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Abstract: Nutrient limitation of phytoplankton is common but by no means universal in large tem-
perate rivers. Previous field studies in the Columbia River, USA, are suggestive of nutrient limitations
of phytoplankton, especially during summer, but this has never been tested experimentally. We there-
fore undertook monthly 5-day nutrient amendment incubation experiments from May–September
2018 using Columbia River water collected at Vancouver, Washington, USA. We compared replicate
treatment bottles containing natural microplankton assemblages and amended nutrients (NO3, PO4

and SiO4 in combination) with replicate control bottles containing natural microplankton assemblages
and ambient nutrients. Phytoplankton abundance and biomass were compared between treatments
and controls on each day of each experiment, and microplankton assemblage structure was evaluated
using Permutational Multivariate Analysis of Variance and Non-Metric Multi-Dimensional Scaling
ordination on Day 0 (ambient) and Day 5 of each experiment. Nutrient amendment significantly
affected phytoplankton abundance and biomass, particularly in June–August, although this varied be-
tween taxa (e.g., cyanobacteria, dinoflagellates, flagellates and ciliates showed more frequent positive
responses than chlorophytes and diatoms did). Abundance-based microplankton assemblage struc-
ture was significantly correlated with PO4, SiO4 and NO3 concentrations, and BIOENV procedure
in R revealed that the best subset of explanatory variables included SiO4 and NO3 concentrations.
Biomass-based assemblage structure was significantly correlated with SiO4 and NO3, although
BIOENV explanatory variables included only SiO4. These results are suggestive of summertime
nutrient control of phytoplankton abundance and biomass, as well as microplankton composition,
in the lower Columbia River, at least during some months. Since eutrophication is increasing in the
watershed, this could have important implications for higher level consumers (e.g., zooplankton and
out-migrating juvenile salmon).

Keywords: temperate rivers; plankton community structure; nutrient limitation

1. Introduction

The availability of inorganic nutrients such as nitrate (NO3), phosphate (PO4) and
silicate (SiO4) have long been recognized as important factors regulating the abundance
and biomass of phytoplankton in both freshwater [1–4] and marine systems [5–7]. Likewise,
it is now well known that nutrient concentrations can also have profound effects on the
composition of the total microplankton (defined here as phytoplankton and microzooplank-
ton ~5–200 µm in size) assemblage in aquatic systems across the lentic freshwater-marine
spectrum [8–14]. In large, high-flow temperate rivers, however, the role of inorganic nu-
trients in limiting phytoplankton biomass and microplankton assemblage composition is
not clear.
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For instance, one or more nutrients were found to limit phytoplankton growth, at least
during some time(s) of the year, in the Neuse River, NC, USA [15], the River Murray in
South Australia [16], and Xiangxi Bay/Yangtze River, China [17] (see also recent review by
Dodds and Smith [18]). In contrast, no such nutrient limitation was found in the Berounka
River, Czech Republic [19], nor the Rhine and Elbe Rivers, Germany [20]. With regard
to phytoplankton community composition, several studies show nutrients to affect the
phytoplankton community structure in large temperate rivers in Europe and China [21–23].
However, a lack of nutrient limitation on phytoplankton composition has been observed in
the Czech Republic [19]. Overall, nutrient limitation of phytoplankton dynamics in large
temperate rivers seems common but by no means universal.

Nutrient concentrations often vary seasonally within any given temperate river, al-
though the exact pattern depends on the nutrient constituent and watershed of interest.
For instance, NO3 [24–28] and PO4 [27,29–31] concentrations in temperate rivers are often
lowest during the summer. On the other hand, SiO4 concentrations have been shown to
be generally (although not always) lower in spring and early summer, and higher in late
summer and fall [27,29–33], but see [24] for an exception.

In the Columbia River (CR), USA, there have been very few previous studies of interac-
tions between nutrients and phytoplankton. Sullivan et al. [34] undertook a one-year field
study in the lower CR and observed minima in both NO3 and PO4 concentrations from
May to October 1996, with a diatom bloom occurring from April to June. Maier and Peter-
son [35] further examined late spring/early summer diatom blooms in the lower CR over a
four-year period (2009–2013) and found orthophosphate concentrations were often very
low, with a decreasing trend from winter to late spring. Most recently, Rose et al. [36] exam-
ined a 14-year dataset (2005–2018) of phytoplankton abundance, biomass and taxonomic
composition, along with water quality variables, in the lower CR and found assemblage
structure to be only weakly associated with nutrients (NO3, PO4 and SiO4). Collectively,
this small body of previous work suggests a modest potential role for nutrient limitation
of phytoplankton dynamics in the CR, and if present at all, such limitation would appear
to be more likely to occur from late spring to early fall. However, this has never been
tested experimentally.

In order to fill this knowledge gap, we undertook a series of controlled and replicated
laboratory-based nutrient amendment experiments from May to September 2018 to address
the overarching research question: Are inorganic nutrients (NO3, PO4 and SiO4) regulat-
ing the abundance (cells mL−1), biomass (µg C L−1) and taxonomic composition of the
microplankton assemblage in the CR?

2. Materials and Methods
2.1. Study Site

The Columbia River (CR) is the largest river by discharge on the Pacific coast of North
America, draining an area of 660,480 km2 that includes parts of seven U.S. states and two
Canadian provinces [37]. The river’s discharge is moderated by its approximately 214
impoundments [38]. Discharge varies seasonally and ranges from 2000–16,000 m3s−1, with
snowmelt-driven high discharge occurring from April–June, and low discharge from July–
October [39,40]. The Cascade Mountain Range divides the Columbia River Basin into two
sub-basins [37]. The coastal downstream sub-basin west of the Cascade Range has a wet
climate and is primarily forested, while the eastern upstream sub-basin has an arid climate
and extensive agricultural lands. Urban development along the river is concentrated in the
lower CR near Portland, OR and Vancouver, WA, USA.

