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Phytoplankton dynamics are closely linked to the ocean-climate system with
evidence that changing ocean conditions are substantially altering phytoplankton
biogeography, abundance and phenology. Using phytoplankton community composition
and environmental data spanning 1965 to 2013 from a long-term Pacific Ocean coastal
station offshore from Sydney, Australia (Port Hacking 100 m), we used the Maximum
Entropy Modelling framework (MaxEnt) to test whether phytoplankton realized niches
are fixed or shift in response to changing environmental conditions. The mean niches
of phytoplankton closely tracked changes in mean temperature, while the mean salinity
and mixed layer depth realized niches were consistently at the extreme range of available
conditions. Prior studies had shown a fixed niche for nitrate in some phytoplankton
species at a site where nitrate concentration was decreasing and potentially limiting;
however, at Port Hacking nitrate and silicate niches increased more rapidly than
environmental conditions, apparently in response to periodic occurrences of elevated
nutrient concentrations. This study provides further evidence that climate change model
projections cannot assume fixed realized niches of biotic communities, whilst highlighting
the importance of sustained ocean measurements from the southern hemisphere to
enhance our understanding of global ocean trends.

Keywords: Port Hacking, climate change, MaxEnt, nitrate, species distribution models

INTRODUCTION

Warming of the Earth’s ocean and atmosphere due to anthropogenic CO, emissions has seen
a global average increase in surface air temperature of 0.85°C over the past century (IPCC,
2014), with the upper ocean trapping the majority of the anthropogenic heating (IPCC, 2013).
Atmospheric warming is associated with a decrease in pH and acidification of ocean waters (Rost
et al., 2008; Beaufort et al., 2011). It is in these upper, sunlit waters of the global ocean that
phytoplankton flourish, producing ~ 45 Gt a~! of organic carbon (Falkowski et al., 1998; Field et al.,
1998). Phytoplankton are a critical food source for higher trophic levels, sustaining marine food
webs, which culminate in important fish stocks (Falkowski et al., 2004; Doney, 2006; Richardson
and Poloczanska, 2008).
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The flow-on effects that changes in climate and phytoplankton
communities may have on ocean food webs and global
biogeochemical cycles are poorly understood yet potentially
profound and include the potential for harmful algal bloom
intensification (Edwards and Richardson, 2004; Gobler et al,,
2017). Moreover, establishing links between climate change
and trends in the structure of phytoplankton assemblages is
challenging, as phytoplankton have been shown to exhibit orders-
of-magnitude variability over seasonal, inter-annual and inter-
decadal time scales (Zingone et al., 2010).

With the potential for rapid dispersal, high reproduction
rates and unexpected genetic structuring (Koester et al., 2013),
both the fundamental niche of phytoplankton species and the
ecological space or realized niche occupied in a particular
community (Hutchinson, 1957) may be adaptable to changing
ocean conditions. The set of all abiotic and biotic conditions in
which a species can persist is called the fundamental niche and
is usually determined experimentally in controlled conditions.
Observational studies of natural communities can be used to
document the realized niche where a species actually occurs,
which can be thought of as a modification of the fundamental
niche resulting from competition and biotic interactions. Various
niche characteristics (e.g., niche position, breadth, overlap,
plasticity, and conservatism) have been estimated under varying
single- or multi-stressor conditions both in the laboratory
(Collins et al., 2014; Boyd et al., 2015; Thomas et al., 2016;
Ji et al,, 2017) and the field (Irwin et al., 2012; Brun et al,,
2015). However, understanding the organismal tolerance and
plasticity that will drive evolutionary change remains uncertain,
with model projections of biotic communities under climate
change still assuming fixed realized niches (Chivers et al., 2017).

Recent approaches have used many species with different trait
values to seed marine ecosystem models to examine emergent
biogeography of microbial communities (Follows et al., 2007).
Field based observations have been used to compare the changes
in biogeography of different functional groups of phytoplankton
and zooplankton to the velocity of climate change (isotherm
movement) (Chivers et al., 2017). Combined with species
distribution modeling (SDM), field observations have been used
to model phytoplankton biogeography between historical and
projected future ocean conditions (Barton et al., 2016) and to
track species over time at a single location (Irwin et al., 2015).
In the latter example, modeled phytoplankton data from a long-
term coastal station CARIACO (Carbon Retention in a Colored
Ocean) off the coast of Venezuela, revealed that species niches
were not stable over decadal time periods, but were able to exhibit
some adaptive capacity to changes in environmental conditions.
Many questions remain, however, as we assess the importance
and generality of this phenomenon. Little is known about how
quickly species respond to environmental changes, if some
species or functional groups are particularly flexible or resistant
to changes, and what is the potential for contrasting effects of
individual environmental drivers or directional changes. More
time series are needed to resolve these open questions.

