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Native and invasive zooplankton show differing responses to decadal-
scale increases in maximum temperatures in a large temperate river
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Scientific Significance Statement

It has been widely proposed that increasing global temperatures will promote the geographic spread of invasive species,
yet few studies have examined the effects of increasing temperatures on existing populations of invaders. Here, we exam-
ine long-term temperature trends across a 70-year series of daily records from the lower Columbia River (Washington and
Oregon), and assess the correlation between interannual variability in water temperature and the abundance of several
native and invasive zooplankton species using an overlapping 12-year series of monthly zooplankton samples. Our results
show a clear pattern of increasing water temperatures, with negative correlations between elevated late summer tempera-
tures and the abundance of all examined native species, thus suggesting that long-term warming may promote conditions
more favorable for several presently-established invasive zooplankton species.

Abstract

It has been widely proposed that increasing global temperatures will promote the geographic spread of invasive spe-
cies, yet few studies have examined the effects of increasing temperatures on existing populations of invaders. Here,
we examine temperature trends across a 70-year series of daily records from the lower Columbia River (Washington
and Oregon), and assess the correlation between interannual water temperature variability and the abundance of
several native and invasive zooplankton species using a 12-year series of monthly zooplankton samples from a
nearby station. Our results show a clear pattern of increasing temperatures in the river, with a negative correlation
between elevated late summer temperatures and the abundance of all examined native taxa, but none of the exam-
ined invasive taxa. Our study supports the hypothesis that anthropogenic climate change may promote conditions
more favorable to previously established populations of invasive zooplankton species.
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Biological invasions are an increasingly widespread aspect of
global environmental change (Vitousek et al. 1996; Cuhel and
Aguilar 2013; Simberloff et al. 2013), and it has been proposed
that increasing global temperatures will promote both the
spread of aquatic invasive species and increase the severity of
invasion impacts (e.g., Stachowicz et al. 2002; Hellmann
et al. 2008). This hypothesis arises from the facts that successful
invaders tend to tolerate a wide range of environmental condi-
tions and typically possess a strong capacity to colonize dis-
turbed habitats (Grabowski et al. 2007; Hellmann et al. 2008). A
growing body of observational studies, laboratory experiments,
and modeling efforts link climate change and invasion spread
(e.g., Stachowicz et al. 2002; Winder et al. 2011), although this
pattern is far from universal (Hilbish et al. 2010).

Invasion is a complex multistep process that encompasses
introduction, establishment, and persistence—with each stage
potentially governed by different factors (Williamson 2006;
Theoharides and Dukes 2007). Most efforts to study the rela-
tionship between climate change and invasion have centered
upon the establishment of new invasions, in particular, the
geographic expansion of well-known invaders into warming
habitats. Here, we explore the latter stage of the invasion pro-
cess (persistence) and examine the manner in which increas-
ing global temperatures may affect the population dynamics
of well-established invasive species.

Our study focuses on the lower Columbia River (CR)
(Oregon and Washington), which exhibits strong seasonal
succession of zooplankton communities, with summer and
autumn communities typically dominated by several highly
abundant invasive species (Dexter et al. 2015). The calanoid
copepod Pseudodiaptomus forbesi, and planktonic juveniles of
the clam Corbicula fluminea, are by far the most abundant
invaders within the lower river and upper estuary, often com-
prising more than 90% of all zooplankton in late summer and
early autumn (Dexter et al. 2015; Emerson et al. 2015). Both
species are known to tolerate much higher temperatures than
presently occur in the CR. C. fluminea is endemic to freshwa-
ters across Asia, Africa and Australia (Sousa et al. 2008), and
P. forbesi inhabits waters in the Yangtze River region which
may exceed 30 °C (Zhang et al. 2018).