All field samples were collected from a public dock located at Vancouver, WA (45.6222◦ N,
122.6772◦ W), 171 river kilometers upstream from the mouth of the river at the Pacific
coast. The site is downstream of the Bonneville Dam (river kilometer 234), the lowermost
impoundment on the river, and is tidally influenced freshwater. The dock extends ~10 m
from the shore and runs parallel to the flow of the river. The water column at this site is
always well mixed and has an average depth of 9.5 m [36,41,42].
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2.2. Nutrient Amendment Experiments

We conducted a series of 5-day laboratory-based nutrient amendment incubation
experiments, once each month from May–September 2018, for a total of five experiments.
Laboratory experiments were chosen over field deployments to allow for better control and
maintenance of mixing (via a rotating plankton wheel, as described below) and to avoid
possible vandalism and tampering at public docks (the only type of dock available to us
in this region of the CR). Our experimental design included 500 mL initial control bottles
filled with river water (May: 3 replicates; June–September: 4 replicates) which were sam-
pled prior to commencing the experiment, and final control and final treatment (nutrient-
amended) bottles which were sampled destructively every 24 h over the course of each
5-day incubation experiment (May: n = 5 days × 2 treatments × 3 replicates = 30 bottles;
June–September: n = 5 days × 2 treatments × 4 replicates = 40 bottles in each experiment).
The initial controls were used to establish ambient river nutrient levels, chlorophyll (chl)
a concentration and microplankton assemblage structure and compared to final control
and treatment samples to evaluate the effects of nutrient amendment on the entire mi-
croplankton assemblage during the incubations. Significant increases in chl a concentration,
microplankton abundance or biomass, or altered microplankton assemblage structure,
in the final nutrient-amended samples relative to final control samples were considered
evidence of microplankton nutrient limitation during each monthly experiment.

The CR water used in the experiments was collected from the surface (0–0.5 m) at the
Vancouver dock during the fourth week of each month and transported in acid-washed
carboys within one hour to laboratory facilities at Washington State University Vancouver.
Surface water temperature and dissolved oxygen concentration were measured at the dock
using a YSI Pro2030 multimeter (YSI Inc., Yellow Springs, OH, USA), and pH was measured
using a Hach Pocket Pro tester (Hach, Inc., Loveland, CO, USA).

Immediately upon return to the laboratory, the river water was reverse filtered using a
250 µm mesh sieve to remove mesozooplankton. We then gently siphoned 500 mL of filtered
river water into each acid-washed incubation bottle. Prior to the onset of the incubation
(Day 0), we sampled the initial control bottles for nutrient and chl a concentrations, and
microplankton abundance and taxonomic composition (as described below). We then
added sodium nitrate (NaNO3), potassium phosphate (KH2PO4) and sodium metasilicate
(NaSiO3), in combination, to each treatment bottle to reach levels we expected would
be replete. Our target concentrations were 0.5 mg L−1 of NO3, 0.06 mg L−1 of PO4 and
8.4 mg L−1 of SiO4, based on laboratory studies of freshwater phytoplankton growth rates
under a wide range of PO4 concentrations (e.g., [43]) and the proportions of N, P, and
Si in typical algal growth media (e.g., [44])—levels which also exceeded the maxima for
each constituent previously observed in the freshwater reaches of the lower CR [34–36,45].
Although the amount of nutrients added inadvertently varied somewhat between our
monthly experiments, and at times resulted in higher concentrations of SiO4 relative to
NO3 and PO4, our overarching goal was to establish replete levels of all three nutrients in
each experiment, not to establish any particular ratio of nutrients.

Each of the final control and treatment bottles was then sealed with parafilm to prevent
bubbles (which can disrupt fragile planktonic taxa during mixing), lidded and placed on a
rotating plankton wheel (0.5–1.0 rpm) in a temperature-controlled room set to match the
ambient river temperature and light–dark (i.e., duration of daylight) conditions during
the month of each experiment. We did not change the intensity (per unit time) nor the
spectral quality of the light (i.e., Photosynthetically Active Radiation (PAR)) during or
between monthly experiments. With respect to light intensity, our intent was to simulate
shallow, near-subsurface conditions in the lower CR. The PAR intensity occurring at the
surface of our experimental bottles, as measured with a SpotOn Quantum Light Meter
(model #35650) (Innoquest, Inc., Woodstock, NY, USA), was 17.0 µmol m−2 s−1. This
represented 36.7% of mean midday (10:30 a.m.–2:30 p.m. local time) outdoor incident
surface radiation (quantum line measurement), averaged over May–September 2018, as
measured at a nearby meteorological station (“Abby Road” https://data.neonscience.

https://data.neonscience.org/data-products/explore
https://data.neonscience.org/data-products/explore
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org/data-products/explore, accessed on 1 February 2022). We determined that this level
simulated the PAR intensity at 1.1 m depth at our sampling site, based on (i) the known
exponential decay of light with depth (Iz(m) = I0 ∗ e−kz(m); [46]), (ii) the known relationship
between extinction coefficient (k) and Secchi disk depth (Zsd(m)) (k = 1.7/Zsd(m) [47,48], but
see also [49]), and (iii) a mean Secchi disk depth (Zsd(m)) of 2.0 m during May–September at
our collection site in the CR [36].

