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Freshwater ecosystems are critical zones of nutrient and carbon (C) processing along the

land-sea continuum. Relative to our understanding of C, nitrogen (N), and phosphorus

(P) cycling within the freshwater systems, the controls on silicon (Si) cycling and export

are less understood. Understanding Si biogeochemistry and its coupled biogeochemical

processing with N and P has direct implications for both freshwater and coastal

ecosystems, as the amount of Si in relation to N and P exported by rivers to coastal

receiving waters can determine phytoplankton species assemblages, which in turn

affects C cycling and food web structure. Here we examine the relationships between

dissolved Si (DSi), total nitrogen (TN), and total phosphorus (TP) concentrations, and how

these relationships relate to basin land cover, lithology, and river hydrogeomorphology

(i.e., aquatic areas) in the Upper Mississippi River System (UMRS) using two datasets

(one from the tributaries and one from the mainstem) that span a nine-year period

(2010–2018) representing >10,000 unique samples. We found significant declines in DSi

concentrations, as well as Si:TP and Si:TN ratios along the north-south gradient of the

mainstem UMRS across the six aquatic area types we study here. This signal was driven

partially by a corresponding decline in tributary DSi inputs along this latitudinal gradient.

Contrary to findings from other regions of North America, basin land cover was not

an important predictor of tributary DSi concentrations, especially compared to lithology.

However, Si:TN and Si:TP ratios appear to be strongly controlled by basin land cover,

likely due to excess N and P loading from row-crop agriculture. DSi, and its ratio with

TN and TP (i.e., Si stoichiometry), was similar across most aquatic area types, including

run-of-river impoundments and the main channel, suggesting similar processes affecting

DSi, TN, and TP concentrations in these reaches. However, backwater lakes had lower

DSi and TN concentrations compared to the other aquatic area types, highlighting the

importance of water residence time and nutrient uptake in controlling Si stoichiometry in

inland waters. Together, our results show that rivers are not simple pipes for Si, but rather

the complexity in watershed characteristics, hydrology, and biological uptake results in

dynamic Si stoichiometry along the river continuum.

Keywords: silica, river, residence time, nutrients, land cover, Mississippi river, ecological stoichiometry,
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“Letting the days go by, let the water hold me. . .

Letting the days go by, water flowing. . .

Water dissolving and water removing

Into the blue again into silent water

Once in a lifetime. . . ”

–The Talking Heads

INTRODUCTION

The concentrations, ratios, and fluxes of nutrients in freshwater
systems fundamentally connect terrestrial and marine systems
and are tightly linked with biodiversity and ecosystem
functioning (Smith et al., 1999; Rabalais et al., 2002; Elser
et al., 2007; Maranger et al., 2018). Increasing silicon (Si) supply
from continental mineral weathering gave rise to the diatoms
in the Cenozoic era (Cermeño et al., 2015), which now produce
nearly half the oxygen we inhale, substantially altering the
global carbon (C) cycle (Berner et al., 1983; Brady and Carroll,
1994). Diatoms are highly productive autotrophs in the oceans,
accounting for ∼50% of oceanic net primary productivity
(Rousseaux and Gregg, 2014). Unlike other phytoplankton,
marine diatoms generally require as much Si as nitrogen (N)
on a molar basis, meaning the ratio of Si:N in receiving waters
has direct implications for phytoplankton species assemblages
and C sequestration rates (Officer and Ryther, 1980; Beusen
et al., 2009; Frings et al., 2016). Compared to marine species,
freshwater diatoms have more variable stoichiometric nutrient
demands, often requiring greater Si relative to N and P (Conley
et al., 1988). Thus, the functioning of aquatic ecosystems and the
stability of our climate are linked to the processing and export of
Si, and its ratio with critical nutrients.

A central tenet of stoichiometric theory (Redfield, 1934, 1958)
is based on the consistency of organismal elemental composition,
which led to the understanding of the conditions limiting
phytoplankton growth relative to C, N, and phosphorus (P).
While Redfield initially focused on C:N:P, a “Redfield-like” ratio
was developed to include Si in order to better understand the
conditions limiting diatom growth (Brzezinski, 1985). Despite
the importance of Si and its ratio with other nutrients (i.e.,
Si stoichiometry) in controlling aquatic productivity, we know
less about the complex processes controlling Si exports along
the land-sea continuum relative to C, N, and P. For example,
Maranger et al. (2018) recently examined the global controls on
riverine C:N:P processes along the river continuum, expanding
upon our appreciation for rivers as “processors” rather than
“pipes” (Cole et al., 2007), as C is processed during its transit to
the oceans (Tranvik et al., 2009; Hotchkiss et al., 2015). However,
we still lack a holistic understanding regarding the physical
and biological factors that shape Si:N:P stoichiometry along the
river continuum.

Chemical weathering is the primary source of Si to the
biosphere, as Si is the second most abundant element in the
lithosphere (Exley, 1998). In turn, variation in geochemical
factors, such as lithology and climate, largely control baseline
availability of Si in a given system (Bluth and Kump, 1994). Rivers
transport DSi, the bioavailable form of Si, from terrestrial to
aquatic systems in large quantities, exporting >80% of annual

DSi inputs to the global oceans (Tréguer and De La Rocha,
2013). Relative to Si, human activities (e.g., fertilizer runoff, urban
wastewater treatment, fossil fuel combustion) have increased
the export of N and P to downstream receiving waters. In the
presence of excess N and P, diatoms can bloom until available Si
is depleted. Such Si-limited waters can then favor the growth of
non-siliceous, potentially toxic algae (Officer and Ryther, 1980;
Smayda, 1990; Conley et al., 1993; Justić et al., 1995; Anderson
et al., 2002; Parsons and Dortch, 2002; Garnier et al., 2010) and
can also affect the toxicity of diatom communities (Pan et al.,
1996; Bargu et al., 2016). In turn, altered ratios of nutrients (N,
P, Si) relative to the Redfield ratio (16N:1P:16Si) have raised
serious concerns about anthropogenic effects on diatom-based
food chains in freshwater and marine ecosystems (Officer and
Ryther, 1980; Conley et al., 1993; Turner et al., 1998; Anderson
et al., 2002). Globally, this type of stoichiometric imbalance in N,
P, and Si has been implicated in influencing toxic and harmful
algal blooms in both fresh and marine systems, including the
Baltic Sea, North Sea, Great Lakes, and the California Current
Ecosystem (Schelske and Stoermer, 1971; Anderson et al., 2009;
Garnier et al., 2010; Davidson et al., 2012; Bargu et al., 2016).
For example, agricultural activities in the Mississippi River basin,
which accounts for ∼40% of the land area in the continental
United States, have altered nutrient ratios of theMississippi River
and its exports to the Gulf of Mexico over the last several decades
(Turner et al., 1998; Rabalais et al., 2002; Royer, 2019). These
changes in stoichiometry are likely to compound already severe
environmental stressors, such as massive hypoxic dead zones in
the Gulf of Mexico (NOAA; Rabalais et al., 2002) caused by
increases in N and P loads.

