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Competition for limiting resources is among the most fundamental ecological
interactions and has long been considered a key driver of species coexistence
and biodiversity. Species” minimum resource requirements, their R*s, are key
traits that link individual physiological demands to the outcome of compe-
tition. However, a major question remains unanswered—to what extent are
species’ competitive traits able to evolve in response to resource limitation?
To address this knowledge gap, we performed an evolution experiment in
which we exposed Chlamydomonas reinhardtii for approximately 285 gener-
ations to seven environments in chemostats that differed in resource supply
ratios (including nitrogen, phosphorus and light limitation) and salt stress.
We then grew the ancestors and descendants in a common garden and quan-
tified their competitive abilities for essential resources. We investigated
constraints on trait evolution by testing whether changes in resource require-
ments for different resources were correlated. Competitive abilities for
phosphorus improved in all populations, while competitive abilities for nitro-
gen and light increased in some populations and decreased in others. In
contrast to the common assumption that there are trade-offs between
competitive abilities for different resources, we found that improvements in
competitive ability for a resource came at no detectable cost. Instead, improve-
ments in competitive ability for multiple resources were either positively
correlated or not significantly correlated. Using resource competition theory,
we then demonstrated that rapid adaptation in competitive traits altered the
predicted outcomes of competition. These results highlight the need to incor-
porate contemporary evolutionary change into predictions of competitive
community dynamics over environmental gradients.

This article is part of the theme issue ‘Conceptual challenges in microbial
community ecology’.

1. Introduction

Resource limitation and competition for limiting resources are among the most
important drivers of population growth [1], species distributions [2,3] and bio-
diversity [4]. Resource competition theory (RCT [1]) predicts that a few key
resource traits, including the minimum resource level a population requires
to maintain positive population growth (R*), determine the outcome of compe-
tition over short timescales [5]. However, we still do not know how these
resource traits evolve as populations adapt to new environments, especially
in the context of organisms competing for essential resources such as light
and nitrogen. This is an important gap in knowledge because rapid evolution
may be able to alter competitive outcomes among species [6,7]. Understanding
how evolutionary processes influence species’ traits that are relevant to coexis-
tence is, therefore, critical to understanding the ecological mechanisms that
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(a) gleaner—opportunist trade-off
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Figure 1. (a) Two example Monod curves [22], describing resource-dependent population growth rates, demonstrate a gleaner—opportunist trade-off (i.e. a trade-off
between individuals that have high growth rates at low-resource levels (green curve, gleaner), and lower growth rates at high resource levels compared with
opportunists (blue curve, opportunist)). R* are the resource concentrations at which population growth rate is zero. Here, we show a mortality rate of
0.56 day ™", consistent with the dilution rate in our experiments. A gleaner—opportunist trade-off may be detected empirically by a positive relationship between
Umax and R* (inset). (b) Trade-offs may arise when adaptation to one environment comes at the cost of performance in a different environment (e.g. top left and
lower right quadrants), here shown in terms of changes in R* for two resources (R, R5) of descendant populations relative to their ancestors (black dot in centre).
Alternatively, adaptation may arise via improvement in multiple traits simultaneously (e.g. lower left quadrant), or conditional neutrality (i.e. improvements in one
trait dimension, but no cost in another, black dashed lines). Maladaption may occur if there are losses of performance in multiple traits simultaneously (upper

right quadrant).

create and maintain biodiversity [8]. Evolutionary change in
one or multiple competing species can increase the likelihood
of coexistence by reducing differences in species’ competitive
abilities for a given resource (i.e. reducing ‘fitness differ-
ences’) and by altering the identity of the resource that each
species finds most limiting (i.e. increasing ‘niche differences’)
[9]. Since we do not currently understand the potential con-
straints on the adaptation of essential resource-use traits,
we cannot predict the degree to which evolution contributes
to or prevents competitive coexistence.

Resource competition often acts as a strong selective agent
that drives patterns of biodiversity and trait change via charac-
ter divergence [10,11] and adaptive radiation [12]. Competition
can select for individuals that are able to consume “alternative’
resources or those that are not shared with other competitors
[13]. Over time, this results in adaptive trait divergence
and niche differentiation [9,14]. Less well appreciated is that
when resources are essential, or non-substitutable, opportu-
nities for niche differentiation are limited and competition
cannot be avoided by character displacement because all
competitors require the same limiting resources [7,15]. In this
case, selection favours improved competitive ability or a
reduced population-level R* for the shared limiting resource
[15,16]. However, adaptation may be constrained by physio-
logical limits, genetic correlations between multiple traits
[17], or lack of genetic variation in resource traits [18].
These constraints may be particularly strong in the case of
adaptation to essential resource limitation because there are
few opportunities for divergence in adaptive strategies.

