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Abstract

The importance of biodiversity effects on ecosystem functioning across trophic levels, especially via predatory—prey
interactions, is receiving increased recognition. However, this topic has rarely been explored for marine microbes, even
though microbial biodiversity contributes significantly to marine ecosystem function and energy flows. Here we examined
diversity and biomass of bacteria (prey) and nanoflagellates (predators), as well as their effects on trophic transfer efficiency
in the East China Sea. Specifically, we investigated: (i) predator diversity effects on prey biomass and trophic transfer
efficiency (using the biomass ratio of predator/prey as a proxy), (ii) prey diversity effects on predator biomass and trophic
transfer efficiency, and (iii) the relationship between predator and prey diversity. We found higher prey diversity enhanced
both diversity and biomass of predators, as well as trophic transfer efficiency, which may arise from more balanced diet and/
or enhanced niche complementarity owing to higher prey diversity. By contrast, no clear effect was detected for predator
diversity on prey biomass and transfer efficiency. Notably, we found prey diversity effects on predator—prey interactions;
whereas, we found no significant diversity effect on biomass within the same trophic level. Our findings highlight the

importance of considering multi-trophic biodiversity effects on ecosystem functioning in natural ecosystems.

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41396-018-0111-3) contains supplementary
material, which is available to authorized users.

>< Chih-hao Hsieh
chsieh@ntu.edu.tw

Institute of Oceanography, National Taiwan University,
Taipei, Taiwan

Division of Life Science, The Hong Kong University of Science
and Technology, Kowloon, Hong Kong

Institute of Marine Environment and Ecology and Center of
Excellence for the Oceans, National Taiwan Ocean University,
Keelung, Taiwan

Institute of Ecology and Evolutionary Biology, Department of Life
Science, National Taiwan University, Taipei, Taiwan

Research Center for Environmental Changes, Academia Sinica,
Taipei, Taiwan

National Center for Theoretical Sciences, Taipei, Taiwan

SPRINGER NATURE

Introduction

Anthropogenic disturbance on natural environments
demands a greater understanding of the consequences of
biodiversity change on ecosystem functioning [1, 2]. The
majority of studies on this topic, however, have focused on
single-trophic levels [3]. Over the last decade, increasing
evidence of significant biodiversity effects on ecosystem
functioning through trophic interactions (e.g., predator—prey
interactions and flux of energy and matter) has highlighted
the need to go beyond single-trophic-level diversity effects
(e.g., [4-8]). However, a point of concern is that multi-
trophic biodiversity effects are complex (e.g., the direction
and strength of effect) and the issue remains controversial
(e.g., [9-12]). Disagreements over these biodiversity effects
between previous studies are partly attributed to the dif-
ferences in trophic structure of the studied predator—prey
interactions [3, 13-15]. Examples of these differences
include: the degree of intraguild predation in the food web;
the proportion of generalists present at the predator level
[16, 17]; and the amount of edible species at the prey level
[18].
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Fig. 1 Conceptual diagram illustrating the studied hypotheses asso-
ciated with diversity effects on trophic interactions. Hypothesis I:
predator diversity (I-1) increases predator consumption and conse-
quently prey biomass, which in turn elevates predator/prey biomass
ratio (PPBR, a proxy for trophic transfer efficiency), or (I-2) weakens
grazing pressure, and as a consequence releasing prey biomass from
depression and reducing PPBR. Hypothesis II: prey diversity (II-1)
promotes predator biomass and thus increases PPBR or (II-2) reduces
predator production and biomass by hindering predation through
diluting the proportion of edible prey and thus decreases PPBR.
Hypothesis III: (III) prey diversity promotes predator diversity

