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ABSTRACT
The Columbia River is a productive, mesotrophic river that traditionally
supported some of the largest stocks of Pacific salmon in the world. Recovery efforts
have focused on characterizing the habitat of juvenile salmonids prior to ocean entry to
better understand threats to salmon survival. Off-channel habitats of the lower Columbia
River estuary have been shown to support stocks of juvenile salmonids; yet, little is
known about the seasonal or inter-annual variations in plankton populations or food web
dynamics in these areas. Since the installation of hydroelectric dams through the early to
mid-20th century, changes in the Columbia River ecosystem have resulted in a shift
toward larger standing stocks of fluvial phytoplankton relative to macrodetritus inputs,
with unknown consequences for the salmon food web. Here, I explore the inter-annual
variability in spring phytoplankton populations within two contrasting off-channel
habitats (Whites Island and Campbell Slough) to provide context for salmon recovery
efforts. The phytoplankton assemblage was characterized in terms of abundance and
organic carbon attributable to phytoplankton in spring for the years 2012-2017. Diatoms
dominated the phytoplankton assemblage throughout the time series at Whites Island,
whereas at Campbell Slough flagellates (including chlorophytes, cryptophytes, and
chrysophytes) made larger contributions to total phytoplankton abundance and
phytoplankton carbon. Many diatom species in the system are susceptible to parasitism
by fungal parasites known as chytrids, which results in the repackaging of carbon from
large, inedible diatoms into small fungal zoospores, which are far easier to consume by
grazers. The rates of parasitism (or, infection prevalence) were surprisingly similar at the
two sites (an average of ~14% of diatoms were infected), and similar to previous
observations in the Columbia mainstem (~10% of diatoms). Infection prevalence could
x

be predicted from temperature or ammonium concentration at Whites Island, but it was
not predictable at Campbell Slough from any environmental variable examined. This
suggests that other factors influence infection dynamics at this site. Given that
phytoplankton standing stocks were larger at Campbell Slough compared to Whites
Island, the absolute amount of carbon potentially repackaged by parasites was ultimately
larger at Campbell Slough, which likely provided a substantial additional source of
carbon to fuel salmonid food webs.

xi

CHAPTER 1: GENERAL INTRODUCTION
Large rivers provide a wealth of resources and services, including
hydroelectricity, shipping and navigation, and habitat supporting economically and
culturally important species. One of the largest rivers in the United States is the Columbia
River, with headwaters in British Columbia, Canada, and a drainage basin encompassing
258,000 square miles that includes portions of two Canadian provinces (British Columbia
and Alberta) and 7 U.S. states (Washington, Oregon, Montana, Idaho, Nevada, Utah, and
Wyoming) (Sherwood et al., 1990). The Columbia River terminates at the Pacific Ocean
along the border between Washington and Oregon. The lower Columbia is defined as the
stretch of river that is under tidal influence, between Bonneville Dam and the river
mouth. Over the last thirty years, human activities have altered river ecosystems via
wetland fills and the construction of hydroelectric dams, resulting in changes in flow
regimes, sediment erosion patterns, mixing, tidal influences, and flushing times
(Sherwood et al., 1990).

1.1

The Columbia River and its ecosystems
The lower Columbia River encompasses diverse habitats, including relatively

deep channels in the mainstem (~8–14 m) and a mosaic of shallow, off-channel habitats
(Simenstad et al., 2011). The latter are often characterized by lower flows and warmer
temperatures relative to the mainstem (Cloern 2006); depending on geomorphic features,
these habitats can become isolated when water levels recede, forming floodplain lakes.
The warmer, shallower waters of off-channel habitats and floodplain areas provide ideal
conditions for phytoplankton growth, which is thought to constitute a significant fraction
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of total primary productivity within these habitats (Sommer et al., 2001; Lopez et al.,
2006; Cloern, 2007). Since juvenile salmon rear in off-channel habitats, they constitute
critical habitats needed for restoration and recovery of threatened populations (Bottom et
al., 2005).
The installation of hydroelectric dams in the Columbia and its major tributaries
has led to alterations in the timing and magnitude of seasonal river flows and water
levels, which has dramatically changed the landscape and led to major ecological shifts
(Sherwood et al., 1990; Bottom et al., 2005). Included among the changes is the structure
of off-channel habitats, which has in turn altered the connectivity between floodplains
and the river’s mainstem. The degree to which off-channel habitats exchange water and
materials with the mainstem is referred to as connectivity (Pringle, 2001). Periods of low
connectivity are associated with the development of distinct environmental conditions,
including nutrient concentrations, dissolved oxygen levels, and species composition
(Pringle, 2001; Tausz, 2015). A major concern in the establishment of isolated water
bodies is the development of deleterious conditions, including eutrophication, hypoxia,
and cyanobacteria blooms (McCormick and Cairns, 1994, Paerl et al, 2001; Tomasz et
al., 2007). Primary production in off-channel habitats supports food webs used by
juvenile salmonids (Bottom et al. 2005).
A handful of previous studies have investigated the seasonality of phytoplankton
assemblages in the Columbia River to characterize trends (Haertel et al., 1969; Lara-Lara
et al., 1990; Sullivan, 1997; Prahl et al., 1997; Maier and Peterson, 2014; Breckenridge et
al., 2015). Flows in the Columbia River reach a maximum in the spring due to snowmelt;
this pulse of fresh water is referred to as the freshet (Sherwood and Jay, 1990). Minimum
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flows occur during the autumn. During the spring, phytoplankton populations increase in
abundance as solar irradiance intensifies, resulting in large standing stocks similar to
temperate phytoplankton blooms (Haertel et al., 1969; Lara-Lara et al., 1990; Sullivan
1997; Prahl et al., 1997; Maier 2014). Pigment analysis in the Columbia has identified
particular carbon to be largely comprised of living phytoplankton during the late spring
and early summer (Prahl et al., 1997). Chlorophyll concentrations can double during
downstream transit from Bonneville Dam to the estuary (Prahl et al., 1997).
Phytoplankton blooms occur each spring in the mainstem; these are dominated by
diatoms, including Asterionella formosa, Aulacoseira spp., and Fragilaria crotonensis. In
the summer, Skeletonema potamos can occasionally dominate the phytoplankton
assemblage (Maier and Peterson, 2014; Tausz, 2015).
Very little is known about how phytoplankton assemblages vary in off-channel
habitats (Tauzs, 2015). Off-channel sites are influenced by seasonality in environmental
conditions and river flows; in addition, off-channel sites respond to seasonal changes in
flow that are modulated by geomorphology. The combination of hydrology and
geomorphology is referred to as hydrogeomorphology (Scheidegger, 1973; Sidle and
Onda, 2004), a field that acknowledges the complex interplay between water levels and
landforms. Hydrogeomorphological features in turn influence the degree to which offchannel sites are similar or different to the mainstem—in other words, their connectivity
(Ward and Stanford, 1995; Pringle, 1991; Amoros and Bornette, 2002; Cloern, 2006).
Previous studies have primarily focused on the ecological importance of the off-channel
sites (Pringle 2001) or have characterized specific groups of noxious organisms (e.g.,
cyanobacteria) that thrive in these environments (Tausz, 2015). Although more work is
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required to determine the importance of off-channel sites to the survival and recovery of
salmonid stocks, there is scientific consensus that shallow sites are likely to benefit
salmon recovery efforts (Federal Columbia River Power System Biological Opinion,
2012).

1.2

Diatom parasites in the Columbia River
A recent investigation of phytoplankton ecology in the lower Columbia River

uncovered the common occurrence of chytrid (Chytridiomycota) parasites infecting
diatoms in the mainstem of the Columbia River (Maier and Peterson, 2014). Parasites
play vital ecological roles, controlling population sizes, shaping food webs via energy
redistribution, and driving genetic variation (Van Donk, 1989; Wood, 2007; Lafferty et
al., 2008). Chytrid fungi are uniflagellate, motile, lethal parasites that reproduce within
zoosporangia; close relatives of chytrids that infect diatoms are known to parasitize
amphibians and cyanobacteria (Bruning, 1991; Longcore et al., 1999; Rohrlack et al.,
2013; Agha et al., 2016). Diatoms are infected by chytrid zoospores, which go on to form
a sporangium on the surface of the diatom frustule (Van Donk and Ringelberg, 1983).
When mature, the sporangium disperses motile, flagellated, and infective zoospores.
Because chytrids are lethal parasites, they likely play an important role in the
redistribution of carbon from colonial diatoms considered inedible to zooplankton due to
their large size; the process describing this redistribution has been termed the “mycoloop”
by Kagami et al. (2007). The “mycoloop” is the flow of carbon from these inedible,
infected diatoms into zoospores which then can be consumed my zooplankton grazers. In
essence, carbon is shunted away from large diatom hosts into small, nutritious
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zooplankton that are easier to consume (Kagami et al., 2007). Chytrid zoospores have
been found to be nutritionally preferential to other common zooplankton food sources,
especially cyanobacteria (Kagami et al., 2011).
Chytrid growth is limited by host abundance, light, and phosphorus limitation in
the host diatom species (Bruning and Ringelberg, 1987; Bruning, 1991). Chytrid growth
is also favored under warmer conditions (Frenken et al., 2016). Chytrid parasites of the
diatom, Asterionella formosa, form sporangia that mature in 2–9 days and produce ~26
zoospores, which remain motile and infective for ~8 days (Bruning, 1991). Given that
diatoms are the dominant pelagic primary producers in the Columbia River, the
repackaging of carbon from large, inedible forms to small, nutritious forms through
parasitism could shunt carbon away from downstream export and into river food webs by
way of the “mycoloop”. This is important since ecological impacts from the installation
of hydroelectric dams and habitat loss is thought to be a shift in the source of primary
production away from macrodetritus (Sherwood et al., 1990). Since off-channel habitats
typically exhibit slower flows and longer water residence times, it is possible that chytrid
infections of diatoms will have a particularly marked effect on the retention of carbon
from fluvial sources in these habitats.

1.3

Objectives
The work described in this thesis aimed to address a gap in our knowledge of

inter-annual variability in phytoplankton assemblages in shallow, off-channel sites in the
lower Columbia River. In addition, the susceptibility of diatoms in these sites to parasitic
infection by chytrids was investigated by characterizing two sites that vary in their
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relative connection to the Columbia River mainstem, and by estimating the amount of
carbon present in phytoplankton as a means to quantify pelagic primary production and
estimate its susceptibility to parasitic infection by chytrids. The dataset for this project
consists of a 6-year time-series of samples collected as part of the Lower Columbia
Estuary Partnership Ecosystem Monitoring Program. The main objectives of this thesis
were to determine (i) whether off-channel habitats of the lower Columbia River differ in
terms of their species composition under different levels of river discharge and (ii)
whether environmental characteristics of off-channel habitats lead to greater infectivity of
diatom populations. Specific objectives were to:
(i)

Characterize the spring phytoplankton assemblages from 2011-2017 at two
contrasting off-channel sites in the lower Columbia River;

(ii)

Characterize chytrid infection prevalence and parasite load within diatom
populations from 2011-2017 at two contrasting off-channel sites in the lower
Columbia River;

(iii)

Compare infection prevalence and parasite load between the mainstem
Columbia and off-channel sites using historical and new data collected from
2009–2017.

