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Abstract
In sunlit waters, significant predation is performed by unicellular, phagotrophic mixotrophs, that is, preda-

tors that also possess plastids. The success of a mixotrophic lifestyle will depend in part on how well mixotrophs
acquire prey relative to specialized heterotrophs. Likewise, consequences of mixotrophy for productivity and ele-
ment cycling will depend on the rate and efficiency at which mixotrophs consume prey biomass relative to het-
erotrophs. However, trait differences between mixotrophs and heterotrophs are not well characterized. In
addition, cell size of mixotrophs varies widely, and constitutive mixotrophs include small flagellates deriving
from diverse taxa, while larger species are primarily dinoflagellates. To determine whether similar constraints
apply to phagotrophs across this broad range of size and taxa, we compiled 83 measurements of flagellate func-
tional responses and compared maximum clearance rates (Cmax) and maximum ingestion rates (Imax) between
trophic modes. We found that the average mixotroph has a 3.7-fold lower Cmax and 7.8-fold lower Imax than the
average heterotroph, after controlling for cell size. The smaller penalty for Cmax suggests that relative fitness of
mixotrophs will be enhanced under dilute prey concentrations that are common in pelagic ecosystems. We also
find that growth efficiency is greater for mixotrophs and for flagellates with lower Cmax, indicating a spectrum
of trophic strategies that may be driven by phototrophy vs. phagotrophy allocation as well as fast vs. slow meta-
bolic variation. Allometric scaling shows that Imax is constrained by a common relationship among dinoflagel-
lates and other taxa, but dinoflagellates achieve a greater volume-specific Cmax. These results should aid in
interpreting protistan communities and modeling mixotrophy.

Many of the diverse unicellular protists that inhabit sunlit
waters are phagotrophic mixotrophs, possessing photosyn-
thetic plastids while also ingesting prey (Stoecker et al. 2017).
It is important to understand the environmental conditions
that favor different forms of mixotrophy (Rothhaupt 1996;
Ward et al. 2011; Leles et al. 2018; Edwards 2019), and the
consequences of mixotrophy for ecosystem processes such as
productivity, nutrient cycling, and carbon export (Mitra

et al. 2014; Ward and Follows 2016; Glibert and Mitra 2022).
The causes and consequences of mixotrophy will depend
strongly on the functional traits of mixotrophs, which can
vary substantially across taxa. The relative fitness of
mixotrophic strategies in different environments will depend
on the rate at which they acquire resources (prey, dissolved
nutrients, light), the efficiency which with they convert
resources to new biomass, and how these traits differ for
mixotrophs relative to autotrophs and heterotrophs. Competi-
tion for prey between mixotrophs and heterotrophs will
depend on the extent to which ingestion rates are lower for
the generalized mixotrophs relative to specialized hetero-
trophs, caused by allocation of energy and/or biomass toward
phototrophy (Raven 1997; Berge et al. 2016). At the same
time, the energy subsidy from photon capture may allow
mixotrophs to suppress prey to a lower concentration even if
ingestion rates are lower (Rothhaupt 1996). These trait differ-
ences will have ecosystem consequences, because mixotrophs
should transfer more prey carbon and nutrients up food
chains, if their energy demands are met by absorbed light
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rather than respiration of prey biomass (Mitra et al. 2014;
Ward and Follows 2016). The magnitude of this effect will
itself depend on ingestion kinetics and the relative competi-
tive success (abundance) of mixotrophs, which will determine
what fraction of prey biomass is channeled through
mixotroph vs. heterotroph consumers.

Phagotrophic mixotrophs can be divided into constitutive
mixotrophs, which create/inherit their own plastids, and non-
constitutive mixotrophs, which sequester plastids from their
prey or harbor endosymbiotic photosynthesizers (Mitra
et al. 2016). Constitutive mixotrophy occurs in many eukary-
otic lineages, but these organisms of diverse origin are united
by having a flagellate morphology in nearly all cases (Stoecker
et al. 2017). In contrast, the non-constitutive mixotrophs
include flagellates, ciliates, and various amoeboid protists from
the phylum Rhizaria (Stoecker et al. 2017). Among constitu-
tive mixotrophs in the ocean, smaller forms (< � 10 μm equiv-
alent spherical diameter) come from many ancient lineages,
including haptophytes, chrysophytes, cryptophytes, dic-
tyochophytes, dinoflagellates, bolidophytes, chlorophytes,
chorarachniophytes, and others (Pierella Karlusich et al.
2020). In contrast, mixotrophic flagellates > 10 μm appear to
be largely dinoflagellates. A similar pattern may hold for het-
erotrophic flagellates as well, with smaller forms coming from
a variety of clades, many of which remain uncultured (Logares
et al. 2012), while dinoflagellates prevail in the larger size class
(Arndt et al. 2000).

