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1  | INTRODUC TION

Competition plays an important role in shaping biological com-
munities in terrestrial and aquatic ecosystems (Tilman,  1987). 
Interspecific competition within communities occurs when two or 
more species possess the same or similar resource requirements 

(Clements & Shelford,  1939). For phytoplankton, the most im-
portant resources are macronutrients (N, P, Si), micronutrients 
(trace elements), organic nutrients (vitamins), CO2, and light 
(Riebesell, 2004; Tilman, Kilham, & Kilham, 1982). If demand for 
a resource by the organisms within an ecosystem is high, the 
abundance or concentration of the resource will decline. When 
the concentration of a resource becomes too low, it can fall below 
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Abstract
The distribution of marine phytoplankton will shift alongside changes in marine en-
vironments, leading to altered species frequencies and community composition. An 
understanding of the response of mixed populations to abiotic changes is required 
to adequately predict how environmental change may affect the future composition 
of phytoplankton communities. This study investigated the growth and competitive 
ability of two marine diatoms, Phaeodactylum tricornutum and Thalassiosira pseudo-
nana, along a temperature gradient (9–35°C) spanning the thermal niches of both 
species under both high-nitrogen nutrient-replete and low-nitrogen nutrient-limited 
conditions. Across this temperature gradient, the competitive outcome under both 
nutrient conditions at any assay temperature, and the critical temperature at which 
competitive advantage shifted from one species to the other, was well predicted by 
the temperature dependencies of the growth rates of the two species measured in 
monocultures. The temperature at which the competitive advantage switched from 
P.  tricornutum to T. pseudonana increased from 18.8°C under replete conditions to 
25.3°C under nutrient-limited conditions. Thus, P. tricornutum was a better competi-
tor over a wider temperature range in a low N environment. Being able to determine 
the competitive outcomes from physiological responses of single species to environ-
mental changes has the potential to significantly improve the predictive power of 
phytoplankton spatial distribution and community composition models.
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the minimum requirement of a species to support its temperature 
and light-dependent maximum growth rate (µmax) and, therefore, 
become limiting (Andersen, 2005).

In equilibrium communities, the minimum resource concentra-
tion that supports net population growth, and for which uptake 
rates by the population and supply rates by the environment are 
in balance, is called R* (Tilman,  1981). Assuming that all species 
compete for the same limiting resource and ignoring the effects 
of interference or apparent competition, the species with the low-
est R* should outcompete all other species and dominate a com-
munity (resource ratio theory or R*-theory; Tilman et  al.,  1982). 
Theoretically, the number of species that can stably coexist in a 
system is therefore equal to the number of limiting resources, if 
different species are limited by different resources. The fact that 
most communities of primary producers usually display higher 
species diversity than the number of limiting resources (Cloern 
& Dufford, 2005; Sommer, 1984) has been termed the “Paradox 
of the plankton” (Hutchinson, 1961). The resolution to the para-
dox likely lies in the fact that natural communities are often not 
in equilibrium or that the ability of a species to exploit resources 
is not the only factor that regulates a community's diversity and 
the outcome of competition. Apart from limiting nutrients, spe-
cies diversity is governed by other major regulating forces which 
can be biotic (e.g., differential grazing pressure or various forms 
of symbiosis such as mutualism or parasitism) or abiotic (e.g., tem-
perature, pH, salinity) (Begon, Townsend, & Harper, 2006; Cloern 
& Dufford, 2005).

Whether the effect of environmental change on the outcome 
of competition can be predicted from the performance of isolated 
species and whether these predictions align with classical competi-
tion models or single species performance is unclear because exper-
iments that examine direct species interactions along environmental 
gradients are scarce (Kordas, Harley, & O'Connor, 2011). Only a few 
studies have previously found evidence to suggest that this is possi-
ble. For example, Huisman, Jonker, Zonneveld, and Weissing (1999) 
showed that the ability of isolated algae species to survive on the 
lowest light level determined their competitive success in mixed 
communities. Bestion, García-Carreras, Schaum, Pawar, and Yvon-
Durocher (2018) showed that phosphorus uptake rates of monocul-
tures at different temperatures correctly predicted the competitive 
outcome between pairs of 6 phytoplankton species in the majority 
(71%) of the cases.

Simultaneous changes in multiple abiotic factors, such as 
those predicted to occur under climate change (e.g., rising sea 
surface temperatures in conjunction with changes in nutrient 
inputs), may also complicate predictions, as abiotic factors may 
interact (e.g., antagonistic or multiplicative), and organisms may 
respond in a way that is not accounted for from the responses 
to gradients of individual factors operating in isolation (Harley 
et al., 2017; Thomas et al., 2017). For instance, nutrient concen-
tration was shown to interact with temperature to influence phy-
toplankton growth rates (Rhee & Gotham, 1981) and the cardinal 
temperatures (e.g., thermal optimum) of thermal performance 

curves (TPCs) (Bestion, Schaum, & Yvon-Durocher,  2018; van 
Donk & Kilham, 1990; Thomas et  al., 2017). In particular, N lim-
itation can significantly lower the thermal optimum of the diatom 
Thalassiosira pseudonana toward colder temperatures (Thomas 
et al., 2017). Given this shift in thermal performance due to nutri-
ent limitation, T. pseudonana may become less competitive in warm 
N-limited waters. In contrast, Phaeodactylum tricornutum is known 
to be a good competitor for inorganic nitrogen when this nutrient 
is scarce because it can take up nitrate when abundant and store 
it for times of depletion (Cresswell & Syrett, 1982). Thus, the out-
come of interspecific competition for inorganic nutrients might be 
expected to depend on temperature if the interaction of nutrient 
limitation with temperature is species-specific. For example, P. tri-
cornutum has been found to outcompete T. pseudonana and other 
species in maricultural ponds (Nelson, D’Elia, & Guillard, 1979), 
despite not being a dominating species in marine phytoplankton 
communities (Guillard & Kilham, 1977), which may be a reflection 
of nutrient availability or temperature characteristics in different 
systems. An early study on the competition between P.  tricornu-
tum and T.  pseudonana showed that competition is indeed tem-
perature-dependent and that the thermal environment influences 
the competitive outcome in stationary phase cultures (Goldman & 
Ryther, 1976). Specifically, P. tricornutum was found to be a good 
invader and dominant species under cold to intermediate tempera-
tures (<20°C), whereas it could not establish itself as an invasive 
species in warmer temperatures.

Here, the interaction of temperature and nitrate availability 
on direct competition between P.  tricornutum and T.  pseudonana 
was investigated along a temperature gradient. To test whether 
temperature and nutrient status have an interactive effect on the 
outcome of competition, experiments were conducted in both nu-
trient-replete high N conditions and low N conditions (whereby 
nitrate limited yield). Specifically, it was hypothesized that (a) the 
species with the higher growth rate or carrying capacity at a given 
temperature and nutrient level as a monoculture would have the 
competitive advantage in mixed cultures and that (b) greater abso-
lute differences in growth rate between species at a specific assay 
temperature would determine how quickly the poorer competitor 
would be displaced.

2  | MATERIAL AND METHODS

Stock cultures of P.  tricornutum (CCMP 2561) and T.  pseudonana 
(CCMP 1335) were maintained in the University of Essex algal 
culture collection at 15.5  ±  1.0°C, in F/2 medium (Guillard & 
Ryther,  1962), prepared in artificial sea water (Berges, Franklin, 
& Harrison,  2001; Harrison, Waters, & Taylor,  1980), and grown 
on a 12:12-hr light and dark cycle at a photosynthetic photon 
flux density (PPFD) of approximately 60  µmol  photons  m−2  s−1, 
which is close to optimum light levels for P.  tricornutum (Geider, 
Osbonie, & Raven, 1986), and approximately 30% of the optimum 
light level for T.  pseudonana (Geider, MacIntyre, & Kana,  1997; 
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Geider, Maclntyre, & Kana, 1998). Stock cultures were transferred 
monthly as 1:36 dilutions.

2.1 | Competition experiments

2.1.1 | High N competition experiment

Prior to experimentation, P.  tricornutum and T.  pseudonana were 
maintained in exponential growth for 2 weeks (approximately 10–14 
generations) under stock culture conditions at 15.5 ± 1.0°C by trans-
ferring cultures into fresh F/2 medium once cell densities reached 
500,000 cells/ml for P. tricornutum and 250,000 cells/ml for T. pseu-
donana (equivalent to about 5% of each species' carrying capacity).

Experiments using an aluminum temperature-gradient block 
were conducted to assess (a) thermal performance curves (TPCs) for 
growth rate of monocultures of the two diatoms and (b) temperature 
dependence of competition between these species. The aluminum 
block was heated at one end and cooled at the other to generate a 
temperature gradient from 8.8°C at the cold end to 35°C at the hot 
end. The block provided 4 rows with 17 columns (assay tempera-
tures) in each row. Temperature within each column was controlled 
to within 0.2°C, providing approximately 1.5°C increments along 
the temperature gradient. Illumination was provided from below by 
light emitting diodes (LEDs). PPFD was set to 150 ± 15 µmol pho-
tons m−2 s−1, and illumination was provided on a 12:12-hr light and 
dark cycle.

Aliquots from stock cultures of each of the diatoms were used 
to inoculate 17 autoclaved borosilicate test tubes (5 ml assay vol-
umes), which were distributed along the same 17-assay-temperature 
gradient described above. To assess the growth rate TPCs, in vivo 
chlorophyll a minimum fluorescence yield (F0) was used as a proxy 
for biomass (see section 2.2 below). Initial cell densities were ap-
proximately 160,000  cells/ml for P.  tricornutum and 80,000 for 
T. pseudonana, corresponding to similar F0 values for both species. 
The monocultures were kept in exponential phase by diluting when-
ever an assay culture reached F0 values equivalent to cell densities 

corresponding to about 5% of each species' carrying capacity, ap-
proximately 500,000 cells/ml for P. tricornutum and 250,000 cells/
ml for T. pseudonana (Figure 1a and Figure S1).

