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Abstract
1. Biodiversity determines the productivity and stability of ecosystems but some aspects of biodiversity–ecosystem functioning relationships remain poorly resolved.
One key uncertainty is the inter-relationship between biodiversity, energy and
biomass production as communities develop over time. Energy production drives
biomass accumulation but the ratio of the two processes can change during community development. How biodiversity affects these temporal patterns remains
unknown.
2. We empirically assessed how species diversity mediates the rates of increase and
maximum values of biomass and net energy production in experimental phytoplankton communities over 10 days in the laboratory. We used five phytoplankton
species to assemble three levels of diversity (monocultures, bicultures and communities) and we quantify their changes in biomass production and energy fluxes
(energy produced by photosynthesis, consumed by metabolism, and net energy
production as their difference) as the cultures move from a low density, low competition system to a high density, high competition system.
3. We find that species diversity affects both biomass and energy fluxes but in different ways. Diverse communities produce net energy and biomass at faster rates,
reaching greater maximum biomass but with no difference in maximum net energy
production. Bounds on net energy production seem stronger than those on biomass because competition limits energy fluxes as biomass accumulates over time.
4. In summary, diversity initially enhances productivity by diffusing competitive
interactions but metabolic density dependence reduces these positive effects
as biomass accumulates in older communities. By showing how biodiversity affects both biomass and energy fluxes during community development, our results
demonstrate a mechanism that underlies positive biodiversity effects and offer a
framework for comparing biodiversity effects across systems at different stages
of development and disturbance regimes.
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species dominance and competition intensity during succession
affect complementarity and selection effects (Armitage, 2016;

The global loss of species is a concern because biodiversity enhances

Fargione et al., 2007). Yet, the temporal dynamics of BEF relation-

biological production and resistance to disturbance (Cardinale

ships have been assessed by few studies and typically only on bio-

et al., 2012; Isbell et al., 2015). Diverse communities are often more

mass (but see Armitage, 2016 for respiration). These studies include

productive because functional complementarity boosts resource

natural succession in the field (Lasky et al., 2014) and experimental

use and because they are more likely to contain very productive spe-

assessments on fixed pools of species (Weis et al., 2007) or species

cies (complementarity and selection effects respectively; Cardinale

pools isolated at different time points of community development

et al., 2007; Loreau & Hector, 2001; Weisser et al., 2017). However,

(Armitage, 2016; Wacker et al., 2009). These studies consistently

some aspects of biodiversity–ecosystem functioning relationships

show a peak in positive BEF effects in early or intermediate stages of

remain unclear (Loreau et al., 2012), particularly when extrapolating

development and a decline in older communities. The effects of bio-

across ecosystem types and larger scales (Brose & Hillebrand, 2016;

diversity on biomass, therefore, appear predictable during succes-

Gonzalez et al., 2020). One way to improve our understanding of

sion, with or without species turnover (i.e. the arrival of new species

biodiversity–ecosystem functioning (BEF) relationships is to exam-

at different time points). Whether biodiversity has similar effects on

ine lower-level mechanisms and identify specific biological interac-

energy fluxes and whether these effects explain patterns of biomass

tions that lead to overyielding (e.g. N-fixing legumes in grasslands;

production remain to be tested.

Hooper et al., 2005; Tilman et al., 1997). A complementary but less

We use a simple but tractable experimental system of marine

explored approach is to consider how fundamental ecosystem pro-

phytoplankton to study the inter-relationship between biodiversity,

cesses, such as energy fluxes, drive and constrain BEF relationships

energy fluxes and biomass production during community develop-

(Barnes et al., 2018; Buzhdygan et al., 2020; Loreau, 2010)—which is

ment in the laboratory. Specifically, we test how species diversity

the approach we take here.

affects biomass production (biovolume) and fluxes of energy (pro-

Assessments of energy fluxes are a central component of ecosys-

duction through photosynthesis, consumption through metabolism

tem ecology (Lindeman, 1942; MacArthur, 1969). During ecosystem

and net energy production as their difference over a 24-hr period)

development, energy production fuels biomass growth but the ratio

as competition intensifies over time—from the point of initial colo-

of these two processes changes over time: older communities often

nisation, when species densities are low and competition is weak,

sustain more biomass per unit energy flow (Boit & Gaedke, 2014;

to older communities dominated by strong competitive interactions

Odum, 1969). Whether initial levels of biodiversity affect the rela-

(similarly to Weis et al., 2007). Our experiment does not mimic nat-

tionship between energy and biomass production remains, however,

ural succession because we do not account for species immigration

unknown because of the lack of overlap between fields: succession

at different points in time (e.g. Armitage, 2016). Nonetheless, our

theory overlooks biodiversity effects and BEF studies rarely assess

results can provide valuable insights into successional processes be-

how energy fluxes (and their relationship to biomass production)

cause changes in the intensity of competition are a key component

change during community development (Buzhdygan et al., 2020).

of succession.

