://doi.org/10.5066/
POLVTWSS). Briefly, 3 replicate intact sediment
core samples were collected at each station in April,
June, August and September (2016). Intact cores were
incubated in controlled temperature conditions and
keep aerated to prevent hypoxia. Overlying water was
sampled for changes in nutrient concentration for
24-72 h (depending on the specific nutrient). For more
details, see Larson et al. (2020). For each date, the
estimated mean and standard deviation were used to
describe a normal distribution of sediment flux. For
each simulation, we then drew an estimate from this
distribution.

Water column nutrient processing rates

We used previously published measurements of water
column nutrient processing from sampling in 2016
(Larson et al. 2019). Water column incubations were
completed using methods that were loosely based on
Reisinger et al. (2015). Briefly, whole water was
incubated in clear bags in the field for 6-12 h (during
April, June, August and September, 2016), with
nutrient concentrations measured repeatedly over the
course of the incubation. Dissolved inorganic nutrients
decreased in concentration within bags due to biotic
uptake or sorption to particulate material. These
incubations were performed at 3 locations (Fox 2,
Fox 4 and Fox 5). From these measurements, we used
a Bayesian model-fitting procedure to generate poste-
rior distributions for K. For more details, see Larson
et al. (2019).

Fox rivermouth hydrology

Water residence time (WRT) was calculated on the
lower Fox River rivermouth by relating mean channel
velocity measured at USGS gage 040851385 Fox
River at Oil Tank Depot to velocity longitudinal
profiles done on the 12-km stretch of the river from the
Depere Dam to Green Bay. The longitudinal profiles
were divided into 11 sections and each section was
compared to the velocity being measured every 5 min

@ Springer
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Fig. 3 Locations within the Fox rivermouth where sediment and water column nutrient processing rates were measured

at 040851385. Mean downstream velocity in each of
the 11 was regressed (using ordinary least squares
linear regression) to the continuous velocity measure-
ments at the gage. The result was the ability to
calculate velocity in every section of the river for each
reading taken at the gage. WRT was then calculated
every 5 min by calculating travel time through each
section of river, for the period from April through
October 2016. WRT ranged from 10 h during high
incoming flows at the De Pere dam to 80 h during low
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incoming flows. For the purposes of this manuscript,
we were primarily interested in the range and median
water residence time and discharge data.

Simulations of the Fox rivermouth at the time
of nutrient processing experiments

All of the data needed to calculate ANgjvermouth WETE
generated on four occasions, and we’ve focused on
four dates when experiments occurred (April 21, June
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17, August 3 and September 20, 2016). During a
2-week period around each of these dates, measure-
ments of sediment and water column processing rates
were available as described above. Initial concentra-
tions (Cgr) were from initial conditions in either the
water column incubation experiments (Larson et al.
2019) or the sediment incubation experiments (Larson
et al. 2020) at the site closest to the De Pere Dam (the
upstream end of the rivermouth), which was Fox 3 (for
April) or Fox 1 (for all other dates). We used the
individual retained estimates of Ky derived during our
previous analysis (i.e., the individual runs from the
Bayesian analysis; Larson et al. 2019) as the potential
distribution of values for Kyn. We included all Ky
estimates from experiments where the initial concen-
tration was above the detection limit. Estimates of
ANggp (mean and standard deviation) for the Fox
rivermouth were previously published in Larson et al.
(2020). Here we used those previously reported mean
and standard deviation estimates to describe a nor-
mally distributed range of potential ANggp values. For
each of these four dates, the ANRgivermoun WAas
estimated 10,000 times, with each iteration drawing
a value for Ky and ANggp from these distributions (see
Statistical Appendix for R code). For the August
sampling, NOyx concentrations were below the detec-
tion limit, which prevented good estimates of 1st order
loss rates in the water column, and so ANOxRgivermouth
was not calculated for August.

While the model here describes the processing of
labile nutrient forms, there are external sources of
labile nutrients that are not accounted for in this
model. Two major surface water sources merge with
the Fox rivermouth below the De Pere dam (Ash-
waubenon Creek and the East River) and at least ten
other point source inputs of P are present (The Cadmus
Group 2012). Therefore this model is not designed to
predict the actual changes in concentration that may
occur in the Fox rivermouth, but rather how the
rivermouth would process Fox River inputs prior to
them reaching Lake Michigan (Green Bay).