At the same time, to assess competition between these species, 
aliquots from the stock monocultures were combined to create a 
mixed culture with equal cell densities of 100,000 cells/ml in a 1:1 
species ratio (50,000 cells of each species). The starting ratio could 
only be approximated, as cell densities were estimated from the re-
lationship between cell density and F0 determined at 15.5°C, but 
fluorescence per cell is not constant as it varies between species 
and with assay temperature. This mixed culture was then used to 
inoculate 34 autoclaved borosilicate test tubes (5 ml assay volumes), 
which were distributed in duplicates along the same 17-assay-tem-
perature gradient to assess the acute effect of temperature on com-
petition. After mixed cultures had been established and distributed 
across the temperature gradient, 200  µl was removed daily from 
each mixed culture tube and preserved with Lugol's solution for cell 
frequency counts, that is, relative species abundances of the mixed 
cultures over time. 200 µl of fresh F/2 medium was added to keep 
the culture volume constant. As with the monocultures, F0 measured 
daily was used as an index of community biomass. The mixed cul-
tures were kept in exponential growth by diluting when F0 reached 
values corresponding to about 5% of the carrying capacity.

After a further 2 weeks, the monocultures from each assay tem-
perature that had been used to assess the growth rate TPCs of the 
two species were mixed together in an equal cell density ratio to 
investigate the effect of thermal acclimation on competition. Here, 
2 mixed cultures to monitor competition were created at each assay 
temperature and aliquots were sampled daily to monitor changes in 
relative species frequencies.

Following completion of the competition experiment, triplicate 
monocultures of each species were grown across the gradient to 
increase the total replication for determining the TPC for growth 
rate of each monoculture to n  =  4. However, in the final analysis, 
one of the T. pseudonana growth replicates was omitted as an outlier 
because the TPC was significantly different to the remaining three 
replicates (Figure S2a).

F I G U R E  1   Simulation of semicontinuous cultures for obtaining and maintaining (a) nutrient-replete (high N scenario) and (b) nutrient-
limited (low N scenario) cultures. Simulation assumes cultures are already acclimated to the nutrient-replete growth under defined 
temperature, irradiance, etc. Assumes logistic growth with the nutrient-replete growth rate = 1.4 d−1, and carrying capacity = 1. Dilution 
is approximately 10-fold in the high N scenario and 1.25-fold in the low N scenario. Solid lines are the culture density. Dashed line is the 
culture density that would be obtained in a batch culture undergoing logistic growth. Note that (a) is on a log scale to represent that high N 
exponential cultures were kept at low densities far from reaching stationary phase, whereas (b) is on a linear scale



4  |     SIEGEL et al.

The above experimental design enabled the examination of 
(a) the TPCs for growth of P. tricornutum (n = 4) and T. pseudonana 
(n  =  3) and (b) the acute interspecific competition along the tem-
perature gradient in the 2 weeks following the transfer from their 
15.5 ± 1.0°C source environment (n = 2) and of cultures acclimated 
for 2 weeks to temperatures of 8.8–35°C (n = 2).

2.1.2 | Low N competition experiment

Cultures were acclimated as a batch culture for 2 weeks in low N F/2 
medium (starting concentration 55 µM in comparison to 882 µM in 
full F/2). As shown in Figure S3, this NO3 concentration reduced car-
rying capacity and ensured that cultures would reach the stationary 
growth phase at cell densities that did not saturate the fast repeti-
tion rate fluorometry (FRRf) signal. After acclimation, two monocul-
ture replicates of each species were inoculated from early stationary 
phase stock cultures and grown in 5-ml volumes across the 17 assay 
temperatures in the temperature-gradient thermoblock (9.1–33.8°C) 
in the low N (55 µM) F/2 medium. The light regime was kept consist-
ent with that used for the high N competition experiment and once 
again set to a PPFD in the range of 150 ± 15 µmol photons m−2 s−1 on 
a 12:12-hr light and dark cycle.

The cultures were maintained in semicontinuous growth by re-
moving 20% of the culture volume (1 ml) daily (used for determin-
ing cell abundance and nitrate concentration) and replacing this 
volume with fresh medium to maintain a total volume of 5 ml. This 
way cultures could be grown until cell abundance (yield) was limited 
by the concentration of nitrate provided in the growth medium and 
daily population growth rate was set by the dilution rate (Figure 1b). 
Although the daily sampling regime was different from the high N 
scenario to account for the necessities of culturing microorganisms 
in nutrient-limited conditions, the results of the two nutrient sce-
narios can be compared as the same species were used and cultures 
were treated otherwise equally during the competition experiment.

The removed 1 ml samples were centrifuged at 5,000 g for 7 min 
at 4°C. A subsample of the supernatant (300 µl) was transferred to 
a flat-bottom 96-well plate (Thermo Scientific Nunclon, USA) and 
stored at −20°C to measure the sum of nitrate plus nitrite (NOX) at a 
later time (see section 2.4 below). The cell pellet was resuspended in 
the remaining volume (700 µl), fixed with formaldehyde (final con-
centration 1%), and stored at −20°C until cell abundances were esti-
mated with flow cytometry (see section 2.5 below).

After growing in monocultures for 2 weeks, inorganic nitrogen 
concentrations in all treatments were depleted below the detection 
limit of the NOx assay (i.e., <0.5 µM; see Figure S4). At this point, 
the fluorescence signals had stabilized or were declining, indicating 
that the yield was N-limited (see Figure S5). Following this determi-
nation, one of the two monocultures of each species at each assay 
temperature was used to inoculate two mixed cultures for the com-
petition phase of the experiment. Each mixed culture tube received 
2  ml assay volumes from each monoculture, for a total volume of 
4  ml, which was then topped up with 1  ml of low N F/2 medium 

to maintain a constant assay volume of 5 ml (competition replicates 
across assay temperatures at this point in time n = 2). The need to 
use 2 ml assay volume of each monoculture to not break with the 
20% daily dilution had the consequence that the desired 1:1 spe-
cies ratio at the start of mixed cultures could not always be reached. 
As in the high N experiments, 200 µl of the sampled volume was 
preserved daily with Lugol's solution for cell frequency counts. The 
remaining 800 µl volume was treated the same way as low N mono-
cultures, with samples being centrifuged, and 300-µl aliquots stored 
for NOx analysis.

One week later, the second N-limited semibatch monoculture 
replicate of each species was used to inoculate another set of two 
mixed cultures tubes at each assay temperature for a second dupli-
cate competition experiment (increasing the amount of competition 
replicates to n = 4). Mixed cultures were kept in the same semicon-
tinuous regime as monocultures with 20% of sample volume being 
harvested and replaced with fresh medium on a daily basis.

The above experimental design enabled the examination of (a) 
the thermal niche of P. tricornutum (n = 2) and T. pseudonana (n = 2) 
under low N conditions and (b) the acute interspecific competition 
along the temperature gradient at the onset of N limitation (n = 2) 
and of cultures that were cultured in isolation for an additional 
7 days at 9.1–33.8°C (n = 2).

2.2 | Chlorophyll fluorescence

In vivo chlorophyll a minimum fluorescence F0 (minimum fluores-
cence yield), used as a proxy for biomass, and photosynthetic ef-
ficiency Fv/Fm were measured daily via FRRf with a FastTracka 
II fluorometer and Fast Act laboratory system (both CTG Ltd). 
Photosynthetic efficiency was calculated via the formula (Fm − F0)/Fm 
(Fm = maximum fluorescence yield) by the FastPro software (version 
1.0.55) used to attain and record FRRf measurements. Peak excita-
tion was at 435 nm and fluorescence emission measured at 680 nm 
(with a 25  nm bandwidth). The measuring protocol was set to 24 
sequences per acquisition with a 100  ms sequence interval and a 
20 s acquisition pitch.

Measurements were taken on cells that were dark acclimated 
for 30 min at their assay temperature, and profiles of fluorescence 
emission were fitted within the Fast Pro 8 software (version 1.0.55) 
(Chelsea Technologies).

2.3 | Mixed population species frequency counts

Frequency counts for the high N and low N experiment were carried 
out to monitor the relative abundance of each species in the mixed 
populations over time. Flow cytometry could not be used to discrim-
inate between the two species as their forward scatter (FSC) and 
chlorophyll a fluorescence overlapped. As such, Lugol's preserved 
cells were allowed to settle to the bottom of the well-plate wells (ap-
proximately 3 hr) before frequency counts were performed using an 
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Olympus inverted microscope at 200× magnification. In each fixed 
sample, a minimum of 400 cells was counted in order to calculate a 
P. tricornutum-to-T. pseudonana cell abundance ratio.

2.4 | NOx assay (total nitrite/nitrate analysis)

NOx, the sum of nitrite and nitrate, concentration was measured 
using the method of Schnetger and Lehners (2014) to track the 
monocultures to nitrogen depletion before mixing them together for 
the low N competition experiment. The 300 µl frozen aliquots were 
defrosted on ice, and a 150 µl volume was transferred to a fresh 96 
well-plate, and 75 µl of the NOx reagent was added. The reagent was 
mixed with the assay volume by pipetting up and down several times 
and incubated at 45 ± 5°C for 60 min before measuring absorbance 
at 540 nm in a FLUOstar Omega plate reader (BMG Labtech).

2.5 | Flow cytometry

For the low N experiment only, flow cytometry data were used to 
confirm that cell densities had stabilized, despite F0 fluorescence de-
clining, as cell physiology continued to adjust to N limitation. Cellular 
chlorophyll content is known to decline under N limitation (Parkhill, 
Maillet, & Cullen, 2001), and as a consequence, the ratio of F0 to cell 
density will also decline (Figure S6). Because cellular physiology was 
stable in exponentially growing cultures of the high N experiment, 
flow cytometry was not required.

