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Abstract Nutrient transformation processes such as
assimilation, dissimilatory transformation, and sorption
to sediments are prevalent in benthic zones of headwater
streams, but may also occur in the water column. The
river continuum concept (RCC) predicts that water
column processes become increasingly important with
increasing stream size. We predicted that water column
nutrient uptake increases with stream size, mirroring
carbon/energy dynamics predicted by the RCC. We
measured water column uptake of ammonium (NHI),
nitrate (NO3), and soluble reactive phosphorus (SRP)
in 1st through 5th order stream and river reaches
(discharge: 50-68,000 L s~1) in three watersheds
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ranging from <1 to >70 % developed lands. We
found that water column volumetric uptake (U,,,;) of
NHI, NO;3, and SRP did not significantly differ
among watersheds and we did not find any longitudi-
nal patterns for U,,. Uptake velocity (v) of NH;
increased with stream size, whereas NO3 and SRP v,
did not differ with stream size or among watersheds.
Both U,, and v, were related to water column
metabolism and material suspended in the water
column, but specific relationships differed among
solutes and uptake metrics. Median water column v,
across 15 sites was 4, 9, and 19 % of median whole-
stream NH;, NO5, and SRP v based upon a previous
meta-analysis. Thus, although we could not demon-
strate a generalized longitudinal pattern in water
column nutrient uptake, water column processes can
be important. An improved mechanistic understanding
of the controls on uptake and the ultimate fate of
nutrients will facilitate effective management and
restoration for mitigating downstream nutrient export.

Keywords Water column - River continuum -
Nutrient uptake - Nitrogen - Phosphorus

Introduction
River networks regulate nutrient export from the

terrestrial landscape to receiving waters. These net-
works transition from headwater streams to mid-order
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non-wadeable rivers, and end in large rivers. Nutrients
entering streams in the headwaters are processed by
biofilms colonizing benthic (i.e., bottom) surfaces
through a combination of assimilatory and dissimila-
tory microbially-mediated processes which subse-
quently influence downstream export, either
temporarily or permanently (Peterson et al. 2001; Hall
and Tank 2003; Mulholland et al. 2008). We already
recognize that small streams are important for nutrient
uptake at the watershed scale (Bernhardt et al. 2003;
Alexander et al. 2007), and there is substantial
research on the export of nutrients from coastal rivers
to oceans (Meybeck 1982; Howarth et al. 1996;
Caraco and Cole 1999). Yet the contribution of rivers
to watershed nutrient dynamics and the mechanisms
controlling riverine nutrient uptake are less clear
(Ensign and Doyle 2006; Tank et al. 2008).

In headwater streams, a portion of nutrients removed
from the water column are removed permanently (i.e.,
via denitrification), but the majority are only delayed
temporarily (e.g., via assimilatory uptake; Mulholland
et al. 2008), and eventually are available for export to
larger rivers downstream. Larger rivers are more
efficient at removing nutrients per unit stream length
compared to headwater streams (Seitzinger et al. 2002).
However, specific mass loss rates are expected to
decline with increasing water depth because of reduced
contact between the benthos and the overlying water
column (Alexander et al. 2007). This contradictory
evidence has led to conclusions that the efficiency of
riverine nutrient processing could be higher (Seitzinger
et al. 2002; Wollheim et al. 2006) or lower (Alexander
et al. 2007) than headwaters.

As streams increase in size and become rivers, the
river continuum concept (RCC) predicts that energy
inputs shift in predictable patterns related to physical
changes along the longitudinal gradient (Vannote et al.
1980). For example, in medium to large rivers, there is
greater light availability associated with an open canopy,
but also increased turbidity which limits light penetration
to the stream bottom. Therefore, water column processes
should drive whole-ecosystem metabolism in medium to
large rivers. Indeed, a shift from heterotrophy to
autotrophy occurred at a 5Sth order river in a study of
energy dynamics along the RCC (Webster 2007). In
contrast to predictions about metabolism along the
stream size gradient, nutrient dynamics were not explic-
itly mentioned in the RCC, although the authors did
predict that the biological community in would be
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dominated by planktonic species in large rivers, thereby
“reflecting the semi-lentic nature of such waters”
(Vannote et al. 1980). Gross primary production (GPP)
and the ratio of production to respiration generally
increase moving downstream (McTammany et al. 2003),
likely due to the presence of potamoplankton in larger
rivers (Descy and Gosselain 1994). Higher GPP should
increase nutrient demand in the water column due to the
stoichiometric requirements of autotrophs, reflecting
metabolic patterns documented at the reach scale (Hall
and Tank 2003). We expect that the water column will be
biologically-active in rivers, and as such, assimilatory
nutrient uptake in rivers may shift from the benthic zone
to the water column paralleling the metabolic predictions
of the RCC (Vannote et al. 1980).

Studies of whole-stream nutrient uptake reflect the
combination of water column and benthic uptake, but
benthic processes are assumed to drive uptake rates in
streams (Peterson et al. 2001), and water column
uptake is often assumed to be negligible. This
assumption may be because a seminal paper on
phosphorus (P) uptake in a forested stream concluded
that phytoplankton contributed <5 % of total phos-
phate uptake throughout the year (Mulholland et al.
1985). However, a few studies of water column
nutrient processing have shown that water column P
uptake increases with stream order in a forested
watershed (Corning et al. 1989), and phytoplankton
uptake constituted 16 % of total P uptake in a eutrophic
river (Barlow-Busch et al. 2006). In addition to
assimilatory nutrient uptake, denitrification can occur
within anoxic microsites associated with suspended
sediments in river water (Liu et al. 2013), providing
another mechanism for water column nutrient uptake
in rivers. These individual studies suggest that water
column nutrient dynamics may contribute significantly
to riverine nutrient uptake and supplement benthic
nutrient processing in certain ecosystems, but field-
based research across stream size gradients is needed to
provide a mechanistic understanding of where and
when water column processes constitute a substantial
nutrient uptake pathway.

