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Abstract Relationships between biological and enrich-
ment indicators were explored to demarcate hallmarks
of enrichment that can be used in managing eutrophica-
tion in large rivers. Biological indicators were sensitive
to the measured range of enrichment and generally
showed linear responses. However, fish biotic integrity
scores, 24-h ranges in dissolved oxygen, and biological
oxygen demand all showed strong nonlinear responses
coinciding with sestonic chlorophyll concentrations in
the range of 20–50 μg/l. Hallmarks of overt
overenrichment were defined as sestonic chlorophyll ≥
100 μg/l, 5-day biological oxygen demand ≥ 6.0 mg/l,
and 24-h range in dissolved oxygen ≥ 9.0 mg/l. Accept-
able levels were defined as chlorophyll < 30 μg/l, 5-day
biological oxygen demand < 2.5 mg/l, and 24-h dis-
solved oxygen range < 7.0 mg/l. Relationships between
nutrient concentrations and sestonic chlorophyll were
weak, mainly due to high ambient levels of nutrients.
However, total phosphorus concentrations averaged
lower at sites showing less overt signs of enrichment,
suggesting 130 μg/l total phosphorus as a management
target for presently overenriched waters.
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Introduction

Many waterbodies have experienced a remarkable turn-
around in response to point-source controls enacted
during the 1980s (Brosnan and O’Shea 1996; García-
Barcina et al. 2006; Hilton et al. 2006) and soil conser-
vation measures implemented in earnest over the last
decade (Richards et al. 2009; Reimer 2013; Miltner
2015). In Ohio, prior to the implementation of advanced
wastewater treatment, 90% of sampling locations in
large rivers were rated as biologically impaired, mostly
due to organic enrichment. The percent of sampling
locations rated as biologically impaired now stands at
34%, with eutrophication contributing to the cause of
impairment in about a third of those cases. Although
10% of all large river sites are categorically impaired
because of eutrophication, this figure understates the
extent of waters experiencing eutrophication, as large
rivers in Ohio are generally enrichedwith nutrients—the
median total phosphorus concentration in large Ohio
rivers sampled between 2005 and 2016 during the
low-flow period (July–September) is 168μg/l, or rough-
ly twice the recommended reference condition for Ag-
gregate Ecoregion VI (USEPA 2000). Furthermore, be-
cause the level of organic enrichment was formerly so
egregious, its abatement became the de facto restoration
goal, meaning that many waters are rated as acceptable
despite showing overt signs of eutrophication (e.g., wide
diel oxygen swings and biogenic turbidity).

More recently, however, the need to manage cultural
eutrophication of surface waters has gained a measure of
urgency owing to the growing number of coastal waters
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experiencing hypoxia (Rabalais et al. 2009), lakes becom-
ing eutrophic (Levine et al. 2012) or experiencing re-
eutrophication (Scavia et al. 2014), an increasing frequen-
cy (Paerl and Otten 2013) or severity (Brooks et al. 2016)
of harmful algal blooms, and the realization that despite
abatement of organic enrichment, many rivers and their
receivingwaters remain nutrient enriched (Cajaraville et al.
2016; Hilton et al. 2006; Mischke et al. 2011; Howarth
et al. 2000). Managing eutrophication is superficially
straightforward—reduce the supply of nutrients—but dif-
ficult in practice, especially in flowing waters where the
expression of enrichment can be influenced by physical
and hydrologic factors (Mischke et al. 2011; Istvánovics
and Honti 2012; Dolph et al. 2017). Also, there is the
matter of defining what constitutes overenrichment, given
that eutrophication exists on a continuum. This latter point
is especially germane within the context of managing
rivers that have recently moved up the stressor gradient
away from the worst effects of organic enrichment and
industrial pollution. Hence, this study intends to define
eutrophication endpoints for large Ohio rivers that can
identify position along the eutrophication continuum and
facilitate management. To identify these endpoints, biolog-
ical indicators (fish or macroinvertebrate assemblages) and
water quality indicators (e.g., 5-day biological oxygen
demand, total Kjeldahl nitrogen, hourly dissolved oxygen
concentrations) were examined over a gradient of enrich-
ment as indicated by sestonic chlorophyll concentrations.

Methods

Study area and data sets

Ohio is densely populated and intensively developed,
and land use is dominated by row crop and livestock
agriculture (Fig. 1). As such, large rivers in the state are
generally enriched with inorganic nutrients. Annual
flow-weighted mean concentrations for total phospho-
rus and total nitrogen during water year 2014 (October
2013–September 2014) were 330 μg/l and 5.88 mg/l
(Ohio EPA 2016).

Since 1980, Ohio EPA has monitored large river
segments on a rotating basis, such that a defined river
segment is sampled intensively once every 10 to
15 years, with spot sampling occurring during the inter-
vening years. For the purpose of this study, large rivers
are defined as those with drainage areas greater than
1800 km2. An intensive survey generally consists of a