Multiple hypotheses have been established in terms of
trophic interactions mediated by diversity effects of pre-
dators and prey, respectively (Fig. 1). These hypotheses
predict opposing effects of diversity on trophic transfer as
follows: from the aspect of predator diversity, Hypothesis I-
1 predicts that higher predator diversity enhances the total
amount of consumption and thus promotes trophic transfer.
The assumption underlying this hypothesis is that higher
predator diversity strengthens the top-down control on prey
through diet niche partitioning and thus increases the total
consumption by predators [19-21]. In contrast, Hypothesis
I-2 predicts that predator diversity decreases consumption
and trophic transfer. This prediction considers interference,
such as intraguild predation among predators, as a potential
consequence of elevated predator diversity [22, 23]. There
are also two contrasting hypotheses about how prey diver-
sity affects predators through bottom-up controls. That is,
Hypothesis II-1 predicts that higher prey diversity increases
predator consumption and trophic transfer between pre-
dators and prey via wider diet breadth [19-21] or more

diverse and balanced resources for predators (the balance
diet hypothesis [24]). By contrast, Hypothesis II-2 predicts
that a greater prey diversity hinders predator consumption
and thus decreases the trophic transfer between trophic
levels. This hypothesis involves the scenario that higher
prey diversity may also be associated with greater inedible
prey abundance, positive interaction (such as facilitation),
higher prey recovery rate (through enhanced resource uti-
lization), and antagonist activity in the prey community, all
of which can strengthen prey resistance to predation [11,
25-27].

In addition, focusing on the interplay between predator
and prey diversity, Hypothesis III predicts that predator
diversity is promoted by prey diversity: greater diversity of
prey could increase the opportunities for niche specializa-
tion (e.g., [13]). Furthermore, based on an extension of the
balanced diet hypothesis, predator coexistence may be
maintained via balanced food resources. In fact, positive
predator—prey  diversity  relationships  have  been
commonly observed in terrestrial ecosystems [28-30].
However, in other ecosystems, such as marine and fresh-
water systems, the nature of predator-prey (e.g.,
zooplankton—phytoplankton) diversity relationships are thus
far unclear (weak, neutral, or even negative; [31-33]).

In spite of the recognized importance of multi-trophic
diversity effects, very few studies have been conducted to
test these aforementioned, contrasting hypotheses in open
ocean systems [34, 35]. To fill this knowledge gap, we
investigated nanoflagellates (predator) and bacteria (prey)
communities in the East China Sea (ECS). The ECS fea-
tures a wide gradient of microbial diversity owing to the
substantial environmental variations from coastal to oceanic
regions [36, 37]. Regarding trophic interaction, the grazing
effect of nanoflagellates on bacterial biomass has been
studied in the ECS [38], and has potentially profound
impacts on biogeochemical cycling and energy transfer
through the microbial loop [39-41]. Clear biodiversity
effects on the trophic interaction between protist and bac-
terial communities had been examined in laboratory
experiments [42, 43]. Yet, to our knowledge, the diversity
relationship between nanoflagellates and bacteria, and the
bi-trophic diversity effects on the functioning of marine
ecosystems has not been explored in marine pelagic
systems.

Here we tested the aforementioned hypotheses (Fig. 1)
by exploring the relationship between nanoflagellate (pre-
dator) and bacterial (prey) biodiversity, and biodiversity
effects on ecosystem functioning. We obtained predator and
prey diversity estimates by performing MiSeq paired-end
sequencing and used predator and prey biomass as the
response variables to the biodiversity change: the predator
biomass as a consequence of predator production, the prey
biomass as a result of predator’s consumption, and the
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predator-prey biomass ratio (PPBR) as a proxy for trophic
transfer efficiency [33, 44, 45]. This study is expected to
provide new insight into the importance of biodiversity
effects at multiple trophic levels in marine ecosystems.

Materials and methods
Sample collection and environmental variables

A total of 70 surface layer samples (3—5-m depth) were
collected in April, May, July, and August of 2014 and May,
June, and July of 2015 (Supplementary Fig. S1), using Go-
Flo bottles mounted on a CTD-equipped rosette (Sea-Bird
Electronics, Bellevue, WA, USA). The water samples were
pre-filtered through a 20-um pore size mesh to exclude large
plankton. Approximately 20 liters of pre-filtered seawater
was sequentially filtered through two size fractions (1.2-um
and 0.2-um) of polycarbonate membranes (Millipore, USA)
for a coarse separation of predator (protists, including
nanoflagellates) and prey (bacteria). To estimate bacterial
abundance, 2 ml of the pre-filtered seawater was fixed using
paraformaldehyde solution with a final concentration 0.2%
[46]. For the nanoflagellate abundance counts, 50 ml of the
pre-filtered seawater was fixed using glutaraldehyde with a
final concentration 1% [47]. All samples were stored in
liquid nitrogen onboard.