Nutrient removal throughout a river network pro-
tects water quality by either permanently removing
nutrients prior to downstream export or by modifying
the timing of nutrient export due to assimilation into
biomass, which represents temporary nutrient
removal. Understanding mechanisms of nutrient
removal is especially important given the well-known
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influence of human land use on watershed nutrient
export to sensitive downstream ecosystems such as the
Gulf of Mexico (Alexander et al. 2008) or Lake Erie
(Baker and Richards 2002). Anthropogenic point and
non-point sources have increased nitrogen (N) and P
loads throughout river networks globally (Carpenter
et al. 1998; Seitzinger et al. 2005). Although small
increases in nutrients can increase nutrient uptake in
headwater streams (Mulholland et al. 2008), uptake
efficiencies decrease with increasing nutrient enrich-
ment (O’Brien et al. 2007; Mulholland et al. 2008)
resulting in increased nutrient export to downstream
ecosystems despite increased headwater nutrient
uptake rates. Although nutrient uptake occurs in larger
downstream river segments, the effect of stream size
on nutrient uptake is variable (Hall et al. 2013).
Factors that co-vary with stream size (e.g., canopy
cover, temperature, width, depth, velocity) are known
to influence nutrient removal from the water column,
yet studies of nutrient uptake along stream/river size
gradients are limited and further study is needed.

To improve our understanding of nutrient dynamics
across river networks, we quantified water column
uptake of ammonium (NHI), nitrate (NOj3’), and
soluble reactive phosphorus (SRP) along a stream size
gradient in three watersheds with contrasting land-use.
Using in situ chamber measurements of water column
nutrient uptake, we addressed the following questions:
(1) how does water column nutrient uptake vary within
and among river networks? and (2) what processes
control water column nutrient uptake? We predicted
that (1) water column nutrient uptake and demand
would increase with stream size due to increased
suspended material in larger streams and rivers
(Vannote et al. 1980; Dodds and Whiles 2004); (2)
water column nutrient processing would be higher in
watersheds with anthropogenic land use due to
increased nutrient availability; and (3) water column
metabolism and concentration of suspended materials
would drive water column uptake.

Methods
Site description

We performed this study using a size gradient of
streams to rivers with watershed areas ranging from 39

to 2200 km? within three contrasting watersheds: the
Snake River Watershed located in western Wyoming,
the Manistee River Watershed located in northern
lower Michigan and the Elkhart Branch of the St.
Joseph River Watershed located in northern Indiana
(Fig. 1). Although these sites spanned 1st through 5th
order, the headwater sites have larger watershed areas
than in previous RCC studies (e.g., Minshall et al.
1983), due to the topography, geology, and land use
within the watersheds, particularly in the Midwestern
United States. We conducted our research during
summer baseflow conditions, sampling Manistee and
St. Joseph sites in 2011 and Snake sites in either 2010
or 2013. For the Snake, we initially sampled 4th and
5th order sites as part of a separate project in 2010, and
expanded the work by sampling 1st through 3rd order
sites in 2013 when we realized that including a more
nearly pristine watershed like the Snake would
provide a logical comparison for this study of water
column uptake along river continua.

We characterized each study watershed using
ArcGIS 10.0 (Esri Corporation, Redlands, CA,
USA). First we used the hydrology tools in the spatial
analyst toolbox to delineate watersheds using USGS
digital elevation models (30 m? resolution) accessed
using The National Map (Dollison 2010; http://www.
nationalmap.gov). We then used the delineated
watersheds to extract land use characteristics from the
2006 National Land Cover Database, also accessed via
The National Map (Dollison 2010). We report human
influence on watersheds as % developed lands, which
is the summation of urban/suburban and agricultural
lands in the watershed.

Water column nutrient uptake incubations

We measured water column nutrient uptake using
in situ chamber incubations at 5 sites (1st—5th order
reaches) in each watershed for a total of n = 15 sites.
At each site, we filled replicate 2.8 L clear polycar-
bonate chambers (n = 15 chambers) with depth-
integrated river water collected by wading as close
to the thalweg as possible. Although we were unable to
sample the thalweg in the largest river reaches,
samples were always collected in areas of high flow.
For Snake and Manistee sites, we amended each
incubation chamber with either NHI, NOy3, or SRP to
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Fig. 1 The 15 study streams were located in three separate
watersheds, the Snake River Watershed (SNK) in western
Wyoming, the Manistee River Watershed (MAN) in northern

raise ambient concentrations by 35 pg Nor PL™'; this
amendment was necessary because ambient nutrient
concentrations were near our analytical detection
limits in comparison to St. Joseph sites which had
sufficiently high ambient concentrations and therefore
did not require nutrient amendments (Table 1).
Increasing nutrient concentrations can influence nutri-
ent uptake by saturating nutrient demand (Dodds et al.
2002). Any saturation of nutrient demand would
decrease our estimate of nutrient uptake; therefore
our estimates of nutrient uptake in the two low-
nutrient watersheds are conservative. Nevertheless,
experimental increases in nutrient concentration were
minimal and incubation periods were short, making
community or biophysical responses to the nutrient
amendments unlikely.
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Michigan, and the St. Joseph River Watershed (STJ) of northern
Indiana and southern Michigan. Stream order of each site is
denoted in the site name

At each site, we attached replicate chambers to
metal posts installed in the stream bed, suspending
chambers near the water surface to provide a locally
representative light and temperature regime through-
out each incubation (15 total chambers per site, n = 5
replicates for each of 3 solutes). We conducted
incubations at approximately the same time of day at
each site, and we always performed incubations in full
sunlight. For each chamber, we collected water
samples hourly over a minimum of 4 h. Chambers
were continuously agitated by turbulence at the water
surface during field deployment, and we agitated each
chamber prior to each sampling to ensure homogene-
ity and minimize sediment deposition over the incu-
bation. We collected water samples by removing
60 mL of water from each chamber, initially filtering
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20 mL through a 0.2 pm SUPOR filter (Pall Corp.,
Port Washington, NY, USA) into either a 60 mL acid-
washed Nalgene bottle (Thermo Scientific, Waltham,
MA, USA) or a sterile 50 mL centrifuge tube (VWR,
Radnor, PA, USA) as a rinse, followed by the
remaining 40 mL of sample. We stored samples on
ice until returning to the laboratory, where samples
were frozen until water chemistry analysis. We
quantified dissolved NH}—N using the phenol-
hypochlorite method (Solorzano 1969), NO; —N
using the cadmium reduction method (APHA 1995)
and SRP using the ascorbic acid method (Murphy and
Riley 1962) on a Lachat Flow Injection Autoanalyzer
(Lachat Instruments, Loveland, CO, USA).