1.4

Thesis organization
Following the General Introduction (Chapter 1), Chapter 2 describes the materials

and methods used in this study. In Chapter 3, I characterize phytoplankton assemblages
and abiotic environmental conditions at two contrasting off-channel sites in the lower
Columbia River. In Chapter 4, I determined the prevalence of chytrid parasitism upon
diatoms within the two off-channel sites in the Columbia and discuss the implications of
6

potential carbon redistribution from large, inedible diatoms into chytrid zoospores in offchannel habitats.

Hypotheses
H1. Phytoplankton species composition at the two contrasting off-channel sites are more
different from one another and from the mainstem when water levels are low than during
high flows associated with the spring freshet.
Rationale. The seasonal hydrograph of the Columbia River includes high flow
periods associated with the spring freshet, and minimum flows during the late
summer and autumn. Since Campbell Slough is located ~1.5 km from the
mainstem Columbia, there is likely to be less exchange between them as water
levels recede. A reduction in connectivity can drastically change the abiotic
factors in these habitats and influence the phytoplankton communities present
there (Pringle, 2003; Tausz, 2015).

H2. Chytrids will be present in greater abundance at off-channel sites compared to the
mainstem.
Rationale. Longer water residence times and lower turbulence are likely to result
in more opportunities for host-parasite interactions. Higher temperature should be
associated with greater abundances of chytrid parasites due to higher growth rates
and the potential for increases in host population size during the spring.
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Significance
The results from this work contribute new knowledge regarding how key physical
and biological processes shape primary production in off-channel sites within complex
river systems. The bulk of chytrid parasite research has been conducted in laboratory
settings or in lentic environments, while very little has been conducted in lotic systems.
No studies have looked at parasitism of diatom hosts within the off-channel habitats of
rivers (Bruning, 1991; Kagami et al., 2004; Ibellings et al., 2004; Maier and Peterson,
2014; Frenken et al., 2016). The repackaging of carbon from large, inedible diatoms into
nutritious chytrid parasites could divert carbon into riverine food webs rather than export
to the mouth of the estuary. Since river floodplains have been shown to be critical
contributors to material fluxes into river ecosystems (Jassby and Cloern, 2000), it is
important to determine (i) whether they act as a source of repackaged carbon in the form
of chytrid parasites or (ii) whether they provide a reservoir of parasites that can be
distributed along the river.
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CHAPTER 2: METHODS
2.1

Study sites
The Columbia River has its headwaters in British Columbia, Canada and

terminates along the Washington Oregon border at the Pacific Ocean. The river’s
drainage basin encompasses 258,000 square miles covering portions of British Columbia
and Alberta in Canada and Washington, Oregon, Montana, Idaho, Nevada, Utah, and
Wyoming in the United State (Sherwood et al., 1990; Tausz, 2015). The stretch of the
main river identified as the Lower Columbia River extends from Bonneville Dam to the
Pacific Ocean. In this study, spring phytoplankton assemblages from two floodplain
habitats from the Lower Columbia River were surveyed.
The Columbia River has been divided into 8 specific Level-3 hydrogeomorphic
reaches in the Columbia River Estuary Ecosystem Classification scheme (Simenstad et
al., 2011). Campbell Slough lies within Reach F (“Middle Tidal Flood Plain Basin”) and
is primarily influenced by waters of the Willamette River, which are nutrient rich from
agriculture and urbanization. Reach F has historically been lush with wetland habitats,
which are now influenced by anthropogenic activity like diking or dredging, and has the
widest valley bottom of the freshwater reaches. Whites Island lies within Reach C
(“Volcanics Current Reversal”) which has the steepest valley bottom, high fluvial energy,
and has less variation in water level than other reaches (Jay et al., 2014).
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Figure 2.1. Map of the Lower Columbia River showing sample sites (Whites Island
and Campbell Slough) as well as other sites where in situ sensors are located (SAT04,
SAT05, and SAT08) and the location of Bonneville Dam.

The Campbell Slough site is located within the Ridgefield National Wildlife
Refuge, where it connects Campbell Lake to the mainstem Columbia River. Campbell
Slough is surrounded by emergent marsh habitat. The land around the site was used as
pasture land until 2007; however, cattle have frequently found their way around fencing
and have been known to cause disturbance relatively close to the site. The Campbell
Slough site is less connected to the main stem compared to Whites Island; it lies 1.5 km
away from the main stem at river kilometer (rkm) 179, has a channel depth of 0.56 m, a
width/depth ratio of 37.7, and a thalweg elevation of 0.77 m (Jay et al. 2014).
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Figure 2.2. A bird’s eye view of the Campbell Slough study site, indicated by the red
circle.

The Whites Island site is located within Puget Island. The sampling site lies 0.2
km away from the mainstem of the Columbia. Whites Island is the shallower of the two
sites. The habitat surrounding the water body is common freshwater marsh. White’s
Island is located on rkm 72, has a channel depth of 0.78m, a width/depth ratio of 47.1,
and a thalweg elevation of 0.37 m.

2.2

Sample collection
Monthly whole surface water samples (1L) were taken in April, May, and June

between 2012 and 2017 from both Campbell Slough and Whites Island as part of an
investigation to characterize salmonid habitats in the Lower Columbia River (Sagar et al.,
2015). Whole water samples were also taken from Beaver Army Terminal (BAT).
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Samples (50 ml) were fixed with Lugols (1% final concentration) and stored at 4° C in
the dark until processing.

Figure 2.3. A bird’s eye view of the Whites Island study site, which is indicated by
red circle.

2.3

Environmental data
Temperature and dissolved oxygen were recorded by situ sensors (Yellow Springs

Instruments, models 6600EDS and 6920V2) at Campbell Slough and Whites Island
during all study years, between March and September. The instruments were cleaned
monthly and calibrated prior to deployment. Daily mean river discharge was collected by
the United States Geological Survey (USGS) at rkm 85 (site 14246900 at 46.18 °N, 186
123.18 °W; http://waterdata.usgs.gov/nwis/uv?14246900). Daily averages for the spring
(1 March–1 June) were calculated from the daily average river discharge at rkm 85 for
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each year (Kidd et al., 2018). Chlorophyll a was measured using a Trilogy fluorometer
(Turner Designs) by means of cold acetone extraction utilizing the non-acidification
method (Welschmeyer, 1994). 100-300 ml water samples were vacuum-filtered in
triplicate onto 25 mm GF/F filters under low light and stored at -80°C prior to extraction
in 90% acetone at -20°C for 24 h. Nutrients (nitrate, nitrite, ortho-phosphate, and
ammonium) were measured colorimetrically using a Rapid-Flow Analyzer (Astoria
Pacific) according to Antweiler et al. (1996). Nutrient samples were first filtered through
combusted (450°C, 4.5 h) GF/F filters and stored in 30 ml acid-washed, high density
polyethylene bottles (HPDE; Nalgene). NIST standards for nitrate and phosphate were
used to confirm the accuracy of nutrient concentration measurements.

2.4

Other data sources
Precipitation data was gathered from Southwest Washington Regional Airport in

Kelso, WA (https://www.wunderground.com/history/airport/KKLS/). Precipitation data
was averaged over the seven days prior to sampling. Mainstem chlorophyll data was
obtained from the CMOP sensor SATURN-04
(http://www.stccmop.org/datamart/observation_network/dataexplorer).

2.5

Estimation of cellular carbon
Cellular dimensions were measured for least ten cells (unless ˂10 cells were

present for a given phytoplankton taxon) for each phytoplankton taxa at 400x
magnification. Biovolumes were then calculated from those dimensions and then
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converted into biomass (μg C cell-1) (Hillebrand et al., 1999; Menden-Deuer and Lessard,
2000; Sun and Dongyan, 2003).

2.6

Enumeration of hosts and chytrid parasites
Samples were settled in cylindrical counting chambers in volumes of 25, 10, or 5

ml depending on the density of the sample. After settling at least 400 cells in at least 5
fields of view were identified and enumerated at 100X, 200X, and 400X magnifications
on an inverted light microscope (Leica DMIL). Identification of phytoplankton was made
to the lowest possible taxonomical level. Total cell abundances were calculated from the
average of observed numbers of each taxon at 200X and 400X; observations at 100X
were made to capture densities of less abundant taxa.
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Figure 2.4. Chytrid parasites (identified by black arrows) infecting Asterionella
formosa (top) and Aulacoseira sp. (bottom).

All diatoms counted were analyzed for the presence of chytrid parasites in the
form of attached sporangia. Chytrid sporangia were enumerated and the number of
sporangia per each cell of each infected taxon was recorded. The following metrics
describing infections in the population were used:

where Ip is infection prevalence, Ī is the mean intensity of infection (or parasite load), and
P is the mean parasite abundance.
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2.7

Estimation of carbon in hosts and parasites
Cellular dimensions of at least ten cells were measured for each phytoplankton

taxon at 400X (unless ˂10 cells were present). Biovolumes were calculated from those
dimensions and then converted into biomass (μg C cell-1) (Hillebrand et al., 1999;
Menden-Deuer and Lessard, 2000; Sun and Dongyan., 2003). Since chytrid infections are
lethal to their diatom hosts, we assume that the carbon associated with infected hosts is
ultimately assimilated into the parasite, minus inefficiencies attributable to metabolic
processes. Based on cellular carbon determined in A. formosa and Zygorhizidium
planktonicum, and assuming that ~30-35 zoospores are produced per sporangium
(Bruning, 1991), then metabolic loss should be less than 10% (Kagami et al., 2007).
Carbon lost to infection was calculated for each infected diatom taxon by multiplying the
carbon associated with an infected host (in μg C ml-1) by the abundance of that diatom
taxon.

2.8

Principal component analysis
Principal component analysis (PCA) is a mathematical procedure that transforms

a set of variables into a smaller number of variables (principal components) that consist
of linear combinations of the original variables that maximizes explained variance in the
data set. The new variables (or principal components) are not correlated with each other.
The purpose of PCA is to reduce the number of dimensions in a data set. The original
variables most closely associated with each principal component were identified based on

16

the largest eigenvector values (positive or negative). Here, PCA was performed using a
correlation matrix rather than a covariance matrix.

2.9

Regression modeling
Generalized additive modeling (GAM) was conducted in R using the mgcv

package (R Development Core Team, 2009). GAM was chosen for this study because
relationships between phytoplankton and environmental parameters are often non-linear
and this modeling technique is capable of fitting nonlinear relationships. Models related
the phytoplankton assemblage (abundance, total carbon, percent of the assemblage) to
environmental variables (e.g., temperature, pH, river discharge). Due to a limited amount
of data, the GAM models were all run individually; knot values (k values), which are
used to fit data points to one another, for each model are found in Table 1. K values are
the spacing by which data points are fit into a model, these spaces are then added up,
hence the additive model, to produce a modeled relationship. K values in this study were
chosen to avoid over fitting and achieve the best fit for a given relationship between a
predicted variable and a predictor variable.
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Table 2.1. k values used in GAM models. DO sat = dissolved oxygen (% saturation
relative to the atmosphere), Temp = temperature, and Sp. Cond = specific conductivity.
Site

Predicted variable

Group

Predictor
variable

Campbell

Abundance

Flagellates

Sp. Cond

3

Campbell

Abundance

DO sat.