The lack of integration between theories is problematic because

Marine phytoplankton are the major primary producers in

disturbances often disrupt community development and reduce

aquatic ecosystems, driving 50% of carbon uptake and primary

biodiversity simultaneously. Since disturbances are widespread,

production (Litchman et al., 2007). It is thus fundamental to under-

comparisons across natural systems are difficult without a clear un-

stand how phytoplankton diversity affects these critical functions

derstanding of how biodiversity affects production during commu-

at different successional stages. In our assessment, we use five

nity development.

cosmopolitan species to assemble three levels of diversity (mono-

The main focus of BEF research has been on resource uptake,

cultures, all combinations of species pairs and communities with all

which is the first step in the movement of energy across trophic

five species) using a substitutive design so that each culture had

levels. However, a greater uptake of resources does not necessar-

an equal total biovolume and equal biovolume of each species at

ily boost production which also depends on how those resources

the start of the experiment. The species we use span two orders

are converted into biomass (Hodapp et al., 2019). Critically, re-

of magnitude in size and four phytoplankton groups with different

source uptake and metabolic expenditure can respond differently

photosynthetic pigments, encompassing a range of growth and re-

to changes in population densities (Ghedini et al., 2017; Malerba

source use strategies that mediate competition for nutrients and

et al., 2017) and the efficiency of these processes varies as competi-

light (Burson et al., 2018; Litchman et al., 2007). We follow the

tion intensifies over time (Gatto, 1990; Ghedini, Loreau, et al., 2020;

dynamics of these species and measure changes in biomass and

MacArthur, 1969). Therefore, biomass production should depend on

net energy production at each level of diversity over 10 days (~10

the sensitivity of energy fluxes to competition, and the effects of

generations) to quantify differences in their maximum rates of in-

biodiversity on this relationship.

crease (r max) and maximum values (K). We then interpret these re-

The effects of biodiversity on ecosystem functioning should
vary over succession for most systems because changes in

sults in light of the strength of competition and the production of
energy as biomass grows.
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2.2 | Data collection

2.1 | Species and diversity treatments

We quantified biovolume production and energy fluxes for 10 days,
corresponding to approximately 10 generations (Laws, 2013). Data

We used five cosmopolitan species of marine phytoplankton to as-

were collected each day for the first five days and at alternate days

semble 16 species combinations over three levels of species diversity

afterwards for a total of eight sampling times (day 0, 1, 2, 3, 4, 6, 8 and

(one, two and five species—hereafter called monocultures, pairs and

10). One millilitre sample from each replicate culture was fixed with

communities). Each monoculture and species pair were replicated

Lugol's solution (1%) to quantify the abundance and cell size of each

three times and the communities with all five species were replicated

species as described above. The total biovolume of the culture was

five times (N = 50 cultures). The species were: Amphidinium carterae

calculated as the sum of individual species biovolumes for pairs and

(CS-740, Dinoflagellata; initial average cell size = 309.9 ± 15.6 μm3),
Tetraselmis sp. (CS-91, Chlorophyta; 168.3 ± 7.8 μm3), Dunaliella

communities. On the same day, we measured oxygen evolution rates
(net photosynthesis, post-illumination and dark metabolism) from

