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and temporal patterns in risk for cyanobacterial blooms
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Abstract

Ratios of nitrogen (N), phosphorus (P), and dissolved silica (DSi) influence how algal communities respond
to nutrient loading, and DSi limitation can facilitate cyanobacterial dominance. The indicator of coastal eutrophica-
tion potential (ICEP), described previously by other researchers, predicts production by diatoms vs. nonsiliceous taxa
based on deviation of nutrient loads from the Redfield ratio of 106C:16 N:20Si (N-ICEP) or 106C:1P:20Si (P-ICEP).
The ICEP was calculated for the Mississippi-Atchafalaya River basin, and four subbasins: the Ohio-Tennessee, Mis-
souri, Upper Mississippi, and Arkansas-Red basins from 1979 to 2015. The P-ICEP indicated a stoichiometric imbal-
ance that favored cyanobacteria for all but the Arkansas-Red subbasin. The N-ICEP indicated conditions favorable
for cyanobacteria in the Upper Mississippi, Ohio-Tennessee, and the northern Gulf of Mexico. Agriculture is the pre-
dominant land use in the Upper Mississippi and Ohio-Tennessee subbasins and these subbasins controlled the stoi-
chiometry of the nutrients delivered to the northern Gulf of Mexico. The imbalance in N, P, and DSi inputs to the
Gulf was greatest during spring and early summer, and in most years transitioned to favoring diatoms by August or
September. Comparing the 1980-1994 and 2001-2015 periods, there was a significant increase in the P-ICEP for the
Upper Mississippi, Ohio-Tennessee, and Missouri subbasins that appeared to arise mainly from increased P loading
to surface waters in the those basins. The ICEP revealed patterns in stoichiometry of N, P, and DSi loads among the
major tributaries to the Mississippi River, and an increasing risk of cyanobacterial blooms for inland waters in much

of the Mississippi-Atchafalaya River basin.

Nitrogen (N) and phosphorus (P) loading to inland and
coastal waters relieves nutrient limitation and promotes algal
growth. Anthropogenic nutrient loading can alter the composi-
tion of algal communities and in severe cases, promote blooms of
toxin-forming cyanobacteria or other harmful algal groups. How
algal communities respond to N and P loading is determined in
large part by the absolute availability of dissolved silicate (SiO,,
hereafter DSi) and the N:P:Si ratio (Schelske and Stoermer 1971,
Hecky and Kilham 1988, Conley et al. 1993, Turner et al. 1998).
In general, if waters are rich in DSi then increased loading of the
limiting nutrient (N or P) should promote growth of diatoms until
DSi is depleted. Once DSi limits diatom production, nonsiliceous
taxa may become dominant and the risk for cyanobacterial
blooms is increased. This mechanism for generating nuisance and
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harmful blooms is proposed for both freshwater and marine
ecosystems (Officer and Ryther 1980).

Significant nutrient loading to the northern Gulf of Mexico
from the Mississippi-Atchafalaya River basin has been occurring
for at least the last six decades (Turner and Rabalais 1991;
Turner et al. 2007). The result of this nutrient loading is annual
formation of a seasonal hypoxic zone below the pycnocline.
River flow is a strong predictor of seasonal and annual N and P
loading to the Gulf of Mexico and of the areal size and volume
of the hypoxic zone (Scavia and Donnelly 2007; Turner et al.
2012; Obenour et al. 2013). The extent to which discharge
affects the stoichiometry of nutrient loads in the Mississippi
River is not fully resolved. Leong et al. (2014) reported that for
freshwater delivered to the Gulf of Mexico by the Mississippi
and Atchafalaya Rivers, N:Si ratios increased with discharge but
the effect was not large: a doubling of discharge increased N:Si
by 4%. Leong et al. (2014) did not directly examine P:Si in their
analysis, but they did show that P had a more linear response
to discharge than did Si (power law exponents of 1.07 and 1.13
for P and Si, respectively). Years with high discharge through
the Mississippi and Atchafalaya Rivers should therefore have
nutrient loads with lower P:Si ratios and reduced risk for
blooms of cyanobacteria or other harmful groups.


https://orcid.org/0000-0002-1945-1560
mailto:troyer@indiana.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Royer