Flagellates

10

Campbell

Total Carbon

Diatoms

Precipitation

5

Campbell

Total Carbon

Diatoms

Nitrate

10

Campbell

Total Carbon

Flagellates

Sp. Cond

3

Campbell

Total Carbon

Flagellates

Precipitation

8

Campbell

Total Carbon

Cyanobacteria

pH

5

Campbell

Total Carbon

DO sat.

Flagellates

4

Campbell

Total Carbon

pH

Cyanobacteria

3

Campbell

Total Carbon

DO sat.

Cyanobacteria

6

Campbell

% of Community

Diatoms

Sp. Cond

3

Campbell

% of Community

Flagellates

Sp. Cond

3

Whites Island

Abundance

Flagellates

pH

3

Whites Island

Abundance

Flagellates

Nitrate

3

Whites Island

Abundance

Flagellates

Discharge

9

Whites Island

Abundance

pH

Flagellates

3

Whites Island

Abundance

DO sat.

Diatoms

3

Whites Island

Total Carbon

Diatoms

pH

3

Whites Island

Total Carbon

Diatoms

Phosphate

3

Whites Island

Total Carbon

Cyanobacteria

pH

9

Whites Island

Total Carbon

pH

Diatoms

3

Whites Island

% of Community

Diatoms

pH

3

Whites Island

% of Community

Diatoms

Precipitation

9

Whites Island

% of Community

Diatoms

Nitrate

3

Whites Island

% of Community

Flagellates

Temp

4

Whites Island

% of Community

Flagellates

pH

3

Whites Island

% of Community

Flagellates

Precipitation

3

Whites Island

% of Community

Flagellates

Nitrate

3

Whites Island

% of Community

pH

Diatoms

3

Whites Island

% of Community

pH

Flagellates

3

Whites Island

Infectivity

Asterionella

Temp

5

Whites Island

Infectivity

Asterionella

Ammonium

7

k value
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CHAPTER 3: INTER-ANNUAL VARIABILITY IN PHYTOPLANKTON
ASSEMBLAGE COMPOSITION AT TWO CONTRASTING SHALLOW, OFFCHANNEL SITES IN THE LOWER COLUMBIA RIVER

3.1

Introduction
The Columbia River contains extensive floodplain areas, or off-channel habitats,

that are connected to its mainstem. Floodplains are areas that lie adjacent to rivers that are
often flooded due to their proximity to the mainstem of rivers, and commonly include
complex channels that accumulate river sediment and silt. They form a vital part of the
river ecosystem, providing critical habitat for many species, including salmonids. These
habitats also provide ecosystem services, for example supplying carbon and nutrients to
the mainstem (Sommer et al., 2001; Lopez et al., 2006; Cloern, 2006).
Off-channel habitats can differ from a river’s mainstem when there is weak
connectivity between them. Connectivity is an ecological term defined as the “water‐
mediated transfer of matter, energy, and/or organisms within or between elements of the
hydrologic cycle” (Pringle, 2001). Off-channel habitats are often shallower than the
mainstem, with narrower channels. Geomorphic features such as shallow beds or
meandering channels tend to decrease flushing times and increase temperatures. Offchannel sites also differ from the mainstem in terms of light availability, dissolved
oxygen concentrations, and nutrient concentrations. In addition, geomorphology directly
influences the degree to which tidal motions or flooding will lead to water and materials
exchange between the mainstem and its off-channel habitats as water levels fluctuate,
influencing habitats that support both aquatic and terrestrial organisms (Amos and
Bornette, 2002; Sommer et al., 2004).
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Temperature is the one of most important factors shaping aquatic communities in
off-channel habitat. Temperature influences not only biological aspects, such as larval
emergence cues, but it also influences gas exchange and vertical stratification (Ward and
Stanford, 1982). Phytoplankton blooms in stratified waters can lead to hypoxic conditions
in shallow water habitats; stratified waters do not mix efficiently and can trap
phytoplankton blooms near the surface waters where they inevitably become stressed and
senesce from light overexposure or nutrient limitation (Paerl et al., 2001). The resulting
biomass is decomposed by bacteria creating an oxygen depletion due to respiration,
which breaks the healthy relationship of diel daily excess oxygen production from
phytoplankton and nightly bacteria respiration, creating a constant state of oxygen
consumption in these habitats (D’Avanzo and Kremer, 1994; Paerl et al., 2001; Tyler et
al., 2009). This phenomenon has occurred in riverine systems and in estuaries before but
has also been observed in the local region in the Klamath River which shallow water
impoundments (Otten et al., 2015). Hypoxic waters are detrimental to fish and research
has shown that larval fish, including salmonid species, avoid hypoxic waters and instead
inhabit which could push them into habitats that are less beneficial for their rearing
(Birtwell and Kruzynski, 1989; Craig and Crowder, 2005; Ludsin et al., 2009).
Off-channel sites are heavily influenced by river discharge, especially in terms of
phytoplankton primary production and nutrient supply. When river discharge is high,
water residence times within all reaches of the river are low, resulting in small
phytoplankton standing stocks due to dilution effects (Wehr and Descy, 1998).
Depending on river discharge, off-channel sites can act was nutrient sinks or sources
(Reynolds and Descy, 1996; Junk et al., 1989). Shallow off-channel habitats tend to have
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high rates of both nitrification and denitrification (Strauss et al., 2004; Houser and
Richardson, 2010). The warmer temperatures that characterize shallow, floodplain
environments produce ideal conditions for bacterial nitrification (Straus et al., 2004).
Phosphorus is controlled by physical (runoff, sediment accretion or disturbance),
chemical (salinity), and biological (uptake by plants or phytoplankton) processes in lentic
systems. Bioavailable phosphorus has been shown to be controlled more heavily by
biological mechanisms during low discharge periods and inversely, controlled more by
physical means during periods of high flow (James and Larson, 2008).
Off-channel habitats support juvenile salmonids (Sagar et al., 2015; Kidd et al.,
2018); it is therefore important to characterize the influence of primary production on
water quality conditions such as pH and dissolved oxygen. Phytoplankton primary
production influences pH through the carbonate buffer system, dissolved oxygen content
through the balance of photosynthesis and respiration, and prey availability through the
food web (Paerl et al., 2001; Engstrom-Ost et al., 2006; Havens, 2008). Previous work in
off-channel habitats of the Columbia River characterized the phytoplankton community
with a focus on cyanobacteria and their relationship to environmental factors and
connectivity (Tausz, 2015). Here, I extend the time series of observations and perform
generalized additive regression modeling to further explore factors that influence the
composition of phytoplankton assemblages in off-channel habitats, with a focus on the
spring and early summer when phytoplankton blooms occur. I hypothesized that the
species assemblages at two off-channel sites that differ in their relative connectivity to
the mainstem would be more similar during years with higher river discharge fluxes than
in years with lower river discharge fluxes. Since the time frame of observations (2011–
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2017) includes years with different temperature and river discharge dynamics, the data
set provides a good opportunity to investigate controls on phytoplankton species
composition and abundance.

3.2

Results

3.2.1

Environmental conditions

River discharge
River discharge was higher than the 10-year average in 2011, 2012, and 2017
(Fig. 3.1). The large peak in February of 2012 was attributable to high winter
precipitation (not shown). Similarly, the year 2017 had high amounts of rainfall
throughout the fall and winter (data not shown). River discharge fluxes in 2013 and 2014
were moderate compared to the 10 year average, while 2015 and 2016 were low-flow
years.

Temperature
In terms of water temperature, 2011 and 2012 were cooler years (Fig. 3a, 3b). The
years 2013 and 2014 were moderately warm, with 2014 being notably warmer than 2013.
Although there were data gaps early in 2015, water temperatures were very warm
compared to the long-term record for the late summer, suggesting that it was a very warm
spring and summer. 2016 was a moderately warm year, with temperatures similar to
those observed in 2013.
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Figure 3.1. Discharge fluxes measures at Beaver Army Terminal in the mainstem
Columbia River. The lightest gray area indicates the maximum discharge observed
and the darker gray indicates the minimum discharge observed over the 2012–2017.
The black area in each panel indicates the measured discharge between 2012-2017
and are labeled as such: A) 2012; B) 2013; C) 2014; D) 2015; E) 2016; F) 2017.

Water temperatures at Whites Island were cooler compared to Campbell Slough
in all years sampled (Fig. 3.2a, 3.2b). On average Campbell Slough was 2 °C warmer
than Whites Island. In the coolest year, 2012, the maximum temperature at Campbell
Slough was ~4 °C warmer than Whites Island; the average temperature ~1 °C warmer in
2012. In the warmest year, 2015, the maximum temperature at Campbell Slough was ~6
°C warmer than at Whites Island and on average was only 0.5 °C warmer. 2016 was
moderately warm, with temperature comparable to 2014. 2017 was warmer than expected
given the high river discharge observed during this year.
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Figure 3.2. Temperature measurements made at Whites Island (teal) and Campbell
Slough (purple) by in situ sensors.

Nutrients
Ammonium, phosphate, and nitrate concentrations were measured at both
Campbell Slough and Whites Island (Figure 3.3). Nitrogen was high in the form of
ammonium in 2013 at Whites Island (6.46 μM), and high in the form of nitrate at both
sites, more so at Whites Island (39.95 μM), in 2017. Nitrate was low at Campbell Slough
in 2012, 2014, 2015, and 2016. Phosphate concentrations were high in Campbell Slough
during 2015 and low during 2013 and 2017. N:P ratios were highest at Whites Island
during 2013 (172). N:P ratios were overall high during 2017 at Whites Island. N:P ratios
were lowest (0.16) in 2015 at Campbell Slough.

24

Nitrate

Phosphate

Ammonium

50

8

7

Concentration ()

6
40

6

5

30

4
4
3

20

2

2

10

1
0

0

0

7

8

50

Concentration ()

6
40

6

5

30

4
4
3

20

2

2

10

1
0
12

13

14

15

Year

16

17

18

0
12

13

14

15

Year

16

17

18

0
12

13

14

15

16

17

18

Year

Figure 3.3. Nutrient concentrations for ammonium (left panels), phosphate (middle
panels), and nitrate (right panels) at Whites Island (top row) and Campbell Slough
(bottom row).

Chlorophyll a
Chlorophyll a measured in off channel sites roughly mirrors concentrations
obtained from an in situ sensor at SATURN-04 in Cathlamet Bay adjacent to the
mainstem (Chl a data were available from the in situ sensor from 2011–2017, during
which time (Fig. 3.4). Extracted chlorophyll a concentrations from Whites Island and
Campbell Slough were determined from grab samples. The chlorophyll a concentrations
from the sensor were calibrated using extracted chl a values determined in grab samples;
therefore, the reported values should be comparable. Chl a concentrations were higher at
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the two off-channel sites compared to those at SATURN-04 by roughly 10 μg l-1, and ~30
μg l-1 in 2014.

Figure 3.4. Chl a measurements for Whites Island (circles), Campbell Slough
(diamonds), and the mainstem sensor SATURN-04 (black line).