Trade-offs among species in competitive abilities for
different resources have been observed at large evolutio-
nary scales (i.e. across clades) [19,20]. Turnover in species
abundances across gradients of resource ratios suggests that
these trade-offs underlie species distributions and patterns of
biodiversity [1,21]. These trade-offs may arise as a result
of differences in the local conditions in which the traits
evolved, or from biophysical or genetic constraints that pre-
vent individuals from optimizing several resource-use traits

simultaneously. There are at least two types of trade-offs that
can govern resource competition: gleaner-opportunist trade-
offs (figure 1a; electronic supplementary material, appendix
B, figure S1) [23,24], and trade-offs in the ability to acquire
different essential limiting resources (e.g. light versus nitrogen
or nitrogen versus phosphorus; figure 1b) [19,20,25,26].
A gleaner-opportunist trade-off is a trade-off between a
low minimum resource requirement and a high maximum
growth rate. A gleaner phenotype grows better at low resource
levels and an opportunist phenotype can take advantage of
high resource levels [24] (figure 1a). Although the existence
of trade-offs in resource-use traits has been demonstrated
on a macroevolutionary scale spanning large swaths of evol-
utionary time, the microevolutionary processes by which
they may arise and the mechanisms that maintain them are
still poorly understood.

Ecological and evolutionary trade-offs are expected to arise
from fundamental constraints on the use and acquisition of
energy and materials. Organisms have fixed resource and
energy budgets with which to metabolize, grow and repro-
duce, such that energy and resources allocated to performing
one function necessarily cannot be used for performing
another independent function [27,28]. Furthermore, the obser-
vation that no single genotype or phenotype maximally
performs all functions necessarily implies that there are phys-
iological constraints preventing the evolution of ‘Darwinian
demons’ [29]. Despite the fact that evolving individuals even-
tually will face trade-offs, not all local adaptation must come at
a cost. First, trade-offs may not occur when multiple functions
can be optimized using the same energetic and resource allo-
cations. For example, this may occur when metabolic
pathways affecting multiple functions are highly connected
and interdependent. Increasing efficiency in any part of the
metabolic pathway may, therefore, also reduce demands in
the rest of the network [30]. In phytoplankton, this may be
the case for resource requirements for light and nitrogen
because chloroplasts are typically very nitrogen-rich [31,32].
Similarly, nutrient uptake and
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metabolism are produced by phosphorus-rich ribosomes
[31,32]. Second, trade-offs between competitive abilities for
different resources may not arise if local adaptation results in
energy and material budgets that are larger overall—i.e. they
are still approaching a fitness optimum. Finally, mutations
that improve fitness in a local environment may result in
trade-offs owing to antagonistic pleiotropy [27] or in mutation
accumulation for traits that are not under selection [33]. How-
ever, other outcomes are also possible, including neutral
genetic variation or synergistic pleiotropy [34,35]. Evidence
that pleiotropy and mutation accumulation should consist-
ently generate trade-offs (rather than fitness-neutral or
positive trait change in an alternative environment) is still
lacking [27].

To understand how essential resource-competition traits
evolve and how adaptation is constrained, we used exper-
imental evolution with a model organism, Chlamydomonas
reinhardtii. Experimental evolution allowed us to control the
ecological conditions of selection in chemostats, to isolate
the effect of single limiting resources, and to minimize con-
founding selective forces across treatments and replicates.
We created seven distinct selection environments in chemo-
stats that varied either in the supply of essential resources
or in salt concentration and quantified how populations’
resource-competition traits and salt tolerances evolved. We
replicated the evolutionary treatments across five ancestral
populations (four isoclonal and one genotypically diverse)
in order to quantify heterogeneity in the responses to selec-
tion, and the repeatability of evolutionary outcomes [36].
Using whole genome re-sequencing of the ancestors and des-
cendants of the evolution experiment, we confirmed that
the descendants had fixed mutations over the course of the
experiment and were no longer genetically identical to
the ancestors, suggesting that the observed phenotypic
changes have a genetic basis.