tertiolecta (CS-14, Chlorophyta; 110.9 ± 5.3 μm3), Tisochrysis lutea

a 5 ml sample of each culture. Oxygen evolution rates were calcu-

(CS-177, Haptophyta; 24.3 ± 1.3 μm ) and Synechococcus sp. (CS-

lated from change in percentage oxygen saturation using 24-channel

3

94, Cyanobacteria; 5.4 ± 0.3 μm3). These species span a range of

sensor dish readers (SDR; PreSens Precision Sensing GmbH) fol-

cell sizes, growth strategies and pigments, and can coexist for over

lowing established protocols (Ghedini, Loreau, et al., 2020; Malerba

6 weeks under laboratory conditions (Table S1; Ghedini, Loreau,

et al., 2017). Briefly, sensors were calibrated with 0% and 100% air

et al., 2020). Strains were obtained from the Australian National

saturation before the experiment. Net photosynthesis was meas-

Algae Culture Collection. Each species was cultured individually as a

ured at the same light intensity at which the cultures were grown

mother culture in 2 L glass bottles for 2 months before the experiment

for 1 hr (or until reached 250% air saturation, the max. measurable),

using standard f/2 enriched seawater medium (Nitrogen = 882 μM,

followed by 1 hr in the dark to measure respiration rates. Twelve

Phosphorus = 36.2 μM) designed for growing coastal marine algae,

blanks were filled with the supernatant of centrifuged samples (spun

prepared with 0.45 μm filtered seawater and autoclaved (Guillard &

at 2,500 rpm for 10 min to separate the algae from the supernatant)

Ryther, 1962; Jeffrey & LeRoi, 1997). During the experiment, which

to correct for background microbial activity since cultures were not

lasted 10 days, each culture was grown in a 200 ml clear culture

axenic. Prior to measurements, all samples were spiked with 50 µl of

flask filled to 100 ml and kept in a temperature-controlled room

sodium bicarbonate stock for a final concentration of 2 mM sodium

at 22 ± 1°C. Cultures were grown on a 14–10 hr light–dark cycle

bicarbonate to avoid carbon limitation.

under non-saturating irradiance levels (115 ± 5 µmol m−2 s−1; Six

The rate of photosynthesis or metabolism of the whole sam-

et al., 2004; Yang et al., 2020). Flasks were shaken and randomly

ple (VO2; units μmol O2/min) was measured as VO2 = 1 × ((ma – 

rearranged on the shelves every day. Nutrients were added daily by
replacing 10% of medium from each flask (used for sampling) with
fresh f/2 medium (dilution 0.1/day).
We adopted a substitutive design so, at the start of the experiment (2 December 2019), we inoculated the flasks with the same

m b)/100 × VβO2) following (White et al., 2011), where m a is the

rate of change of O2 saturation in each sample (min−1), m b is the
mean O2 saturation across all blanks (min−1), V is the sample vol-

ume (0.005 L) and VβO2 is the oxygen capacity of air-s aturated
seawater at 20°C and 35 ppt salinity (225 μmol O2/L). The first 3

total biovolume of 5.68 × 108 µm3 and equal biovolume of each

minutes of measurements were discarded for all samples and post-

species within treatments. To calculate the initial biovolume of each

illumination metabolism was calculated over the first 10 min of the

species, we determined the cell abundance (cells/µl) and average

dark measurement as this faster oxygen consumption indicated

3

cell volume (µm , 50 cells per species) of each mother culture with

enhanced post-illumination metabolic rates (Beardall et al., 1994).

an Olympus light microscope at 400× magnification from 2 × 10 µl

Finally, photosynthesis and metabolism (µmol O2/min) were con-

samples stained with 1% Lugol's iodine. Cell abundances were de-

verted to calorific energy (J/min) using the conversion factor of

termined with a Neubauer counting chamber (ProSciTech, Australia),

0.512 J/µmol O2 (Williams & Laurens, 2010) to estimate energy

while cell sizes were measured from photos using ImageJ and Fiji

production and energy consumption respectively. As a last step,

(version 2.0; Schindelin et al., 2012), assigning to each species an

we calculated the net energy production of the whole sample over

approximate geometric shape (Table S1; Hillebrand et al., 1999). We

a 24-hr period (J/day) as 14 hr of energy produced through net

calculated the biovolume of each species as the product of their cell

photosynthesis minus 0.25 hr of post-illumination metabolism and

3

size and abundance (µm /µl) to determine the species with limit-

9.75 hr of dark metabolism.

ing biovolume. We chose a priori to add 20 ml of this species to its
monoculture (20% of total volume) and back calculated the volumes
of the other species. Each flask was then filled with standard f/2

2.3 | Biodiversity effects on biovolume

medium to 100 ml. We then sampled 1 ml from one replicate per
treatment of monocultures and species pairs and all five replicates

We calculated complementarity (CE), selection (SE) and net biodi-

of communities to check species biovolumes relative to the target

versity effects (NBEs) on biovolume for species pairs and communi-

(day 0).