3.2.2

Phytoplankton assemblage composition
The Whites Island phytoplankton assemblage was dominated by diatoms

throughout the study period, with relatively small contributions from other groups (Fig.
3.5). Chlorophytes and cryptophytes occasionally reached moderately high abundances
(2-70% of the assemblage). The largest contribution by chlorophytes to the total
phytoplankton assemblage was observed in early spring, 2017 when water temperatures
were on average ~16 °C and river discharge was on average 8621 m³ s-1. Overall there
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were higher abundances of phytoplankton at Campbell Slough compared to Whites
Island, with the lowest standing stocks occurring in 2016 and the highest in 2017 (Fig.
3.6). Similar to Whites Island, spring phytoplankton assemblages at Campbell Slough
were generally dominated by diatoms, which were present at higher abundances than at
Whites Island; however, chlorophytes were also present at relatively high abundance in
the spring (30% of the assemblage, on average). Interestingly, the early spring
phytoplankton assemblages were dominated by chlorophytes and cyanobacteria in 2014,
unlike in other years. Cryptophytes, dinoflagellates, and chrysophytes were present at
relatively high abundance in some samples in 2014, 2015, and 2017 (Chlorophytes: 840,
2500, and 1800 cells ml-1 respectively; dinoflagellates: 365, 260, and 570 cells ml-1;
cryptophytes: 740, 510, and 1010 cells ml-1) with the highest relative abundance of
cryptophytes observed in 2017.
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Figure 3.5. Phytoplankton community abundances at Whites Island (upper panel:
cyanobacteria; lower panel: all other taxa).

Cyanobacteria were found in highest abundance in 2014 and 2017 at Campbell
Slough, when river discharge was either close to the long-term average (2014) or higher
than average (2017). There was a shift in the cyanobacteria assemblage in 2015 from
species like Microcystis spp. and Dolichospermum spp. to Merismopedia spp., which was
not observed during the other years. Interestingly, high relative abundances of
cyanobacteria were not restricted to the summer months at Campbell Slough when
temperatures increased, but were observed sometimes in the early spring (e.g., 2013 and
2014). The largest cyanobacteria standing stocks were observed in 2017 following the
spring bloom of diatoms and chlorophytes.
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3.2.3

Phytoplankton carbon in off-channel sites
Phytoplankton carbon was almost entirely attributable to diatoms at Whites Island

throughout the study years, with the highest total cellular carbon concentrations observed
early in 2013 and in 2014 (Fig. 3.7). The lowest carbon values associated with
phytoplankton were observed in 2015 and 2016.
In the early spring (i.e., March to mid-April) the total cellular carbon distribution
among different phytoplankton taxa and amount of carbon associated with diatoms
(Bacillariophyta) was similar between Whites Island and Campbell Slough (Fig. 3.7, 3.8).
However, total cellular carbon values were generally higher at Campbell later in the
spring into early summer. The increase in total cellular carbon toward the end of the
spring at Campbell was associated with a shift in the dominant diatom species from
Asterionella formosa to Aulacoseira spp. In contrast to Whites Island, at Campbell
Slough there were greater contributions to total cellular carbon from cryptophytes,
chlorophytes, and euglenophytes (Fig. 3.8). At Campbell Slough, the high flow year—
2017—had the highest cellular carbon values in the early summer (Fig. 3.8); in contrast,
total cellular carbon concentrations in 2017 were similar to previous years.
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Figure 3.6. Phytoplankton abundances at Campbell Slough (upper panel:
cyanobacteria; lower panel: all other taxa).
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Figure 3.7. Total carbon for the phytoplankton assemblage at Whites Island during
the spring months from 2012 (12) to 2017 (17).

Whites Island
Total flagellate abundances at Whites Island had significant relationships with
pH, nitrate, and river discharge. During periods when the water had higher pH (8.0) lower
abundances of flagellates (<500 cells ml-1) were recorded (Fig. 3.9a). Although the data
points were few, greater flagellate abundances (>500 cells ml-1) largely coincided with
increasing concentrations of nitrate (>10 μM) (Fig. 3.9b). Higher flagellate abundances
(>750 cells ml-1) also related to higher river discharge fluxes, specifically those that were
greater that 12,000 m³/s (Fig. 3.9c). Higher pH levels (~8) were associated with lower
flagellate abundances (<500 cells ml-1) and this relationship trended downward with
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greater flagellate abundances (Fig 3.9d). Figure 3.10 also shows this relationship showing
flagellate abundance and pH on differing ends of the figure. Dissolved oxygen
percentages were greater during periods when diatom abundances were high (Fig 3.9e).
Both diatom and cyanobacteria carbon trended positively with pH (Fig. 3.11a,
3.11c). The opposite was true of diatoms and their relationship with phosphate
concentrations (Fig 3.11b). The PCA revealed phosphate positioned opposed to the
trending of both diatoms and flagellates with pH (Fig. 3.12).

Figure 3.8. Total carbon for the phytoplankton community at Campbell Slough
during the spring months from 2012 (12) to 2017 (17).
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Table 3.1. GAM modeling for cellular abundance and environmental variables. Bold
indicates significance at p < 0.05. Whites Island.
R2 *

Dev. (%)

0.85

-0.050

4.51

pH

0.070

0.52

67.1

Diatom

Sp. Cond.

0.52

-0.044

3.61

Diatom

Precipitation

0.09

0.27

38.7

Group

Variable

Diatom

Temp

Diatom

p value

Diatom

Ammonium

0.11

0.47

68.6

Diatom

Phosphate

0.087

0.13

18.3

Diatom

Nitrate

0.27

0.019

8.06

Diatom

Discharge

0.998

-0.062

6.1E-05

Flagellate

Temp

0.093

0.17

23.1

Flagellate

pH

0.021

0.37

42.5

Flagellate

Sp. Cond.

0.24

0.038

11.2

Flagellate

Precipitation

0.33

0.16

34.4

0.28

0.015

7.65

Flagellate

Ammonium

Flagellate

Phosphate

0.08

0.52

74.1

Flagellate

Nitrate

0.0011

0.80

89.5

Flagellate

Discharge

0.024

0.61

77.6

pH

Diatom

0.0518

0.471

65.8

pH

Flagellates

0.017

0.53

60.6

DO sat.

Diatom

0.00476

0.517

56.1

DO sat.

Flagellates

0.695

-0.0326

8.72

*Note that in non-linear regression models, R2 can have a negative value, since it compares the fit
of the model with that of a horizontal, straight line (the null hypothesis). A negative value implies
that the fit of the model is worse than a horizontal line (i.e., it is not a good model).
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Figure 3.9. GAM models for significant relationships pertaining to total cellular
abundances at Whites Island; A) flagellates abundance (cells ml-1) vs. pH; B)
flagellate abundance (cells ml-1) vs. nitrate (μM); C) flagellates abundance (cells ml-1)
vs. river discharge (m³/s); D) pH vs. flagellate abundance (cells ml-1); E) dissolved
Oxygen (%) vs. diatom abundance (cells ml-1).
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Figure 3.10 PCA for Whites Island cellular abundance attributed to diatoms
(Bacillariophyta) and flagellates, and environmental parameters

pH, precipitation, and nitrate all related to the relative abundances of diatoms and
flagellates in the assemblage (Fig. 3.13 a,e,h,i). During periods when the relative
abundance of diatoms was high (>50%), pH levels were also high (>7.2); the opposite
was true for flagellates. The percent contribution by diatoms trended negatively with
levels of precipitation (Fig. 3.13b, 3.14), while the percent contribution by flagellates
increased with precipitation (Fig. 3.13f). The same trend was observed in the PCA, which
showed a positive association between flagellates and precipitation; in contrast, diatoms
were inversely related to precipitation (Fig. 3.14). Like precipitation, diatoms made a
smaller contribution to the assemblage (≤50%) when nitrate concentrations were highest
(>10 μM) (Figure 3.13c). In contrast, the relative abundance of flagellates was positively

35

associated with nitrate concentration (Fig. 3.13g) and negatively associated with
temperature (Fig. 3.13d).

Table 3.2. GAM modeling for total carbon and environmental variables. Bold indicates
significance at p < 0.05. Whites Island. Temp = temperature; Sp. Cond. = specific
conductivity; Dev = deviance explained.
p value

R2 *

Dev. (%)

Temp

0.33

0.096

20.6

Diatom

pH

0.005

0.51

55.8

Diatom

Sp. Cond.

0.42

-0.024

5.46

Diatom

Precipitation

0.45

-0.025

3.55

Diatom

Ammonium

0.204

0.141

22.5

Diatom

Phosphate

0.012

0.31

35.3

Diatom
Diatom

Nitrate
Discharge

0.31
0.37

0.016
0.168

8.02
35.6

Flagellate

Temp

0.95

-0.077

0.029

Flagellate

pH

0.17

0.58

79.2

Flagellate

Sp. Cond.

0.00091

7.78

Flagellate

Precipitation

0.33
-0.73

-0.054

0.79

Flagellate

Ammonium

0.98

-0.067

0.0045

Flagellate

Phosphate

0.528

-0.038

2.71

Flagellate
Flagellate

Nitrate
Discharge

0.946
0.651

-0.066
0.050

0.032
25.1

Cyanobacteria

Temp

0.816

-0.072

0.43

Cyanobacteria

pH

1.76E-11

0.993

99.8

Cyanobacteria

Sp. Cond.

0.117

0.124

19.2

Cyanobacteria

Precipitation

0.516

-0.034

2.68

Cyanobacteria

Ammonium

0.521

-0.037

2.8

Cyanobacteria

Phosphate

0.407

-0.017

4.63

Cyanobacteria

Nitrate

0.418

-0.020

4.42

Cyanobacteria

Discharge

0.728

-0.019

6.47

pH

Diatom

0.0039

0.65

70.4

pH

Flagellate

0.183

0.0864

16.9

pH

Cyanobacteria

0.379

-0.0141

7.8

DO sat.

Diatom

0.174

0.353

50.9

DO sat.

Flagellate

0.542

-0.0579

3.83

DO sat.

Cyanobacteria

0.159

0.107

18.8

Group

Variable

Diatom

2

*Note that in non-linear regression models, R can have a negative value, since it compares the fit
of the model with that of a horizontal, straight line (the null hypothesis). A negative value implies
that the fit of the model is worse than a horizontal line (i.e., it is not a good model).
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Figure 3.11. GAM models showing relationships between total cellular carbon and
environmental parameters at Whites Island. A) Diatom total carbon (μg C ml-1) vs.
pH; B) Cyanobacteria total carbon (μg C ml-1) vs. pH; C) pH vs. Diatom total carbon
(μg C ml-1); D) Dissolved oxygen (%) vs. diatom total carbon (μg C ml-1).
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Figure 3.12. PCA for Whites Island total cellular carbon associated with diatoms
(Bacillariophyta), flagellates, and cyanobacteria and environmental parameters.
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Table 3.3. GAM modeling for % Community and environmental variables. Bold
indicates significance at p < 0.05. Whites Island.
R2

Dev. (%)

0.62

0.367

47.5

pH

0.019

0.383

43.9

Diatom

Sp. Cond.