In addition to the impact of excess N and P on the relative
availability of Si in aquatic systems, human activities can directly
alter global Si cycling through several means. First, land use
change can directly alter DSi export rates from terrestrial to
aquatic systems (Conley et al., 2008; Struyf and Conley, 2012;
Carey and Fulweiler, 2013). Terrestrial plants have the capacity
to release and retain Si on terrestrial landscapes. Plant growth can
stimulate Si mineral dissolution, releasing DSi into soil solution
(Drever, 1994). Terrestrial plants also sequester large quantities
of Si within their tissue (Conley, 2002; Hodson et al., 2005)
(84 ± 29 Tmol yr−1; Carey and Fulweiler, 2012a). Therefore,
shifts in watershed land use can alter Si retention and export
from terrestrial landscapes (Cooke and Leishman, 2011; Cornelis
et al., 2011; Carey and Fulweiler, 2016). In temperate and tropical
landscapes, urbanization, deforestation, and agricultural land
uses have been shown to alter fluvial Si exports (Conley et al.,
2008; Struyf et al., 2010; Carey and Fulweiler, 2012b, 2013;
Vandevenne et al., 2012; Chen et al., 2014), groundwater DSi
concentrations (Maguire and Fulweiler, 2016, 2019) and soil Si
cycling (Clymans et al., 2011; Vander Linden and Delvaux, 2019).
In addition, river damming alters Si cycling in aquatic systems by
increasing water residence time and stimulating diatom blooms
and Si burial behind impoundments (Humborg et al., 1997, 2000,
2006). Because Si is recycled slower than N and P, waters directly
downstream of dams are often Si depleted (van Bennekom and
Salomons, 1980). More subtle hydrogeomorphic variation in
dynamic river-floodplain systems also has the capacity to alter Si
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processing by creating heterogeneous patterns in sedimentation
and uptake (Junk et al., 1989; Houser and Richardson, 2010).

TheUpperMississippi River System (UMRS) provides a useful
template to evaluate the effects of land use and river landscape
complexity on large river Si processing and stoichiometry. The
northern reaches of the UMRS contain a diversity of side
channels and backwater lakes that vary in their degree of
connectivity to main channel flow, whereas the river becomes
increasingly disconnected from its floodplain and faster-flowing
in its lower reaches (Wilcox, 1993; De Jager et al., 2018).
These shifts along the longitudinal continuum result in shifts
in processing rates (Richardson et al., 2004) and phytoplankton
communities (Manier, 2014) that likely shape the way Si moves
through the system.

Here, we evaluated the extent and the origins of variation
and coupling in large river DSi, total N (TN) and total P (TP)
stoichiometry using nearly a decade (2010–2018) of empirical
data from a spatially extensive dataset that spans six reaches
of the mainstem UMRS and the mouths of 23 tributaries.
We investigated the role of land use, lithology, and in-situ
ecological controls in altering external inputs of Si:TN:TP from
the 23 tributaries. We then examined how mainstem river
hydrogeomorphology altered internal patterns and coupling of
Si:TN:TP along the ∼1,900 km of the mainstem UMRS. We
hypothesized that:

H1: Basin land use and lithology are important controls on
stoichiometric inputs of Si:TN:TP from the tributaries to
the mainstem;
H2: Si:TN:TP varies longitudinally along the mainstem UMRS
due to variable nutrient inputs and internal processing, and;
H3: Si:TN:TP varies across aquatic area types due
to differences in water residence time and other
physical characteristics.

MATERIALS AND METHODS

Study System
The UMRS is defined as the commercially navigable reaches of
the Upper Mississippi and Illinois Rivers (Figure 1). Flowing
∼1,900 km, the river and its tributaries encompass a substantial
gradient in land use, from forested headwaters in the north
to increasingly intensive agriculture as the river winds its way
south. We used limnology data collected by personnel of the
Long-term Resource Monitoring element (LTRM) of the US
Army Corps of Engineers’ Upper Mississippi River Restoration
Program (UMRR). These data were collected from 2010 to
2018 in six reaches of the Upper Mississippi River System
(UMRS), representing 490,000 km2 (Table 1 and Figure 1).
Five of the six reaches are “navigation pools,” defined as
the reach of river between two consecutive locks and dams
(Supplemental Information).

The UMRS and its floodplain contain a diversity of aquatic
areas that vary in depth, aquatic vegetation, water residence
time, and hydraulic connectivity to the main river flow (De
Jager et al., 2018). We examine six aquatic areas types within
the mainstem of the UMRS, including the main channel,

side channels, impounded areas, contiguous backwater lakes,
riverine lakes (e.g., Lake Pepin), and isolated backwater lakes.
Isolated backwater lakes are connected to the main channel
only at extremely high flows. These aquatic areas are primarily
differentiated based on their depth and velocity characteristics
(Table 2), which we used as an indicator of relative water
residence time. The navigation impoundments in the system
are created by low-head, run-of river dams built to maintain
sufficient depth in the river for navigation during low flow
and were designed to have little impact on discharge or water
level during high flow conditions (Sparks et al., 1998). Despite
the large-scale shifts in land use and hydrologic character of
the system, parts of the UMRS remain a complex floodplain
riverscape that contains a diversity of aquatic areas that vary
widely in water residence time, biogeochemical processing rates,
and freshwater communities (Wilcox, 1993; Richardson et al.,
2004; Manier, 2014; De Jager et al., 2018).

Data Collection
We used two datasets to conduct our analysis (retrieved
from https://umesc.usgs.gov/ltrm-home.html). The first
dataset (hereafter referred to as “mainstem” data)
consists of 216 unique sampling events representing
>9,800 individual samples from seasonal stratified
random sampling of six aquatic area types along the
mainstem of the UMRS (Soballe and Fischer, 2004) (see
Supplemental Information). The second dataset consists
of >2,500 distinct sampling events collected ∼monthly (14
times per year) from fixed sampling locations at the mouth
of 23 tributaries, just upstream of their confluence with the
mainstem UMRS.

All measurements and water samples were taken 0.2m
below the surface of the water, or 0.2m below the submerged
base of the ice when present (i.e., during winter sampling).
Both water speed and direction were measured at the time
of sampling using a Hach model FH950.0 Portable Velocity
Meter (Hach, Inc. Loveland, CO) and a standard magnetic
compass. At sites where flow velocity was below detection
of the meter (<2 cm s−1), velocity was reported as half the
detection limit of the instrument, or 1 cm s−1. Water samples
were returned to the lab immediately after sampling for the
determination of turbidity, total nutrients (e.g., TN, TP),
dissolved silica (DSi), and chlorophyll a (CHL) concentrations.
DSi samples were filtered in the field (0.45µm membrane)
and frozen until analysis. TN and TP were preserved in
the field with concentrated H2SO4, transported on ice, and
refrigerated until analysis. DSi, TN, and TP were determined
colorimetrically following standard methods (American Public
Health Association, 2005). CHL was determined fluorometrically
(CHLF) for all sites, and spectrophotometrically (CHLS) for
a randomly chosen subset of sites (random selection of 10%
of the sites sampled) (see Supplemental Information). Water
column CHL values represent the majority of algal biomass
in the system; phytoplankton are abundant in many areas of
the river due to the open nature of the channels that provide
ample light availability in the upper water column (Gardner
et al., 2019). Light typically does not reach the benthos due to
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FIGURE 1 | Map of the Upper Mississippi River System study region with major tributary basins and land cover identified.

high turbidity and depth, thereby limiting benthic production
in channels. Thus, while we recognize benthic algal production
could be important in off channel areas with higher water
clarity (i.e., backwaters), this dataset did not include benthic
algal biomass data. We used Streamstats (https://water.usgs.
gov/osw/streamstats/ss_documentation.html) and Geographic
Information Systems (GIS) to delineate watersheds and calculate
basin characteristics for the tributaries, respectively.

Land use data for each tributary basin were generated from
the 2011 National Land Cover Dataset (Homer et al., 2015).
Primary bedrock lithology coverage data for each tributary basin

were generated from the combined geologic map data for the
conterminous US (Schweitzer, 2011).

Data Analysis
We used TN and TP as a proxy for all available N and P
in the system. TN and TP include the dissolved inorganic
portion and the organic portion of the elements. Because the
organic portion of N and P can rapidly remineralize, the use
of TN and TP captures the dynamic N and P pool available
in the system (Downing, 1997; Guildford and Hecky, 2000;
Wetzel, 2001; Dodds, 2003; Bergström, 2010). The stoichiometric
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TABLE 1 | Characteristics of Upper Mississippi River System study reaches (and associated navigation pools) and tributary sites.