ties following (Loreau & Hector, 2001). The deviation from the

4
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expected biovolume yield of a species i in the mixture at each point
( ) (
)
Yi
Yi
− totYin where Yi is
in time (day x) was calculated as ΔRYi = Mi
in

the observed yield of species i in the mixture and Mi the monoculture
yield of that species at day x, and Yiin and totYin are the initial yield of
species i and total yield of the mixture respectively (i.e. initial proportion at day 0). Complementarity effects were calculated as
N × ΔRY × M, where N is the number of species in the mixture, ΔRY
is the average change in relative yield for all species in the mixture
and M is the average monoculture biomass across all species in the
mixture at each point in time. Selection effects were calculated as
N × Cov(ΔRY, M), that is the covariance between the monoculture
yield of a species (M) and its change in relative yield in the mixture
(ΔRY), multiplied by the number of species in the mixture. The net
biodiversity effect is the sum of CE and SE. Finally, we plot NBE, CE
and SE over time including the mean and 95% confidence intervals
obtained with a nonparametric bootstrap without assuming normal-

positive values (i.e. competition, not facilitation) and can range from
0 to infinity (also called ‘niche overlap’ following Chesson, 2013). If
conspecifics limit themselves much more than they limit their competitors, values of ρ will be very low (i.e. close to 0). If conspecifics
limit themselves and other species similarly, ρ will be high; values of
ρ < 1 represent stronger stabilising effects on species coexistence
(Adler et al., 2018; Letten et al., 2017). If the intensity of competition
varies among species pairs, we hypothesize that communities that
contain all species might diffuse competitive interactions (Barbier
et al., 2021) providing a mechanism for positive biodiversity effects.
Two main weaknesses of the Lotka–Volterra model are that it is not
truly predictive (it can only be fitted to the observations a posteriori)
and ignores functional and physiological aspects, therefore its predictions mostly concern density and biomass patterns rather than
other functional processes, for example, energy production
(Loreau, 2010).

ity (function mean_cl_boot in Hmisc r package). We used changes in
biovolume of each species to calculate Pielou's measure of species
evenness (J').

2.5 | Statistical analyses on biomass production and
energy fluxes
We used nonlinear growth models to describe changes in total

2.4 | Estimates of competitive interactions

biovolume (μm3/μl) and net energy production (J/day) over time
for each diversity treatment. First, growth models were fitted

To estimate the strength of intra- and interspecific competition,

across all replicates within each diversity treatment to visual-

we estimated competition coefficients for each pair of species ij by

ize qualitative differences in biomass and net energy production

fitting Lotka–Volterra competition models to the time series of cell

among monocultures, pairs and communities. We chose the best-

density counts. For each species pair, we combined the cell counts

fitting model among four candidates to allow for differences in

of species i (or j) in monoculture (n = 3) with those of the pair ij

the qualitative shapes of the time series, adopted from Malerba

(n = 3 for each competitor species j) to assess the effects of spe-

et al. (2018). The models were a logistic-t ype sinusoidal growth

cies j on species i across a wide range of densities (Inouye, 2001).

model with lower asymptote forced to 0 (i.e. three-p arameter lo-

Instead of modelling the Lotka–Volterra model with a carrying ca-

gistic curve), a logistic-t ype sinusoidal growth model with non-zero

pacity term, we explicitly modelled the absolute intra- and inter-

lower asymptote (i.e. four-p arameter logistic curve), a Gompertz-

specific competition coefficients for each pairs of species (Adler

type sinusoidal growth model (i.e. three-p arameter Gompertz

et al., 2018):

curve) and a modified Gompertz-t ype sinusoidal growth model
including population decline after reaching a maximum (i.e. four-
(
)
dNi
= ri Ni 1 − 𝛼 ii Ni − 𝛼 ij Nj ,
dt

(1)

dNj

(2)

parameter Gompertz-like curve including mortality; see Table S2
for model structure). Akaike information criterion (AIC) were used
to determine which growth model best described the dynamics of

dt

(

)