Previously collected samples (as described above in section 2.1.2) 
were defrosted on ice and quantified with an Accuri C6 flow cytom-
eter (BD Biosciences) equipped with a blue laser (488 nm). Diatom 
populations were discriminated based on chlorophyll a fluorescence 
(>670 nm) and forward scatter (FSC). FSC was used as a proxy for cell 
size to observe potential changes across assay temperatures after 
15 days of monoculture growth in the low N medium. After counting 
cells within 45 µl of sample volume per sample, population statistics 
were calculated using particle counts within gates with the supplied 
BD Accuri C6 Analysis Software (Version 1.0.264.21).

2.6 | Data analysis

2.6.1 | Growth rates and carrying capacities

Growth rates (µ) in high N medium (starting nitrate concentration of 
882 µM) were calculated for each monoculture replicate and dilution 
phase as the slope of the linear regression of the natural log of F0 
over time (Figure S1). The growth rate calculated for the 1st dilution 
phase was not used for further analysis as the cultures had not yet 
acclimated to assay conditions. Growth rates from all subsequent 
dilution phases were used to fit the TPC models (see section 2.6.2 
below).

The initial exponential growth rates during the nutrient-replete 
phase in low N semicontinuous cultures (with a starting nitrate con-
centration of 55 µM) were calculated using FRRf data from the first 
4 days of culturing before the exponential increase in F0 slowed (see 
Figures S5 and S7). Growth rates were calculated with Equation (1) 
as.

where k is the slope of ln(F0) over time, and ln
(

1

0.8

)

 (natural logarithm 
of 100% medium (i.e., 1.0) over 80% medium (i.e., 0.8)) was added to k 
to account for the dilution by the daily volume removed (1 ml) from the 
5 ml culture.

Cell densities increased to a maximum by day 5 that was sus-
tained thereafter (see Figure S8). The carrying capacity, K, under the 
imposed dilution rate of 0.22 d−1, was calculated for each replicate 
and at each assay temperature from the average cell densities mea-
sured after experimental day 4.

2.6.2 | Thermal performance curves

All twelve equations available in the R package “temperaturere-
sponse” (Low-Décarie et al., 2017) were fitted to the temperature-
dependent data of growth and carrying capacities obtained from 
monocultures of P. tricornutum and T. pseudonana (Table S1). For the 
growth model fitting in high N cultures, data from all dilution phases, 
except dilution phase 1, which was regarded as the growth phase in 
which the cultures acclimated to assay conditions, were used. The 
average growth rate across dilution phases was calculated for each 
species and replicate at each assay temperature, and the tempera-
ture dependence was modeled based on these average growth rates. 
For the low N scenario, thermal performances were modeled on the 
acute growth rates obtained from the first 4 days of low N growth 
(Figure S7) and on the thermal response of carrying capacities across 
assay temperatures (Figure S8).

The most appropriate equation for each species was selected 
based on a visual inspection of the data in combination with Akaike's 
information criterion (AIC) values (see Figure S9). Visual inspection 
was necessary as AIC values alone did not always predict the equa-
tion that best described the temperature-dependent data, especially 
at suboptimal temperatures. For P.  tricornutum, Equation  (2) from 
Ratkowsky, Lowry, McMeekin, Stokes, and Chandler (1983) was 
found to be the best model across all replicates.

For T.  pseudonana, Equation  (3) from Montagnes, Morgan, 
Bissinger, Atkinson, Weisse (2008) was found to best describe the 
thermal performance.

(1)�=k+ ln

(

1

0.8

)

(2)Rate=
[

a ⋅
(

T−Tmin

)]2
⋅

[

1−exp
(

b ⋅
(

T−Tmax

))]2

(3)Rate=a+b ⋅T+c ⋅T2
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where T in both equations is the assay temperature at which growth 
rate and carrying capacity were measured.

The fitted TPCs were used to obtain the optimum tempera-
ture for growth (Topt), the maximum growth rate (µmax) at this tem-
perature, and the low and high temperatures at which μ = 0.5μmax 
(CT50min and CT50max). Single parameters of nonlinear model fits can 
be found in Tables S2-S4.

To investigate whether the thermal niche differed significantly 
between (a) the two species, and (b) two nutrient scenarios, a two-
way MANOVA was used to examine the 4 dependent variables (Topt, 
CT50min, CT50max, and µmax). The two independent variables were 
“species” (levels: P. tricornutum and T. pseudonana) and “nutrient sce-
nario” (levels: high N and low N). Sample size was n = 11 (4 P. tricor-
nutum replicates in high N, and 2 in low N, as well as 3 T. pseudonana 
replicates in high N and 2 in low N), and significance levels were set 
to a p-value of 0.05. By conducting a MANOVA, we could access 
all pairwise comparisons to determine which cardinal temperatures 
(a) changed significantly in the overall thermal niche and (b) were 
affected by a “species” and “nutrient scenario” interaction.

To test whether the thermal dependency of carrying capacities 
under low N conditions differed between the two species, individ-
ual one-way ANOVAs were conducted with “species” as the inde-
pendent variable on the four dependent parameters Topt, CT50min, 
CT50max, and maximum carrying capacity (Kmax). MANOVA testing 
was not possible due to the replication number of n = 2 for the mono-
cultures grown in low N conditions. p-values of the single ANOVAs 
were adjusted for multiple testing with a Bonferroni correction and 
reported as q-values.

2.6.3 | Predicted competition coefficients

Competition coefficients across assay temperatures in high N 
and low N conditions were predicted from the mean growth rates 
(Equation 4a) or mean carrying capacities (Equation 4b) of each spe-
cies calculated from the fitted TPCs.

where (µ1)T and (µ2)T are the growth rates of species 1 and species 2 
at temperature T.

where (K1)T and (K2)T are the carrying capacities of species 1 and 2 at 
temperature T.

Since competition coefficients are traditionally calculated from 
growth rates (e.g., Low-Décarie, Fussmann, & Bell,  2011; Segura 
et al., 2011), coefficients calculated from carrying capacities must be 
treated with caution, as the relationship between K and competitive 
outcome is not established for steady-state nutrient-limited condi-
tions. Higher K does not necessarily signify better competition abil-
ity. Under steady-state nutrient limitation, it is R* that determines 

competitive outcome (Tilman, 1981), but because the NOX concen-
trations were below the detection limit of our assay, we could not 
measure R* in our experiment.

The predicted temperature dependence of competition coeffi-
cients was modeled with a local estimated scatter plot smoothing 
(LOESS) from the R core package “stats” (R Core Team, 2016). LOESS 
fits a smoothing curve into data that is distributed on a scatter plot 
to graphically represent the relationship between an independent 
and a dependent variable. It is a suitable method for visualizing 
complex nonlinear relationships. The final smoother curve is the 
result of many local regression curves fit together (Isnanto,  2011; 
Jacoby, 2000). As such, it is a tool for predicting specific points on a 
regression, such as the inflexion point of competition, and to explore 
data. To display the strength of how closely our LOESS smoother 
followed the calculated competition coefficients, we reported R2-
values and residual standard errors (RSE) in the results.

2.6.4 | Observed competition coefficients

Changes in the ratio of the abundances of the two species through 
time (Figures  S10 and S11) were used to calculate observed com-
petition coefficients. The competition coefficient was calculated 
as the slope of the change in the natural logarithm of species fre-
quency over time. Competition coefficients were calculated with 
Equation (5) for mixed high N cultures and mixed low N cultures.

where N  =  species abundance, and t  =  time. At the temperature at 
which competition coefficients are 0, stable coexistence of the two 
species is expected.

As described above (Section 2.1), each nutrient scenario had 4 
competition replicates across the temperature gradient. In the final 
analysis of competition under high N conditions, the acute and ac-
climated competition replicates were pooled because we did not 
find an effect of temperature acclimation and could not observe a 
significant difference in the temperatures at which the competitive 
advantage switched from P. tricornutum to T. pseudonana (F1,2 = 4.34, 
p =  .173) (Figure S12, and Table S5). Due to a lack of an effect of 
temperature acclimation on the progression of competition across 
temperatures, we did not structure the competition replicates into 
acclimated and nonacclimated in the low N scenario and focussed on 
culturing the monocultures to N limitation, pooling the four compe-
tition replicates as well.

In order to determine whether nutrient regime significantly 
changed the temperature at which P. tricornutum and T. pseudonana 
coexisted (i.e., the inflexion point temperature at which the compe-
tition coefficient equalled 0), we conducted a one-way ANOVA with 
the temperature of competition inflexion as the response variable 
and “nutrient regime” as the independent variable. Significance lev-
els were set to a p-value of .05.
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All data analysis and calculations mentioned above were car-
ried out with the statistical software R (version 3.3.1) (R Core 
Team, 2016).

3  | RESULTS

3.1 | Differences in temperature and nutrient 
response between species in monoculture

When P. tricornutum and T. pseudonana were grown as monocultures, 
the thermal niches of the two species differed significantly from 
one another irrespective of nitrogen conditions (2-way-MANOVA, 
F1,7  =  103.49, p  <  .001) (Figure  2, Table  S6). The contrasting ther-
mal niches between the two species were evident in differing car-
dinal temperatures (CT50min, Topt, CT50max) (Figure  3a) and µmax 
(Figure  3b). Phaeodactylum tricornutum occupied a cooler thermal 
niche than T. pseudonana, characterized by lower cardinal tempera-
tures (Figure 3a), and could not sustain growth when temperature 
was in excess of 30°C (Figure 2). In contrast, T. pseudonana occupied 
a warmer thermal niche and was struggling to grow toward the cool-
est tested assay temperatures. In the range of 10°C and below, the 
growth rate of T. pseudonana approached 0 d−1, indicating that the 
thermal tolerance minimum of this T. pseudonana strain was being 
reached (Figure 2).