The Port Hacking 100m (at a depth of 100m) coastal
monitoring station (hereafter PHjgom), located on the east
coast of Australia, is one of the longest established coastal

stations in the Southern Hemisphere. Located 5km from
Sydney, this station has been the focus of many short-term
phytoplankton and hydrological investigations since its inception
in 1954, with its disparate phytoplankton datasets only recently
assembled (Ajani et al., 2016). In 2009, this station became one
of nine National Reference Stations located around Australia
maintained by the Integrated Marine Observing System (IMOS)
to monitor long-term changes in Australia’s ocean (Lynch et al,,
2014). PHjpom is located within a very complex oceanographic
setting, dominated by the East Australian Current (EAC), which
originates in the Coral Sea to the north and brings warm,
oligotrophic waters into more temperate latitudes (Ridgway and
Dunn, 2003). The EAC has strengthened and moved poleward
(Ridgway and Hill, 2012; Wu et al, 2012) with long-term
increases in temperature, salinity, and nitrate and a decline in
silicate recorded at this station over the past 60 years (Thompson
et al., 2009).

While no concomitant shift in total phytoplankton abundance
has been reported at this station over the past 60 years,
species composition over the past decade has seen a decline
in dinoflagellates compared to diatoms toward the present.
There is also an emerging dominance of two tropical species
Trichodesmium erythraeum (cyanobacterium) and Bacteriastrum
spp. (diatom) at this station (Ajani et al., 2014a,b). This shift
in composition, however, has only been reported over the most
recent decade, when water temperatures declined amidst a long-
term warming signal.

With this in mind, we studied the realized niches of
phytoplankton species at PHjgoy to address the following
questions. Do realized niches change in response to
environmental change, or are they primarily conserved
resulting in a restructuring of communities and changes in
biogeography as environmental conditions change? The changes
in physical and chemical conditions at PHjgoy allowed us to
test for changes in realized niches over time, so we refined this
question by examining how rapidly realized niches change.
Another refinement recognizes that the realized niche for some
environmental variables may be much more plastic than for
others, so we investigate if niches change at different rates
for different variables. Many environmental conditions and
changes in conditions are correlated, so we investigate if these
correlations are reflected in the realized niches and their changes.
Finally, we investigate if species respond to changes in the mean
environmental conditions, or if more detailed information about
the distribution of environmental conditions is required to
anticipate changes to realized niches.

MATERIALS AND METHODS

Five disparate phytoplankton sampling campaigns were
conducted at the PHjgom coastal station (34°7°3.36”E,
151°13’5.52”S, Figure 1) over the period from 1965 to 2013
(approximately ~20 years of sampling over a ~50 year period).
These were coded OSL (1965-1966), HALLE (1978-1979),
AJANI97 (1997-1998) AJANI98 (1998-2009), and NRS (2009-
2013) and their sampling frequencies, methodologies and
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FIGURE 1 | Map of study area showing southeast Australia (inset) and the
coastal monitoring station Port Hacking 100 m (PH1ggm) indicated by black
circle.

references are summarized in Table 1. In brief, phytoplankton
samples were collected approximately weekly to monthly using
either discrete bottle samples or phytoplankton mesh nets
(20 or 37 uwm) and preserved before microscopic examination.
Cells were identified to the lowest possible taxon using light
microscopy and where identification to species level was not
possible, cells were assigned to genus level only (e.g., Chaetoceros
spp.» Thalassiosira spp. etc.). For comparability across sampling
campaigns, certain taxa were pooled to genus level. Simultaneous
meaurements of several environmental parameters including
temperature (°C), salinity, oxidized nitrogen (jLmol L' nitrate
and nitrite, hereafter “nitrate”), and dissolved reactive silicate
(wmol L1 hereafter “silicate”) occurred during these sampling
campaigns (refer to references in Table 1 for all environmental
collection and analytical methodologies).

All phytoplankton abundance data were pooled across 0-50 m
except for AJANI97 and AJANI98 which were 0-100m and
converted to simple records of species presence, while all
environmental parameters were averaged across the upper 50 m.
To assess if the phytoplankton were tracking changes in thermal
stratification at this location, we also calculated the mixed-layer
depth (MLD) over the sampling duration. This was defined as the
depth where the temperature was more than 0.5°C lower than the
surface temperature (Levitus, 1982).

Differences in sampling methodology and frequency can
introduce a sampling bias and effect model performance when
performing niche models (Kramer-Schadt et al., 2013). Although
this concern is largely focused on spatial distribution modeling,

similar problems could arise from temporal models collected at
a single station. Temporal filtering of weekly data to monthly
reduced the number of viable species to model, but for those
retained we found significant positive correlations (r = 0.78
to 0.93) between the filtered and unfiltered species in terms
of how each species track their niche. Similarly, a comparison
between the two principal modes of sample collection (net hauls
and discrete bottle samples) during 2009, found that while cell
counts were significantly lower in the bottle samples, over 72%
of the species were collected by both methods and the five most
abundant species were the same. We therefore did not correct
for changes in sampling frequency or method. For sampling
frequency in particular, the spatial filtering would have resulted
in a significant loss of modeled species and our tests suggest there
would be no change to the overall conclusions.