= rj Nj 1 − 𝛼 jj Nj − 𝛼 ji Ni ,

each diversity level. Successful convergence was ensured for all
best-f itting models.
To formally test the effects of biodiversity on the maximum

where Ni (Nj) is the cell density (cells/μl) and ri (rj) is the intrinsic

rates of increase (r max ) and maximum values (K) of biovolume

growth rate of species i (j). The competition coefficients 𝛼 represent

and net energy production we followed a three-s tep approach

the effect of an increase in conspecific (𝛼 ii or 𝛼 jj) and heterospecific

(Table S2; Malerba et al., 2018). First, we fitted the four growth

density on population growth (𝛼 ij for the effect of species j on i, and,

models described above to each individual replicate culture and

vice versa, 𝛼 ji). Note that the 𝛼 ij obtained in (1) is equivalent to 𝛼 �ij ∕Ki

chose the best-f itting model among the four candidates to best

where 𝛼 ′ij is the relative competition coefficient estimated by model-

describe changes in the total biovolume (μm3/μl) or net energy

ling the carrying capacity Ki of species i and assuming an intraspecific

production (J/day) of each culture over time. As above, we used

competition coefficient of 1. We then used all four competition co-

AIC to determine which growth model best described the dynam-

efficients for each pair to calculate the intensity of competition as

ics of a culture and successful convergence was ensured for all

the relative strength of interspecific and intraspecific competition:
√𝛼 𝛼
𝜌 = 𝛼ij 𝛼ji , where ρ can only include interaction coefficients with

best-f itting models. Second, we used the best-f itting model to es-

ii jj

timate growth parameters (i.e. r max and K) of biovolume and net
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energy production for each culture. From each nonlinear curve,

Net biodiversity effects confirmed that communities were on

we extracted the maximum predicted value (K) of total biovolume

average more productive than monocultures and species pairs,

(μm3/μl) or net energy production (J/day). From the first deriva-

and that the positive effect of diversity peaked mid-experiment

tive of the curve, we extracted the maximum rate of increase (r max ,

(day 6) and decreased afterwards (Figure 1b). Both complementar-

unit: day−1) in biovolume or net energy production. Because r max

ity (Figure 1c) and selection effects (Figure 1d) enhanced biomass

and K are extracted from the shape of the model fit, and not from

production in communities but species complementarity was the

the model coefficients, these parameters are comparable even

strongest driver. Selection effects progressively increased over time

when estimated from models with different parametrizations

because the most productive species in monoculture dominated

(Malerba et al., 2018). Third, we used an analysis of covariance

biovolume in communities (Tetraselmis sp., Figure S1). Despite this

to evaluate the influence of species diversity on each parameter,

dominance, all species increased in abundance and none was com-

using a linear model including the initial biovolume estimated from

petitively excluded (Figure S1). Species evenness declined from 1 to

the previous step as a covariate and species diversity as a factor

~0.75 in both communities and pairs, albeit decline was up to 70%

(three levels). Because r max for biovolume and K for net energy had

in some species pairs (Figure S1h). Net biodiversity effects in spe-

heterogeneous variances among diversity treatments, we used

cies pairs followed a similar pattern to that of communities but were

generalized least squares models (instead of linear models) includ-

only weakly positive (Figure 1b). For pairs, biodiversity effects were

ing treatment-specific variance for each level of diversity (varIdent

solely driven by complementarity (Figure 1c) as selection effects

function in R). We then estimated and plotted least square means

were on average zero (Figure 1d).

and 95% confidence intervals using Tukey p-value adjustment for
comparing three estimates.

Net energy production also followed a sinusoidal shape but
peaked earlier than biomass for all diversity treatments (~ day 3).

To estimate the biovolume dependence of energy fluxes, en-

Net energy production increased at faster rates in communities but

ergy rates (J/hr per 5 ml sample) and total biovolume (μm3/μl) were

the effects of diversity on energy were subtler than those on bio-

loge-transformed to fit a linear model including species diversity

mass (Figure 1e). Net energy production was best described by a

as predictor (factor with three levels), total biovolume as covariate

three-parameter logistic curve for monocultures (zero lower asymp-

and their interaction. We fit generalized-least squares models to

tote) and four-parameter logistic curve for pairs and communities

allow for differences in variance among levels of diversity because

(non-zero lower asymptote; Table S3).

variances were heterogeneous. We then used the model predictions for energy production (photosynthesis) and consumption
(post-illumination and dark metabolism) to estimate net energy
production over a 24-hr period (14 hr of energy produced through

3.2 | Effects of biodiversity on rates of increase and
maximum values of production

net photosynthesis minus 0.25 hr of energy consumed with post-
illumination metabolism and 9.75 hr of dark metabolism). We also