Temperature and salinity were recorded by the CTD
profiler. Nitrite and nitrate concentrations were measured by
the pink dye method, and phosphate concentrations were
measured by the molybdenum blue, according to standard
methods [48].

DNA extraction, sequencing, and sequences
processing

Total DNA was extracted separately from the 1.2-um and
0.2-um pore size membranes using the Meta-G-Nome™
DNA Isolation Kit (Epicentre Biotechnologies, Madison,
WI, USA) according to the manufacturer’s instructions.
DNA extracts from 1.2-uym and 0.2-um pore size mem-
branes were separately used as templates of polymerase
chain reaction (PCR) to amplify the V4 region [49] of 18S
rDNA (for protists including nanoflagellates) and the
V5-V6 region [50] of 16S rDNA (for bacteria), respec-
tively. PCR was performed in two-steps to avoid barcode
bias [51]. Specifically, we amplified the target region in the
first PCR, and generated amplicons with unique dual-index
for each sample in the second PCR. Sequencing was carried
out using the Illumina MiSeq platform (Illumina, CA,
USA), producing 2x300bp paired-end reads. More
experimental details were provided in  Supplementary
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Information. The sequence data have been deposited in the
NCBI Sequence Read Archive (SRA) under the accession
numbers: PRINA378895, PRINA378896, PRINA387529,
and PRINA387530.

Sequence processing

To minimize sequencing errors, low-quality sequences
(<Q30) were first trimmed out with Trimmomatic 0.35 [52].
The paired-reads were merged (with minimum 100-bp
overlap) and filtered, using PANDAseq [53]. The following
filtering parameters were used: (i) non-overlapping paired-
reads; (ii) sequences <120 nucleotides; (iii) with incomplete
or incorrect primer sequences; and (iv) with more than one
undetermined nucleotide. Qualified reads were processed
using the Quantitative Insights Into Microbial Ecology
(QIIME) pipeline [54]. For chimera checking, VSEARCH
[55] and UCHIME [56] were used in de novo mode.
Operational taxonomic units (OTUs) were identified at the
97% sequence similarity level using sumaclust [57].
Representative sequences for OTUs were aligned using
PyNAST [58] and then phylogenetic trees were constructed
using FastTree [59]. Taxonomy assignments for the 18S
and 16S rDNA sequences were generated using uclust [60]
based on Silva 123 database [61]. The singletons at
regional level and unassigned OTUs at Domain level were
excluded.

Estimating predator and prey diversity

To obtain predator diversity estimates, we extracted the
OTUs from the 18S rDNA pool that was affiliated to the
common bacterivorous nanoflagellates according to the lit-
erature (Supplementary Table S1), which contained mostly
the heterotrophic nanoflagellates (HNF). Although a num-
ber of pigmented nanoflagellates are bacterivorous (known
as mixotrophic nanoflagellates), we did not include them in
the predator assemblages, given controversy surrounding
the extent to which these groups contribute to the top-down
control on bacterial communities [62-65].

For prey diversity estimates, we considered two func-
tional groups: autotrophic (cyanobacteria) and heterotrophic
bacteria communities (cyanobacteria excluded). This dis-
tinction was motivated by observations that these two
functional groups show different responses to environ-
mental factors (Supplementary Table S2). Moreover, it has
been suggested that the HNF have a different diet pre-
ference on cyanobacteria and heterotrophic bacteria (e.g.,
ref. [66]). We note, for autotrophic bacteria, one sample was
excluded due to low read number (<100 reads), and thus
only 69 out of 70 samples were included in the statistical
analysis.
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Diversity indices and standardization of diversity
estimates