N limitation altered the thermal niche of both species (Figures 2 
and 3). The 2-way MANOVA confirmed that nitrate levels had a 
significant effect on the cardinal temperatures of the TPCs of the 

two monocultures (F1,7 = 9.59, p <  .05). However, the two diatoms 
responded differently to a reduction in N and consequently there 
was a significant interaction between “N regime” and “species” 
(F1,7 = 17.84, p < .01). Specifically, the thermal niche for P. tricornu-
tum became slightly more narrow (increase in CT50min by 0.31°C), 
and µmax at Topt increased by 14%. In contrast, the thermal niche of 
T. pseudonana widened (CT50min dropping by 2.38°C), and the µmax 
of T. pseudonana getting reduced by 17% (isolated ANOVA results 
within the MANOVA test for each cardinal temperature can be 
found in Tables S7-S10).

Similar to the growth rate results, carrying capacities also dis-
played a unimodal nonlinear response along the assay-temperature 
gradient and monocultures reached higher carrying capacities the 
closer the assay temperatures were to the species' Topt (Figure 4a). 
All of the cardinal temperatures for carrying capacity TPCs differed 
significantly from one another between species (Topt: F1,2  =  545.9, 
q  <  0.01; CT50min: F1,2  =  78.28, q  =  0.05; CT50max: F1,2  =  743.1, 
q < 0.01) (Figure 5a). Similar to the growth trends in the high N sce-
nario, these significant differences arose because the thermal niche 
of T. pseudonana was shifted more toward warm temperatures than 
P. tricornutum. Despite differences in the thermal niches, the max-
imum carrying capacity at Topt did not differ significantly between 
species (F1,2  =  6.96, q  =  0.48) (Figure  4b). Individual test statistics 
for the single one-way ANOVAs can be found in the Supplementary 
Material (Tables S11-S14).

After 15 days of growing the monocultures in the low N medium, cell 
size showed a U-shaped trend across assay temperatures with cell size 
increasing toward the coldest and warmest tested assay temperatures 

F I G U R E  2   Average temperature response curves depicting (a) acclimated growth rates of Phaeodactylum tricornutum (red circles and 
solid line) and Thalassiosira pseudonana (black squares and dashed line) under high nitrate conditions (n = 4 and 3 respectively) and (b) the 
initial acute growth rate (days 0–4) under low N conditions (n = 2 for both species). Shaded area denotes standard deviation of the average 
model calculated from replicate model fits. Symbols in (a) represent the growth rates from distinct biological replicates and were calculated 
from the average growth rates across dilution steps after the diatoms had acclimated to growth under assay conditions. Dotted line in (b) 
indicates ln(1/0.8), the daily dilution rate that was imposed by the sampling regime in these semicontinuous cultures; cell abundance would 
have declined in cultures with growth rates below this value which equates to a growth rate of 0.22 d−1. Raw data used to calculate growth 
rates in the high nitrate (882 μM NO−

3
) medium (a) can be seen in Figure S1, and data used to calculate growth rates in the low N (55 μM NO−

3

) medium (b) can be seen in Figure S7. Nonlinear model outputs of the single replicate models used to calculate the average model can found 
in Tables S2 and S3, and single model fits on the individual growth replicates can be found in Figure S2a,b
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(Figure 4b). There was a strong negative linear correlation between the 
logarithm of cell size and K (Figure 4c), with the smallest cell sizes being 
observed at assay temperatures closest to each diatom's Topt, meaning 
that cell size increased toward the diatoms' physiological limits.

3.2 | Competition across assay temperatures

Monoculture TPCs were used to predict competition across assay tem-
peratures. Under high N conditions, LOESS (represented by the solid 

black line in Figure 6a, R2 = 0.998, and RSE = 0.021) predicted an inflex-
ion point at 18.8°C (i.e., a competition coefficient equal to 0), indicating 
that P. tricornutum was predicted to outcompete T. pseudonana from 
the coldest assay temperature up to 18.8°C. N limitation was predicted 
to alter the competition across assay temperatures whereby the in-
flexion point would shift horizontally across the temperature axis to 
24.6°C (5.9°C warmer than under high N conditions; solid black line in 
Figure 6b, R2 = 0.996, and RSE = 0.026). Because K also showed a re-
sponse across the assay-temperature gradient, it was possible to make 
a second prediction of competition in the low N scenario based on K. 

F I G U R E  3   Comparison of (a) cardinal temperatures and (b) maximum growth rates from thermal performance curve model fits for growth 
rates between Phaeodactylum tricornutum and Thalassiosira pseudonana under high N and low N growth conditions. For Phaeodactylum 
tricornutum, n = 4 in high N and n = 2 in low N. For Thalassiosira pseudonana, n = 3 in high N and n = 2 in low N

F I G U R E  4   (a) Temperature response curves of carrying capacity of Phaeodactylum tricornutum (red circles and solid line) and Thalassiosira 
pseudonana (black squares and dashed line) under nitrogen depleted conditions in the N-limited phase of semicontinuous culturing in the 
low N medium (n = 2 for both species). Shaded area denotes standard deviation of the average model calculated from replicate model fits. 
Symbols show the carrying capacities from distinct biological replicates across the assay-temperature range. Raw data used to calculate 
carrying capacities can be seen in Figure S8. Nonlinear model outputs of the single replicate models used to calculate the average model 
can be found in Table S4, and single model fits on the individual growth replicates can be found in Figure S2c. (b) Forward scatter (FSC) from 
flow cytometry data of the low N experiment across assay temperatures. FSC measurements depicted here were taken on the last day of 
replicate monocultures before they were mixed together for the competition experiment. The purpose of the solid and dashed LOESS lines is 
to visualize the U-shaped trend of the data across assay temperatures (R2 = 0.85, and RSE = 4.503 for Phaeodactylum tricornutum; R2 = 0.97, 
and RSE = 3.378 for Thalassiosira pseudonana). LOESS was not used as a model to predict the relationship between temperature and cell size. 
Dotted line at 30°C indicates the critical maximum temperature for Phaeodactylum tricornutum beyond which it could not sustain growth. (c) 
Correlation between carrying capacity K and log(FSC) for both species. Solid and dashed lines are linear models of the regression
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Competition coefficients calculated from K predicted the switch at 
22.9°C (4.2°C warmer than under high N conditions; dotted black line 
in Figure 6b, R2 = 0.992, and RSE = 0.039). Competition was predicted 
to be strongest at assay temperatures where the growth rates or carry-
ing capacities in monocultures exhibited greatest divergence between 
species. Naturally, a species would lose the competition at an assay 
temperature where it could not sustain growth as an isolated species, 
having reached its physiological limits. Between the upper and lower 
temperature thresholds where both species could grow, the competi-
tive outcomes were determined by the thermal growth performances 
of the species in isolation.

When the two diatoms were mixed together and competed 
against one another, the observed competition coefficients dis-
played a similar progression across assay temperatures as the predic-
tions. In high N conditions, inflexion points occurred at 18.8 ± 1.2°C 
(predicted at 18.8°C) (Figure 6a). As predicted, P.  tricornutum won 
competitions across temperatures colder than the inflexion point, 
whereas T. pseudonana won competitions at temperatures warmer 
than the inflexion point. When the nitrate concentration was re-
duced, the competitive switch occurred at a warmer temperature, as 
predicted from the temperature dependencies of low N growth rates 
and carrying capacities (Figure 6b). The average temperature for the 

F I G U R E  5   Comparison of (a) cardinal temperatures and (b) maximum carrying capacities from thermal performance curve model fits for 
carrying capacities between Phaeodactylum tricornutum and Thalassiosira pseudonana in low N conditions (n = 2 for both species)

F I G U R E  6   Predicted (black lines) and observed (symbols) competition coefficients between Phaeodactylum tricornutum and Thalassiosira 
pseudonana across assay temperatures in (a) high N conditions and (b) low N conditions. A coefficient of 0 indicates no competitive advantage 
for either species and predicts stable coexistence under the assay conditions. At coefficients greater than 0, Phaeodactylum tricornutum has the 
competitive advantage, and at coefficients below 0, Thalassiosira pseudonana has the advantage. The further the competition coefficient deviates 
from 0, the stronger is the competition between the two species. In (a), the solid black line indicates predictions for competition coefficients made 
from high N monoculture growth rates. The solid blue line is the LOESS smooth to visualize the progression of all observed high N competition 
coefficients across temperatures (R2 = 0.97, RSE = 0.047). Observed coefficients were calculated from changes in species frequencies over time in 
mixed cultures (data from Figure S10), calculated with Equation (5). Closed symbols represent the competition coefficients that were started when 
stock cultures were transferred to the temperature-gradient block, open symbols those that were started 2 weeks later to investigate the potential 
effects of temperature acclimation. In (b), solid black line indicates predictions made from the initial exponential growth rate in low N medium for 
monocultures, whereas the dashed line indicates predictions made from monoculture carrying capacities across the temperature gradient. The 
solid blue line is the LOESS smooth to visualize the progression of all observed low N competition coefficients across temperatures (R2 = 0.86, 
RSE = 0.051). Observed coefficients were calculated from changes in species frequencies over time in mixed cultures (data from Figure S11), 
calculated with Equation (5). Closed symbols represent competition replicates that were started at the onset of N limitation, and open symbols those 
that were started from monocultures that were cultured under N limitation for an additional 7 days
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inflexion point in low N medium was 6.5°C greater than in high N 
medium and differed significantly (F1,6 = 83.11, p < .001) (Table S15). 
The inflexion point was located at 25.3 ± 0.6°C (predicted at 24.6°C 
when growth rate was used to calculate the competition coefficients 
or 22.9°C when carrying capacity was used for the prediction). 
Pooling of mixed culture replicates for the final analysis due to a lack 
of a temperature acclimation signal in the high N scenario did not 
affect our interpretation of the conclusion that the competitive shift 
occurred at higher temperatures in the low N scenario.

3.3 | Predictability of change in competitive ability

In both nutrient scenarios, the predicted and observed competition 
coefficients were strongly correlated (R2-values of 0.76–0.98), in-
dicating that competition coefficients were very predictable from 
growth in monocultures (Table 1).