Species diversity affected both the maximum rate of increase (rmax)

tested differences in the net daily energy production among spe-

and maximum values (K) of biomass and net energy production but

cies in monoculture as a function of their biovolume using a linear

in different ways. Diversity enhanced the maximum rates of in-

model with species and biovolume as predictors, including their

crease (rmax) in biovolume (F2,46 = 5.83, p = 0.006; Figure 2a) and

interaction; both net energy (J/day) and biovolume (μm3/μl) were

net energy production (F2,46 = 15.82, p < 0.0001; Figure 2b) so that

loge-transformed. All analyses and plots were done in R version

production rates augmented ~ twice as fast in communities than

3.5.0 using R Studio interface.

monocultures (biovolume: communities = 3.88 × 10 4 vs. monocultures = 2.38 × 10 4 μm3 μl−1 day-1, Table S4; net energy: communi-

3 | R E S U LT S
3.1 | Successional patterns of biomass and net
energy production

ties = 5.45 vs. monocultures = 2.39 J/day, Table S5). Species pairs
had intermediate rates of increase between monocultures and communities (Figure 2; Tables S4 and S5). Diversity also increased the
maximum value of biomass: communities reached a greater total biovolume (K = 18.8 × 10 4 μm3/μl; F2,46 = 3.64, p = 0.034) than species

pairs (14.6 × 10 4) and monocultures (14.5 × 10 4), which did not differ

The production of biomass increased over time following a sinusoi-

statistically (Figure 2c; Table S4). Species diversity, however, had no

dal shape that was influenced by species diversity (Figure 1a). All

effect on maximum net energy production (F2,46 = 0.68, p = 0.51;

diversity treatments approached carrying capacity towards the end

Figure 2d; Table S5), which, however, tended to increase with diver-

of the experiment but at different rates. Communities showed faster

sity (monocultures = 8.43, pairs = 9.17, communities = 9.51 J/day).

rates of biovolume increase and a greater total biovolume. Changes

Differences in productivity and growth rates among species (see

in biovolume were best described by a three-parameter Gompertz

Section 3.4) meant that production rates were more variable among

model for monocultures and pairs, and by a Gompertz model with

the 5 monocultures and 10 species pairs than the 5 communities,

mortality for communities because their biovolume declined in the

which contained the same pool of species (Figure 2a,c; Tables S6

later part of the experiment (Table S3).

and S7). The three replicates of each monoculture and pair, however,
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F I G U R E 1 Temporal patterns of biovolume and net energy production at three levels of species diversity. (a) Communities reach a
greater total biovolume than monocultures and species pairs (N = 50 for each experiment day). (b) Positive net biodiversity effects (NBEs)
in communities result from both a positive complementarity effect (CE) that peaks mid-experiment (c), and a positive selection effect (SE)
that increases over time (d). Net biodiversity effects in species pairs follow a similar pattern but are smaller in magnitude and only driven
by complementarity effects. The point range (b, c and d) represents the population mean with 95% confidence limits (N = 15 on day 0 and
N = 35 on other days). (e) Net energy production follows a logistic growth but peaks earlier than biovolume and, similarly, increases faster in
more diverse mixtures (N = 50 for each experiment day, minus 1 data point lost for species pairs in day 2). Lines represent the fit value from
the best-fitting model and 95% confidence interval (a, b). See Figure 2 for the formal comparison of maximum rates of increase (rmax) and
maximum values (K) of biovolume and net energy production among diversity treatments
behaved consistently (Figure S1) and the confidence intervals for

post-illumination metabolism across the entire range of biovolume

both biomass r and K were similar across levels of diversity (overall

(Figure 3b). The energy fluxes measured for species pairs were in-

larger for communities because of their lower replication, Table S4).

termediate and their slope was statistically different from that of
monocultures and communities only for dark metabolism (Figure 3;

3.3 | Biomass mediates the effects of biodiversity
on energy fluxes

Table S8). Finally, estimates of net daily energy production over a
24-hr period obtained from model predictions showed the overall
same pattern: species diversity increased net energy production at
low biovolumes but these effects weakened as biovolume accumu-

The effects of species diversity on energy fluxes were mediated by

lated (Figure 3d).

biovolume. At low biovolumes, diversity increased rates of energy
production (photosynthesis; Figure 3a) and consumption (dark metabolism; Figure 3c). But this positive effect weakened as biovolume
increased so that rates converged at larger biovolumes (i.e. communi-

3.4 | Competitive interactions within and
among species

ties had shallower slopes than monocultures; ln-biovolume × diversity interaction, Table S8). While the interaction between diversity

