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Abstract Transitional areas between ecosystem
types are often active biogeochemically due to
resource limitation changes. Lotic-to-lentic transitions
in freshwaters appear active biogeochemically, but
few studies have directly measured nutrient processing
rates to assess whether processing within the river-
mouth is important for load estimates or the local
communities. We measured oxic fluxes of inorganic
nitrogen and phosphorus and dissolved organic carbon
(DOC) from sediments in two rivermouths of Green
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Bay (Lake Michigan, USA). Soluble reactive phos-
phorus (SRP) flux was positive in most cases (overall
mean 1.74 mg SRP m™ % day~ '), as was ammonium
(NH,) flux (40.6 mg NH, m~ ? day~ '). Partial least
square regression (PLSR) indicated a latent variable
associated with both sediment [loosely bound phos-
phorus (P), iron bound P, organic content] and water
column properties [temperature, DOC:dissolved inor-
ganic nitrogen (DIN) and DOC:SRP ratios (nega-
tively)] that was moderately associated with variation
in SRP flux. PLSR analysis also indicated several
sediment characteristics were moderately related to
NH,4 flux, especially organic content, density (nega-
tive), and porosity. Flux of nitrates/nitrites (NOx) and
DOC were positively associated with the water
column concentrations of NOx and DOC and
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qualitative estimates of the labile, non-humic types of
DOC. In early summer, water column NOx and DOC
concentrations were high and labile DOC may have
fueled denitrification, resulting in net flux into sedi-
ments of both NOy and DOC. By late summer, water
column NOx and DOC were very low and both these
constituents were fluxing out of sediments into the
water column. Based on our estimates for the entire
period from April through September, rivermouth
sediments were a net source of SRP and DIN, with a
DIN:SRP ratio of ~ 44 and a NH4:NOyx > 1. We
estimated that the sediments in the Fox rivermouth
probably contributed a small proportion of the total
Fox River load during the growing season 2016
(< 5%), but at times may have contributed as much as
14% of the daily load. Despite the small size of the Fox
rivermouth (< 0.5% of the watershed area), these
results indicate that at times sediments can contribute
substantially to the overall delivery of nitrogen and
phosphorus to the nearshore zone.

Keywords nitrogen - phosphorus - carbon -
Rivermouths - Sediment nutrient flux - Great Lakes

Introduction

Transitional areas between ecosystems are often
locations of high biological activity (Schade et al.
2005). Rivermouths and freshwater estuaries are zones
of transition from lotic to lentic conditions that
experience abrupt shifts in environmental conditions.
Primary production in rivers is often limited by light
(due to shading from in-stream turbidity and riparian
vegetation) or flow conditions (due to short residence
times and disturbance) (Hilton et al. 2006). By
contrast, nutrients often limit productivity in lentic
ecosystems, especially large lakes (Wetzel 2001;
Sterner 2008). Rivermouths sit in the transition zone
between rivers and lentic systems, where sediments
are deposited due to slowing water velocities but
soluble nutrient concentrations remain high (Dila and
Biddanda 2015; Larson et al. 2016).

In the Laurentian Great Lakes, regions experienc-
ing the most obvious signs of cultural eutrophication
(e.g., Green Bay, Saginaw Bay, western Lake Erie)
drain agricultural watersheds (see discussions in Great
Lakes Interagency Task Force 2014; Annex 4 Task
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Team 2015). These agricultural watersheds are the
source of elevated loads of important nutrients such as
nitrogen (N), phosphorus (P) and organic carbon (OC),
which appear to drive annual variation in cyanobac-
terial bloom frequency and intensity (Bertani et al.
2016; Newell et al. 2019). By contrast, the open waters
of these large lakes have become increasingly nutri-
ent-poor, creating steep gradients in solute concentra-
tions across the river-to-lake transition zone (Evans
et al. 2011; Larson et al. 2013, 2016). In addition to
being the location of these steep gradients in solute
concentrations, rivermouths themselves appear to
transform, retain, and release nutrients (Krieger
2003; Morrice et al. 2004; Marko et al. 2013). In a
survey of 23 rivermouths, Larson et al. (2016) used
water mixing models and found that 8 rivermouths had
a substantial impact on N, P, or dissolved organic
carbon (DOC) concentrations. These ‘high effect’
rivermouths drained watersheds with high amounts of
row-crop agriculture. However, most river load esti-
mates are made at gages that occur well upstream from
the rivermouth (by design) and so do not capture these
rivermouth-induced changes in nutrient loads. One
exception is the Fox rivermouth entering Green Bay,
where load estimates are made at the coastline and
account for seiche-induced bi-directional flows
(Robertson et al. 2018).

Release rates of P from sediments have been
reported in rivermouths of the Great Lakes (Steinman
and Ogdahl 2012; Steinman et al. 2012, 2014) partic-
ularly as they relate to potential for eutrophication. On
the other hand, measurements of sediment release
rates of ammonium (NH,), nitrates/nitrites (NOy) and
DOC are less commonly reported. Even if nutrient
release from sediments is a small portion of the total
flux to the nearshore zone, the transient storage of
watershed-derived sediment in rivermouth areas and
subsequent release to the overlying water column may
influence the ecology of rivermouth and nearshore
areas (Withers and Jarvie 2008; Sharpley et al. 2013).
Harmful algal blooms, for example, occur in late
summer when tributary loading is low, so sediment
nutrient fluxes may make up a larger proportion of the
available nutrients at that time (Robertson et al. 2018).
The availability and form of N and P seems to strongly
influence the development of phytoplankton commu-
nities and the ability of cyanobacteria to produce
cyanotoxins (Davis et al. 2010; Glibert 2017). At the
same time, dissolved organic matter (DOM) quantity
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and quality regulate light availability and competitive
interactions between heterotrophs and autotrophs
(Williamson et al. 1999; Stutter et al. 2018). Here,
our objective was to examine fluxes of soluble reactive
phosphorus (SRP), NH;, NOx and DOC between
sediments and the overlying water column in and
around the mouth of the Fox River, which is the major
source of P and other nutrients to Green Bay (Lake
Michigan; Klump et al. 1997). We also qualitatively
estimated changes in DOM composition using optical
properties to assess the types of DOM that were being
altered by sediment flux. By studying these elements
together, we hope to improve our stoichiometric
understanding of how processing of these elements
are linked (Stutter et al. 2018).