Calculation of water column nutrient uptake

Although water column nutrient uptake is often
estimated using Michaelis—Menten dynamics in lake
and marine studies (Aksnes and Egge 1991; Dodds
et al. 1991), stream nutrient spiraling studies and the
SPARROW water quality model both assume first-
order dynamics (Newbold et al. 1983; Stream Solute
Workshop 1990; Smith et al. 1997). For this study, we
assumed first-order dynamics and calculated water
column nutrient uptake based on nutrient spiraling
theory (Stream Solute Workshop 1990) to compare
water-column uptake to whole-stream uptake. First,
we calculated the nutrient loss rate within each
chamber (k; hfl) using the decline in nutrient
concentration over time and then fitting a line to the
natural log (log.) transformed data:

loge(ct) =—kXxt+ loge(CO) (1)

where Cy and C; are the concentrations of N or P as
either NHI, NOy5, or SRP in the chamber at time 0 and
t, respectively. We set k to equal zero for any chamber
that did not show a significant decline in nutrient
concentration over time. It is likely that mineralization
and nitrification may have occurred at low rates, and
these mechanisms may have offset nutrient uptake in
certain chambers with low assimilatory activity.

After calculating k, we calculated solute uptake flux
per unit volume of river water as:

UW,l = C;, X k (2)

where U,,; is volumetric uptake rate (mg m > hh
and C, is the background nutrient concentration
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(mg m™>). This approach is consistent with whole-
stream nutrient uptake studies. To account for varia-
tion in C;, we also calculated uptake velocity (vy) via:

v =kxd (3)

where v, represents biological demand relative to
ambient nutrient concentration (m h™! or mm min™"),
and d is mean stream/river depth (m). Operationally, v,
is ideal for comparing nutrient demand across sites
with different ambient nutrient concentrations (Stream
Solute Workshop 1990).

Environmental characteristics

After completing the incubations for water column
nutrient uptake, we sampled each replicate chamber
for total suspended solids (TSS), suspended organic
material as ash-free dry mass (AFDM), and suspended
chlorophyll a using the remaining water in each
chamber. We first sampled for TSS and AFDM by
filtering a sub-sample of water within the chamber
onto a pre-ashed, pre-weighed 1.0 um glass-fiber (GF)
filter (Pall Corp., Port Washington, NY, USA) which
we returned to the laboratory, dried at 60 °C for at
least 48 h and weighed for TSS. We then ashed TSS
filters at 500 °C for 4 h and re-weighed, with the
difference between dry and ashed weights providing
AFDM and the mass remaining after ashing providing
suspended inorganic material (Steinman et al. 2006).
We measured chlorophyll a by filtering a separate
subsample onto a 1.0 pm GF filter (Pall Corp., Port
Washington, NY, USA), which we subsequently
placed on ice in the dark, returned to the laboratory
and stored frozen until we analyzed filters for chloro-
phyll a using the cold-methanol fluorometric tech-
nique (Wetzel and Likens 2001).

We measured water column GPP and ecosystem
respiration (ER) at each site using a light—dark bottle
incubation technique (Bott 2006). We filled 50 mL
polypropylene centrifuge tubes (VWR International,
LLC, Radnor, PA, USA) (n = 5) with stream water
which had been previously measured for temperature,
pH, and dissolved oxygen (DO; both in mg L™" and %
saturation). We sealed centrifuge tubes underwater to
ensure that no air bubbles were present, and then
incubated centrifuge tubes underwater for at least 2 h
in ambient light and temperature conditions. We
measured DO after 2 h, with the change in DO
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providing an estimate of water column net ecosystem
productivity (NEP). We repeated this process for an
additional 2 h but covered the centrifuge tubes with
aluminum foil sleeves to ensure no light penetration
and the subsequent DO change in the dark provided
ER. We then calculated GPP as:

GPP = NEP + |ER| (4)

where [ERI is the absolute value of ER.

Given the wide range of discharge (Q) across our
study sites, we estimated Q three ways. For wadeable
streams, we used a Marsh-McBirney Flo-Mate 2000
(Marsh-McBirney, Inc., Frederick, MD, USA) to
calculate Q using the partial summation midsection
method (Gore 2006). For non-wadeable rivers, we
located our study sites near USGS gaging stations
which provided Q. For intermediate sites that were too
deep to wade, and did not have a USGS gage nearby,
we used a watershed-specific relationship between
watershed area and Q estimated at other sites within
the watershed using the two methods above to estimate
site-specific Q. These watershed-specific relationships
(p <0.01, r* > 0.95 for each) were only used to
estimate Q at site 3 in the Manistee and site 4 in the St.
Joseph (Fig. 1).

Statistical analysis

We used linear mixed-effects models (LMMs) to test
the influence of stream size and watershed identity on
water column nutrient uptake. We tested (1) how
water column nutrient uptake varied across sites and
watersheds, and (2) how water column nutrient
demand relative to concentration (as vy differed
across sites and watersheds. Additionally, we com-
pared these patterns across solutes by running separate
models for the above questions for each solute
resulting in a total of six models. We tested for
significance (1) using U, as the response variable and
(2) using v, as the response variable. Our models were
similar to those constructed by Nelson et al. (2013),
taking the general form:

yij = n+ By x [loggareal;+p, x [watershed|;+P;
X |area x watershed| + b; + €; (5)

where y;; is the response variable from chamber j at site
i, 1 is the intercept, B;_3 are the parameter estimates

associated with each independent, fixed effect (water-
shed area, watershed identity, and their interaction), b;
is the random effect associated with study site, and ¢;
is the residual error. We used watershed area as our
stream size metric and watershed identity as a
categorical variable to encompass general differences
across watersheds (e.g., land use, geology, climate,
etc.). Watershed area was generally comparable across
watersheds, although Manistee was larger than St.
Joseph or Snake at 4th and 5Sth order sites. We use the
terms ‘stream size’ and ‘watershed’ when reporting
our results to refer to watershed area and watershed
identity, respectively. We used the Imer function in
package Ime4 in the statistical software R (version
3.0.2, R Core Development Team) to run the LMMs.
We then used package ImerTest to calculate signifi-
cance probabilities (p) from the LMMs. Finally, we
calculated the marginal and conditional R? for each
LMM according to Nakagawa and Schielzeth (2013).