Reach # River

kilometer

(km)

Catchment

area (km2)

Study reach

area (km2)

Mean

Depth (m)

Median

discharge

(106 m3 d−1)

Median

retention

time (d)

DSi (µM) Si:TP Si:TN TN (µM) TP (µM)

1—Pool 4

(Lake City, MN)

1283–1212 148,831 141 4.5 69 9.0 212

(1.94)

77.3

(1.21)

1.28

(0.02)

186

(2.07)

3.5

(0.07)

2—Pool 8

(La Crosse, WI)

1131–1093 165,322 82 1.7 79 1.7 183

(1.84)

62.2

(1.00)

1.31

(0.02)

160

(1.75)

3.8

(0.08)

3—Pool 13

(Bellevue, IA)

896–841 221,444 102 1.9 120 1.5 148

(1.86)

42.7

(0.85)

0.96

(0.02)

169

(1.82)

4.4

(0.07)

4—Pool 26

(Alton, IL)

389–327 444,183 70 4.5 247 1.2 141

(1.88)

22.0

(0.39)

0.77

(0.02)

218

(2.83)

7.5

(0.12)

5—Open River

(Cape Girardeau, MO)

129–47 1,844,071 53 5.3 480 0.6 153

(0.98)

19.6

(0.25)

0.79

(0.01)

214

(1.60)

9.0

(0.10)

6—LaGrange Pool

(Havana, IL)

254–129 NA NA NA NA NA 116

(1.22)

12.9

(0.42)

0.65

(0.01)

252

(3.31)

11.5

(0.14)

Tributary Averages

(n = 23)

– 3610

(±1053)

– – – – 146

(6.5)

41.4

(4.2)

0.95

(0.12)

258

(31)

5.11

(0.56)

Standard error of mean given in parentheses for nutrient values and ratios. Catchment area, study reach area, mean depth, median discharge, and median retention time from Houser

et al. (2010). NA = data not available.

TABLE 2 | Average characteristics of aquatic area types across all reaches.

Aquatic area TURB

(NTU)

VSS

(mg/L)

CHL

(mg/L)

Depth

(m)

Temp

(◦C)

Velocity

(m/s)

DSi

(µM)

Si:TN Si:TP TN

(µM)

TP

(µM)

Main Channel 61.2 (1.0) 11.3 (0.13) 19.3 (0.18) 6.5 (0.04) 14.9 (0.11) 0.49 (0.01) 158 (1.26) 0.82 (0.01) 35.2 (0.73) 220 (1.78) 7.25 (0.09)

Side Channel 62.9 (1.2) 11.3 (0.14) 18.9 (0.19) 3.9 (0.03) 15.1 (0.11) 0.52 (<0.01) 164 (1.27) 0.85 (0.01) 38.5 (0.74) 220 (1.66) 6.76 (0.09)

Backwater Lake 26.4 (0.37) 8.2 (0.09) 31.1 (0.39) 1.3 (0.01) 14.9 (0.10) 0.07 (<0.01) 152 (1.44) 1.13 (0.02) 39.6 (0.71) 173 (1.86) 6.66 (0.10)

Riverine Lake 18.0 (0.73) 6.8 (0.16) 27.1 (0.66) 4.9 (0.09) 13.8 (0.25) 0.01 (<0.01) 195 (4.13) 1.09 (0.03) 65.2 (2.47) 198 (4.35) 5.28 (0.24)

Impounded 19.1 (0.53) 5.9 (0.10) 23.1 (0.53) 1.6 (0.02) 13.8 (0.20) 0.13 (<0.01) 163 (2.60) 0.95 (0.02) 49.4 (1.34) 184 (2.59) 4.34 (0.09)

Isolated Backwater Lake 7.8 (0.54) 5.5 (0.28) 25.4 (2.89) 0.9 (0.04) 13.4 (0.48) 0.01 (<0.01) 126 (7.13) 1.87 (0.14) 34.1 (3.09) 77 (4.10) 5.09 (0.39)

TURB, turbidity; VSS, volatile suspended solids; CHL, chlorophyll a concentration; Temp, temperature. Standard error given in parentheses.

ratios we present here reflect the particulate and dissolved
fractions of N and P, but only the dissolved fraction of Si.
Because we did not measure amorphous Si in our samples, our
ratios are likely underestimates of Si availability relative to N
and P in the UMRS, as amorphous Si, which represents 16%
of total river non-mineral Si fluxes globally (Conley, 1997),
is potentially a biologically important component of river Si
availability (Cornelis et al., 2011).

We analyzed TP, TN, and DSi concentrations and molar ratios
of Si:TP, Si:TN, and TN:TP for each site within tributaries and
mainstem sites from 2010 to 2018. We used multiple linear
regression to determine the role of land use and primary lithology
in explaining DSi concentrations and stoichiometric ratios in
tributaries entering the mainstem UMRS. To create appropriate
regression models and meet the assumptions of normality, we
first log transformed the response variable (DSi, Si:TN, Si:TP)
and used stepwise variance inflation factors (VIFs) to remove
co-varying predictors (e.g., to address correlations between land
use and lithology). In stepwise VIF (“car” package; Fox et al.,
2012), we set a threshold of VIF (in this case 10), and sequentially
removed predictors with the highest VIFs over the threshold until
all model predictors had VIFs below the threshold. Cultivated
crops, wetlands, and dolostone had elevated VIFs (>10) and were

removed as predictors from the regression. Upon removing co-
varying predictors, we then used Stepwise Akaike Information
Criteria (AIC; Burnham and Anderson, 2002) (“MASS” package;
Ripley et al., 2013) to determine the most appropriate predictors
for the regression models of stoichiometric ratios and nutrient
concentrations. We developed these models for dependent
variables of interest (i.e., TN, TP, DSi, Si:TN, Si:TP) with
land use and lithology predictors together, and then again
separately in order to determine the relative roles of both land
use and lithology in explaining the nutrient stoichiometry in
the tributaries. We also used Spearman’s rank sum correlation
between latitude and tributary basin characteristics (i.e., percent
land cover or primary lithology) to determine if trends in basin
coverage existed across the study area.

We evaluated differences in DSi concentrations, Si:TP and
Si:TN across river reaches and among aquatic areas along
the mainstem UMRS in three ways. First, to evaluate changes
in stoichiometry along the north-south gradient of the river,
we used a linear model that regressed average nutrient
concentrations and ratios with river mile in both the mainstem
and tributaries (tributary river mile is where the tributaries
enter the mainstem). Second, we compared DSi and its ratio
with TN and TP across reaches and aquatic areas using mixed
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effects models with effects of river reach, aquatic area, and their
interaction to a model with only an intercept. These models
included a random effect of year to account for potential year-
specific variability. We compared these models using AICc and
report marginal (R2m, fixed effects) and conditional (R2c, full
model) R2 values for each model (Barton and Barton, 2013;
Nakagawa and Schielzeth, 2013; Nakagawa et al., 2017; MuMIn
package). Subsequent pairwise comparisons among aquatic areas
and river reaches were done for the “best” model (i.e., lowest
AICc) for each dependent variable (DSi, Si:TP, and Si:TN) using
the “emmeans” package (Lenth, 2018). Third, we examined
stoichiometric relationships by comparing DSi to TP (TP x Si)
and DSi to TN (TN x Si) within each aquatic area by evaluating
power law slopes and intercepts using standardized major axis
(SMA) regression (“smart” package; Warton et al., 2006). Unlike
standard regression techniques, SMA regression allows us to
evaluate how DSi relates to TP or TN by assessing best fit
line between two variables, rather than using one variable to
predict another (Cleveland and Liptzin, 2007; Sterner et al.,
2008; Julian et al., 2019). In the SMA framework, a slope
different from the absolute value of one indicates the variables are
independent and do not change proportionally with each other.
If the slope is not statistically different from the absolute value
of one, then the variables exhibit proportional changes and have
more constrained stoichiometry between nutrients. In addition,
the sign of the slope provides information on how nutrients

change relative to each other; positive slopes (not significantly
different from one) indicate close positive coupling and near
constant ratios across samples, whereas negative slopes indicate
negative coupling and highly variable ratios among samples as
one nutrient increases and the other decreases. In addition to
the slope test, we did pairwise comparisons of the slopes within
aquatic areas of each reach (Warton and Weber, 2002; Warton
et al., 2006). The coefficient of determination (SMA R2) from
each model was also used to assess the degree to which the
variables were coupled, where high R2 values indicate higher
relative coupling.