Long-term changes in stoichiometry of the nutrient loads
have resulted in changes in the phytoplankton community of
the northern Gulf of Mexico (Turner et al. 1998). A decline in
DSi concentrations since the mid-20™ century has occurred in
water entering the Gulf from the Mississippi-Atchafalaya River
basin (hereafter, Mississippi basin), with concomitant increases
in N:Si and P:Si ratios (Turner et al. 2007). A proposed cause for
the decline in DSi in the Mississippi River is retention of bio-
genic silica in in the sediment of eutrophic reservoirs throughout
the Mississippi basin. An inverse relationship between dissolved
Si concentrations in the Mississippi River and the mass of P fer-
tilizer used in the U.S. provides support for this hypothesis
(Turner and Rabalais 1991). Others argue that increased N:Si
ratios are the result of N runoff from agriculture and that reser-
voirs play a minor role (Downing et al. 2016). In the latter case,
regions of the Mississippi basin dominated by agriculture should
disproportionately affect N:Si stoichiometry of nutrient loads
received by the Gulf of Mexico. In either case, there is reason to
expect that stoichiometry of the nutrient loads of the major trib-
utaries to the Mississippi River have shifted toward conditions
that favor cyanobacterial blooms when light is not limiting, such
as in the coastal zone or in rivers with an open canopy. The
Microcystis bloom that covered > 1000 km of the Ohio River in
October of 2015 (ORSANCO 2016) demonstrated that extensive
cyanobacterial blooms are possible even in the generally turbid
rivers of the Mississippi basin.

Billen and Garnier (2007) presented the indicator of coastal
eutrophication potential (ICEP) as a tool for determining the
stoichiometric imbalance in N:Si or P:Si and thus the potential
for growth of nonsiliceous phytoplankton. Because harmful algal
blooms are not typically the result of diatoms (but see Bargu
et al. 2016), the ICEP has been viewed as an indicator of the
potential for cyanobacterial blooms (Garnier et al. 2010a; Glibert
et al. 2017). The ICEP has units of kg C km= d~! and represents
the mass of carbon (C) that could be fixed by nonsiliceous phy-
toplankton given the amount of N or P available in excess of
stoichiometric balance with Si, based on the Redfield ratio for
diatoms of 106C:16 N:1P:20Si. The ICEP differs from simple
nutrient ratios because it incorporates both loads and stoichiom-
etry, and thus describes stoichiometric imbalances in absolute
terms. The ICEP can be calculated on the basis of N:Si (hereafter,
N-ICEP) if N is the expected limiting nutrient for algal growth,
or on the basis of P:Si if P is limiting (hereafter, P-ICEP). In both
cases, values > 0 indicate excess N or P relative to DSi in the riv-
erine load, with the value increasing in proportion to the stoi-
chiometric imbalance. Values < 0 indicate DSi in excess of N or
P and a low probability of blooms of nonsiliceous algae.

The ICEP has been used to assess the risk for cyanobacterial
blooms regionally and globally. Regional studies have centered
on Europe and China, including analyses of interannual and
intra-annual variability in the ICEP (Garnier et al. 2010b;
Romero et al. 2013) and forecasts of future risk of cyanobacterial
blooms using scenarios of changing N, P, and Si loading (Strokal
and Kroeze 2013; Strokal et al. 2017). Regional or river-specific
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analyses have focused on rivers and time periods with reliable
annual load estimates for N, P, and Si. Global-scale analyses have
coupled the ICEP to the Global-NEWS model that predicts N, P,
and Si yields across the Earth’s land surface (Seitzinger et al.
2010). This has allowed estimates of the ICEP for coastal zones
at the mouths of unmonitored rivers (Garnier et al. 2010a). River
basins with extensive human activity tend to have N- and
P-ICEP values > 1.0 kg C km~ d~!, with measured values as high
as 40-50kg Ckm™> d~' for nutrientrich European rivers
(Garnier et al. 2010b, Romero et al. 2013). Garnier et al. (2010a)
report a modeled N-ICEP for the freshwater inputs to the Gulf of
Mexico in the range of 0-2 kg C km~2 d~!, but to date, the ICEP
has not been calculated using measured nutrient loads for the
Mississippi basin. Therefore, the purpose of this article is to
examine spatial patterns and temporal trends in the N:P:Si stoi-
chiometry of the Mississippi River and its major subbasins using
the ICEP approach for the 1979-2015 water years.

The first objective of this article is to examine patterns in the
ICEP that could inform our understanding of nutrient loss from
the landscape of the Mississippi basin. Specifically, I seek to
answer the following questions: (1) Over the period of record, do
the N- or P-ICEP differ statistically from O, thus indicating poten-
tial for cyanobacterial blooms? (2) Are the stoichiometric imbal-
ances consistent across the major subbasins of the Mississippi
River? (3) Does the intensively agricultural Upper Mississippi sub-
basin control N:Si stoichiometry of water received in the north-
ern Gulf of Mexico, as suggested by Downing et al. (2016)?