Progression of predicted and observed competition coeffi-
cients across temperatures was very similar, yet deviations existed 
between predictions and observations. For example in high N con-
ditions, observed coefficients tended to be lower than predictions 
across the five lowest assay temperatures, and therefore, observed 
competition was not as strong as predicted across the assay tem-
peratures where P. tricornutum outcompeted T. pseudonana (compe-
tition coefficient  >  0). Likewise, across the temperatures at which 
T. pseudonana was predicted to win (competition coefficient < 0), the 
strength of the competition coefficients was slightly overestimated 
and predicted to be more negative than observed values (Figure 6a).

In low N conditions, the predicted and observed coefficients 
aligned less strongly than in high N conditions, but correlation was 
still high (see R2 in Table 1). Predictions were more accurate when 
they were made from low N growth rates than from carrying capac-
ities (Figure 6b). As with the high N experiment, the predicted coef-
ficients were typically stronger than the observed. In addition, both 
low N predictions underestimated the temperature of the inflexion 

point and predicted the competitive advantage to switch at a lower 
assay temperature than it did in the experiment, therefore, under-
estimating the temperature range at which P.  tricornutum was the 
better competitor.

4  | DISCUSSION

In this study, competition between P. tricornutum and T. pseudonana 
was determined primarily by the growth performance of these spe-
cies under specified thermal and nutrient regimes in isolation and in-
dicated that they did not interact strongly in mixed populations. The 
results provide support for our hypotheses as we show that in rela-
tively simple systems, prediction of competitive outcomes from iso-
lated species performance across a thermal gradient is possible. The 
amount of N present in the mixed cultures influenced the competi-
tion across the temperature gradient and showed that alterations in 
nutrient concentrations have the potential to change the outcomes 
of competition with all else being constant. Further aligning with our 
hypothesis, the better growing species in isolation had the competi-
tive advantage in mixed cultures, with the switch in competitive ad-
vantage occurring at or close to the temperature where the TPCs 
of the two species intercepted. The poorer competitor also lost the 
competition quicker when the absolute differences between mono-
culture thermal performances were the largest.

4.1 | Reduced nitrogen impacts competition across 
temperatures

Under low N conditions, we observed P. tricornutum to be the better 
competitor across most of the tested assay temperatures. Although 
N uptake rates were not measured in this experiment, the increased 
competitive success of P.  tricornutum in low N conditions, and a 
warmer inflexion temperature of competitive advantage as a result 

TA B L E  1   Parameters for linear models (y = ax + b) correlating predicted (x) and observed competition coefficients (y) across assay 
temperatures

Correlation

Linear model parameters

R2 of 
correlation

Slope ± 95%-confidence 
interval

y-
Intercept ± 95%-confidence 
interval df t-value

p-value of 
correlation

High N growth rates with 
competition coefficients 
(n = 13)

0.98 1.37 ± 0.13 0.06 ± 0.04 11 22.60 <.001*

Low N growth rates with 
competition coefficients 
(n = 14)

0.93 1.73 ± 0.29 −0.01 ± 0.05 12 13.09 <.001*

Low N carrying capacity with 
competition coefficients 
(n = 13)

0.76 1.96 ± 0.72 −0.05 ± 0.11 11 5.98 <.001*

Note: Significant correlations (alpha level of 0.05) that conclude a relationship between predictions and observations are marked in bold and with an 
asterisk.
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thereof, could be attributed to its previously reported high affin-
ity and high uptake rates for nitrogen (Goldman & Ryther,  1976; 
Grover,  1991; Sharp, Underhill, & Hughes,  1979). This may have 
facilitated P.  tricornutum to win competitions across most of the 
N-limited temperature gradient, including at assay temperatures up 
to 3.2°C warmer than predicted (22.9°C prediction from K across 
temperatures compared to warmest observed inflexion point in low 
N conditions at 26.1°C). To confirm that the increased competitive 
success can be explained through better nitrogen uptake rates and 
storage abilities, future experiments should quantify N uptake rates 
of the two species under the assay conditions described in this study. 
Its good nitrogen uptake ability could help P. tricornutum to win com-
petitions under N-limiting conditions at temperatures where other 
species can normally reach higher carrying capacities or grow faster 
when N is not limiting. However, the high N affinity of P. tricornutum 
may be nullified in conditions where N content of surface waters is 
high. For T. pseudonana, the reduction in µmax and shift of Topt toward 
colder temperatures in low N conditions was in accordance with 
Grimaud, Mairet, Sciandra, and Bernard (2017) and confirmed the 
effect of nitrogen concentration on T. pseudonana growth rates. This 
change in thermal performance indicates that T. pseudonana may be-
come less competitive in warm N-limited waters, but its competitive 
ability should be reinstated following the introduction of N into a 
system, for example, in coastal up-welling zones.

Despite presumed better nitrogen uptake abilities, P. tricornutum 
did not win all competitions across the whole assay-temperature 
gradient in low N conditions. This may be due to the fact that good 
N uptake ability was offset toward the warm assay temperatures by 
physiological limits for growth of this diatom. Past research has iden-
tified R* across temperatures as a U-shaped function (Lewington-
Pearce et al., 2019; Tilman, Mattson, & Langer, 1981), and warmer 
temperatures were found to increase nitrogen demand in phyto-
plankton (Toseland et al., 2013). Toward the growth limits, the min-
imum nutrient requirements for a species rise rapidly within a small 
temperature range as cells become stressed and need a larger inter-
nal nutrient content (cell quota) to survive while other physiologi-
cal limits become more important (Rhee & Gotham, 1981; Thomas 
et al., 2017; Tilman, 1981). The circumstance that cell size was also 
found to display a U-shaped trend with assay temperatures could 
have reinforced the observed patterns of competition across the as-
say-temperature gradient. Cell size is known to play a role in compet-
itive success and species dominance because larger, slower growing 
cells tend to have lower nutrient uptake rates relative to smaller cells 
with more beneficial surface-area-to-volume ratios (Gallego, Venail, 
& Ibelings, 2019; Litchman & Klausmeier, 2008; Smith & Kalff, 1982). 
This study provides further support of this relationship, whereby cells 
growing toward their physiological limits (thermal extremes) were 
larger and grew slower, thus potentially amplifying the rate at which 
a species was losing competitions close to its physiological limits. As 
surface temperatures are expected to increase in aquatic systems 
worldwide, this temperature dependence of R* and cell size might 
play a crucial role for population dynamics under warming scenarios 
in future marine and freshwater ecosystems (Bernhardt, Sunday, & 

O'Connor, 2018; Lewington-Pearce et al., 2019). Approaching phys-
iological limits through warming might shift abiotic conditions in a 
direction in which a competitor might be at a loss although it is gen-
erally better at taking up nutrients in more moderate environments. 
Such an environmental change toward more critical conditions might 
offset the ability of a species to reduce nutrients to a concentration 
that is lower than the R* of a direct competitor (McPeek, 2019).

The observed changes in species frequencies over time in the 
low N scenario may have been due to interspecific differences in 
the capacity for surge uptake. Greater capacity for surge uptake is 
commonly defined as higher values of the maximum velocity of nu-
trient uptake (Vmax in the Michaelis–Menten equation), induced in 
phytoplankton as a physiological adjustment to nutrient limitation 
(Morel, 1987). The species with the greater capacity to increase Vmax 
will sequester nutrients quicker, effectively depriving them from 
the competitor with a lower capacity to increase Vmax. In our low N 
experiment, daily additions of fresh medium were followed by ex-
tensive phases of nutrient starvation when this added nitrate was 
fully taken up. Because we did not measure nitrate uptake kinetics, 
we cannot conclude from our experiments whether the outcome 
of competition depended on the ability to sequester nitrate quickly 
after N addition or the ability to live off the lowest nitrate concen-
trations (interspecific differences in the half saturation constant for 
uptake, Km of the Michaelis–Menten curve). The growth rates calcu-
lated from the increase in fluorescence during the first few days of 
the low N monocultures might be indicative of surge uptake playing 
a role in the competitive success under low N conditions. The predic-
tions of competitive outcomes from the exponential growth phase in 
low N medium did align closer with the observed competitions than 
the predictions from carrying capacities (see Figure 6b). However, 
using fluorescence-based growth rates or maximum K under low N 
conditions as predictors of competition can be regarded as proxies at 
best. Confirmation of a role for surge uptake in competition between 
these two species requires further experiments. The determination 
of N uptake rates and residual nitrate concentrations using more 
sensitive methods (e.g., stable isotopes) may help improve predic-
tions of competitive success.

4.2 | Predictability of competition under 
environmental change

In this study, monoculture responses of phytoplankton were found 
to be good predictors of competitive outcomes. Previously, they 
also have been identified as good predictors of phytoplankton bio-
geography (Barton, Irwin, Finkel, & Stock, 2016; Thomas, Kremer, 
Klausmeier, & Litchman, 2012). Whether such culture-based meas-
urements are ultimately suitable for forecasting shifts in phyto-
plankton communities in response to environmental change and 
whether the findings can be generalized for other species pairs or 
taxa remains to be tested. Predictability of competitive outcomes in 
complex communities still presents a major challenge (Pennekamp 
et al., 2019).
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As the species in this study did not appear to influence one an-
other in mixed cultures, it is likely that allelopathic interactions did 
not play a role in this competition scenario. Indeed, monoculture per-
formance would cease to be a good predictor of competitive ability if 
one species had a toxic effect on the other in a two species competi-
tion. For example, dinoflagellates can inhibit growth of competitors 
by releasing toxins (e.g., Kubanek, Hicks, Naar, & Villareal, 2005), and 
some diatoms excrete chemicals that inhibit growth of other diatoms 
(Pichierri et  al.,  2017). A slower growing species might be able to 
gain a competitive advantage through the excretion of allelopathic 
substances upon sensing another species in its surrounding. Such 
species-specific interactions may explain some of the uncertainty in 
modeling natural phytoplankton communities. Furthermore, TPCs 
for growth of the same species were found to vary slightly from lab-
oratory to laboratory even when similar protocols were employed 
(Boyd et al., 2013). These differences could be driven in part by data 
quality and model fitting (Low-Décarie et  al.,  2017), but they still 
raise concerns that predictability of competition response, which is 
dependent on thermal niche parameters and µmax, only remain valid 
within a specific setting. In addition, adaptive changes in nutrient 
requirements or physiological parameters could change competitive 
abilities and reduce predictability. Elucidating the role of evolution-
ary change and whether long-term interactions are affected by ge-
notypic variability will therefore play a crucial role in understanding 
future phytoplankton community structure (Bernhardt et al., 2020).