We tested three predictions:

(1) When populations are exposed to limitation of essential
resources, selection on resource-use traits should reduce
R*, the minimum resource requirement. Additionally,
evolutionary changes in R* should be larger in genotypi-
cally diverse populations relative to the isoclonal
populations [37] because adaptation from standing
genetic variation can occur more rapidly [38] than adap-
tation acting on novel mutations [39]. Lastly, we
predicted that salt stress, in addition to resource limitation,
would lead to greater adaptive trait change, particularly
because stress can increase rates of mutation [40].

(2) Adaptive trait change is subject to trade-offs. Trade-offs
between competitive abilities for different resources,
gleaner—opportunist trade-offs, or trade-offs between
resisting salt stress and having a high growth rate or
low R* may constrain or structure adaptive change in
resource traits [16,20] and potentially cause adaptation
in one environment to come at a cost to performance in
another environment [41] (figure 1b). Alternatively, posi-
tively correlated competitive traits may cause selection
for a lower R* for one resource to reduce R* for another
(pleiotropic or correlated fitness benefits in low-resource
environments) [41-43].

(38) We predicted that if trade-offs in resource-use traits cause
traits to diverge across different selection environments,

this would increase the chance that populations selected [ 3 |

in different environments could competitively coexist.

2. Methods

(a) Evolution experiment

We obtained a strain of C. reinhardtii (cc1690 wild-type mt+) from
the Chlamydomonas Resource Center (chlamycollection.org). We
selected four colonies derived from single cells (hereafter referred
to as Anc 2, Anc 3, Anc 4 and Anc 5), and inoculated them into
liquid COMBO freshwater medium [44]. We randomly assigned
seven small chemostats (28 ml) to each of the four isoclonal ances-
tral populations (Anc 2-5) and the genotypically diverse
population, cc1690. The seven chemostats assigned to each of
the ancestral populations were then randomly assigned to one
of seven treatments which we maintained for 285 days: COMBO
(hereafter referred to as C), nitrogen limitation (N), phosphorus
limitation (P), light limitation (L), salt stress (S), biotically depleted
medium (i.e. medium previously used to grow seven other species
of phytoplankton, which was then filtered and sterilized) (B), and
a combination of salt stress and biotically depleted medium (BS)
(appendix B, figure 52). The C treatment had COMBO medium
supplied with an equable resource ratio (i.e. not highly limited
in a single nutrient), which allowed us to compare specific adap-
tations to resource limitation with adaptations to life in chemostat
more generally. Here, we used the term ‘population’ to refer to
Anc 2, Anc 3, Anc 4, Anc 5, cc1690 (the ‘ancestors’) as well as all
of their descendant populations (descendants). In total, there
were five ancestral populations and 32 descendant populations
because three were lost to contamination. The detailed infor-
mation on experimental evolution methods is available in
electronic supplementary material, appendix A.

(b) Determination of R* and salt tolerance

We determined the minimum resource requirements for positive
population growth (R*) for each population [1] via batch culture
experiments. We defined N* as the minimum nitrogen concentration
and P* as the minimum phosphorus concentration for positive
population growth. We define I* as the minimum light level
required for positive population growth (similar to I in [45]). We
estimated R* by measuring population growth rates at 10 resource
levels for each of nitrogen, phosphorus and light for 3 days (see elec-
tronic supplementary material, appendix A: ‘Competitive trait
assays’ for more details on the resource levels, acclimation and
measurements). We estimated ‘consumption vectors’ [1] for N and
P via stoichiometry of exponentially growing populations [3] (for
detailed methods see electronic supplementary materials, appendix
A), and cell size by measuring single-cell lengths using a high
throughput imager (Biotek® Cytation 5), and calculating cell
biovolume assuming cells were spheres using 4/3 x 7 x radius’.

In order to determine populations” R*, we modelled resource-
dependent population growth via a Monod curve [1,22]. We
estimated the parameters of the Monod curve directly from
population-level timeseries of chlorophyll-a relative fluorescence
units (RFU) measured over the resource gradients. We modelled
the resource-dependent rate of population growth, i, during the
exponential phase as:

F(t) = F(0)e"®", (2.1a)

where F(t) is the population-level RFU at time ¢, and u(R) is given
by the following equation:

R
/-L(R) = Mmax (m) s (21b)

using nonlinear least-squares regression with the nls.LM function
in the minpack.LM package [46] in R (v.3.6.1). Population growth
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rate, 4, is a function of .y, the maximum population growth
rate; R, is the resource concentration; and k; is the half-saturation
constant for population growth.