Methods
Study sites

The Fox River flows northeast through Wisconsin
before entering Lake Michigan at the southern end of
Green Bay. The Fox rivermouth occurs in the City of
Green Bay, Wisconsin, and has been designated an
Area of Concern due to a legacy of industrial pollution
(https://dnr.wi.gov/topic/greatlakes/greenbay.html).
Like many other rivers draining into eutrophic near-
shore waters in the Great Lakes (e.g., the Maumee
River, the Saginaw River), the Fox River drains a very
agricultural watershed. Sediment delivery to the Fox
rivermouth is affected by a series of upstream dams
and by a large inland lake (Lake Winnebago). While
dams are common in Great Lakes tributaries (Moody
et al. 2017), the Fox River is unusual in also draining
Lake Winnebago, one of the largest inland lakes in the
entire Great Lakes Basin.

The focal area of our study was the Lake Michigan-
affected portion of the Fox rivermouth that is down-
stream from the De Pere Dam (44.448256 N,
88.064133 W) and upstream from the open area of
Green Bay (approximately 44.539571 N, 88.004666
W). This is a linear distance of approximately 11.9 km
along the river’s path with an approximate surface area
of 4.86 km?. Six locations were sampled repeatedly
from April through September in 2016 along the Fox
rivermouth (Table S1; Fig. 1). Adjacent to the Fox
watershed, but slightly to the north and west lies the
Duck Creek watershed, which also has substantial

upstream agricultural and urban development and
small dams (similar to the De Pere Dam), but has a
large wetland at the rivermouth. Two sites were
sampled repeatedly April through September in 2016
in the Duck Creek rivermouth to give some idea of
how sediment nutrient release might differ in another
rivermouth (Table S1; Fig. 1).

For estimating whole rivermouth nutrient release,
the Fox rivermouth was broken into three sections
based on the location of tributary inputs: Upper,
Middle and Lower. The Upper portion starts at the De
Pere Dam and extends longitudinally until the Ash-
waubenon Creek enters the Fox River (1.31 kmz) and
includes sites Fox 1-3 in this study. The Middle
portion starts at the confluence with Ashwaubenon
Creek and runs downstream to the confluence with the
East River (3.0 km?) and includes sites Fox and Fox
4.5 in this study. The Lower portion begins at the
confluence with East River and ends where the
rivermouth intersects the coastline (0.55 kmz) and
includes site Fox 5 in this study (Fig. 1).

Sediment core collection and incubation
experiments

Three replicate sediment core samples were collected
at each site for experimental purposes in April, June,
August, and September 2016 (92 cores total). Data
from 92 sediment incubation experiments using sed-
iment cores collected for this study are available in an
associated data release (https://doi.org/10.5066/
PILVTWSS). Intact sediment cores were collected
at most stations using a gravity coring device (Aquatic
Research Instruments, Hope, Idaho) equipped with
acrylic liners (20 cm height, 6.5 cm inside diameter).
A box corer (Wildco Wildlife Supply Co., Saginaw,
Michigan) containing an acrylic insert (15 x 15 x 15
cm) was used to collect coarser-grained sediments
located at Fox 4.5 and 5. Intact cores were extracted
from the insert using the smaller 6.5 cm x 20 cm
acrylic liners. Sediment cores with overlying water
were sealed with stoppers, stored on ice in a cooler
during transport to the laboratory, and processed
within 24 h. River water, collected at Fox 3, was stored
on ice for transport and served as overlying water for
the sediment incubation systems and to quantify SRP,
NH,, NOx, and DOC (see below).

At the laboratory (University of Wisconsin-Stout),
overlying water was carefully siphoned from each
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88.1°W

Fig. 1 Approximate locations where sediment cores were
collected for incubation experiments in the lower Fox River and
Duck Creek, Green Bay, Wisconsin, 2016. The shaded areas

core and the thickness of the sediment was adjusted to
~ 10 cm within the acrylic liner. The additional water
collected from the Fox River was filtered through a
glass fiber filter (Gelman A/E glass fiber), and 300 mL
(i.e., ~ 10 cm in height in the core tube) was carefully
siphoned onto the intact core without causing sedi-
ment disturbance and resuspension to serve as over-
lying water. The cores were placed in a darkened
environmental chamber and incubated at ambient
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indicate the three zones for which sediment nutrient release was
modeled. The Fox River flows from the southwest to the

northeast

collection temperature (12 °C April, 22 °C June, 26 °C
August, 18 °C September). Dissolved oxygen sensors
deployed during 2016, along with longitudinal tran-
sects of dissolved oxygen throughout the rivermouth,
never indicated low oxygen conditions, so we incu-
bated sediment cores from all sites and dates in oxic
conditions. Aerobic conditions were maintained by
gently bubbling air through an air stone (spherical gas
diffusion stone, 60 jum nominal poresize) placed ~ 1
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cm above the sediment—water interface. On five site—
date combinations (Fox 2 June, Fox 2 August, Fox 2
September, Fox 4 September and Fox 5 August), in
addition to oxic incubations of sediment cores, we also
performed three core incubations in anoxic conditions,
created by bubbling N, gas through the air stone.
Constant gentle bubbling was maintained in each
incubation system with individual air valves. A water
sample (40 mL) was collected daily from each
incubation system. Daily water samples were analyzed
for SRP, and approximately half of the daily samples
were analyzed for NH,, NOy and DOC.

Samples for SRP, NH,, and NOyx were filtered
through a 0.45-pum syringe filter (Fisher 09-719-004)
prior to analysis. SRP was immediately analyzed using
the ascorbic acid method (APHA 2011, 4500-P E.,
detection limit = 0.005 mg/L). Samples for dissolved
inorganic nitrogen (DIN) were preserved with sulfuric
acid to pH < 2.0, and analyzed following methods
described in Soballe and Fischer (2004, Sect. 5.3-5.5,
5.7-5.8, detection limit = 0.01 mg/L NOx and 0.008
mg/L NH,), except that sample volumes were smaller
(12 mL). While SRP was measured in each of the daily
water samples, DIN was only measured in water
collected on 3 days of the incubation (usually the first,
last, and one day in between).