The marginal R? (RiMM(m

by the fixed factors alone (i.e., not accounting for the
variance explained by the random effect), whereas the
conditional R? (RiMM(C>) is the variance explained by

the entire model (Nakagawa and Schielzeth 2013) (see
Supplementary Material for example R code). We
used mixed-effects models to fully account for within-
site variation, reflecting a more conservative statistical
approach than using the mean of five replicate
chambers, which would be required to meet the
assumptions of analysis of co-variance.

In addition to using LMMs to examine the effect of
stream size and watershed on water column uptake, we
explored which biotic and abiotic factors were related
to water column nutrient uptake across the land-use
and stream size gradients using simple linear regres-
sion (SLR) and variables measured at both the
chamber and reach scale. To be consistent with our
analyses across independent variables, for any cham-
ber-specific measurement (e.g., chlorophyll a, AFDM,
TSS) we calculated the chamber average for each
solute to provide a single value for each independent
variable at each site (n = 15 sites). All data other than
water column GPP and ER were non-normally
distributed, so we logjo-transformed all other data
prior to any statistical analyses, which were performed
in the statistical software R (version 3.0.2, R Core
Development Team).

)) is the variance explained

@ Springer
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Results
Environmental characteristics

Both abiotic and biotic material suspended in the water
column differed among watersheds and were consis-
tently lowest in Snake, intermediate in Manistee, and
highest in St. Joseph (Table 1); differences were
reflected in the watershed means for water column
chlorophyll a, AFDM, and TSS for the Snake,
Manistee, and St. Joseph watersheds, respectively
(Table 1). Dissolved solutes also followed similar
patterns among watersheds where dissolved inorganic
N (DIN) was lowest in Snake, intermediate in
Manistee, and highest in St. Joseph as reflected in
watershed means for NH; —N and NO; —N.
Differences in particles and dissolved nutrients among
watersheds were likely driven by patterns of human land
use, with Snake having little to no area under human
development (0.0-0.7 % developed), Manistee with
increased agricultural and urban catchment area (9.1—
19.4 % developed), and St. Joseph with high amounts of
row-crop agriculture and urban lands (74.3-83.4 %
developed). Patterns of inorganic P concentrations,
however, did not follow this pattern, with SRP being

lowest in Manistee (7 pg L™"), intermediate in Snake
(16 pg L"), and highest in St. Joseph (20 pg L™"). In
general, longitudinal patterns of water chemistry and
suspended particles were less distinct than the watershed
effect. Water column chlorophyll @ increased with
stream size in the Snake (SLR; p < 0.001, = 0.30)
and Manistee (SLR; p < 0.001, = 0.71) but not in the
St. Joseph (SLR; p = 0.15). In contrast, TSS and AFDM
of suspended particles within each watershed were
similar across the stream size gradient (Table 1). Finally,
although NO3 —N increased with stream size at
Manistee (SLR; p < 0.001, = 0.79), other dis-
solved inorganic nutrients did not vary consistently
across the size gradient.

Volumetric uptake in the water column

Water column k of NHJ ranged from 0.001 to
0.058 h_l, NO5 k ranged from 0.001 to 0.131 h_l,
and SRP £ ranged from 0.000 to 0.118 h~! (Table 2),
but k did not differ across stream size or watershed for
any solute (statistical results not shown). For chambers
with significant declines in concentration, the first-
order decay model fit the data well, with mean r*
values of 0.65, 0.63, and 0.69 for NHI, NOy5, and SRP,

Table 2 First order loss Site
rates (k; h_l) for water

NH; k (h™")

NO; k (h™") SRP k (h™")

column uptake °+f SNK*1 0.018 (0.011) 0.010 (0.004) 0.068 (0.035)
ammonium (NH}'), nitrate
(NO, ) and soluble reactive SNK2 0.028 (0.009) 0.053 (0.021) 0.116 (0.050)
phosphorus (SRP) across SNK3 0.024 (0.010) 0.073 (0.003) 0.004 (0.023)
stream size and watershed SNK4 0.001 (<0.001) 0.011 (0.005) 0.001 (0.001)
SNK5 0.037 (0.007) <0.001 (<0.001) 0.000 (0.000)°
SNK Mean 0.022 (0.007) 0.030 (0.007) 0.045 (0.022)
L MANI 0.012 (0.006) 0.041 (0.037) 0.056 (0.036)
0SS rates are means from
standard errors are provided MAN?3 0.020 (0.009) 0.006 (0.002) 0.118 (0.024)
in parentheses. Watershed- MAN4 0.026 (0.016) 0.091 (0.057) 0.063 (0.040)
specific and overall mean
k values are presented in MANS5 0.015 (0.010) 0.003 (0.003) 0.022 (0.0113)
italic. Site codes are the MAN Mean 0.016 (0.009) 0.044 (0.021) 0.067 (0.029)
same as in Table 1 STII 0.031 (0.007) 0.006 (0.001) 0.046 (0.015)
Sites include the Snake STJ2 0.002 (0.001) 0.131 (0.067) 0.027 (0.012)

(SNK), Manistee (MAN),
and St. Joseph (STJ)

watersheds. Stream order is STI4
given in each site name STJ5

> No significant SRP STJ Mean
uptake in any chamber at Overall Mean
this site

STJ3 0.018 (0.002)
0.058 (0.004)
0.025 (0.005)
0.026 (0.004)
0.021 (0.007)

0.060 (0.045)
0.006 (0.005)
0.017 (0.009)
0.044 (0.021)
0.035 (0.007)

0.092 (0.019)
0.071 (0.014)
0.034 (0.015)
0.054 (0.014)
0.055 (0.021)
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Table 3 Summary of linear mixed-model results of water
column volumetric uptake (U,,; mg m h_l) and relative
nutrient demand (v mm minfl) of NHI, NO;3, and SRP
responding to watershed identity and upstream watershed area