Using the estimated parameters of the Monod curve (i.e.
equation (2.10)), we estimated R* as follows:

R—_" (2.2)

Mmax — M

where m is the mortality rate, which we set to be 0.56 day™" to
reflect the mortality caused by dilution in chemostat exper-
iments. To simplify our analyses, we used equations (2.1) and
(2.2) to estimate minimum light requirements (I*), where R =irra-
diance. We also included electronic supplementary material,
figure S3 with parameters estimated from an Eilers—Peeters
curve [47] for light.

To estimate the uncertainty in the Monod curve (equations
(2.1a) and (2.1b)) fits, we determined confidence intervals (Cls)
around the fitted Monod curves using non-parametric bootstrap-
ping of mean-centred residuals using the nlsBoot function with
999 iterations in the nistools [48] package in R. We calculated
95% Cls as the range between the 2.5th and 97.5th quantiles.

We defined the salt tolerance as the salt concentration at
which growth rates are half their maximum (which occurs at a
salt concentration of zero). We estimated salt tolerance by mod-
elling population growth rates during the exponential phase, u,
as a function of salt concentration, S, using a simplified form of
the logistic function:

a

A

(2.3)
where a (the upper asymptote) is the maximum population
growth rate (not salt-stressed), b is the decline in growth rate
with increasing salt concentration, and c is the salt concentration
at which growth rates are half their maximum, in g 17".

(¢) Quantifying trait change and testing for trade-offs
We tested for changes in R* between descendant and ancestral
populations by subtracting the ancestral trait value from the des-
cendant trait value and quantifying whether the 95% confidence
interval on the difference overlapped zero. We tested whether the
change in resource-use traits was greater in the genotypically
diverse populations than the isoclonal populations by comparing
the 95% confidence intervals of the trait changes.
We tested for trade-offs between:

(1) growth rates at high versus low supply of a given resource (i.e.
Imax Versus R*, or a gleaner—opportunist trade-off) (figure 1a),

(2) competitive abilities for different resources, or competitive
ability and cell size, and

(3) changes in multiple traits (figure 1b).

We tested for trade-offs using multiple linear regressions. We
quantified competitive ability for a given resource as 1/R* [20]
and tested for trade-offs among competitive abilities for different
resources (trade-off 2). In order to assess trade-offs among mul-
tiple traits and cell size, we centred and scaled the variables
using the scale function in R (mean=0, s.d.=1) so all variables
could be compared on the same scale. In all cases of multiple
regression, we included ancestor ID as a fixed effect to account
for relationships among ancestors and descendants.

We tested for differences in multivariate trait change as a func-
tion of selection treatment and ancestor using redundancy analysis
(RDA) with the capscale function in the R package vegan [49], v.2.5-
4. Here, we included all of the traits we measured: R* values, cell
biovolume, consumption vectors (i.e. stoichiometry) and salt toler-
ances. We used permutation tests (anova.cca in vegan) to test the
statistical null hypothesis that selection treatment and ancestor
ID had no significant impact on any independently varying

linear combination of traits. We used the same approach to test n

the effects of treatment on trait variation along the individual
axes. We assessed which descendant populations had diverged
from their ancestors in different environments using post hoc
Tukey tests using the TukeyHSD function in R. We conducted all
of our statistical analyses using R, v.3.6.1 [50].

(d) Quantifying genetic changes associated with
selection environments

DNA was extracted using a chloroform-methanol extraction
and libraries were prepared using the Bioo Scientific NEXTflex
Rapid Illumina DNA-Seq Library Prep Kit. For details and
bioinformatic methods, refer to electronic supplementary
material, appendix A.