Samples for DOC and DOM were filtered through a
pre-rinsed 0.22-pm polycarbonate membrane filter
and stored in the dark in glass scintillation vials.
Filtrate was then shipped to Trent University over-
night in coolers with ice packs for analysis of DOC
concentration and DOM optical character. DOM was
not measured in enough of the April incubations to be
used in this analysis.

DOC concentration (mg C L™ ') was measured
using an OI Aurora TOC Analytical Analyzer after
acidification of the sample with persulfate. We
characterized DOM composition using spectrofluoro-
metric characteristics. DOM absorbance was mea-
sured from 800 to 230 nm using a Perkin Elmer
Lambda 25. UV-Visible 3D excitation—emission
matrix (EEM) scans were conducted on each water
sample using a Varian Cary Eclipse Fluorometer.
Scans were made from 600 to 270 nm emission at a
2-nm interval and 500- to 230-nm excitation at a 5-nm
interval with 5-nm band widths at 0.25 nm s~ '
(Williams et al. 2010; Murphy et al. 2010). EEMs
were corrected for daily Milli-Q blank scans, instru-
ment bias using manufacturer supplied factors, and

inner filter effects (Cory et al. 2010; Murphy et al.
2010). The area under the Milli-Q blank Raman scatter
peak at 350-nm excitation was used to standardize
EEM fluorescence to Raman Units (RUs). The
following standard DOM composition indices were
calculated: (1) a spectral slope ratio used as a proxy for
molecular size and photooxidation (Sg; Helms et al.
2008), (2) the molar absorptivity at 280 nm used as a
correlate for aromaticity, analogous to specific UV
absorbance [€280; correlation between €280 and
specific UV absorbance at 254 (SUVA,sy) was
> 0.98 in these samples; Weishaar et al. 2003], (3) a
modified humification index (HIX; Zsolnay et. al.
1999; Ohno 2002), and (4) the beta—alpha ratio (also
called the freshness index) used as an indicator of the
extent of degradation (BA ratio; Parlanti et. al. 2000;
Wilson and Xenopoulos 2009). In addition, the ratio of
emission at 470 nm to emission at 520 nm (at 370 nm
excitation) was calculated as an indication of DOM
source (i.e., a slightly modified version of the fluores-
cence index; FI; McKnight et. al. 2001; Cory et al.
2010). Due to variability in the Varian Cary Eclipse
Fluorometer at these wavelengths, emission wave-
lengths 470 £ 4 and 520 £ 4 nm were averaged prior
to division. Table 1 explains how these individual
DOM optical properties are usually interpreted
(slightly modified from Larson et al. 2014). A few
duplicate samples (~ 10) had obvious signs of
contamination (e.g., unrealistic FI values > 4) and
were discarded. Otherwise duplicate values were
generally similar (< 10% difference between dupli-
cates) and were averaged at each location.

Sediment characteristics

The upper 5-cm section of an additional sediment core
collected at each station on the same dates was
analyzed for various physical-textural and chemical
characteristics. Homogenous subsamples were dried
at 105 °C for determination of bulk density, moisture
content, and porosity then combusted at 550 °C for
estimation of loss-on-ignition organic matter using
methods and equations described in Avnimelech et al.
(2001) and Hakanson and Jansson (2002). Sediment
particle-size distribution was determined on wet
sediment using a combination sieve and separation
via settling in 1-L columns according to Plumb (1981).
Particles greater than 62.5 um (i.e., sand fraction) were
separated by washing a known mass of sediment
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Table 1 Explanation of dissolved organic matter (DOM) optical properties.

DOM property Interpretation

References

Dissolved organic carbon DOM quantity
concentration (DOC)

Spectral slope ratio (Sg)
photobleaching

Inversely related to molecular weight of DOM, increases with

Helms et al. (2008)

Molar absorptivity (¢280) Strongly correlated with aromaticity (the number of aromatic rings per Weishaar et al. (2003)

unit carbon)
Humic index (HIX)

Beta—alpha ratio (BA)

Fluorescence index (FI)

Higher HIX values indicate more humic DOM components

B(P) represents more recently derived DOM, A(a) represents highly
decomposed DOM, BA(B:a) is therefore a freshness’ index

Zsolnay et al. (1999); Ohno
(2002)

Parlanti et al. (2000); Wilson
and Xenopoulos (2009)

Higher values indicate more microbially derived DOM (~ 1.9), lower McKnight et al. (2001); Cory
values consistent with terrestrial DOM (~ 1.4)

et al. (2010)

through a 62.5-um stainless steel mesh sieve and
quantitatively transferring the captured material to a
crucible for dry mass determination. Separation of
particles between 62.5 and 1.95 pm (i.e., silt) and less
than 1.95 pm (i.e., clay) was conducted by transferring
sediment that passed through the 62.5-um mesh to a
standard 1-L settling column. The slurry was subjected
to 10 mL of a 1% Calgon solution to reduce
flocculation, mixed thoroughly via inversion, and
sampled using a 20-mL pipette before and after
settling to determine the dry mass of particles less
than 62.5 pum and particles less than 1.95 pm,
respectively. Settling times required to capture parti-
cles less than 1.95 um, were based on temperature and
Stokes law as indicated in Plumb (1981). Samples
were placed in crucibles and dried at 105 °C for mass
determination.

Phosphorus fractionation was conducted according
to Psenner and Puckso (1988) for the determination of
ammonium-chloride-extractable P (1 M NH,CI,
loosely-bound P), bicarbonate—dithionite-extractable P
(0.11 M NaHCO,—dithionate, iron-bound P or Fe-P),
sodium hydroxide-extractable P (1 M NaOH, alu-
minum-bound P or Al-bound P), and hydrochloric
acid-extractable P (0.5 N HCI, calcium-bound P or
Ca—P). A subsample of the sodium hydroxide extract
was digested with potassium persulfate to determine
nonreactive sodium hydroxide-extractable P (Psenner
and Puckso 1988). Labile organic P (LOP) was
calculated as the difference between reactive and
nonreactive sodium hydroxide-extractable P. The dry
mass equivalent of 25 mg wet sediment was
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sequentially extracted. Each extract was filtered
through a 0.45-pm filter, neutralized to pH 6-8, and
analyzed for soluble reactive P using the ascorbic acid
method (APHA 2011). Concentrations were calcu-
lated as mg P/g dry mass of sediment.

