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ABSTRACT OF THE THESIS

Trade-offs in response to environmental constraints among strains of Scenedesmus
dimorphus

by

Kathleen Chun-I Kwok

Master of Science in Biology

University of California, San Diego, 2014

Professor Jonathan Shurin, Chair

Trade-offs, or negative functional associations among traits that affect fitness,
are fundamental to ecological and evolutionary processes and are the basis for non-
neutral species diversity through niche differentiation. Recent studies indicate that
trade-offs occur in multiple dimensions involving population limitation by alternative
resources or abiotic constraints and may drive species interactions and structure

ecological communities. I tested for multivariate trade-offs among 32 natural
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populations of the freshwater algae Scenedesmus dimorphus in response to light,
phosphorus, salinity, nitrogen source (nitrate vs. ammonium) and the presence of
pathogenic fungi. Surprisingly, no evidence of trade-offs was found and positive or
neutral correlations were observed among strains in response to the treatments.
Strains that grew the fastest and reached the highest density at steady state tended to
be least affected by light limitation, phosphorus limitation, increased salinity, and
switching to ammonium as the nitrogen source. This may suggest an absence of
functional constraints in S. dimorphus that limit intraspecific variation in response to
several important environmental factors, nutrients and energy availability. Trade-offs
may occur with other potential limiting factors such as grazers or temperature. Further
research is needed to identify important axes of differentiation that constrain

diversification and coexistence among Scenedesmus genotypes.
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Introduction

Hutchinson (1959) asked a simple question that became one of the major
conceptual dilemmas of ecology: How do so many species coexist in the same habitat?
Classical models predict that an environment with few potentially limiting resources
and limited opportunities for niche differentiation should be dominated by one or a
few species. Hutchinson called the apparent contrast between classical predictions
from theory and the great species diversity observed in natural ecosystems the
“Paradox of the Plankton” (1961). Any body of water, such as a lake, may have only a
few limiting nutrients and constraining physical factors, yet contain hundreds of
species of phytoplankton. Hutchinson proposed a number of violations of the many
simplifying assumptions of these classical models that might explain the disparity.
For instance, spatial or temporal habitat heterogeneity, or the inability of systems to
reach equilibrium due to extrinsic or intrinsic population variation, might allow
numerous species to coexist. Tilman and Pacala (1993) reviewed models with more
physical and biological complexities that predict the stable or unstable persistence of a
potentially unlimited number of species. These models generally conclude that niche
differentiation is not just controlled by competition for limiting resources, but also by
spatial and temporal heterogeneity of resource availability, top-down/bottom-up
control, environmental gradients, and, ultimately, trade-offs in organisms’ abilities to
respond to these constraints (Tilman and Pacala 1993). Ptacnik et al. (2010) argue that
pelagic systems are temporally and spatially variable in so many aspects of the

physical environment that the high diversity they contain should be expected.



However, the processes that promote niche differentiation among phytoplankton
remain unknown.

Trade-offs are fundamental to ecological and evolutionary processes, and they
are assumed to underlie the maintenance of non-neutral species diversity through
niche differentiation. Trade-offs are exhibited as a negative functional interaction
between traits that affect fitness (Kneitel and Chase 2004), for instance, between the
ability to compete for alternative resources, survive under different conditions, or
resist the effects of predators or diseases. Trade-offs may arise from limited ability to
allocate resources to alternative functions such as, for example, among growth,
reproduction or defense. In a community context, trade-offs represent niche
differentiation among species, which emerge from individual-level constraints
imposed by the environment (Chase and Leibold 2003). Within a species, trade-offs
can also affect intraspecific variation and evolutionary potential, as they may constrain
the trajectory of phenotypic evolution (Blows and Hoffmann 2005).

Little is known about which trade-offs structure phenotypic diversity in
different groups of organisms (Edwards et al. 2011). Recent reviews have emphasized
that trade-offs can be detected and linked to changes in species composition along
environmental gradients by quantifying correlations among important functional traits
across species (McGill et al. 2006, Litchman and Klausmeier 2008). Plants show a
negative association between ability to compete for nutrients vs. tolerate herbivory,
indicative of a trade-off between susceptibility of top-down vs. bottom-up control
(Lind et al. 2013). Three-way trade-offs among plants in the ability to compete for

resources, tolerate environmental stress and reproduce quickly in disturbed



environments are the basis for Grime’s Triangle (Grime 1979). Coral species have also
recently been shown to exhibit similar associations along the same three niche axes
(Darling et al. 2012). Recently, Edwards et al. (2011) showed the importance of
multivariate approaches to functional traits related to acquisition of nitrogen and
phosphorus in phytoplankton. These studies indicate that trade-offs may occur in
multiple dimensions, and such trade-offs may drive species interactions and structure
ecological communities.

