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Abstract

1. Predator-prey interactions play a central role in community dynamics and thus energy and
matter transfers in food webs. Intraspecific variation in traits and particularly in trait
combinations involved in trade-offs can alter predator-prey interactions but the underlying
mechanisms governing these interactions are still unclear. Quantifying the relevant traits
forming trade-off relationships and how these traits determine prey and predator fitness remains
a major challenge, even for a single species. Here, we measured multiple traits related to
defensive and competitive abilities to investigate the intraspecific trade-off between defence
and competitiveness in 6 different strains of the green alga Chlamydomonas reinhardtii exposed
to predation by the rotifer Brachionus calyciflorus and examine the consistency of the trait

relationships and its consequence for the predator.

2. We found significant differences in defence and competitiveness traits that were used to
categorized prey strains as defended against predation and poor competitors, undefended
against predation and good competitors, or intermediate in both traits. Furthermore, we found
that the different morphological and trophic traits related to defence and competitiveness of
prey strains were negatively correlated. The position of prey strains in trait space were
consistent independent of the defence and competitiveness trait considered. As we compared
trait differences between prey strains coming from environments where selection has favoured
one trait or the other, these negative correlations strongly suggested the presence of a trade-off

between defence and competitiveness.

3. Our study represents the first empirical evidence of the consistency in the expression of a
defence-competitiveness trade-off at the intraspecific level. Assessing the relation between

relevant traits and trade-offs and understanding how it translates into fitness of prey and
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predator allows improving general theory on the outcomes of predator-prey interactions and

ecosystem processes.

Keywords: fitness, defence, competitiveness, trade-off, predator-prey interactions, green algae,

rotifers
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Introduction

Trophic interactions between predator and prey determine the functioning of ecosystems
through their influence on population dynamics (Hudson et al. 2002; Jonsson et al. 2010), food
webs (Brose et al. 2005; Petchey et al. 2008), community dynamics (Murdoch et al. 2003;
Thébault and Loreau 2005) as well as fluxes of energy and matter in ecosystems (Rip and
McCann 2011; Gilbert et al. 2014). For example, phytoplankton are the largest group of primary
producers responsible for the acquisition and assimilation of inorganic compounds (Reynolds
2006; Halsey and Jones 2015) and herbivorous zooplankton are among the most abundant
consumers of phytoplankton in aquatic ecosystems (Kigrboe 2008), transferring basal
autotrophic production to higher trophic levels such as invertebrates and fishes. Thus, the
trophic interaction between phytoplankton and zooplankton contributes significantly to food
web dynamics and ecosystem production (Quintana et al. 2015, Turner 2015). The outcome of
trophic interactions and the consequences on population dynamics are primarily determined by
combinations of traits driving the performance of the interacting individuals (Colina et al.
2016). Understanding the mechanisms linking traits of phytoplankton and zooplankton to the
strength of trophic interactions is therefore crucial for assessing food web functioning
(Reynolds 2006; Litchman and Klausmeier 2008; Litchman et al. 2010; 2013; Edwards et al.

2013) and energy transfers between trophic levels (Turner 2002; Sommer 2008).

Traits involved in defence against predation (i.e., sensu grazing protection) and
competitiveness (i.e., sensu reproduction) of phytoplankton are intimately related to the fitness
of individuals and mediate trophic interactions (Colina et al. 2016). These trophic traits are
often closely linked to structural traits (i.e., morphological and physiological traits). In
particular, phytoplankton organisms exhibit a large variety of defence mechanisms against

zooplankton grazing (Panci¢ and Kigrboe 2018; Lurling 2020), which interfere with different
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78  steps of the predation sequence by preventing the encounter or the consumption by the predator
79  (Weiss et al. 2012; Bateman et al. 2014), having either an inducible or a constitutive expression
80 (Van Donk et al. 2011). These traits affect zooplankton predation by reducing prey detection
81 and consumption (Rall et al. 2012) through altered attack rates (i.e., the rate of prey encounter)
82  and the handling times (i.e., the time spent on prey manipulation) and thus have consequences
83  on the fitness of zooplankton (Lirling and Van Donk 1996). Defence traits of phytoplankton
84  include cell size (Long et al. 2007; Friedrichs et al. 2013), cell shape (Hessen and Van Donk
85  1993), cell structure (Pondaven et al. 2007; Harvey et al. 2015), life-history stage (Kolb and
86  Strom 2013), and the formation of colonies composed of cells bound by an extracellular matrix
87  (Verschoor al. 2004; Bernardes et al. 2021). For instance, colony formation induces an increase
88 in handling time, which causes important reductions in ingestion and reproduction of

89  zooplankton (Gibert and Brassil 2014).

90 Because organisms cannot optimize all functions contributing to fitness simultaneously
91 due to structural (i.e., genetic) and/or functional (i.e., energetic) constraints, trade-off
92  relationships between traits can emerge (Stearns 1989). In particular, trade-offs between
93  defence and competitiveness are common in phytoplankton (Yoshida et al. 2004; Becks et al.
94  2010; Sunda and Hardison 2010; Kasada et al. 2014; Ehrlich et al. 2017; Pan¢i¢ and Kigrboe
95  2018; Cadier et al. 2019) and may explain the diversity of defence strategies exhibited by
96 phytoplankton (Agrawal 1998; Strauss et al. 2002). Competitiveness costs can arise from the
97  energy investment in expressing anti-grazing defences due to a reducedability to acquire and
98 utilize resources (Litchman et al. 2007; Halsey and Jones 2015). Indeed, cell colonies have
99  often higher energy requirements and lower resource acquisition rates (Lurling and Van Donk
100  2000), which can cause a reduction in reproduction (Smith 2014). Therefore, trade-off
101  relationships between defence and competitiveness traits can affect trophic interactions by

102  influencing phytoplankton exploitation and zooplankton growth as well as phytoplankton

6
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103  growth (Litchman et al. 2007; 2015; Ehrlich et al. 2020). Exploring trade-off relationships
104  between defensive and competitive abilities of phytoplankton is thus essential for understanding

105  ecological processes in planktonic communities.