Ingestion rates of flagellates and other predators commonly
exhibit a hyperbolic functional response (Holling 1966;
Hansen et al. 1997), which can be characterized by two
parameters: the maximum clearance rate (Cmax), which is the
initial slope of the curve, and the maximum ingestion rate
(Imax), which is the asymptote (Kiørboe 2008). Cmax is
expected to determine competition for prey in most situa-
tions, because biomass in pelagic ecosystems is dilute
(Kiørboe 2008), and because competition tends to deplete
resources to low concentrations. In contrast, Imax will
determine relative success under relatively high prey concen-
trations, which may be found in episodic blooms, or particle-
associated microbial hotspots (Azam et al. 1994). A previous
study measured and compiled Cmax and Imax estimates of a
variety of mixotrophic and heterotrophic nanoflagellates, and
it was noted that Cmax values broadly overlapped between the
trophic modes, while Imax tended to be lower for mixotrophs.
However, no quantitative comparisons between trophic
modes (i.e., mixotrophs and heterotrophs) were performed,
and it is unknown how the magnitude of any differences com-
pares to that seen in larger flagellates. This study also found
that mixotrophs with faster clearance rates tended to have
lower growth efficiency, which could be caused by relatively
autotrophic mixotrophs possessing both lower ingestion rates
and less respiration of prey biomass. The growth efficiency of
mixotrophs could have large effects on ecosystem trophic
transfer efficiency and nutrient cycling (Leles et al. 2018), but

it is unknown how the growth efficiencies of these
mixotrophs compare to heterotrophs as well as other
mixotrophs. Finally, a compilation of dinoflagellate experi-
ments found lower Imax and lower maximum growth rates of
mixotrophic dinoflagellates compared to heterotrophs (Jeong
et al. 2010), but Cmax was not analyzed.

In this study, we synthesize a large number of experiments
that used flagellate cultures to measure ingestion kinetics and
growth. The goal is to gain insight into the tradeoffs affecting
constitutive mixotrophs, the diversity of traits among
mixotrophs and heterotrophs, and whether similar constraints
apply to the diverse smaller flagellates and the larger
dinoflagellates.

Methods
Data compilation

The literature was comprehensively searched for lab experi-
ments that measured the functional response (ingestion rate
vs. prey concentration) of flagellates. This yielded 83 experi-
ments from 57 publications (Supporting Information
Table S1), resulting in data for 23 heterotrophic non-
dinoflagellates (equivalent spherical diameter [ESD] range
3–9 μm), 16 mixotrophic non-dinoflagellates (ESD range 2.2–
17 μm), 22 heterotrophic dinoflagellates (ESD range 5.3–
73 μm), and 22 mixotrophic dinoflagellates (ESD range
4–55 μm). Some of these studies were compiled in previous
syntheses (Hansen et al. 1997; Jeong et al. 2010), but for con-
sistency all data were collected anew from the original publica-
tions. In nearly all cases, estimates of Cmax and Imax were
reported in the original publication, from a fitted type II func-

tional response: I ¼ CmaxP
1þCmax

Imax
P
, where I is ingestion rate (prey cells

per flagellate per time), P is prey concentration (cells per vol-
ume), and Cmax has units of volume per flagellate per time. In
a minority of cases the raw data were extracted from figures
using Datathief (Tummers 2006), and a type II functional
response was fit using maximum likelihood, with the R pack-
age bbmle (Bolker and R Development Core Team 2022). In
three cases, the prey concentrations tested did not begin to
saturate ingestion rate, and so Cmax (the initial slope of the
functional response) was calculated, but not Imax (the asymp-
tote). From studies where the functional response was mea-
sured using multiple prey types, we recorded only the
parameter estimates from the prey that yielded the fastest
predator growth. The study reported functional response
parameters for six mixotrophic flagellates; we also included
four additional estimates of Cmax (but not Imax) from experi-
ments where clearance rate was measured over a range of prey
concentrations that were too low to saturate ingestion.