Over the next several decades, an increase in temperature of
~3.0°C is predicted for the U.S. Pacific Northwest (Mote and
Salathé 2010). Temperatures are predicted to increase by ~4.5°C
by 2095 for the Columbia River Basin, which includes portions
of seven U.S. states and two Canadian provinces (Hamlet and
Lettenmaier 1999). We propose that increasing temperatures will
promote conditions favoring the growth of warm-water invaders
such as P. forbesi and C. flumina over locally-adapted native spe-
cies, allowing for both increased abundance and earlier emer-
gence in warmer years. Based upon prior observations (Dexter
et al. 2015), we hypothesize that native species will show a posi-
tive association with earlier summer warming, but respond nega-
tively to rising maximum temperatures in late summer.

Zooplankton response to warming

Several unusually warm climate events have unfolded across
this region in recent years (e.g., Kintisch 2015), thereby provid-
ing an opportunity to examine these hypotheses under the
extreme conditions that foreshadow a warmer climate of the
future. We therefore conducted a series of regression-based ana-
lyses to examine the long-term temperature trends in the lower
CR (~70 years), and the relationship between short-term (inter-
annual) variation in temperature and population density for
several native and invasive zooplankton species. Specifically, we
examined: (a) if a decadal-scale warming trend could be
detected in the lower CR; (b) if CR zooplankton showed a con-
sistent response to interannual temperature variation; and (c) if
invasive zooplankton were more tolerant of extreme tempera-
tures than native members of the community.

Methods

Study site and sample collection

The CR drains an area of 669,300 km? across the
U.S. Pacific Northwest region (Simenstad et al. 1990). Rates of
river flow are heavily influenced by the timing of spring and
summer snowmelt, although more than 200 impoundments
on the river have greatly reduced seasonal variation in flow
relative to historical patterns (Payne et al. 2004). We collected
zooplankton samples from a pier located in Vancouver,
Washington (45.62°N, 122.68°W), approximately 170 river
km upstream from the mouth of the CR and 64 km down-
stream from the Bonneville Dam—the furthest downstream
impoundment on the river (Fig. S1). This site is characterized
by high flow with no thermal stratification, and water depths
ranging seasonally from 8 to 11 m (Dexter et al. 2015). We
sampled from this location every month within January
2005-December 2016, yielding a total of 144 continuous
monthly samples. During each instance, we collected three
zooplankton samples via vertical net tows from 1 m above
river bottom to the surface using a 73-ym mesh, 0.5-m diame-
ter ring net with attached flowmeter (General Oceanics). Zoo-
plankton samples were fixed in a 10% buffered formalin
solution for later taxonomic processing.

In the laboratory, a minimum of 200 non-naupliar organ-
isms were identified from aliquots of each sample using a
Leica MZ6 stereomicroscope (Leica Microsystems) at 40x mag-
nification. Specimens were identified to the lowest possible
taxonomic rank using Thorp and Covich (2009), with most
individuals identified to the genus or species level. We
converted specimen counts to density (individuals m~%) by
multiplying each count by the ratio of sample volume to ali-
quot volume, and dividing by the total volume of water fil-
tered. Two replicate samples were processed for each sampling
date, with the third reserved as backup.

Long-term temperature data
We obtained long-term temperature and river flow data
from daily records collected at the Bonneville Dam (~64 km
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upstream of study site) spanning January 1950-June 2017
(Columbia Basin Research 2018). Bonneville Dam water tem-
peratures were monitored at a depth of ~14 m in the forebay
near the turbine intakes. These hypolimnetic temperatures
were representative of riverine temperatures at the down-
stream zooplankton sampling site due to the reservoirs being
run-of-the-river with short residence times. For the purposes
of model validation, we also obtained long-term water tem-
perature records from two additional upstream monitoring
sites: the Dalles Dam (~100 km upstream of our study site)
and the McNary Dam (~300 km upstream) (Columbia Basin
Research 2018). Pacific Decadal Oscillation (PDO) indices and
Southern Oscillation Index (SOI) values were obtained elec-
tronically from the U.S. National Oceanic and Atmospheric
Administration (NOAA) for the period spanning January
1950-June 2017 (National Centers for Environmental
Information 2018).