106 Trade-offs between defence and competitiveness have strong implications for
107  phytoplankton communities (Ehrlich et al. 2020) and there is increasing evidence emphasizing
108 the significance of such trade-offs for trophic interactions and population dynamics (Yoshida
109 et al. 2003; 2004; Becks et al. 2010; Yamamichi et al. 2011; Kasada et al. 2014). Despite the
110  importance of trade-offs, there are few data available and the existing data should be interpreted
111 with caution. First, some studies assume fixed traits and trade-offs at the species or genus level
112 (Bruggeman 2011), but this assumption has been shown to be invalid and intraspecific variation
113  in traits can affect trophic interactions (Yoshida et al. 2004; Becks et al. 2010). Second,
114  defensive and competitive abilities of phytoplankton can be assessed by multiple traits
115  (Fleischer et al. 2018) and the relevant traits constituting trade-off are often unknown. Studies
116  use different traits as proxies for defence and competitiveness and thus different trait
117  correlations. This makes comparisons of trade-offs across studies difficult and raises the
118  question of whether different proxies can be used for studying the outcome of trophic
119 interactions. Third, negative correlations might not reflect a causal trade-off relationship due to
120  confounding factors when traits are independently affected by the same environmental
121 conditions (Edwards et al. 2011). One approach to examine the presence of trade-offs is to
122 compare trait differences between individuals originating from the same environment for which
123 selection favoured one trait and look for constrains on the other trait (Fry 2003; Fuller et al.

124 2005).

125 Determining the most suitable traits describing defence-competitiveness trade-offs and
126  information on the consistency of the trade-off relationships independent of the traits can give

127  important insights on the role for these trade-offs for energy transfers and population dynamics
7
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128 in food webs. Here, we investigate the intraspecific trade-off relationship between anti-grazing
129  defence and competitiveness traits for 6 different prey genotypes (hereafter: strains) of the green
130 alga Chlamydomonas reinhardtii and evaluate the consistency of trait correlation between
131  defensive and competitive abilities of these strains (i.e., the consistent position of strains in trait
132  spaces). Furthermore, we link these traits and the resulting trade-offs to the trophic interaction
133 with the rotifer predator Brachionus calyciflorus. Algal strains were isolated from a previous
134  experimental evolution study and differed in their morphologies (i.e., single or colonial cells)
135 as well as defence (i.e., measured as reduction in predator growth rate) and growth (i.e.,
136  measured as strain growth rate; Bernardes et al. 2021). We measured prey defence against a
137  predator by assessing the functional response (i.e., the ingestion rate as a function of prey
138 density) and the growth rate of B. calyciflorus on prey strains. We measured prey
139  competitiveness by assessing the maximum growth rate and the half-saturation constant for
140 nitrate. We also measured a set of size and shape features on strains to establish a better link
141  between the prey morphology and the trophic interaction with the predator. We then used
142  parameters and rates derived from the experiments to construct and compare multiple defence-

143 competitiveness trait spaces.
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144  Material and methods

145  We used 6 strains of the green alga prey Chlamydomonas reinhardtii (Dang 1888) derived from
146  isolates which were originally obtained from the Chlamydomonas Resource Center (University
147  of Minnesota, USA). Isolates were selected from monoclonal naive ancestors (i.e., no encounter
148  with predation for thousands of generations) that were exposed or not to grazing pressure by
149  the rotifer Brachionus calyciflorus for 6 months (~500 generations) in semi-continuous cultures
150  (Bernardes et al. 2021). For the present study, a single colony from each strain was sampled
151  from solid media and transferred to tissue culture flasks filled with 50 mL of sterile growth
152  medium with 800 pmol NOs™ L. Flasks were exposed to continuous light (200 pmol photon
153  m2sec?) and shaking (120 rpm) at 20°C for 2 weeks before assays, which allowed the cultures
154  to reach relatively high densities. We used a clonal line of the rotifer predator Brachionus
155  calyciflorus Pallas (Pallas 1766) derived from an isolate sampled in Milwaukee harbor (Bennett
156  and Boraas 1989). This clonal line lost the ability to reproduce sexually and the possibility for
157  evolutionary changes through genetic mixing (Fussmann et al. 2003). Rotifer stocks were kept
158 in 1 L bottles filled with sterile growth medium with 800 pmol NOs™ L™ (Barreiro and Hairston
159  2013) and fed with the nutrient-rich chlorophyte alga Monoraphidum minutum (University of

160  Gottingen, Germany).
161  Predator functional response

162  Prior to the experiment, C. reinhardtii strains were sampled from culture flasks and centrifuged
163 at 2000 rpm for 10 min at 20 °C. The culture medium was removed and the pellets were
164  suspended in nitrate-free medium at a density of 1 x 10° cells mL* for 24 h to significantly
165 slow down algal growth during the exposure to predation. At the start of the experiment, strain
166  densities were estimated and diluted to 10 different cell densities (1 x 10* to 1 x 10° cells mL"

167 1). These dilutions were made in 2 mL tubes by mixing the strain solutions with nitrate-free

9
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168  medium and 200 pL were transferred into wells of 96 well plates. The experimental design
169 included 3 replicates per cell density for each strain for the control treatment without exposure
170  to predation to estimate the initial densities in the wells and for the predation treatment to
171  estimate the final densities after exposure to predation. For the predation treatment, 5 adult B.
172 calyciflorus were introduced per well and allowed to feed for 8 h at 20°C under continuous
173 light. Afterwards, cells were fixated by adding 10 pL of Lugolsche solution. Plates were stored
174  at4°C inthe dark for 24 h to allow cells to settle to the bottom of the wells. Initial and final cell
175  densities were acquired by taking 21 images per well using a Cy5 filter set and the
176  autofluorescence of the algal cells (642 nm) under a 10x magnification using a high content
177  microscope (ImageXpress® Micro 4 High-Content Imaging System). Images were analyzed and
178  cell densities were calculated using a custom module within the analysis software MetaXpress®
179  High Content Image Acquisition and Analysis (Supplementary Materials Appendix 1).
180  Ingestion rates were calculated as | = (D — Dr) / (t X R), where Dy is the mean initial cell density
181  of replicate wells from the control treatment (cells mL™), Dk is the final cell density of each
182  well from the predation treatment (cells mL™?), t is the time of feeding (sec) and R is the number