0.321

0.00554

8.2

Diatom

Precipitation

0.003

0.743

86.1

Diatom

Ammonium

0.19

0.32

54.4

Diatom

Phosphate

0.135

0.0855

14.3

Diatom

Nitrate

0.002

0.434
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Diatom

Discharge

0.0858

0.121

17.3

Flagellate

Temp

0.033

0.434

53.2

Flagellate

pH

0.0114

0.434

48.6

Flagellate

Sp. Cond.

0.233

0.042

11.6

Flagellate

Precipitation

0.001

0.796

89

Flagellate

Ammonium

0.143

0.364

57.5

Flagellate

Phosphate

0.0763

0.141

19.4

Flagellate

Nitrate

0.001

0.496

52.7

Flagellate

Discharge

0.104

0.104

15.7

pH

Diatom

0.034

0.56

69.5

pH

Flagellate

0.023

0.47

53.8

DO sat.

Diatom

0.174

0.333

50.8

DO sat.

Flagellate

0.184

0.323

50.1

Group

Variable

Diatom

Temp

Diatom

p value
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(Previous page) Figure 3.13. GAM models with significant relationships between
environmental variales and phytoplankton relative abundances at Whites Island. A)
Diatoms (% of assemblage) vs. pH; B) Diatoms vs. Precipitation (inches week-1); C)
Diatom vs. Nitrate (μM); D) Flagellates (% of assemblage) vs Temperature (°C); E)
Flagellates vs pH; F) Flagellates vs Precipitation (inches week-1); G) Flagellates vs
Nitrate (μM); H) pH vs Diatom; I week-1) pH vs Flagellates.

Figure 3.14. PCA carried out on data from Whites Island, including relative abundances
of diatoms and flagellates as well as environmental parameters.

Campbell Slough
Flagellate abundances at Campbell Slough were greater (≥1000 cells ml-1) when
specific conductivity was highest (>120 μS cm-1) (Fig. 3.15a). The PCA revealed that the
quantity of cellular carbon associated with flagellates was associated with specific
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conductivity (Figure 3.16), similar to results from regression modeling (3.17c). In
addition, the relative abundance of both diatoms and flagellates were both related to
specific conductivity according to regression models (Fig 3.19a,b) and in PCA output
(3.20). Specific conductivity increases (>120 μS cm-1) aligned with decreases in the
prevalence of diatoms within the community (75% - ~30%) and coincided with flagellate
percentage increases (25% - ≥60%).
Percent saturation of dissolved oxygen varied inversely with flagellate abundance
(Fig 3.15b). The amount of carbon attributable to both diatom and flagellates could be
predicted from precipitation data (Figure 3.17a,d). When precipitation measurements
were ~0.2-0.3 inches week-1, the amount of cellular carbon (both for diatoms and
flagellates) carbon was highest. At higher precipitation (>0.3 inches week-1), there was a
decline in the amount of cellular carbon found in the phytoplankton fraction of particulate
organic matter.
Diatom carbon was higher during periods when nitrate concentrations were >1
μM (Fig 3.17b). Both diatom carbon and nitrate concentration were closely related in the
PCA (Fig. 3.18).
Cyanobacteria stocks were largest when pH was low (<7.3) and dissolved oxygen
was low (<80%) (Fig. 3.17e, g, h).
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Table 3.4. GAM modeling for cellular abundance and environmental variables at
Campbell Slough. Bold indicates significance at p < 0.05.
Group

Variable

p value

R2 *

Dev. (%)

Diatom

Temp

0.999

-0.0667

2.38E-05

Diatom

pH

0.919

-0.076

0.0832

Diatom

DO sat.

0.581

0.0146

12.4

Diatom

Sp. Cond.

0.573

0.062

24.9

Diatom

Precipitation

0.228

0.176

28.3

Diatom

Ammonium

0.566

-0.0427

2.25

Diatom

Phosphate

0.109

0.106

16.2

Diatom

Nitrate

0.0731

0.145

19.8

Diatom

Discharge

0.456

-0.0266

3.76

Flagellate

Temp

0.242

0.119

20.3

Flagellate

pH

0.286

0.106

19.7

Flagellate

DO sat.

0.236

0.183

29.8

Flagellate

Sp. Cond.

0.038

0.237

29.1

Flagellate

Precipitation

0.6

0.00769

10.2

Flagellate

Ammonium

0.263

0.0214

8.25

Flagellate

Phosphate

0.582

-0.0447

2.06

Flagellate

Nitrate

0.483

-0.0311

3.33

Flagellate

Discharge

0.237

0.127

21.9

pH

Diatom

0.096

0.568

80.3

pH

Flagellate

0.062

0.664

86

DO sat.

Diatom

0.454

-0.0319

4.74

DO sat.

Flagellate

0.048

0.747

90.5

*Note that in non-linear regression models, R2 can have a negative value, since it compares the fit
of the model with that of a horizontal, straight line (the null hypothesis). A negative value implies
that the fit of the model is worse than a horizontal line (i.e., it is not a good model).
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Figure 3.15. GAM models showing significant relationships between phytoplankton abundance and environmental variables at
Campbell Slough; A) Flagellate abundance (cells ml-1) vs specific conductivity (μS/cm); B) dissolved oxygen (%saturation) vs
flagellate abundance (cells ml-1).
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Figure 3.16. PCA conducted on data from Campbell Slough, including cellular
abundance data from different phytoplankton taxa and environmental parameters.
Diatoms (Bacillariophyta) and flagellate abundances were both related to pH and percent
saturation of dissolved oxygen.
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Table 3.5. GAM modeling for total carbon and environmental variables at Campbell
Slough. Bold indicates significance at p < 0.05.
Group

Variable

p value

R2*

Dev. (%)

Diatom

Temp

0.871

-0.0647

0.183

Diatom

pH

0.803

-0.0716

0.498

Diatom

Sp. Cond.

0.974

-0.0768

0.00843

Diatom

Precipitation

0.012

0.53

63.9

Diatom

Ammonium

0.649

-0.0515

1.42

Diatom

Phosphate

0.144

0.0791

13.7

Diatom

Nitrate

0.003

0.806

90.8

Diatom

Discharge

0.5

0.019

10.1

Flagellate

Temp

0.431

-0.0221

4.18

Flagellate

pH

0.249

0.0313

10.1

Flagellate

Sp. Cond.

0.025

0.279

33.1

Flagellate

Precipitation

1.81E-08

0.913

95

Flagellate

Ammonium

0.25

0.062

13

Flagellate

Phosphate

0.724

-0.0576

0.86

Flagellate

Nitrate

0.386

0.147

34.3

Flagellate

Discharge

0.053

0.176

22.7

Cyanobacteria

Temp

0.847

-0.0639

0.256

Cyanobacteria

pH

0.004

0.663

74.9

Cyanobacteria

Sp. Cond.

0.107

0.124

18.7

Cyanobacteria

Precipitation

0.557

-0.0416

2.35

Cyanobacteria

Ammonium

0.631

-0.0498

1.58

Cyanobacteria

Phosphate

0.57

0.061

22.1

Cyanobacteria

Nitrate

0.559

-0.0419

2.33

Cyanobacteria

Discharge

0.552

-0.0409

2.41

pH

Diatom

0.803

-0.0716

0.498

pH

Flagellate

0.197

0.224

35.7

pH

Cyanobacteria

0.004

0.432

47.2

DO sat.

Diatom

0.598

-0.0574

2.39

DO sat.

Flagellate

0.044

0.333

40.4

DO sat.

Cyanobacteria

0.015

0.649

77.9

*Note that in non-linear regression models, R2 can have a negative value, since it compares the fit
of the model with that of a horizontal, straight line (the null hypothesis). A negative value implies
that the fit of the model is worse than a horizontal line (i.e., it is not a good model).
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Figure 3.17. (Previous page) GAM models for significant relationships between
phytoplankton carbon at Campbell Slough. A) Diatoms (μg C ml-1) vs precipitation
(inches week-1); B). Diatoms (μg C ml-1) vs nitrate (μM); C) Flagellates (μg C ml-1)
vs specific conductivity (μS/cm); D) Flagellates (μg C ml-1) vs precipitation (inches
week-1); E) cyanobacteria (μg C ml-1) vs pH; F) pH vs flagellates (μg C ml-1); G) pH
vs cyanobacteria (μg C ml-1); H) Dissolved oxygen (%) vs flagellates (μg C ml-1).

Figure 3.18. PCA conducted on environmental data and cellular carbon attributable to
different phytoplankton taxa from Campbell Slough, 2012-2017.
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Table 3.6. GAM modeling for the % of community and environmental variables. Bold
indicates significance at p < 0.05. Campbell Slough.
Group

Variable

p value

R2 *

Dev. (%)

Diatom
Diatom
Diatom
Diatom
Diatom
Diatom
Diatom
Diatom
Diatom

Temp
pH
DO sat.
Sp. Cond.
Precipitation
Ammonium
Phosphate
Nitrate
Discharge

0.493
0.312
0.276
0.039
0.682
0.61
0.067
0.24
0.798

-0.0327
0.103
0.0487
0.234
-0.0544
-0.0447
0.16
0.0302
-0.0457

3.18
20.2
12.9
28.9
1.15
1.78
21.3
9.08
3

Flagellate
Flagellate
Flagellate
Flagellate
Flagellate
Flagellate
Flagellate
Flagellate
Flagellate

Temp
pH
DO sat.
Sp. Cond.
Precipitation
Ammonium
Phosphate
Nitrate
Discharge

0.52
0.353
0.263
0.043
0.648
0.623
0.058
0.242
0.848

-0.0366
0.0833
0.0281
0.222
-0.0514
-0.049
0.167
0.0292
-0.0581

2.82
18.2
10.3
27.8
1.43
1.65
21.9
8.99
1.21

pH
Diatom
0.278
0.0198
8.98
pH
Flagellate
0.302
0.011
8.14
DO sat.
Diatom
0.237
0.0403
11.4
DO sat.
Flagellate
0.263
0.028
10.3
*Note that in non-linear regression models, R2 can have a negative value, since it compares the fit
of the model with that of a horizontal, straight line (the null hypothesis). A negative value implies
that the fit of the model is worse than a horizontal line (i.e., it is not a good model).
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Figure 3.19. GAM models for significant relationships pertaining to the relative abundances of diatoms and flagellates within the
phytoplankton assemblages at Campbell Slough.
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Figure 3.20. PCA conducted on environmental data and the percentage of phytoplankton
assemblage accounted for by diatoms and flagellates at Campbell Slough.