Response PWS—area PWS PWS-area*WS RiMM(m) REMM(C)

10
) a
1 ° o0
s 0o of !
0.1 ﬁ? o CP(?
©  Manist
oot bme
O  Snake
0.001
1000
5 100
o;:c 10 ° ! T 0
1S 1 ? @ ° o)
g o1 l o,
= 0.01 0 Q
o
S 0.001 o)
0.0001
10 c
L4
1 % o Q’
¢ "t
0.1 %
0.01

10 100 1000 10000
Watershed Area (km2)

Fig. 2 Water column volumetric uptake (U,,) of a NHj,
b NOy5, and ¢ SRP did not differ across watershed area or among
watersheds in the Manistee (gray circles), St. Joseph (black
circles), or Snake (white circles) watersheds. Error bars
represent one SE. Note the logarithmic scales on both axes

respectively. Of the 90 chambers measured for each
solute, we were unable to measure significant uptake
in 16 NH;", 33 NOy7, and 34 SRP chambers. Chambers
with no significant NO5 uptake were most common in
the St. Joseph watershed, whereas chambers with no
significant SRP uptake were most common in the
Snake watershed.

Water column volumetric uptake (U,,,) varied both
within and among solutes. Volumetric uptake of SRP
(Uyor-sgp; 0.000-2.33 mg SRP m > h™') and NH;
(Uyor—nu,; 0.004-4.15 mg NHf —N m™> h™') were
less variable than U,, of NO3 (U,n-no, ), Which
spanned more than 5 orders of magnitude
(0.001-363 mg NO; —N m™> h™'; Fig. 2). Variabil-
ity in U,y—no, Was strongly influenced by ambient
nutrient concentration, which is used in the calculation
of U,,,. For example, sites in the highly agricultural St.
Joseph watershed had very high background NO3

Uvol

NH; 0.61 0.32 039 0.54 0.89
NO3 0.69 0.14 0.2 0.76 0.91
SRP 0.44 036 046 0.13 0.28
v

NH; 0.02 0.76  0.58 0.43 0.82
NO3 0.36 0.87 0.77 0.12 0.59
SRP 0.75 0.14 0.52 0.40 0.70

Significance levels of watershed area (Pws.area), Watershed
(Pws), and the interaction term (Pws_aeavws) are presented
along with marginal (RiMM(m)) and conditional (RiMM(C)) R2.
Significant effects (p < 0.05) are indicated in bold

concentrations and also showed volumetric uptake
rates that were often >100 times higher than at sites in
the Snake.

After accounting for random variation in U,,,
among sites (using the random effect in our models),
U, did not differ across stream size (p = 0.61, 0.69,
0.44; Table 3) or among watersheds (p = 0.32, 0.14,
0.36; Table 3), and there was no interaction between
stream size and watershed (p = 0.39, 0.52, 0.46;
Table 3) for NH;, NO5, or SRP, respectively.
Although fixed factors in the LMMs were often not
significant, these models explained a large proportion

of the variation in U,,,;, with RiMM(m) ranging from

0.13 for U,y srp to 0.76 for U,y_no,. These results
suggest that although individual parameters were not
statistically significant, 13—77 % of the variation in
U,,; was explained by the combination of watershed,
stream size and the interaction term. In addition to the
fixed factors, RiMM(C), which includes the random
effect in our model, ranged from 0.28 for U,,,,.sgp t0
0.91 for U,p—nu, (Table 3). The difference between
RiMM< ) and RiMM(C) indicates that the random factor

m

of study site substantially improved the model.

Water column nutrient demand

Water column uptake velocity (vp), which represents
nutrient demand relative to concentration, of NH}

@ Springer



124

Biogeochemistry (2015) 125:115-131

1.2

1.0 1 © Manistee ®
0.8 @ St. Joseph
: O Snake

0.6 % §
0.4

®
0.2
0.0

o.@o 00 @ o

4.0
3.0
2.0

1.0

0.0 [ ;OQ

v, (mm min'1)

OOOOS o

35
3.0 c
25

*

15 §

1.0 (} é
0.5 o

0.0 "@? oo
10 100 1000 10000
Watershed Area (km2)

Fig. 3 Water column uptake velocity (vy) for a NH; increased
with watershed area in the Manistee (gray circles), St. Joseph
(black circles), and Snake (white circles), whereas b NO3', and
¢ SRP v, did not differ across watershed area. No differences
were seen among watersheds for any solute. Error bars represent
one SE. Note the logarithmic scale on the x axis

(0.008-0.975 mm min "), NO; (0.013-2.11), and
SRP (0.000-2.63 mm min~') was similar across
solutes (Fig. 3). Decreased variability in v relative
to U,,, further suggests that much of the variability in
U,, reflected differences in the concentration of
ambient nutrients, whereas concentration is not
included in the calculation of v,

After incorporating random variation in v, among
sites, the demand for NHI (vf—nm,) increased with
stream size (p = 0.02; Fig. 3) but demand for NO3
and SRP did not (Table 3). Water column nutrient
demand did not differ across watersheds and there was
no significant interaction between stream size and
watershed for any solute (Table 3). Similar to U,,,, the
fixed factors in these models were often not signifi-
cant, but the suite of LMMs explained a large amount

of the variation in vcamong solutes (Table 3): RiMM(m

@ Springer

ranged from a low of 0.12 for vxye;3 to a high of 0.43
%MM@ ranged from 0.59 for vy_yo, to
0.82 for vy_nu, (Table 3), suggesting somewhat less
variation in uptake velocity was accounted for by the

LMMs, compared to volumetric uptake.

for vi_np,, and R

Environmental controls on water column nutrient
dynamics

Our goal was to use environmental data to explain
variation in nutrient uptake metrics across the size
gradient, among watersheds of varying land use, and
among solutes; we found that LMMs consistently
explained a substantial portion of the variance in the
data. Nevertheless, the fixed factors were not consis-
tently significant, suggesting that some factor(s) other
than stream size and watershed controlled variation in
water column nutrient dynamics. Chlorophyll a, GPP,
and ER each were each related to U,,—nu, (r2 = 0.52,
0.27, and 0.57, respectively; Table 4). Both chloro-
phyll a and GPP were positively related to U,p—ng,,
whereas ER was negatively related to U,p—_ng,-
Similar to NHJ, chlorophyll a and GPP each were
related to U,p—no, (r2 = 0.57 and 0.43), as was
suspended inorganic material (r* = 0.50; Table 4). In
contrast to either N species, ER was the only factor
significantly related to U,,._sgp (r2 = (0.43; Table 4),
and this was a negative relationship.