Measurements of flagellate volume and prey volume were
also extracted from the original studies, as well as culture tem-
perature. From studies where flagellate volume was measured
over a range of prey concentrations, we recorded the volume
at low concentration for analysis of Cmax relationships and
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the volume at high concentration for analysis of Imax. From
studies that measured flagellate growth rate vs. prey concen-
tration, we also extracted the maximum growth rate, μmax

(i.e., the asymptote of the relationship). The value for μmax

was used to calculate the growth efficiency, in biovolume
units, at high prey concentration: μmax

VF
ImaxVP

, where VP is
prey cell volume and VF is flagellate volume. This quantity is
the maximum growth rate divided by the volume-specific
maximum ingestion rate (ImaxVP

VF
, volume of prey cells ingested

per flagellate volume per time), and it estimates growth effi-
ciency as the specific rate of increase of flagellate cells rela-
tive to the specific rate of ingestion. Although it would be
preferable to measure growth efficiency in biomass units or
carbon mass units, elemental composition was not measured
in most of the compiled studies, and the biovolume-based
efficiency provides an index that can be compared across a
large fraction of the experiments. To facilitate comparison
between dinoflagellate mixotrophs and non-dinoflagellate
mixotrophs, we also included biovolume growth efficiencies,
where this quantity was estimated as the total volume of
flagellate cells produced relative to the total volume of prey
cells consumed in the same experiments used to measure
ingestion rates.

Statistical analysis
To compare the traits of mixotrophic and heterotrophic fla-

gellates, we used linear models where log-transformed trait
values were the response variables and the predictors included
trophic mode (mixotroph/heterotroph), log flagellate volume,
and taxonomy (dinoflagellate/non-dinoflagellate), as well as
the two-way interactions between these predictors. In R syn-
tax the model is log10(Trait) � log10(volume) + trophic.mode
+ taxonomy + trophic.mode:taxonomy + trophic.mode:log10
(volume) + taxonomy:log10(volume). A linear log–log rela-
tionship between a trait and body volume is equivalent to a
power law, which is commonly used to estimate allometric
scaling relationships. Therefore, the linear models are esti-
mating T = aVb, where T is the trait of interest, V is cell vol-
ume, a determines the overall height of the curve, and b is
the scaling exponent. In the linear model, the intercept is
equal to log10(a) and the slope for log10(volume) is equal to
b. The term “trophic.mode” tests whether log10(a) differs
between mixotrophs and heterotrophs, the term “taxon-
omy” tests whether log10(a) differs between dinoflagellates
and non-dinoflagellates, the term “trophic.mode:taxon-
omy” tests whether the difference between mixotrophs and
heterotrophs in log10(a) changes between dinoflagellates
and non-dinoflagellates, the term “trophic.mode:log10(vol-
ume)” tests whether b differs between mixotrophs and het-
erotrophs, and the term “taxonomy:log10(volume)” tests
whether b differs between dinoflagellates and non-dinofla-
gellates. The taxonomy of the non-dinoflagellates was not
included in the models because high diversity limited
taxon-level replication, and we were primarily interested in

whether the larger dinoflagellates exhibited different pat-
terns from the other flagellates. Temperature was examined
as a predictor, but it never explained significant variation
and for brevity will not be reported in the “Results” section.
In addition to the model structure described above, we
allowed the residual trait variation to vary by trophic mode
and taxonomy as a way of comparing the trait variance
between mixotrophs and heterotrophs while controlling
for cell size. Significance of all model terms was assessed
with marginal chi-squared likelihood ratio tests, and non-
significant interactions were dropped in order to choose the
best model for visualization and reporting of scaling
relationships.

We performed a set of sensitivity analyses to assess the
robustness of the statistical results. (1) Instead of incorporat-
ing experimental temperature as a predictor, we corrected all
traits for varying temperature by assuming a Q10 of 2.8
(Hansen et al. 1997). (2) Because the smallest dinoflagellate
(Pelagodinium) has a very low Cmax, we assessed the effect of
removing it. (3) Because the size range of mixotrophs and het-
erotrophs is somewhat different, we assessed the effect of only
including flagellates between 3 and 54.5 μm, which excludes
the two smallest and two largest species. (4) Finally, we
assessed the effect of adding a random effect for the publica-
tion in which data were reported, because methods used in a
study on multiple species could shift their trait values in a
similar way.

All models were fit in R with the package glmmTMB
(Brooks et al. 2022), which was utilized because it readily
incorporates residual variances that vary between groups, as
well as random effects if needed. The dataset and R code are
included as supplementary files.