A principal components analysis (PCA) was used as
an exploratory analysis to identify common axes of
variation among sediment characteristics. The PCA
was completed using the princomp() function in R and
enough parameters to explain > 80% of the variation
were retained (R Development Core Team 2014).

Data analysis: individual nutrient flux calculations

Concentrations in the water above the sediments in the
incubation chambers were used to calculate nutrient
flux (SRP, NH,4, NOx and DOC) using mass balance
equations. Details of these equations and accompany-
ing statistical code are in the Statistical Appendix, but
these largely follow methods used in other studies
(James 2017). On occasion, concentrations of SRP
were below the detection limit of the analytical
methods. In these cases, multiple imputation was used
to determine whether reasonable inferences about SRP
flux could be made despite the censored data (Helsel
2005). For each sample with a concentration below the
detection limit (106 occasions), we artificially inserted
a value drawn from a uniform distribution between the
detection limit and zero. With these inserted values,
we calculated a conditional SRP flux as described in
the code in the Statistical Appendix. This was repeated
a total of 500 times. If the coefficient of variation of
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these 500 conditional SRP fluxes was > 10%, then we
excluded that estimate of SRP flux from any further
consideration (28 of the 106 occasions when SRP flux
dropped below the detection limit). Otherwise, the
mean of the 500 conditional SRP flux estimates was
reported as the SRP flux (indicating the censored value
has little influence on our estimates of nutrient flux).
Detailed code for this procedure is available online
(https://doi.org/10.5066/P995SMVW). This approach
was also used for NOx (which was occasionally below
the detection limit) and NH, and DOC (which were
never below the detection limit). Only the first 1 or 2
days of the incubation was used for NOyx, NH,4, and
DOC because this was the period when changes
appeared to be linear and also because we did not
measure these solutes at every sampling event.
Therefore, estimating the release of NOx, NH,, and
DOC after day 2 would require multi-day interpolation
during potentially non-constant fluxes, greatly
increasing estimation uncertainty.

For DOM optical properties (Sg, €280, HIX, BA
ratio, FI), we calculated the difference between the
initial optical property value (which was measured just
once) and the value measured after 1 or 2 days. To
assess whether these differences were greater or less
than zero, we calculated the 90% credible interval of
the difference between these DOM properties after 1
or 2 days and the initial value (Kruschke 2011), as
implemented in the bayestestR package (Makowski
et al. 2019) in R. If the 90% credible intervals did not
encompass zero, then we concluded there was support
for change over the 1 or 2 days of incubation.

To evaluate associations between sediment charac-
teristics, water column nutrients and sediment nutrient
release, we used a partial least squared regression
(PLSR) analysis (Carrascal et al. 2009). Unlike PCA,
PLSR has a predictor-response framework. PLSR
identifies latent components from predictor variables
that maximize the explained variance in a dependent
variable. We used the PLS package in R (Mevik and
Wehrens 2007). We ran individual PLSR analyses for
each solute flux rate (SRP, NH4, NOx, and DOC).
Cross-validation was completed using the default
method employed in the plsr() function (which divides
the data into 10 segments). We used root mean square
error of prediction (RMSEP) from the cross-validation
to inform our understanding of how many latent
variables (i.e., components) to include, although we

did not focus our interpretation on latent variables that
explained less that 5% of the variation in the flux rates.

Data analysis: whole-rivermouth nutrient flux
calculations

Sediment fluxes were simulated for the entire Fox
rivermouth from April to September by multiplying
the area of each portion of the rivermouth by the
nutrient release rate (e.g., mg SRPm™ > day~ '). Daily
nutrient fluxes were drawn from a normal distribution
estimated from all the incubations completed within
that portion of the rivermouth and interpolated
between sampling dates. For example, if three incu-
bations were done in the lower portion with estimated
SRP fluxes of 1, 2, and 3 mg SRP m~ *day~ ' on Day
1, then a release rate for Day 1 was drawn from a
normal distribution with mean 2 and standard devia-
tion of 1 for Day 1. If the next incubations were
completed on Day 5 and were 4, 5, and 6 mg SRP m™ 2
day™ 1, then the Day 5 flux was drawn from a normal
distribution with mean 5 and standard deviation of 1.
To estimate the flux on other days (e.g., on Day 3 in
this example), an estimate was drawn from each of
these distributions, and then weighted by the number
of days between the two estimated release rates using
the following equation:

En = Ey * (1- tiftror) + Ep * (1 - tpltror),

where Ey is the estimated flux at time N, Ej is the flux
from the previous incubation experiment, Ef. is the flux
from the next incubation experiment, f; is the time
since the previous incubation experiment, 7 is the time
until the next incubation experiment and fror is the
total time that passed between these two incubation
experiments. These estimated daily fluxes were then
multiplied by the area of that particular rivermouth
section (Upper, Middle or Lower). Detailed code for
this procedure is available (https://doi.org/10.5066/
P995SMVW). Using these whole rivermouth daily
fluxes, we calculated the percent of the daily flux to
Lake Michigan that was potentially derived from the
sediment (i.e., daily rivermouth flux divided by daily
flux to Lake Michigan), based on the estimated fluxes
from the models of Robertson et al. (2018; projected
for the 2016 water year). The Fox River is one of the
few locations where flux to Lake Michigan is
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Table 3 Sediment characteristics of sediment cores used during sediment incubation experiment