After 24 h, and on each subsequent 24 h period of each 5-day experiment, final
control and final nutrient-amended bottles were removed from the plankton wheel without
replacement and sampled for nutrients, chl a and microplankton in the same manner as the
initial control bottles.

2.3. Sample Collection and Analyses
2.3.1. Nutrients

To measure nutrient concentrations within each incubation bottle, we extracted 50 mL
sub-samples of experimental water from each bottle and filtered them through 0.45 µm
Millipore syringe filters into plastic collection bottles. Samples were kept frozen before
being transferred to the University of Washington’s Marine Chemistry Lab for analysis.
Samples were analyzed for PO4, NO3, NO2 and SiO4 concentrations, following the protocols
of the World Ocean Circulation Experiment (WOCE) Hydrographic Program [50] and using
a Seal Analytical continuous-flow AutoAnalyzer 3.

2.3.2. Chlorophyll

To determine chl a concentration, we vacuum-filtered 100 mL of experimental water
from each incubation bottle through a GF/F filter. Filters were stored in glass scintillation
vials in a −20 ◦C freezer for at least 24 h but fewer than 6 days. We then added 20 mL of
acetone to each vial to extract the pigments. After 24 h of acetone immersion in the freezer,
samples were analyzed on a Turner Model 10-AU fluorometer [51]. Chl a was measured
for all experiment months, days, treatments and replicates, with the exception of the Day 5
final nutrient-amended replicates from the May experiment, due to technician error. In
addition, later nutrient analysis revealed that during the June experiment, two treatment
bottles had insufficient SiO4 added, consequently the chl a samples from these bottles
were discarded, resulting in n = 3 replicates for Day 3 and Day 5 final nutrient-amended
treatments from that single experiment.

2.3.3. Microplankton

We transferred 200 mL subsamples from each incubation bottle into amber bottles
with 5% Lugol’s solution to preserve microplankton for later taxonomic analysis. Due to
logistical (time and money) constraints, we conducted microscopical analyses to identify
and enumerate microplankton in incubation bottles from Day 0 initial control, Day 5 final
control and Day 5 final nutrient-amended treatments for which there were corresponding
chl a measurements.

We concentrated 24.5–50 mL from each subsample in Utermöhl settling chambers [52].
After 24 h, microplankton were identified using a Leica DMI 4000B inverted microscope at
400× magnification. We enumerated, sized and identified at least 300 microplankton cells
between 5 and 200 µm in size along slide transects [53]. Most individual cyanobacteria
cells were smaller than 5 µm; however, we enumerated individual cells if they were
contained in a colony that was within the target size range. Organisms were identified to
genus, or species when possible, using Patterson and Hedley [54] and Wehr et al. [55]. We
converted subsample counts to biovolume according to geometric shape [56] and converted
biovolume to carbon biomass using algorithms from Menden-Deuer and Lessard [57]. For
statistical analyses, organisms were binned into seven taxonomic groups: chlorophytes,
cyanobacteria, diatoms, dinoflagellates, flagellates, rhodophytes and ciliates.

https://data.neonscience.org/data-products/explore
https://data.neonscience.org/data-products/explore
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2.4. Statistical Analyses
2.4.1. Monthly Variability of Chl a Concentration and Microplankton Assemblage Structure

We tested for significant differences in ambient chl a concentration in the CR between
sampling months, as measured by the Day 0 initial control samples, using the Kruskal–
Wallis rank sum test due to non-normality of model residuals [58]. We then used Dunn’s
test [59] with Holm’s multiple comparisons p-value adjustment [60] to determine which
pairs of months significantly differed. The Dunn’s test was implemented in the statistical
program R [61] using the FSA package [62].

We evaluated monthly variability of ambient microplankton assemblage structure
using the Day 0 initial control microplankton data and multivariate statistical approaches.
We conducted analyses of microplankton abundance using a square-root transformation,
and of microplankton biomass using a log(x + 1) transformation, in order to improve data
normality and to decrease the relative contribution of dominant taxa. For both abundance
and biomass data, we used the Bray–Curtis dissimilarity measure [63] to quantify the
dissimilarity between samples.

To test for assemblage structure differences between months, we used permutational
multivariate analysis of variance (PERMANOVA) [64]. We verified homogeneity of multi-
variate group dispersions using the ‘betadisper’ function in R. To determine which months
differed in assemblage structure, we ran pairwise post hoc tests using the function ‘pair-
wise.perm.manova’ in the R package ‘RVAideMemoire’ [65].

We visualized the monthly variability of Day 0 initial control microplankton assem-
blage structure and relationships with environmental gradients using non-metric multidi-
mensional scaling ordinations (NMDS) [66]. On an NMDS ordination, each point represents
a sample, and samples that are closer to each other in space are more similar in composition.
We evaluated NMDS goodness of fit using stress values, where values less than 0.2 are
considered usable for inference [67] and, additionally, we used the Dexter et al. [68] stress
test, which compares observed stress values to those obtained by null model simulations.
We standardized the environmental data (temperature, pH, dissolved oxygen, PO4, NO3,
NO2 and SiO4) by setting each variable to a mean of 0 and a standard deviation of 1 and
plotted each significantly correlated variable as a vector on the NMDS using the ‘envfit’
function. Finally, we used the BIOENV correlation procedure to identify the best sub-
set of environmental variables that had maximum Spearman rank correlation with the
microplankton assemblage data [69].