Results
Maximum clearance rate

Cmax varied by five orders of magnitude, with half of this
variation explained by flagellate size, trophic mode, and tax-
onomy (model R2 = 0.50; Figs. 1a, 2a). The slope of the log–
log relationship between Cmax and cell volume, which is
equivalent to the exponent of a power–law relationship, is
0.38 (95% confidence interval [CI]: [0.19, 0.58]; χ21 = 12,
p<10�3; Table 1). This slope does not differ significantly
between mixotrophs and heterotrophs (χ21 = 0.05, p = 0.82) or
between dinoflagellates and non-dinoflagellates (χ21 = 2.4,
p = 0.12). Cmax values of mixotrophs and heterotrophs overlap
considerably, but their intercepts are significantly different,
with mixotrophs on average having a 3.7-fold lower Cmax than
heterotrophs of the same size (χ21 = 12, p<10�3; Table 1).
Dinoflagellates have a Cmax that is 16-fold higher than that
expected for non-dinoflagellates of the same size (χ21 = 26,
p<10�6; Table 1). The difference in Cmax between mixotrophs
and heterotrophs is of similar magnitude for both dinoflagel-
lates and non-dinoflagellates (χ21 = 0.03, p = 0.87). Sensitivity
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analyses did not qualitatively change any of the reported
hypothesis tests, and generally had small effects on parameter
estimates, although removing the small dinoflagellate
Pelagodinium decreases the allometric scaling exponent (0.31

instead of 0.38), and removing the smallest two and largest
two flagellates increases the scaling exponent (0.48 vs. 0.38),
shifts which are within the original 95% CI of [0.19, 0.58]
(Supporting Information Table S2).
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Fig. 1. Maximum clearance rate and maximum ingestion rate of mixotrophic and heterotrophic flagellates. (a) Maximum clearance rate vs. flagellate
size, (b) maximum ingestion rate vs. flagellate size, (c) volume-specific maximum clearance rate vs. flagellate size, (d) volume-specific maximum ingestion
rate vs. flagellate size. Lines and shaded intervals are from the statistical models best supported by the data. In (a) and (c), the intercept varies by trophic
mode and taxonomy, while the slope is common across these groups. In (b) and (d), the intercept varies by trophic mode, while the slope is common
across these groups.
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Maximum ingestion rate
Similar to Cmax, Imax varies by five orders of magnitude,

with half of this variation explained by flagellate size and tro-
phic mode (model R2 = 0.50; Figs. 1b, 2a). The slope of the
log–log relationship between Imax and cell volume is 0.84
(95% CI: [0.67, 1.0]; χ21 = 110, p<10�15; Table 1), and this
slope is significantly steeper than the slope for Cmax (χ21 = 15,
p<10�4). The slope does not differ significantly between
mixotrophs and heterotrophs (χ21 = 0.88, p = 0.35) or between
dinoflagellates and non-dinoflagellates (χ21 = 0.0003,
p = 0.99). On average mixotrophs have an Imax that is 7.8
times less than heterotrophs of the same size (χ21 = 26,
p<10�6; Table 1), and this difference is greater than the differ-
ence in Cmax between mixotrophs and heterotrophs (χ21 = 6.6,
p = 0.01). Unlike the pattern for Cmax, Imax does not differ
between dinoflagellate and non-dinoflagellates (χ21 = 0.002,
p = 0.97). The difference in Imax between mixotrophs and

heterotrophs does shift significantly between dinoflagellates
and non-dinoflagellates (χ21 = 1.2, p = 0.28). Sensitivity ana-
lyses did not qualitatively change any of the reported hypoth-
esis tests, and generally had small effects on parameter
estimates, although removing the smallest two and largest two
flagellates increases the scaling exponent to 1.0, which is
within the original 95% CI of [0.67, 1.0] (Supporting Informa-
tion Table S2).

Trait variances
Variation in Cmax is slightly greater for mixotrophs

(SD = 0.67) compared to heterotrophs (SD = 0.60), but the
difference is not significant (χ21 = 0.47, p = 0.49; Fig. 2b).
Because the traits are analyzed on a log10 scale, an SD of 0.67
means that on average the value for a particular mixotroph
differs from the mean value for that cell size by a factor of
100.67 = 4.7. For a heterotroph this is a factor of 100.60 = 4.
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Fig. 2. Model-fitted differences between mixotrophs and heterotrophs. (a) Predicted Cmax and Imax for heterotrophic and mixotrophic flagellates of aver-
age size (� 11 μm equivalent spherical diameter). Because the model is fit to log10-transformed trait values, the proportional trait difference between het-
erotrophs and mixotrophs is constant across flagellate sizes (3.7-fold for Cmax and 7.8-fold for Imax). (b) Residual standard deviation of Cmax and Imax.
Because the model was fit to log10-transformed trait values, the standard deviations do not depend on trait units and are directly comparable between
traits (e.g., a SD of 0.4 means that a trait value typically differs from the mean by a factor of 100.4 = 2.5). Errors bars are 95% confidence intervals.