Sensitivity analysis of rivermouth processing

To determine which parameters most strongly influ-
ence ANRgivermouth, W€ Systematically varied the values
of concentration, discharge, Wgrr, KN and Fy. This
sensitivity analysis was done using plausible ranges of
values for the Fox rivermouth as a model system.

Rivermouths with dramatically different fundamental
characteristics (e.g., much longer residence times,
much smaller river inputs, etc.) would probably
require different methods to estimate processing rates,
or would need to be broken up into different segments
or time-steps, although those systems could be mod-
eled with this approach as well. For example, our
water column processing rates were estimated over
6—12 h, and the Fox rivermouth has a water residence
times that ranges between 10 and 50 h. A different
method for measuring water column processing rates
would probably be needed to estimate what these
water column processing rates would be in a river-
mouth where water residence time was measured in
weeks, rather than hours.

For the Fox rivermouth, Wgr is strongly driven by
the incoming discharge, but also driven by wind-
driven seiche events. For the purpose of this sensitivity
analysis, we regressed all of our observed 2016
discharge measurements and Wgt estimates to create
a log-normal regression relating discharge to Wg (R*
0.83, see Figure S1). We then used this relationship to
estimate what the Wit would be given the discharges
we used in the sensitivity analysis. This empirically-
derived relationship would be different for river-
mouths with different morphologies and watershed
properties, and does not account for stochastic events
that create backflows (seiches). The lack of data on
water residence time limits our ability to model other
rivermouths of similar fundamental size and discharge
in the Great Lakes or elsewhere. All of the exact values
used in this sensitivity analysis are described in the
statistical appendix R code (https://doi.org/10.5066/
PO9PNDSXR) and correspond to the ranges of Ky and
F observed in previous studies of the Fox rivermouth
(Larson et al. 2019, 2020).

Results

Sensitivity of model outcomes to different
variables

For the sensitivity analysis, we calculated the change
in a hypothetical nutrient (in terms of mass change per
day) across a broad range of first-order loss rates
(K values), sediment flux rates, discharge and water
residence times. Most of the range of K values that we
considered suggested that the water column is a net
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sink for a nutrient, while most of the range of sediment
flux rates we considered suggest that sediments are a
net source of nutrients. The ranges we considered are
based on the measurements we collected in the Fox
and Duck rivermouths. Especially for sediment flux
rates, those values seem plausible for other systems as
well (as discussed in Larson et al. 2020). The ranges of
values observed for the individual nutrients SRP, NH,
and NOy in the Fox rivermouth are highlighted in
Fig. 4 as well. Across the range in discharge that is
present in the Fox rivermouth, we looked at three
different nutrient concentrations, one most applicable
to SRP (0.005 mg L"), one most applicable to NH,
(0.035 mg N L™"), and one most applicable to NOx
(0.64 mg N L™'; Fig. 4).

Across all potential K and sediment nutrient flux
rates considered here, low nutrient concentrations
correspond to a stronger influence of sediment
processes and high nutrient concentrations correspond
to a stronger influence of water column processes
(Fig. 4). In Fig. 4, this basically means at low nutrient
concentrations the contour lines are more vertical
(indicating moving along the K axis doesn’t change
the rivermouth effect) and at high concentrations, the
contour lines are more horizontal (indicating moving
along the sediment flux axis doesn’t change the
rivermouth effect). Increasing discharge expands the
importance of water column processes, but this seems
to have a minor influence at high and low nutrient
concentrations (e.g., Fig. 4D-F).

Within the specific ranges of nutrient processing
rates we observed in the Fox for SRP, NH, and NOx,
more specific conclusions can be drawn. At low
discharge, the rivermouth is likely a source of NHy
across the range of observed Kyy, and sediment NH,
flux (Fig. 4D-F), but as discharge increases, water
column losses may result in the rivermouth becoming
a net sink for NH, at times when sediment flux is low
and the absolute magnitude of Kyyy is relatively high
(Fig. 4D-F). Overall, discharge was less important for
the rivermouth effect on both SRP (Fig. 4A-C) and
NOx (Fig. 4G-I).