Site or chamber specific factors also influenced
water column uptake velocities of NHI, NO;3, and
SRP. Uptake velocity of NH; was positively related to
suspended organic matter (as AFDM) and ER
(r2 = 0.33 for both; Table 4). In contrast to NH],
Vr_No, Was positively related to suspended inorganic
material (r* = 0.32; Table 4). Similar to NH;, sus-
pended AFDM and ER both were related to veggp
(r* = 0.33 and 0.58, respectively), as was background
SRP concentration (1r2 = 0.44; Table 4). Both ER and
background SRP were negatively related to vegrp,
whereas suspended AFDM was positively related to

Vi-SRP-
Discussion
Water column nutrient processes in lotic ecosystems

have been overlooked largely due to the lack of
empirical data on riverine nutrient uptake in sites
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Table 4 Water column volumetric uptake (U,,;) and relative nutrient demand (vy) of NHI, NOj3, and SRP were related with
different independent variables using simple linear regression (n = 15 for each solute-metric combination)

Response Statistic Chorophyll AFDM Susp. Inorg. GPP (mg O, ER (mg O, BKD nutrients
agl™  (@mgL™)  (mgL™)* L™'h7h L™'hh (ngL™H
Uyoi—nm, Intercept —0.81 —0.66 —-1.17 —0.96 —0.29 b
Estimate 0.44 0.77 0.81 441 —10.83 -
p <0.01 0.21 0.10 0.05 <0.01 -
” 0.52 0.12 0.20 0.27 0.57 -
U,oi—No, Intercept —0.54 —0.17 —2.08 -1.02 0.30 -
Estimate 0.98 1.82 2.94 11.69 —13.91 -
p <0.01 0.14 <0.01 <0.01 0.08 -
P 0.57 0.16 0.50 0.43 0.21 -
U, oi-srp Intercept —0.40 —0.36 —0.41 —0.45 —-0.19 -
Estimate 0.11 0.56 0.10 1.27 —5.05 -
p 0.26 0.56 0.76 0.34 0.01 -
P 0.11 0.03 0.01 0.08 0.43 -
Vi_NH, Intercept —0.89 —0.89 —1.28 —0.98 —0.63 —1.09
Estimate 0.16 1.04 0.66 1.99 6.59 0.22
p 0.23 0.03 0.09 0.29 0.02 0.50
P 0.11 0.33 0.21 0.09 0.33 0.04
Vi_NO, Intercept —0.82 —0.82 —-1.40 —-1.02 —0.75 -1.00
Estimate 0.16 0.79 0.91 293 —1.20 0.12
p 0.23 0.09 0.03 0.11 0.72 0.31
P 0.11 0.20 0.32 0.18 0.01 0.08
VESRP Intercept —0.48 —0.46 —0.98 —0.67 —0.13 1.02
Estimate 0.18 1.06 0.83 3.33 —8.58 -1.36
p 0.21 0.03 0.05 0.07 <0.01 <0.01
P 0.13 0.33 0.28 0.24 0.58 0.44

Significant intercept and parameter estimates, and p and r* associated with each parameter (p < 0.05) are indicated in bold. Note that
all dependent and independent variables were log-transformed except GPP and ER, which were not transformed

# Suspended inorganic material calculated as the difference between TSS and AFDM

°® Ambient nutrient concentration was not regressed against U, as it is included in the calculation of U,,,;

where the water column would most likely contribute
to nutrient uptake, such as non-wadeable rivers (Tank
et al. 2008). In addition, there has been a disciplinary
focus on the importance of benthic nutrient processing
in headwaters (Peterson et al. 2001; Alexander et al.
2007). While the assimilation of P by phytoplankton
was negligible in a forested headwater stream (Mul-
holland et al. 1985), the roles of both assimilatory
(Corning et al. 1989) and dissimilatory (Liu et al.
2013) processes in the water column likely increase in
large streams and rivers. Using empirical measure-
ments of water column nutrient uptake in flowing
waters across river continua of contrasting land use,

we found that water column nutrient uptake occurred
in the majority of chambers we deployed across all
sites, ranging from headwaters to mainstem rivers and
from watersheds with low human development to
highly-agricultural systems. The only example of non-
detectable uptake was for SRP at the fifth site in the
Snake, which had no significant SRP uptake in any of
the five replicate mesocosms (Table 2).

Although water column nutrient uptake was
detectable in all watersheds, the influence of stream
size varied among solutes and uptake metrics, and
there were no statistically significant differences in
water column nutrient uptake across watersheds. As
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predicted, the concentration of suspended organic
material (water column chlorophyll a and AFDM),
water column metabolism, and suspended inorganic
material often were related to water column nutrient
uptake and demand, suggesting a combination of
abiotic and biotic processes can drive water column
uptake of dissolved nutrients.

Water column nutrient uptake varies
within and among river networks

We expected water column nutrient uptake to increase
longitudinally and to differ across watersheds due to
human land use which causes alterations in canopy
cover as well as nutrient availability. However, U,
did not differ from headwaters to rivers for any solute,
suggesting that the water column plays a role in
processing nutrients across a wide range of stream and
river sizes and volumetric uptake rates are consistent
throughout a watershed. It is possible that the lack of a
stream-size response is because we did not include
small enough streams or large enough rivers in our
study design. The smallest sites in our study had
watersheds more than 10x the size of those included
in previous studies, whereas the largest site we
included in this study is the fifth order river in the
Snake, which is in the middle of the stream-order
gradient considered by the RCC (Vannote et al. 1980),
but in the range of (although slightly smaller than)
rivers included in previous empirical tests of the RCC
(Minshall et al. 1983; Rosi-Marshall and Wallace
2002; McTammany et al. 2003).