Table 1. Allometric scaling of ingestion parameters. For Cmax and Imax the model estimates for the relationship Trait = aVb are taken
from the best-fit statistical models (Fig. 1), which have common slopes (b) across groups but distinct intercepts (a). Numbers are point
estimates with 95% confidence intervals in parentheses. Units for Cmax are nL predator�1 h�1 and for Imax are prey μm3 biovolume
predator�1 d�1.

Cmax Imax

a Non-dinoflagellate mixotrophs 0.48 (0.17, 1.4) Mixotrophs 2.3 (0.9, 5.8)

Dinoflagellate mixotrophs 7.8 (1.4, 43)

Non-dinoflagellate heterotrophs 1.8 (0.68, 4.6) Heterotrophs 18 (8.8, 36)

Dinoflagellate heterotrophs 29 (5.4, 150)

b All groups 0.38 (0.19, 0.58) All groups 0.84 (0.67, 1.0)

Edwards et al. Ingestion kinetics of mixotrophs and heterotrophs

921

 19395590, 2023, 4, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12320 by U

niversity O
f D

elaw
are Library, W

iley O
nline Library on [19/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



For Imax the variation among the mixotrophs (SD = 0.78, or a
factor of 6) is greater than the variation among the hetero-
trophs (SD = 0.4, or a factor of 2.5; χ21 = 16, p<10�4; Fig. 2b).
As a result, the amount of variation in Cmax and Imax is compa-
rable for the mixotrophs, but for heterotrophs Cmax is more
variable than Imax. Neither of these traits differs in variability
between dinoflagellates and non-dinoflagellates (Cmax:
χ21 = 0.12, p = 0.73; Imax: χ21 = 0.0007, p = 0.98).

Volume-specific ingestion parameters
The allometric relationships between Cmax and cell vol-

ume, and between Imax and cell volume, both have slopes
< 1, which implies that the same ingestion parameters mea-
sured in volume-specific units tend to decline with cell size.
This is observed when volume-specific parameters are calcu-
lated (Fig. 1c,d). The slope for specific Cmax vs. cell volume is
�0.62 (95% CI: [�0.81, �0.42]) and the slope for Imax vs. cell
volume is �0.16 (95% CI: [�0.26, �0.06]). Estimation of
these slopes is problematic, because flagellate volume is both
a predictor in the model and a component of the response
variable (i.e., it is in the denominators of specific Cmax and
specific Imax). This means that measurement error in cell vol-
ume will tend to bias the slope to be more negative than the
true value. Nonetheless, the values of these slopes are consis-
tent with the expectation from the models displayed in

Fig. 1a,b: a slope of 0.38 for Cmax (Fig. 1a) predicts a slope of
0.38 – 1 = �0.62 for specific Cmax, and a slope of 0.84 for
Imax (Fig. 1b) predicts a slope of 0.84 – 1 = �0.16 for specific
Imax. Finally, the proportional differences between
mixotrophs and heterotrophs, and between dinoflagellates
and non-dinoflagellates, are the same when modeled using
volume-specific parameters instead of the original parameters:
for specific Cmax, a 3.7-fold difference for between hetero-
trophs and mixotrophs and a 16-fold difference between
dinoflagellates and non-dinoflagellates; for specific Imax, a
7.8-fold difference between heterotrophs and mixotrophs
(Fig. 1c,d, statistical results not shown).

Growth efficiency
Growth efficiency measured in biovolume units (flagellate

biovolume created per prey biovolume consumed) is greater for
mixotrophs (geometric mean: 0.69) than for heterotrophs (geo-
metric mean: 0.2; Fig. 3a; F1,63 = 13, p < 10�3). Efficiency does
not differ on average between dinoflagellate and non-
dinoflagellates (F1,63 = 0.03, p = 0.87), and the difference
between mixotrophs and heterotrophs does not differ between
dinoflagellates and non-dinoflagellates (F1,63 = 0.01, p = 0.90).
Growth efficiency of the mixotrophs may be biased upwards in
this comparison because some experiments included dissolved
nutrients in the culture medium, which could be used to
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synthesize new biomass. However, the 10 efficiency estimates
taken, from experiments with diverse small mixotrophs where
dissolved nitrogen was not added, have a geometric mean of
0.98, suggesting that the substantially greater growth efficiency
of mixotrophs is robust. When growth efficiency is added to a
regression model for Cmax that includes cell size, taxonomy, and
temperature as predictors, it explains significant additional vari-
ation, indicating that flagellates with greater growth efficiency
tend to have lower maximum clearance rates (χ21 = 18, p<10�4;
partial correlation r = �0.52; Fig. 3b). Growth efficiency
remains as a significant predictor when only analyzing the
mixotrophs (χ21 = 18, p<10�3) or the heterotrophs (χ21 = 4.6,
p<0.03), although the correlation is stronger within the
mixotrophs (partial correlation r = �0.56 for mixotrophs and
r = �0.33 for heterotrophs).