2.4.2. Effects of Nutrient Amendment

For each monthly experiment and incubation day (1–5), we tested for significant
differences in mean chl a between final control (ambient nutrient levels) and final nutrient-
amended samples using Student’s t-tests. Data were first verified for normality using the
Shapiro–Wilk test and for homogeneity of variance using Levene’s test. When data did not
meet the assumption of normality, we instead used the non-parametric Mann–Whitney
test, and when homogeneity of variance was violated, we used Welch’s t-test for unequal
variances. For all significant hypothesis tests, we calculated effect size (standardized
mean difference) using the bias corrected Hedge’s g statistic [70], which is less biased than
Cohen’s d for small samples (n < 20) [71]. As a rule of thumb, effect sizes of 0.2 are generally
considered small effects, 0.5 medium effects and >0.8 large effects [72]. Effect size tests
were run using the R package ‘effectsize’ [73].

We compared Day 5 abundance and biomass between final control and final nutrient-
amended treatments for each microplankton taxonomic group. Taxa abundance data were
square-root transformed and biomass data log(x + 1) transformed to improve normality,
then hypothesis testing and effect size calculations were conducted following the same
methods as described above to determine the effect of nutrient amendment on chl a levels.
We applied the same methods to determine nutrient amendment effects on assemblage
structure as were used for our assessments of monthly assemblage variability. We first used
PERMANOVA to test for significant differences between control and nutrient-amended
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samples for each monthly experiment. Then, we used NMDS ordinations paired with
vectors of nutrient gradients (‘envfit’) and BIOENV to visualize and evaluate relationships
between the microplankton assemblage and nutrient levels (PO4, NO3, NO2 and SiO4).

All PERMANOVA, ‘betadisper’, NMDS, null model simulations, ‘envfit’ and BIOENV
tests were run using 1000 permutations in the ‘vegan’ package [74], except for the May Day
5 microplankton PERMANOVA and post hoc tests, which were run using the entire set of
possible permutations (n = 719) because of low sample size.

3. Results
3.1. Ambient Columbia River Temperature, Nutrient and Chl a Concentrations

Surface temperature in the Columbia River (CR) at our Vancouver, WA, sampling
location followed a pattern typical for this latitude, with maximum temperature (21.2 ◦C)
observed in August and lowest temperatures over the sampling period in May and Septem-
ber (14.5 ◦C and 18.1 ◦C, respectively) (Figure 1A). Concentrations of all three nutrient
constituents in the river, as measured using the Day 0 initial control samples, peaked
in May and then decreased to their lowest levels in the period from July to September
(Figure 1B). Specifically, NO3 concentrations steadily decreased from May (138 µg L−1)
to August (40.4 µg L−1), with a modest increase in September (69.2 µg L−1). PO4 concen-
trations showed the same pattern of change as NO3, with highest concentration in May
(5.9 µg L−1), lowest concentration in August (1.5 µg L−1), and a very slight increase in
September (2.1 µg L−1). SiO4 was present in the river at highest concentrations in May
(5.0 mg L−1) and decreased through June until reaching minimum concentrations ranging
from 3.4–3.8 mg L−1 from July to September (Figure 1B).
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Figure 1. Monthly mean values of surface temperature (A), nutrient concentrations (B) and chl a
concentrations (C) measured in the Columbia River from the sampling site near Vancouver, WA, from
May to September 2018. Error bars are 1 SE (most too small to be visible).

Chl a concentration in the CR was lowest in May (mean: 6.4 µg L−1), coinciding with
highest nutrient levels. Chl a then increased each month through August, when it reached
its peak (13.1 µg L−1), before declining in September (Figure 1C). Chl a significantly
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differed by month (Kruskal–Wallis χ2 = 15.93, df = 4, p = 0.003), with August having
significantly higher concentration than May (Dunn’s test: p = 0.024) and September (Dunn’s
test: p = 0.025). No other pairwise comparisons were significantly different.

3.2. Monthly Variability of Ambient Microplankton Assemblage Structure

The ambient river microplankton assemblage from May–September was dominated by
diatoms and cyanobacteria in terms of proportional abundance (Figure 2). Cyanobacteria
were proportionally more abundant during the summer months and especially in August,
when they comprised over 50% of the assemblage. In terms of carbon biomass, diatoms
comprised well over 50% of the assemblage in all months. Cyanobacteria, though high in
abundance, were a small proportion of the assemblage by biomass. In contrast, ciliates
were in low abundance, but had the second highest relative biomass from May–August
due to their comparatively large cell volume (Figure 2).
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PERMANOVA revealed that microplankton assemblage structure, as measured by
taxa abundances, varied strongly by month (R2 = 0.71, F4,14 = 8.54, p = 0.001) (Table 1).
Subsequent pairwise comparisons showed that assemblage structure significantly differed
for all pairwise comparisons except for June and July, and July and September (Table 1).
Using taxa carbon biomasses, PERMANOVA again showed a strong month effect on
assemblage structure (R2 = 0.54, F4,14 = 4.10, p = 0.002). May significantly differed from
June, August and September, and both June and August differed from September (Table 1).

Table 1. Results of PERMANOVA and pairwise post hoc comparison tests for monthly variability
of microplankton assemblage structure. Tests were run using Day 0 initial control square-root
transformed taxa abundances and log(x + 1) biomasses. Statistically significant p-values are in bold.