Although phytoplankton were the inspiration for Hutchinson’s Paradox of the
Plankton, the trade-offs that govern coexistence in phytoplankton remain largely
unknown. Microscopic phytoplankton are a diverse, polyphyletic group of
photosynthetic eukaryotes and cyanobacteria that produce about half of global primary
production, and affect the biogeochemical cycling of many elements, including carbon,
nitrogen, and phosphorus (Falkowski et al. 2004). Litchman and Klausmeier (2008)
argue that phytoplankton provide an ideal system to test trait-based approaches
because of their relative simplicity and the well-defined traits that determine their
ecological niche (i.e., cell size and shape, nutrient uptake and requirements).

Several interspecific trade-offs have been demonstrated in phytoplankton. A
trade-off between maximum growth rate and competitive ability, termed by Grover
(1997) as the gleaner-opportunist trade-off, has been postulated to be caused by
differential investment in growth machinery (P-rich ribosomes) vs resource acquisition
machinery (N-rich proteins; Klausmeier 2004). However, evidence for this trade-off is
not apparent in some groups of species, such as marine diatoms (Litchman 2007).

Trade-offs between competitive abilities for different resources, including nutrients



and light, have also been hypothesized as important in structuring phytoplankton
communities (Passarge et al. 2006, Tilman 1982, Leibold et al. 1997). Edwards et al
showed a three-way trade-off between nitrogen and phosphorus competitive abilities
and cell size (2011). Smaller cells are better competitors for both N and P, consistent
with surface-area constraints, however, after controlling for cell size, N and P
competitive abilities were negatively correlated across taxa. A higher minimum quota
for nitrogen under low irradiance has also been demonstrated, and is hypothesized to
be due to an increase in nitrogen requirements when light-harvesting pigments are
increased (Rhee and Gotham 1981). Competitive abilities for light and phosphorus
have been shown to be positively correlated and are unlikely to explain biodiversity in
phytoplankton communities (Passarge et al. 2006). However, a trade-off between
susceptibility to grazing and competitive abilities for phosphorus and light may
indicate that predators can maintain diversity in phytoplankton (Leibold 1996,
Yoshida et al. 2004). Grazer resistance in phytoplankton is often achieved by
increasing cell size or by colony formation, which both decrease nutrient competitive
abilities due to less efficient surface area to volume ratios (Reynolds 1988).

I explored the existence of trade-offs along multiple trait axes among different
strains of the freshwater phytoplankton Scenedesmus dimorphus. S. dimorphus (Class:
Chlorophyceae) is a widespread member of freshwater plankton communities as well
as a prime candidate for algal biofuel use due to its rapid growth, low nutrient
requirements, and high lipid content. However, its nutrient and water requirements are
still high compared to other potential biofuel feedstock, such as switchgrass and corn

(Clarens 2010). To analyze the existence of multivariate trade-offs in natural



populations of S. dimorphus, I measured maximum growth rate and carrying capacity
of up to 32 different strains of S. dimorphus under contrasting environmental
conditions. The conditions studied included light limitation, phosphorus limitation, use
of nitrate vs. ammonium as a nitrogen source, increased salinity, and addition of
Amoeboaphelidium protococcarum, chytrid-like fungus known to parasitize S.
dimorpus (Letcher et al. 2013). All of these treatment constraints represent different
forms of environmental variability that exist in nature and may affect the fitness of S.
dimorphus under varying conditions. Negative correlations among treatment effects
on growth would suggest trade-offs in the abilities of S. dimorphus strains to respond
to them. Positive correlations between growth under benign conditions and treatment
effects would indicate a trade-off in the abilities of S. dimorphus strains to maximize
growth and compete for resources or deal with abiotic stress.

I hypothesized that each treatment condition would affect growth negatively
and that trade-offs would found between a S. dimorphus strain’s ability to grow well
under ideal (control) conditions and its ability to respond to treatment conditions. I
also predicted that we would find trade-offs in S. dimorphus strain abilities to respond
to treatment constraints. That is, if the response to one form of population limitation
(e.g., light limitation) is negatively correlated among strains with the response to
another experimental factor (e.g., nitrogen source), then this indicates a trade-off in
sensitivity to the two environmental constraints. Two sets of experiments were used to
test for potential trade-offs by examining growth in both semi-continuous and batch

cultures.