183  of rotifers per well (individuals).
184  Prey growth

185  Following the same protocol described above, C. reinhardtii strains were concentrated 24 h
186  prior to the experiment. We measured growth under 9 different nitrate concentrations: 1
187  intermediate concentrations (100 pmol NOs™ L) and 6 low concentrations (1—10 umol NOs™ L
188 1) to calculate half-saturation and affinity constants. At the start of the experiment, densities of
189  strains were estimated and diluted to an initial density of 1 x 103 cells mL’. Growth assays
190  were made in 96 well plates in a volume of 200 pL by mixing strains (20 pL) and the different
191  nitrate-concentrated media (180 pL). We used a disruptive sampling method: a well plate was

192  assigned to each day and cells were fixated daily in one of the replicated well plates by adding
10
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193 10 pL of Lugol to the wells. The experimental design included 3 technical replicates per nitrate
194  concentration for each strain. Plates with fixed cells were stored at 4°C in the dark for 24 h to
195 allow cells to settle to the bottom of the wells. Cell densities were assessed as described above

196  and growth curves were estimated over 8 days.
197  Predator growth

198  C. reinhardtii strains were sampled from culture flasks and diluted to 5 x 10° cells mL™* in 1
199  mL of a nitrate-free medium in 24 well plates. The nitrate-free medium and the moderate initial
200  cell density allowed for the control of prey population only by the predator during the
201  experiment and provided sufficient resource over time for the predator while preventing stress
202  for the predator due to foraging in saturating resource conditions (personal observation). We
203  added 2 juveniles and 3 adult rotifers carrying 1 or 2 eggs to the wells to maintain a
204  homogeneous age structure in the initial population. The experimental design included 5
205  replicates for each strain. Rotifer individuals were daily counted using a stereomicroscope and

206  growth curves were estimated over 5 days.
207  Prey morphology

208  To assess the variation in morphological traits among and within C. reinhardtii strains, 100 pL
209  was sampled from the culture flasks of C. reinhardtii strains and transferred into 1.5 mL tubes.
210  Samples were mixed using a vortex at 1000 rpm and imaged using an imaging flow cytometer
211  (Amnis® ImageStreamX MK I1). A collection of 5000 images was acquired for each strain with
212  a 20X magnification using the red channel (642 nm) and the autofluorescence of algal cells for
213  image acquisition. A selection of 40 morphological features (Tab. S1) was calculated per image
214 using a related analysis software (Amnis IDEAS®, see Supplementary Materials Appendix 2).
215  We used these features to characterize morphological differences between strains (i.e., inter-
216  strain clustering) and within strains (i.e., intra-strain clustering). Cell morphotypes within

11
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217  strains were classified by the number of cells present in each image and divided in 4 categories:
218  single (1 cell), small clump (25 cells), medium clump (6—10 cells) and large clump (10—30
219  cells). The number of cells was calculated based on a ratio Ai / Ar, where A; is the area of a
220  single cell or cell clump i (um?) and A is the mean area of a single cell (136 um?) based on a
221  strain exhibiting only single cells (Crs). Ar was calculated following the removal of values

222  below and above the confidence interval boundaries (Cl 2.50—CI 97.5%).
223  Statistical analyses

224  To estimate predator functional responses, the mean ingestion rate of the 3 replicates was
225  calculated over the range of cell densities for each C. reinhardtii strain. Following the disc
226  equation (Holling 1959), functional responses were expressed as mean ingestion rate of the
227  predator (1;) as a function of prey densities (Ai) and predator ingestion parameters. A selection
228  of 4 functional response models were compared to assess the best representation of data (Tab.
229  S1). We chose the widespread Holling types I, Il and 11l models (Holling 1965) along with the
230  lvlev type 1l model (lvlev 1955). The Holling type I represents a linear increase of ingestion
231  rate while the Holling type Il and type I11 exhibit a non-linear increase of ingestion rate, which
232  reaches a saturation at high prey density. The Ivlev type Il is considered equivalent to the
233 Holling type Il but defined with different functional parameters. We fitted the 4 functional
234 response models for each strain using non-linear least squares regressions and compared them
235  with likelihood ratio tests (Tab. S2). We then selected the best fitting strain-specific models to

236  estimate ingestion rate over prey densities, which was the Holling type Il model (Eq. 1):

ajA;

237 L=—
! 1+ aihiAi

(Eq. 1)

238  where a; is the attack rate of the predator on strain i (mL sec™?), hi is the handling time of the

239  predator on strain i (sec) and Ai is the cell density of strain i (cells mL™). Using the fitted

12
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240  parameters from the previous model (Eg. 1), ingestion rates were predicted over a larger range
241  of cell densities than in the experiment (up to 1.5 x 10° cells mL* with a 0.1 step) to better fit
242  the functional response curvatures at high cell densities (i.e., ingestion saturation) and obtain
243  comparable curves among strains. Then, we estimated strain-specific attack rates as the slopes
244 of ingestion rate at low prey densities (5 x 10° cells mL™) and strain-specific handling times as
245  the maximum ingestion rates at high prey densities (1.5 x 10° cells mL™). To further describe
246  anti-grazing defences of prey strains, we also estimated strain-specific detection and ingestion
247  probabilities by the predator as proposed by Ehrlich and Gaedke (2018) following a modified
248  expression of Holling type Il model (Eqg. 2):

ad;p;A;

249 Ii - 1+ ahdiAi

(Eq.2)

250  where a is the species attack rate of the predator (mL sec™), h is the species handling time of
251  the predator (sec), di is the detection probability of strain i (i.e., probability for the predator to
252  detect the prey), pi is the ingestion probability (i.e., probability for the predator to consume the
253  detected prey) and A; is the cell density of strain i (cells mL™?) (Supplementary Materials