(e) Testing the potential for altered predicted outcomes

of competition

We used resource competition theory (RCT) [1] to predict the
outcome of pairwise competition for two resources: nitrogen
and phosphorus. RCT predicts that two populations can coexist
stably if they meet three conditions: (1) their zero net growth iso-
clines (ZNGIs) cross (i.e. populations differ in the identity of the
resource that most limits their growth), (2) they each consume
more of the resource that most limits their growth (i.e. each popu-
lation has a steeper consumption vector for the resource that is
most limiting to it) and (3) the supply point of resources in the
environment falls above their ZNGIs and between the consump-
tion vectors of the two populations. If the pair of populations
meets criteria 1 and 3 but not 2, theory predicts unstable coexis-
tence or priority effects. If the pair of populations meets one or
none of these criteria, the theory predicts competitive exclusion.
We compared all possible combinations of the five populations in
their ancestral state and after selection in different resource
environments. We then assessed the proportion of these pairwise
interactions that would be expected to lead to unstable coexistence,
stable coexistence or competitive exclusion.

3. Results

(a) Evolutionary changes in R* and salt tolerance

Relative to their ancestors, P* declined in all five populations
exposed to P-limitation (environment P in figure 2a). Declines
in P* ranged from 43 to 85% across the replicate populations.
In response to N-limitation, N* declined in two populations
(14 and 34% decline), did not change in two populations and
increased in one population (47% increase) (environment N in
figure 2b). I* increased in two populations exposed to low light
(12 and 28% increase) and did not change in the remaining
three populations exposed to low light (environment L in
figure 2c). Salt tolerance increased in all populations exposed
to high salt (93-369% in environments S and BS; figure 24). Con-
sumption vectors, quantified as the P:N molar ratio in the
biomass of populations growing exponentially, decreased in all
of the populations subjected to nitrogen limitation and increased
in four of the five populations exposed to phosphorus limitation
(electronic supplementary material, appendix B, figures S4-56).
This suggests that populations selected under nitrogen limit-
ation contained more nitrogen relative to phosphorus, whereas
populations selected under low phosphorus contained more
phosphorus relative to nitrogen. Contrary to our predictions,
the descendants of the genotypically diverse cc1690 population
did not show more trait change than any of the isoclonal
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Figure 2. Changes in resource-competition traits relative to ancestors in seven different selection environments (A: ancestors, C: COMBO, L: light-limited, P: P-
limited, N: N-limited, B: biotically depleted medium, S: high salt, BS: biotically depleted and high salt). Small circles are individual populations started from
single clones (isoclonal), small triangles are the genotypically diverse populations. Large circles and error bars correspond to the average and standard error

across replicate populations in each selection environment. Error bars on
bootstrapping.
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Figure 3. RDA of N*, [*, P¥, salt tolerance, consumption vectors and cell biovolume across selection environments. Error bars correspond to standard error around

treatment means (n =5 per treatment). RDA axes 1 and 2 (PERMANOWA p <
the total variation.

populations (triangles versus small dots in figure 2). However,
the genotypically diverse cc1690 population did match our pre-
dictions in terms of the direction of adaptive trait change in all
selection environments: P* decreased under P-limitation, N*
decreased under N-limitation, salt tolerance increased in the
high salt environment, and [* decreased under low light,
though the change in I* was not statistically significant.

0.01) explain 85% of the variation associated with selection environment and 36% of

When considering all traits together, descendant popu-
lations diverged from their ancestors, and variation in these
new phenotypes was associated with selection environment
(RDA; figure 3). We tested for constraints on adaptive
change by assessing whether there was a significant separation
between ancestors and descendants on the RDA axes. RDA
axes 1 and 2, which represent linear combinations of selection
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environment and ancestor ID (PERMANOVA p <0.01), explain
85% of the variation associated with selection environment
and 36% of the total variation. On RDA axis 1 (PERMANOVA
p<0.001), which is primarily associated with variation in salt
tolerance and P*, populations selected in the B S, B and BS
environments were significantly different (separated) from
the ancestors. The salt-selected populations (S and BS) were
also different from the COMBO (C) and low-light selected
treatments (L). On RDA axis 2 (PERMANOVA p=0.005),
which is associated with variation in P:N (consumption
vector slope), P is different from the ancestors and the C, L,
B, S and BS populations. The RDA showed that most of the
variation in multivariate phenotypes across selection environ-
ments was associated with variation in salt tolerance and P*,
and much less independent variation was associated with N*
and [* (figure 3), suggesting that variation in these traits
may be subject to physiological or genetic constraints.