Day 0 Initial Control: Abundance Day 0 Initial Control: Carbon Biomass

df SS MS F R2 p df SS MS F R2 p

Month 4 0.266 0.066 8.537 0.709 0.001 Month 4 0.120 0.030 4.103 0.540 0.002
Residuals 14 0.109 0.008 0.291 Residuals 14 0.103 0.007 0.460
Total 18 0.375 1.000 Total 18 0.223 1.000

p values for pairwise comparisons p values for pairwise comparisons
May June July August May June July August

Jun. 0.032 Jun. 0.027
Jul. 0.027 0.38 Jul. 0.094 0.738

Aug. 0.031 0.031 0.024 Aug. 0.025 0.146 0.067
Sep. 0.033 0.034 0.088 0.026 Sep. 0.031 0.028 0.243 0.029

NMDS ordination of ambient (Day 0) microplankton assemblage structure using taxa
abundances produced a two-dimensional solution (stress = 0.085) (Figure 3). Using the
stress test [68], we verified that the observed stress value would have been unlikely to
occur due to stochastic sampling effects alone (Z = −5.56, p = 0.001). We found significant
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correlations between microplankton assemblage structure (taxa abundances) and river
temperature, pH, chl a, PO4, SiO4 and NO3 (Table 2), which are plotted as vectors on the
NMDS ordination (Figure 3). BIOENV revealed that the subset of environmental variables
that best explained the ambient microplankton assemblage abundance data were PO4, SiO4
and temperature (r = 0.708).
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abundances (left) and biomasses (right) for Day 0 initial control samples. Panel A stress = 0.085.
Panel B stress = 0.136.

Table 2. Spearman correlation values (r2) and permutation-based p-values between explanatory
variables and microplankton assemblage square-root taxa abundances and log(x + 1) biomasses
of Day 0 Initial Controls (ambient conditions) for all experiment months. Statistically significant
p-values are in bold.

Experiment Parameters
Abundance Carbon Biomass

r2 p r2 p

Day 0
Initial

Control

Temperature 0.833 0.001 0.545 0.002
Dissolved

oxygen 0.272 0.088 0.324 0.055

pH 0.410 0.015 0.202 0.181
Chlorophyll a 0.597 0.001 0.375 0.029

PO4 0.768 0.001 0.617 0.001
SiO4 0.390 0.024 0.433 0.012
NO3 0.719 0.001 0.486 0.010
NO2 0.274 0.095 0.472 0.008
NH4 0.321 0.051 0.286 0.066

NMDS ordination of the ambient microplankton assemblage structure using taxa
carbon biomasses also produced a two-dimensional solution (stress = 0.136) that was sup-
ported by the stress test [68] (Z = −2.46, p = 0.011) (Figure 3). Significant linear correlations
were found between the microplankton assemblage matrix and temperature, chl a, PO4,
SiO4, NO3 and NO2 (Table 2). The best subset of explanatory variables determined by
BIOENV analysis were PO4, NO2 and temperature (r = 0.452).

3.3. Effects of Nutrient Amendment on Chl a and Microplankton Assemblage Structure

We compared chl a concentrations between final control and final nutrient-amended
samples for each day of the 5-day incubation experiments to evaluate the magnitude and
timing of nutrient amendment effects on chl a. We observed significantly greater chl a in
nutrient-amended samples collected on Days 3–5 of the June experiment, Day 5 of the
July experiment and Day 3 of the September experiment (Figure 4; Table S1), providing
evidence of nutrient limitation during these months. Nutrient amendment did not affect
chl a concentrations during any day of the May and August experiments. While significant
effects varied between days, all occurred at or after incubation Day 3, and in all of these
cases chl a concentration was greater in the nutrient-amended treatment. Effect sizes
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(Hedge’s g) for each significant comparison were all greater than 0.8, indicating strong
positive effects of the nutrient amendment treatment (Table S1).
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Figure 4. Mean chl a concentration by experiment day for Day 0 initial control, Day 1–5 final control,
and Day 1–5 final nutrient-amended samples. Error bars are 1 SE. Asterisks indicate statistically sig-
nificant p-values for t-tests comparing final control and final nutrient-amended samples. p < 0.05 = *,
p < 0.01 = **.

Microplankton assemblage composition, evaluated as proportional abundance and
proportional carbon biomass of taxonomic groups from samples collected on Day 5 of the
incubation, varied visibly by month; however, treatment effects were less readily apparent
(Figure 5). We only found statistically significant differences in abundance between final
control and final nutrient-amended samples for a small set of taxa: dinoflagellates and
ciliates in June, dinoflagellates and flagellates in July, chlorophytes and cyanobacteria in
August, and ciliates in September (Figure 6; Table S2). In all of these cases, significantly
greater abundances were observed in nutrient-amended samples, indicating nutrients were
limiting the abundance of these taxa, and effect sizes were all strong (Hedge’s g > 0.8).
When assessed using microplankton biomass, we found statistically significant differences
between treatments for certain taxa in May (cyanobacteria), June (diatoms, dinoflagellates,
ciliates), July (chlorophytes, cyanobacteria, dinoflagellates, flagellates, ciliates) and August
(cyanobacteria, flagellates) (Figure 6). Effect sizes for significant biomass treatment dif-
ferences were also all considered strong (Table S2). Notably, cyanobacteria biomass was
higher in the May final control samples than in nutrient-amended samples, and chlorophyte
biomass was likewise higher in July final control samples (Figure 6).