254  Appendix 3).

255 To estimate prey growth rates, the mean cell density of the 3 replicates was calculated
256  over the range of nitrate concentrations for each C. reinhardtii strain and day. A selection of 5
257  growth models were compared following the approach of Paine et al. (2012) to assess the best
258  representation of data (Tab. S2). We chose 2 non-asymptomatic models which assume of an
259  unlimited cell growth over time: a linear model, representing a constant increase in cell density
260  over time and an exponential model for a disproportional increase in cell density over time. We
261  also chose 3 asymptomatic models which make the assumption of a limited cell growth with a
262  maximum cell density reached over time: a monomolecular model describing a vertical increase

263 in cell density which reaches rapidly an horizontal asymptote (i.e., maximum population cell
13
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264  density), a logistic model describing a slow increase in cell density with an inflection point (i.e.,
265  time point for maximum growth rate) around 50% of the asymptotic cell density and a
266  Gompertz model describing a rapid increase in cell density with an inflection point around 37%
267  of the asymptotic cell density (Heinen 1999). We fitted the 5 growth models to each
268  combination of strain and nitrate treatment using non-linear least squares regressions on log-
269  transformed cell densities and we compared them with likelihood ratio tests (Tab. S3). We then
270  selected the best fitting strain-specific model to estimate cell density over time, which was the
271  logistic model (Eq. 3):

~ b; + (K; — byemit

272 D; (Eq.3)

273 where bi is the initial cell density of strain i (cells mL™?), Ki is the asymptotic cell density of
274 strain i (cells mL™), ri is the intrinsic growth rate of strain i (cells day™) and t is the time (day"
275 1. Using the fitted parameters from the previous model (Eq. 3), cell densities were predicted
276  over a larger range of days than in the experiment (up to 10 days with a 0.1 step) to better fit
277  the growth curvatures at high cell densities (i.e., growth saturation). Per capita growth rates
278  were also calculated for each strain and nitrogen concentration using linear regressions over the
279  full time series (i.e., over 10 days) to obtain the overall per capita growth rate (G) and for each
280 3 consecutive time steps (i.e., each 0.3 days) to find the maximum per capita growth rate (Gn).
281  Then, we estimated strain-specific half-saturation and affinity constants for nitrate using non-

282  linear least squares regressions on the Monod equation (Monod 1950):

283 Gi = Gmi

(Eq.4)

284  where Gi is the overall per capita growth rate of strain i (day™®) Gmi is the maximum per capita
285  growth rate of strain i (day™), Ki is the half-saturation constant of strain i (umol NOs™ L) and

286 N is nitrate concentration (umol NO3z L), Affinity constants were calculated as Ai = Gmi / Ki,
14
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287  where Gmi is the maximum per capita growth rate of strain i (day™) among all nitrate

288  concentrations and Ki is the half-saturation constant of strain i (umol NOz L™?).

289 To estimate predator growth rates, the mean B. calyciflorus density of the 5 replicates
290  was calculated for each C. reinhardtii strain and day. A selection of 4 growth models were
291  compared to assess the best representation of data (Tab. S3) depending on the response of the
292  rotifer populations to different prey strains. We chose a linear model, an exponential model, a
293  logistic model (Eq. 3) and a mortality model (Eq. 5) describing an increase or a stabilization
294  and then a decrease in rotifer density (Malerba et al. 2018). We fitted the 4 growth models using
295  non-linear least squares regressions on rotifer densities and we compared them with likelihood
296  ratio tests (Tab. S4). We then selected the best fitting strain-specific model to estimate rotifer
297  density over time, which was the mortality model for strains Cr1, Cro, Crz and Crs (Eq. 3) and

298  the logistic model for strains Cre and Cr7 (EQ. 5):

m; (t=ty )~ 1-e 7"t tmi))

299 D, =Ke (Eq.5)

300  where ri is the intrinsic growth rate of rotifer for strain i (ind day™), Ki is the asymptotic rotifer
301  density for strain i (ind mL™), m; is the decreasing slope following maximum rotifer density for
302 straini (ind day™?), tis the time (day™) and tm is the time for maximum intrinsic growth rate of
303 rotifer for strain i (day?). Per capita growth rates were also calculated for each strain using

304 linear regressions over the full time series (i.e., over 5 days).

305 A principal components analysis (PCA) was conducted on the 40 morphological
306  features estimated on collections of individual cell images. Features chosen for this analysis
307  were divided in 2 categories: cell size for traits over 1 dimension and cell shape for traits over
308 2 dimensions. The PCA was run on the image collections containing 30000 images (5000
309  images per strain) and the 2 first dimensions explaining most of the variance in the data were

310  selected (D1 = 46.5%, D2 = 19.9%). Coefficients of variation (CV) were calculated for each of
15
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311  the 40 features for each strain as CV = (sdx / my) x 100, where sdx and my are the standard
312  deviation and the mean of feature x, respectively. In addition, pairwise correlations between the
313 relevant features Area (size) and Circularity (shape) according to contributions to the PCA
314  dimensions were performed using linear regressions and Pearson correlation tests. Statistical
315  differences in these two relevant morphological features among strains and among morphotypes

316  within strains were also tested using Kruskal-Wallis and Dunn post-hoc tests.