(b) The structure of trait variance: observed trade-offs
Maximum growth rate across populations increased with
minimum resource requirements (R*) for light (OLS (ordinary
least squares) slope=0.021, 95% confidence interval: 0.0027,
0.039, adjusted R?=0.11), for nitrogen (OLS slope=0.019,
95% confidence interval: 0.0078, 0.031, adjusted R%2=0.30)
and for phosphorus (OLS slope=0.12, 95% confidence inter-
val: 0.0094, 0.23, adjusted R?=0.13), indicating a trade-off
between growth at high and low resource supplies (because
a lower R* indicates faster growth at minimum resource

levels; a gleaner-opportunist trade-off) (figure 4a—c). Across
populations, competitive abilities for N and P (CN and CP)
were positively associated (electronic supplementary material,
appendix C, tables S4-S6; figure 4d). After accounting for
covariance with competitive abilities for other resources and
ancestor ID, competitive abilities for light were negatively
associated with cell biovolume (electronic supplementary
material, appendix B, figures S7-59), while N and P competitive
abilities were not related to cell size (electronic supplementary
material, appendix B, figures S10-512 and appendix C, tables
54-56). Principal components (PC) analysis of cell biovolume
and competitive abilities for light, nitrogen and phosphorus
showed that 74% of the variation in cell volume and competi-
tive abilities is explained by the first two PC axes. The first
two PC axes demonstrate a positive association between com-
petitive abilities for N and P, and a possible trade-off between
biovolume and competitive ability for light (figure 4d).

() Correlations in changes across traits

Though theory often assumes that competitive abilities for
different resources are negatively related [16,51], our results
did not support this finding when considering either absolute
variation in competitive abilities (electronic supplementary
material, tables S4-56) or variation in the change in R* rela-
tive to the ancestral populations (figure 5; electronic
supplementary material, appendix C tables S1-S3 and appen-
dix B figure S13). The changes in R* for different resources
never showed evidence of any trade-offs and instead either
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Figure 5. (a—c) Partial regression plots showing how changes in descendants relative to ancestors in two traits are related to each other, while holding all factors in
the statistical model that are not being displayed constant (complete model results in electronic supplementary material, tables S1-S3). Positive slopes indicate

positively associated trait changes. *p < 0.1; **p < 0.05.

were positively associated (figure 5a,b) or showed no signifi-
cant relationship (figure 5c; electronic supplementary

material, appendix B figure S13).

(d) Genetic changes after selection

Genetic differences between the ancestral and descendant
populations were identified by whole genome re-sequencing.
The presence or absence of single nucleotide polymorphisms
(SNPs) identified within the populations were compared
between the ancestors and descendants for each selection
treatment. The number of variable SNPs ranged from 396
to 582 (electronic supplementary material, appendix C table
S7), roughly corresponding to mutation fixation rates of
1.25x107°-1.83 x 10~® mutations/[locus x generations]. Con-
trary to our expectations, salt stress did not increase the
number of fixed mutations. Selection treatment had no signifi-
cant effect on the total number of fixed mutations (electronic
supplementary material, appendix B figure S14A; ANOVA
p=0.788), but the effect of the ancestor was highly significant
(electronic supplementary material, appendix B figure S14B;
ANOVA p<1x107).

(e) Evolutionary adaptation altered the predicted
outcomes of competition

The divergence in minimum resource requirements and con-
sumption vectors among populations of the same ancestor
selected in different environments (figure 3) was sufficient in
some cases to lead to predicted coexistence. One such example
is illustrated in figure 6, where descendants of Ancestor 3
selected in low-light and high salt environments have
diverged sufficiently in their P* and N* such that they could
possibly coexist. While neither descendant population could
coexist with Ancestor 3, the two descendant populations
could coexist with one another at a supply point illustrated
as a yellow dot. In their ancestral state, out of all pairwise com-
binations of our five ancestor populations, RCT [1] predicts
unstable coexistence in 4 of 10 cases, competitive exclusion in
5 0of 10 cases, and stable coexistence in 1 of 10 cases. After selec-
tion across the range of environments in our study, RCT
predicts unstable coexistence in 19.9% of all possible pairwise
interactions (698 total), stable coexistence in 27.94% of all poss-
ible pairwise interactions and competitive exclusion in 52.15%

1.2 1
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o 4
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Figure 6. Descendants of Ancestor 3 evolved in high salt (red) and low-light
(blue) environments have diverged in their P* and N* such that they can
coexist. Neither descendant could coexist with the ancestor. ZNGIs (solid
lines) and consumption vectors (dashed lines) for Ancestor 3 (black) and
the descendant of Ancestor 3 selected in low light (blue) and high salt (red).

of all possible interactions (electronic supplementary material,
appendix B figure 515). Among populations selected in the
same environment (59 total), RCT predicts competitive exclu-
sion in 47.5%, stable coexistence in 32.2%, unstable coexistence
in 20.33% of all possible pairwise combinations of populations.