Analysis of long-term water temperature trends

Long term trends in water temperature (1951-2017) were
assessed via generalized least squares regression of daily tem-
perature records from the Bonneville Dam forebay and several
regionally-relevant climatic variables: PDO index, SOI index,
and CR flow rates (volume/s). Temperature values were de-
seasoned by standardizing each observation against the
monthly mean and then converting to z-scores. The full
model was structured as temperature ~ time + PDO + SOI + River
flow, with an AR(1) autocorrelation structure applied to the
error term (Zuur et al. 2009). Time was expressed as the num-
ber of years elapsed since t = 0. The best-fit regression model
was selected from this full model via backwards p-value selec-
tion for both (1) the entire data series and (2) seasonal subsets
of the series: winter (December-February), spring (March-
May), summer (June-August), and fall (September—
November). p-Values were adjusted for multiple comparisons
across all five models using the False Discovery Rate method
(Benjamini and Hochberg 1995). Models were fit using maxi-
mum likelihood estimation for model selection, and the final
model was re-fit using restricted maximum likelihood (REML).
Regression model assumptions were validated via graphical
examination of residuals according to the approach rec-
ommended in Zuur et al. (2009). Model results were validated
using the same procedure applied to data from the two addi-
tional upstream sites. All regressions were performed in R ver-
sion 3.2.2 using the nlme package (version 3.1.128—Pinheiro
et al. 2018).

Analysis of individual taxa response to elevated
temperatures

In order to test the hypothesis that interannual variation
in summer water temperatures strongly affects zooplankton
abundances in the CR, we developed a series of general linear
models for the six most abundant zooplankton taxa during
summer months: Daphnia sp. (native), Bosmina longirostris
(native), cyclopoid copepodites and adults (native), juvenile
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C. fluminea (invasive), P. forbesi copepodites and adults (inva-
sive), and P. forbesi nauplii (invasive). Note that “Daphnia sp.”
corresponds to a mixture D. mendotae and D. retrocurva (which
are difficult to differentiate at most life stages) and “cyclopoid
copepodites and adults” corresponds to Diacyclops thomasi
and Acanthocyclops robustus (for the same reason). We
modeled the nauplii of P. forbesi (which are easily distin-
guished from other nauplii) but not cyclopoid nauplii, which
we rarely observed in summer months. Also note that plank-
tonic C. fluminea represent only the juvenile life-stage of the
clam, not the benthic adults.

All models were formulated as log(abundance) ~ month x tem-
perature, with temperature modeled as a continuous variable
and month set as a factor (i.e., ANCOVA—analysis of covari-
ance). When significant month x temperature interaction terms
were present, the models were interpreted only with respect
to the interaction terms, not either term singly. We accom-
plished this by calculating the conditional coefficients of the
interaction terms in the model (i.e., the changes in the coeffi-
cient for temperature conditional on the value of month),
along with 95% confidence intervals for these coefficients
using the interplot package version 0.2.1 for R (for methodo-
logical details see Solt et al. 2018). p-Values were adjusted for
multiple comparisons across all six models using the False Dis-
covery Rate method (Benjamini and Hochberg 1995).

Results

Long term trends in water temperatures

We detected a statistically significant increase in water tem-
perature at the Bonneville Dam monitoring station across the
period spanning 1951-2017 (Fig. 1A), a trend which was also
apparent at both upstream dams (Figs. S2 and S3). At all sites,
the best-fit regression model contained three parameters:
time, PDO, and river flow. River temperatures were negatively
associated with increasing flow, positively associated with
high PDO index values, and positively correlated with time
(expressed as years). When this modeling process was repeated
with seasonal subsets of the data, PDO was significant in only
spring and winter. In all instances, SOI was dropped during
model selection due to strong colinearity with PDO.