317 Statistical analyses were computed using the R software v.4.0.4 (R Development Core
318 Team 2020). The principal components analysis was computed using the PCA function from
319 the ‘FactoMineR’ R package. Linear regressions and non-linear least squares regressions were
320  computed using the Im and nls functions from the ‘lme4’ R package. Models were compared
321  using the Irt function from the ‘Imtest’ R package and significance was obtained using the

322  anova function from the ‘stats’ R package.
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323  Results

324 Predator functional response

325  The defence of C. reinhardtii strains was defined based on the ingestion rate of the predator B.
326  calyciflorus and ranged from defended (low ingestion) to undefended (high ingestion). The
327  comparison of functional response models revealed that the ingestion rates of B. calyciflorus
328 on C. reinhardtii strains were better described by non-linear saturating models (Tab. S1, Fig.
329  Sla). B. calyciflorus ingestion rates differed among strains and depended on cell densities (Fig.
330  1a). Strains Cr1, Cr2 and Crs were classified as defended due to the low maximum ingestion
331 rates exhibited by the predator (e.g., Cra: 0.43 = 0.09 and Cro: 0.49 + 0.11 cells sec* mL™ ind”
332 1) while intermediate strains Crs and Cr7 were considered as due to the moderate maximum
333 ingestion rates exhibited by the predator (e.g., Cre: 1.32 + 0.10 and Cr7: 1.19 + 0.12 cells sec™
334 mL? ind?). In contrast, strain Crs was classified as undefended due to the high maximum
335 ingestion rates exhibited by the predator (3.41 + 0.26 cells sec* mL? ind?), which was
336 characterized by a saturation plateau appearing at very high prey density (> 1.5 x 108 cells mL"
337 1). These differences in the shapes of the functional responses were confirmed by a large
338 variation in functional parameters: B. calyciflorus expressed lower attack rates (e.g., Cri: 0.06
339  + 0.01 against Cra: 0.46 + 0.07 mL sec™®) but higher handling times (e.g., Cri: 2.84 + 0.36
340  against Cra: 0.35 + 0.02 sec™?) on defended strains compared to undefended strains. Moreover,
341  we calculated detection and ingestion probabilities as proxies for anti-grazing defences of
342  strains (Tab. 1). Defended strains had variable detection probabilities (e.g., Cri1: 0.41 and Cro:
343  1.00) but consistently low ingestion probabilities (e.g., Cri: 0.12 and Cr2: 0.16) whereas
344  undefended strains also had variable detection probabilities (e.g., Cra: 0.44 and Crs: 0.79) but

345  consistently high ingestion probabilities (e.g., Cra: 1.00 and Crs: 0.45).

346  Prey growth

17
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347  The competitiveness of C. reinhardtii strains was classified based on the growth rate and ranged
348  from non-competitive (low growth) to competitive (high growth). The comparison of growth
349  models revealed that the growth curves of C. reinhardtii strains were better described by a non-
350 linear logistic model (Tab. S2, Fig. S1b). Growth rates differed among C. reinhardtii strains
351 and showed the same grouping as for ingestion rate (Fig. 1b). Defended strains Cr1, Cr2 and
352  Crs were classified as non-competitive due to the low maximum cell densities (e.g., Cr2: 0.76
353  +0.27 and Cgrs: 0.64 + 0.28 10° cells mL™) and low per capita growth rates (e.g., Crz: 0.08 +
354  0.01 and Crs: 0.09 + 0.01 day) while intermediate and undefended strains Crs, Crs and Cre
355  were classified as competitive due to the high maximum cell densities (e.g., Cra: 5.22 £ 0.95
356 and Cge: 5.02 + 1.12 10° cells mL™) and high per capita growth rates (e.g., Cra: 0.21 + 0.01
357 and Cre: 0.22 + 0.02 day™). Furthermore, nutrient acquisition rates differed among C.
358  reinhardtii strains (Fig. 1c). Defended strains had low nitrate affinities (e.g., Cr2: 0.15 £ 0.07
359  umol NO3z L day?) and high half-saturation constants (e.g., Cr2: 1.43 + 0.35 pmol NO3™ L)
360  whereas undefended strains had high nitrate affinities (e.g., Cra: 1.26 + 0.23 umol NOs™ L™ day”

361 1) and low half-saturation constants (e.g., Cra: 0.37 + 0.04 pmol NO3™ L™D).
362  Predator growth

363  Defensive and competitive abilities of C. reinhardtii strains had an impact on the population
364  dynamic of the predator beyond reducing the maximum predator population density (Fig. 1d).
365  The comparison of growth models revealed that B. calyciflorus exhibited a logistic growth in
366  the presence of intermediate defended strains (Crs and Cry) but logistic growth followed by a
367  decline in the presence of defended (Cri, Crz and Crs) and undefended (Cra) strains. Defended
368  strains were associated with lower maximum predator densities (e.g., Cro: 12.26 + 0.29 and
369  Crs: 12.09 + 0.36 ind mL™) and lower per capita growth rate (e.g., Crz: 0.96 + 0.18 and Cra:
370  0.94 + 0.18 day!) while intermediate defended strains were associated with higher maximum

371  predator densities (e.g., Cre: 19.51 + 0.17 and Cry: 28.41 + 0.91 ind mL™t) and higher per capita
18
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372 growth rates (e.g., Cre: 3.33 £ 0.13 and Cr7: 5.47 + 0.12 day™). Interestingly, the undefended
373  strain (Crs) was associated with a rapid increase followed by a decrease in predator density
374  (from 17.76 + 0.84 to 13.75 + 3.74 ind mL™*) and per capita growth rate (from 4.78 + 0.13 to

375  —2.43+0.12 day™), suggesting prey limitation leading to the decline of the predator population.
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376  Figure 1: (a) Functional responses of B. calyciflorus showing ingestion rate as a function of
377  cell density of C. reinhardtii strains. Predicted functional response curves (lines) were estimated
378  from 3 replicates (symbols). (b) Growth curves of C. reinhardtii strains shown as cell densities
379  over time for an intermediate nitrate concentration (100 umol NOs™ L), Predicted growth
380  curves (lines) were estimated from 3 replicates (symbols). (c) Growth rate of C. reinhardtii
381  strains over nitrate concentrations (1—10 pmol NOs™ L1). All Predicted curves were calculated
382  using the mean per capita growth rate (dots). (d) Growth curves of B. calyciflorus feeding on
383  C. reinhardtii strains shown as rotifer densities over time. Predicted growth curves (lines) were

384  estimated from 3 replicates (symbols).
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385  Prey morphology

386  To investigate whether the observed differences in defensive and competitive abilities of C.
387  reinhardtii strains were related to morphological differences among strains, we analysed
388  morphological traits in more detail. Strains exhibiting strong clumping morphologies (Crz, Cr2
389 and Crg) displayed populations covering a larger spectrum of the PCA dimensional space (Fig.
390 2a) compared to strains exhibiting mostly single cell morphologies (Crs, Crs and Cry).
391  Clumping strains were positively correlated to traits indicating large asymmetric cell aggregates
392  (e.g., contributions on Di: Area = 0.21 and Asymmetry = 0.17, Fig. 2b) and negatively
393  correlated to traits indicating small symmetric cell sizes (e.g., contributions on D1: Circularity

394  =-0.14 and Sphericity = —0.19, Fig. 2b).