The second objective is to examine temporal patterns in the
ICEP at both interannual and intra-annual time scales. There is evi-
dence of increasing P concentrations across all surface waters
within the contiguous U.S. (Stoddard et al. 2016) and cyano-
bacterial blooms are a persistent problem throughout the Missis-
sippi basin. There are no consistent temporal trends across the
Mississippi basin in N concentrations or loads. Some rivers appear
to have declining loads (Mclssac et al. 2016) while others have
increasing or unchanging concentrations and loads (Sprague et al.
2013). Consequently, I expected P-ICEP values to have increased
over the period of record, but expected no consistent interannual
trends in the N-ICEP for the Mississippi River or its major subba-
sins. With regard to intra-annual (monthly) patterns, I expected
the freshwater inputs to the Gulf of Mexico to most strongly favor
nonsiliceous algae during late winter and early spring, when the
bulk of the nutrient loss occurs in the agricultural regions of the
Mississippi basin (e.g., Royer et al. 2006). The final objective is to
determine if the N- or P-ICEP were correlated with mean annual
discharge in the Mississippi River or its subbasins during the period
of record.

Methods

Description of study basins

This analysis focused on the Mississippi River basin and four
of its major subbasins. The subbasins included the Upper Missis-
sippi, the Ohio-Tennessee, the Missouri, and the Arkansas-Red
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(Fig. 1). Combined, these four subbasins comprise 94.3% of the
land area contributing runoff to the northern Gulf of Mexico
through the Mississippi and Atchafalaya Rivers (the Atchafalaya
is a distributary of the Mississippi that discharges to the Gulf of
Mexico northwest of the Mississippi River delta). The subbasins
span more than a threefold range in mean daily discharge and
nearly an order of magnitude in runoff, from 6.5 cm yr~! in the
Missouri basin to 50.2 cmyr~' in the Ohio-Tennessee basin
(Table 1). Land use and other characteristics of the study basins
have been described in detail previously (Goolsby et al. 1999; US
EPA 2007). In brief, the Upper Mississippi and Ohio-Tennessee
basins contribute > 80% of annual nitrate load delivered to the
Gulf of Mexico from the Mississippi and Atchafalaya Rivers,
and > 60% of the total phosphorus load (US EPA 2007). During
wet years, small watersheds dominated by row-crop agriculture
in the Upper Mississippi and Ohio-Tennessee basins can have
annual nitrate-N and total phosphorus yields > 50 kg ha™' and
1 kg ha™, respectively (Royer et al. 2006). Other portions of the
Mississippi basin are comparatively minor sources of N and P to
the Gulf of Mexico, although nutrient enrichment of surface
waters is pervasive in much of the basin.

Data sources and ICEP calculation

Mean annual or monthly discharge and loads of NO3; +NO,,
NH;, total P, and SiO, in the study basins for the 1979-2015
water years, or portions thereof (Table 1), were obtained from
the U.S. Geological Survey (USGS; https://nrtwq.usgs.gov/
mississippi_loads/#/). The USGS determined the annual loads
using adjusted maximum likelihood estimation in LOADEST, a
model-fitting program that uses continuous discharge records
and periodic nutrient concentrations to estimate nutrient loads
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on monthly or annual time steps (Aulenbach et al. 2007; Lee
et al. 2017). For calculation of the ICEP, NO3 +NO; and NHj
loads (as N) were summed to dissolved inorganic nitrogen and
dissolved SiO, was expressed as the mass of Si. I opted to use
inorganic N because it represents the majority of the total N
the Mississippi River and its major tributaries (Goolsby et al.
1999) and previous investigations on N:Si stoichiometry in
the Mississippi River (Turner et al. 1998, 2007) and the ICEP
(Garnier et al. 2010a) have used inorganic N rather than total
N. The one exception to this was for the monthly estimates of
N-ICEP, in which only NOj +NO; was used because of lim-
ited availability of monthly NH; loads. ICEP was calculated as
presented by Billen and Garnier (2007) and based on an ele-
mental ratio in diatoms of 106C:16N:1P:20Si:

N-ICEP (kg Ckm™> crl) = [N yield/(14 x 16) - DSi yield /(28 x 20)]

x12x 106
(1)
P-ICEP(kg C km’zd’1> = [(P yield/31) - DSi yield/(28 x 20)]
x12x 106
(2)

where yields are expressed as kg C km=2 d~" for each nutrient.
Daily yields were calculated from annual or monthly loads and
basin drainage areas (Table 1). Equation 1 expresses the imbal-
ance between inorganic N and DSi in terms of the amount of C
that could be fixed with the excess N, assuming N as the limit-
ing nutrient for algal growth (Billen and Garnier 2007). Equa-
tion 2 is the corresponding calculation for P-limited conditions.
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Fig. 1. Map of the Mississippi-Atchafalaya River basin (bold outline) and the four major subbasins used in the analysis. The USGS gaging stations used
for calculating nutrient loads are indicated (see Aulenbach et al. 2007 for details).
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Table 1. Period of record, size, percentage of total Mississippi-Atchafalaya River basin (MARB) area, and mean discharge and runoff for

the river basins used in the analysis.

Period of record for Percentage of Mean daily Mean runoff
Basin name nutrient loads (n) Basin size (km?)* the MARB discharge (m3 s~ ")* (cm yr~1)*
Upper Mississippi River basin 1979-1986; 1996-2015 (28) 489,500 15.3 4220 26.2
Ohio-Tennessee River basin 1979-2015 (37) 526,030 16.4 8280 50.2
Arkansas-Red River basin 1979-1995; 2004-2015 (29) 652,660 20.3 2400 11.1 (Arkansas)

30.7 (Red)

Missouri River basin 1979-2015 (37) 1,357,680 423 2660 6.5
MARB 1980-2015 (36) 3,208,000 — 21,463 20.0

*The sum of the four subbasins does not equal the MARB because small basins that drain directly to the Mississippi River downstream of Cairo, lllinois

were not used in the analysis.
fAveraged over the 1981-2015 water years.
*Data from Goolsby et al. (1999) and based on 1980-1996 water years.

Regardless of the limiting nutrient, the ICEP provides a quanti-
tative expression of N, P, and Si stoichiometric imbalance in
annual or monthly nutrient loads, where the balanced condi-
tion is that which favors growth of diatoms over nonsiliceous
algae.

The relative requirement for N, P, and Si by diatoms is a key
component of the ICEP and strongly influences whether a given
set of N, P, and Si loads results in positive or negative values of
the ICEP. Si depletion is more likely to occur, or to occur more
quickly, in a diatom community with high Si demand relative to
N or P. The ICEP uses 16N:20Si and 1P:20Si, but it is important
to recognize that there is variation among diatom species in Si
requirements and that a given diatom community could deviate
from the ratios used in the ICEP. For example, Brzezinski (1985)
grew cultures of 27 marine and coastal diatom species under
controlled conditions and reported an average N:Si of 16:15.
Freshwater diatoms have a greater silicon content than marine
diatoms (e.g., Conley and Kilham 1989), and on this basis,
Dupas et al. (2015) modified the ICEP for freshwater by using a
ratio of 16N:1P:408Si. In this article, I focus mainly on the origi-
nal form of the ICEP because it is most relevant to the Gulf of
Mexico. However, I also calculated the indicator of freshwater
eutrophication potential (IFEP) as described by Dupas et al.
(2015) for the freshwater subbasins to explore how a greater Si
demand affects the risk for cyanobacterial blooms.

Statistical analysis

A one-sample Wilcoxon sign rank test was used to determine
if the median of the distribution of monthly or annual N- and
P-ICEP values was greater than zero for each site. Simple linear
regression was used to examine the influence of the Upper
Mississippi subbasin on N-ICEP of water delivered to the Gulf
of Mexico by the Mississippi and Atchafalaya Rivers. The nutri-
ent loads of the Mississippi and Atchafalaya Rivers are not
wholly independent of the Upper Mississippi subbasin; there-
fore, the resulting model should be viewed as predictive rather
than explanatory. To determine if the N- and P-ICEP had

changed over time, data from the 1980-1994 period were com-
pared to the 2001-2015 period using the Mann-Whitney test.
The 1980-1994 period corresponds approximately to the baseline
period used for setting nutrient load reduction goals for the Gulf
of Mexico (US EPA 2007); data from the Upper Mississippi River
subbasin were available only for 1980-1986. Complete records
were available for the second 15-yr period for all but the
Arkansas-Red subbasin, which was limited to 2004-2015. Last,
a Pearson product-moment correlation analysis was used to
examine relationships between the N- or P-ICEP and mean
annual discharge across the study basins. For both regressions
and correlations, relationships were considered significant at
a = 0.05. Statistical analyses were conducted in Minitab v17
(Minitab, State College, Pennsylvania) or SigmaStat v4 (Systat
Software, San Jose, California).