To achieve a more comprehensive investigation on diversity
effects, we compared various indices with different
emphases on relative abundance: OTU richness, the expo-
nential of Shannon’s entropy index (hereafter, Shannon
diversity), the inverse of Simpson’s concentration index
(hereafter, Simpson diversity), as well as phylogenetic
diversity [67] that incorporates evolutionary influence. To
have a fair among-site comparison, we employed the
coverage-based approach for diversity estimation [68, 69].
Different from the traditional sample size-based approach,
the coverage-based approach yields less biased comparisons
of diversity among communities resulted from unequal
sampling coverage [68]. The fixed-coverage of hetero-
trophic (97.9%) and autotrophic (99.3%) bacterial com-
munities was determined by the minimum coverage among
samples. For the HNF communities, the fixed-coverage
(98%) was decided by the coverage of the double of the
minimum reference reads among all samples [68]. To
achieve this coverage, exploration prediction was conducted
for some samples (Supplementary Table S3). Results from
the sample size-based approach were provided (Supple-
mentary Table S2 and S4) and showed consistent diversity
patterns as those of the coverage-based approach.

Quantification of predator and prey biomass and
trophic transfer efficiency

The numbers of the HNF used as the predator abundance
were counted under an epifluorescence microscope
(Olympus, Tokyo, Japan). Glutaraldehyde-fixed water
samples of 50 ml were filtered onto black nucleopore filters
(0.8-um pore size) and stained with 4'6-diamidino-2-phe-
nylindole (DAPI) at a final concentration of 1 ug ml™" [70].
The HNF were recognized and counted by blue cell nuclear
fluorescence under UV illumination while no orange or red
autofluorescence from chlorophyll pigment under blue
excitation light. A total of 50 randomly chosen fields of
view under magnification at x1000 were examined for each
sample [71]. The abundance of the HNF was converted to
the biomass using a factor of 4700 fg C cell™ [72].

For prey abundance estimation, autotrophic and
heterotrophic  bacteria were counted, respectively.
Paraformaldehyde-fixed water samples of 2ml were
enumerated by FACSAria flow cytometer (FACSAria,
Becton Dickinson, USA). For each sample, a subsample of
1 ml was stained by SYBR Green (Molecular Probes Inc.,
Eugene, OR, USA) for 15 min in the dark for enumerating
total bacteria [73] and the other unstained subsample (1 ml)
was used for enumerating Prochlorococcus and Synocho-

coccus (autotrophic bacteria) abundance [74]. The

heterotrophic bacterial abundance was converted to the
biomass using a conversion factor of 20 fg C cell™ [75].
The abundance of Prochlorococcus and Synochococcus was
converted to the biomass with a conversion factor of 60 fg C
cell”! and 178 fg C cell™ [76], respectively, and the sum
was used as the total autotrophic bacterial biomass.

We used the HNF/bacteria (autotrophic or heterotrophic
bacteria) biomass ratio (predator/prey biomass ratio denoted
as PPBR) as a proxy of trophic transfer efficiency between
the HNF (predator) and the bacteria (prey). This usage was
motivated by previous studies that used the biomass ratio of
predators and prey as a proxy for trophic transfer efficiency
[33, 44, 45]. We acknowledge that the predator-prey system
we investigated is embedded in a larger food web: both
predator and prey biomass and thus PPBR values may be
influenced by organisms at other trophic levels that we did
not estimate (for example, the grazing effect on
nanoflagelaltes).

Statistical analysis

To test Hypotheses I-III (Fig. 1), we used a generalized
linear mixed-effects model (GLMM) [77], with sampling
season (spring: April, May, and June; summer: July,
August, and September) as a random effect. To test
Hypothesis I, predator biomass or PPBR was used as the
dependent variable while prey diversity was used as the
independent variable. For Hypothesis II, prey biomass or
PPBR was used as the dependent variable while predator
diversity as the independent variable. For Hypothesis I and
II, GLMM was conducted with Gaussian distribution and a
log-link function. Finally, for Hypothesis III, predator
diversity was used as the dependent variable while prey
diversity as the independent variable; here, the GLMM was
analyzed with Gaussian distribution and an identity link
function. Note that, we repeated the analyses for the four
diversity indices and two functional groups of prey as
explained above. We noted that for each analysis, we car-
ried out multiple tests with various diversity indices; how-
ever, we did not correct the threshold a-value for multiple
tests, because those diversity indices are correlated and did
not represent independent tests; nevertheless, we reported
the exact P-values.