We then evaluated how multiple limnological variables [i.e.,
depth, velocity, temperature, CHL, TN, TP, turbidity, and volatile
suspended solids (VSS)] related to DSi concentrations, Si:TP,
and Si:TN in two ways. First, we used a principal components
analysis (PCA) to look at covariation of these drivers across
reaches and aquatic areas using the “vegan” package (Oksanen
et al., 2018). We used the mean decadal value for each reach-
aquatic area combination (n= 23).We considered variables to be
significant in the PCA if they had a correlation coefficient >0.7
with either axis. Second, in order to assess how much variation
was explained by these variables in different aquatic area types,
we used all data in a mixed model framework with turbidity,
VSS, temperature and CHL as fixed effects and random effects
of “year” and “reach” on the intercept to account for variation
resulting from year-to-year changes or longitudinal differences

FIGURE 2 | Plots visualize relationships between ratios and their individual constituent nutrients across all tributary and mainstem sampling sites and show that ratios

correspond more closely with variation in TN and TP than DSi; points represent average values from 2010 to 2018. (A) Total N vs. the Si:N ratio, (B) dissolved Si vs.

the Si:N ratio, (C) total P vs. the Si:P ratio, and (D) dissolved Si vs. the Si:P ratio. These data suggest that variation in all individual constituents are important for

creating variability in the respective ratios, though N and P are more tightly coupled to stoichiometry. Note the log-transformed axes.
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among reaches not captured by the fixed effects. Sample size
therefore varied by aquatic area type (Table S5). We did not
include TN, TP in these analyses because of their inherent
correlation with each ratio. Since we ran this analysis specifically
by aquatic area, we did not include velocity or depth as predictors
in the model. We used the lme4 package for the mixed model
analysis (Bates et al., 2007). We report marginal and conditional
R2 values for these models as above and compare models
using AICc (Burnham and Anderson, 2002). All statistical
operations were performed using base R unless otherwise
noted (Ver 3.5.2, R Foundation for Statistical Computing,
Vienna Austria) and the critical level of significance was set
at α = 0.05.

RESULTS

Spatial and Seasonal Variation in Si:TN:TP
Stoichiometry
During the 2010–2018 period of record within the mainstem
UMRS, DSi concentrations, Si:TN, and Si:TP ranged widely
(Table 1). The percentage of dissolved inorganic nutrients varied
between 32 and 77% of the N pool (dissolved inorganic N to TN),
and 16–31% of the P pool (soluble Reactive P to TP) (Table S1).
In general, we found that variation across space in Si:TN and
Si:TP ratios wasmore closely linked to TN and TP concentrations
than to variation in DSi concentrations (Figure 2). These
patterns are likely due to differences in themagnitude of variation
in each nutrient’s concentration; we observed higher variation [as
the coefficient of variation (CV)] across tributaries in TN (59.3)
and TP (52.9) compared to DSi (20.5) (Table S2). Moreover, TN
and TP were also more variable than DSi in the mainstem, but
the CV for TN was dramatically lower in the mainstem (24.2)
than the tributaries (59.3) (Table S2). Consequently, there was
greater variation in the Si:TN ratio across tributaries (CV =

61.9) than across mainstem sites (CV = 32.7), highlighting the
relatively high heterogeneity of the UMRS tributary riverscape
compared to then main channel, which integrates these
diverse sources.

We did not observe any trends over time in DSi, TN, TP
concentrations or their ratios across our study period (2010–
2018). However, we observed similar seasonal patterns in DSi
and Si:TN between the mainstem and tributaries, with the
highest concentrations and ratios in winter and late summer
and declines in the spring and fall. Si:TP followed a distinct
seasonal pattern from DSi and Si:TN; it was highest in the
tributaries in the late fall through early winter and lowest
in the spring and summer. Mainstem Si:TP ratios follow a
similar pattern to the tributaries, with ratios also declining
in the late fall (Figure S1). Across the 23 UMRS tributaries,
basin land cover and lithology were highly variable (Table S3).
Developed land cover ranged from 4.1 to 47.1%, forest cover
ranged from 1.3 to 57.2%, wetlands ranged from 0.2 to 24.4,
pasture/hay ranged from 2.9 to 27.8%, and cultivated cropland
ranged from 10.4 to 81.6%. Open water accounted for <5% of
basin coverage across all tributaries. Primary lithology showed
even larger ranges, with basins having 0 to >75% coverage

of each individual primary lithology (dolostone, limestone,
shale, or sandstone), and other lithology (including schist,
gneiss, granite, mafic, basalt, and clay) making up 0–47% of
basins (Table S3).

H1: Land Use and Lithological Controls on
Si Stoichiometry
The most appropriate regression models varied among various
nutrients and ratios, and the role of land use and lithology
differed in controlling tributary stoichiometry. Regression
models that included both land use and lithology predictors
together indicated tributary Si:TP ratios were explained by
developed land cover and shale lithology (adj. R2 = 0.42, df
= 20, p < 0.01) (Table 3). Tributary Si:TN ratios were better
explained by basin characteristics, specifically forest, developed,
shale, and sandstone coverage (df = 18, p < 0.01), which
explained 74% of Si:TN observations (adj. R2 = 0.74). With
regards to concentrations (rather than ratios), stepwise AIC
identified only lithological, rather than land use, parameters as
important model parameters for DSi concentrations (limestone
and shale; df = 20, p < 0.05), whereas land use parameters
were important predictors of TP and TN. Specifically, TP
concentrations were best explained by developed, forest, and
shale coverage (adj. R2 = 0.38, df = 19, p < 0.01), and
TN concentrations were best explained by developed, forest,
shale, and sandstone basin coverage (adj. R2 = 0.78, df = 17,
p < 0.01).

In order to determine the relative roles of watershed land
use vs. lithology on tributary Si:TN:TP stoichiometry, we also
ran regression models with land use and lithology predictors
separately. Together, we found Si:TP ratios were better explained
by lithology alone than land cover (adj R2 = 0.18 vs. 0.30 for
land use vs. lithology, respectively), whereas Si:TN ratios were
better explained by land cover (adj R2 = 0.72 vs. 0.35 for land
use vs. lithology, respectively). Regressions using both land use
and lithology together indicate developed and shale coverage is
important for both Si:TP and Si:TN, and forest and sandstone
are additional predictors for Si:TN.

The four primary lithology cover classes represented in
tributary basins were all significantly correlated with latitude.
Limestone and shale follow a north-to-south gradient with an
inverse correlation between percent cover and latitude (R2 =

0.19, p < 0.05, n = 23 for both lithology types). Dolostone and
sandstone follow the north-to-south latitudinal gradient but are
positively correlated with latitude [R2 = 0.17, p = 0.05 and
R2 = 0.21 p < 0.05 (n = 23), respectively]. Land use was not
significantly correlated with latitude along the UMRS.

We observed varying amounts of stoichiometric coupling
within the tributaries (Figure 3). The majority (52%) of
tributaries showed relatively uncoupled Si:TP ratios, with the
slopes of TP x DSi concentrations significantly differing from
one. DSi to TP relationships vary from weakly to strongly
coupled with R2 values ranging from <0.001 to 0.82 (Table 4).
Conversely to Si:TP, the majority of Si:TN ratios (61%) displayed
coupled relationships, as indicated by slopes of TN vs. DSi not
different than one. DSi to TN relationships vary from weakly to
strongly coupled relationships with R2 values ranging from 0.008
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TABLE 3 | Multiple linear regression model results describing ability of land use and lithology to describe DSi, TN, and TP concentrations, as well as Si:TN and Si:TP ratios.