Site Date Moisture Bulk density  Bulk density  Porosity (%) Organic Sand (%) Silt (%) Clay (%)
content (%) (dry; mg/mL) (wet; mg/mL) content (%)
Duck 1  4/21/2016 64.9 0.446 1.245 82.5 8.8 66.5 31.3 2.1
6/17/2016 32.7 1.152 1.665 55.9 35 76.9 19.3 3.7
8/4/2016  32.5 1.158 1.675 55.8 3.0 79.1 17.2 37
9/20/2016 34.9 1.089 1.631 58.3 35 58.1 38.8 3.0
Duck 2 4/21/2016 49.0 0.742 1.419 71.3 5.9 67.4 30.8 1.9
6/17/2016 47.2 0.781 1.439 69.8 6.2 65.8 31.7 2.4
8/4/2016  60.0 0.528 1.285 79.2 10.0 45.3 514 33
9/20/2016 53.7 0.645 1.355 74.8 8.1 38.8 56.7 4.5
Fox 1 4/21/2016 81.7 0.205 1.106 91.8 14.6 32.1 66.6 1.3
6/17/2016 79.4 0.235 1.120 90.6 15.6 27.9 66.5 5.6
8/4/2016  58.6 0.555 1.309 78.4 7.3 78.5 19.5 2.0
9/20/2016  62.8 0.480 1.256 81.1 11.0 59.8 39.7 0.6
Fox 2 4/21/2016 82.8 0.192 1.097 92.3 16.8 39.9 57.2 2.9
6/17/2016 77.9 0.255 1.130 89.7 15.7 31.7 63.9 4.4
8/4/2016  78.8 0.243 1.126 90.3 14.1 26.9 69.8 33
9/20/2016 66.6 0.418 1.222 83.5 11.4 46.7 51.8 1.5
Fox 3 4/21/2016 62.8 0.482 1.264 81.2 8.9 41.6 54.4 4.0
6/17/2016 58.2 0.560 1.305 78.1 9.0 70.1 274 2.5
8/4/2016  63.2 0.474 1.255 814 10.2 14.9 77.8 7.3
9/20/2016  58.5 0.555 1.301 78.2 9.5 27.9 63.1 8.9
Fox 4 4/21/2016 51.9 0.682 1.386 73.7 5.8 71.2 26.8 2.0
6/17/2016 68.3 0.393 1.214 84.6 9.5 40.2 56.9 2.9
8/4/2016  38.5 0.990 1.561 61.9 5.1 82.7 15.9 1.4
9/20/2016 46.0 0.807 1.446 68.6 7.2 76.9 21.1 1.9
Fox 4.5 6/17/2016 53.8 0.642 1.352 74.9 8.3 79.8 19.2 1.0
8/4/2016  31.8 1.179 1.692 55.1 2.5 95.1 4.5 04
9/20/2016 28.7 1.272 1.732 51.3 3.6 95.2 4.0 0.8
Fox 5 4/21/2016 32.3 1.167 1.687 55.6 2.3 67.0 31.9 1.0
6/17/2016 24.5 1.419 1.830 459 2.4 94.0 54 0.6
8/4/2016  28.5 1.283 1.748 51.0 2.8 97.4 1.8 0.8
9/20/2016 33.1 1.139 1.652 56.3 4.1 NA NA NA

SRP flux was high variability over space and time, by
which we mean the standard deviation was greater
than the mean when averaging across space or time
(Table S3). Averaged over all the sites, this was the
case in 2 of the 4 months sampled and averaged across
months this was the case for 5 of the 8 sites sampled
(Table S3). On the other hand, replicates within a
single site—month combination had less variability,
with the standard deviations being greater than the
mean just 7 of 31 times (Table S3). In other words,
multiple cores from a single site generally had less

variability than comparing among sites or through
time. The five core incubations performed in anoxic
conditions had much higher SRP flux than the oxic
cores (overall mean of anoxic cores was 17.66 mg SRP
m~ % day” ', Table S4).

Most sediments had a positive NH,4 flux (mean 40.6
mg NHy m™ ?day~ '; Table S3; Fig. 3), although NH,
flux varied among sites. Fox 1, Fox 2 and Fox 4 had
mean NH, flux that were clearly higher than Duck 1
and Fox 5 (Table S3). Anoxic cores released NH, at
flux rates that were usually within 1-2 standard
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Fig. 2 Sediment phosphorus composition (mg g~ ') in sedi-
ments collected at sites in the lower Fox River and Duck Creek,
Green Bay, Wisconsin, 2016. CaP calcium-bound P, Al-P

deviations of the oxic flux rates, although this was not
the case in September incubations (Table S4). For
NOy, sediments tended to be net sinks in April and
June and net sources in August and September
(Table S3; Fig. 3). Monthly mean April and June
NOx flux was — 18.92 mg NOx m~ % day™ ' and —
18.03 mg NOx m~ *day™ ! (i.e. negative rate = influx
to the sediment), respectively, and these mean fluxes
climbed to 6.50 mg NOyx m~ *day~ ' in August before
dropping back to 0.96 mg NOx m~* day ' in
September (i.e., positive rate = efflux from the sedi-
ment, Table S3). In anoxic conditions, NOx concen-
trations in the sedimentation chambers were always
below the detection limit and so estimates of NOx flux
are qualitatively negative but quantitative estimates
have extremely high uncertainty. This is consistent
with denitrification occurring under low oxygen
conditions and a lack of oxygen for nitrification.

In June, DOC was removed from the water column
in the incubation experiments, but in August and
September the sediments appeared to be a net source
of DOC (Table S3; Fig. 3). In anoxic conditions in
August, DOC flux was reversed, and the sediments
appeared to be a net sink (Table S4). In September,
anoxic DOC flux was similar to oxic conditions
(Table S4). In June, when DOC was removed from the
water column, molar absorptivity (€280; median
change 50.4, 90% credible interval [41.9, 60.3]) and
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HIX (1.56 [0.1, 3.9]) increased, while the spectral
slope declined (— 0.05 [— 0.09, — 0.01]). In August,
when the sediments appeared to be releasing DOC,
water column HIX decreased (— 1.58, [— 2.8, — 0.3]),
indicating less humic material entering the water
column. In September sediments again appeared to be
releasing DOC, and €280 (— 19.0 [— 29.4, — 6.8]) and
HIX (— 0.91 [— 3.0, — 0.1]) decreased, indicating less
aromatic and less humic DOM entering the water
column. FI and BA tended to vary around the initial
values in all cases (Figs. S1, S2 for the Fox rivermouth
sites).