To avoid possible spurious relationships between bac-
teria and HNF simply arising from shared environmental
forces and to account for within trophic-level effects, we
also evaluated the trophic interaction (prey diversity effect
on prey biomass and predator diversity effect on prey bio-
mass) using the partial least squares approach to structural
equation modeling (PLS-SEM). PLS-SEM maximizes the
amount of variance explained rather than fits a common
factor model to the data when constructing the model (the
relationships between observed data and latent variables,
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and between latent variables); it can accommodate the
relatively small sample size, and is useful in identifying the
key drivers in a complex network [78]. Our SEM model
includes six variables: temperature (sea water temperature),
nutrient (nitrite, nitrate, and phosphate with loadings of
0.95, 0.94, and 0.69, respectively), prey diversity (bacterial
diversity), predator diversity (the HNF diversity), prey
biomass (bacterial biomass), and predator biomass (the
HNF biomass). Predator and prey biomass and PPBR were
log10 transformed to achieve normality. PLS-SEM was run
using 1000 bootstraps to validate the estimates of path
coefficients and the coefficients of determination. These
analyses were repeatedly performed for the two functional
groups of prey (autotrophic and heterotrophic bacteria).

Computation

The diversity estimation was implemented using the iNEXT
and iNextPD packages [68, 69], GLMM was conducted
using the MASS package [77], and PLS-SEM was con-
ducted using the plspm package [79] in the R program [80].
The R scripts of these analyses are provided in Supple-
mentary Information.

Results

For Hypothesis I, we did not find a clear relationship
between predator diversity and prey biomass (also PPBR),
regardless of which different prey functional groups (auto-
trophic or heterotrophic bacteria), and diversity indices were
examined (P>0.40; Figs. 2a, b, 3a, b; Supplementary
Figs. S2a, b and S3). The pattern based on PLS-SEM
analysis also suggested non-significant effects of predator
diversity on prey biomass (Fig. 4a, b). Thus, our results do
not support either Hypothesis I-1 or I-2.

For Hypothesis II, considering the prey diversity effect,
the results for heterotrophic bacteria (prey) were supported,
showing that increasing prey diversity enhanced predator
biomass. This result was consistent for Shannon (Pearson’s
correlation, »=0.30, P =0.012; GLMM, P =0.0186) and
Simpson diversity (Pearson’s correlation, r=0.31, P=
0.008; GLMM, P = 0.046) (Figs. 2c and 3c; Supplementary
Figs. S4a, c and e). The pattern remained consistent in PLS-
SEM analyses, which accounted for the interaction within
trophic levels and environmental factors (Fig. 4a). In
addition, heterotrophic prey diversity promoted trophic
transfer efficiency (Figs. 2d and 3d; Supplementary
Figs. S4b, d and f). Whereas, for autotrophic bacteria (prey),
positive prey diversity effect on predator biomass held only
for the Shannon and Simpson diversity (Supplementary
Figs. S2c). Furthermore, a significant positive relationship
between autotrophic bacteria (prey) diversity and PPBR
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held only for phylogenetic diversity (Supplementary
Figs. S2d).

Finally, considering the relationship between predator
(the HNF) and heterotrophic prey (bacteria) diversity
(Fig. 3e), our findings supported Hypothesis III, showing a
positive predator-prey diversity relationship. The analyses
based on multiple diversity indices showed consistent
results for OTU richness (Pearson’s correlation, r = 0.36,
P <0.0001; GLMM, P =0.002), Shannon (Pearson’s cor-
relation, »=0.45, P=0.0002; GLMM, P = 0.00005) and
phylogenetic diversity (Pearson’s correlation, r = 0.41, P =
0.0007; GLMM, P =0.002) (Figs. 2e and 3e; Supplemen-
tary Fig. S5). On the contrary, the diversity of autotrophic
prey (bacteria) did not show a clear relationship with pre-
dator (the HNF) diversity (Supplementary Fig. S2e). This
pattern remained consistent after accounting for environ-
mental effects and interaction within trophic levels in the
PLS-SEM analysis (Fig. 4a, b).