4. Discussion

Resource competition is among the most important processes
structuring ecological communities [52], but competition
theory often assumes that traits underlying competitive abil-
ities remain fixed over ecological timescales [1,53]. Here, we
showed that the traits that underlie competitive abilities for
essential resources can adapt rapidly in new resource-limited
environments. Populations of C. reinhardtii often adapted to
resource limitation by reducing their minimum resource
requirements. When exposed to high salt, populations
evolved higher salt tolerances. Not only could populations
respond adaptively to new environments but they could
also adapt within approximately 285 generations. While we
observed gleaner-opportunist trade-offs, we did not find
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evidence for trade-offs in competitive abilities for different
resources. Instead, adaptive changes in competitive ability
for one resource were often positively associated with
improvements in competitive ability for another. Since the
ancestral and descendant populations were maintained
under identical conditions when quantifying their traits, the
changes we observed were heritable. We documented genetic
changes as fixed SNPs in each of the descendant lineages
(electronic supplementary material, appendix B, figure S16
and appendix C, table S7), which likely contributed to the
heritable phenotypic changes we observed. Owing to a lack
of annotational information on the genes in which mutations
were fixed, our ability to infer the connection between geno-
type and phenotype is limited. Future studies investigating
the roles of gene expression regulation and epigenetic modi-
fication in contributing to heritable trait change of resource
requirements would provide additional insights [54].

The magnitude of evolutionary change varied among
resource-competition traits. When considering all the popu-
lations together, adaptive change in P* was large (up to 85%
decrease relative to ancestors), while the adaptive change in
N* was more limited, and change in I* was sometimes mala-
daptive. It is possible that the lack of adaptive change in N*
and I* was because the ancestral populations in our exper-
iment were already at or near a fitness optimum. Although
there were no consistent differences in the magnitude of adap-
tive trait changes when comparing the genotypically diverse
populations to the isoclonal populations, in all selection
environments the direction of trait change was adaptive in
the genotypically diverse populations. However, the absence
of replicated genetically diverse populations within each treat-
ment limits our ability to generalize the effects of genotypic
diversity on evolutionary outcomes in a given environment.

Trade-offs in resource-use traits have been invoked to
explain changes in dominance across supply ratio gradients
and the coexistence of as many species as resources [1,19].
Trade-offs in competitive abilities for nitrogen and phosphorus
[20], iron and light [25], and light and nitrogen [26] have been
documented among and within species of phytoplankton.
These trade-offs may arise as a result of local adaptation, or
of biophysical constraints on the acquisition or metabolism
of different resources [19,51]. Individuals may invest resources
into two main types of cellular machinery: uptake or assembly
machinery. Uptake machinery is composed of nutrient uptake
proteins and chloroplasts, which are both relatively nitrogen-
rich, and both of which may scale with cell size because
uptake and photosynthesis must take place at the cell surface.
Assembly machinery, primarily composed of ribosomes, is
relatively phosphorus-rich and may also depend on cell size,
as smaller cells tend to grow faster (‘growth rate hypothesis’
[32]). Consistent with expectations, competitive abilities for
light were negatively associated with cell size, but in contrast
to expectations, N and P competitive abilities were not. Fur-
thermore, we did not find evidence for a trade-off between
competitive abilities for nitrogen and phosphorus.