spatially dense array of sampling locations that are
typically visited six times for water quality sampling
and twice for biological sampling during the growing
season index period of June 15 to October 15. Water
quality parameters routinely collected include total
phosphorus (TP), ammonia nitrogen (NH3), nitrate +
nitrite nitrogen (NO3–NO2), Kjeldahl nitrogen (TKN),
total suspended and dissolved solids (TSS and TDS),
and various metals including iron (Fe) and aluminum
(Al). Dissolved oxygen (DO), pH, temperature, and
conductivity are measured on-site with field meters at
the same time water quality samples are collected. Al-
though 5-day biological oxygen demand (BOD5) has
not always been collected as a matter of routine, starting
in 2009, it was included at most sampling locations, at
least during a subset of station visits. Similarly, ortho-
phosphate (OP) has been collected at most sampling
stations, but only from a subset of station visits. Starting
in 2007, continuous data loggers began being deployed
for up to 48 h at a subset of sites, typically to coincide
with a stable hydrograph during the critical low-flow
period of late July through August. Data logger probes
measure DO, pH, temperature, and conductivity. Simi-
larly, starting in 2007, samples for sestonic chlorophyll
were collected to coincide with locations and deploy-
ments of automated data loggers. Laboratory methods
followed those established by US EPA and follow pro-
cedures in APHA (1992). The specific methods are as
follows: NO3–NO2, USEPA 350.1; TKN, USEPA
351.2; NH3, SM 4500-NH3BE; TP, USEPA 365.4;
OP, USEPA 365.1; Al and Fe, USEPA 200.7; BOD5,
SM 5210B; TSS, SM 2540D; TDS, SM 2540C; and
chlorophyll a (CHL), USEPA 445. Detection limits for
NO3–NO2, TKN, NH3, TP, Al, Fe, BOD5, and TSS and
TDS were 0.10, 0.20, 0.05, 0.01, 0.2, 0.05, 2.0, and
5.0 mg/l, respectively. The detection limit for CHL is
0.2 μg/l. Water quality values reported at less than
method detection limits were assigned values of one
half the respective limits. Except for DO, pH, and tem-
perature, all water quality values were log10 (X • 1000)
transformed prior to use in statistical analyses.

Biological samples are collected at a subset of water
quality sites and include fish and macroinvertebrates.
Fish communities are sampled using generator-
powered, pulsed DC electrofishing and a standardized
methodology (Ohio EPA 1987, 1989a; Yoder and Smith
1999). Fish assemblage attributes are collectively
expressed by the IBI (Karr 1981; Karr et al. 1986), as
modified for Ohio streams and rivers (Yoder and Smith
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1999; Ohio EPA 1989a). Macroinvertebrates are sam-
pled quantitatively using modified, multiple-plate artifi-
cial substrate samplers (fashioned after Hester and
Dendy 1962); artificial substrates are deployed during
the critical low-flow period. In addition, qualitative
macroinvertebrate samples are collected using kick nets
and by hand (e.g., turning over rocks) to determine
presence/absence at the same time when the artificial
substrates are retrieved (i.e., not all artificial substrates
are retrieved, hence the use of two sampling techniques).
Macroinvertebrate assemblages from quantitative

samples are expressed as the Invertebrate Community
Index (ICI; DeShon 1995). The ICI is a multimetric
measure of the invertebrate community composed of
10 metrics scoring functional, compositional, and taxo-
nomic attributes. For samples with only presence/
absence data, the number of taxa in the orders Ephem-
eroptera, Plecoptera, and Trichoptera (EPT) are used as
a measure of assemblage quality. Habitat quality is
visually assessed at biological sites and reported as the
Qualitative Habitat Evaluation Index [QHEI] (Ohio
EPA 1989b, 2006).

Fig. 1 Map of Ohio showing large river segments and chemistry sampling locations included in this study. Points are shaded to correspond
to shading used in ensuing figures
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For large rivers sampled from 2005 through 2016
(i.e., postorganic enrichment abatement and implemen-
tation of soil conservation measures), 275 locations
have been sampled for routine water quality, yielding
1959 water quality sampling events. Of those locations,
121 include biological monitoring, and 86 include de-
ployments of automated data loggers.

Statistical analyses

All statistical analyses were performed in the R environ-
ment (version 3.3.1). Associations between paired water
quality parameters were examined via Pearson correla-
tions. For associations between biological indicators and
either water quality parameters or summarized measures
from automated data loggers, Spearman correlations
were used given the tendency for wedge-shaped relation-
ships between biological measures and environmental
parameters (Cade and Noon 2003). For the associations
between water quality and biological parameters, water
quality parameters were averaged by station and year.
Similarly, fish IBI scores from a given location within a
given year were averaged in cases where more than one
electrofishing event occurred during the index period.

To help examine relationships between biological and
water quality measures, sites were grouped according to
compositional similarities of fish or macroinvertebrates by
hierarchical clustering (hclust function in the stats pack-
age). Abundance values for fish were standardized to a
sampling distance of 1000 m, and all abundance values
were log10 + 1 transformed. Presence/absence valueswere
used for the macroinvertebrates. Bray-Curtis distances
(Beals 1984) were used for each dissimilarity index sup-
plied to the clustering algorithm, and Ward’s method was
used for agglomeration (Murtagh and Legendre 2014).
The dissimilarity matrices were computed using the
vegdist function in the vegan package (2.1-10). Groups
were determined based on visual inspection of the resulting
dendrograms and assigned by the cutree function in the
stats package. To visualize how the resulting groups related
to water quality variables, a nonmetric multidimensional
scaling (NMDS;metaMDS function in the vegan package)
was performed on each dissimilarity matrix, and the
resulting first two axes were plotted, with points coded to
group membership identified by hierarchical clustering.
Water quality variables significantly (p < 0.001) correlating
with one or more of the ordination axes were overlaid as
directional vectors on the ordination plot using the envfit
function in the vegan package. The vector direction is

determined by the strength of association with a given
ordination axis, and magnitude determined by overall
strength of association with both axes. Thus, the relation-
ship between site groups and important environmental
gradients can be graphically and simultaneously assessed,
variability partitioned by the environmental gradients, and
the resulting information used to help interpret simpler
bivariate relationships.