Discussion
The experiments compiled in this study show that, on aver-

age, mixotrophic flagellates ingest prey at a slower rate than het-
erotrophs. The magnitude of this difference changes with prey
concentration—the 3.7-fold difference in Cmax determines rela-
tive rates under non-saturating prey concentrations, and this
approximately doubles to 7.8-fold under saturating prey concen-
trations where Imax determines the functional response (Fig. 4a).
The magnitude of these effects does not differ between the
diverse nanoflagellates and the (mostly) larger dinoflagellates,

suggesting common underlying tradeoffs affecting mixotrophy
across taxa. Cmax is highly variable, both within mixotrophs and
within heterotrophs, while Imax is more than twice as variable
within mixotrophs compared to heterotrophs (Fig. 2). Some of
the variation in these traits may be associated with physiological
strategies that also affect growth efficiency, because Cmax is neg-
atively correlated with growth efficiency, indicating that faster
grazers exhibit lower efficiency (Fig. 3b). Some of the observed
variation in ingestion traits is likely caused by variation in exper-
imental conditions such as irradiance and nutrient concentra-
tions. Ingestion rates of some mixotrophs have been shown to
be stimulated by dissolved nutrient limitation (Smalley
et al. 2003; Li et al. 2021), and ingestion can be positively or
negatively correlated with irradiance (Stoecker 1998). Because
the mean differences reported here average over a wide diversity
of species and experiments, they should be relatively robust, but
how mixotrophs and heterotrophs differ in situ will likely vary
as species acclimate to different conditions, and as conditions
select for particular species and genotypes. For example,
mixotrophs with faster clearance rates become relatively more
abundant in stratified waters with lower Chl a, and at shallower
depths (Edwards et al. 2023), which could lead to smaller differ-
ences between mixotrophs and heterotrophs in ingestion rates.
One limitation of the current study is that most of the small
mixotrophs were isolated from the oligotrophic North Pacific
Subtropical Gyre, while the small heterotrophs appear to be
largely coastal in origin. Future work should endeavor to isolate
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and study the most abundant open ocean heterotrophic flagel-
lates, which may be particularly well adapted to low prey con-
centrations, and compare them to co-occurring mixotrophs
under uniform conditions.

Implications for mixotroph ecology
One of the fundamental questions in mixotroph ecology is

how environmental conditions combine with underlying
tradeoffs to determine the success of different mixotrophic
strategies, relative to autotrophs and heterotrophs. The fact
that mixotrophs appear to suffer a smaller penalty for Cmax

compared to Imax implies that their ability to compete with
heterotrophs for prey will be greater under lower prey density.
It has also been argued on biophysical grounds that
mixotrophs should suffer a lower nutrient uptake penalty, rel-
ative to autotrophs, when nutrients are scarce (Ward
et al. 2011). This is because fewer nutrient transporters at the
cell surface are needed to optimize uptake when the uptake
rate is more susceptible to diffusion limitation (Lindemann
et al. 2016). Therefore, mixotrophic strategies may experience
the lowest costs when both prey and nutrients are at relatively
low concentrations. Previous modeling work, with some
experimental support, has shown that the success of a
mixotrophic strategy depends on the supply ratio of prey and
nutrients (Ward et al. 2011), or prey and irradiance
(Rothhaupt 1996; Fischer et al. 2017; Hsu et al. 2022), or all
three resources (Berge et al. 2016; Edwards 2019). Because
competition tends to suppress prey concentrations, as well as
nutrient concentrations under sufficient irradiance, the rele-
vant parameter space for considering competitive outcomes
may generally be the low-concentration region favorable to
mixotrophs. Conversely, the relative performance of hetero-
trophs may be greatest under non-equilibrium conditions
where prey concentration is transiently high, such as episodic
blooms or particle-associated microbial hotspots. High mortal-
ity rates in productive ecosystems may also benefit hetero-
trophs, as the top-down control of flagellate populations will
mitigate prey depletion and cause competitive outcomes to be
driven more by maximum ingestion and growth rates (Fischer
et al. 2017).