Our observations in monocultures were suitable for predicting 
the inflexion points of competition. However, the predictions across 
the whole temperature range commonly overestimated the magni-
tude of competition coefficients, and this increased the further the 
coefficients were from 0 (see Figure 6). The mismatch between pre-
dicted and observed coefficients at the extreme temperatures may 
be due to the fact that light microscopy counts could not distinguish 
between viable and nonviable cells. The outcome being that cell fre-
quency counts overestimated the number of reproducing cells of the 
losing competitor and incorrectly tipping the competition coefficient 
in its favor. Future studies could employ the use of a cell viable stains 
to discriminate between live and dead cells (e.g., Baker et al., 2018) 
when conducting cell frequency counts.

4.3 | Wider implications of the study

The nitrogen loads to many coastal waters are predicted to increase 
in the future due to agricultural runoff or other human activities 
(Beman, Arrigo, & Matson,  2005; Nixon,  1995), and surface wa-
ters are expected to become more stratified as warming increases 
(Bestion, Schaum, et al., 2018). The findings that competitive out-
comes change across temperatures and are dependent on the 
amount of N present in the experimental system imply that environ-
mental changes and alterations of marine environments will affect 
how phytoplankton communities will be structured in the future. 
Changes in species interactions could then have subsequent effects 
on ecosystem functioning since distinctively structured communities 

cycle nutrients and carbon differently or have varying nutritional 
value for higher trophic levels (Falkowski, Barber, & Smetacek, 1998; 
Litchman, Klausmeier, Miller, Schofield, & Falkowski, 2006; Schaum, 
Rost, Millar, & Collins, 2012).

Regardless of the importance for natural ecosystems, the finding 
that competitive outcomes could be well predicted in a simplified 
system could be of relevance for large scale pond maricultures or 
other algae biotechnological settings where simple model commu-
nities or monocultures are established for harvest or extraction of 
secondary metabolites. The ability to predict what the population 
composition would be under a defined set of abiotic parameters 
could help to control growth dynamics or purity of a culture (Regan 
& Ivancic, 1984). By being able to predict composition, parameters 
can be altered to potentially stabilize mixed cultures or purify them 
through changing temperature or nutrient loading.

5  | CONCLUSION

The current study demonstrated that competition between two dia-
toms could be well predicted in a controlled laboratory system. The 
aquatic environments where these algae naturally occur are however 
exposed to fluctuations in light, nutrients, temperature, as well as 
changes in species composition due to migrations and water currents. 
In order to achieve higher comparability with natural environments, 
further investigations should focus on the effects of temperature 
variations and other abiotic fluctuations and their effects on compe-
tition between these two diatoms. Other species combinations and 
more complex communities could also be investigated to understand 
how general the current findings are. The ability to predict where 
inflexion points of species interactions lie across gradients and when 
multiple environmental stressors interact will bring the scientific 
community closer to understanding nonlinear ecosystem responses 
and help to potentially find strategies to mitigate changes that are 
predicted to occur under future environmental scenarios.

ACKNOWLEDG MENTS
The authors would like to thank all the laboratory technicians at 
the University of Essex that contributed to the setup of this work 
and the running of laboratory facilities, specifically Tania Cresswell-
Maynard, Amanda Clements, John Green, and Dr. Phil Davey. The 
work was made possible through the University of Essex School 
of Life Sciences start-up grant of Etienne Low-Décarie. Kirralee G. 
Baker was supported by NERC grant NE/P002374/1 awarded to 
Richard Geider. The authors would also like to thank two anonymous 
reviewers for their invaluable improvements to this manuscript.

CONFLIC T OF INTERE S T
None declared.

AUTHOR CONTRIBUTIONS
Philipp Siegel: Conceptualization (lead); Data curation (lead); 
Formal analysis (lead); Investigation (lead); Methodology (lead); 



     |  13SIEGEL et al.

Project administration (lead); Validation (lead); Visualization (lead); 
Writing-original draft (lead); Writing-review & editing (lead). 
Kirralee G. Baker: Data curation (supporting); Formal analysis 
(supporting); Investigation (supporting); Methodology (support-
ing); Project administration (supporting); Validation (support-
ing); Writing-original draft (supporting); Writing-review & editing 
(supporting). Etienne Low-Décarie: Conceptualization (support-
ing); Data curation (supporting); Formal analysis (supporting); 
Funding acquisition (lead); Supervision (lead); Validation (sup-
porting); Visualization (supporting); Writing-original draft (sup-
porting); Writing-review & editing (supporting). Richard J. Geider: 
Conceptualization (supporting); Data curation (supporting); 
Formal analysis (supporting); Funding acquisition (supporting); 
Investigation (supporting); Methodology (supporting); Supervision 
(supporting); Validation (supporting); Visualization (supporting); 
Writing-original draft (supporting); Writing-review & editing 
(supporting).

DATA AVAIL ABILIT Y S TATEMENT
Collected data and R script used for the analysis of the publica-
tion can be downloaded via the publicly accessible repository 
“Knowledge Network for Biocomplexity” under https://knb.ecoin​
forma​tics.org/view/urn:uuid:11f6d​c8a-91cc-4c9d-8cf0-00366​
b3b0374.

ORCID
Philipp Siegel   https://orcid.org/0000-0002-1755-083X 
Kirralee G. Baker   https://orcid.org/0000-0003-3008-2513 
Etienne Low-Décarie   https://orcid.org/0000-0002-0413-567X 
Richard J. Geider   https://orcid.org/0000-0003-3276-047X 

R E FE R E N C E S
Andersen, R. A. (2005). Algal culturing techniques (1st ed., p. 596). 

Cambridge, MA: Elsevier Academic Press.
Baker, K. G., Radford, D. T., Evenhuis, C., Kuzhiumparam, U., Ralph, P. J., 

& Doblin, M. A. (2018). Thermal niche evolution of functional traits 
in a tropical marine phototroph. Journal of Phycology, 54(6), 799–801. 
https://doi.org/10.1111/jpy.12759

Barton, A. D., Irwin, A. J., Finkel, Z. V., & Stock, C. A. (2016). Anthropogenic 
climate change drives shift and shuffle in North Atlantic phytoplank-
ton communities. Proceedings of the National Academy of Sciences of 
the United States of America, 201519080, https://doi.org/10.1073/
pnas.15190​80113

Begon, M., Townsend, C. R., & Harper, J. L. (2006). Ecology: From individu-
als to ecosystems (4th ed., p. 738). Malden, MA: Blackwell Pub.

Beman, J. M., Arrigo, K. R., & Matson, P. A. (2005). Agricultural runoff 
fuels large phytoplankton blooms in vulnerable areas of the ocean. 
Nature, 434(7030), 211–214. https://doi.org/10.1038/natur​e03370

Berges, J. A., Franklin, D. J., & Harrison, P. J. (2001). Evolution of an artifi-
cial seawater medium: Improvements in enriched seawater, artificial 
water over the last two decades. Journal of Phycology, 37(6), 1138–
1145. https://doi.org/10.1046/j.1529-8817.2001.01052.x

Bernhardt, J. R., Kratina, P., Pereira, A. L., Tamminen, M., Thomas, M. 
K., & Narwani, A. (2020). The evolution of competitive ability for 
essential resources. Philosophical Transactions of the Royal Society 
B: Biological Sciences, 375, 20190247. https://doi.org/10.1098/
rstb.2019.0247

Bernhardt, J. R., Sunday, J. M., & O'Connor, M. I. (2018). Metabolic the-
ory and the temperature-size rule explain the temperature depen-
dence of population carrying capacity. American Naturalist, 192(6), 
687–697. https://doi.org/10.1086/700114

Bestion, E., García-Carreras, B., Schaum, C.-E., Pawar, S., & Yvon-
Durocher, G. (2018). Metabolic traits predict the effects of warm-
ing on phytoplankton competition. Ecology Letters, 21(5), 655–664. 
https://doi.org/10.1111/ele.12932

Bestion, E., Schaum, C.-E., & Yvon-Durocher, G. (2018). Nutrient lim-
itation constrains thermal tolerance in freshwater phytoplankton: 
Nutrients alter algal thermal tolerance. Limnology and Oceanography 
Letters, 3(6), 436–443. https://doi.org/10.1002/lol2.10096

Boyd, P. W., Rynearson, T. A., Armstrong, E. A., Fu, F., Hayashi, K., Hu, Z., 
… Thomas, M. K. (2013). Marine phytoplankton temperature versus 
growth responses from polar to tropical waters – Outcome of a sci-
entific community-wide study. PLoS One, 8(5), e63091. https://doi.
org/10.1371/journ​al.pone.0063091

Clements, F. E., & Shelford, V. E. (1939). Bio-ecology (1st ed., p. 400). New 
York, NY: J. Wiley & Sons, Inc. https://doi.org/10.5962/bhl.title.6424

Cloern, J. E., & Dufford, R. (2005). Phytoplankton community ecology: 
Principles applied in San Francisco Bay. Marine Ecology Progress 
Series, 285, 11–28. https://doi.org/10.3354/meps2​85011

Cresswell, R. C., & Syrett, P. J. (1982). The uptake of nitrite by the diatom 
Phaeodactylum: Interactions between nitrite and nitrate. Journal of 
Experimental Botany, 33(137), 1111–1121.