Tracking Changes in Phytoplankton Niches
To investigate whether phytoplankton niches have adapted to
changing environmental conditions on a decadal scale at PH;gom,
we divided the combined dataset into three distinct periods
representing different thermal regimes.The first period, P1,
represented four years of stable colder temperatures before the
rapid warming during the mid 1990s, and included data from the
years 1964, 1965, 1978, and 1979. The second period, P2, which
included data from 1997 to 2004, showed no abrubt step-wise
changes in environmental conditions but did exhibit a significant
decline in ocean temperatures. The final period, P3, showed
evidence of renewed warming and included data collected from
2005 to 2013. We chose the end of year midpoint as the division
for the two periods separating the data into an initial post El Nifio
cooling phase (P2) and a cooler period with renewed warming
(P3).

Secondly, we investigated how quickly phytoplankton track
changes environmental conditions by observing the rate at
which the niche changed on a rolling annual basis. We limited
this analysis to the years between 1997 and 2013 due to the
large gaps present between the earlier four years of data. We
calculated a running mean niche of each species using a 4-year
moving window which provided a possible total of 14 niche
measurements (i.e., 1997-2001, 1998-2002, ..., 2010-2013). For
both analyses, species that were found to occur at least 15 times in
at least one period (P1, P2, and P3), or within one 4-year window,
were retained for subsequent niche modeling.

Statistical Analysis

We used the Maximum Entropy Modelling framework (MaxEnt,
Phillips and Dudik, 2008) to estimate the logistic probability of
finding a particular species in univariate or multivariate niche
space by comparing the environmental conditions where a taxon
is present with the measured background environment of all
sampling events. MaxEnt has become one of the most popular
algorithms used to model species distributions. It has consistently
been found in comparative studies to give robust estimates and
to perform as one of the best algorithms available (Elith and
Leathwick, 2009). Our focus is on using MaxEnt to describe the
realized niches of phytoplankton and to test for changes over time
in these niches. Alternative modeling frameworks could be used
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TABLE 1 | Phytoplankton sampling campaign codes, frequency, duration, methodology and reference from PH1 g, coastal station (IMOS = Integrated Marine Observing

System; NRS = National Reference Station).

Code Period Sampling Sampling methodology Number of Counting methodology Reference
frequency samples
OsL P1 Weekly 4.5 using van Dorn 42 Diluted subsamples Grant and Kerr,
Apr 1965-Apr 1966 sampler; discrete 0,10, counted in gridded chamber 1970
20m pooled “surface”; 30 to between 100 and 500
and 50 m pooled per ml range
“intermediate”; 75 and
100 m pooled “bottom”
HALLE P1 Weekly 24 |-duplicate casts with 38 Utermohl chamber and Hallegraeff, 1981
Apr 1978-Apr 1979 twin 6 L water sampler (Jitts, whole bottom counted at
1964); discrete 0, 10, 20, x200 magnification for rare
30, 40, 50, 75, and 100 m; and large species; 10-30
random fields counted for
abundant diatoms and small
flagellates
AJANIO7 P2 Weekly 100 m vertical net haul — 49 Lund cell and light Ajani et al., 2001
Apr 1997-Apr 1998 37 wm mesh (Heron, 1982) microscope x400
magnification
AJANIO8 P2 and P3 Monthly 50m vertical net haul-20 um 113 Lund cell and light Ajani et al.,
Sept 1998-Dec 2009 mesh microscope x400 2014a,b
magnification
NRS P3 Monthly Niskin bottles- integrated 44 Sedgewick-Rafter x200 imos.aodn.org.au

Feb 2009-Dec 2013 sample 0-50m

magnification for large
diatoms and dinoflagellates;
500-600x magnification for
nanoplankton species

P1, P2, and P3 refer to the 3 periods of analyses used in this manuscript; P3 starts in 2005 (see methods for additional detail).

ranging from regression to machine learning. MaxEnt is both
highly flexible, with weak a priori assumptions about the response
of each species to each condition, and highly interpretable in
contrast with some “black-box” machine learning techniques. For
each MaxEnt model run, a total of 100 bootstrap re-sampling
runs were performed. Threshold and hinge responses were
disabled as our focus is primarily on the mean niche conditions
for each species and to reduce the likelihood of overfitting of
the model (Elith et al., 2011). Model performance was evaluated
by examining the area under the curve (AUC) of the receiving
operator characteristic, where values approaching one suggest a
higher probability that a model will correctly identify a species
presence. Using the AUC as a single measure for evaluating
model performance can be prone to several biases (Yackulic
et al., 2013). Nevertheless, by raising the minimum AUC for
inclusion of a model to 0.7, we successfully removed the most
poorly fitted models that may have biased our results. We
used the permutation importance to measure the contribution
of each variable to the total AUC on a percentage scale by
permuting the values of one variable at a time at random and
observing the decrease in model performance. A large decrease
in the AUC indicates that the variable is very important in the
characterisation of the species’ niche.