Materials and Methods

We tested for potential trade-offs in S. dimorphus strains by comparing growth
under different environmental constraints in both semi-continuous and batch cultures.
We initially used batch culture, but we repeated the measurements in semi-continuous
culture because of concern that we could not measure the effect on cell densities over
time of the chytrid-like fungus A. protococcarum in our batch culture measurements.
Semi-continuous culture

Five replicate populations of each of 28 S. dimorphus strains (UTEX 1237 plus
27 strains isolated from natural environments by researchers from Sapphire Energy)
were grown under six separate experimental treatments—control, NHy, salt, low
phosphorus, low light, and chytrid—in a semi-continuous culture for 12-14 days
(Table 1). Experiments were done in groups over a period of several months, with up
to 14 different strains grown with up to 3 treatments at a time. Strains were inoculated
into sterilized 50 mL flasks with cotton plugs at an in vivo chlorophyll-a (chla) density
of approximately 200 pg/L. Each flask contained 20 mL of WC media (Guillard 1975),
adjusted for the treatment conditions as necessary. For the chytrid treatment, spores of
the chytrid-like fungus A. protococcarum (strain FDO1) were inoculated from a culture
grown in WC and fed with S. dimorphus (UTEX 1237), after examination of the
culture under microscopy showed no live S. dimorphus cells. All replicates were
grown under 24 hour photoperiod at 28°C. Media was diluted at 10 percent per day,
every other day (i.e., 20% every two days). Samples were taken before each dilution
and chla was measured at 750 nm using a Turner fluorometer (Model 7200-000) to

approximate population biomass.



Batch Culture

Five replicates of each of 32 S. dimorphus strains (the same strains grown in
semi-continuous culture, with 3 additional strains received from Sapphire Energy)
were grown under five separate experimental treatments—control, NHy, salt, low
phosphorus, and low light—in a batch culture for 19-20 days (Table 2). Strains were
inoculated into sterile 96-well plates at an optical density (OD) of approximately 0.025
at 680 nm. Each flask contained 300 uL of WC media (Guillard 1975), adjusted for
the treatment condition as necessary. All replicates were grown on orbital shakers at
120 rpm and under 24 hour photoperiod at 23°C. OD at 680 nm was measured every 2
days with a Thermo Scientific Multiskan FC plate reader to approximate population
biomass.
Statistical Analysis

Maximum exponential growth rate and carrying capacity were used as the
parameters to describe the growth of each strain by treatment. The maximum
exponential growth rate of was defined as the maximum observed growth between two

sampling intervals during the experiment:

L = max (ln(Nx/Nx—l))

by = lx—1
where N, is the density at time ¢, and N,.; is the density at time ¢,.;. The carrying
capacity, K, was defined as the maximum density (expressed in OD or chla) reached
over the course of the experiment. The parameters y and K were calculated for each
replicate and averaged for each strain by treatment. The effect of a treatment condition

on each strain, E .qmens Was estimated as the difference between the growth



parameters under treatment and the growth parameters of the control group (i.e., Salt
effect on K = Eg,;, on K= K on01 — Ksair, for each strain). To test for trade-offs between
strain responses to treatments, we calculated the Pearson’s product-moment
correlation (r) between treatment effects on growth and carrying capacity across all
strains. To discover whether a trade-off exists between strains’ performance under
ideal (control) conditions and under treatment conditions, we also calculated r
between growth under control conditions and each treatment effect. We used principal
component analyses (PCAs) on the treatment effects to illustrate the correlations
between treatment effects. Treatment effects, correlations, and principal components
were all estimated for 4 and K in both the semi-continuous culture and batch culture
experiments. All statistical analyses were conducted using the statistical programming

language R, version 3.0.2 (R Core Development Team, 2013).