395 Accordingly, relevant morphological features with high contributions in the PCA were
396  significantly different among strains (e.g., Area: Kruskal-Wallis, y?> = 8177.60, P < 0.001)
397  Clumping strains exhibited on average larger sizes (e.g., Area * standard deviation: Cr1: 323 +
398 230 um; Cra: 108 + 35 um, Fig. 3a) and less symmetric shapes (e.g., Circularity: Cre: 11.78
399  7.80 and Crs4: 19.11 £+ 5.24, Fig. 3a). Moreover, clumping strains exhibited a larger diversity of
400  cell morphotypes within population ranging from single cells to large cells aggregates (Fig. 2a
401 and 3a). The 40 CV of morphological features were significantly different among strains (i.e.,
402  inter-strain variance, Kruskal-Wallis, y* = 20.64, P < 0.001) with higher mean CV values for
403  clumping strains (e.g., Cri: 46% and Cr4: 32%, Fig. 3b). Moreover, the 40 CV were
404  significantly different among morphotypes only within clumping strains (i.e., intra-strain
405  variance, e.g., Crz: Kruskal-Wallis, x? = 16.39, P < 0.001 and Cre: Kruskal-Wallis, y* = 0.36,
406 P =0.551). These observations suggest that clumping strains consisted of distinct subclasses of
407  cell morphotypes. Overall, the presence or absence of clumping morphotypes coincided with
408 the defensive and competitive abilities of strains, meaning that strains having large cell clumps

409  were characterized as very defended and poorly competitive and vice versa (Fig. 4).
21
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Figure 2: (a) Representation of the principal components analysis (PCA) showing (a) the
position of individual cell observations for populations of C. reinhardtii strains (n = 5000) and
(b) the positions of the most representative morphological features (n = 9) along the 2 main
dimensions explaining most of the variance (D1 = 46.5% and D2 = 19.9%). Ellipses group 95%
of the cell observations for each morphotype population within strains. Morphotype categories:
single cell (S, 1 cell), small clump (SC, 2—4 cells), medium clump (MC, 5—10 cells) and large
clump (LC, > 10 cells). Features represented here were selected based on the highest
contributions to the 2 main dimensions according to the PCA and were divided in 2 groups:

size features (red) and shape features (blue).
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Figure 3: (a) Density distribution of values for 2 relevant morphological features (Area for size

and Circularity for shape) explaining most of the variance in the PCA for each C. reinhardtii

morphotype population. (b) Distribution of coefficients of variation for morphological traits of

the PCA (n = 40 traits) for each C. reinhardtii morphotype with median and quartiles (boxes)

and 95% confidence intervals (vertical bars). Morphotype categories: single cell (S, 1 cell),

small clump (SC, 2—4 cells), medium clump (MC, 5-10 cells) and large clump (LC, > 10 cells).
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427  Defence-competitiveness trade-off

428  The relationship between anti-grazing defence and competitiveness traits of C. reinhardtii
429  strains was consistent for the different traits we used (Fig. 4a). Defended and non-competitive
430  strains (Cr1, Cr2 and Crs) were positioned on the top left corner of the trait space, being
431  characterized by large-sized cell clumps (e.g., Cra: 323 £ 230 um), resulting in low attack rates
432  (e.g., Cri: 0.06 + 0.01 mL sec?), high handling times (e.g., Cri: 2.84 + 0.36 sec™?) and low
433  growth rates for the predator (e.g., Cri: —0.05 + 0.18 day™). Conversely, undefended and
434  competitive strains (Crs, Cre and Cr7) were positioned on the bottom right corner of the trait
435  space, being characterized by small-sized single cells (e.g., Cra: 108 + 35 um), resulting in high
436  attack rates (e.g., Cra: 0.46 + 0.07 mL sec™), low handling times (e.g., Cra: 0.35 * 0.02 sec™?)
437  and high growth rates for the predator (e.g., Cra: 2.33 + 0.27 day™). Moreover, the positions of
438  strains were similar for trait spaces constructed with prey growth rates or nutrient acquisition
439 rates (i.e., nitrate affinities and half saturation constants) as traits for competitiveness (Fig. 4b).
440  Furthermore, the variance in anti-grazing defence and competitiveness traits within strains was
441  low or moderate so that most of the strain-specific surfaces covered on the trait spaces (i.e.,
442  standard deviations) were not overlapping, reinforcing the relevance of these traits for

443  predicting different fitness strategies.

444

24


https://doi.org/10.1101/2022.05.02.490268
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.02.490268; this version posted May 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

(@) oo . CR1
* 09 i
= 0 ’ °R
TO 0.2 & ] CR7
§ 1 é 5 o ¢
. O = 2
E : | £
2 : o
(] :
— . £
% 04 '9 - 5
S 7 S 10
< : 3 K = OO AAAAAA . : .
0.6
0.0
000 005 010 015 020 0.25 000 005 010 0.15 020 0.25
6.0 "
_ 0.0 B o
& 00 R
: 'S
: S
% 40 : 220
= } o
) ~90:-- £
2 E
5 ° ‘
< S
2.0 H o . g 4.0
[0
TUR
o ........ _‘_
0.0 6.0
000 005 010 015 020 0.25 000 005 010 015 020 0.25
Prey growth rate (day‘1)

Prey nitrate affinity (WM NO; L day'i}
445

25


https://doi.org/10.1101/2022.05.02.490268
http://creativecommons.org/licenses/by-nd/4.0/

446
447
448
449
450
451
452
453
454
455

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.02.490268; this version posted May 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

(b) 0.0 CR’
° t 3.0
O 4
79 02 s
w w
_ > 2.0
= E
2 =
[u]
504 Y - £
@ | &
= 10 o o
0.6
0.0
0.00 005 010 015 020 025 000 005 010 015 0.20 0.25
6.0
0.0 © *

4.0 20

Area (10° pm?)