To investigate whether phytoplankton niches have adapted
to changing conditions on a decadal scale, we focused on each
environmental variable individually and used the probability
response curves to calculate the mean realized niche of each

modeled species for each period (P1, P2, P3) or 4-year moving
window during the period 1997-2013. For the decadal analysis,
the background data were sampled from all observations. For the
moving window approach, the background data were sampled
from the years included in the moving window. For both
analyses, only species that were found to occur at least 15 times
in at least one period (P1, P2, and P3), or within one 4-year
window were examined. The 100 bootstrap samples provided an
estimate of 95% confidence intervals of the mean niche for each
species. We restricted our analysis to environmental conditions
that were common to all periods and removed extreme values
present within individual periods of the time series. Had they
been included these extreme values could have had an effect
on the species niche calculation, where a difference in niches
would be found largely due to the change in available background
conditions.

We performed several tests to examine the effect of
the changing environment on the realized niches. For each
environmental variables, we calculated the community average
mean niche for all species within a period as well as the
background environmental conditions. We hypothesize that
the magnitude and direction of the changes in the niche and
environmental differences will be similar. We also hypothesized
that the degree of niche change is dependent upon the initial
niche and its distance from the mean environmental conditions.
To test this, we first examined species that were found in two
or more periods and used a linear regression model to examine
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the pair-wise relationship between the mean niche of the earliest
period and the change in mean niches between the two periods.
We then examined the rate at which changes to a species niche
occurred. We computed the correlations between the running
mean of the background environmental conditions and the
running mean of the mean niche for all species that were modeled
in at least 5 of the 14 time steps. To test for a delay in the response
of the community to environmental change, we computed these
correlations on simultaneous measures and with a lag of 1-4
years between the environmental conditions and the estimated
mean niches. Since some of the changes in niches did not seem to
be directly proportional to changes in the mean environmental
conditions, we compared the distance between the mean niche
and mean environmental conditions to the standard deviation of
the environmental conditions in each 4-year moving window.

RESULTS
Phytoplankton Niche Modelling

A total of 34 species were present in at least two periods with
a mean AUC of 0.7 or greater (Supplementary Table 1). The
variation in mean AUC was low with a standard deviation of
< 0.1 across all three periods (P1: 0.71 £ 0.089; P2: 0.81 £ 0.063;
P3: 0.72 £ 0.061). Four environmental variables (temperature,
salinity, mixed layer depth, and nitrate concentration) allowed
comparisons across all three periods while comparisons for
silicate concentration were only possible between the latter time
periods P2-P3 (Table 2). A total of 16 species were present
in both periods P1 and P2 and 31 species were present in
periods P2 and P3 (Supplementary Tables 2, 3). We found

changes in the community average mean niches and the mean
environmental conditions were always in the same direction for
temperature, MLD and nitrate concentration between P1 and
P2 and between P2 and P3. Changes in the community average
mean niches exceeded changes in the environmental conditions
for temperature, nitrate and silicate concentration (Table 2).
Salinity and mixed layer depth changes were very small or not
significantly different from the environment and mean niche
between both pairs of periods. A few niche changes nominally
in the opposing direction to changes in the environment all
corresponded to small, non-significant changes in environmental
conditions. Changes in the mean niches for each species were
in the same direction as the environmental change for almost
all species (Supplementary Tables 2, 3). For each species, the
magnitude of niche change was negatively associated with their
initial niches, indicating that species with niches in the initial
period (P1 or P2) farthest from new conditions in the second
period (P2 or P3) exhibited the largest change in their mean niche
(Figure 2). We interpreted this as a signal of direct pressure on
the realized niche due to changes in environmental conditions.
The most important variables determining a species’ niche
varied between the three periods examined (Table 3). In P1,
temperature was the most important variable for all species
overall (with a mean permutation importance of 36%), with
nitrate concentration (21%) being marginally more important
than the two remaining variables (silicate was not available for
this period). For P2 temperature was the third most important
variable (18%) having been supplanted by the added variable
silicate concentration (32%) as most important and nitrate
concentration (20%) as the second most important. Period P3

TABLE 2 | Mean environmental conditions (top) and niches (bottom), 95% confidence interval on the mean, and change in means between two periods for temperature,
mixed layer depth (MLD), salinity, nitrate and silicate concentrations over time (P1: 1965-1979, P2: 1997-2004, and P3: 2005-2009) at the Port Hacking monitoring

station.

Variables P1 P1 P2-P1 P2 P3-P2 P3 P3
Mean 95% CI A Mean 95% ClI A Mean 95% CI

ENVIRONMENT

Temperature (°C) 18.58 (18.14-19.28) 0.7 19.28 (18.89-19.67) —0.47 18.81 (18.49-19.14)

MLD 28.59 (23.48-33.61) -3.3 25.29 (21.01-29.63) -3.14 22.15 (18.02-26.28)

(m)

Salinity 35.51 (35.48-35.54) —0.02 35.49 (35.47-35.51) -0.07 35.42 (35.40-35.44)

Nitrate 2.02 (1.73-2.31) —0.51 1.51 (1.25-1.82) 0.45 1.96 (1.66-2.26)

(uwmol L=

Silicate NA NA NA 1.31 (1.15-1.47) —0.08 1.23 (1.16-1.4)