PERMANOVA results demonstrated significant effects of added nutrients on mi-
croplankton assemblage structure using the abundance dataset for the June (R2 = 0.482,
F1,5 = 4.648, p = 0.023), July (R2 = 0.453, F1,6 = 4.96, p = 0.027) and August (R2 = 0.499,
F1,6 = 5.974, p = 0.034) experiments, suggesting nutrient limitation; however, no signifi-
cant assemblage structural differences were seen for the May and September experiments
(Table 3). PERMANOVA analysis of the biomass assemblage dataset similarly showed
significant treatment effects on assemblage structure for the June (R2 = 0.527, F1,5 = 5.579,
p = 0.027) and July experiments (R2 = 0.573, F1,6 = 8.040, p = 0.033), and no effects during
May and September, but unlike with abundance, no treatment effect was detected for the
August experiment (Table 3).
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Figure 5. Proportional abundance (left) and proportional carbon biomass (right) of microplankton
taxa for Day 5 final control and Day 5 final nutrient-amended samples. Rhodophytes were not present
in any Day 5 final control or final nutrient-amended sample and are therefore not shown.

NMDS ordinations of the Day 5 microplankton data resulted in two-dimensional solu-
tions using the abundance (stress = 0.095; Z = −10.53, p = 0.001) and biomass datasets (stress
= 0.190; Z = −3.13, p = 0.005) (Figure 7). Abundance-based microplankton assemblage
structure was significantly correlated with PO4, SiO4 and NO3 concentrations (Table 4),
and BIOENV revealed that the best subset of environmental variables included SiO4 and
NO3 (r = 0.139). Biomass-based assemblage structure was significantly correlated with
SiO4 and NO3, but was not significantly correlated with PO4, as was seen for abundance
(Table 4). The best subset of explanatory variables for biomass-based assemblage structure
as shown by BIOENV included only SiO4 (r = 0.228).
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Figure 6. Microplankton taxa total abundance (left) and carbon biomass (right) for Day 5 final control
and final nutrient-amended samples. Rhodophytes were not present in any Day 5 sample and are
therefore not shown. Asterisks indicate statistically significant p-values for t-tests comparing final
control and final nutrient-amended samples. t-tests were performed on square-root transformed
abundance and log(x + 1) transformed biomass. p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***.

Table 3. Results of PERMANOVA tests for the effect of nutrient amendment on Day 5 microplankton
assemblage structure for each month using square-root transformed taxa abundances and log(x + 1)
biomasses. Statistically significant p-values are in bold.

May Day 5: Abundance May Day 5: Carbon Biomass

df SS MS F R2 p df SS MS F R2 p

Treatment 1 0.014 0.014 0.972 0.196 0.4 Treatment 1 0.012 0.012 2.197 0.355 0.2
Residuals 4 0.057 0.014 0.804 Residuals 4 0.230 0.006 0.645
Total 5 0.071 1.000 Total 5 0.035 1.000

June Day 5: Abundance June Day 5: Carbon Biomass

df SS MS F R2 p df SS MS F R2 p
Treatment 1 0.099 0.099 4.648 0.482 0.023 Treatment 1 0.067 0.067 5.579 0.527 0.027
Residuals 5 0.106 0.021 0.518 Residuals 5 0.060 0.012 0.473
Total 6 0.205 1.000 Total 6 0.127 1.000
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Table 3. Cont.

July Day 5: Abundance July Day 5: Carbon Biomass

df SS MS F R2 p df SS MS F R2 p
Treatment 1 0.022 0.022 4.96 0.453 0.027 Treatment 1 0.053 0.053 8.040 0.573 0.033
Residuals 6 0.027 0.005 0.547 Residuals 6 0.040 0.007 0.427
Total 7 0.049 1.000 Total 7 0.093 1.000

August Day 5: Abundance August Day 5: Carbon Biomass

df SS MS F R2 p df SS MS F R2 p
Treatment 1 0.025 0.025 5.974 0.499 0.034 Treatment 1 0.015 0.015 1.962 0.246 0.222
Residuals 6 0.026 0.004 0.501 Residuals 6 0.047 0.008 0.754
Total 7 0.051 1.000 Total 7 0.062 1.000

September Day 5: Abundance September Day 5: Carbon Biomass

df SS MS F R2 p df SS MS F R2 p
Treatment 1 0.022 0.022 2.650 0.306 0.125 Treatment 1 0.012 0.012 0.893 0.130 0.423
Residuals 6 0.050 0.008 0.694 Residuals 6 0.081 0.013 0.870
Total 7 0.072 1.000 Total 7 0.093 1.000
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Figure 7. NMDS ordinations of microplankton and significant environmental correlates of Day 5 taxa
abundances (left) and biomasses (right) for final control and final nutrient-amended samples. Final
control samples are hollow and final nutrient-amended samples are filled. Abundance stress = 0.095.
Biomass stress = 0.190.

Table 4. Spearman correlation values (r2) and permutation-based p-values between explanatory
variables and microplankton assemblage square-root taxa abundances and log(x + 1) biomasses from
Day 5 Final Treatments from all nutrient-amendment experiments. Statistically significant p-values
are in bold.