We did not find biodiversity effects within the same
trophic level. There was no clear relationship between
diversity and biomass for predator or prey, regardless of
different functional groups of prey and which diversity
indices we examined (Fig. 4a, b; Supplementary Table S2).
In the main text we focused on Faith’s phylogenetic
diversity (PD), and noted that Faith’s PD does not consider
relative abundance (Hill’s number ¢ =0) [68]; we further
estimated the higher Hill’s number of phylogenetic diversity
(g =1 and 2) and presented the results in Supplementary
Information (Supplementary Fig. S6).

Discussion

The effects of predator diversity on trophic
interactions

We did not find any significant effect of predator diversity
on prey biomass or PPBR, based on GLMM (Fig. 2a, b) or
after accounting for environmental factors using the PLS-
SEM analysis (Fig. 4); therefore, our results supported
neither Hypothesis I-1 nor -2. This conclusion contradicts
many previous marine studies that have emphasized the
importance of ecosystem responses to predator diversity
loss in multi-trophic levels (e.g., refs. [4, 34, 35, 81]). This
unexpected result may be explained in several ways: First,
previous studies which demonstrated significant impacts of
predator diversity on prey biomass were often conducted in
closed systems (e.g., refs. [12, 82]), which precluded the
possibility of immigration. In contrast to those studies, ours
was an open system study allowing for movement of
organisms, which may weaken predator effects on the prey
communities by compensating the predator-induced reduc-
tion in prey biomass [11, 83]. Furthermore, in the context of
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Fig. 2 Relationships used to evaluate the aforementioned Hypotheses
in Fig. 1. Hypothesis I: effects of predator diversity (Shannon diver-
sity) on (a) prey (heterotrophic bacteria) biomass and (b) predator-prey
biomass ratio (PPBR). Hypothesis II: effects of prey diversity on (c)
predator biomass and (d) PPBR. Hypothesis III: (e) predator and prey

marine microorganisms, the bacterial growth rate is nearly
equal to the mortality rate imposed by their grazers [38, 47,
84]. As such, fast bacterial growth may allow bacteria to
recover their biomasses from losses due to predation, and
dampen the effects of predator grazing on prey biomass.
Another possibility is that we only considered the effect
between two trophic levels. The effects of higher trophic-
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diversity relationship. Note in a—d, the Y-axis is in log-scale with the
base of 10. The circles and triangles represent the samples collected in
the summer and spring seasons, respectively. The line indicates the
best-fit linear regression line with significant (P <0.05) relationship
based on GLMM analysis with season as the random effect

level grazing cannot be estimated in this study but may
weaken or even eliminate the nanoflagellates top-down
control on bacteria community. In addition to biotic
effects, environmental factors possibly alter bacterial
abundance and community structure, which may
override the effect of trophic interaction in the field.
In the ECS, many studies have demonstrated significant

SPRINGER NATURE



1538 J. W. Yang et al.
(a) Predator diversity vs. prey biomass (b) Predator diversity vs. PPBR
0.50 - 0.50
0.25 - 0.25 A
r
0.00 0.00 —
P =0.791 Pl—l_ o P = 0.626 P-0672 P =0.792 =
_0.95 - P =0.450 P =0.232 ~0.25 -
O‘i’U Sharlmon Sim;l)son PID O‘i’U Sharlmon Simrl)son PID
(c) Prey diversity vs. predator biomass (d) Prey diversity vs. PPBR
0.50 - 0.50
P - 0.031 P=0012 P=0008 P=0018 P=0016 P =0.010
0.25 - 0.25 4 P =0.085 P =0.076
r J J
0.00 - 0.00
-0.25 - -0.25 1
O'i'U Sharlmon Sim;l)son PID O'i'U Sharlmon Sim;l)son PID
(e) Prey diversity vs. predator diversity
0.50 P = 0.0002 P = 0.0007
P < 0.0001
P =0.0145
0.25 -
" 0.00-
-0.25 -
OWI'U Sharlmon Sim;l)son PID