General predictors Dependent variable Best Predictors R2 adj R2 df p-value

Land Use + Lithology

Si:TP Devl +Shale 0.47 0.42 20 0.0017

Si:TN Forest+ Devl +Shale+ Sandstone 0.79 0.74 18 <0.001

DSi Limestone + Shale 0.28 0.2 20 0.04

TP Devl +Forest+ Shale 0.46 0.38 19 0.007

TN Devl + Forest+ Shale+ Sandstone+ Limestone 0.83 0.78 17 <0.001

Land Use

Si:TP Devl + PastureHay 0.25 0.18 20 0.054

Si:TN Forest+ Devl 0.75 0.72 20 <0.001

TP Devl +Forests+ Wetlands 0.34 0.23 19 0.05

TN Devl + Forest 0.81 0.79 20 4.98E-07

Lithology

Si:TP Limestone + Shale 0.37 0.3 20 0.01

Si:TN Limestone+ Sandstone 0.41 0.35 20 0.005

DSi Limestone + Shale 0.28 0.2 20 0.04

TP Sandstone+ Shale 0.3 0.23 20 0.03

TN Sandstone+ Limestone 0.43 0.37 20 0.003

Model types were chosen using Stepwise AIC. Models include land use and lithology predictors combined and individually. Bold indicates significant (p<0.05) predictors.

FIGURE 3 | Stoichiometric relationships between annual mean dissolved silicon (DSi) and total phosphorus (TP) (Top) as well as Si and total nitrogen (TN) (Bottom) for

tributaries entering each river reach within the Upper Mississippi River System between 2010 and 2018. Standardized major axis regressions for each reach

correspond with point color. Dashed lines indicate Si limitation thresholds for Si:TP (1620:1) and Si:TN (1:1).

to 0.528 (Table 4). In instances where slopes were significantly
different from one, both TN and TP changed at faster rates
relative to DSi.

H2: Si:TN:TP Varies Longitudinally Down
the River
We observed significant changes in Si stoichiometry down the
longitudinal continuum of the river, across both tributaries

and the mainstem. With regards to the tributaries, average DSi
concentrations and Si:TP ratios significantly (p< 0.01) decreased
moving south across the watershed from northernWisconsin and
Minnesota to southern Illinois, whereas Si:TN did not change
with latitude (Figure 4). The declines in tributary Si:TP ratios
were a result of significant declines in DSi concentrations (R2 =
0.45, p< 0.01) and increases in TP concentrations (R2 = 0.38, p<

0.01) as we move south across the study region. The longitudinal
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TABLE 4 | Standardized major axis regressions results for the comparison of silicon (Si) to total phosphorus (TP) and Si to total nitrogen (TN) for each major tributary

entering the Upper Mississippi River System.

Si x TP Si x TN

Reach Tributary R² Slope F-statistic ρ-value R² Slope F-statistic ρ-value

1 Chippewa 0.003 −0.61 1.80 0.22 0.450 0.67 2.07 0.19

Cannon 0.329 0.75 0.85 0.39 0.008 0.99 0.00 0.98

Vermillion 0.018 0.58 2.32 0.17 0.161 0.53 3.93 0.09

2 Black river 0.117 0.60 2.27 0.18 0.044 1.45 1.07 0.34

Bad ax 0.823 −0.13 587.52 <0.05 0.020 −0.66 1.32 0.29

Coon creek 0.424 −0.08 459.39 <0.05 0.136 −0.31 16.58 <0.05

La Crosse 0.002 0.34 11.56 <0.05 0.065 0.88 0.13 0.73

Root river 0.016 −0.14 89.18 <0.05 0.187 0.25 28.94 <0.05

Upper Iowa 0.119 0.13 113.93 <0.05 0.320 0.38 13.06 <0.05

3 Apple 0.151 −0.42 8.04 <0.05 0.072 0.50 4.12 0.08

Maquotketa 0.194 −0.45 6.88 <0.05 0.252 1.15 0.17 0.69

Rock creek 0.261 −0.27 27.96 <0.05 0.528 0.60 4.29 0.08

Wapsipinicon 0.008 1.06 0.02 0.88 0.386 1.14 0.19 0.68

4 Cuivre 0.008 0.54 3.13 0.12 0.104 −0.83 0.28 0.61

Dardenne creek 0.033 −0.25 26.04 <0.05 0.027 −0.27 21.56 <0.05

Peruque creek 0.089 0.59 2.28 0.18 0.153 0.62 2.11 0.19

Piasa creek 0.001 −0.48 4.53 0.07 0.175 0.45 6.56 <0.05

5 Big muddy 0.291 1.07 0.04 0.85 0.342 1.12 0.14 0.72

Headwater diversion 0.609 −0.34 31.13 <0.05 0.050 −0.27 22.41 <0.05

6 La moines 0.271 0.39 11.71 <0.05 0.432 0.53 5.86 <0.05

Mackinaw 0.673 −0.24 80.26 <0.05 0.085 −0.28 21.02 <0.05

Spoon 0.282 0.78 0.60 0.46 0.201 0.52 4.24 0.08

Sangamon 0.364 −0.67 1.81 0.22 0.304 0.45 7.72 <0.05

patterns observed in the tributaries were likely driven by the
significant shifts in lithology across the study basin, especially
given lithology was such a strong predictor of DSi concentrations
and stoichiometry. Differences in river size were not a likely
driver of these longitudinal shifts, as we found no significant
relationships between tributary stoichiometry and basin size (R2

< 0.05 for all constituents).
In the mainstem, we also observed significant longitudinal

shifts in Si stoichiometry; DSi concentrations, Si:TN, and Si:TP
ratios all declined significantly (p < 0.01) from north to south
(Table 1 and Figures 4, 5). The decline was steepest for DSi
and Si:TP, although it was also statistically significant for Si:TN
(Figure 4). Downstream declines in mainstem Si:TN and Si:TP
were functions of decreasing DSi and increasing TN and TP
concentrations (p < 0.01 for both TN and TP). The consistent
decline in mainstem Si:TN resulted in ratios below Redfield
downstream of Reach 3, whereas Si:TP shifted below Redfield
prominently only in Reach 6 (Figure 5). DSi and TN were
generally more closely coupled than DSi and TP (higher R2

values; Tables 5 and 6), and in both cases the coupling was
stronger in the more northern reaches.

Longitudinal differences in mainstem river conditions were
captured along first PC axis (PC1), and explained the majority
of variation in DSi concentrations and ratios (58%; Figure 6).
These longitudinal differences in DSi concentrations, Si:TN,
and Si:TP were inversely correlated with turbidity, temperature,
and VSS (Figure 6 and Table S4). Regression models showed
CHL, VSS, and temperature were the most important predictors

of main channel DSi concentration, Si:TP and Si:TN patterns
(Tables S5A,B). However, these factors did not explain a great
deal of variation in any case (Si—R2m = 0.20; Si:TN—R2m
= 0.13; Si:TP—R2m = 0.17). The R2c of the full models,
which reflect the random effect of the reach, explained more
variation than these limnological factors alone. This suggests
these limnological changes along the river continuum are not the
dominant influence on longitudinal changes we observed in the
mainstem (R2c: DSi= 0.53; Si:TN= 0.56, and Si:TP= 0.63).

H3: Hydrogeomorphology Explains
Variation in Si:TN:TP Across Aquatic Areas
Aquatic areas were differentiated most strongly by depth and
velocity (Table 2 and Figure 6). Average depth was highest in
the main channel (6.5 ± 0.04m) and shallowest in the isolated
backwater (0.91 ± 0.04m). Average velocity was highest in the
main and side channels (0.48 and 0.52± 0.01m s−1, respectively)
and lowest in the riverine lake and isolated backwater areas
(<0.01m s−1). Turbidity, VSS, and temperature were generally
highest in the main and side channels, whereas CHL was highest
in backwaters and riverine lake areas (31.1± 0.39 and 27.1± 0.66
µg L−1, respectively; Figure 6). TN was significantly higher in
main and side channels than contiguous and isolated backwaters
and TPwas highest in channels and lowest in the impounded area
(Table 2 and Figure 6).