A study of energy dynamics along the Little
Tennessee River continuum demonstrated a transition
from heterotrophy to autotrophy at Sth order (Webster
2007), which is the approximate size of our largest
study sites. The lack of both very small headwater
streams and very large rivers in the current study,
combined with a lack of support for a trend of
increasing water column uptake along the river
continuum, suggests that our study may be missing
the transition from benthic-dominated to water
column-dominated ecosystems. Yet nutrient uptake
in the water column of rivers is similar to lake, estuary,
and marine estimates (Reisinger 2015), showing that
this transition does indeed occur.

In addition to the lack of a stream size effect, U,
did not differ across watersheds. This was surprising,

@ Springer

particularly for U,,—_no,, due to large differences in
ambient NO3 concentration across watersheds. It is
likely that the lack of a significant effect of watershed
is due to variability of U,,—no, among sites (Fig. 2),
as the full LMM explained >90 % of the total
variation. The fact that U,, did not differ across
stream size for any solute could be due to the
dependence of U, on ambient concentration, which
may conceal any biological patterns that vary with
ecosystem size. For example, a site with high nutrient
concentrations but low suspended algae may still have
higher U,,,; than a site with more suspended chloro-
phyll a but lower nutrient concentrations. Therefore, a
high U,,,; may result from increased biological activity
in the water column, high ambient concentrations, or
both, and isolating the influence of these two drivers is
challenging.

While U,,, is scaled per unit volume of water, it is
conceptually analogous to gross nutrient uptake (U),
which is commonly used in stream spiraling studies to
scale nutrient uptake to the area of the stream bottom
(Stream Solute Workshop 1990). A well-known
complication in comparing U among streams has been
that ambient nutrient concentration is included in the
U calculation (Stream Solute Workshop 1990). In
addition, we acknowledge that uptake rates can
saturate with increasing concentration, thus areal or
volumetric uptake should either scale linearly or via
Michaelis—Menten dynamics in response to increasing
amendment concentration within a site (Dodds et al.
2002). We suggest that saturation was unlikely due to
short incubation times and the minimal amount of
nutrient amendment added to each chamber.

Despite differences across sites and watersheds in
ambient NH; and material suspended in the water
column, water column vs_yy, was remarkably consis-
tent among watersheds and increased with stream size
(Fig. 3a). The consistent increase in vy_yp, suggests
that physical changes in the stream, such as increases
in depth or reductions in canopy cover with increasing
river width, increase the amount of NH; removed by
the water column, as we predicted based on the
conceptual framework outlined in the RCC (Vannote
et al. 1980).

As observed for NH}, vs_yo, also did not differ
among watersheds. If high background NO5 saturated
nutrient uptake, we would expect the agricultural St.
Joseph watershed to have decreased vy yo,. However,
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we found no difference in vy_yo, across watersheds,
suggesting that NO3 demand relative to concentration
was not saturated by NO; in this range, which
contrasts with previous results for whole-stream vy
(Hall et al. 2009a). In contrast to either N species, the
trends for v.-ggp along the stream size gradient were
different in Midwestern watersheds (Manistee and St.
Joseph) compared to the Western watershed (Snake),
with vegep tending to increase with stream size in
Midwestern watersheds, but decreasing with size in
the Snake (Fig. 3c). Contrasting patterns among
regions may reflect higher availability of P (relative
to N) in the Snake compared to Manistee or St. Joseph
watersheds.

Although water column nutrient uptake occurred
across a range of stream sizes and nutrient concentra-
tions, it is possible that these rates are negligible when
compared to benthic nutrient uptake. By comparing
our water column v, measurements to reach-scale vy
from a recently compiled meta-analysis (Hall et al.
2013), we find that water column demand is lower than
reach-scale demand, but the ranges overlapped for
each solute (Fig. 4). Median water column vy yp,
from this study represented 4 % of the median reach-
scale v¢_yp,, whereas the median water column vs_yo,
was 9 % of the reach scale median and water column
Vesrp Was 19 % of the reach scale median. The fact
that the median water column v, from 15 reaches of

15 - =3 Reach Scale (Hall et al. 2013)
3 Water Column (This study)
97 15 67 15 32 15

12 o
< °
= .
£ 4
£
E ol |
> 3
o v= L B
NH4 NO3 SRP

Fig. 4 Uptake velocity of NH;, NO;, and SRP between reach
scale measurements (gray boxes) and water column measure-
ments from this study (white boxes) overlapped, with median
water column vy representing 4-19 % of median reach-scale vy
Reach-scale studies were compiled from Hall et al. (2013) and
included any non-isotope study which reported v The median
(horizontal line in the boxes), 25th and 75th (edges of boxes),
10th and 90th (whiskers) and 5th and 95th (dots) percentiles are
presented. Sample size is provided above each box

varying size can represent up to ~ 1/5th of reach-scale
vy of previously published reach-scale measurements
confirms the need to incorporate water column
dynamics in the conceptual framework of nutrient
processing in lotic ecosystems (Fig. 5).

The first and second Lotic Intersite Nitrogen
eXperiments (LINXI and LINXII) substantially
improved our understanding of nitrogen processing
in headwater streams (Peterson et al. 2001; Webster
et al. 2003; Mulholland et al. 2008). The dynamic
balance of NH; and NOj concentrations in streams is
controlled by input, assimilatory and dissimilatory
uptake, abiotic sorption, and mineralization (Peterson
et al. 2001; Mulholland et al. 2008; Hall et al. 2009a).
Yet, the results from the LINX projects focused
primarily on benthic processes, typical of the field of
stream biogeochemistry for over 20 years. While this
view is accurate and appropriate for headwater
streams, increasing our knowledge of mechanisms
driving nutrient uptake in rivers is a key priority
(Mulholland and Webster 2010), and the data pre-
sented here demonstrate that this priority requires an
additional focus on the water column.