The trait differences summarized in Fig. 4a imply that if
mixotrophic and heterotrophic flagellates are equally abun-
dant in an ecosystem, substantially less prey biomass will flow
through mixotrophs, as a result of the latter’s substantially
lower per capita ingestion rates. At the same time, mixotrophs
exhibit greater growth efficiency on average (Fig. 3), which is
expected because they can meet some, or potentially all, of
their energy demand through absorbed light rather than respi-
ration of prey biomass. If we combine the average differences
in ingestion traits with the average difference in growth effi-
ciency, and assume for illustration that dissolved nutrients do
not contribute significantly to mixotroph growth, then we
can project the growth vs. prey relationship for the average
heterotroph and mixotroph (Fig. 4b). Because the mixotroph

disadvantage in Cmax is very similar to the mixotroph advan-
tage in growth efficiency, the predicted growth rates under
non-saturating prey concentrations are similar for mixotrophs
and heterotrophs. In terms of ecosystem fluxes, this suggests
that mixotrophs could consume a much smaller fraction of
total prey, but still transfer the same total amount of energy
and nutrients from prey to higher trophic levels, compared to
heterotrophs. Differences in mixotroph and heterotroph phys-
iology could also affect in situ estimates of grazing contribu-
tions, because short-term uptake of labeled prey cells may
reflect differences in ingestion rates, while longer-term incor-
poration of labeled biomass may reflect both ingestion and
assimilation differences (Hartmann et al. 2012). In terms of
competitive interactions, Fig. 4b suggests that a tradeoff
between clearance rate and growth efficiency may equalize the
fitness of competing strategies, which may help explain the
widespread co-occurrence of mixotrophic and heterotrophic
flagellates in sunlit waters. Incorporation of these trait differ-
ences and trait variation into ecosystem models may help con-
strain the many potential ecosystem impacts of mixotrophy
(Ward and Follows 2016; Leles et al. 2018; Glibert and
Mitra 2022).

As stated in the “Results” section, the differences in growth
efficiency reported here should be treated with caution. Effi-
ciencies were calculated based on cell biovolumes, rather than
elemental or energetic transfer efficiencies, and any contribu-
tion of dissolved nutrients to biomass synthesis in mixotrophs
will bias their calculated efficiency upwards. The high
mixotroph growth efficiencies observed in our previous study,
where dissolved nitrogen was not supplemented, suggest that
the qualitative conclusions from Fig. 4 are robust, but it is still
possible that the scarce dissolved nitrogen present in oligotro-
phic seawater medium contributed to growth. Future work
should aim to compare growth efficiencies of diverse
mixotrophs and heterotrophs in units of carbon, nutrients, or
energy, under uniform conditions, with approaches that mini-
mize or quantify assimilation of nutrients from sources other
than prey biomass.

Underlying mechanisms and allometric scaling
The physical mechanisms underlying functional trait varia-

tion among flagellates are not well understood, but the pat-
terns of trait variation documented here may provide some
insights. The negative correlation between specific Cmax and
growth efficiency is consistent with one previously docu-
mented for small mixotrophs from diverse taxa, some of
which are included in the current analysis. It has also been
found that mixotrophs with a faster growth rate under photo-
trophic growth conditions (dissolved nutrients but no added
prey) tend to have a lower specific clearance rate (Edwards
et al. 2023). These multiple lines of evidence imply a spectrum
of trophic strategies including autotrophs, mixotrophs ranging
from relatively autotrophic to relatively heterotrophic strate-
gies, and heterotrophs. The mechanism causing lower specific
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Cmax of mixotrophs relative to heterotrophs, as well as varia-
tion along the spectrum of mixotrophs, is not clear, but Cmax

is thought to be driven by the flagellar mechanics which affect
encounter rates between predator and prey (Nielsen and
Kiørboe 2021). Therefore, varying investment in swimming
speed and other aspects of feeding current generation may
underlie variation in Cmax. An increase in cell size driven by
the inclusion of one or more chloroplasts will also reduce the
volume-specific clearance rate, all else equal (Raven 1997;
Berge et al. 2016). Within heterotrophic flagellates there is also
a (weaker) negative correlation between specific Cmax and
growth efficiency, which suggests additional trait covariation
not related to phototrophy vs. phagotrophy. One possibility is
a fast-slow axis of metabolic strategies, where higher ingestion
rates are driven by higher metabolic rates that reduce growth
efficiency, and potentially cause higher encounter rates with
predators as well (Kiørboe and Thomas 2020).