4.0

Predator growth rate (day ')

0.0 6.0
000 005 010 015 020 0.25 000 005 010 015 020 0.25

Prey growth rate (day'1)

Y S R )
Prey nitrate half-saturation (UM NOj L'1}

Figure 4: Defence-competitiveness trait spaces showing the positions of C. reinhardtii strains
for 4 anti-grazing defence traits (i.e., attack rate, handling time, cell area and predator per capita
growth rate) as a function of 3 competitiveness traits (i.e., prey per capita growth rate, nitrate
affinity constant and nitrate half-saturation constant). Trait values (symbols) and standard
deviations (horizontal and vertical bars) were represented pairwise for competitiveness traits on
each plot: (a) growth rate (filled symbols and solid bars) and nitrate affinity constant (open
symbols and dotted bars) and (b) growth rate (filled symbols and solid bars) and nitrate half-
saturation constant (open symbols and dotted bars). Values of attack rate and predator per
capita growth rate were flipped to orientate the axis according to the trade-off hypothesis:

increasing defence (y-axis) against increasing competitiveness (x-axis).
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456  Discussion

457  Exploring the intraspecific variation in traits related to fitness in phytoplankton species, such
458  as defence against zooplankton grazing and competitiveness, is essential to understand fitness
459  strategies and predict ecological interactions of planktonic species (Hairston et al. 2005). We
460  found substantial variation in trophic and morphological traits related to anti-grazing defence
461  and competitiveness for 6 different strains of C. reinhardtii. The patterns of variation were
462  consistent for the different defence and competitiveness traits as C. reinhardtii strains had
463  similar positions when comparing in trait space. Moreover, we identified a consistent negative
464  relationship between defence and competitiveness traits, suggesting a limitation in energy
465  investment between these two fitness components (Stearns 1989). The consistency of the trade-
466  off relationship confirmed that multiple morphological and trophic traits of prey and predator
467  can constitute suitable proxies to assess prey fitness strategies and the strength of predator-prey
468 interaction. Measuring consistent indicators for defence-competitiveness trade-offs could be
469  particularly relevant for the assessment of ecological dynamics in disturbed ecosystems because
470  direct and indirect (i.e., via interacting species) responses of species depend on the presence
471  (Yamamichi and Miner 2015) and the amount of trait variation (Hermann and Becks 2022). In
472  addition, the heritability of trait variation represents a prerequisite for adaptation of species to

473  disturbed ecosystems and this depends to a large extent on trade-offs (Smith et al. 2016).

474 Prey defence against predation was well estimated using prey morphology, predator
475  ingestion or predator growth. Morphological traits are particularly relevant to estimate the
476  variation in defensive abilities among and within prey population and can serve as good
477  indicators of changes in the defence trait of prey population over time in both empirical (e.g.,
478  Becks et al. 2010) and modelling studies (e.g., Ellner and Becks 2011). Some caution is still

479  required with morphology as other structural traits related to physiology and behaviour which
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480  we did not consider can contribute to defence (Panci¢ and Kigrboe 2018; Liirling 2020). Prey
481  competitiveness was well estimated using prey growth and resource acquisition, which shows
482 a relation between the processes of nutrient absorption, assimilation, and conversion to
483  reproduction (Litchman et al. 2007). However, complex interplays between processes may
484  complicate predictions as prey competitiveness can also be driven by other regulating factors
485  such as the acquisition of colimiting resources (Klausmeier et al. 2004) or trade-offs between

486  nutrient and light acquisition (Strzepek and Harrison 2004).

487 Developing empirical methods that examine the consistency of the relationship between
488  traits is central to confirm the presence of trade-offs. We used 6 isolates of C. reinhardtii
489  selected from monoclonal populations that grew in the presence or absence of predation by B.
490 calyciflorus (Bernardes et al. 2021). Our approach circumvents some difficulties of previous
491  studies examining suitable indicators as we measured trade-offs using clones derived from a
492  selection experiment where monoclonal ancestors evolved in different environments in which
493  selection either favoured defence or competitiveness (Bernardes et al. 2021). This approach has
494  been proven to be more suitable for detecting trade-offs (Kassen 2002; Fry 2003; Fuller et al.
495  2005) because negative correlations between traits measured in clones isolated from the same
496  environment or from different environments without assessing the environmental conditions
497 are not evidence of evolutionary constraint (Stearns 1989). Similarly, a positive or no
498  correlation can result from several confounding factors (e.g., small detection signal or
499  environmental conditions) and thus does not imply causality or lack thereof (Bohannan et al.
500 2002; Fry 2003). To our knowledge, our study is the first to extend the characterization of clonal
501 lines to multiple traits to examine the consistency of an intraspecific trade-off between defence

502  and competitiveness using evolved isolates for which the history of selection is known.