The intensity of competition varied among species and generally

and biovolume was significant for the energy consumed by post-

increased with species size. Larger species, such as Amphidinium

illumination metabolism, post-hoc tests indicated that slopes were

and Tetraselmis, suffered more from intraspecific than interspecific

not statistically different and that communities had greater rates of

competition, and they had stronger competitive effects on smaller
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value of the first derivative of the best-
fitting growth model (rmax). The max. rates
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production progressively increase with
species diversity. Max. biovolume (c) or
net energy (d) indicate the maximum
Y-value in the best-fitting growth
model (K). Communities reach greater
max. biovolume than species pairs and
monocultures, but there is no difference
in the max. net energy produced. Empty
points represent the growth parameters
of each replicate, as estimated by fitting
nonlinear growth models to each time
series, after correcting for the effects
of initial biovolume. Each point range
represents the mean and 95% confidence
interval from estimated marginal means
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species (Figure 4a; Table S9; Figure S1 for size). The dinoflagellate

BEF effects initially increase, reaching an intermediate peak, and

Amphidinium had both the strongest intraspecific and interspecific

then decline in older communities. We extend these findings by

competitive effects. The green alga Tetraselmis had the greatest in-

identifying the coincident trajectories of community energy fluxes—

trinsic population growth rate (Figure 4b) and among the greatest

importantly, these fluxes are not perfectly coupled to biomass

rates of net energy production (second to Dunaliella, Figure 4c), ex-

effects. Diverse mixtures produce net energy at faster rates, pro-

plaining why it was the dominant species in mixtures and the most

ducing biomass faster and accumulating more total biomass but with

productive species overall in terms of biovolume. Net energy pro-

no difference in maximum energy production (Figure 5). The idea

duction increased with biovolume at different rates for each species

that diversity enhances biomass production by increasing the flux of

(biovolume × species: F4,110 = 5.47, p = 0.0005); interestingly, energy

energy is intuitive but actual examples are rare (Barnes et al., 2020),

fluxes showed stronger biomass dependence for larger species, such

and none have explored how biodiversity changes these fluxes over

as Tetraselmis and Amphidinium (Figure 4c; Table S10). Competition

time. Our results show that the effects of diversity on energy fluxes

intensity (measured as ρ, which represents the relative strength of

are temporally dynamic and saturate as biomass accumulates. So,

interspecific and intraspecific competition) varied for each com-

while the efficiency of biomass production increases with diversity,

bination of species from a minimum of 0.15 to a maximum of 1.27

as long as resource partitioning is possible (Hodapp et al., 2019), en-

(M ± SE: 0.81 ± 0.13). The dominant species Tetraselmis was the only

ergy production seems subject to stronger constraints.

one that strongly competed with all species (ρ close or above 1 for

The saturating pattern of biodiversity effects and the initial

all species pairs; Figure 4d). We could not calculate ρ for the pair

higher rates of energy use in mixtures indicate that biodiversity

Amphidinium–Dunaliella because one of the competition coefficients

can enhance functioning through a dilution of intraspecific com-

was negative, indicating facilitation (αamp,dun).

petition, which is a consequence of the substitutive experimental
design (50% and 80% less conspecifics in pairs and communi-

4 | D I S CU S S I O N

ties respectively). Metabolic suppression is stronger in response
to conspecifics than heterospecifics (Armitage, 2016; Ghedini,
Malerba, et al., 2020), similarly to competition for resources (Adler

Our finding that the strength of biodiversity effects on biomass var-

et al., 2018; Weis et al., 2007; Weisser et al., 2017) as we also

ies during community development aligns with studies in other sys-

observe for most species (Figure 4d). Since metabolic suppression

tems (Armitage, 2016; Frank et al., 2020; Weis et al., 2007): positive

occurs even when resources are not limiting (Lovass et al., 2020),
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Competition constrains energy production,
reducing biodiversity effects over time

Production

9

effects on energy use converge over time. Convergence may occur
because conspecifics diversify their resource use to reduce intra-

Energy
Diverse communities
produce energy
faster

|

r max

specific competition (Svanbäck & Bolnick, 2007) or because species converge on similar resource-use strategies (Macarthur &
Levins, 1967; Mason et al., 2012; TerHorst et al., 2010). While we can

Biomass

K
r max

Biodiversity effects decline
in older communities

Energy fuels faster biomass
growth and accumulation

only speculate on this mechanism (because we do not have access
to species-specific metabolic rates in mixtures), trait convergence
could reduce fitness differences (Narwani et al., 2017) and explain
why older assemblages often support functionally similar species
(Leopold & Fukami, 2020; Mason et al., 2012). Coadaptation might
thus facilitate coexistence but weaken diversity effects, explaining
some variation in the strength and direction of BEF relationships