(wmol L=1)

NICHES

Temperature (°C) 18.23 (18.11-18.34) 1.62 19.85 (19.78-19.92) -1.11 18.74 (18.62-18.86)

MLD 73.1 (68.9-75.9) —15.44 57.66 (51.66-61.66) —4.96 52.7 (51.6-53.8)

(m)

Salinity 35.16 (835.13-35.19) 0.13 35.29 (85.25-35.33) —0.08 35.21 (34.19-35.23)

Nitrate 3.59 (3.56-3.82) —-1.72 1.87 (1.64-2.0) 1.88 3.75 (3.69-3.81)

(uwmol L=

Silicate NA NA NA 1.42 (1.31-1.53) 1.15 2.57 (2.39-2.75)

(umol L’W)

Differences between periods shown in bold are statistically significant (P < 0.05).
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FIGURE 2 | Changes in the mean realized niche as a function of the mean
niche in an initial period. Each panel displays changes for one variable
between periods P1 and P2 (triangles) and between periods P2 and P3
(circles): (A) temperature (°C), (B) mixed layer depth (m), (C) salinity, (D) nitrate
concentration (wmol L), (E) silicate concentration (mol L=1). Each symbol
(Continued),

FIGURE 2 | represents a single species. Regression lines illustrate that the
greatest changes in the realized niche occur in species with an initial niche that
is most dissimilar from the average conditions in the second period (P1-P2,
solid line; P2-P3, dashed line). See Table 2 for changes in mean
environmental conditions and niches. Silicate niches were not available in P1,
so the first difference is not shown in panel (E). Colours correspond to the
phytoplankton groups coccolithophores (gray), diatoms (green), dinoflagellates

(red), and silicoflagellates (blue).

showed an increase in the importance of salinity (22%) and
a slight decrease in importance for both nutrient variables
(Table 3). Overall, all the predictors played an important role in
determining the realized niches of species on average, with no
clear signal in which one variable dominated the information
characterizing the niches.

Tracking Change in Phytoplankton Niches

A total of 33 species appeared in suitable numbers of samples
to model the niche at least once during the period 1997-
2013 (Supplementary Table 4). There were strong positive
correlations found between changes in environmental conditions
and each species niche and the average niches of all species
(Figure 3). We found no evidence of any lagged responses,
meaning that the changes in mean niche likely occurred within
one year of the corresponding change in the environment.
The time-series analysis revealed three different patterns in the
differences between the mean environment and mean realized
niches and how they changed over time. For temperature, the
mean niche was approximately equal to the mean temperature
in the environment, changing at a similar rate and in the same
direction. For salinity and mixed layer depth, the mean niches
were at extreme values of the distributions of environmental
conditions, corresponding to low (relatively fresh) salinity
and large (relatively deep) mixed layer depths. Changes in
environmental conditions and mean niches were relatively
small for both of these variables (summarized in Table 2,
Supplementary Table 3). A third pattern was observed for
nitrate and silicate concentrations. Mean niches increased more
rapidly than corresponding changes in the mean environmental
conditions from 2000 to 2007. The changes arrested in the
second half of the study from 2007 to 2013. Despite the increases
in silicate niches, there was a steady decrease in the mean
silicate concentrations between 1997 and 2013. We computed
the difference between the community average mean niche
and the mean environmental conditions for each variable. This
separation between niches and environmental conditions was
close to 0 for temperature, approximately constant for salinity
and mixed layer depth, and increased rapidly for nitrate and
silicate concentration. Since the mean environmental conditions
was not predictive of this difference, we compared the difference
to the standard deviation of the environmental conditions
(Figure 4). Nitrate and silicate concentrations both showed
strongly positive correlations demonstrating that changes in the
distribution of environmental conditions (represented here by
changes in the standard deviation, but likely due the increasing
frequency of higher nutrient concentrations) led to the changes
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TABLE 3 | The relative importance (Mean, %) and 95% confidence interval (Cl) of each of the five environmental variables within each of the three periods (P1: 1964,
1965, 1978, 1979; P2: 1997-2004; P3:2005-2013) averaged over all species analyzed.

P1 P2 P3
Variable Mean Cl Mean Cl Mean Cl
Temperature (°C) 36 (31.5-39.5) 17.8 (13.4-22.2) 20.8 (19.9-22.7)
MLD (m) 18.1 (156.3-21.9) 12.6 (9.4-15.8) 12.5 (10.9-14.1)
Salinity 21.4 (19.5-25.9) 16.7 (14.5-19.9) 241 (21.5-26.6)
Nitrate (mol L=7) 23.9 (19-26.2) 20.1 (18.3-23) 18.8 (17-20.6)
Silicate (mol L) —— - 31.6 (26.5-36.7) 22.8 (19.5-26.1)

in the mean niches. No such relationship was found for the other
environmental variables (dotted lines in Figure 4) Each variable
is analyzed in a separate panel of Figure 4 and the final panel F
overlays all the variables, standardized to zero mean and unit
variance in each axis to facilitate comparison across variables.
The community was dominated by diatoms so we attempted to
determine if the silicate effect was stronger in diatoms compared
to other functional types, but the small number of species of other
groups made a careful taxonomic analysis inconclusive.