Results

Figure 1 shows the growth curves for each S. dimorphus strain under control
and treatment conditions for the semi-continuous cultures, and Figure 2 shows growth
curves in batch cultures. Figure 3 shows the treatment effects (treatment minus
control) on ¢ and K for the semi-continuous cultures, and Fig. 4 for the batch cultures.
Treatments effects (E7yeamen:) Were considered negative for a parameter if the lower
bound of the 95% confidence interval for the difference between treatment and control
levels was positive. In the semi-continuous cultures, Esu, Erow Lights and Ecpyirig ON u
was negative for most strains, while Eyys was negative on u for 13 strains and Ej,,,
Phosphorus fOr only 6 of the 28 strains (Fig. 3a-¢). Eyny and Esq; were negative on K for
all strains, and Erow phosphoruss Erow Light» and Ecpyirig Were negative on K for most strains
(Fig. 3f-j). In the batch cultures, Exgs and Es,, on u were negative for most strains, but
E1ow Phosphorus Was negative on u for only 6 and Ej,,, 1 for only 5 of the 32 strains
(Fig. 4a-d). Exns was negative on K for all strains, while Egy, and Ep . phosphorus ON K
were negative for most strains, and Ep,, rign 0N K was negative for 12 of the 32 strains
(Fig. 4e-h).

Significant correlations were observed between many of the treatments effects
in both semi-continuous and batch cultures (Fig.s 5 and 6, respectively). In the semi-
continuous cultures, positive correlations were found between Eypy and Ep oy, Lighs,
between Es,; and Ep o phosphorus, and between Eroy prosphorus and Efoy rign: for both u and
K. Additionally, significant positive correlations were found between Enys and Ej,,,
Phosphorus and between Eg,;, and Ecpyirig, 00 u. A negative correlation was found between

u’s of the control group (uconror) and Egy on . There was also a negative correlation



10

between K’s of the control group (K.onr0r) and every treatment effect on K, except for
the chytrid treatment (Fig. 5). In the batch cultures, Esq.; and Erow prosphorus WeTe
positively correlated for both ¢ and K, as well as between Eproy prosphorus a0d Efoy Light
for K. tconiror Was negatively correlated to every treatment effect on y. Keopror Was
negatively correlated to every treatment effect on K, except for the low light treatment
effect (Fig. 6).

PCA’s illustrate the multivariate correlations of treatment effects on u and the
treatment effects on K. In the semi-continuous cultures, the first two principle
components (PC1 and PC2) extracted from the treatment effects on ¢ explained 72%
of the variation in treatment effects among strains. PC1 and PC2 from the treatment
effects on K explained 78% of the variation in strain responses (Fig. 7). In the batch
cultures, PC1 and PC2 of the treatment effects on u explained 72% of the variation
between strain responses. PC1 and PC2 of the treatment effects on K explained 76% of
the variation between each strain’s responses to the treatments (Fig. 8). The PC
analyses illustrate that all of the treatment effects were either positively or neutrally
correlated (i.e., treatment effect loadings are pointing in the same direction or in
perpendicular directions, respectively), indicating the absence of any apparent trade-

offs among strains in response to the treatments imposed.



Discussion

Our experiments found no evidence of trade-offs among genotypes of S.
dimorphus in response to nitrogen source, high salinity, phosphorus limitation, light
limitation, or the presence of pathogenic fungi in the environment. Rather, the strains
that showed the highest growth and densities under benign conditions (in the control)
tended to maintain the highest growth under treatment conditions. In general, strains
that were most strongly affected by one form of physiological stress (e.g., salinity) in
the environment were also susceptible to others (e.g., low phosphorus). Since all of the
strains except UTEX 1237 were recently isolated from the natural environment as part
of an industrial search for viable bioenergy strains, these results raise the question of
how the strains that performed poorly under ideal conditions and in response to
environmental stress manage to persist in the face of competition from the more robust
and resilient strains. A number of possible explanations remain unexamined (e.g.,
abilities to disperse among habitats, resist the effects of grazing zooplankton, or grow
at different temperatures, just to name a few). However, our results indicate that some
strains performed well under all experimental and control conditions while others were
susceptible to multiple forms of environmental stress.

Most of the treatment conditions had a significant negative effect on the
carrying capacity, K, for the majority of strains, in both semi-continuous cultures and
batch cultures, indicating that the treatments imposed limitations on cell densities
(Fig.s 3f-j and 4e-h). The only exception was the low light effect, Erow Ligh, On K in
batch culture, which exhibited a significant negative effect on only 6 of the 32 strains

studied (Fig. 4h). This may have been a result of the difference in culture conditions

11
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between the batch and semi-continuous cultures: for the strains grown in batch culture
(in 96-well plates), it’s possible that the much smaller culture volume (300 pL vs. 20
mL) and use of shakers eliminated the self-shading that would be present in flasks, and
the control light intensity actually caused photo-inhibition while the low light
treatment relieved it.