This warming trend was most apparent in the summer and
fall months (Fig. 1B). Across the entire period of study,
median August water temperatures at the Bonneville Dam
increased approximately 2°C, with the period of greatest
increase occurring between 1970 and 1980 (Fig. 1C). This
rapid increase around the 1980s accords with the well-
documented reversal in the polarity of the PDO in 1976-1977
(Miller et al. 1994; Mantua and Hare 2002). Moreover, the
number of extreme heat events at this site (defined as water
temperatures > 22°C) has increased in recent decades.
The partial decade spanning 2010-2016 shows at least a two-
fold increase in the frequency of these extreme heat events
compared to any other decade in the nearly 70-year data
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Fig. 1. (A) Daily Columbia River water temperature at the Bonneville Dam forebay averaged by month for the entire time-series. (B) Seasonal subsets of
the Bonneville Dam time-series with the 12-year zooplankton series shaded in gray. A significant positive relationship between water temperature and
time was observed for the complete series (p < 0.001), summer (p < 0.001), and fall (p < 0.05). (C) Median and interquartile ranges for August water
temperature at the Bonneville Dam forebay by decade. Across the period of study, median August water temperatures increased approximately 2°C, with
the period of greatest increase occurring between 1970 and 1980.
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Fig. 2. The conditional coefficient of the interaction term for the linear regression model abundance ~ temperature x month for the six most abundant
zooplankton taxa during the summer months in the Columbia River. Parameter estimates and confidence intervals are shown for each taxon, with posi-
tive effects of temperature in blue, negative effects in red, and nonsignificant effects in white.
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series. This pattern remains unchanged when the raw number
of events are standardized to account for several intermittent
gaps in the time series during the 1960s and 1970s. Long-term
temperature data from the two upstream dams show similar
trends of increasing temperatures in recent decades and recent
years (i.e., 2010-2016) (Figs. S2 and S3).

Individual zooplankton taxa responses to elevated summer
water temperatures

The six zooplankton taxa most abundant during summer
months all showed significant interactions between inter-
annual variation in abundance and temperature (Fig. 2). The
magnitude and direction of this interaction varied across spe-
cies and season, but followed some general patterns. In early
summer, elevated water temperatures were associated with
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Fig. 3. The log(x + 1) abundance of B. longirostris plotted against water
temperature for each summer month (June, July, August) during the
12-year period of study. For each month, an ordinary least squares model
of the form abundance ~ temperature was fitted with the corresponding
p-value (adjusted for multiple comparisons using FDR) and R*> shown on
each plot. Regression lines are shown only for months with a significant
correlation between temperature and abundance.
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greater abundances of both native and invasive species. In late
summer, elevated water temperatures were associated with
decreased abundances of native taxa, but not invasive taxa. In
some instances, the magnitude of correspondence between
interannual variations in water temperature and abundance
was striking. In the strongest case, 81% of the interannual var-
iation in the June abundance of the native cladoceran
B. longirostris could be explained by water temperature alone
(Fig. 3). This positive correlation breaks down for B. longirostris
in mid-summer (July), and then becomes strongly negative
when water temperatures reach their annual peak in late sum-
mer (August). In contrast, no evidence for negative effects of
elevated water temperatures were observed for any of the
invasive taxa. As higher water temperatures tend to be corre-
lated with decreased water flow in the summer months, these
patterns may reflect some degree of concentration of the zoo-
plankton community. However, the magnitude of interannual
variation in summer month flow (~ fivefold difference
between minimum and maximum) was far less than the
corresponding interannual variation in population densities
(~ 10° fold difference).

Discussion

We observed a clear pattern of increasing water tempera-
tures over the past 70 years at several sites in the lower
CR. This pattern of increase is most apparent in summer
months, with median August temperatures at the Bonneville
Dam showing an increase of approximately 2°C over the
period of 1950-2018. Similarly, extreme heat events appear to
be increasing in frequency, with a two-fold increase in the
number of average monthly water temperatures exceeding
22°C in the period of 2010-2016 relative to any other decade
examined. Our study was not designed to partition this
warming trend into components of river management,
regional climatic cycles, and global climate change, although
our findings accord with regional predictions for anthropo-
genically  induced climate change (Hamlet and
Lettenmaier 1999; Mote and Salathé 2010). The sharp increase
in summer water temperatures that we observed between
1970 and 1980 (although striking) may be a special case, as
this period of rapid warming closely corresponds to a rapid
shift in the polarity of the PDO in 1976-1977 (Miller
et al. 1994; Mantua and Hare 2002). Irrespective of the ulti-
mate drivers of this warming trend, it is clear that plankton
communities in the CR have experienced steadily increasing
temperatures across recent decades, and that this increase has
been greatest during summer months.