Based on inspection of the information returned from
the ordinations, scatter plots of water quality parameters
and biological indicators (i.e., the fish IBI, macroinver-
tebrate ICI, or EPT richness) were made. To help visu-
alize the nature of the relationships within a scatter,
points were color-coded to groups identified by cluster
analysis, and local polynomial regression (LOESS) lines
(of degree = 1) were drawn through groups identified by
cluster analysis and inspection of NMDS plots. For plots
of water quality parameters, a span (λ) of 0.5 was used.
For plots including biological indicators or summarized
measures from automated data loggers, λ = 0.75. Addi-
tionally, associations between water quality and biolog-
ical measures within cluster groups were quantified
using Spearman correlation coefficients.

Linking enrichment to nutrients

Because different river types have differing sensitivities
to phosphorus based on physical factors like drainage
area (Van Nieuwenhuyse and Jones 1996) and retention
time (Mischke et al. 2011), and because a lag exists
between the peak in a hydrograph and chlorophyll ac-
crual (Biggs 2000), the relationship between nutrients
and chlorophyll in rivers is not straightforward. Further-
more, in the data set used here, although several hundred
matched CHL-TP (and nitrogen) samples exist, many
have resulted from targeted sampling of point-source
discharges, such that some of the highest TP concentra-
tions can be associated with the some of the lowest CHL
concentrations (i.e., because of the lag between the
discharge of phosphorus and its uptake and conversion
to biomass). However, because TSS has been collected
more routinely and from a greater array of sites than
CHL, and TSS and CHL show a strong linear associa-
tion (see Table 2), the large sample size between TSS
and TP (and other enrichment indicators) may provide
the power to detect trends not apparent in the CHL-TP
relationship. Keeping in mind that TSS represents
suspended sediment, algae, and other organic matter,
TSS cannot be used as a direct proxy for CHL without

 55 Page 4 of 17 Environ Monit Assess  (2018) 190:55 



some adjustment. To adjust for the suspended sediment
component, TSS was regressed against Al and Fe, and
the residuals considered as a rough proxy for chloro-
phyll, with cases that are overpredicted (i.e., as indicated
by positive residuals) reflecting relatively higher chlo-
rophyll concentrations, and case with negative residuals
indicating relatively higher concentrations of inorganic
sediment. Thus, the binary split in residuals offers a
nonarbitrary way to partition nutrient concentrations
and enrichment response variables like TKN, BOD5,
and chlorophyll. Partitioning the latter helps to identify
eutrophication benchmarks, and partitioning nutrient
concentrations may help identify nutrient targets for
use in managing eutrophication. Box plots were used
to help visualize distributions of nutrient and enrichment
variables relative to the partitions, and 95% confidence
intervals of respective means within a partition were
constructed with t tests. As a validation step, the method
was repeated on 10 random subsets drawn with replace-
ment where the draw size was 10% of the data. Note that
organic matter unrelated to algae was considered a ran-
dom component of TSS based on a linear regression of
TSS on total organic carbon (r2 < 0.01).

Results

Water quality observations

Rivers sampled during this study ranged in size from
1823 to 20,849 km2. Median total phosphorus concen-
trations were 0.168 mg/l, with most observations falling
between 0.033 and 0.510 mg/l. The median CHL con-
centration was 34 μg/l, with most observations falling
between 5 and 178 μg/l. These characteristics are sim-
ilar to those reported by Mischke et al. (2011) for

lowland rivers with large catchments in Germany, and
central and southern Minnesota rivers reported by
Heiskary and Bouchard (2015). Summary statistics for
watershed size and water quality enrichment indicators
are provided in Table 1.

Correlations between paired water quality parameters
showed that the association between chlorophyll and TP
was negligible, and the association between CHL and
either OP or inorganic nitrogen was negative (Table 2).
The negative association with dissolved forms of nutri-
ents may appear counterintuitive but likely reflects up-
take by algae. The lack of association between TP and
CHL is superficial in that it does not account for other
factors like drainage area, distance from point sources,
and nitrogen levels (Dodds and Smith 2016; Dodds et al.
2002). BOD5, CHL, TKN, and TSS, being indicators of
suspended organic matter, were all positively associated
with each other. However, because TSS represents
suspended sediment, it was positively associated with
Al and Fe, whereas associations between CHL and Al or
Fe were weak and negative. Scatter plots of BOD5 and
TKN on chlorophyll (Fig. 2) showed threshold re-
sponses, with BOD5 increasing sharply as chlorophyll
concentrations exceeded ~ 20 μg/l. TKN concentrations
showed an increase with chlorophyll as chlorophyll
concentrations exceeded ~ 50 μg/l.

Daily range in dissolved oxygen increased with in-
creasing concentrations of CHL demonstrating the in-
fluence of algal biomass on DO through photosynthesis
and respiration. For the subset of samples where auto-
mated data loggers were deployed, the strength of asso-
ciations between 24-h DO range and BOD5, TKN, or
CHL were roughly similar whether the associations
were based on same-day sampling events, or if matched
to seasonal averages (Table 3). The strength of associa-
tion between BOD5 and CHL was roughly similar in

Table 1 Summary statistics characterizing the drainage area (km2) and enrichment indicators measured from study sites. Units for
chlorophyll are micrograms per liter, and all others are milligrams per liter