Although differences among reaches were greater than among
aquatic areas, DSi, Si:TN, and Si:TP varied among aquatic areas
within the mainstem UMRS, indicating the importance of river
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FIGURE 4 | (A) Si concentrations and stoichiometry for the mainstem of the Mississippi River. Si concentrations are modeled by the equation y = 6.13 – 0.52x, Si:TN

= 1.50 – 0.16x, and Si:TP = 95.6 – 17.07x. All relationships are significant at the 0.001 level. (B) Si concentrations and stoichiometry for tributaries in the UMRS

basin. The relationship between Si concentration and reach number is significant at the 0.001 level, and is modeled by the equation y = 5.29-0.35x. Si:TP vs. field

number is significant at the 0.05 level, y = 68.82-7.39x. Si:TN is not significantly related with reach number. For both panels: Red horizontal dashed lines on Si:TN and

Si:TP indicate the Redfield ratio. Each point represents the average value at each site from 2010 to 2018.

FIGURE 5 | Stoichiometric relationships between annual mean dissolved silicon (DSi) and total phosphorus (TP) (Top) and total nitrogen (TN) (Bottom) within the

mainstem of the Upper Mississippi River System across reaches and aquatic areas between 2010 and 2018. Standardized major axis regressions for each reach

correspond with point color. Dashed lines indicate Si limitation thresholds for Si:TP (16:1) and Si:TN (1:1).
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TABLE 5 | Standardized major axis regressions results for the comparison of dissolved silicon (DSi) to total phosphorus (TP) for each aquatic area and reach along the

mainstem Upper Mississippi River System.

Comparison (Y by X) Aquatic area Reach R2 Intercept Slope F-statistic ρ-value Slope similarity Intercept similarity

Si X TP Main Channel 1 0.536 4.9 1.11 0.17 0.7 A A

2 0.181 4.5 1.09 0.07 0.8 A B

3 0.287 3.5 0.98 0.00 0.95 A C

4 0.383 3.4 1.08 0.06 0.81 A D

5 0.302 1.8 0.77 0.70 0.43 A D

6 0.010 −5.0 −0.63 1.57 0.25 A E

Side Channel 1 0.584 3.7 0.91 0.14 0.72 A A

2 0.226 5.7 1.30 0.63 0.46 A B

3 0.159 3.0 0.89 0.12 0.73 A C

4 0.415 3.0 0.98 0.01 0.94 A D

5 0.348 1.3 0.67 1.83 0.22 A E

6 0.000 0.9 0.70 0.95 0.36 A F

Connected Backwater 1 0.005 −4.8 −0.57 2.45 0.16 A AB

2 0.042 2.5 0.77 0.49 0.51 A A

3 0.001 −9.2 −1.32 0.57 0.48 AB C

4 0.004 12.6 3.01 12.57 <0.05 B B

6 0.016 0.7 0.64 1.53 0.26 A D

Impoundment 2 0.284 7.7 1.64 2.62 0.15 A A

3 0.183 3.4 0.97 0.01 0.94 A B

4 0.020 −8.5 −1.28 0.46 0.52 A C

Riverine Lake 1 0.407 5.6 1.25 0.58 0.47 – –

4 0.251 5.4 1.69 2.84 0.14 – –

Isolated Backwater 2 0.156 3.8 1.12 0.10 0.76 – –

Slope and intercept values were compared between river reaches within each aquatic area (where sufficient data is available).

hydrogeomorphology in influencing stoichiometric patterns
(Figures 5, 6, Table 2, and Table S4). Pairwise comparisons
showed DSi concentrations were similar among aquatic areas,
except isolated backwaters, which had lower DSi than all other
aquatic area types (Table 2, Figure 7, and Table S6). Si:TN was
higher in the main channel, side channels and impounded
areas than in contiguous and isolated backwaters (Table 2 and
Figure 7). Si:TP was highest in the riverine lake, followed by
the impounded areas, main and side channels, and isolated
backwaters (Table 2 and Figure 7). Overall, DSi was generally
more similar among aquatic areas than Si:TN or Si:TP.

Although most of the variation in DSi, Si:TN, and Si:TP
was explained by longitudinal differences (PC1; Figure 6),
DSi and Si:TN also differed across the aquatic area gradient
(PC2 in Figure 6 and Table S4). The “lateral” or residence
time gradient of the river was captured by the second PC
axis (PC2), which explained 25.3% of the variation in river
conditions. PC2 shows the lateral gradient (i.e., aquatic areas)
of the river was best described by differences in depth,
velocity, and CHL concentration (Figure 6 and Table S4). DSi
was negatively correlated with CHL, and Si:TN was positively
correlated with depth and velocity along PC2 (Table S4).
Further, when we evaluated controls on DSi, Si:TN, and
Si:TP in specific aquatic area types using regression models,
CHL, VSS, turbidity consistently explained the most variation.
However, these factors were able to explain more variation

in DSi concentrations in the mainstem (R2m = 0.20) and
impounded areas for Si:TN and Si:TP (R2m = 0.34 and
0.39, respectively) compared to contiguous backwaters, where
little explanatory power of these factors was observed (R2m
= 0.04, 0.08, and 0.15, for DSi concentrations, Si:TN, and
Si:TP, respectively).

Across aquatic areas, we observed a relatively high degree of
coupling in Si stoichiometry. That is, changes in one nutrient (i.e.,
DSi) corresponded with proportional changes in the other (i.e.,
TN or TP). Specifically, 83 and 96% of aquatic areas displayed
relatively strong coupling of Si to TN and Si to TP, respectively,
defined as having slopes not different than one (Tables 5, 6 and
Figure 5). In general, Si was more coupled with TN, compared
to TP, as indicated by tighter coefficients of determination (i.e.,
R2) between TN × Si compared to TP × Si (Tables 5, 6).
However, Si stoichiometry showed weaker coupling in several
aquatic areas, especially those with lower residence time. For
example, connected backwaters showed weaker coupling of Si ×
TP (Figure 5), with R2 < 0.1 in all cases (n = 5) and absolute
slope values significantly different than one. In these cases,
we observe an abundance of DSi relative to TP (Table 5). We
observed variability across aquatic areas in Si stoichiometry in
relation to Redfield ratios, with some areas showing a stronger
degree of Si limitation. For example, main and side channels were
more Si-limited with regard to N compared to other aquatic area
types (Figure 5).

Frontiers in Ecology and Evolution | www.frontiersin.org 11 September 2019 | Volume 7 | Article 346

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Carey et al. Riverscape Si Stoichiometry

TABLE 6 | Standardized major axis regressions results for the comparison of silicon (Si) to total nitrogen (TN) for each aquatic area and reach along the mainstem Upper

Mississippi River System.