Results

Over the period of record, the median P-ICEP was statistically
>0 (Wilcoxon test, p <0.001) for all but the Arkansas-Red sub-
basin, and the median N-ICEP was > O for all but Arkansas-Red
and Missouri subbasins (Fig. 2). The Upper Mississippi subbasin
had the highest values, with a median for the N- and P-ICEP of
6.2 kg Ckm d™" and 3.2 kg Ckm™> d™!, respectively. In fact,
no year in the period of record for the Upper Mississippi sub-
basin had an N-ICEP < 0, indicating annual dissolved inorganic
N loads were always in excess of stoichiometric balance with
annual DSi loads. Conversely, the N-ICEP for the Arkansas-Red
subbasin was never >0, indicating an excess of DSi relative to
annual inorganic N loads in every year.

Plotting the N- and P-ICEP against each other shows clearly
the high N and P loading, relative to DSi, in the Upper Missis-
sippi and Ohio-Tennessee subbasins, with nearly all years pos-
itive for both the N- and P-ICEP (Fig. 3). Only three water
years for the Upper Mississippi subbasin (1983, 1984, and
2015) had negative P-ICEP values, and each of those years had
annual P loads lower than the average for the period of record
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Fig. 2. Box plots of the P-ICEP (A) and N-ICEP (B) for the study basins
for the 1979-2015 water years. Values greater than zero indicate N:Si or
P:Si in excess of stoichiometric demands of diatoms, with units reflecting
the rate of carbon fixation that could be supported by the excess N or
P. See text for details. Gray shaded boxes are the interquartile range, solid
horizontal line is the median, dashed line is the mean, error bars are the
10" and 90" percentiles, and solid circles are values outside the 10" and
90" percentiles.

and higher than average DSi loads. Figure 3 also indicates that
P loading in the Missouri subbasin is imbalanced to a greater
extent than is N loading, with all years near or below O for the
N-ICEP while 33 of 36 yr had P-ICEP > 0.

The agriculturally dominated Upper Mississippi subbasin
explained 56% of the annual variation in the N-ICEP of the
combined Mississippi and Atchafalaya Rivers (Fig. 4). The
y-intercept of the regression model was negative, meaning
that if the Upper Mississippi subbasin contributed stoichio-
metrically balanced loads of inorganic N and DSi (.e.,
N-ICEP = 0), the input to the Gulf of Mexico from the Missis-
sippi basin would contain DSi in excess of inorganic N relative
to the stoichiometric requirements of diatoms.
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Fig. 3. Plot of the N-ICEP and P-ICEP for the Mississippi-Atchafalaya input
to the Gulf of Mexico and each of the Mississippi River subbasins. Points

above the horizontal red line indicate excessive N loading (relative to Si
loads); points to the right of the vertical red line indicate excessive P loading.

The N-ICEP in the Ohio-Tennessee subbasin during 2001-2015
was significantly lower than in the 1980-1994 period, with median
values of 3.0 kg C km=2 d~" and 1.7 kg C km™ d~! for the earlier
and later periods, respectively (Fig. 5). No other subbasin had a sig-
nificant change in the N-ICEP, nor did the Mississippi basin as a
whole. Conversely, the P-ICEP increased significantly in all of the
study basins except the Arkansas-Red (Fig. 5). The median P-ICEP
increased by 22-fold in the Ohio-Tennessee subbasin, from 0.15 to
3.3 kg Ckm™ d™'. In the Missouri and Upper Mississippi subba-
sins, the median P-ICEP increased by sixfold and ninefold, respec-
tively. For the inputs to the Gulf of Mexico from the Mississippi
and Atchafalaya Rivers, the median P-ICEP more than doubled,
from 0.71 to 1.7 kg C km=2 d~". To the extent that nutrient loads
from the subbasins reflect surface waters in general, the P-ICEP
results indicate stoichiometric changes over the last four
decades that favor growth of cyanobacteria throughout most
of the Mississippi basin.

There was a clear intra-annual pattern in the N-ICEP for water
entering the Gulf of Mexico through the Mississippi and Atchafa-
laya Rivers, but a much less distinct pattern for the P-ICEP
(Fig. 6). Over the 1980-2015 water years, the median monthly
P-ICEP was statistically >0 for each month (Wilcoxon test,
p <0.01), indicating a consistent excess of P relative to DSi. For
the N-ICEP, March through August had median values statisti-
cally >0, although the median value for August was only
0.2 kg Ckm™2 d! (Fig. 6). By late summer, nitrate and DSi were
roughly in balance and the N-ICEP values were generally nega-
tive for the remainder of most years.