Drain area TP NO3–
NO2

DIN:TP TKN BOD5 CHL TSS 24-h DO

Minimum 1823 0.005 0.05 0.1 0.1 1.0 1.6 2.5 0.6

5th 1987 0.033 0.10 3.2 0.3 1.0 5.4 7.0 1.4

Median 6035 0.168 1.88 22.0 0.7 2.7 34.0 24.0 4.9

95th 16,395 0.510 5.98 136.2 1.4 9.0 178.4 110.0 14.8

Maximum 20,849 12.000 15.20 1198.8 9.1 63.0 337.0 2360.0 15.8

N 244 1726 1724 1724 1726 905 313 1738 96
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both same-day and seasonally averaged samples; how-
ever, TKN showed a much stronger association with
CHL and BOD5 in same-day samples compared to
seasonally averaged samples. This difference may par-
tially be an artifact of the fact that TKN is measured in
all grab samples collected from a given station whereas
BOD5 and CHL are measured from a subset of station
visits, but may also reflect the fact that TKN represents
both organic nitrogen produced in situ, as well as refrac-
tory organic nitrogen discharged by wastewater plants.

Biological observations

Fish and macroinvertebrate assemblages were reason-
ably well represented in 3-dimensional solutions from
NMDS, as indicated by respective stress values of 0.14
and 0.17, thus allowing a graphical representation sam-
pling sites based on ecological distance (Fig. 3). Both
fish and macroinvertebrate ordinations broadly grouped

and separated sites in similar ways and across similar
environmental gradients (Fig. 3). Based on the fish
assemblage, two broad groups were distinguished, with
one group (represented by the darker shading in Fig. 3a)
representing sites from the Mahoning River, Cuyahoga
River, Maumee River, and Wills Creek, and a second
comprising sites from the Great and Little Miami Riv-
ers, the Scioto River, and free-flowing large river seg-
ments in the Muskingum River basin. These two broad
groups were separated along a gradient of metals
(represented by manganese in Fig. 3a) and a
countergradient of habitat quality and nutrients. Sites
in the second group were further subdivided by whether
a given site exists in a free-flowing reach directly con-
nected to the Ohio River, or located upstream from the
most downstream impoundment, as represented by a
gradient of drainage area following the first axis in
Fig. 3a.

Table 2 A correlation matrix for water quality parameters measured from large rivers in Ohio. Pairwise frequencies range from 221 to 1738.
Associations significant at the p < 0.0001 levels are in bold

NO3–
NO2

NH3 TP TKN TSS NO2 OrthoP Chla BOD5 Fe Al pH

NH3 0.08

TP 0.34 0.14

TKN 0.06 0.25 0.32

TSS 0.10 0.16 0.20 0.13

NO2 0.34 0.39 0.12 0.38 0.13

OrthoP 0.49 0.09 0.77 − 0.02 − 0.08 0.09

Chla − 0.24 − 0.31 0.00 0.35 0.44 0.03 − 0.29
BOD5 − 0.26 0.03 0.06 0.47 0.35 0.22 − 0.29 0.74

Fe 0.19 0.33 0.15 0.01 0.80 0.16 − 0.07 − 0.18 0.01

Al 0.13 0.26 0.14 0.05 0.82 0.16 − 0.15 − 0.01 0.13 0.93

pH − 0.20 − 0.34 − 0.03 0.12 0.00 0.10 − 0.14 0.60 0.48 − 0.30 − 0.17
DIN:TP 0.67 0.04 − 0.44 − 0.17 − 0.05 0.26 − 0.06 − 0.26 − 0.29 0.08 0.03 − 0.16
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Fig. 2 Plots of a BOD5 and b
TKN against chlorophyll for
samples collected from largeOhio
rivers. The trend lines through
data points are from LOESS
smoothing (λ = 0.5, degree = 1).
Note that in plot a, BOD5 values
reported at less than the method
detection limit plot at y = 1
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The same general pattern was evident within the
macroinvertebrate ordination with two groups separated
by whether or not a given site was located in the Cuy-
ahoga,Mahoning, Maumee, orWills Creek (represented
by darker shading in Fig. 3b); however, sites within the
Cuyahoga andMahoning formed a tight cluster oriented
along a gradient of lead and manganese, and sites from
Wills Creek formed a group oriented along a gradient of
iron and manganese (in Fig. 3, the Wills Creek sites
have the darkest shading, and in Fig. 3b, the sites would
project along a third axis). Sites from the Maumee were
separated from other sites by a gradient of nitrite nitro-
gen and a countergradient of habitat quality (represented
by the first axis in Fig. 3b) but were also arrayed along
the metals-hardness-suspended solids gradient repre-
sented by the second axis. For context, the Mahoning
and Cuyahoga River basins are both heavily urbanized
and industrialized (or formerly so). The Wills Creek
catchment is extensively mined for coal, and nearly the
entire headwater network of the Maumee River basin
has been ditched for agricultural drainage.

Table 3 Spearman rank-order correlations between selected pa-
rameters. BPaired sample^ correlations are from single grab sam-
ples matched to the data logger by collection date. BSeasonal
average^ correlations match the seasonal average from the grab
parameters to the data logger deployment within a given year
(grabs and data loggers are collected and deployed during the
low-flow season). Samples sizes are shown in parentheses. All
associations are significant at the p < 0.01 level

24-h DO range BOD5 TKN

Paired sample

24-h DO range 1

BOD5 0.45 (52) 1

TKN 0.35 (56) 0.81 (56) 1

Chla 0.56 (59) 0.88 (43) 0.80 (47)

Seasonal average

24-h DO range 1

BOD5 0.65 (69)

TKN 0.33 (96) 0.48 (91)