For u, most treatments had a significant negative effect on the majority of S.
dimorphus strains in both types of culture, suggesting that the treatments limited cell
growth rates (Fig.s 3a-e and 4a-d). In batch culture, Ej, Lighe On ¢ Was only negative
on 5 of 32 strains, similar to Ej,w rign: 00 K in batch culture and probably caused by the
photo-inhibitive light levels of the control treatment described above (Fig. 4d and 4h).
Additionally, Ejo prosphorus Was only significantly negative for 6 of 32 strains a few
strains on i but was negative for most strains on K, in semi-continuous and batch
cultures. This suggested that the phosphate concentration in the low phosphorus
treatment media was not limiting to cell growth during the beginning exponential
growth phase, but it was limiting at the end when cell densities were higher. This
explanation is supported by Passarge et al. (2006), who found that external phosphorus
concentrations were rapidly depleted in chemostat and batch cultures, and population
densities continued to increase on a slower time scale.

We did not find evidence for the gleaner-opportunist trade-off between
maximum growth rate and competitive ability proposed by Grover (1997) and
supported mechanistically by Klausmeier et al. (2004). In figures 5 and 6, this trade-
off would be represented by a positive correlation between a strain’s maximum growth

rate under ideal conditions, g oniro, and its response to resource limitation (e.g., the
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effects of nitrogen source, low phosphorus, or low light). Surprisingly, we only found
negative correlations for ¢ and a few treatment effects when comparing S. dimorphus
strains. Negative correlations were also found for K under ideal conditions, K oo,
and all treatment effects on K, except for the chytrid effect in semi-continuous culture.
This implies that strains that have a higher ¢ and K under ideal conditions also tend to
be more tolerant of environmental constraints. However, a strain’s t ono When grown
in semi-continuous culture was only significantly correlated with the salt effect on u,
whereas u coniror in batch culture and K, .07 in both kinds of culture were much better
predictors. This is also reflected in the treatment effect PCAs (Fig.s 7 and 8).
Klausmeier et al.’s (2004) mechanistic support for the gleaner-opportunist trade-off
was based on N:P stoichiometry, which was not measured in this experiment. In their
analysis of literature on major functional traits in phytoplankton, Litchman et al. (2007)
also did not find support for interspecific trade-offs between maximum growth rate
and competitive ability for resources among major groups of phytoplankton.

Although investigators have previously demonstrated trade-offs between
phytoplankton species in their competitive abilities for different resources (i.e., Tilman
1982, Leibold et al. 1997), we found none of these trade-offs between S. dimorphus
strains. Trade-offs in competition for alternative resources is the basis for the Resource
Ratio Hypothesis (Tilman 1982), one of the most often invoked explanations for
coexistence in phytoplankton (Interlandi and Kilham 2001) and plant (Harpole and
Tilman 2007) communities. A trade-off between competitive abilities for different
resources would be represented by a negative correlation between treatment effects on

strains in figures 5 and 6, but all significant correlations found were positive. Es,; was
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consistently positively correlated with Ej,, phosprorus On both ¢ and K, in both semi-
continuous and batch cultures. I did not find any evidence in the literature that would
support a positive correlation between the ability of freshwater phytoplankton to
respond to high salinity and the ability to compete for phosphorus. On the contrary, a
negative correlation would be expected since phosphorus is shown to be more readily
available for absorption in seawater than freshwater, as well as along salinity gradients
in estuaries, although this is attributed to higher sulfate concentrations in seawater
(Hartzell and Jordan 2012, Blomgqvist et al. 2004).

Epow Light and Epoy, phosphorus Were positively correlated among S. dimorphus
strains on K for both types of culture and on i for batch culture. This agrees with the
findings of Passarge et al. (2006) that phytoplankton species with strong competitive
abilities for light were also strong competitors for phosphorus. This positive
correlation did not, however, coincide with a negative correlation with susceptibility to
chytrid grazing, as Yoshida et al. (2004) would have expected to find in support of
keystone predation. Enps and Ej,,, rigne Were positively correlated on ¢ and K for
strains grown in semi-continuous cultures. This may be a result of some strains
adapting to eutrophic conditions, where high cell densities that limit light penetration
of the water and higher ammonium concentrations coincide (Maclsaac and Dugdale
1972).