Correlations in the Environment and Niche
Interpretations

Correlations among environmental variables are ubiquitous in
the ocean and always have the potential to complicate the analysis
of observational data. Our focus has been on univariate species
distribution models and the mean realized niche rather than on
a multivariate model which might be selected to get the most
explanatory power to be used for prediction. Univariate niches
are generally easier to interpret (Elith et al., 2011; Irwin et al.,
2012). The correlations among our predictors are generally small
in this time series, and only significantly different from 0 for three
pairs of variables: temperature and nitrate concentration, silicate
and nitrate concentration, and a very small correlation between
silicate concentration and salinity (Table 4). The sign of these
correlations agrees with the relative changes in mean realized
niches, but the relative changes in temperature and nitrate niches
relative to changes in the mean environmental conditions are
very different, indicating that there is an independent signal
observed in changes in the temperature and nitrate realized
niches.

DISCUSSION

The Port Hacking coastal monitoring station (PHjgom) is one
of the longest running ocean time series in the Southern
Hemisphere (Figure 1). The hydrography of the region exhibits
complexity at several time scales (Hallegraeff and Jefirey,
1993; Ajani et al, 2001, 2016; Pritchard et al., 2003). Over
the last 60 years there has been a long-term increase in
temperature (0.75°C century_l), salinity (0.23 century_l), and
nitrate concentration (0.56 jumol L™! century~!) and decline in
silicate concentration (—1.97 wmol L=! century~!) (Thompson
et al., 2009). Superimposed on these multi-decadal trends are

seasonal, annual, and decadal variations. In recent years (1997-
2013) there has been a decline in salinity, likely due to an increase
in rainfall, a modest decline in sea surface temperatures, a decline
in mixed layer depth, an increase in annual average nitrate
concentrations and a decline in silicate concentrations. Climate
predictions for Australia include warmer ocean temperatures and
more intense rainfall events across the nation, although annual-
average rainfall is projected to decline (www.csiro.au/state-of-
the-climate). Australian climate patterns are also influenced
by the long-term increasing trend in global air and ocean
temperatures (http://www.bom.gov.au). It has been hypothesized
that the decline in silicate and other environmental conditions
will lead to changes phytoplankton community composition
at this site (Ajani et al, 2014a,b). Phytoplankton are rapid
and effective indicators of changes in the oceanic environment
(Richardson and Schoeman, 2004). Here we determine the
capacity of the realized niche of phytoplankton at this coastal site
to track changes in their environment conditions since 1965, with
an emphasis on the years from 1997 through 2013.

Microbes may have a high capacity to adapt to climate change
through selection on standing diversity and de novo mutation,
although there may be limits on the ability of species to adapt to
multiple stressors (Collins, 2013). In the laboratory, evolutionary
change has been demonstrated in numerous microbial species
including Escherichia coli, Trichodesmium, Chlamydomonas, and
Emiliania, often in less than a thousand generations, indicating
that marine phytoplankton may be able to adapt to climate
change nearly as rapidly as it occurs (Frank and Slatkin, 1990;
Collins and Bell, 2004; Benner et al., 2013; Collins, 2013; Hutchins
et al,, 2015; Walworth et al., 2016). Despite this evidence, many
researchers assume that the physiological traits and niches of
phytoplankton are fixed as this facilitates projections of the effects
of climate change and there remain few studies documenting
changes in phytoplankton niches over time, especially in the field
(Thomas et al., 2004, 2012; Flombaum et al., 2013; Barton et al.,
2016).