503 Algal prey strains considered as defended against ingestion by the predator were

504  growing as clumped cells bound by a viscous extracellular matrix which colony sizes of 10—30
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505 cells. These strains were associated with lower functional responses of the predator, which were
506  mainly the consequence of a longer handling time and the inability of the predator to ingest cell
507  colonies. Colony formation can be an effective defence for phytoplankton and significantly
508 reduces zooplankton grazing (Van Donk et al. 1999; Reynolds 2006). Palmelloid colonies were
509 previously observed for C. reinhardtii in the presence of the rotifer B. calyciflorus and was
510  shown to be due toeither from phenotypic plasticity (i.e., inducible, Lirling 2006; Fischer et al.
511  2014) or adaptive evolution (i.e., constitutive, Becks et al. 2010; Ratcliff et al. 2013; Bernardes
512 et al. 2021). Palmelloid colonies are composed of cells forming large aggregates (~10—120
513  cells) embedded in an extracellular matrix (Lirling 2006). In addition to colonies reducing
514  ingestion rates of gape size limited predators, the extracellular matrix can also provide a
515  digestion resistance to cells during gut passage (Van Donk and Hessen 1993; DeMott et al.
516  2010). Furthermore, we found substantial variation in competitiveness traits among the 6
517  different strains of C. reinhardtii. Prey strains considered as competitive were associated with
518 higher nitrate affinities and per capita growth rates and lower nitrate half-saturation constants,
519  which indicated enhanced abilities for nutrient acquisition and/or conversion to reproduction
520  (Litchman et al. 2007; Litchman and Klausmeier 2008; Halsey and Jones 2015; Ward et al.
521  2017). Competitive abilities of phytoplankton species mainly depend on surface-area constrains
522 in terms of resource acquisition and requirements for basal maintenance and functions
523  contributing to fitness. Single cells tend to have higher nutrient acquisition rates due to a more
524  efficient diffusion of molecules (Yoshiyama and Klausmeier 2008) while palmelloid colonies
525  are more limited by nutrient and light competition among colonial cells and a shading effect

526  (Raven and Kubler 2002), despite larger nutrient storage capacities (Litchman et al. 2009).

527 Intraspecific variation in trophic and morphological traits of preys is expected to have
528  important consequences on higher trophic levels and ecosystem functioning. We found that the

529  numerical response of the predator B. calyciflorus differed depending on the defensive and
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530 competitive abilities of C. reinhardtii strains. Predator populations were increasing and then
531  decreasing in the presence of defended prey strains but were increasing more and then constant
532 in the presence of intermediate and competitive prey strains. Such observations suggest a
533  mechanistic link between prey defensive and competitive abilities, predator-prey trophic
534 interactions and predator reproduction (Litchman et al. 2013). Moreover, defence and
535  competitiveness traits of phytoplankton are fundamental determinants of the energy intake by
536  zooplankton predators by defining food quantity and quality (Bi and Sommer 2020). Prey
537  defensive morphologies and stochiometric ratios might reduce food quality, which prevents the
538 predator from meeting its biochemical requirements and thus reduces its survival and
539  reproduction (Sommer et al. 2012). The considerable impact of prey fitness on predator fitness,
540 driven by a defence-competitiveness trade-off, and the implications for energy transfers
541  between trophic levels highlights the importance of assessing the consistency of trade-offs to

542  determine the outcome of trophic interactions and food web dynamics.

543 Investigating intraspecific  trade-off relationships between defensive and
544  competitiveness traits is fundamental to understand fitness strategies of phytoplankton
545  (Litchman et al. 2007; Cadier et al. 2019; Ehrlich et al. 2017) and estimate the strength of
546  trophic interactions and coexistence between phytoplankton and zooplankton species (Vage et
547  al. 2014; Cadier et al. 2019; Ehrlich et al. 2020). Our study demonstrates the consistency of an
548 intraspecific defence-competitiveness trade-off relationship estimated empirically over a broad
549  range of trophic traits measured on both prey and predator organisms. Previous studies have
550  shown that intraspecific trade-off relationships are a prerequisite for eco-evolutionary feedback
551  dynamics, which in turn contribute to the maintenance of trait variation (e.g., Becks et al. 2010;
552  2012; Kasada et al. 2014). Knowledge on the underlying traits involved in trade-offs and how
553  these trade-offs translate into fitness of organisms at different trophic levels is required for

554  predicting the response of communities to environmental perturbation (Jessup and Bohannan
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555  2008; Frickel et al. 2017; Theodosiou et al. 2019; Hermann and Becks 2022). The comparisons
556  of trait variation and trade-offs at the intra- and interspecific levels (Ehrlich et al. 2017; 2020)
557  could also provide key insights into the role of intraspecific diversity and trade-offs for species

558  coexistence and ecosystem functioning with environmental change.

559

31


https://doi.org/10.1101/2022.05.02.490268
http://creativecommons.org/licenses/by-nd/4.0/

560

561
562
563
564
565
566
567
568
569

570

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.02.490268; this version posted May 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Tables

Table 1: Functional parameters [+ standard deviation] of the 6 different C. reinhardtii strains.
Anti-grazing defences were represented by the attack rate (a in mL sec™), the handling time (h
in secl), the detection probabilities (p) and the ingestion probabilities (d). Competitiveness
ability was represented by the half-saturation constants (K in pmol NOz L) and the affinity
constants (A in 10° pmol NOs™ L day™) for nitrate. Strains exhibited different morphologies in
terms of cell clumping: clumping strains were Cry (large free clumps [10—30 cells]), Cr2
(medium mucous clumps [5—10 cells]), Crs (medium mucous clumps [5—10 cells]) and Crs
(small free clumps [3-5 cells]) while non-clumping strains were Cr4 (Small single cells, motile)
and Cre (small single cells).

Strain a h p d K A

0.06 2.84 0.35 0.12 0.92 0.77

CRI 1005-008] [247-332] [039-0.44] [041-014] [085-0.98] [0.72-0.84]

C 0.21 2.15 1.00 0.16 1.43 0.15
R2 [0.15-0.27] [1.81-2.67] [1.00-1.00] [0.14-0.19] [1.09-1.78] [0.10-0.22]
Crs 0.15 1.92 0.65 0.18 0.91 0.23
R [0.11-0.19] [1.63-2.34] [0.64-0.66] [0.16-0.20] [0.83-0.99] [0.18-0.28]
c 0.55 0.35 0.44 1.00 0.37 1.26
Re [0.48-0.63] [0.33-0.37] [0.43-0.44] [1.00-1.00] [0.33-0.41] [1.03-1.55]
c 0.43 0.83 0.79 0.43 0.54 0.91
RO [0.35-0.51] [0.78-0.88] [0.78-0.82] [0.42-0.43] [0.50-0.59]  [0.75-1.09]
c 0.39 0.91 0.80 0.38 0.45 0.99
R7

[0.30-0.48]  [0.85-0.99] [0.77-0.84] [0.37-0.39] [0.41-0.50]  [0.82-1.20]
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