Young

Intermediate

Old

Community development

among studies (Aubree et al., 2020; Chen et al., 2019). For instance,
artificially assembled communities might contain species with
greater trait diversity than natural communities that have been ex-

F I G U R E 5 Conceptual figure showing how more diverse
communities (solid lines) produce net energy (magenta) and biomass
(green) at faster rates (rmax) than low-diversity communities (dashed
lines), thus allowing greater biomass accumualtion (K). As biomass
accumulates and competition intesifies, however, metabolic density
dependence reduces energy and thus biomass production so that
the positive effects of biodiversity progressively decline in older
communities

posed to longer environmental filtering (Gerhard et al., 2021). Since
our experiment only covered ~10 generations, evolutionary changes
probably played a minor role. But we cannot preclude phenotypic
changes in metabolism because resource use and metabolic rates are
plastic (Lovass et al., 2020; Poulson-Ellestad et al., 2014; Svanbäck
& Bolnick, 2007).
The benefits of biodiversity on production declined rapidly as
cultures approached carrying capacity (within 10 days). Similarly,
Frank et al. (2020) found that mixtures of freshwater phytoplank-

mixtures initially produce net energy and biomass faster because

ton produced more biomass than monocultures during exponential

each species competes with fewer conspecifics. But as biomass

growth but underyielded at carrying capacity. A decline in produc-

accumulates, communities suffer stronger metabolic suppression

tion is typical of mature systems but is usually observed on decadal

(shallower slopes of energy flux with biovolume) which reduces

time-scales in nature (Boit & Gaedke, 2014; Lasky et al., 2014;

production.

Mason et al., 2012) because natural systems are continuously dis-

Why are energy fluxes under stronger biomass dependence in

turbed by fluctuations in nutrient availability, grazers and species im-

communities? One obvious reason is the increase in the dominance

migration that can alter BEF relationships (Smith et al., 2016; Vallina

of one (or few) species over time (Figure S1f; Ghedini et al., 2018).

et al., 2014). Our simplified communities, instead, developed in a

The species that dominated communities, Tetraselmis, had faster

stable and undisturbed environment where competition (particularly

growth rates and higher net energy production than most other

for light) increased rapidly due to biomass growth and self-shading

species, but also a stronger biomass dependence of production. Its

(Malerba et al., 2018); hence, our communities might approximate

progressive dominance therefore impacted competitors and con-

the characteristics of some systems more than others. Despite this

strained productivity as indicated by the increase in selection ef-

simplicity, the patterns of biomass and net energy production we

fects and reduction in complementarity effects over time, which

observe align with succession theory (Odum, 1969) and the suc-

is expected in stable environments (Hodapp et al., 2016). Natural

cessional effects of biodiversity are consistent with those reported

phytoplankton assemblages show similar positive selection effects

for phytoplankton (Weis et al., 2007), forest communities (Lasky

where the identity and traits of dominant species affect BEF rela-

et al., 2014) and bacteria (Armitage, 2016). The reproducibility of

tionships (Hodapp et al., 2015; Otero et al., 2020). Nonetheless, bio-

BEF relationships across diverse systems indicates that the temporal

diversity effects were up to five times stronger in communities than

effects of biodiversity we observe may approximate those experi-

pairs. Even a small increase in diversity (two to five species) can alle-

enced by natural communities during succession.

viate the cost of competition by allowing strong competitors to partition their impacts on other species (Barbier et al., 2020; Maynard
et al., 2017). Partitioning is possible in our system because species

5 | CO N C LU S I O N S

spanned diverse groups and sizes correlated with differences in
nutrient uptake, storage and photosynthetic efficiency (Litchman

Biodiversity affects net energy and biomass production differ-

et al., 2007; Malerba et al., 2018) which resulted in diverse compet-

ently during community development. In younger assemblages,

itive interactions.

diversity increases the rates at which net energy and, thus, bio-

Another mechanism could explain the steeper decline of energy

mass grow by diffusing competitive effects. As biomass accumu-

fluxes with biomass in communities: if heterospecific and intraspecific

lates and stronger competitors dominate, energy fluxes decline at

10
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faster rates in mixtures so that biodiversity effects weaken over
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