There was a weak but significant correlation between the
P-ICEP for the inputs to the Gulf of Mexico and mean annual
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discharge of the combined Mississippi and Atchafalaya Rivers
(Pearson r = —0.38, p = 0.024, Fig. 7). The inverse relationship
indicates that P and DSi loads in years with high river flow are
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Fig. 4. Least squares regression of the N-ICEP for the Mississippi-
Atchafalaya input to the Gulf of Mexico against the N-ICEP of the Upper
Mississippi subbasin. The dashed lines indicate the 95% confidence limits.
n =27 and includes the 1980-1986 and 1996-2015 water years.
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less imbalanced than are loads during years with low or mod-
erate river flow. No correlation existed between the N-ICEP and
mean annual discharge for the combined Mississippi and Atchaf-
alaya Rivers. Among the subbasins, correlations between N- or
P-ICEP and discharge were generally nonsignificant or weak
(Supporting Information Table S1), with the exception of the
N-ICEP for the Arkansas-Red which was strongly and inversely
correlated to mean annual discharge (Pearson r -0.83,
p <0.001, Supporting Information Fig. S1).

Table 2 presents the mean, minimum, and maximum
values for N-IFEP and P-IFEP for each subbasin. A linear
regression of N-IFEP against N-ICEP had an intercept of
1.86 and a slope of 1.26 (p <0.001, R*> = 0.91). The regres-
sion of P-IFEP against P-ICEP had an intercept of 2.83 and
slope of 1.34 (p < 0.001, R* = 0.66) (see Supporting Informa-
tion Fig. S2). The higher silica demand used in the IFEP
results in a greater rate of increase in stoichiometric imbalance
(i.e., regression slopes > 1.0) across the range of observed nutri-
ent loads in the subbasins. However, the overall patterns within
and among subbasins were not different between the IFEP and
the ICEP.
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Fig. 5. Box plots of the P-ICEP (top row) and N-ICEP (bottom row) during two 15-yr time periods, the 1980-1994 and 2001-2015 water years
(or portions thereof) for each of the study basins. Results of Mann-Whitney tests are shown for those basins with significant differences between the two

time periods. Box plots as described in Fig. 2.
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freshwater delivered to the Gulf of Mexico through the Mississippi and
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p < 0.01). For the N-ICEP, ** indicates p < 0.001 and * indicates p < 0.01.

Discussion

The N-ICEP values reported here using measured nutrient
loads for the Mississippi basin agree with those estimated by
Garnier et al. (2010a) of 0-2 kg C km~2 d~!. The nutrient loads
from the Mississippi basin drive formation of a seasonal hyp-
oxic zone in the northern Gulf of Mexico that is among the
largest in the world, often exceeding 10,000 km? and occasion-
ally exceeding 20,000 km? (Matli et al. 2018). However, the
stoichiometric imbalance based on the N-ICEP is an order of
magnitude less than that reported for the Seine River and other
European rivers draining landscapes with high population den-
sities (Billen and Garnier 2007; Garnier et al. 2010b). The spa-
tial extent of the Gulf hypoxic zone is determined largely by
the mass of N delivered by the Mississippi River with stoichi-
ometry of the nutrient loads likely playing a secondary role
(Turner et al. 2012; Scavia et al. 2017). The ICEP is based on the
relative yields (kg km™?) of N, P, and Si rather than total mass, so
it is not expected that it would predict the size of the hypoxic
zone. Rather, the ICEP reveals the degree to which nutrient loads
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Fig. 7. Scatterplots of mean annual discharge and the P-ICEP (A) and
N-ICEP (B) for the Mississippi-Atchafalaya input to the Gulf of Mexico for
the 1979-2015 water years. Pearson correlation results are shown for the
P-ICEP; the N-ICEP was not correlated to discharge.

Table 2. Mean values for N-IFEP and P-IFEP for the period of
record for each subbasin. The minimum and maximum values
over the period of record are shown in parentheses.

N-IFEP P-IFEP
Subbasin (kg Ckm=2d™") (kg Ckm=2d™")
Upper Mississippi 10.1 (3.3-15.9) 7.3(1.6-18.4)
Ohio-Tennessee 6.3 (3.1-14.0) 7.8 (2.4-14.7)
Missouri 0.6 (-0.2to0 2.2) 2.6 (0.5-6.8)
Arkansas-Red -0.3(-1.3t00.5) 1.7 (0.5-5.1)

are imbalanced with respect to the N, P, and Si requirements of
diatoms and, by extension, the likelihood of blooms of non-
siliceous groups, particularly cyanobacteria.