The correlations between Eypy and Epoy phosphorus and between Egq; and Ecpyiria
were significantly positive only on ¢ in semi-continuous cultures. It has been shown
that Scenedesmus sp. cells do not differentiate between nitrate and ammonium as a

nitrogen source (Park et al. 2010), but cause of the observed positive relationship of
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ammonium response to phosphorus limitation response is unknown. The chytrid-like
fungus A. protococcarum was only recently isolated, and there is little data on what
factors influence its effect on algal growth (Letcher et al. 2013). A. protococcarum is a
pest capable of significantly crashing S. dimorphus biofuel crop ponds, and further
research is needed to determine if phytoplankton resistance to salt is indeed correlated
to resistance to this parasite and the mechanism behind it.

The lack of any evidence for trade-offs among S. dimorphus strain abilities to
respond to treatment effects is surprising. We also did not anticipate that a strain’s
Ucontror a0d K oniro Would be negatively correlated with treatment effects, or that
multiple treatment effects would be positively correlated. All of these findings indicate
an absence, in S. dimorphus, of functional constraints that would limit intraspecific
variation or hinder adaptation to the environmental limitations we imposed.

However, further research is needed to ascertain if we would find different trait
relationships by measuring other biological parameters, as there could be many weak
trade-offs in multiple dimensions. Edwards et al. (2011) found that competitive
abilities for nitrogen and phosphorus were positively correlated in major groups of
phytoplankton, but both traits decreased as cell size increased, and a negative
correlation or trade-off between the traits was only evident when cell size was
controlled for. Since we used strains of the same species that are similar in size, it is
unlikely that controlling for cell size would change our results, but it is possible that
different trait correlations would arise if we controlled for average S. dimorphus
colony size, which varies between strains. Garland (2014) also asserted that organisms

comprise an almost infinite number of measurable traits, and trade-offs may only be
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apparent when we include more traits in an analysis. For example, measuring
parameters related to N:P stoichiometry would be another way we could tease out
trade-offs, and it would be interesting to see if we could find the same evidence
Klausmeier et al. (2004) did for a trade-off between maximum growth rate and
competitive abilities.

Examples of other traits that could control trade-offs are the ability to compete
for nitrate, compete for urea, and susceptibility to zooplankton grazing, all of which
would have impacts on S. dimorphus’s suitability as a bioenergy crop. In particular,
there is very little literature that explores the relationship between algal responses to
different nitrogen sources and competitive ability for other resources, and this
knowledge would facilitate researcher and industry decision-making on whether or not
S. dimorphus is fit for use in wastewater management (Park et al. 2010). Another way
to test for the existence of trade-offs and whether genetic constraints on adaptation
exist is an experimental evolution experiment, in which we could test S. dimorphus’s
abilities to adapt to the one or a combination of the treatment conditions we used.
There is evidence that S. dimorphus can adapt to higher salinities without a significant
sacrifice in growth rates or lipid content (Gigante 2013). If S. dimorphus could also
simultaneously adapt to the other treatments in this study, this would have important
implications for the cost projection on algal biofuels. For example, adaption to low
phosphorous levels would lower fertilizer costs, and adaptation to lower light levels
would decrease energy consumption. These would all help S. dimorphus improve its

life cycle assessment in terms of biofuel production.



This Thesis contains research that is being prepared for submission for
publication. Kwok, Kathleen; Shurin, Jonathan. "Trade-offs in response to
environmental constraints among strains of Scenedesmus dimorphus". The Thesis

author is the primary investigator and author of this paper.
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Figure 1: Growth curves of strains grown in semi-continuous culture, by treatment.
Density values are averaged across replicates.
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Figure 3: Effect of each treatment (control minus treatment) on average maximum
growth rate u (a-e) and average maximum density K (f-j) for each strain in semi-
continuous cultures, with standard error bars and significance stars for negative effects

(»<0.5).
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Table 1: Treatment conditions for strains grown in semi-continuous culture.

Treatment | NH, Salt Low Low Light Chytrid

Condition Phosphorus

Control 1 mM NO;™ as oM 50 uM PO,” | 25-30 uM s m-* | No chytrid

levels nitrogen source NaCl

Treatment | 1 mM NH," 025M |[5uMPO," [5-10pyMs' m-> |3 mL/L

levels as nitrogen NaCl chytrid
source fungus

Table 2: Treatment conditions for strains grown in batch culture.

Treatment NH, Salt Low Low Light

Condition Phosphorus

Control levels | 1 mM NO; as 0 M NaCl 50 uM PO,> | 25-30 uM s m-*

nitrogen source
Treatment 1 mM NH,* 0.1 M NaCl 5uM PO,” 5-10 uM s m-*
levels as nitrogen source
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