Biotic and abiotic properties control water column
nutrient dynamics

The three watersheds we studied ranged from the
mostly pristine Snake (<1 % developed lands) to the
agricultural St. Joseph (>70 % developed lands), and
these contrasting land uses were mirrored by differ-
ences in DIN concentrations, suspended organic and
inorganic material, and suspended algal biomass,
which also increased with stream size (Table 1). The
patterns in suspended chlorophyll a in minimally
altered watersheds were consistent with predictions
from the RCC, which predicts increased phytoplank-
ton down the river continuum (Vannote et al. 1980). In
the agriculturally dominated St. Joseph watershed,
water column chlorophyll a did not differ across
stream order, suggesting that anthropogenic land-use
alters patterns predicted by the RCC.

In addition to increasing nutrient concentrations
(Carpenter et al. 1998), anthropogenic land use
increases suspended sediments (Wood and Armitage
1997), which were positively related with U,,; and v,
for NO; and vy for SRP. The relationship between
suspended inorganic sediments and v ggp may reflect
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Fig. 5 Water column nutrient uptake incorporated into a
conceptual model of nutrient uptake along a longitudinal
continuum from headwaters to large rivers. The longitudinal
transition from headwaters to rivers is accompanied by an
increase in depth, represented by the increasing thickness of the
water column (light gray). This increase in depth may result in a
greater concentration of water column biota (solid circles) and a

sorption dynamics. However, the relationship between
U,oi—no, and suspended inorganic matter was not
likely due to sorption as NO5 does not typically bind
with sediment under standard conditions of temperate
freshwaters (Schlesinger and Bernhardt 2013).
Instead, it is possible that biotic assimilation by
biofilms on suspended sediments drives uptake, or
there are low oxygen microsites on particles that
promote microbial denitrification, as occurs in the oxic
water column of the ocean (Michotey and Bonin
1997). Although typically assumed to occur in the
benthic zone of freshwaters, water column denitrifi-
cation can occur in the water column and increases
linearly with suspended sediment in river water (Liu
et al. 2013). Therefore, there are two direct mecha-
nisms for human land use to alter water column nitrate
uptake—via increased ambient nutrients, and/or ele-
vated suspended sediment.

Whole-stream metabolism in part controls reach-
scale nutrient uptake (Hall and Tank 2003; Hall et al.
2009a). Therefore, we expected that water column
metabolism should control water column nutrient
uptake. As expected, both suspended chlorophyll a
and water column GPP were significantly related to
U, for both NHI and NO5 . However, N concentra-
tions may be a common driver of chlorophyll a, GPP,

@ Springer

decrease in benthic biota (dark gray line) overlying the stream
bed (black). Dissolved nutrients can be taken up by either
benthic or water column biota (dark arrows), with a portion of
these nutrients being mineralized (light arrows). All processes
that influence nutrient uptake in the benthic zone (e.g.,
assimilation, denitrification, nitrification, sorption) also occur
in the water column

and U,,, rather than autotrophic processes directly
controlling water column uptake. We predicted that
the relationships between water column metabolism
and water column nutrient uptake should extend to v,
as well. Interestingly, water column v, of NH; and
NOj3 were not related to any autotrophic metric, but
were related to suspended organic (NH; ) or inorganic
(NO3) material in the water column, suggesting that
water column demand for N (v) was primarily a
heterotrophic process. Future research is needed that
can partition the role of autotrophic and heterotrophic
processes and would increase our understanding of the
ultimate fate of nutrients processed in the water
column.

Abiotic and biotic factors predicted processing of N
and P in the water column, suggesting that both
biological and physical processes drive water column
nutrient dynamics. Both biotic assimilation and abiotic
sorption to sediments represent temporary nutrient
removal by converting bioavailable dissolved nutri-
ents to less available forms. Abiotic sorption can
account for up to 70 % of P uptake in streams
(Aldridge et al. 2010), and if sorption to sediments is
the primary uptake mechanism, then this mechanism
may result in pulsed export during floods. For
example, most total P export from Kansas streams
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occurred during spates, likely due to sediment export
(Banner et al. 2009).

In streams, assimilatory uptake by biota represents
the majority of nutrient removal from the water
column (Mulholland et al. 2008), yet the ultimate fate
of assimilated nutrients is not well documented.
Although assimilation does not represent a permanent
sink for nutrients (sensu denitrification), assimilatory
uptake alters the timing (i.e., delays downstream
transport) and the bioreactivity of nutrients (Hall
et al. 2009a, b). For example, previous research has
shown that particles are repeatedly deposited and
resuspended into the water column as they move
downstream (Thomas et al. 2001; Newbold et al. 2005;
Fig. 5). Additionally, assimilated nutrients, now in
organic form, can be re-mineralized (Ashkenas et al.
2004), enter hyporheic storage (Triska et al. 1989), be
deposited on benthos (Bernot and Dodds 2005), enter
floodplains (Hall et al. 2009b), or be transferred to
higher trophic levels via consumption (Dodds et al.
2004). Although the duration of the delay resulting
from water column assimilation relative to down-
stream transport is likely shorter than the delay due to
benthic assimilation, it is probable that some propor-
tion of nutrients assimilated in the water column will
enter longer flowpaths in benthic, hyporheic, or
floodplain storage. Identifying and quantifying the
fate of assimilatory pathways beginning in the water
column would improve our understanding of down-
stream nutrient export, and therefore should be a focus
of future research.

Conclusions

We have shown that water column nutrient uptake
occurs in streams of all sizes. The relative demand for
NH; in the water column increased with stream size
(Vf—nu, ), whereas NO3 and SRP demand did not
differ across watersheds or stream size. Volumetric
uptake also did not differ across watersheds or stream
size. Median water column v, at our 15 study sites
represented approximately 4-19 % of median reach-
scale estimates of v, supporting the argument for
incorporating water column dynamics into lotic bio-
geochemical theory (Fig. 5). Although water column
nutrient processing may indeed be negligible in
specific streams, these processes may contribute to

total nutrient uptake within a watershed. The ultimate
fate of nutrients removed by the water column may
differ from those taken up in the benthic zone. A
mechanistic understanding of the controls on nutrient
uptake from streams to rivers is essential for success-
ful mitigation of the export of anthropogenic nutrient
pollution (Smil 2000; Galloway et al. 2004) and would
allow for further investigation on the ultimate fate of
nutrients processed in flowing waters.
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