We simulated whole rivermouth nutrient flux for
the period from April 21 to September 20, 2016, in the
Fox rivermouth, weighted by the three areas identified
in Fig. 1. Over 1000 simulations, there was an mean
SRP flux of 1559.9 kg (standard deviation 44.63), NH,4
flux of 35,872 kg (1513.5), and sediments were a net
sink for NOx of 4200 kg (168.45; Fig. 4). From June to
September (no April data are available for DOC), the
rivermouth sediments appeared to be a net sink of
DOC, removing 2647 kg DOC from the water column
(standard deviation 284.9; Fig. 4).

For SRP and NOy, we compared these fluxes to
loading estimates over the same period as estimated by
models from Robertson et al. (2018; Fig. 5). The mean
SRP flux from sediments was 2.9% of the daily
orthophosphate load (the load estimate mostly closely
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Table 4 Principal components analysis (PCA) identifying correlations among sediment characteristics

Variable PCA Axis 1 (74% variation explained) PCA Axis 2 (10% variation explained)
Percent moisture 0.298 0.185
Bulk density (dry; mg/mL) — 0.294 — 0.156
Bulk density (wet; mg/mL) —0.293 — 0.149
Porosity 0.295 0.158
Organic content (%) 0.293 0.156
Sand (%) —0.278 0.231
Silt (%) 0.281 — 0.194
Clay (%) 0.159 — 0.563
Loosely bound P (mg/g) 0.247 0.270
Fe-bound P (mg/g) 0.287 0.206
Labile organic P (mg/g) 0.289 < 0.100
Al-bound P (mg/g) 0.265 — 0.152
Ca-bound P (mg/g) 0.117 — 0.522
Total sediment bound P (mg/g) 0.271 —0.225
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Fig.3 Box and whisker plots showing the range of solute fluxes
(mgm™ *day~ ") in the lower Fox River and Duck Creek, Green
Bay, Wisconsin, 2016 from different sampling events. Eight
sites were sampled during the June, August and September
sampling dates and seven sites were sampled during the April
sampling. Boxes encompass the first and third quartile around

associated with SRP; range 0.3—15.5%; Fig. 5). For
NOy, the overall mean was — 0.15% (corresponding
to the sediments being an overall net sink during this
sampling period; Figs. 3, 5), but during the early
season up to 12% of the overall daily flux was moving
into the sediments. By contrast in late summer (when
NOx concentrations in the water column were low),

the median (central line). The lines (whiskers) show the largest
or smallest observation that falls within 1.5 times the box size.
Individual observations are offset slightly to the right to show
spatial differences. SRP soluble reactive phosphorus, NH,
ammonium, NOy nitrates plus nitrites, DOC dissolved organic
carbon, F1-5 site Fox 1-Fox 5, D1-2 site Duck 1 or 2

the sediments were the source of (at most) 19.8% of
the NOx.

During our August sampling event all the measured
fluxes were positive (indicating movement from
sediments to the water column; Table S3). DIN fluxes
to the water column were dominated by NH, rather
than NOx (in the Fox River) and the DIN:SRP ratio of
flux was above the Redfield ratio in 4 of 6 sites
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Fig. 4 Estimated daily sediment nutrient release or uptake rates
during the summer of 2016 in the Fox rivermouth, Green Bay,
Wisconsin, 2016. Solid circles are the mean estimate over 1000
simulations for a given day and dashed lines indicate 1 standard
deviation around that mean. Values depicted here represent the

(Table 5). This was occurring while water column SRP
and NOyx were below the detection limits and NH, was
at its lowest observed values (Table 2). For the entire
Fox rivermouth during this season, the DIN:SRP ratio
of nutrients released from the sediments was 45.0,
DOC:DIN ratio was 0.10, and the DOC:SRP ratio was
4.4.

Associations between sediment and water column
properties and nutrient release

PLSR models revealed several components related to
each of the estimated nutrient fluxes that was
supported by cross validation (Table S5, S6, S7, S8).
However, while multiple components were supported
by cross validation only the first components
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total nutrient release or uptake summed across the Upper,
Middle, and Lower rivermouth sections. No dissolved organic
carbon measurements were made before June. a SRP: soluble
reactive phosophorus, b NH4: ammonium N, ¢ NOx: nitrate plus
nitrite N, and d DOC: dissolved organic carbon

explained more than 15% of variation in response
data, and so we have focused on each first component
here (Table 6, see full results in Tables S5, S6, S7, S8).

The first PLSR component (i.e., latent variable) for
SRP was correlated with the loosely bound and Fe-
bound P content as well as with the moisture content,
porosity, and organic matter content of the sediments.
The sediment characteristics of this component seems
qualitatively similar to the main axis of variation in the
sediment data as evidenced from the PCA analysis
(Table 6; PCA Axis 1), and indicates that more
sediment P (in certain forms) corresponded to higher P
flux. This latent variable was also positively correlated
with water column variables of temperature, surface
water concentrations of NOy and DOC and negatively
correlated with dissolved nutrient ratios (Table 6). The



Biogeochemistry (2020) 147:179-197

191

18

16

14

Percentage of daily Fox River SRP load

2 \./V
0
4/21/2016 5/21/2016 6/21/2016 7/21/2016 8/21/2016

Date
25

20

15

LW

-10

Percentage of daily Fox River NOy load

-15
4/21/2016 5/21/2016 6/21/2016 7/21/2016 8/21/2016
Date

Fig.5 Percentage of the total daily soluble reactive phosphorus
(SRP) and nitrate plus nitrite (NOx) load from the Fox River
(Wisconsin) that is estimated to come from sediment nutrient
release in the Fox rivermouth during the 2016 growing season. A
negative percentage indicates that NOx was being removed
from the water column. On 3 days, large seiche events made it
impossible to estimate a daily load, so those values are excluded
here

Table 5 August nutrient release ratios (molar) from sediments

Site NH4;NOx  DIN:SRP  DOC:DIN  DOC:SRP
Duck 1 0.09 4.75 0.56 2.68
Duck 2 16.30 100.40 0.35 35.00
Fox 1 3.01 23.30 1.04 24.14
Fox 2 5.81 120.03 0.09 10.65
Fox 3 3.16 11.53 1.96 22.62
Fox 4 41.98 149.06 0.31 46.08
Fox 4.5 1.45 24.05 1.48 35.69
Fox 5 221 7.82 5.15 40.22

loadings (i.e., correlations to the component) of
individual predictor variables are all fairly low
(< 0.3), and overall the first component explains
about 41.3% of the variation in the data. Plotting the
model predictions (including all supported compo-
nents) against the actual measurements revealed some
apparent non-linearity (Fig. 6a), but log transforma-
tion did not substantially improve this fit or change the
results (results not shown).