Chla 0.45 (63) 0.66 (50) 0.32 (78)
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Fig. 3 Plots of sampling sites in ordination space based on non-
metric multidimensional scaling of a fish and bmacroinvertebrate
assemblages. Points are shaded by major groupings suggested by
hierarchical clustering. Associations of environmental variables
with ordination axes are depicted as arrows leading to a given
variable, with the strength of association given by the length of the
arrow (e.g., in plot b, Bqhei^ is strongly correlated with the x-axis,
and Bept^ correlated to both). Note that Bibi^ in plot a is the fish
IBI and Bept^ in plot b is EPT richness. Only variables with a

probability of less than < 0.0001 (from a permutation test) were
plotted. Iron in plot b can be viewed as projecting out along a third
axis and accompanied by sites fromWills Creek. Plot labels are as
follows: mn, manganese; pb, lead; no2, nitrite nitrogen; fe, iron; sr,
strontium; da, drainage area; tss, total suspended solids; tempc,
temperature; ph, pH; hard, hardness; ba, barium; tp, total phos-
phorus; qhei, Qualitative Habitat Evaluation Index; NO3–NO2,
nitrate nitrogen; al, aluminum; ibi, fish index of biotic integrity;
ept, EPT taxa richness
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Given the results from the ordinations, associations
between summary biological indicators and water quality
variables were examined for both the full set and a re-
duced set that excluded sites from the Cuyahoga,
Mahoning, Maumee, and Wills Creek (Table 4). For the
full set, little or no association exists between the biolog-
ical and enrichment indicators, with the exception of
TKN. Within the reduced set, however, associations are
generally strong and negative. In the case of 24-h DO, the
direction of association went from weak-positive in the
full set to moderate or strongly negative in the reduced set.
The strength of association between either TKNand nitrite
and the biological indicators appears similar in both sets.

Scatter plots of the biological indicators over various
water quality parameters help reveal the nature of the
relationships (Figs. 4 and 5). For example, the fish IBI
superficially shows no relationship with either CHL,
TSS, or BOD5 (Fig. 4), but when coded according to
the groups identified in the ordination, a threshold re-
sponse over CHL and TSS is apparent for the reduced
set. These responses suggest a high likelihood of bio-
logical impairment when gross levels of enrichment
(i.e., ~ 100 μg/l) are indicated by CHL. For BOD5, the
response appears more monotonic but also suggests
biological impairment is likely when extreme enrich-
ment (i.e., ~ 6.0 mg/l) is indicated by BOD5. Similarly,
the relationship between EPT richness and CHL, TSS,
or BOD5 only becomes apparent when viewed for the
reduced set where all the relationships appear monoton-
ic (Fig. 5), and suggest that EPT richness is always
suppressed under conditions of gross enrichment. The
influence of nitrite as a stressor (or indicator of stress)
across both groups was revealed by the parallel trajec-
tory in the local smoother fit to each group (Fig. 5d).

A plot of 24-h DO range over CHL (Fig. 6a) shows
that wide swings become increasingly likely as CHL
concentrations exceed ~ 20 μg/l. The plot of BOD5 on
24-h DO shows that BOD5 is always above detection
limits when the 24-h range is greater than 6 mg/l (Fig.
6b). The responses by the biological indicators to 24-h
DO range, when parsed by groups identified in the
ordinations, show a linear decrease with increasing DO
range up to a range of ~ 8 mg/l. Although the trajectories
for both indicators flattened out past 8 mg/l, fish IBI
scores became highly variable.

Nutrient concentrations and enrichment indicators
partitioned by TSS residuals

Partitioned by whether the residuals from the regression
of TSS on Al + Fe were under- or overpredicted, CHL
concentrations average between 36 and 43 μg/l higher
in the overpredicted bin compared to the underpredicted
bin (Fig. 7a). Similarly, BOD5 concentrations average
between 1.85 and 2.14 mg/l higher in the overpredicted
relative to the under (Fig. 7b). TKN concentrations
average between 0.08 and 0.13 mg/l higher in the
overpredicted bin, and TP concentrations average be-
tween 0.02 and 0.05 mg/l higher (Figs. 6d and 7c).
Conversely, inorganic nitrogen concentrations average
lower in the overpredicted bin by 0.13 to 0.42 mg/l.

Table 4 Spearman correlations between biological indicators and
water quality indicators for all sites and the subset of sites not
subject to legacy stressors. Asterisks indicate significance levels as
follows: nsp < 0.05 > 0.01; *p < 0.01; **p < 0.001; ***p < 0.0001