The fundamental niche is the full set of environmental
conditions under which a species can persist, and for
phytoplankton, this is typically defined in the laboratory.
In the field, species are influenced by the interaction of multiple
environmental conditions and simultaneous, competition and
other biotic interactions, all of which are rarely examined
in the lab and as a result, their realized niche is generally a
limited subset of their fundamental niche. At a tropical site
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A FIGURE 3 | concentration (wmol L=, and (E) silicate concentration (umol
. L~"). The 4-year running mean of the mean realized niche for species found in
o
LI at least 4 of the 15 periods between 1997 and 2013 (dashed lines) and a loess
"%’ 21 smoother (black, thick line) with a shaded region 1 standard error wide (red)
g are overlaid on these panels.
£
g 1
IR ‘ | | ‘\. w1l in coastal Venezuelan waters (Station CARIACO) over a 15
2 ‘u“ A T ‘.‘\T 1 "E ! c‘ year period (1995-2011), we observed changes in the realized
! [ niches of 67 phytoplankton species in response to warming of
B 0 about 1.3°C and a decrease in nitrate concentration of about
0.7 wmol L™ (Irwin et al., 2015). While changes in the realized
- temperature niche closely tracked changes in average conditions
£ in the environment, we observed two distinct responses in the
é nitrate niches. Some species tracked the decrease in nitrate
= @ concentration while others retained an essentially fixed realized
niche. We do not know if these results are typical of changes in
75 phytoplankton at other sites, how rapidly the changes occurred,
or the reason for the differences we observed in temperature and
100 nitrate niche changes.
C 3575 The evidence from the Port Hacking coastal station is that
realized niches of phytoplankton track changes in environmental
35.50 conditions (Figure 2, Table2). We observed three patterns
o of changes in the realized environmental niches that we
£ 3525 believe to be a result of mismatch between the fundamental
@ niches and available environmental conditions. For temperature,
35.00 the mean niche, averaged over all species, is very close
to the mean environmental conditions and the mean niche
34.75 closely tracks changes in the environment. The changes in
mean niche have the same sign but are slightly larger than
D changes in ocean temperature, whether we examine changes
8 { from one period to the next (Table2) or changes in the
running-mean estimate over time (Figure 3A). This is expected,
& . since the fundamental temperature niche for many species
g : is generally wide compared to the ranges of temperatures
2 <] i observed at PHjgom (Boyd et al, 2013; Brun et al, 2015). In
E , >, ;1 =257 { “-‘ﬂ 1| e ad.diFion, ocean currents can be. e.xpectéd. to have exposed the
z AR Il “‘ “‘_..f\jw‘ | I ‘l‘“lh‘“h“ ‘r ‘1“\“\‘ Al f b drifting phytoplankton communities arriving at PHj gy, to large
. | o vk e temperature fluctuations, which will have helped retain species
E with wide temperature niches (Doblin and van Sebille, 2016),
" although in some cases currents may promote local adaptations
and barriers to gene flow (Rynearson and Armbrust, 2005). By
g contrast, mean niches are biased relative to the environment
T 4 for salinity and mixed layer depth, with salinity niches being
3 smaller (fresher) by about 0.25 psu compared to the environment
% and mixed layer depth niches being larger (deeper) by about
g = 30 m. Mean niches for both these variables are generally at an
extreme edge of the distribution of the environmental conditions,
indicating an increased probability of finding phytoplankton
2003 2006 2009 2012 species in general at one end of the distribution of these variables.
vear Changes in environmental conditions between periods (Table 2)
FIGURE 3 | Mean realized niches change over time in response to changes in are not signiﬁcant, and changes in mean niche are near zero
mean environmental conditions and their distributions. Running mean niches but signiﬁcant (for salinity) or not signiﬁcant (for mixed layer
are compared to environmental conditions in panels (A-E). Monthly depth). As with temperature, inter-annual variability in these
environmental conditions are shown (black line, filled N . environmental conditions is much larger than the changes over
circles) for (A) temperature (°C), (B) mixed layer depth (m), (C) salinity, (g) n|ttlrated the time-series in mean niche (Figures 3B,C). More dramatic
(Continued) changes in mean salinity and mixed layer depth could be expected
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FIGURE 4 | The difference between the community average of mean realized

niches and the mean environmental conditions for each 4-year window as a

function of the standard deviation of environmental conditions. For nitrate and

silicate concentration (D, E) increasing variability in the environment led

to larger differences between mean environmental conditions and mean realized
(Continued)

FIGURE 4 | niches (linear regressions, black line, p < 0.05). The relationship
was non-significant (dashed line, p > 0.05) for temperature, mixed layer depth,
and salinity (A-C) revealing close tracking of the mean or an extreme value of
the environmental conditions for these variables.

TABLE 4 | The correlation matrix between the five environmental variables for all
observations between 1997 and 2013. Significant (P < 0.05) correlations are in
bold.

Temperature MLD Salinity Nitrate
Temperature (°C) -
MLD (m) -0.15 -
Salinity -0.12 0.18 -
Nitrate (umol L=1) —0.47 -0.18 -0.16 -
Silicate (wmol L=1) -0.16 —-0.13 -0.21 0.56

to change the corresponding niches, but the ability of species
to persist at the edge of the distribution of these variables
allowed the realized niches to remain largely unaffected over the
study period. A third pattern is observed for nitrate and silicate
concentrations. Relatively small changes in mean concentrations
in the ocean (Table 2, Figures 3D,E) appear to have resulted in
considerably larger changes in the mean niches, and for silicate
concentration, the change is in the opposite direction (although
the environmental change was not significantly different from
zero). These three different kinds of changes in realized niches
may be related to the mismatch between the fundamental niche
and the available environmental conditions at this site.