While the first component for SRP was associated
with a mix of sediment and water column character-
istics, other nutrient fluxes were associated with only
one or the other. The first PLSR component for NH,
flux was associated with a sediment component that
again was very similar to PCA Axis 1 (Table 6). This
axis explained about 49% of the variation in the NH,
flux (Table 6). As with SRP, plotting actual NH, fluxes
against modeled NH, flux indicates some non-linear-
ity that could not be resolved by transformation. For
NOyx flux, by contrast, component 1 explained ~

75% of the variation and was correlated to water
column properties (Table 6; Fig. 6¢). Specifically, the
component associated with NOx flux was negatively
correlated to temperature, SRP, NOy, NH, and DOC
and positively correlated to NH4:NOy, DOC:SRP and
DOC:DIN ratios (Table 6). For DOC flux, water
column properties again were strongly associated with
component 1, in almost the exact same fashion as for
NOx flux (Table 6). The DOC flux used in this analysis
clustered in two very different groups (Fig. 6d).
Component 1 explained ~ 95% of the variation in
DOC flux.

Discussion

Are nutrient flux rates in the Fox rivermouth high
compared to other aquatic ecosystems?

Compared to other studies on lakes and rivermouths,
the SRP fluxes measured here in the Fox rivermouth
are relatively high. Using the conversion from SRP to
total P (TP) that Orihel et al. (2017) developed, the
overall mean from the Fox and Duck sites in the
incubations reported here was 1.98 mg TP m™ > day ™~ !
(range — 0.58 t0 10.55 mg TP m~ *day™ '). Steinman
and Ogdahl (2012) and Steinman et al. (2009)
measured oxic and anoxic P release in two drowned
rivermouth lakes entering southern Lake Michigan,
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Table 6 Partial least squared regression results

Variable Variable type SRP release NH, release NOx release DOC release
Variation explained (predictors) 43.1 40.6 37.8 374
Variation explained (response; component 1) 41.1 48.8 74.8 95.4
RMSEP (intercept only) 1.56 51.93 11.5 100.90
RMSEP (component 1) 1.28 40.10 6.2 24.56
Loadings

Percent moisture Sed 0.23 0.29 - -
Bulk density (dry; mg/mL) Sed - 0.22 —0.28 - -
Bulk density (wet; mg/mL) Sed - 022 —0.28 - -
Porosity (%) Sed 0.22 0.28 - -
Organic content (%) Sed 0.22 0.29 - -
Sand (%) Sed - —-0.23 - -

Silt (%) Sed - 0.23 - -

Clay (%) Sed - - - -
Loosely bound P (mg/g) Sed 0.25 0.26 - -
Fe-bound P (mg/g) Sed 0.22 0.28 - -
Labile organic P (mg/g) Sed - 0.28 - -
Al-bound P (mg/g) Sed - 0.26 - -
Ca-bound P (mg/g) Sed - - - -
Total sediment bound P (mg/g) Sed - 0.25 - -
Water temperature (°C) wC 0.26 - — 0.30 — 0.31
SRP (mg/L) wC - - —0.24 - 025
NH, (mg/L) wC - - —0.28 —0.28
NOx (mg/L) WC 0.25 - —0.30 —0.31
NH,:NOx WC —0.26 - 0.24 0.25
DOC (mg/L) WwC 0.24 - - 0.29 - 0.30
DIN:SRP wC - - - -
DOC:SRP wC — 024 - 0.30 0.30
DOC:DIN wC — 0.27 - 0.29 0.30
€280 wC - 0.26 - 0.22 0.23
HIX wC - - - -

SR WC - - - -

BA WwC —0.21 - 0.28 0.28
FI wC 0.23 - —0.25 - 025

RMSEP root mean square error of prediction from cross-validation procedure, SRP soluble reactive phosphorus, NH, ammonium,
NOx nitrates + nitrites, DIN NH4 + NOx; see Table 1 for definitions of DOC, DOM, €280, HIX, SR, BA, and FI.; Sed sediment

data, WC water column data, — loading is below 0.2

and found oxic P flux ranged between — 0.33 to 1.54
mg TP m~ 2 day  '. In a review of Canadian
freshwaters (mostly lakes), Orihel et al. (2017) found
that the median reported oxic TP flux was 0.62 mg TP
m~ % day~ '. The mean for the western basin of Lake
Erie (much of which is arguably part of the Maumee

and Detroit rivermouths) was 1.35 mg P m™~ ? day ™
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in a study that used several different methodological
approaches (Matisoff et al. 2016). The rates in the Fox
and Duck rivermouths were similar to the range
observed in Ontario (Canada) rivers: — 0.73 to 5.24
mg TP m~? day ' (Juckers et al. 2013). More
eutrophic systems, or those with more agricultural and
urban watersheds, appear to generally have higher
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Fig. 6 Predicted solute flux from sediments (mg m~ > day~ ")
in the lower Fox River and Duck Creek, Green Bay, Wisconsin,
2016 generated from cross validation of partial least squared
regression (PLSR) analysis compared to actual measurements

sediment P flux rates (Juckers et al. 2013; Orihel et al.
2017), and the Fox and Duck watersheds include
substantial agricultural and urban land use.