At higher nutrient concentrations, those more
relevant to NOy at many times during the year, the
role of sediment nutrient flux becomes greatly dimin-
ished (Fig. 4). The almost horizontal contour lines on
Fig. 4G-I demonstrate that across the entire range of
sediment flux values considered, there is only small
change in the magnitude of the rivermouth effect.

@ Springer

Therefore, at these higher nutrient concentrations the
role of water column processing is substantially more
important than sediment flux in dictating whether the
rivermouth is a net source or sink of nutrients and the
magnitude of the rivermouth effect (Fig. 4G-I).

These model outcomes are sensitive to the WRT,
but this sensitivity does little to alter the conditions
that drive the direction of the rivermouth effect (net
loss or net gain) and instead has more influence on the
magnitude of the rivermouth effect (Figure S2). As a
result, identifying parameter spaces where the river-
mouth is a net source or sink is only slightly influenced
by WRT. Increasing the surface area of the rivermouth
without changing residence time or discharge
increases the relative importance of sediment flux
(Figure S3).

Simulating labile nutrient dynamics over four days
in the Fox rivermouth

Within the Fox rivermouth our measured Kyox rates
were highly variable, and so changes in NOx due to the
water column were highly variable, and do not
indicate a clear directionality within the rivermouth
(Table 1). Because the concentrations of NOx were
relatively high, this translated into water column
effects that swamp out any sediment flux effect in the
model. A clear majority of simulations suggested the
rivermouth was a sink for NOx in April (82.1% of
simulations) and a lesser majority indicated the
rivermouth was a sink in June (67.3% of simulations;
Table 1). In September, the simulations were nearly
split on the directionality of the rivermouth effect,
with 54.6% of simulations indicating the rivermouth
was a sink (Table 1).

For SRP, the mass of nutrient transformed in the
water column was 3—10 times higher than the mass of
SRP flux into or out of the sediment (Table 1), so water
column processing was also much more important
than sediment processing for determining the overall
rivermouth effect on these dates. In June, August and
September, the majority of simulations indicated the
rivermouth was a net sink for SRP (69.6, 86.8 and
99.9% of simulations), with water column removal of
SRP occurring at a greater rate than sediment flux of
SRP into the water column (Table 1). In April, the
water column appeared more likely to be a source of
SRP (72.6% of simulations had a net increase).
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Fig. 4 Sensitivity analysis of rivermouth nutrient retention or
release model. Individual panels are arrayed in a grid with
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concentration (going down). The three rows of nutrient
concentrations are close to observed values for soluble reactive
phosphorus (SRP; A—C), ammonium (NH4; D-F) and nitrate
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maximum observed in the Fox River during 2016 and surface
area was held constant at 4.86 km? (surface area present in the
Fox rivermouth). Boxes indicate the range of sediment flux and
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Unlike SRP and NOx, NH, sediment fluxes were
substantial enough to have a strong influence on the
overall rivermouth effect. Sediment and water column
NH, effects were usually on the same order of
magnitude, although in opposite directions (Table 1).
In April, ~ 65% of simulations suggested the river-
mouth was a NHy sink, whereas in June, August and
September, ~ 70% of simulations suggested the
rivermouth was a net source of NH,.

A substantial proportion of the inferred load of
these nutrients are transformed during passage through
the rivermouth. The load of river nutrients in this
analysis is inferred from the initial volume and the
initial concentration (Fig. 2). The median proportion
of the nutrients brought into the rivermouth by the
river that were gained or lost ranged from —0.32 to
0.74 in our SRP models, —0.06 to 0.57 in our NH,
models and —0.28 to —0.01 in our NOx models
(Table 1). This is a very crude method for estimating
load, and our inferred loads are much lower than the
loads reported at the outflow of the Fox River (below
the rivermouth; Robertson et al. 2018), which we
would expect given the other inputs to the Fox
rivermouth that are outside the framework of this
model (“The Cadmus Group” 2012).