The greater mixotroph penalty for Imax vs. Cmax implies these
traits have distinct mechanistic underpinnings. Maximum inges-
tion rate is expected to be limited by the time it takes to handle
and ingest prey (Suzuki et al. 2021), or by the time it takes to
digest prey (Jeschke et al. 2002). These processes may be more
energetically expensive than the flagellar motion driving Cmax

(Raven and Lavoie 2021), which could lead to a greater reduction
in Imax when mixotrophs invest energy in phototrophy instead
of phagotrophy. The inclusion of relatively bulky photosynthetic
machinery in the cell could also reduce the maximum digestion
rate by reducing the number of prey that can be simultaneously
digested. Finally, because prey concentrations are generally dilute
and non-saturating in pelagic systems, mixotrophs are likely
under greater selection to increase Cmax compared to Imax.

Similar to the patterns revealed here, previous compilations
of heterotrophic pelagic organisms, including unicellular and
multicellular life, have also found relatively uniform allome-
tric relationships across taxa for Imax, but distinct intercepts
for Cmax (Hansen et al. 1997; Kiørboe and Hirst 2014). These
patterns imply that the efficiency of prey encounter relative to
cell size declines fairly steeply as cell size increases, but that
dinoflagellates have an innovation that increases their base-
line encounter rate. A possible contributor is that dinoflagel-
lates possess ingestion mechanisms allowing them to ingest
relatively large prey (Jeong et al. 2010), which should increase
contact rates (Shimeta 1993). In this dataset the geometric
mean predator : prey size ratio (using equivalent spherical
diameter) is 1.5 for dinoflagellates and 4.5 for non-
dinoflagellates.

Allometric scaling of ecophysiological rates is often quanti-
fied by a power law function of body mass (M), and whole
organism energy consumption often scales proportional to
M3/4, which is equivalent to M�1/4 scaling for mass-specific
energy consumption (Brown et al. 2004). Other physiological
and ecological rates can exhibit quarter-power scaling as well,
presumably because they are driven by rates of energy con-
sumption (Brown et al. 2004). The scaling exponent for Cmax

in the current study is substantially shallower than 0.75, being
0.38 with a 95% CI of (0.19, 0.58). In contrast, Imax has a
steeper exponent of 0.84 with 95% CI of (0.67, 1.0), over-
lapping 0.75. Importantly, we analyzed both of these traits as
a function of cell volume, rather than cell mass. Cell mass was
measured in very few of the compiled experiments, but
among protists the mass per volume tends to decline with
increasing cell size, such that M � Vb, with relevant estimates
of b ranging from 0.86 (dinoflagellates only) to 0.94 (all non-
diatom protists) (Menden-Deuer and Lessard 2000). If we
extrapolate mass scaling relationships for Cmax and Imax using
a mass–volume scaling exponent of 0.94 then Cmax would
scale with cell mass with an exponent of 0.40, and Imax with
an exponent of 0.89. If we use a shallower mass–volume scal-
ing exponent of 0.86 then the predicted exponents are 0.43
for Cmax and 0.96 for Imax. It is noteworthy that the shallower
Cmax scaling only occurs when recognizing that dinoflagellates
and non-dinoflagellates have similar within-group slopes but
different intercepts (Fig. 1). If all flagellates are pooled
(i.e., distinct intercepts ignored), then Cmax scales with cell
volume with an exponent of 0.78, and is predicted to scale
with cell mass with exponents ranging from 0.83 to 0.89,
which is similar to Imax. Therefore, when considering flagel-
lates as a whole, the ingestion rates at both low and high prey
concentrations scale with cell volume in a way that may be
consistent with quarter-power scaling but is somewhat closer
to isometric scaling.

Conclusion
Our results suggest that the average mixotrophic flagellate

ingests prey at a substantially lower rate than the average het-
erotrophic flagellate, although this penalty is reduced by half
under low prey concentrations. The greater growth efficiency
of mixotrophs, facilitated by sunlight, may be large enough to
yield a prey-supported growth rate equivalent to heterotrophs
at typical prey concentrations, even when ingestion is much
slower. The tradeoff between ingestion rate and growth effi-
ciency appears to occur broadly across mixotrophs as well,
and to a lesser extent across heterotrophs, illuminating a
broad spectrum of flagellate trophic strategies that may corre-
late with environmental gradients. Dinoflagellates and other
flagellate species exhibit similar constraints on trait variation,
but dinoflagellates achieve a much higher clearance rate than
would be expected for a particular cell size, which may under-
lie their success among the larger unicellular plankton. Future
efforts to further refine our understanding of the tradeoffs that
govern competition among phototrophic, mixotrophic, and
heterotrophic marine flagellates would benefit from compara-
tive studies using more isolates of all types from the open
ocean—including mass or energy-based measurements of
growth efficiencies—along with application of methods to dis-
criminate and quantify in situ carbon and energy fluxes
through mixotrophic and heterotrophic consumers.
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Data availability statement
All data and R code for data analysis are provided in

Supporting Information.
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