Comparison (Y by X) Aquatic area Reach R2 Intercept Slope F-statistic ρ-value Slope similarity Intercept similarity

Si X TN Main Channel 1 0.768 −0.6 0.58 9.73 <0.05 A A

2 0.742 −0.4 0.73 2.73 0.14 AB A

3 0.812 −0.3 0.90 0.44 0.53 AB B

4 0.626 −0.2 1.24 0.85 0.39 B C

5 0.586 −0.8 0.69 2.53 0.16 AB D

6 0.235 −0.9 1.06 0.03 0.86 AB E

Side Channel 1 0.771 −0.6 0.56 11.31 <0.05 A A

2 0.670 −0.3 0.78 1.28 0.3 A A

3 0.649 −0.6 0.72 2.18 0.18 A B

4 0.600 −0.7 0.90 0.20 0.67 A C

5 0.270 −0.9 0.66 1.71 0.23 A B

6 0.049 −0.8 1.06 0.03 0.87 A D

Connected Backwater 1 0.575 −0.6 0.53 7.58 <0.05 A A

2 0.779 −0.4 0.69 4.72 0.07 A A

3 0.663 −0.2 0.96 0.04 0.84 A B

4 0.183 −0.4 0.84 0.27 0.62 A B

6 0.087 −0.8 0.88 0.13 0.73 A C

Impoundment 2 0.774 −0.1 0.91 0.30 0.6 A A

3 0.624 −0.1 1.06 0.06 0.82 A B

4 0.286 0.3 1.41 1.20 0.31 A C

Riverine Lake 1 0.720 −0.7 0.50 13.82 <0.05 – –

4 0.645 0.4 1.38 2.14 0.19 – –

Isolated Backwater 2 0.127 0.4 1.00 0.00 0.99 – –

Slope and intercept values were compared between river reaches within each aquatic area (where sufficient data is available).

DISCUSSION

The stoichiometric relationships we observed among DSi, TP,
and TN in the UMRS integrate both external inputs and
internal processing of these nutrients (Maranger et al., 2018).
We hypothesized basin land use and lithology would alter
tributary inputs into the mainstem UMRS (H1), Si:TN:TP would
vary longitudinally across the basin (H2), and variation in
river hydrogeomorphology would result in heterogeneous Si
stoichiometry among across aquatic area types (H3). We found
significant downstream declines in average DSi concentrations,
and Si:TN and Si:TP in the UMRS, and altered stoichiometric
ratios associated with lower residence time. We explored
potential causes for this observed variability, highlighting shifts
in tributary inputs and the limnological complexity of the
river (e.g., altered residence time, suspended sediment, and
phytoplankton dynamics).

Effects of Basin Land Use and Lithology on
Tributary Inputs
We hypothesized basin land use and lithology would be strong
predictors of river Si stoichiometry. Contrary to work in other
temperate regions, our results indicate basin land cover was
not a critical driver of tributary DSi concentrations. In fact,
we found lithology, rather than land use, was a much stronger
predictor of DSi concentrations in UMRS tributaries (Table 4).
We suspect the strong signal of lithology here is due largely
to the wide range of lithology relative to the differences in

land use. For example, the New England (USA) watersheds,
where land use was shown to be a strong control of river
DSi exports, were one to three orders of magnitude smaller,
and exhibited less variety in lithology and larger shifts in
land use, compared to the tributary watersheds we study
here (Carey and Fulweiler, 2012b).

However, basin land cover appeared to be an important driver
of tributary ratios (Si:TN and Si:TP) (Table 3). Specifically, we
observed a significant decline in Si:TN with increasing watershed
agricultural land use. These patterns were driven by the
significantly positive relationship between cultivated crop lands
and TN concentrations, rather than altered DSi concentrations
with cultivated land area, which is consistent with recent findings
from the same region (Downing et al., 2016). Despite the
significant relationship between basin cultivated crops coverage
and Si:TN ratios in the tributaries, our regressions indicated
forest and developed coverage were more important drivers
of tributary nutrient stoichiometry compared to cultivated
crop land, likely due to co-variation of cultivated crops with
other land uses (see Supplemental Information). Thus, shifts
in primary lithology across the longitudinal gradient of the
system appear to be an important factor driving declining DSi
concentrations at the mouths of tributaries southward across
the region.

The fact that N is more responsive to basin land use,
specifically cultivated crop area, is not surprising; the direct
application of fertilizers on cultivated crops are known to impact
N and, to a lesser extent, P loads, to the UMRS (Raymond et al.,
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FIGURE 6 | Principal component analysis (PCA) showing variables that

differentiate reaches (PC1) and aquatic areas (PC2). Length and direction of

arrows indicates how strongly each variable loads along each axis. Variables

shown have correlation coefficients of >0.60 with at least one axis. Points are

colored by their reach and text label indicates aquatic area. Main, main

channel; Side, side channel; Backwater, contiguous backwater; RL, riverine

lake; Impound, impounded; and Iso-BW, isolated backwater lake. Variables:

TN, total N; TP, total P; CHL, chlorophyll a concentration; TEMP, water

temperature; VSS, volatile suspended solids; TURB, turbidity (NTU); Depth,

depth; VEL, current speed.

2012; Robertson et al., 2014; VanMeter et al., 2018). Interestingly,
recent work on tributaries in this basin showed increasing trends
in N loading, but declining trends in P loading from agricultural
watersheds (Kreiling and Houser, 2016). It is possible that the
same processes that reduced P movement off the landscape (e.g.,
reduced erosion) may have also influenced the transport of Si,
resulting in a non-significant relationship of DSi with land use in
recent years.

Variation in Si:TN:TP Along the Length of
the UMRS
We hypothesized we would observe varying Si stoichiometry
along the longitudinal length of the river due to variable nutrient
loading and processing along the UMRS.We observed significant
declines in DSi concentrations, and stoichiometric ratios (Si:TN
and Si:TP) in the mainstem across all aquatic area types from
north to south across the study region. These patterns appear to
reflect both changes in inputs and in-river processing. We saw a
similar decline in external Si inputs from the tributaries, which
similarly changed from north to south. In addition, increased
runoff from human activities supplement concentrations of TN
and TP along the mainstem (Kreiling and Houser, 2016). Other
sources of N, such as from N deposition, also have influenced
these patterns, given its similar longitudinal distribution (NADP,
2016). We can also attribute some of the longitudinal changes in
DSi to downstream increases in CHL, temperature, and organic
suspended material (Table S5A and Figure 6), suggesting in-
stream uptake of Si by aquatic plants and diatoms play a role

in shaping Si stoichiometry (Johnson and Hagerty, 2008; Manier,
2014; Crawford et al., 2016). Our results confirm previous work
that has shown higher loads of TN relative to DSi and TP to
the Gulf of Mexico, creating a more Si and P-limited system for
marine phytoplankton (Houser et al., 2010; Royer, 2019).

Effects of River Hydrogeomorphology on
Variation in Si:TN:TP
We hypothesized Si stoichiometry would vary across aquatic
area types due to differences in water residence time and other
physical characteristics. Water residence time is a key driver
of Si cycling in aquatic systems. Higher residence time can
facilitate diatom blooms and subsequent Si burial and retention
(van Bennekom and Salomons, 1980; Humborg et al., 1997,
2000, 2006; Downing et al., 2016). We found decreasing DSi
concentrations with increasing residence time among aquatic
areas. For example, contiguous and isolated backwaters, which
had the highest relative residence times, displayed the lowest
DSi concentrations compared to other aquatic areas (152 ± 1.4
and 126 ± 7.1µM, respectively vs. 158–195µM; Table 2). These
areas also have high abundances of macrophytes, epiphytic algae,
and higher water clarity that could facilitate benthic algal growth
(Johnson and Hagerty, 2008; Kreiling and Houser, 2016). The
uptake of DSi by primary producers other than phytoplankton in
these environments likely reflects the combined role of multiple
autotrophs, but their relative roles in Si cycling in rivers are not
yet well-understood (Schoelynck et al., 2010, 2012).

The relationships of Si:TN and Si:TP varied more across
aquatic area types compared to DSi concentrations alone
(Figure 7), suggesting more dynamic processing of N and P
compared to DSi. Both isolated backwaters and backwater lakes
had statistically higher Si:TN than other aquatic area types.
These differences are due to lower TN concentrations in isolated
backwaters and backwater lakes, potentially due to increased
denitrification rates in these areas and their lower connectivity
to the main channel. Denitrification rates are likely higher in
these systems as a result of higher sediment organic matter
and lower sediment oxygen availability (Richardson et al., 2004;
Downing et al., 2016). In contrast, Si:TP ratios were more
variable along the residence time gradient (Table 2), although
they were lowest in isolated backwater lakes, which was driven
by the dramatically lower DSi concentrations in these aquatic
areas. While anoxic conditions associated with the higher water
residence times can foster P release from sediments (Wetzel,
2001; Houser and Richardson, 2010), we do not see that signal
in our data. Rather, we observe the highest TP concentrations
in main and side channel aquatic areas, which were the most
turbid and have the shortest residence times. We suggest that
the elevated TP concentrations may be due to P sorption to
suspended particulates (Froelich, 1988). These same factors are
likely responsible for the differences in coupling we observed
across aquatic areas, where connected backwaters again behaved
differently than other aquatic area types.