EPT ICI IBI n

All sites

Chlorophyll − 0.03 0.04 − 0.03 68

Pheophytin 0.02 0.02 − 0.04 68

TSS 0.02 − 0.02 0.09 134

pH 0.03 − 0.04 0.14 129

BOD5 − 0.05 − 0.05 − 0.09 86

24-h DO 0.15 0.17 0.03 96

TKN − 0.45*** − 0.30*** − 0.48*** 134

NH3 − 0.39*** − 0.26** − 0.14 134

NO2 − 0.56*** − 0.45*** − 0.41*** 134

NO3–NO2 0.16 0.38*** 0.19 134

TP 0.15 0.41*** 0.32*** 134

TDS − 0.04 0.04 − 0.05 134

QHEI 0.45*** 0.57*** 0.41*** 134

Excluding Mahoning, Wills Creek, Cuyahoga, and Maumee sites

Chlorophyll − 0.58** − 0.50** − 0.60*** 29

Pheophytin − 0.49** − 0.53** − 0.57*** 29

TSS − 0.49*** − 0.41*** − 0.48*** 87

pH − 0.30** − 0.19ns − 0.16 84

BOD5 − 0.54*** − 0.46*** − 0.54*** 65

24-h DO − 0.29ns − 0.23 − 0.55*** 56

TKN − 0.44*** − 0.23ns − 0.38*** 87

NH3 − 0.41*** − 0.30* − 0.11 87

NO2 − 0.54*** − 0.35** − 0.28** 87

NO3–NO2 0.16 0.44*** 0.26 87

TP − 0.08 0.30ns 0.15 87

TDS − 0.30** − 0.12 − 0.21 87

QHEI 0.39*** 0.44*** 0.24ns 87
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Comparing the TP concentration at the upper 95%
confidence interval from the underpredicted bin to the
lower 95% interval from the overpredicted bin (Table 5)
suggests that ~ 150 μg/l may demarcate a boundary be-
tween less enriched and more enriched. Distributions of
respective upper and lower 95th confidence intervals from
the 10 random subsamples for TP indicate that a mean
concentration of ~ 130μg/l would generally reflect the less
enriched condition (Fig. 8). Mean dissolved inorganic

nitrogen (DIN) concentrations from the 10 subsamples
were consistently lower in the overpredicted bin. Results
for TKN suggest that concentrations exceeding 0.7 mg/l
are generally characteristic of a more enriched condition,
but the wide range in the lower 95th intervals from the
overpredicted bin subsamples suggests that TKN may not
be a reliable stand-alone proxy for overenrichment. Mean
BOD5 concentrations were distinctly different in the
under- and overpredicted bins, and this distinction was
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consistent in the subsamples. Distributions of confidence
intervals from the subsamples suggest that a concentration
of 2.5 mg/l forms a reliable benchmark separating less
enriched from more enriched. Similarly, chlorophyll con-
centrations were decidedly different in the two bins, and
the distributions of confidence intervals from subsamples
suggest that a concentration of ~ 30 μg/l may serve as a
boundary between less enriched and more enriched. Note
that because a 10% draw was used to generate the sub-
samples, the number of chlorophyll observations included
in any subsample ranged from 2 to 13.

Discussion

Eutrophication endpoints

A clear relationship between biological condition and
the degree of enrichment expressed in large rivers was
observed in this study. This relationship was made evi-
dent after sites were partitioned by a stressor gradient
representing industrial and legacy pollution. Indicators
from fish and macroinvertebrate assemblages tended to
decline monotonically over a gradient of enrichment,

especially when the gradient was measured by BOD5.
However, a threshold response in the fish IBI was evi-
dent over CHL concentration of ~ 30 μg/l (Fig. 5) and
that coincided with the point where BOD5 and TKN
increased against CHL (Fig. 2). Similarly, as the 24-h
range in DO increased, biological measures tended to
decline monotonically up to a point of ~ 7 mg/l, after
which the relationship was flat or highly variable. That
point also represents the point where BOD5 was always
present above the method detection limit in spot sam-
ples. Moreover, there was general concordance between
these thresholds and the bounds from distributions ob-
served when the enrichment indicators were partitioned
by TSS residuals (e.g., CHL < 30 μg/l and BOD5 <
MDL in the underpredicted bin). Collectively, these
bounds and thresholds, as arrayed in Table 5, demarcate
positions along the enrichment continuum that can
guide management.

The boundaries defined in Table 5 find general agree-
ment with findings published for similar-sized rivers in
the Midwestern USA. For example, Heiskary and
Bouchard (2015) found that chlorophyll concentrations
< 35 μg/l, 24-h DO range < 4.5 mg/l, and BOD5 con-
centrations < 3.0 mg/l would be protective levels for
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rivers in the agricultural southern portion of Minnesota.
These levels were determined in a manner analogous to
the one used here. For example, biological condition
declined rapidly over a BOD5 concentration of 3.0 mg/l
or CHL concentration of 40 μg/l. BOD5 was linearly
related to CHL, and CHL < 35 μg/l is needed to main-
tain BOD5 < 3.0 mg/l. Using change-point analysis and
working in large Wisconsin rivers, Weigel and
Robertson (2007) observed breakpoints in the condition
of fish and macroinvertebrate assemblages that centered
on a TKN concentration of 0.71 mg/l.

Waters that meet any of the hallmarks of
overenrichment listed in Table 6 are clearly in need of
management. However, for less enriched waters, some
interpretation will be necessary. In cases where biolog-
ical assemblages are impaired or stressed and one or

more of the enrichment indicators are at the far end of
the spectrum, the need for management is demonstrated
and enrichment is a likely contributor. Where biological
assemblages appear in good or excellent condition co-
incidental with indications of enrichment, the magnitude
and frequency of elevated events within the indicators
would need to be assessed to determine if the enrich-
ment is a growing concern or consistent with normal
variability.

Linking enrichment to nutrients

The lack of apparent association between TP and CHL
observed here is not surprising given the high back-
ground level of enrichment. The first and third quartile
TP concentrations in the data set are 99 and 268 μg/l.

2
5

10
20

50
10

0
20

0

C
hl

or
op

hy
ll 

ug
/l

a

Under Over

1
2

5
10

20
50

B
O

D
5 

m
g/

l

Under Over

b

0.
1

0.
2

0.
5

1.
0

2.
0

5.
0

10
.0

T
K

N
 m

g/
l

c

Under Over

0.
00

5
0.

05
0

0.
50

0
5.