Falkowski, P. G., Barber, R. T., & Smetacek, V. (1998). Biogeochemical 
controls and feedbacks on ocean primary production. 
Science, 281(5374), 200–206. https://doi.org/10.1126/scien​
ce.281.5374.200

Gallego, I., Venail, P., & Ibelings, B. W. (2019). Size differences pre-
dict niche and relative fitness differences between phytoplankton 
species but not their coexistence. ISME Journal, 13(5), 1133–1143. 
https://doi.org/10.1038/s4139​6-018-0330-7

Geider, R. J., MacIntyre, H. L., & Kana, T. M. (1997). Dynamic model of 
phytoplankton growth and acclimation: Responses of the balanced 
growth rate and the chlorophyll a:carbon ratio to light, nutrient-lim-
itation and temperature. Marine Ecology Progress Series, 148, 187–
200. https://doi.org/10.3354/meps1​48187

Geider, R. J., Maclntyre, H. L., & Kana, T. M. (1998). A dynamic regulatory 
model of phytoplanktonic acclimation to light, nutrients, and tem-
perature. Limnology and Oceanography, 43(4), 679–694. https://doi.
org/10.4319/lo.1998.43.4.0679

Geider, R. J., Osbonie, B. A., & Raven, J. A. (1986). Growth, photosyn-
thesis and maintenance metabolic cost in the diatom Phaeodactylum 
tricornutum at very low light levels. Journal of Phycology, 22(1), 39–48. 
https://doi.org/10.1111/j.1529-8817.1986.tb025​13.x

Goldman, J. C., & Ryther, J. H. (1976). Temperature-influenced species 
competition in mass cultures of marine phytoplankton. Biotechnology 
and Bioengineering, 18(8), 1125–1144. https://doi.org/10.1002/
bit.26018​0809

Grimaud, G. M., Mairet, F., Sciandra, A., & Bernard, O. (2017). Modeling 
the temperature effect on the specific growth rate of phytoplank-
ton: A review. Reviews in Environmental Science & Biotechnology, 16(4), 
625–645. https://doi.org/10.1007/s1115​7-017-9443-0

Grover, J. P. (1991). Resource competition in a variable environ-
ment: Phytoplankton growing according to the variable-inter-
nal-stores model. American Naturalist, 138(4), 811–835. https://doi.
org/10.1086/285254

Guillard, R. R. L., & Kilham, P. (1977). The biology of diatoms (1st ed., p. 
497). Oakland, CA: Botanical Monographs. University of California 
Press.

Guillard, R. R. L., & Ryther, J. H. (1962). Studies of marine planktonic di-
atoms: I. Cyclotella nana Hustedt, and Detonula confervacea (cleve) 
Gran. Canadian Journal of Microbiology, 8(2), 229–239. https://doi.
org/10.1139/m62-029

https://knb.ecoinformatics.org/view/urn:uuid:11f6dc8a-91cc-4c9d-8cf0-00366b3b0374
https://knb.ecoinformatics.org/view/urn:uuid:11f6dc8a-91cc-4c9d-8cf0-00366b3b0374
https://knb.ecoinformatics.org/view/urn:uuid:11f6dc8a-91cc-4c9d-8cf0-00366b3b0374
https://orcid.org/0000-0002-1755-083X
https://orcid.org/0000-0002-1755-083X
https://orcid.org/0000-0003-3008-2513
https://orcid.org/0000-0003-3008-2513
https://orcid.org/0000-0002-0413-567X
https://orcid.org/0000-0002-0413-567X
https://orcid.org/0000-0003-3276-047X
https://orcid.org/0000-0003-3276-047X
https://doi.org/10.1111/jpy.12759
https://doi.org/10.1073/pnas.1519080113
https://doi.org/10.1073/pnas.1519080113
https://doi.org/10.1038/nature03370
https://doi.org/10.1046/j.1529-8817.2001.01052.x
https://doi.org/10.1098/rstb.2019.0247
https://doi.org/10.1098/rstb.2019.0247
https://doi.org/10.1086/700114
https://doi.org/10.1111/ele.12932
https://doi.org/10.1002/lol2.10096
https://doi.org/10.1371/journal.pone.0063091
https://doi.org/10.1371/journal.pone.0063091
https://doi.org/10.5962/bhl.title.6424
https://doi.org/10.3354/meps285011
https://doi.org/10.1126/science.281.5374.200
https://doi.org/10.1126/science.281.5374.200
https://doi.org/10.1038/s41396-018-0330-7
https://doi.org/10.3354/meps148187
https://doi.org/10.4319/lo.1998.43.4.0679
https://doi.org/10.4319/lo.1998.43.4.0679
https://doi.org/10.1111/j.1529-8817.1986.tb02513.x
https://doi.org/10.1002/bit.260180809
https://doi.org/10.1002/bit.260180809
https://doi.org/10.1007/s11157-017-9443-0
https://doi.org/10.1086/285254
https://doi.org/10.1086/285254
https://doi.org/10.1139/m62-029
https://doi.org/10.1139/m62-029


14  |     SIEGEL et al.

Harley, C. D. G., Connell, S. D., Doubleday, Z. A., Kelaher, B., Russell, B. 
D., Sarà, G., & Helmuth, B. (2017). Conceptualizing ecosystem tipping 
points within a physiological framework. Ecology and Evolution, 7(15), 
6035–6045. https://doi.org/10.1002/ece3.3164

Harrison, P. J., Waters, R. E., & Taylor, F. J. R. (1980). A broad spec-
trum artificial seawater medium for coastal and open ocean 
phytoplankton. Journal of Phycology, 16, 28–35. https://doi.
org/10.1111/j.0022-3646.1980.00028.x

Huisman, J., Jonker, R. R., Zonneveld, C., & Weissing, F. J. (1999). 
Competition for light between phytoplankton species: Experimental 
tests of mechanistic theory. Ecology, 80(1), 211–222. https://doi.
org/10.1890/0012-9658(1999)080[0211:CFLBP​S]2.0.CO;2

Hutchinson, G. E. (1961). The paradox of the plankton. American 
Naturalist, 95(882), 137–145. https://doi.org/10.1086/282171

Isnanto, R. R. (2011). Comparation on several smoothing methods in non-
parametric regression. Jurnal Sistem Komputer, 1(1), 41–47.

Jacoby, W. G. (2000). Loess: A nonparametric, graphical tool for depict-
ing relationships between variables. Electoral Studies, 19, 577–613. 
https://doi.org/10.1016/S0261​-3794(99)00028​-1

Kordas, R. L., Harley, C. D. G., & O'Connor, M. I. (2011). Community ecol-
ogy in a warming world: The influence of temperature on interspe-
cific interactions in marine systems. Journal of Experimental Marine 
Biology and Ecology, 400(1–2), 218–226. https://doi.org/10.1016/j.
jembe.2011.02.029

Kubanek, J., Hicks, M. K., Naar, J., & Villareal, T. A. (2005). Does the 
red tide dinoflagellate Karenia brevis use allelopathy to outcompete 
other phytoplankton? Limnology and Oceanography, 50(3), 883–895. 
https://doi.org/10.4319/lo.2005.50.3.0883

Lewington-Pearce, L., Narwani, A., Thomas, M. K., Kremer, C. T., 
Vogler, H., & Kratina, P. (2019). Temperature-dependence of mini-
mum resource requirements alters competitive hierarchies in phy-
toplankton. Oikos, 128(8), 1194–1205. https://doi.org/10.1111/
oik.06060

Litchman, E., & Klausmeier, C. A. (2008). Trait-based community ecol-
ogy of phytoplankton. Annual Review of Ecology Evolution and 
Systematics, 39, 615–639. https://doi.org/10.1146/annur​ev.ecols​
ys.39.110707.173549

Litchman, E., Klausmeier, C. A., Miller, J. R., Schofield, O. M., & Falkowski, 
P. G. (2006). Multi-nutrient, multi-group model of present and future 
oceanic phytoplankton communities. Biogeosciences Discuss, 3(3), 
607–663. https://doi.org/10.5194/bg-3-585-2006

Low-Décarie, E., Boatman, T. G., Bennett, N., Passfield, W., Gavalás-
Olea, A., Siegel, P., & Geider, R. J. (2017). Predictions of response 
to temperature are contingent on model choice and data quality. 
Ecology and Evolution, 7(23), 10467–10481. https://doi.org/10.1002/
ece3.3576

Low-Décarie, E., Fussmann, G. F., & Bell, G. (2011). The effect of ele-
vated CO2 on growth and competition in experimental phyto-
plankton communities: CO2 alters phytoplankton community 
dynamics. Global Change Biology, 17(8), 2525–2535. https://doi.
org/10.1111/j.1365-2486.2011.02402.x

McPeek, M. A. (2019). Limiting similarity? The ecological dynamics of 
natural selection among resources and consumers caused by both 
apparent and resource competition. American Naturalist, 193(4), 
E92–E115. https://doi.org/10.1086/701629

Montagnes, D. J. S., Morgan, G., Bissinger, J. E., Atkinson, D., & Weisse, 
T. (2008). Short-term temperature change may impact freshwater 
carbon flux: A microbial perspective. Global Change Biology, 14(12), 
2823–2838. https://doi.org/10.1111/j.1365-2486.2008.01700.x

Morel, F. M. M. (1987). Kinetics of nutrient uptake and growth in 
phytoplankton. Journal of Phycology, 23, 137–150. https://doi.
org/10.1111/j.1529-8817.1987.tb044​36.x

Nelson, D. M., D’Elia, C. F., & Guillard, R. R. L. (1979). Growth and com-
petition of the marine diatoms Phaeodactylum tricornutum and 

Thalassiosira pseudonana. II. Light limitation. Marine Biology, 50(4), 
313–318. https://doi.org/10.1007/BF003​87008