Consistent with prior studies from the region (Downing et al.,
2016), we found no significant difference in DSi concentrations
or Si:TN and Si:TP ratios between low head impoundments
and main channel reaches of the UMRS (Table 2 and Figure 7).
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FIGURE 7 | Distributions of annual averages of (A) dissolved silicon (Si), (B) total nitrogen (TN), (C) total phosphorus (TP) concentrations, (D) Si:TN, (E) Si:TP, and (F)

TN:TP molar ratios among reaches and aquatic areas between 2010 and 2018. Plots are smoothed histograms using the “geom_density” function in ggplot2 library.

Vertical dashed lines indicate Redfield ratios for Si:TN (1:1), Si:TP (16:1), and TN:TP (16:1).

The lack of observed DSi depletion within these run-of-river
impoundments is likely due to the relatively unaltered water
residence time compared to most other aquatic areas (Table 2).
An additional reason for the lack of DSi depletion behind the
impoundments we study here may be due to the potential
dominance of cyanobacteria, rather than diatoms, in the system
(Manier, 2014). In the impoundments studied by Downing et al.
(2016) in the same region, diatoms made up <10% of the
phytoplankton community, with cyanobacteria dominating. In
cases where non-siliceous algae dominate over diatoms, DSi
uptake and burial is limited, resulting in a lack of change in Si
stoichiometry in these systems.

Implications for Coastal Receiving Waters
The implications of nutrient concentrations and their ratios
supplied by freshwater rivers to coastal receiving waters can
range from minor shifts in the community composition of
diatoms to large blooms of toxic algae and extensive hypoxia,
all of which have direct implications for marine ecology and
C cycling. Early work by Smayda (1990) suggested decreases
in the Si:N ratio below the canonical Redfield 1:1 ratio
(Redfield, 1963; Brzezinski, 1985) would shift phytoplankton
communities entirely away from diatoms and would promote
nuisance blooms dominated by haptophytes (e.g., Phaeocystis)
and dinoflagellates (e.g., Alexandrium). As such, comparing the
UMRS stoichiometry to the Redfield ratio can indicate the
potential for nutrient limitation of algal communities in receiving

waters. Stoichiometric ratios in the UMRS basin varied above
and below the Redfield ratio (1:1) for Si:TN, dependent on
season. During the winter and spring (January through June),
average Si:TN ratios are consistently below Redfield, indicating
possible Si-limitation relative to N in the system. Conversely,
Si:TP ratios are consistently above Redfield throughout the
year. Declines in DSi concentrations in the spring and fall
could be attributed to increased discharge and dilution, as
well as biological uptake and assimilation of DSi in terrestrial
plants and diatoms (Humborg et al., 2006; Carey and Fulweiler,
2013). We also observed variation in ratios spatially in the
UMRS, with increasing Si limitation relative to TN and TP
as we move south across the study region. Downstream of
Reach 3, Si becomes limiting relative to TN, and Si approaches
limitation relative to TP at the southern end of our study
region (Reach 5) (Figure 4). On average the main channel is
DSi limited across all reaches relative to N, likely due to high
N inputs.

Although the Redfield ratio is useful for comparison, it

was developed for marine algae, and freshwater diatoms can
require up to an order of magnitude greater Si than marine
species (Conley et al., 1988). Moreover, recent work suggests
extreme flexibility in the Si:N ratio of diatoms; some genera,
such as Pseudo-nitzchia, can vary by 15-fold in their Si
quota and thus, form blooms under highly divergent Si:N
ratios (Pan et al., 1996; Davidson et al., 2012). While Si:N
ratios may not strictly determine the proportion of diatoms
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in a community to the extent previously believed, low Si:N
ratios can favor weakly silicified diatoms, which can have
significant ecosystem-wide effects. For example, weaker diatom
silicification can increase grazing efficiency (Liu et al., 2016;
Zhang et al., 2017), potentially affecting trophic transfer
efficiency, food web dynamics, and ecosystem services. In
addition, lower Si content can result in slower sinking rates,
with direct implications for the rate of vertical C export
and bottom-water hypoxic zone formation (Turner et al.,
1998). Finally, factors affecting diatom growth rates (e.g., light
or temperature) also likely affect cellular Si concentration
since the rate of Si uptake is dependent upon the rate of
cellular growth (Taylor, 1985). In turn, any driver of global
change that alters diatom growth rates may alter diatom Si
content, independent from the stoichiometric ratios of supplied
nutrients. Therefore, even small deviations from balanced
stoichiometry as a result of riverine nutrient processing, in
combination with other facets of global change, could exacerbate
shifts toward potentially harmful algal communities and alter
ecological functioning.

In order to evaluate whether the ratios in the UMRS are
representative of nutrient exports to coastal receiving waters
from the entire basin, we compared our ratios from our
southernmost study site (Reach 5) to those at the mouth of
the Mississippi River as it enters the Gulf of Mexico (Belle
Chasse station: USGS 07374525) for the 2010–2018 period. We
found very similar Si stoichiometry between the two stations,
with both Si:TN and Si:TP showing only slight changes at
the mouth (0.83 and 15.3, respectively) compared to Reach
5 (0.79 and 19.6, respectively). This indicates the majority of
external drivers and internal modulators of nutrients relevant
for coastal waters may occur in the UMRS portion of the basin.
Although the complex hydrology of the UMRS may differentially
influence the loads of DSi, TN, and TP (Smits et al., 2019), we
only considered concentrations in our analyses because of the
difficulty in calculating loads across diverse hydrogeomorphic
areas. Our results agree with recent work by Royer (2019),
which shows that although the UMRS represents 15% of the
total Mississippi-Atchafalaya River Basin, it explains the majority
(57%) of the variation in N loading at the Gulf of Mexico. This
highlights the importance of studying Si:TN:TP in the UMRS,
as this stoichiometric signal is reflected in the Si stoichiometry
entering the Gulf of Mexico.

In general, the values we observed show the UMRS has
lower relative Si:TN, but higher relative Si:TP compared
to rivers worldwide. Compared to values from the GEMS-
GLORI database, which represents data from 126 rivers on
six continents, UMRS Si:TN ratios fall within the 18–32nd
percentile, and Si:TP values fall within the 50–97th percentile
of the values in the database (Garnier et al., 2010) (see
Supplemental Information). This indicates that the UMRS has
relatively high TN concentrations compared to other systems,
and the combined processes that shape Si:TN stoichiometry act
in concert to deliver a relatively Si- and P-limited nutrient supply
to downstream systems.

Together, our results show rivers are not simple pipes
for Si, but rather the complexity in watershed characteristics,
hydrology, and biological uptake result in dynamic Si cycling
along the river continuum. Shifting Si:TN:TP ratios are driven
by basin land cover and lithology and local limnological
conditions, such as water residence time, turbidity, and
inorganic nutrient concentrations. Although there is a great
deal of work on Si stoichiometry on rivers globally, our
manuscript is unique in evaluating Si variability as a function
of river hydrogeomorphology and across the river continuum.
The conceptual framework of this paper translates well to
understanding the drivers of variable Si stoichiometry in large
rivers globally. This enhanced understanding of the causes of
variation in Si:TN:TP stoichiometry can inform management
decisions by shedding light on the relative extent to which these
ratios are driven by natural vs. anthropogenic factors.
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