00
0

T
P

 m
g/

l

Under Over

d

Fig. 7 Distributions of a chlorophyll, b 5-day biological oxygen demand, c Kjeldahl nitrogen, and d total phosphorus concentrations
stratified by whether total suspended solids were under- or overpredicted from a regression on iron and aluminum

Environ Monit Assess  (2018) 190:55 Page 11 of 17  55 



For perspec t ive , the meta-ana lys i s of Van
Nieuwenhuyse and Jones (1996) reported a strong rela-
tionship (r2 = 0.67) between CHL and TP but showed
that the relationship was curvilinear, with the response
flattening out past a TP concentration of ~ 150 μg/l
(from Figure 2 of Van Nieuwenhuyse and Jones 1996).
The first and third quartile TP concentrations reported in
their study were 48 and 263 μg/l. Despite the high
ambient levels observed here, the negative correlation
between CHL and dissolved P and N suggests that
nutrients are not always replete, and by extension, sys-
tems should respond to reductions in nutrient concen-
trations. Furthermore, the raw association between TP
and CHL does not account for nitrogen levels, a neces-
sarily important consideration (Dodds and Smith 2016).
When nitrogen levels are considered, a positive associ-
ation between TP and CHL is evident, especially for
sites categorized as having sites with relatively low DIN
(< 810 μg/l) levels and low TP concentrations (Fig. 9).
Interestingly, the TP-CHL response for these sites
roughly approximates the response boundaries for high
response rivers as defined by Mischke et al. (2011). It is
also worth noting that the DIN:TP ratio for these sites
tends toward nitrogen limitation; the median ratio for
these sites is 7. This is not to suggest that large rivers in
Ohio are nitrogen limited on balance, rather that consid-
erable demand for both nitrogen and phosphorus occurs
when algal production is high. Also, some of the uptake
is likely from benthic production, because if all the
uptake were f rom ses tonic product ion , TP

concentrations would remain high. For sites categorized
as having intermediate levels of nitrogen (810–1560 μg/
l), the slope and location of the regression line (line 2 in
Fig. 9) approximates the slope from equation 2 of Van
Nieuwenhuyse and Jones (1996) when drainage area is
fixed at 6000 km2 (i.e., the median drainage area of sites
in this study). Given that not all rivers included in the
study are likely to express maximal levels of sestonic
CHL, the slope of line 2 likely approximates the average
response. The lack of apparent response over the highest
levels of nitrogen (> 1560μg/l) likely reflects conditions
before uptake has occurred (i.e., following a spike in the
hydrograph), or from samples collected immediately
downstream from a wastewater plant.

Response to nutrient reduction has been observed in
half a dozen large river systems where long-term mon-
itoring data exist, and in several of these cases, phos-
phorus concentrations were initially very high. For ex-
ample, a decrease in mean annual soluble reactive phos-
phorus (SRP) concentrations in the Ebro River from 295
to 44μg/l led to a reduction in sestonic chlorophyll from
44 to 2 μg/l (Ibáñez et al. 2012). A reduction in summer
average TP from 499 to 184 μg/l coincided with a
decrease in chlorophyll from 56 to 14 μg/l in the Rhine
(Van Nieuwenhuyse 2007). Other rivers or basins where
decreases in phosphorus have been accompanied by
reduced chlorophyll levels include the Sacramento-San
Joaquin Delta (Van Nieuwenhuyse 2007), the Loire
River (Minaudo et al. 2015), and the Danube
(Istvánovics and Honti 2012). In the case of the Danube

Table 5 Lower and upper 95th percentile confidence intervals of
means from t tests comparing means for the listed water quality
parameters binned by whether residuals from the regression of
TSS on Fe + Al were under- or overpredicted. Means from the

overpredicted bin for TP, TKN, BOD5, and CHL when compared
to the underpredicted bin help to characterize an overenriched
condition

TP (μg/l) DIN (mg/l) TKN (mg/l) BOD5 (mg/l) CHL (μg/l)

Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper

Underpredicted 129 145 1.65 1.89 0.60 0.64 1.57 1.77 13.7 18.1

Overpredicted 163 183 1.39 1.60 0.72 0.77 3.54 3.59 48.1 65.1

N 837 400 148

887 503 163

(Mahoning, Cuyahoga, Maumee, and Wills Creek sites excluded)

Underpredicted 130 157 1.75 2.02 0.51 0.56 1.42 1.63 10.9 18.6

Overpredicted 188 213 1.69 1.90 0.67 0.72 3.20 3.65 46.5 67.2

N 707 235 25

459 429 113
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Table 6 Concentrations observed in water quality indicators that
demarcate three regions of the enrichment stressor gradient for
large rivers. BOD5 or TKN can stand alone to indicate
overenrichment, but accompanying observation of chlorophyll or

24-h DO range is needed to confirm nutrient overenrichment. TSS,
because it is collected as a matter of routine, is listed as a screening
proxy for when other indicators are absent

Acceptable Enriched (biological assemblages stressed) Overenriched (elevated risk of biological
impairment; esthetically obvious)

Chlorophyll (μg/l) < 30 30–100 rapid increase in BOD5 and 24-h DO range ≥ 100 BOD5 and TKN always highly elevated

BOD5 (mg/l) < 2.5 2.5–6.0 range of increasing stress ≥ 6.0
TKN (mg/l) NA NA ≥ 0.75
24-h DO (mg/l) < 7 7–9 rapid increase in BOD5 ≥ 9
TSS (mg/l) > 25 screening level when hydrograph is stable
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study, Istvánovics and Honti (2012) reported mixed
results, depending on the size of the stream studied
and the juxtaposition of impoundments. Similarly,
Bowes et al. (2012) found that stream length and con-
nectivity to canals were more important determinants of
chlorophyll concentrations than phosphorus in the
Thames basin, but that reductions in SRP had a measur-
able influence on the system.