The ICEP and phytoplankton in the northern Gulf of
Mexico

On an annual basis, the N-ICEP for the freshwater inputs
from the Mississippi and Atchafalaya Rivers suggests that there
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is potential for blooms of nonsiliceous groups in the northern
Gulf of Mexico, but harmful cyanobacteria have thus far
not dominated phytoplankton biomass (Dortch et al. 2001;
Chakraborty and Lohrenz 2015). Stoichiometry of nutrient
inputs is only one factor that could influence bloom formation
and an N-ICEP value > 0 does not mean harmful cyanobacterial
blooms are inevitable. A recent review highlighted the inter-
acting roles of turbidity, temperature, salinity, nutrient availabil-
ity, and stratification in structuring phytoplankton communities
in the northern Gulf of Mexico (Bargu et al. 2019). Despite the
potential for silica limitation (Dortch and Whitledge 1992), dia-
toms are frequently reported as a dominant group within near-
shore phytoplankton communities, along with chlorophytes
and cryptophytes (e.g., Schaeffer et al. 2012; Chakraborty and
Lohrenz 2015). Periods of high discharge from Mississippi and
Atchafalaya Rivers, which occur mainly in spring, create condi-
tions of relatively high turbidity and nutrients but low salinity,
and these conditions appear to favor diatoms, chlorophytes, and
cryptophytes, rather than cyanobacteria which prefer conditions
that occur later in summer (Bargu et al. 2019). The monthly pat-
terns in the N-ICEP (Fig. 6) show that freshwater inputs favor
nonsiliceous groups in spring and early summer, but during this
time, temperature and other conditions are not conducive for
cyanobacterial blooms. By mid to late summer, when tempera-
ture and other factors are favorable for cyanobacteria, the stoi-
chiometry of the freshwater inputs favors diatoms over
nonsiliceous groups.

Spatial patterns among the subbasins of the Mississippi
River

The predominant land use varies among the major subbasins
of the Mississippi River and this was clearly reflected in the
N- and P-ICEP values. The intensively farmed and fertilized
Upper Mississippi subbasin is the largest source of N to the Gulf
of Mexico (US EPA 2007). Based on the N-ICEP, the Upper Missis-
sippi is also the driver of stoichiometric imbalance in nutrient
loads delivered to the Gulf. In terms of land area, the Upper Mis-
sissippi is the smallest of the subbasins examined, representing
only 15% of the total Mississippi-Atchafalaya River basin
(Table 1). But the high N and P yields, relative to DSi yields, make
this subbasin the key determinant not only of the mass of annual
N and P loads but also the stoichiometry of the annual loads. The
N-ICEP results thus support the argument by Downing et al.
(2016) that N runoff from agriculture, as opposed to Si retention
in reservoirs, is the primary driver of N:Si stoichiometry in surface
waters of the Upper Mississippi subbasin.

Human activities in general, and agriculture in particular,
tend to increase both N and P loading to surface waters. In a
global analysis, Garnier et al. (2010a) reported 83% of rivers
with positive N-ICEP values also had positive P-ICEP values.
This was the case for the Upper Mississippi and Ohio-Tennessee
subbasins for which nearly all years fall in the upper right
quadrant of Fig. 3, indicating positive values of both the N- and
P-ICEP. However, the Missouri subbasin rarely had positive
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values of N-ICEP while consistently having positive values of
P-ICEP, and the Arkansas-Red subbasin was generally negative
for both the N- and P-ICEP. There are two significant implica-
tions from the patterns among subbasins. First, in terms of the
ICEP, the freshwater input from the Mississippi and Atchafalaya
Rivers is most similar to the Upper Mississippi and Ohio-
Tennessee subbasins (Fig. 3), further highlighting the effect of
these agriculturally intensive subbasins on nutrient conditions in
the northern Gulf of Mexico. Second, assuming P-ICEP calculated
at the monitoring stations (Fig. 1) generally reflects conditions in
surface waters of each subbasin, the risk of cyanobacterial blooms
appears low in the Arkansas-Red but high in the other subbasins.
The extent to which this assumption is valid is unknown, and
undoubtedly local cyanobacterial blooms occur within the
Arkansas-Red subbasin despite the low P-ICEP values at the mou-
ths of the rivers. The potential for cyanobacterial blooms within
the subbasins is further emphasized by the IFEP, which uses a sili-
con content for diatoms that is twice that used in the ICEP.
Because of the greater silicon content of freshwater diatoms, a
given stoichiometric imbalance in nutrient loads generates a
greater potential for cyanobacterial blooms in the inland waters
of the Mississippi basin than in the northern Gulf of Mexico.