3.3

Discussion
The low flows observed during 2015 and 2016 could be the cause of warmer

water observed at the off-channel sites due to low water elevation. Although 2012 and
2017 were both years with high flow rates, cooler waters were only observed during
2012. Since both years likely had high connectivity to the mainstem due to high water
levels, the difference in temperature likely reflected higher basin-wide temperatures in
2017. This is most likely due to the low flows observed during this time in conjunction
with Campbell Slough having less connectivity to the main stem prolonging flushing
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times. Campbell Slough is a warmer off-channel habitat when compared to Whites
Island. This is strong evidence for connectivity impacting hydrology at these off-channel
sites.
Increases in chl a in off-channel site from 2014-2017 are assumed to be a product
of warmer water temperatures in the off-channel sites in the summer compared to the
mainstem. Chlorophytes tend to be more successful in warmer waters (Haertel et al.,
1969; Lara-Lara et al., 1990; Prahl et al. 1997; Maier et al. 2001), which would explain
the greater amounts of Chl a observed in the off-channel sites during this period. There
were no high abundances of cyanobacteria at Whites Island throughout the study period.
The lack of difference in abundances between the years may be a result of Whites Island
having greater connectivity to the mainstem. A larger amount of water from the mainstem
can intrude into off-channel sites like Whites Island, resulting in more extensive mixing
and allowing phytoplankton communities to become more alike (Strecker and Brittain,
2017). This would explain the homogeneity between the study years despite the variation
in flow and temperature. This lends strength to the idea that closer connectivity to the
mainstem results in the homogenization of habitats. (Thomasz et al., 2007; Strecker and
Brittain, 2017).
We again see low abundances in 2016 across the classes, which could as stated
earlier be a product of multiple low flow years compounded with stressful conditions like
stratification occurring due to water temperatures (Ward and Stanford 1982; Paerl et al.,
2001). This is again, contrary to the thought that lower flushing rates and warmer waters
would provide an environment ideal for phytoplankton growth, especially in 2016.
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The years 2015 and 2016 would normally be considered to have ideal
environmental conditions (low flow and warm water temperatures) for cyanobacteria
blooms. However, Campbell Slough, being less connected to the mainstem, may be
provided an environment with lower flow rates and much higher temperatures than the
mainstem in 2014 and 2017, and it is possible the warm water temperatures in 2015 and
2016 were too warm for cyanobacteria to bloom during those year at Campbell Slough
(Paerl et al., 2001).
Lower phytoplankton-associated carbon concentrations were observed in 2013,
2014, 2015, and 2016 compared to 2012 and 2017; this could be have resulted from low
flow conditions in both Whites Island and Campbell Slough, which coincided with lower
nutrient concentrations and higher temperatures in the off-channel habitats.
Diatom carbon at Whites Island was related to pH and dissolved oxygen. Diatom
carbon increased with pH, which was also observed in the relative abundance of this
group, and suggests that the drawdown of CO2 via photosynthesis by diatoms, which
would increase the pH of the water, is influenced by diatom growth. The positive trend of
increasing percent saturation of dissolved oxygen relative to air support this idea. The
opposite was evident in flagellate abundance and assemblage percentages; there was a
negative relationship between flagellate abundance and relative abundance when with
pH. The lower concentrations of nitrate observed when of diatom carbon was high could
have resulted from nutrient drawdown during growth. The opposite was observed in the
flagellate community percentage which was most likely attributable to increased growth
with an ample supply of nutrient. Precipitation at Campbell Slough was related to the
amount of carbon associated with both diatoms and flagellates. Increased precipitation
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was associated with a reduction in the relative abundance of diatoms. This phenomenon
could be caused by the flushing of diatoms and the new introduction of nutrients
associated with precipitation from runoff which opportunistic flagellates would be able to
exploit. Flagellate assemblage percentages at Whites Island showed a negative
correlation to high temperatures. Higher temperatures could be a result of low flows and
the resulting environmental stressors that generally follow like low nutrients or
photoinhibition from prolonged light exposure (Thomasz et al., 2007; Strecker and
Brittain, 2017).
Carbon associated with diatoms at Campbell Slough showed strong correlations
with precipitation, phosphate and nitrate. Diatom carbon increased with elevations in
precipitation which could be due to fresh nutrient inputs from adjacent terrestrial areas or
greater main stem influence from possible water elevation or heighten flows.
Precipitation did cause a negative trend after 0.3 inches at Campbell which could indicate
a flushing or dilution effect at in instances of higher precipitations. A similar trend was
observed in the carbon tied to flagellates. Phosphate is a limiting nutrient in fresh water
systems which lends evidence to the low abundances of diatom carbon attributed to high
phosphate concentrations and the following nutrient draw down when diatom carbon is
abundance and phosphate concentrations are low (Schindler, 1974; Schindler, 1977; Xu
et al. 2010). Nitrate concentrations and diatom carbon were both positively correlated
indicating periods of diatom growth or an abundance of diatom created oxygen fueling
nitrification by bacteria (Strauss et al., 2004; Strauss et al., 2006). Greater amounts of
flagellate carbon and flagellate abundance were observed during periods of higher
specific conductivity, which is related to water level, and could be due to lower water
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levels and the resulting warm, low flow environments being more suitable habitats for
flagellates then their diatom counterparts. Flagellates contributed to greater percentages
of the community when specific conductivity was high which was not true of diatom
community percentage. Higher cyanobacteria carbon falls in line with lower pH and
dissolved oxygen levels which is evidence of eutrophication causing blooms and the
resulting decomposition of carbon resulting in low pH and dissolved oxygen draw down
(Paerl et al., 2001). Dissolved oxygen showed a negative correlation to flagellate
abundances which could also be a result of oxygen use by bacteria respiring to
decompose the abundance of diatoms that usually precede flagellate communities. pH
was also related to flagellate carbon in that higher carbon measurements where apparent
during higher pH which could be a result of photosynthesis by the flagellates.
Overall Campbell Slough had a richer assemblage of carbon spanning the
phytoplankton taxa in comparison to Whites Island. Both sites were dominated by
diatoms in terms of carbon, which was expected (Maier and Peterson, 2014; Tausz,
2015). The dominance of diatom carbon in both habitats provides an ample community
for infection by chytrid parasites and the potential for a significant amount of carbon to
be re-packaged through lethal parasitic infections by chytrid fungi.

3.4

Conclusions
The phytoplankton assemblages at Campbell Slough and Whites Island differed in

terms of the relative abundances of different taxa, with diatoms dominating at Whites
Island in all samples and flagellates dominating in many samples at Campbell Slough. In
contrast, diatoms dominated the proportion of total phytoplankton carbon at both sites.
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Diatoms were most abundant when precipitation levels were low and the largest standing
stocks were associated with low nutrient concentrations, demonstrated that nutrient
drawdown by phytoplankton can be significant in off-channel habitats. Water
temperatures were cooler at Whites Island compared to Campbell Slough, particularly
after the spring freshet subsided, supporting the idea that reduced connectivity to the
mainstem results in different environmental characteristics in off-channel habitats.
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CHAPTER 4: CHYTRID INFECTION PREVALENCE AMONG DIATOMS IN
OFF-CHANNEL HABITATS OF THE LOWER COLUMBIA RIVER

4.1

Introduction
Although parasites often cause deleterious effects such as crop destruction or

illness, they can also have positive ecological impacts, such as controlling populations of
invasive pests (Pimentel, 1963; Laing and Hamai, 1976). Parasites play vital ecological
roles, controlling population sizes, shaping food webs via energy redistribution, and
driving genetic variation (Van Donk and Ringelberg, 1983; Van Donk, 1989; Bush et al.,
1997; Wood et al., 07; Lafferty et al., 2008). Recent studies have shown that chytrids may
play an important role in energy redistribution within aquatic systems since they infect
large, inedible diatoms and liberate carbon that would otherwise be inaccessible to
grazers (Kagami et al., 2007; Gleason et al., 2008; Sime-Ngando et al., 2011; Kagami et
al., 2014). In essence, chytrid parasitism shunts carbon away from large, colonial diatoms
into small, nutritious zoospores, which are easier for grazers to consume; this transfer has
been coined the ‘mycoloop’ (Kagami et al., 2007). Aside from providing an
underappreciated carbon source, lab work has also shown the chytrid zoospores to be a
more nutritious food source for zooplankton and copepods when compared to certain
bacteria and cyanobacteria, which are known to be deleterious to and avoided by
zooplankton (Kagami et al., 2007 and 2011).
The chytrid lifecycle begins with free motile zoospores seek out diatom hosts,
initiate infection and develop into an attached sporangium. Within the sporangium,
zoospores reproduce, assimilating host nutrients and carbon (Van Donk and Ringelberg,
1983). Chytrid proliferation and success is controlled by: the ability to successfully infect
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a host (the infectivity constant, i), the number of zoospores produced by sporangia
(zoospore fecundity), the infectious lifespan of zoospores, and host availability (Bruning
1991). Each of these factors is influenced by environmental characteristics such as light,
temperature, and nutrient content, especially phosphorus (Bruning, 1991). For the most
well-known parasite–host dyad—Asterionella formosa and Rhizophydium
planktonicum—temperature (<3 °C) and irradiance (<2 μmol photons m²sˉˡ) thresholds
have been determined, with values below the thresholds resulting in limited infections
(Canter and Jaworski, 1981; Van Donk and Ringelberg, 1983; Bruning, 1991). Warm
temperatures have associated with high rates of infection in culture studies and in the
field, likely due to a combination of increased growth rates at elevated temperatures and
due to the accumulation of hosts when surface waters become stratified (Frenken et al.,
2016).
Previous research investigating the ecology of chytrid parasites has primarily been
carried out in lake environments (Van Donk and Ringelberg, 1983; Van Donk, 1989;
Ibelings et al., 2004; Kagami et al., 2012; Rasconi et al., 2012). These research endeavors
have highlighted the potential for chytrids to shape the ecology of their environments via
parasitism (Sime-Ngando et al., 2011; Grossart and Rojas-Jimenez, 2016). Chytrid
research in rivers is lacking, although a few studies have observed them in riverine or
estuarine environments (Johnson, 1966; Fabbro and Duivenvoorden, 1996; Reynolds and
Descy, 1996; Gosselain et al., 1998; Van Wichelen et al., 2006; Maier and Peterson,
2014). In the Columbia River, previous research showed that chytrid parasites infect
multiple diatom species within the mainstem (Maier and Peterson, 2014; Maier and
Peterson 2016). Maier and Peterson (2016) characterized chytrid infections in the main
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stem of the lower Columbia River and assessed their relationships to environmental
effects and host abundances spanning from 2009 to 2013. They found prevalence of
infection was related to host density, precipitation, and low orthophosphate
concentrations (Maier and Peterson, 2016). They also found that during the spring 3045% of Asterionella formosa was infected during spring blooms. Lastly, they estimated
an average of 10% of diatom carbon was redistributed via the chytrid parasite pathway.
However, thus far no studies have examined the prevalence of chytrid infections of
diatoms in off-channel habitats that comprise river floodplain systems and support food
webs of juvenile salmonids (Bottom et al., 2005; Roegner et al., 2012).
Here, I characterized the abundance of diatom hosts and parasites at two sites in
different off-channel habitats from 2011 to 2017 to determine whether differences in
environmental conditions (including water residence time) influence chytrid infectivity. I
characterized infectivity using the following metrics: prevalence of infection (the
percentage of infected cells form total cells from a population, abbreviated as Ip), mean
intensity of infection (the average number of sporangia per infected cells within the
infected population), and mean parasite abundance (the average number of sporangia per
infected cell with the entire population of hosts) (Bruning, 1991; Kagami et al., 2007;
Kagami et al., 2012; Maier and Peterson, 2014) and examined these parameters for each
susceptible diatom host. I then related infectivity to environmental parameters, including
temperature, pH, precipitation, specific conductivity, host abundance, and river discharge
flux. Lastly, I estimated the amount of carbon per cell for each diatom host species using
biovolume calculations from the infected diatom population to estimate how much
carbon could potentially be redistributed by lethal chytrid parasite infections. I
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hypothesized that infectivity would be higher in off-channel sites when compared to
previous work in the mainstem, due to longer residence times and less turbulent water
which allows for a greater opportunity for host and parasite to interact, particularly during
the spring when diatoms are the main primary producers in the lower Columbia River
(Frey et al., 1984; Lara-Lara et al., 1990; Maier, 2014). I also anticipated that infections
would be positively associated with temperature, as seen in laboratory studies (i.e.,
Frenken et al., 2016), and trend negatively with river discharge due to the effects of
dilution and high turbulence.