Experiment Parameters
Abundance Biomass

r2 p r2 p

Day 5 PO4 0.266 0.006 0.143 0.080
SiO4 0.222 0.012 0.402 0.001
NO3 0.320 0.002 0.274 0.007
NO2 0.138 0.083 0.012 0.848

4. Discussion
4.1. Ambient Columbia River Nutrient Concentrations, Chl a and Microplankton Composition

The ambient nutrient concentrations that we observed in the lower Columbia River
(CR), as measured using the Day 0 initial control samples, were within the range observed
previously in the freshwater reaches of the lower CR [34–36,45] and were comparable
to [29,30,75,76] or in some cases substantially lower than those observed in other large,
temperate rivers in the midwestern USA [77–79].
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Nutrient concentrations often vary seasonally within any given river, especially in
temperate rivers, although the exact pattern depends on the specific nutrient of interest.
Our results from the CR showed that all three nutrients (NO3, PO4 and SiO4) were at
their highest concentrations during May, decreased somewhat during June, and were
lowest from July–September. This pattern generally aligns with the seasonal variation of
nutrients in other large, temperate rivers. For instance, NO3 concentrations in temperate
rivers are often lowest during the summer [22,25,26,28], although Guo et al. [29] found
no marked seasonality of NO3 in the somewhat higher latitude Yukon River, AK, USA.
PO4 is also often lowest during the summer, but shows a less consistent pattern: PO4 was
observed to decrease continuously from May to September in the Yukon River [29], St.
Johns River, FL, USA [28] and the Ponjavica River, Serbia [22]; whereas, PO4 in the Neuse
River, NC, USA was found to be greatest in summer [26]. SiO4 generally shows a somewhat
different seasonal pattern than that of NO3 and PO4, being lower in spring and highest in
late summer. For instance, in the Yukon River, SiO4 increased continuously from May to
September [29] and in the Yangtze River, China, SiO4 was higher in the summer [30]. In
the River Thames, UK, dissolved SiO4 is lowest around May and reaches a maximum in
August–September [31]. This previous research indicates that, generally speaking, summer
is when dissolved nutrients are least abundant in large, temperate rivers.

Interestingly, the monthly pattern of chl a concentration that we observed in our study
of the lower CR was generally the opposite of the pattern of nutrient availability. Chl a
concentrations were the lowest in May, and steadily increased to maxima in July and August,
followed by a decline in September. This pattern is somewhat different than previous, long-
term observations in the CR [36,41,42,80], which indicated that May generally had higher
chl a concentrations than in the summer months. Nevertheless, our results indicate a two- to
three-month lag between peak nutrient concentrations in late spring and subsequent peak
chl a concentrations in early/mid-summer, possibly corresponding to nutrient drawdown
by phytoplankton in summer.

With respect to the microplankton assemblage structure in the CR, our observations
of late spring/early summer dominance by diatoms, with increasing proportional repre-
sentation of cyanobacteria in late summer, is entirely consistent with previous long-term
observations [36,80]. We related our observed monthly differences in microplankton as-
semblage structure, seen in terms of abundances and biomasses, to various environmental
factors, and in both cases some combinations of N, P and Si concentrations were found to
be significant correlates.

All of these field results suggest that insufficient nutrients in summer may be con-
trolling the abundance, biomass and assemblage composition of phytoplankton in the CR.
These types of correlative relationships in field data are not, of course, the same thing as
causal relationships that can be discerned from controlled and replicated manipulation
experiments (as described below).

4.2. Effects of Nutrient Amendment on Abundance, Biomass and Assemblage Structure

It has long been recognized that inorganic nutrients such as NO3, PO4 and SiO4 can
regulate the abundance and biomass of phytoplankton [1–4,6], as well as the assemblage
structure of phytoplankton [8,9,13,14]. In large temperate rivers, however, results are
more mixed, with some findings supporting nutrient limitation [15,17,21–23], while other
results have not supported nutrient limitation of phytoplankton abundance, biomass and
assemblage composition [19,20].

Our results strongly suggest the occurrence of nutrient limitation on phytoplankton
abundance and biomass, as well as on microplankton assemblage structure, at our sampling
site in the lower CR, but only during summer months. However, the results of our nutrient
amendment experiments varied by month, depending on which metric is considered to be
indicative of an experimental effect. For instance, when considering the simplest metric of
chl a concentration, our experiments yielded significant positive effects of nutrient amend-
ment in only June, July and September. Similarly, we observed no effect of added nutrients
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on the abundance or biomass of any microplankton taxa groups in May, but did observe
significant positive effects on the abundance or biomass of at least two microplankton taxa
groups in each month from June to September. (Surprisingly, we had two instances of
significant negative effects of nutrients on biomass: cyanobacteria in May and chlorophytes
in July).

The taxon-specific responses of microplankton to nutrient amendments that we ob-
served are both interesting and difficult to interpret. For instance, cyanobacteria, di-
noflagellates, flagellates and ciliates showed more frequent positive responses to nutrient
amendment than did chlorophytes and diatoms. Likewise, the magnitude of the response
(i.e., the absolute difference in abundance between nutrient-amended treatments and con-
trols) often varied between taxa, with cyanobacteria, dinoflagellates and ciliates generally
showing larger responses than did chlorophytes, diatoms and flagellates. These taxon-
specific responses to nutrient amendments were likely confounded to some degree by
trophic cascades occurring among the microplankton within our experimental contain-
ers [81–83]. For instance, our observed increases in ciliates likely occurred because these
larger heterotrophs consumed smaller phototrophs (e.g., chlorophytes, diatoms), who in
turn would have shown a muted numerical response to nutrient amendments because of
grazing mortality caused by their ciliate predators. We therefore advise caution in interpret-
ing the absolute magnitude of any taxon-specific response to nutrient amendment when
incubating whole assemblages of microplankton.