The mean August and September sediment DOC
fluxes measured here (~ 21 and ~ 55 mg m~ 2
day™ ') are similar to estimated values from the St.
Lawrence estuary (15.6-46.2 mg m~ > day ™ '; Alkha-
tib et al. 2013), but much lower than the upper
estimates from smaller rivers in Ontario, Canada (up
to 160 mg m~ *day~ '; Juckers et al. 2013). Outside of
the St. Lawrence watershed, estimates from
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for a soluble reactive phosphorus (SRP), b ammonium (NH,),
¢ nitrates plus nitrites (NOy), and d dissolved organic carbon
(DOC). Positive values indicate release from sediments

freshwater-freshwater rivermouths appear to other-
wise be lacking. Peter et al. (2016) used methods
similar to those used here and found that oxic
sediments were a net sink of DOC in a small lake (—
348 mg m~ 2 day '), while anoxic sediments
released DOC at a rate similar to what we observed
(~ 39 mg m~ ? day” '). In that study, colored and
aromatic DOM were being released (Peter et al. 2016).
In this study, we found it was the microbial-like DOM
being taken up or released. Peter et al. (2016)
concluded that formation and dissolution of DOM-—
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Fe complexes were dictating flux in the lake sediments
they studied, whereas studies in estuaries and marine
sediments have shown microbiota and attached
autotrophs have a large influence on DOC flux
(Aguilar and Thibodeaux 2005; Maher and Eyre
2010). Given that it was the non-humic, non-aromatic
and therefore more labile portions of the DOM pool
that were moving into and out of the sediment in this
study, we suspect these fluxes were primarily driven
by bacteria near the sediment water interface respond-
ing to changes in water-column conditions.

We found that water column conditions were
strongly associated with the flux of NOx and DOC
from sediments. When NOx and DOC were more
abundant in the water column, the sediments removed
these solutes, and when NOx and DOC decreased in
late summer the sediments began releasing these
solutes. Previous studies have demonstrated that
increasing availability of nitrate results in increased
denitrification, which is consistent with what we
observed (Richardson et al. 2004). Juckers et al.
(2013) found that labile DOM increased NOj; flux into
stream sediments. In our study, labile DOM appeared
to be removed in June, which was a time when there
was NOx flux into the sediment, consistent with
Juckers et al.’s (2013) observation that DOM was
being used by biota removing NOx from the water
column. When net NOy flux was to the water column
in late summer, DOC concentrations were much
lower, and DOC flux was also towards the water
column. Overall, fluxes of NH, and SRP were weakly
correlated to water column characteristics in this study
and were much less strongly related to any of the
environmental characteristics we measured than NOy
and DOC flux.

The redox conditions of the sediments and surficial
waters have long been thought of as strongly influ-
encing P release from sediments (Hupfer and Lewan-
dowski 2008). In the Fox rivermouth, water column
dissolved oxygen rarely drops to hypoxic or anoxic
conditions for extended periods (Fitzpatrick unpub-
lished data). Presumably low DO does occur in
sediments, and SRP may be dissolved into sediment
porewaters and exchanged with surface waters via that
mechanism (Orihel et al. 2017). Mineralization of P
from decaying organic material much closer to the
sediment-water interface may also be an important
source of SRP during oxic conditions, especially in
eutrophic conditions (Orihel et al. 2017). Because
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organic P was often a non-trivial contribution to the
total sediment P pool in these sediments, this may be
an important mechanism. Based on our very limited
sampling of flux rates in anoxic conditions, there is
potential for much higher P release during hypoxic
events in the Fox rivermouth.

The Fox tributary system is unusual among Great
Lakes tributaries due to the presence of a large inland
lake (Lake Winnebago) and it is difficult to know the
extent to which this influences sediment nutrient
fluxes. Approximately 91% of the total Fox River
watershed occurs upstream from Lake Winnebago,
therefore sediments draining into the landscape are
likely intercepted or transformed by this large inland
lake (https://dnr.wi.gov/topic/Watersheds/basins/
lowerfox/). Other than connecting channels (e.g., the
Detroit River), no other Great Lakes rivermouth
ecosystems have such a large surface water body in
proximity upstream. The only other rivermouth sam-
pled as part of this study was the Duck Creek river-
mouth, which lacks a large upstream lake, but had
sediment nutrient fluxes that were generally similar in
magnitude and direction to those we measured in the
Fox rivermouth. This offers some evidence that the
sediment flux rates measured in the Fox rivermouth
are not dominated by some unique Lake Winnebago
effect, but overall these two watersheds are relatively
similar. All of these sites are within the zone where
Lake Michigan has a heavy influence on hydrology.

Is sediment flux a major contributor to overall
annual nutrient flux?

Klump et al. (1997) suggested 700 metric tons of P
were delivered to Green Bay each year, and newer data
(Robertson et al. 2018) indicates between 154 and 316
metric tons of orthophosphate P are delivered to Green
Bay annually (estimated for data from 2014 to 2016
using models from Robertson et al. 2018). The total
SRP released by the sediments by our estimates over
the 153 days of this study was ~ 1.5 metric tons, or
between 0.2 and 1% of the annual orthophosphate P
load. For NOx, about 4.2 metric tons were removed by
the rivermouth during the study period, compared to
~ 657 metric tons passing through the rivermouth and
into Green Bay (estimated for data from 2016).
Similar load estimates are not available for DOC and
NH,4, but it seems likely sediment fluxes will be a
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small portion of the annual load for these solutes as
well.

Are sediment flux rates likely to be ecologically
important?

The timing of sediment nutrient release indicates that,
at times, sediment nutrient flux may have a large effect
on local ecological processes. For example, during our
August sampling event, we visually observed
cyanobacterial surface scums, bright green surface
waters, and other anecdotal evidence of phytoplankton
blooms. At this time, surface-water nutrient concen-
trations are very low, and nutrient inputs from
sediment would probably be rapidly assimilated by
benthic and pelagic primary producers. In a recent
review, Glibert (2017) emphasized the importance of
nutrient ratios in dictating the phytoplankton commu-
nity composition and toxin production. During late
summer in the Fox rivermouth, when SRP and DIN are
low, we observed nutrients being released from
sediments at ratios that would imply P limitation and
more NH,; than NOyx. High N:P ratios and high
NH,4:NOx ratios are hypothesized to be favorable for
cyanobacterial dominance and microcystin production
(Glibert 2017). Production of phytoplankton during
these late summer periods, when discharge and
nutrient concentrations are low, may be sustained by
sediment nutrient flux into the water column.
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