Non N,-fixing cyanobacteria can form toxin-producing blooms
and strong arguments exist for dual N and P control to reduce
eutrophication and harmful algal blooms (e.g., Paerl 2009; Scott
and McCarthy 2010). The ICEP results presented here show that
for the Upper Mississippi and Ohio-Tennessee subbasins both N
and P loading are far in excess of DSj, relative to diatom require-
ments. Reduced N and P loading in those subbasins is likely to gen-
erate the largest effect on the N- or P-ICEP of the inputs to the Gulf,
and any reduction in N or P loading within a subbasin is likely to
have positive effects locally. However, Dortch et al. (2001) cau-
tioned that small reductions in P loading to inland waters of the
Mississippi basin could exacerbate Gulf hypoxia by increasing DSi
delivery to the Gulf during periods when diatom production is
silica-limited. This scenario arises from the fact that much of the
organic matter fueling the respiration in the hypoxic zone derives
from diatom production in the surface waters of the Gulf (Turner
and Rabalais 1994). Reduced P loading in the Mississippi basin
could potentially reduce DSi uptake by diatoms in the inland
waters of the basin, allowing more DSi to reach the Gulf of Mexico
and further stimulate production by diatoms. At present, P load-
ing in the Mississippi basin appears to be increasing (Stoddard
etal. 2016, Supporting Information Fig. $3) and therefore, the sit-
uation described by Dortch et al. (2001) is not imminent. None-
theless, it points out a reason to consider stoichiometric
responses to N and P management, something that is not com-
monly done particularly in reference to distant downstream
waters.

Temporal patterns in the ICEP

Across the Mississippi basin, the N-ICEP has mostly remained
unchanged from the early portion of the period of record
(1980-1994) to the later portion (2001-2015), despite significant
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efforts (and expenditures) during the last decade to reduce N
loading from cropland (e.g., USDA 2012). The N-ICEP declined
in the Ohio-Tennessee subbasin but remained positive with a
median for the 2001-2015 period of about 2 kg C km™2 d!
(Fig. S5). The significant increase in the P-ICEP over the period of
record signals growing risk for cyanobacterial blooms across most
of the Mississippi basin. There currently is no standardized and
quantitative surveillance program for harmful algal blooms in
the U.S. (Brooks et al. 2016) which precludes empirically linking
the changes in the P-ICEP to increased severity or frequency of
cyanobacterial blooms within the study basins. Nonetheless, the
P-ICEP results suggest more favorable conditions for cyano-
bacteria, which is consistent with anecdotal trends of increasing
frequency and severity of harmful blooms with in the Mississippi
basin and elsewhere (Brooks et al. 2016). Loads of DSi have not
changed appreciably over the period of record (Supporting Infor-
mation Fig. S4) confirming that the changes in the P-ICEP are
the result of increased P loading, such as that documented by
Stoddard et al. (2016). The ICEP has the potential to serve as an
integrative biogeochemical monitoring tool that can be applied
across spatial and temporal scales. Where appropriate data are
available, the ICEP could aid in identifying outcomes from nutri-
ent management or other agricultural conservation practices
which are challenging to detect in records of nutrient loads, par-
ticularly at large spatial scales (Garcia et al. 2016).

Discharge and the stoichiometry of nutrient loads

The positive relationship between discharge and N loads in
the Mississippi River and its tributaries is well established
(e.g., Donner et al. 2002; Raymond et al. 2012). The lack of corre-
lation between the N-ICEP and river flow (Fig. 7B) thus suggests
that the stoichiometry of nutrient loads is less sensitive to hydro-
logical condition than is the mass of the nutrient loads. Among
the subbasins, the only strong correlation was an inverse rela-
tionship between the N-ICEP and discharge for the Arkansas-Red
(Supporting Information Fig. S1). Leong et al. (2014) reported
that, for both the Arkansas River and the Red River, DSi had a
stronger nonlinear response to increasing discharge than did
N. If DSi is more strongly affected by discharge than is N, then it
would generate the inverse relationship between the N-ICEP and
discharge shown in Supporting Information Fig. S1. The general
correspondence in results between this study and that of Leong
et al. (2014) is due in part to the fact that both use the same
nutrient load data from the U.S. Geological Survey. But the ana-
lytical approaches are quite different, which provides strength-
ened confidence in the conclusion that mass of nutrient loads
and stoichiometry of nutrient loads respond differently to hydro-
logical conditions.
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