No evidence for trade-offs in competitive abilities for
different resources is in contrast to observations of negative
multivariate correlations observed on macroevolutionary
timescales [20]. This runs counter to the idea that population
genetic variation occurs along the same axes as variation
among species—along ‘genetic lines of least resistance’ [55].
There are multiple potential reasons for this lack of observed
trade-offs in competitive ability at this scale. The first

possibility is that essential resource requirements differ [ 8 |

from other traits because they are linked via shared metabolic
pathways in a metabolic network that controls the uptake,
conversion and allocation of energy and materials. Require-
ments for different resources are intrinsically, metabolically
linked and therefore non-independent. This suggests that
observed trade-offs in R* at macroevolutionary scales are
the result of major metabolic innovations across clades,
breaking these metabolic linkages [56]. It is also possible
that correlations observed at macroevolutionary scales are
due to responses to local selection pressures that are unre-
lated to resource limitation, including grazing, disease and
turbulent mixing [57]. A third possible explanation is that
the descendant populations in our experiment had not yet
reached fitness or trait optima, and as such, continued adap-
tation did not impose costs [29]. This is possible, and though
we did not evaluate R* or fitness at multiple evolutionary
endpoints, fitness may continue increasing under directional
selection for tens of thousands of generations [58]. However,
if trade-offs do not emerge within 285 generations of low-
resource selection, natural populations of phytoplankton
evolving in response to seasonal or annual variation in nutri-
ent availability may not be expected to be optimizing along
trade-off axes in competitive ability for different resources.
Finally, mutations affecting any particular resource require-
ment may generally be more likely to be synergistically
pleiotropic than neutral or antagonistic. Given the degree of
metabolic interrelatedness of resource acquisition and
metabolic pathways in phytoplankton, this is plausible and
deserves further investigation.

The patterns of genotypic variation across populations
revealed negative correlations between fitness at low and high
resource supply for a given resource (gleaner—opportunist
trade-offs; figure 1a), and positive correlations between
competitive abilities for different resources (figure 3; electronic
supplementary material, appendix C tables 54-56), suggesting
that the evolution of competitive ability could be constrained by
genetic correlations between multiple resource traits under
selection. The genetic correlations between different resource
traits could explain the positively associated trait changes (i.e.
improvements in multiple minimum resource requirements
simultaneously). In addition, unmeasured traits could be
involved in the trade-off, resulting in a positive genetic covari-
ance between any two resource traits [18]. When testing for
trade-offs, we accounted for concurrent variation in cell size,
but other fitness-correlated traits, such as resistance to grazers
or pathogens [59,60], may be involved in the trade-offs.

Traits relevant to competitive ability, such as cell size, are
known to change as a result of phenotypic plasticity and
evolutionary adaptation [61]. We have demonstrated that
adaptation in response to resource limitation and salt stress
can alter competitive traits sufficiently to change the pre-
dicted outcome of competition. Adaptation to different
environments caused competitive traits to diverge and
enable coexistence. Contrary to our expectations, we found
that coexistence was equally likely among two populations
selected in different environments as two populations
selected in the same environment. This may be explained
by the fact that even small differences in the magnitude of
adaptive trait change in the same environment can be suffi-
cient to enable predicted coexistence (i.e. under P-limitation,
P* for one competitor decreases slightly more than the P*
for the other competitor). The changes in resource ratios
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and salt levels represented in our different selection environ-
ments are on the same order of magnitude as gradients of
resource ratios and salinity in natural environments [62].
This means that predictions of the outcomes of competition
should incorporate the potential for evolutionary changes to
influence competitive dynamics [16].

Our results are directly relevant to understanding eco-evol-
utionary feedbacks in competitively structured communities.
Theory predicts that species converge in their resource-use
traits when competing for essential resources [15,16]. This
expectation, however, depends on two critical assumptions.
These assumptions are that species’ consumption vectors
remain fixed and that competitive abilities for different limiting
resources trade-off. While we did not grow pairs of populations
together in the evolution experiment, the resource limitation
treatments mimicked the effects of a better competitor for the
limiting resource, while avoiding the exclusion of the weaker
competitor. Our results do not provide empirical support for
either of the assumptions above, suggesting that theoretical
predictions of evolutionary adaptation under essential resource
competition may need to be revised [15,16].

Understanding patterns of biodiversity and coexistence
requires accounting for past and current evolutionary changes
in species’ competitive traits. While macroevolutionary pat-
terns show trade-offs in species’ resource-use traits, we
found that positively correlated adaptive trait changes drive
within-species responses to resource limitation, altering the
expected outcome of competition. Such microevolutionary
changes in species’ competitive abilities should be considered
if we are to improve our predictions of competitive interactions
and community dynamics in a changing world.
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