4.2

Results

4.2.1

Carbon associated with phytoplankton: Whites Island
Between 2012 and 2017, the total amount of carbon associated with

phytoplankton decreased (Fig. 4.2). Within each year, phytoplankton carbon was the
highest in May, which was associated with the pennate diatom, Asterionella formosa
from 2012–2014; in contrast, peak concentrations of phytoplankton carbon in 2015–2017
were associated with centric diatoms (Aulacoseira sp., Cyclotella sp., and Melosira sp.).
Cyclotella sp. and Thalassiosira sp., and Synedra sp. made similar proportional
contributions to total phytoplankton carbon throughout the time series of spring samples,
despite differences in river discharge and temperature among years. There was a notable
lack of A. formosa in the warmer years (2015 and 2016) (Fig. 4.1, Fig. 4.2).
In comparison Whites Island has a roughly equivalent amount of host diatom
carbon each year, but both sites differ in the composition of their host community (Fig.
4.1, Fig. 4.2).
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4.2.2

Infection prevalence among diatoms at Whites Island
Asterionella formosa, Aulacoseira sp., Cyclotella sp. and Thalassiosira sp.,

Melosira sp., nitzschioids, and Tabellaria sp. were all observed with infections during
each year of the study (Table 4.1). During warmer years, infections in Synedra sp., and
Stephanodiscus sp., were not observed, notably in 2016. A. formosa infections showed
relationships with temperature and ammonium concentrations. Infections in A. formosa
rose alongside increases in temperature (Fig. 4.3). A. formosa infectivity also trended
positively when ammonia concentrations were greater than 2 μM. A visual depiction of
relationships among the environmental variables and infectivity metrics is given in the
PCA biplot (Fig. 4.4). Infection prevalence was associated with high temperatures and
ammonium concentrations, while the mean intensity of infection was highest during
periods of strong phytoplankton growth (i.e., high dissolved oxygen saturation, high host
densities, and high pH).
Infection prevalence in A. formosa remained roughly at or above 20% in all
samples, indicating a stable population of chytrid parasites regardless of temperature and
flow conditions (Fig. 4.5). Infections were greater and spread across more taxa during
2012 and 2013 when conditions were cooler and discharge fluxes were high, especially
for groups like Aulacoseira spp., nitzchioid species and Tabellaria spp. There were few
infections outside of A. formosa in 2016 and 2017, which could be the result of the
highest observed temperatures during the study. Interestingly, these years were the lowest
(2016) and highest (2017) flow years observed. The high (≥80%) infection prevalence
observed in A. formosa during 2016 may be a result of the low abundances of the host
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diatom, which is reflected in the amounts of carbon we observed. This may also be true
for the high (~50%) infection prevalence observed in Tabellaria and Melosira in 2012.
Overall, infected diatom carbon trended negatively from 2012 to 2016. The
highest (~200 μg C ml-1) (Fig. 4.6) amount of infected diatom carbon was observed in
2014. The combination of moderate flows and moderately warm temperatures may have
been the ideal conditions for parasitism at Whites Island.
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Figure 4.1. Abundance of diatom hosts at Whites Island.
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Figure 4.2. Carbon associated with diatom hosts at Whites Island.

Table 4.1. Yearly infected diatom hosts for Whites Island. X indicates a presence of the
diatom host and a chytrid parasite infection within that year. Clear spaces indicate the
presence of a diatom host without a chytrid parasite during that year. N/A indicates a lack
of the diatom host in counted samples for that year.
Group
Asterionella
Aulacoseira
Cyclotella
Melosira
Naviculoid
Stellate Nitzschia sp.
Nitzschioid
Skeletonema
Stephanodiscus
Synedra
Tabellaria

2012
X
X
X
X
X
X
X
X
X
X
X

2013
X
X
X
X
X
X
X
X
X
X
X

2014
X
X
X
X
X
X
X
X
X
X

2015
X
X
X
X
X
X
X
X
X

2016
X
X
X
X

X

X

X

2017
X
X
X
X
X
N/A
X
X

X

53

Table 4.2. GAM models for infection prevalence (Ip) among Asterionella formosa
predicted from environmental variables at Whites Island.
Variable
Temperature
pH
DO % saturation
Specific conductivity
Precipitation
Ammonium
Phosphate
Nitrate
Discharge
Host Abundance

p value
0.001
0.859
0.659
0.56
0.292
0.0002
0.679
0.123
0.29
0.69

R2 *
0.76
-0.096
-0.078
0.025
0.011
0.80
0.014
0.095
0.011
-0.0085

Dev. (%)
83.2
0.331
2.03
14
6.89
86.5
17.5
15.1
6.95
8.14

*Note that in non-linear regression models, R2 can have a negative value, since it compares the fit
of the model with that of a horizontal, straight line (the null hypothesis). A negative value implies
that the fit of the model is worse than a horizontal line (i.e., it is not a good model).

Figure 4.3. GAM models for significant relationships pertaining to A. formosa
infectivity at Whites Island. A) Prevalence of Infection (%) vs. Temperature (°C); B)
Prevalence of Infection (%) vs. Ammonium (μM).
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Figure 4.4. PCA carried out on environmental data and infection prevalence of
Asterionella at Whites Island. Infection prevalence and parasite load (number of parasites
per cell) were associated with high temperature and ammonium concentration.
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𝐼𝑝

Figure 4.5. Heat map showing the prevalence of infection of chytrid parasites on
diatom hosts during spring blooms spanning from 2012-2017 at Whites Island.
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Figure 4.6. Carbon associated with infected and uninfected diatom hosts at Whites
Island.

4.2.2

Carbon associated with phytoplankton: Campbell Slough
Campbell Slough and Whites Island had similar amount of phytoplankton-

associated carbon across the years of this study, with the exception of the large spike
(≥900 μg C ml-1) observed in July of 2017 at Campbell Slough (Fig. 4.8).
Aulacoseira sp. accounted for a much greater fraction of phytoplankton carbon
lost to parasitism by chytrids in Campbell Slough. Similar to Whites Island, there were
similar concentrations of cellular carbon associated with Cyclotella sp. and Thalassiosira
sp., and Synedra sp. across all years at Campbell Slough, regardless of differences in
temperature or river flow. Skeletonema sp. were notably abundant in 2012 and 2013
compared to other years.
There was a lack of chytrid infections among multiple groups during the years
where temperatures were higher and river discharge was low (i.e., 2015, 2016). Also,
similar to Whites Island, Stephanodiscus sp. had no observed infections in 2015 and
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2016. A. formosa did not share a relationship with any environmental parameters at
Campbell Slough.
Infectivity was high during 2012 and 2013, which was also observed at Whites
Island. There was an overall decrease in infectivity across taxa spanning 2013–2016.
Infectivity then rose during 2017 across all taxa with the exception of Stephanodiscus sp.
and Cyclotella and Thalassiosira sp., which was not observed at Whites Island.

4.2.3

Phytoplankton carbon and infection prevalence: comparison between Whites

Island and Campbell Slough
Unlike at Whites Island, infection prevalence at Campbell Slough was inversely
related to temperature and ammonium concentration, as was mean intensity of infection
and parasite load (Fig. 4.9), suggesting that different mechanisms control diatom
infections at the two sites.
At Whites Island, the prevalence of chytrid infections (Ip) among diatoms was
greater prior to 2015 (i.e., 2012-2014) compared to the years 2015, 2016, and 2017 (Fig.
4.4), with the exception of A. formosa, which had high rates of infection throughout the
set of samples examined. Ip was generally higher in June compared to March, April, or
May at Whites Island. In contrast, there were smaller differences in Ip between months at
Campbell Slough, and in general, lower Ip values (Fig. 4.10). Ip was higher during years
of high flow (i.e., 2012 and 2017) at Campbell Slough, which was not observed at Whites
Island. Similar to Whites, however, Ip values were lower in 2015 and 2016 compared to
other years. Finally, there was a greater diversity of infected host species at Campbell
compared to Whites Island.
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Although the amount of carbon potentially repackaged into chytrids as a result of
infections was greater at Campbell Slough than at Whites Island, there was a decrease in
the amount of carbon associated with infected diatoms between 2012 and 2016 at both
sites. The largest amounts of carbon associated with infected diatoms were observed
during 2012, 2013, and 2017, with the maximum noted in 2017 when carbon was >100
μg C ml-1.
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Figure 4.7. Abundances of diatom hosts at Campbell Slough (2012-2017).
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Figure 4.8. Carbon measurements of diatom hosts in Campbell Slough.

Table 4.3 Yearly infected diatom hosts for Campbell Slough. X indicates a presence of
the diatom host and a chytrid parasite infection within that year. Clear spaces indicate the
presence of a diatom host without a chytrid parasite during that year. N/A indicates a
lack of the diatom host in counted samples for that year.
Group
Asterionella
Aulacoseira
Cyclotella
Melosira
Naviculoid
Stellate Nitzschia sp.
Nitzschioid
Skeletonema
Stephanodiscus
Synedra
Tabellaria

2012
X
X
X
X
X
X
X
X

2013
X
X
X
X
X
X
X
X

2014
X

X
X
X

2015
X
X
X
X
X

2016
X
X
X

X
X

X
X
X
N/A

X
X

N/A

X
X
X

X
X

X

2017
X
X
X
X
X
X
X
X
X
X
X
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Table 4 GAM models for Asterionella formosa infection prevalence and
environmental variables at Campbell Slough
Variable

p value

R2

Dev. (%)

Temp
pH
DO sat.
Sp. Cond.
Precipitation
Ammonium
Phosphate
Nitrate
Discharge
Host abundance

0.0903
0.859
0.602
0.257
0.488
0.131
0.731
0.298
0.0852
0.203

0.178
-0.0964
0.0161
0.313
-0.0319
0.0883
-0.058
0.00998
0.242
0.145

24
0.331
13.6
53.8
3.26
14.5
0.81
7.19
32.5
23.6

Figure 4.9. PCA conducted on the prevalence of infection among diatoms and
environmental variables at Campbell Slough. Unlike at Whites Island, infection
prevalence was inversely related to temperature and ammonium concentration, as was
mean intensity of infection and parasite load, suggesting different mechanisms
controlling diatom infections.
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Figure 4.10. Heat map of the prevalence of infection of chytrid parasites on diatom
hosts during spring blooms spanning from 2012-2017 at Campbell Slough.
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Figure 4.11. Carbon measurements for infected and uninfected diatom hosts at
Campbell Slough.