Unlike Station CARTACO, where many phytoplankton species
displayed a fixed niche for nitrate, the realized niche for
nitrate concentration at PHygom tracks an increase in nitrate
concentration at the site. Also somewhat surprisingly, for
several variables, most notably nitrate and silicate concentration,
the mean realized niche over all species, at times, increases
more rapidly than the mean concentration in the environment
(Figure 3). Differences in the concentration and temporal
dynamics in nitrate concentrations between the two locations
may account for the different phenomena at the two sites. The
average monthly nitrate concentration at Station CARIACO was
<1 pmol L™}, indicating that nitrate may be the limiting resource
for many phytoplankton species at this location, whilst the higher
concentrations observed at PHjgom (~2 pmol L71) may not
be limiting for many species. Diatoms are known to thrive
under variable conditions at PHjgom, often taking advantage
of nutrient pulses (Hallegraeff and Reid, 1986; Ajani et al.,
2014a,b). Increasing nitrate loading in the coastal ecosystem
offshore from Sydney is predicted to continue in future years,
with more frequent upwelling events anticipated and an increase
in anthropogenic nutrient loading via river discharges and ocean
outfalls (Pritchard et al., 2003). How phytoplankton will react
to this further increase in nitrate concentration will require
further investigation over longer time scales and highlights the
importance of Australia’s National Reference Stations to monitor
long-term changes in Australia’s ocean.

Because of mismatch between fundamental and realized
niche, the consequences of environmental changes on some of
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the realized niches are not sufficiently well described by changes
in the mean conditions. Nitrate and silicate concentrations
exhibit increasing frequency of relatively high concentrations
over the 1997-2013 time series, starting most noticeably
around 2005 (Figures 3D,E). The standard deviation of nutrient
concentrations, measured over a calendar year, captures this
increase and can be used to explain why mean realized niches
increase more rapidly than mean environmental conditions
(Table 2, Figures 4, Supplementary Tables 3, 4). The difference
between mean realized niche and mean environmental condition
is correlated with the standard deviation of the environmental
conditions; all measured on a calendar year for nitrate and silicate
concentrations (Figure4). The corresponding relationship
for temperature, salinity, and mixed layer depth was not
significant.

The realized niches of phytoplankton changed rapidly in
response to changes in environmental conditions at Port
Hacking. We evaluated the lag-times associated with the mean
realized environmental niches and environmental conditions and
found the correlation was highest with no lag, demonstrating that
there was no evidence of a lag even as small as 1 year between
environmental change and corresponding changes in the realized
niche. Analyses between non-overlapping periods in this study
(Table 2, Figure 2) and a previous study at Station CARIACO
showed changes in realized niches between periods but did not
address the question of how quickly realized niches changed.
This rapid change in realized niche suggests that niche tracking
arises from rapid processes such as gene frequency change in
the population caused by ecological selection or immigration of
new ecotypes. We do not anticipate that physiological plasticity
is responsible for these changes in realized niche, except possibly
for temperature, since the interannual variation in environmental
conditions is much larger than longer-term changes that we
are emphasizing. If plasticity was responsible, then the niches
would likely be much broader and uniform across species,
encompassing the full range of environmental conditions (Irwin
et al., 2015). Moreover, since the realized niche for temperature
is very close to the mean conditions and tracks the mean very
closely, it is possible that some of the species at Port Hacking have
broad temperature niches relative to the range of environmental
conditions.

Our analysis of phytoplankton realized niches at Port Hacking
has demonstrated that realized niches for the species observed
at this site approximately track changes in environmental
conditions and that these changes happen with a time lag of
less than 1 year. This reinforces results observed at Station
CARIACO which showed that phytoplankton realized niches
adapt to changing ocean conditions. Our analysis at PHjgom
provides a second, independent test of this idea. The longer time
record at Port Hacking included some changes in environmental
conditions in opposing directions compared to those observed at
Station CARIACO, and some reversals, for example an increase
in temperature (and niche) between 1965 and 79 (P1) and
1997-2004 (P2) followed by a decrease between 1997 and 2004
(P2) and 2005-2013 (P3). Our results also extend the previous
analysis by illustrating that changes in mean conditions may
not always be sufficient to explain the changes in the mean
niche. Episodic increases in macronutrient concentrations were

sufficient at Port Hacking to enable disproportionate increases
in the corresponding realized niches, as phytoplankton exploited
these new conditions. Furthermore, the East Australian Current
is intensifying (poleward extension of approximately 350 km)
and continuing to undergo significant warming (2.28°C/century)
(Ridgway and Hill, 2012). This latitudinal shift and warming
trend is predicted to cause shifts in phytoplankton abundance,
distribution and composition along the east Australian coast
with the emergence of tropical species into more temperate
waters already documented (Hallegraeff et al, 2012; Ajani
et al, 2014a,b). This spatial restructuring of the plankton
may in turn cause changes in biotic interactions (predation,
competition), with potential impacts on biogeochemical cycling,
higher trophic levels, and biodiversity (Chivers et al., 2017).
Taken together, these studies and the details of rates and
magnitude of changes in realized niche, emphasize the need
to expect changes in phytoplankton niches when designing
ecosystem models used to project biotic responses to climate
change. This study provides further evidence that climate change
model projections cannot assume fixed realized niches of biotic
communities, and highlights the importance of sustained ocean
measurements from the southern hemisphere (as well as the
northern hemisphere) to enhance our understanding of global
ocean trends. Moreover, future work to test the proposed
mechanisms for the observed niche flexibility should combine
population genetics and microbial experimental evolution to
allow for a mechanistic understanding how changes in realized
niches can be predicted and thereby taken into account in climate
change projections.
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