From this, it is reasonable to conclude that presently
enriched systems will respond to nutrient management,

but the magnitude of response may be tempered by
physical and hydrological factors. This also leaves open
the question of what is a practical management target.
The results from the exercise of partitioning TP concen-
trations by TSS residuals suggest 130 μg/l TP as a
starting point. This target approximates the criteria of
150 μg/l suggested for southern Minnesota rivers by
Heiskary and Bouchard (2015). Mischke et al. (2011)
recognized factors that influence the chlorophyll re-
sponse to TP when setting boundaries to protect
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Fig. 9 a Scatter plot of chlorophyll concentrations on total phos-
phorus concentrations from large Ohio rivers. Points are coded to
categorical levels of dissolved inorganic nitrogen corresponding to
the 25th and median concentrations in the data set. Dashed line (a)
is drawn from response boundaries (i.e., the 75th percentiles) for
very high response streams as determined by Mischke et al.
(2011). Solid line (1) is from a quantile regression at the 50th
percentile for the subset of points with dissolved inorganic nitro-
gen levels < 810 μg/l (t = 5.21, p < 0.0001). Dashed line (b) is

from the phosphorus-chlorophyll relationship reported by Van
Nieuwenhuyse and Jones (1996), and set to a constant drainage
area of 6000 km2 (~ 2300mi2). Solid line (2) is from ordinary least
squares regression for the subset of points with dissolved inorganic
nitrogen levels 810–1560 μg/l (t = 2.99, p < 0.01). No relationship
was evident for sites categorized with DIN levels greater than
1560 μg/l. b Distributions of total phosphorus within the three
categorical levels of dissolved inorganic nitrogen
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biological condition in German rivers. For gravel-rich
streams with high area-specific runoff, they suggest
135 μg/l TP as the upper boundary to protect Bgood^
biological status. For gravel-rich rivers with longer res-
idence times, they suggest 90 μg/l TP to protect the
Bgood^ status and 150 μg/l to maintain a Bmoderate^
status. Given that the first management goal for demon-
strably overenriched rivers is to alleviate the more egre-
gious manifestations of enrichment, as demarcated in
Table 5, a TP target of 130 μg/l would serve both classes
assuming a Bmoderate^ status and Boverenriched^ are
not congruent. Relative to the relationships apparent in
Fig. 9, a target of 130 μg/l TP would be needed to
reduce maximum CHL concentrations to less than
100 μg/l. Given that a TP concentration of 130 μg/l
corresponds to a CHL concentration of 23 μg/l as pre-
dicted from equation 2 in Van Nieuwenhuyse and Jones
(1996), that level should be generally protective in the
rare cases where background concentrations of nitrogen
are not elevated. Because both nitrogen and phosphorus
contribute to enrichment, as evidenced by the apparent
uptake of both phosphorus and nitrogen illustrated in
Fig. 9, a target of 1500 μg/l DIN appears to be a
reasonable starting point. However, in terms of manag-
ing nutrients from point sources, the cost of nitrogen
removal is typically higher than phosphorus removal,
especially to levels that are environmentally meaningful
if both nutrients are targeted (Washington State
Department of Ecology 2011). The chlorophyll re-
sponse to phosphorus suggests that an effective imme-
diate management strategy for waters expressing overt
signs of enrichment is likely to center on phosphorus
controls at point sources. Control of nitrogen as part of a
longer-term strategy is clearly warranted, but best served
by managing diffuse sources, especially given the effec-
tiveness of agricultural conservation practices (Garcia
et al. 2016), and the ability to focus practices
(Rittenburg et al. 2015) and direct those to specific
watersheds (Yang and Best 2015).

Insights from the evaluation of biological assemblages

The relationships observed between enrichment indica-
tors and biological assemblages were made apparent by
first identifying sites subject to legacy stressors (i.e.,
industrial pollution, mining, and catchment-scale phys-
ical alteration). Although this may seem intuitively ob-
vious, the exercise shed light on the need to consider
multiple stressors in a multivariate context when

evaluating biological assemblages against environmen-
tal gradients. A simple correlative approach would have
identified reduced forms of nitrogen as significant
stressors but missed the enrichment stressors. This is
not to devalue a simple correlative approach, as it helped
to illustrate that reduced forms of nitrogen were impor-
tant stressors in both groups of sites (e.g., see Fig. 5d).
Also noteworthy is the observation that within the group
free from legacy stressors, over 85% of summary bio-
logical index scores generally met established goals
(i.e., numeric biocriteria) despite showing sensitivity
across the enrichment continuum. This largely reflects
that fact that the numeric goals were set when the
overarching management objective was abatement of
organic enrichment and industrial pollution. Although
this goal is not obsolete, as witnessed by the distribu-
tions of IBI scores for sites subject to legacy stressors
(e.g., see Fig. 4, the IBI biocriterion is 40), it is set at a
point on the overall stressor gradient that is upgradient
from stress related to inorganic enrichment.

Conclusions

This study demonstrated that biological indicators are
sensitive to a continuum of enrichment and that interre-
lationships between biological and water quality vari-
ables were able to define eutrophication hallmarks and
endpoints. Although most Ohio rivers have recently
moved up the stressor gradient away from the worst
effects of organic enrichment and industrial pollution,
this study showed that large rivers remain stressed by
enrichment. Therefore, restoration (and anti-
backsliding) remains an appropriate management goal.
To realize that goal, information from both biological
and water quality indicators is necessary to position a
waterbody along the enrichment continuum prior to
management. The hallmarks and endpoints from this
study can effectively position a waterbody along that
continuum.
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