Finally, when considering the effects of nutrient amendment on microplankton assem-
blage structure, PERMANOVA indicated significant differences between Day 5 treatments
and Day 5 controls in terms of both abundance (June, July and August) and biomass
(June and July). Moreover, NMDS ordinations and subsequent BIOENV analyses of the
Day 5 microplankton abundance and biomass datasets found microplankton assemblage
structure was significantly correlated with some combination of N, P and Si. Overall, our
experimental results indicate large monthly variation in the effects of nutrient amendment
on abundance, biomass and composition of microplankton, but these effects are most
consistent during summer (June–August).

Prior studies conducted in the CR have shown a late spring/early summer (April–
June) diatom bloom [34], followed by summer/early autumn (May–October) minima in
both NO3 and PO4 [34,35]. Rose et al. [36] found microplankton assemblage structure in
the CR to be only weakly associated with nutrients (NO3, PO4 and SiO4), but was more
strongly associated with temperature, discharge and zooplankton grazers (including and
especially two invasive species—the Asian copepod Pseudodiaptomus forbesi [42,84] and
early juveniles of the Asian clam Corbicula fluminea [85–88]).

The results of these previous field studies in the CR are consistent with our findings
that ambient concentrations of NO3, PO4 and SiO4 were at their peak during May and
lowest during July, August and September, and also lend support to our observations of
nutrient control of phytoplankton biomass, abundance and assemblage composition occur-
ring during those months of lowest ambient nutrient availability. Our results are crucially
different from previous field studies, however, in that we provide the first experimental
evidence of nutrient limitation of phytoplankton in the lower CR.

Which individual nutrients are driving the patterns of nutrient limitation in lower
CR phytoplankton that we observed in this study? Although we did not experimentally
manipulate individual nutrients separately, the results of our statistical analyses suggest
possible independent roles for PO4, SiO4, NO2 and NO3. Specifically, monthly differences
in the ambient abundances of the microplankton assemblage were significantly associ-
ated with PO4 and SiO4, and monthly differences in ambient microplankton assemblage
biomass were significantly associated with PO4 and NO2. Similarly, experimental nutrient
amendment effects on abundances were significantly associated with SiO4 and NO3 (PO4
was also significant, but not in the best model), and experimental effects on biomasses
were associated with SiO4 (NO3 was also significant, but not in the best model). However,
exactly which one (or more) specific nutrient constituents was responsible for our observed
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effects on lower CR phytoplankton was not discernable from our experiments. Previous
studies of nutrient limitation of phytoplankton in other river systems suggest possible roles
for each of these individual nutrients, including NO3 [18,22], PO4 [17,28] and SiO4 [23], as
well as their ratios [1,89]. Thus, we strongly recommend that future experimental stud-
ies of nutrient limitation of phytoplankton in the CR focus on the role of each of these
nutrients individually.

A cautionary note on possible “bottle effects” during our experiments is in order. In
the broadest terms, Schindler [90] makes the point that “short-term experimental additions
of nutrients to bottles . . . fail to account for the gradual changes in biogeochemical nu-
trient cycles and nutrient fluxes from sediments, and succession of communities that are
important components of whole-ecosystem responses”, and thus, small-scale, short-term
incubation experiments such as ours can never fully capture the complexity of natural
aquatic ecosystems. More specifically, the size of bottles used in our incubation experiments
is of interest here. For instance, although Weisse et al. [91] recently found that bottles as
small as 100 mL may not impose significant effects on planktonic interactions, bottles of
our size (500 mL) nevertheless possess considerable surface area relative to volume (i.e.,
potential “edge effects”) and perhaps other artifacts (e.g., unnatural mixing). Thus, the
extrapolation of our laboratory incubation results to nature should be done with caution.

A second caveat concerns the duration of our laboratory incubation experiments.
Although 5-day (or longer) incubation periods are not uncommon for such experiments
(e.g., [16,17,92–94]), this length of time is comparable to, or in some cases even longer
than, the transport time between our site in the lower CR (river kilometer 171) and the
coastal ocean, which ranged from 2.0–6.5 days based on flow rates measured near our
sampling station from May–September 2018 (https://nwis.waterdata.usgs.gov, accessed
on 1 February 2022). That is, while our incubation bottles were not allowed to exchange
water and nutrients with their surrounding environment, the same is not true for a highly
advective system such as the lower Columbia River. Again, the extrapolation of our
experimental laboratory results to nature should be done with caution.

5. Conclusions

In summary, we found considerable (if not always consistent) evidence—in both
our field observations and our experimental results—of summertime nutrient control
of phytoplankton abundance, biomass and assemblage composition in the lower CR at
Vancouver, WA, USA. However, considerable monthly variation was observed, depending
on the specific metric used to discern a statistically significant effect of nutrient limitation.
Future work should include experimentally testing for the effects of individual nutrients
(e.g., NO3, SiO4, PO4) on phytoplankton, versus the effects of these nutrients combined (as
was done in this study). Our findings are generally in agreement with previous studies
in other temperate river systems, but this is the first study to experimentally test for the
effects of summertime nutrient limitation on phytoplankton in the lower CR.

Finally, with increasing eutrophication in the CR watershed [95,96], our experimental
results indicate that changes in nutrient availability during summer months might have
substantial impacts on primary productivity and food web dynamics in the river. This is
especially important, since summer is the season when zooplankton [41,42,97] and out-
migrating juvenile salmon [98,99]—a species of particular special concern in this region—
typically reach peak abundances.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14101599/s1, Table S1: Results of hypothesis tests for differences
in mean chl a between final control and final nutrient-amended samples; Table S2: Results of
hypothesis tests for differences in abundance and biomass between Day 5 final control and final
nutrient-amended samples for each month.
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