Nixon, S. W. (1995). Coastal marine eutrophication: A definition, so-
cial causes, and future concerns. Ophelia, 41, 199–219. https://doi.
org/10.1080/00785​236.1995.10422044

Parkhill, J.-P., Maillet, G., & Cullen, J. J. (2001). Fluorescence-based 
maximal quantum yield for PSII as a diagnostic of nutrient stress. 
Journal of Phycology, 37(4), 517–529. https://doi.org/10.104
6/j.1529-8817.2001.03700​4517.x

Pennekamp, F., Iles, A. C., Garland, J., Brennan, G., Brose, U., Gaedke, U., 
… Petchey, O. L. (2019). The intrinsic predictability of ecological time 
series and its potential to guide forecasting. Ecological Monographs, 
89(2), 1–17. https://doi.org/10.1002/ecm.1359

Pichierri, S., Accoroni, S., Pezzolesi, L., Guerrini, F., Romagnoli, T., 
Pistocchi, R., & Totti, C. (2017). Allelopathic effects of diatom fil-
trates on the toxic benthic dinoflagellate Ostreopsis cf. ovata. Marine 
Environment Research, 131, 116–122. https://doi.org/10.1016/j.
maren​vres.2017.09.016

R Core Team (2016). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Ratkowsky, D. A., Lowry, R. K., McMeekin, T. A., Stokes, A. N., & Chandler, 
R. E. (1983). Model for bacterial culture growth rate throughout the 
entire biokinetic temperature range. Journal of Bacteriology, 154(3), 
1222–1226. https://doi.org/10.1128/JB.154.3.1222-1226.1983

Regan, D. L., & Ivancic, N. (1984). Mixed populations of marine microal-
gae in continuous culture: Factors affecting species dominance 
and biomass productivity. Biotechnology and Bioengineering, 26(11), 
1265–1271. https://doi.org/10.1002/bit.26026​1102

Rhee, G.-Y., & Gotham, I. J. (1981). The effect of environmental factors 
on phytoplankton growth: Temperature and the interactions of 
temperature with nutrient limitation: Temperature-nutrient inter-
actions. Limnology and Oceanography, 26(4), 635–648. https://doi.
org/10.4319/lo.1981.26.4.0635

Riebesell, U. (2004). Effects of CO2 enrichment on marine phytoplankton. 
Journal of Oceanography, 60(4), 719–729. https://doi.org/10.1007/
s1087​2-004-5764-z

Schaum, E., Rost, B., Millar, A. J., & Collins, S. (2012). Variation in plas-
tic responses of a globally distributed picoplankton species to ocean 
acidification. Nature Climate Change, 3(3), 298–302. https://doi.
org/10.1038/nclim​ate1774

Schnetger, B., & Lehners, C. (2014). Determination of nitrate plus nitrite 
in small volume marine water samples using vanadium(III)chloride 
as a reduction agent. Marine Chemistry, 160, 91–98. https://doi.
org/10.1016/j.march​em.2014.01.010

Segura, A. M., Calliari, D., Kruk, C., Conde, D., Bonilla, S., & Fort, H. 
(2011). Emergent neutrality drives phytoplankton species coexis-
tence. Proceedings of the Royal Society B-Biological Sciences, 278(1716), 
2355–2361. https://doi.org/10.1098/rspb.2010.2464

Sharp, J. H., Underhill, P. A., & Hughes, D. J. (1979). Interaction 
(Allelopathy) between marine diatoms: Thalassiosira pseudonana 
and Phaeodactylum tricronutum. Journal of Phycology, 15, 353–362. 
https://doi.org/10.1111/j.1529-8817.1979.tb007​05.x

Smith, R. E. H., & Kalff, J. (1982). Size-dependent phosphorus uptake 
kinetics and cell quota in phytoplankton. Journal of Phycology, 18, 
275–284. https://doi.org/10.1111/j.1529-8817.1982.tb031​84.x

Sommer, U. (1984). The paradox of the plankton: Fluctuations of phos-
phorus availability maintain diversity of phytoplankton in flow-
through cultures. Limnology and Oceanography, 29(3), 633–636. 
https://doi.org/10.4319/lo.1984.29.3.0633

Thomas, M. K., Aranguren-Gassis, M., Kremer, C. T., Gould, M. R., 
Anderson, K., Klausmeier, C. A., & Litchman, E. (2017). Temperature-
nutrient interactions exacerbate sensitivity to warming in phyto-
plankton. Global Change Biology, 23(8), 3269–3280. https://doi.
org/10.1111/gcb.13641

https://doi.org/10.1002/ece3.3164
https://doi.org/10.1111/j.0022-3646.1980.00028.x
https://doi.org/10.1111/j.0022-3646.1980.00028.x
https://doi.org/10.1890/0012-9658(1999)080[0211:CFLBPS]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[0211:CFLBPS]2.0.CO;2
https://doi.org/10.1086/282171
https://doi.org/10.1016/S0261-3794(99)00028-1
https://doi.org/10.1016/j.jembe.2011.02.029
https://doi.org/10.1016/j.jembe.2011.02.029
https://doi.org/10.4319/lo.2005.50.3.0883
https://doi.org/10.1111/oik.06060
https://doi.org/10.1111/oik.06060
https://doi.org/10.1146/annurev.ecolsys.39.110707.173549
https://doi.org/10.1146/annurev.ecolsys.39.110707.173549
https://doi.org/10.5194/bg-3-585-2006
https://doi.org/10.1002/ece3.3576
https://doi.org/10.1002/ece3.3576
https://doi.org/10.1111/j.1365-2486.2011.02402.x
https://doi.org/10.1111/j.1365-2486.2011.02402.x
https://doi.org/10.1086/701629
https://doi.org/10.1111/j.1365-2486.2008.01700.x
https://doi.org/10.1111/j.1529-8817.1987.tb04436.x
https://doi.org/10.1111/j.1529-8817.1987.tb04436.x
https://doi.org/10.1007/BF00387008
https://doi.org/10.1080/00785236.1995.10422044
https://doi.org/10.1080/00785236.1995.10422044
https://doi.org/10.1046/j.1529-8817.2001.037004517.x
https://doi.org/10.1046/j.1529-8817.2001.037004517.x
https://doi.org/10.1002/ecm.1359
https://doi.org/10.1016/j.marenvres.2017.09.016
https://doi.org/10.1016/j.marenvres.2017.09.016
https://doi.org/10.1128/JB.154.3.1222-1226.1983
https://doi.org/10.1002/bit.260261102
https://doi.org/10.4319/lo.1981.26.4.0635
https://doi.org/10.4319/lo.1981.26.4.0635
https://doi.org/10.1007/s10872-004-5764-z
https://doi.org/10.1007/s10872-004-5764-z
https://doi.org/10.1038/nclimate1774
https://doi.org/10.1038/nclimate1774
https://doi.org/10.1016/j.marchem.2014.01.010
https://doi.org/10.1016/j.marchem.2014.01.010
https://doi.org/10.1098/rspb.2010.2464
https://doi.org/10.1111/j.1529-8817.1979.tb00705.x
https://doi.org/10.1111/j.1529-8817.1982.tb03184.x
https://doi.org/10.4319/lo.1984.29.3.0633
https://doi.org/10.1111/gcb.13641
https://doi.org/10.1111/gcb.13641


     |  15SIEGEL et al.

Thomas, M. K., Kremer, C. T., Klausmeier, C. A., & Litchman, E. (2012). 
A global pattern of thermal adaptation in marine phytoplankton. 
Science, 338(6110), 1085–1088. https://doi.org/10.1126/scien​
ce.1224836

Tilman, D. (1981). Tests of resource competition theory using four spe-
cies of lake Michigan algae. Ecology, 62(3), 802–815. https://doi.
org/10.2307/1937747

Tilman, D. (1987). Importance of mechanisms of interspecific competi-
tion. American Naturalist, 129(5), 769–774.

Tilman, D., Kilham, S. S., & Kilham, P. (1982). Phytoplankton commu-
nity ecology: The role of limiting nutrients. Annual Review of Ecology 
and Systematics, 13, 349–372. https://doi.org/10.1146/annur​
ev.es.13.110182.002025

Tilman, D., Mattson, M., & Langer, S. (1981). Competition and nutrient ki-
netics along a temperature gradient: An experimental test of a mech-
anistic approach to niche theory. Limnology and Oceanography, 26(6), 
1020–1033. https://doi.org/10.4319/lo.1981.26.6.1020

Toseland, A., Daines, S. J., Clark, J. R., Kirkham, A., Strauss, J., Uhlig, C., 
… Mock, T. (2013). The impact of temperature on marine phyto-
plankton resource allocation and metabolism. Nature Climate Change, 
3(11), 979–984. https://doi.org/10.1038/nclim​ate1989

van Donk, E., & Kilham, S. S. (1990). Temperature effects on silicon- and 
phosphorus-limited growth and competitive interactions among 
three diatoms. Journal of Phycology, 26(1), 40–50. https://doi.
org/10.1111/j.0022-3646.1990.00040.x

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Siegel P, Baker KG, Low-Décarie E, 
Geider RJ. High predictability of direct competition between 
marine diatoms under different temperatures and nutrient 
states. Ecol Evol. 2020;00:1–15. https://doi.org/10.1002/
ece3.6453

https://doi.org/10.1126/science.1224836
https://doi.org/10.1126/science.1224836
https://doi.org/10.2307/1937747
https://doi.org/10.2307/1937747
https://doi.org/10.1146/annurev.es.13.110182.002025
https://doi.org/10.1146/annurev.es.13.110182.002025
https://doi.org/10.4319/lo.1981.26.6.1020
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1111/j.0022-3646.1990.00040.x
https://doi.org/10.1111/j.0022-3646.1990.00040.x
https://doi.org/10.1002/ece3.6453
https://doi.org/10.1002/ece3.6453