4.3

Discussion
Off-channel habitats provide much of the primary productivity that makes its way

into the mainstem of rivers (Sommer et al., 2001; Lopez et al., 2006; Cloern, 2006). Both
Campbell Slough and Whites Islands had approximately equal amounts of carbon
associated with phytoplankton, and both sites had lower concentrations of phytoplanktonassociated carbon during years when temperatures and river discharge fluxes were low
compared to years where flows were higher, particularly at Campbell Slough. This
pattern may result from the fact that nutrient concentrations (especially phosphate) tend
to be higher during the spring freshet compared to other spring observations, likely
because of the delivery of sediment-bound phosphorus (Houser and Richardson, 2010);
as water levels recede, there is less exchange between the mainstem and Campbell
Slough and therefore reduced nutrient supply.
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The two sites differed in the composition of potential host diatoms that may be
susceptible to infection by chytrid parasites. For example, diatom assemblages at Whites
Island tended to be dominated by A. formosa, whereas they were dominated by
Aulacoseira spp. at Campbell Slough. Dominance of the phytoplankton assemblage by A.
formosa in the early spring was also observed by Maier (2014) and Maier and Peterson
(2016) in the mainstem, and this species was consistently parasitized throughout the
study period at both sites. Since populations of A. formosa were often followed by
Aulacoseira in the mainstem lower Columbia River, it is possible that elevated
temperatures in Campbell Slough (relative to Whites Island and the mainstem) led to
more rapid growth and an earlier succession of species (Ibelings et al., 2011; Gsell et al.,
2013; Maier and Peterson, 2014; Tausz, 2015). This suggests that one consequence of
reduced connectivity to the mainstem (exemplified by Campbell Slough) is a shift in the
timing of dominance by particular diatom species (Ibelings et al., 2011; Gsell et al.,
2013). Potential shifts in the timing of species succession influences the distribution of
hosts available for infection, and thus should influence food web dynamics and energy
flow in these systems.
Despite differences in environmental conditions, there were no differences in the
average Ip values for diatoms at Whites Island compared to Campbell Slough when all
species were included. Similarly, the diatom most consistently parasitized—A. formosa—
had similar Ip values at Whites Island and Campbell Slough. The lack of difference may
arise in part due to the fact that (i) there is high temporal variability in Ip values, (ii)
infections may be missed if the chytrid lifecycle is short and sporangia release zoospores
rapidly, (iii) the only values contributing to the average are non-zero quantities (i.e., if no
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parasites were observed, the Ip value of 0 was not included in the average), or because
(iv) the data set is too small to detect real differences.
Infected diatom carbon was at times equivalent to more than 50% of uninfected
diatom carbon. Diatoms are the among the most abundant primary producers in the
Columbia river (Frey et al., 1984; Lara-Lara et al., 1990; Maier, 2014) and if even a 1/3
of the populations of diatoms is infected (a fraction consistent with observations made
during this study), the potential carbon redistributed by chytrid parasites could be
substantial. In the mainstem, infections of Asterionella formosa were thought to have
diverted ~10% of carbon, on average, from phytoplankton into chytrids, with a maximum
of 85 μg l-1 in 2013 (Maier and Peterson, 2016). In the off-channel sites examined in this
study, parasitism potentially diverted ~14% of phytoplankton carbon (minus metabolic
costs), on average, peaking at 174.5 μg l-1 in 2012. Interestingly, despite similarities in Ip,
the amount of carbon potentially lost to parasitism was higher at Campbell Slough than at
Whites Island because diatom standing stocks were larger there and they were generally
dominated by larger centric diatoms. In contrast, diatom assemblages at Whites Island
were dominated by pennate species with characteristically less carbon per cell. Thus,
although the rate of infection may have been similar at the two sites, the effect of
parasitic infection could be quite different, with greater amounts of carbon directed into
the food web rather than exported at Campbell Slough compared to Whites Island, but
not necessarily because of differences in infectivity.
Cyanobacteria are also known to be parasitized by chytrid fungi (Rohrlack et al.,
2011; Agha et al., 2016). However, because sporangia are not as easily discernible
through microscopy in these taxa, they were not captured in this study. It is nevertheless
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important to note that carbon associated with cyanobacteria may also be redistributed by
chytrid parasites, in this case from species that are small but unpalatable to grazers into a
source more nutritious (i.e., chytrid zoospores). Perhaps more importantly, chytrid
parasites represent a means of reducing populations of noxious cyanobacteria that often
cause harmful blooms (Gleason et al., 2015).
The highest Ip values observed in this study (maximum values of 80–100%)
exceeded values previously observed in the mainstem Columbia (~70%) (Maier and
Peterson 2014; Maier and Peterson, 2017). High Ip associated with Aulacoseira,
Tabellaria, and Melosira at Whites Island could be artifacts of the very low carbon
amounts that were observed for those respective groups at those times. Interestingly, the
positive association between Ip and host abundance in A. formosa noted in previous work
was not observed in the present study. Instead, Ip was related to temperature and
ammonium concentration, but only at Whites Island and not at Campbell Slough. No
environmental variable could predict Ip at Campbell Slough; however, since differences
between Campbell Slough and Whites Island (and also the mainstem) tend to evolve and
grow as water levels recede following the spring freshet (Tausz 2015), it is likely that the
influence of connectivity on infectivity is restricted to the late spring following the
freshet, after populations of A. formosa peak in abundance. Thus, we would expect that
connectivity would influence Ip in species that tend to increase in abundance later in the
season than A. formosa or Aulacoseria spp. Interannual variability in temperature can
result in an earlier spring freshet, which may affect parasitism through changing windows
of host availability (Bum and Pick, 1996; Breckenridge et al., 2015). The lack of
association might have to do with the fact that Ip was relatively constant for different host
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population sizes observed during different years; with higher resolution observations it
might be possible to discern a relationship between infectivity and host abundance within
any given year.
The highest Ip values at Campbell Slough were observed in 2012 and 2017, two
years where river discharge fluxes were high. Ip values were higher in several diatom
species, not just A. formosa during those two years. In contrast, at Whites Island, Ip
values were greater prior to 2015 and lower thereafter. The year 2016 had a cold winter,
with water temperatures reaching as low as 3 oC in early January (www.loboviz.com) in
the Columbia River upstream of the Willamette River confluence. This could have led to
a reduction in the size of chytrid populations in the early part of the spring.

4.4

Conclusions
Higher temperatures were associated with higher prevalence of infection in

Asterionella formosa at Whites Island; this was not true for other host diatoms and no
significant association between temperature and Ip was observed at Campbell Slough.
Interestingly, higher temperatures and low discharge fluxes were associated with lower Ip
values in all other diatom taxa. Average Ip values in off-channel habitats were similar to
previous observations in the mainstem, although peak infection prevalence and the
maximum amount of carbon associated with infect diatoms were higher, underscoring the
ephemeral nature of parasitic infections in nature. Unlike at Whites Island where
infection prevalence and parasite load were positively associated with temperature but the
mean intensity of infection was associated with indicators of high primary production
(host abundance, high dissolved oxygen saturation), infection prevalence at Campbell
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Slough was inversely related to temperature and ammonium concentration, as was mean
intensity of infection and parasite load. This is consistent with the idea that infection
prevalence at Whites Island is highest in the later stages of high spring growth, after peak
diatom abundances when temperatures warm. In contrast, at Campbell Slough
temperatures exceeded those at Whites, making it likely that infection prevalence was no
longer associated with temperatures beyond a threshold; during periods where
temperatures were highest at Campbell Slough, the assemblage shifted from one
dominated by diatoms to one dominated by flagellates, thus reducing the number of
potential hosts. The data confirm that chytrid infections of diatoms do occur within offchannel habitats, potentially shunting carbon away from large inedible diatoms and into
small zoospores. These infections are likely to influence the local food web as well as the
amount and type of organic carbon exported from floodplain habitats to the mainstem.
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CHAPTER 5: GENERAL DISCUSSION
The hydrogeomorphology of Whites Island and Campbell Slough creates two
unique off-channel habitats that through our study have been identified as differing from
one another in water temperatures and phytoplankton community composition. Diatoms
generally dominated phytoplankton communities at both sites, however, Campbell
Slough was also dominated by chlorophytes cryptophytes occasionally. Although the
total amount of carbon potentially lost to parasitism was larger at Campbell Slough
compared to Whites Island, the prevalence of infection was similar at the two sites and
similar to historical observations in the mainstem (Maier and Peterson, 2014; Maier and
Peterson, 2017).
Water quality is determined by temperature, dissolved oxygen, and pH, and many
organisms have optimal ranges for each of these variables, including salmon (Sommer et
al., 2001; Marine and Cech 2004). At both sites, the size of flagellate populations was
related to pH, with greater relative abundances observed when pH was low (~7.3).
Diatoms were the most dominant when pH and dissolved oxygen concentrations were the
highest. These water quality parameters most aligned with healthy conditions for
salmonid rearing (Sommer 2001). Since carbon consumption through photosynthesis
leads to an elevation in pH when phytoplankton biomass is high, the high relative
proportion of flagellates at lower pH is suggestive of low phytoplankton growth.
Together with the observation that the percent dissolved oxygen was lower when
flagellates were present at higher relative abundances and higher when diatoms
dominated, the data suggest that water quality is most strongly influenced by diatom
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growth, which is consistent with their dominance among spring phytoplankton
assemblages (Lara-Lara et al., 1990).
At Campbell Slough the size of both flagellate and diatom populations were
influenced by specific conductivity, which is related to water levels. Specific
conductivity tends to increase as water levels decrease at Campbell Slough through the
spring and summer (Kidd et al., 2018), likely due to evaporation. At Whites Island,
conductivity is highest in association with the spring freshet (Kidd et al., 2018),
suggesting that drainage through the hyporheic zone provides a source of ions.
Flagellates were more prevalent during waters with lower specific conductivity and
diatoms during the opposite. Despite their differences they both are similar in that they
differ from the main stem, made evident by temperature and chl a data.
Contrary to what we expected, Ip was roughly equivalent at Whites Island and
Campbell Slough. Our findings also indicate parasitism in the off-channel sites as
differing inter-annually rather than spatially like we originally assumed. Maier and
Peterson found host abundance to be an influential parameter in Ip which was not the case
in this study of off-channel sites (2016). This does not support our original hypothesis
that the longer water residency times observed in off-channel sites provide more
opportunity for host and parasite interactions through lower water turbulence in
comparison to the main stem. Ip at Whites Island was related to ammonium and
temperature. Temperature has been observed to increase chytrid infections in culture
which could also be the case at Whites Island, for Asterionella specifically (Frenken et
al., 2016). The relationship between ammonium and Ip was also unexpected, as literature
implicates phosphorus availability in chytrid sporangium development and zoospore
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production (Bruning, 1991). The relationship between infectivity and ammonium may not
be direct, however. Ammonium concentrations could be high during periods of longer
residence time and high biological activity, which aligns well with our findings of
associations between higher specific conductivity and increased flagellate abundance.
During these periods chytrids may be more infective to a readily available host
population in combination with slower-moving, less turbulent waters, which would
increase host-contact rates. We found no significant Ip relationships at Campbell Slough,
possibly resulting from a limited data set that would benefit from investigations
encompassing a longer time interval. The maximum infection prevalence in this study
was greater than previously observed in the main stem of the Columbia. The chytrid
parasitism in these sites could provide an underappreciated amount of carbon to food
webs that ultimately benefit juvenile salmonids, a key group of native species in the
Pacific Northwest.
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