Discussion

Our model combines areal sediment flux rates and
volume-based water column transformation rates into
a single mass estimate of the rivermouth’s effect on
riverine nutrient loads. This model demonstrates that
across a broad range of conditions, variation in water
column processes drive variation in the rivermouth
effect when concentrations are high, and variation in
sediment flux rates is more important when nutrient
concentrations are low. The relative importance of
water column and sediment processing are thought to
vary among ecosystems, with small headwater streams
dominated by benthic processes (Mulholland and
Webster 2010) and lentic systems experiencing a
mix of benthic and pelagic processes (Wetzel 2001;
Price and Carrick 2011). The simple model we
indicated that over a large parameter space, it is
necessary to understand both processes to assess how
rivermouths alter riverine nutrient loads.

In our example with the Fox rivermouth, we treated
the entire rivermouth as a single section and modeled

mass changes occurring in a single day, but this same
approach could be used to model individual river-
mouth sub-sections over shorter time periods. One
aspect that could be improved beyond simply model-
ing at a different spatio-temporal scale is the interac-
tions between drivers of rivermouth nutrient effects.
For example, phytoplankton and bacteria are able to
rapidly vary their community composition and nutri-
ent uptake rate in response to variation in nutrient
concentrations (McCarthy et al. 2007a; Caceres et al.
2019) and variation in discharge is likely not inde-
pendent of variation in processing rates (Gardner and
Doyle 2018).

The application of this model to the Fox rivermouth
yielded some interesting insights to both this particular
ecosystem and how the naturally occurring ranges of
real-world processing rates fit within the overall
parameter space we explored in the sensitivity anal-
ysis. Previous research in this system suggested that
sediments could contribute a meaningful percentage
of the total SRP and NOyx load of the Fox River
(Larson et al. 2020), and sediment flux can strongly
influence the rivermouth effect across a wide range of
potential parameter space in the model. However, our
on-site data in the Fox occurred in parameter spaces
where sediment flux had a small effect on SRP and
NOx compared to the dynamics occurring in the water
column. This is consistent with estimates of metabo-
lism in Green Bay, with sites near the Fox River
having much more pelagic than benthic primary
production (Althouse et al. 2014).

Although our model suggests that water column
processes are as important or more important than
sediment flux rates over a wide range of plausible
conditions in rivermouths similar to the Fox, the
influence of these water column ‘losses’ on nearshore
productivity is not clear. Loss of inorganic nutrients in
the water column indicates a conversion to particulate
or organic forms. Relative to dissolved forms of
inorganic P, particulate P is often considered to be less
bioavailable (Baker et al. 2014; Qin et al. 2015) and
particulate P associated with inorganic sediment may
be bound to iron or aluminum complexes, making the
P difficult for phytoplankton to access. However,
pelagic conversion of SRP to particulate P is most
likely dominated by microbial uptake (including
bacteria, cyanobacteria and phytoplankton). As these
microbes die and lyse, the organic compounds that
contain P are still relatively bioavailable, so much of
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this particulate P could be cycled in the water column
or decompose and remineralized after sedimentation
(Orihel et al. 2017). Although some of the microbially-
held particulate P will sink into the sediments and be
buried in Green Bay itself (Klump et al. 1997), it is not
clear whether the decrease in SRP observed in the
rivermouth due to water column processing translates
into a similar decrease in the ability of the total P pool
to sustain water column primary production in the
nearshore.

Previously, management agencies in other areas
have attempted to reduce sediment P release by adding
alum (which binds strongly with P), and those efforts
seem to reduce P flux rates (Steinman and Ogdahl
2012; Steinman et al. 2018). Sediment P flux in the
Fox rivermouth appears relatively high relative to
measurements made in other ecosystems (Orihel et al.
2017; Larson et al. 2020), so perhaps sediment
manipulation could be a strategy to reduce P avail-
ability in Green Bay. However, wind and flow-driven
resuspension and redistribution of sediments might
complicate sediment amendments or movements.
Even with the high P flux rates that were observed in
the Fox rivermouth, our models suggest that passage
of SRP through the rivermouth is driven primarily by
variation in water column processes.

As with SRP, the water column removal of
inorganic N is probably mostly driven by uptake by
biota and results in plankton incorporating N into their
tissues. This organic N can be released while biota still
live, and also after they die and begin to decompose, so
a substantial portion of the ‘removed’ N will also
likely become available again over time. Some of this
organic N may sink and be buried, and in the
sediments some of that may be denitrified into N,
gas (Schlesinger and Bernhardt 2013), while other N
will be released back into the water column in
inorganic forms (as we observed in Larson et al. 2020).