In temperate latitudes, annual changes in temperature
across seasons far exceed the magnitude of interannual varia-
tion within seasons. Nonetheless, interannual variation in
temperature may have a profound effect on the phenology
and abundance of plankton populations (Berger et al. 2007).
Many species of zooplankton exhibit temperature-dependent
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growth rates, and interannual variation in water temperatures
may affect the seasonal succession of predators and prey, or
drive phenological mismatches in life-history events. Our
results show that CR zooplankton populations are highly
responsive to interannual variations in temperature, and that
the response is taxon-specific. Each zooplankton taxon that
we examined showed a positive association between abun-
dance and water temperature in early summer (June), when
water temperatures hovered around 16°C. In contrast, inter-
annual variation (i.e., increase) in late summer temperatures
yielded negative associations for all examined native taxa, but
none of the invasive taxa.

These associations may represent several different mecha-
nisms. On one hand, the patterns that we observed may reflect
differing physiological capacities to tolerate elevated water tem-
peratures. Negative correlations between peak water tempera-
tures in late summer and the density of several native species
may reflect a physiological threshold beyond which fitness
declines relative to warm-water tolerant invaders. Alternatively,
shifting patterns of abundance might reflect earlier onset of sea-
sonal community succession, but not necessarily an overall
change in population size. Such associations could be driven by
direct effects (e.g., warmer temperatures promoting earlier emer-
gence of P. forbesi from overwintering eggs) or indirect effects
(e.g., increased food abundance in warmer years supporting ear-
lier reproduction in C. fluminea), or combinations of both, as
these interpretations are not mutually exclusive. For example,
multiple species of non-indigenous ascidians in coastal New
England exhibit both earlier recruitment in response to warmer
winters as well as greatly increased growth rates (relative to
native ascidians) in response to warmer summers (Stachowicz
et al. 2002). As our taxonomic groupings represent populations
(e.g., P. forbesi), assemblages (cyclopoid copepods), and reproduc-
tive events (C. fluminea juveniles), we propose that our results
likely reflect multiple mechanisms.

With respect to the continued expansion and long-term
persistence of these invaders, our results have clearly differing
implications. Zooplankton populations often exhibit highly
seasonal dynamics, and possess a temporal as well as geo-
graphic range. The geographic range of P. forbesi has remained
static across the Pacific Northwest for several decades (Dexter
et al. 2020), but our results highlight a potential for expansion
in temporal range. Warming conditions may push P. forbesi
into greater contact with an early-season zooplankton com-
munity, or extend the persistence of P. forbesi into the charac-
teristically depauperate months of early winter. The
implications for C. fluminea are likely quite different, as
populations of benthic adults persist across the entire year.
The number of juveniles released may reflect conditions in
previous months that control number and quality of eggs pro-
duced, fertilization success, and number of larvae brooded in
the gills. Thus, while our models show a similar response to
elevated temperatures in both invasive taxa, the biological
interpretation of this response may be highly species specific.

Zooplankton response to warming

Although our data reveal a clear set of associations, there
are some important limitations to bear in mind. The fre-
quency of our sampling events (once per month) does not
provide sufficient resolution to differentiate shifts in phenol-
ogy from an overall change in total population density across
an entire year. These hypotheses might be discriminated in
future studies through examination of the succession of the
various life-stages of these zooplankton taxa, more frequent
sampling, additional measures of seasonal change (e.g., onset
of the spring phytoplankton bloom or stratification in nearby
lakes), or perhaps through a time-frequency based approach
to signal processing (Katz et al. 2011). Furthermore, our ability
to understand the wider ecological implications of these find-
ings would be greatly enhanced by the inclusion of additional
sampling sites in the CR, especially in the brackish waters of
the lower estuary and the lentic waters of upstream reservoirs.
Nonetheless, we can conclude that given the clear warming
trends we have observed and the affinity (or at least tolerance)
that several invaders show for the warmest conditions in the
CR, we predict that summer conditions in the CR may
increasingly favor the growth of invasive zooplankton over
native species in coming decades.
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