In our model, there was some uncertainty about the
overall effect of the Fox Rivermouth on the inorganic
N load, but most of the summer and late summer
simulations suggested an overall increase in the
preferred NH, (and possibly a reduction in NOj).
The form of N strongly influences its ability to support
aquatic primary producers. The general consensus is
that reduced, inorganic N (NHy) is the preferred form
of N for cyanobacterial species, and the ratio between
oxidized (NO3) and reduced N is hypothesized to
strongly influence competitive interactions between

@ Springer

cyanobacteria and algal species (Glibert 2017). To use
NOj; or urea, phytoplankton must first turn on addi-
tional enzymatic machinery that converts those N
species into NH4, which requires the acquisition of
trace metals and higher energetic costs (Rees and
Bekheet 1982; Glass et al. 2012; Oliver et al. 2012;
Glibert 2017).

Conclusion

Given the huge area of the watershed and the widely
dispersed nature of nutrient sources, an interesting
result of this modeling effort is that a 4.86 km’
rivermouth appears to be capable of substantially
altering SRP and inorganic N concentrations in river
water inputs. For example, in our August 3rd model,
84.1 kg of SRP were delivered to the rivermouth from
the Fox River and our median estimate suggested
49.7 kg were transformed into particulate P in the
water column before reaching the coast of Lake
Michigan. Although this seems like a dramatic
change, very labile nutrient forms are often cycled
rapidly in productive ecosystems. For example, in a
study on the eutrophic Grand River (a Lake Erie
tributary), Barlow-Busch et al. (2006) measured gross
uptake rates of phosphate and found that the range of
turnover times for PO43_ was 0.45-15 h. Nutrient
loads are directly implicated in the intensity, severity
and toxicity of cyanobacterial blooms and other
eutrophication problems in Green Bay (Althouse
et al. 2014), and therefore watershed-wide manage-
ment of urban and agricultural sources of nutrients are
a primary research and management focus (“The
Cadmus Group” 2012; Kreiling et al. 2018).
Rivermouths are often small relative to the water-
sheds they drain, but the modeling here supports other
evidence that suggests they can mediate (to some
degree) the relationship between the watershed and the
nearshore zone (Larson et al. 2013a, 2014, 2016). By
using the Fox rivermouth as a test location for
exploring this model, we may have focused on an
unrepresentative example of a rivermouth (at least
among other Great Lakes rivermouths). The Fox River
is one of the largest tributaries of the Great Lakes and
the rivermouth is heavily developed (i.e., channelized
and disconnected from riparian areas), which
decreases water residence time and opportunity for
nutrient  transformation. Other Great Lakes
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rivermouths may have configurations that result in
more complete transformation of labile nutrients to
organic form or particulate forms, essentially more
effectively disconnecting the incoming labile nutrient
concentrations from the nearshore zone. For example,
the Muskegon rivermouth (also a Lake Michigan
tributary) has a residence time of 21 days (Biddanda
et al. 2018), compared to the 10-50 h common in the
Fox rivermouth, and large rivermouths effects have
been observed in the Muskegon (Marko et al. 2013).
Although this model can be used for systems with very
different underlying structures than the Fox, we would
recommend parameterizing the models using different
methods for estimating water column processing (and
likely sediment nutrient flux) to account for those
longer residence times. For example, a 12 h water
column incubation probably isn’t a useful way of
estimating the net effect of water column processing
over 21 days.

There are other rivermouths that are similar in
many respects to the Fox, most notably the Maumee
rivermouth (Lake Erie), which also drains an agricul-
tural watershed, is among the largest tributaries in the
Great Lakes and has a heavily developed rivermouth.
The movement and fate of labile nutrients is partic-
ularly relevant in the Maumee system, as there is a
watershed-wide focus on reducing not just phosphorus
loads, but specifically SRP (Annex 4 Task Team
2015). However, if the Maumee rivermouth functions
much like the Fox, then we might expect to see rapid
changes in the availability of SRP just within the
rivermouth, independent of what is happening in the
watershed.
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