Fig. 3 Bar-plot summarizing the relative strength (Pearson’s correla-
tion, r) and its P-value of biodiversity effect on trophic interaction
based on different diversity indices: richness (OTU), Shannon,
Simpson, and phylogenetic diversity (PD), for the heterotopic bacterial
prey. Hypothesis I: effects of predator diversity on (a) prey biomass

relationships between environmental factors and bacterial
assemblages (e.g., refs. [36, 46, 85]). Indeed, in this study,
environmental effects on heterotrophic bacterial biomass
were also found, and it was stronger than that of top-down
control: heterotrophic bacteria biomass was controlled pri-
marily by temperature rather than the diversity or biomass
of predators (Fig. 3a).

The effects of prey diversity on trophic interactions

We found that prey diversity significantly enhanced pre-
dator biomass and trophic transfer efficiency (Fig. 2c, d),
supporting Hypothesis II-1, instead of Hypothesis II-2.
These findings are in keeping with a previous
experimental study that demonstrated a positive effect of
bacteria diversity on predator production [82]; whereas, our
findings stand in contrast to many previous studies in
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and (b) predator-prey biomass ratio (PPBR). Hypothesis II: effects of
prey diversity on (c¢) predator biomass and (d) PPBR. Hypothesis III:
(e) predator and prey diversity relationship. Filled and open bars
indicate positive and negative effects, respectively

aquatic systems showing that diverse prey assemblages
hinder trophic transfer. For example, a negative
effect of prey diversity on predator consumption has usually
been found in aquatic systems with algal prey [31, 33, 34,
86], in which increasing algal diversity may be accom-
panied by an increasing size variety and enhanced propor-
tion of defensive prey [25, 26, 87]. The difference
between findings for bacterial versus algal prey may lie in
the fact that bacterial prey have little ability to defend
against predatory grazing via size-based or chemical-based
inhibition, as the size of free-living marine bacteria is
consistently small and chemical defense is less prevalent
among planktonic bacteria (compared with biofilm
bacteria; [88]). Overall, our findings are in line with two
hypotheses: (i) more diverse prey assemblages may contain
a greater variety of essential biomolecules, which benefit
generalist predators, known as “the balance diet hypothesis”
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Fig. 4 PLS-SEM analysis deciphering (a) the effect of Shannon
diversity of heterotrophic nanoflagellates (HNFD, predator) and het-
erotrophic bacteria (HBD, prey) on their biomasses (HNFB and HBB),
as well as (b) the effect of Shannon diversity of heterotrophic nano-
flagellates (HNFD, predator) and autotrophic bacteria (ABD, prey) on
their biomasses (HNFB and ABB). Both of the two analyses account

or “mixed-diet effect” [12, 24, 89], and (ii) higher prey
diversity may provide a wider range of niche breath for
specialist predators and promote predator consumption and
production via niche partitioning effect (e.g., refs. [19-21,
89]). We acknowledge that our conclusion here is based on
correlation analyses; thus, we cannot rule out the possibility
that the positive relationship between prey diversity and
predator biomass could be a result of predation-mediated
species coexistence [90].

Interestingly, Simpson and Shannon diversity indices of
the prey (heterotrophic bacteria) showed better correlation
with predator biomass and PPBR than OTU richness
(Fig. 3c, d). These results suggest a need to consider the
effect of prey evenness on trophic interaction, a topic rarely
discussed in previous studies [91]. To further address this
idea, we computed prey (heterotrophic bacteria) evenness
(i.e., inverse Simpson’s index divided by richness) and
investigated the relationship between prey evenness versus
predator biomass and PPBR and found that predator bio-
mass and PPBR tended to increase with prey evenness
(Supplementary Fig. S7). Our results elucidate the effect of
prey evenness, in addition to richness, in trophic interaction.

Predator and prey diversity relationship

Our results support Hypothesis III, that predator and prey
diversities were positively correlated when considering
heterotrophic bacterial prey (Figs. 2e, 3e and 4a). Our
finding agrees with the majority of studies in terrestrial

ABB

0.01

0.04

gof=0.266

for the effects of temperature (Tem), nutrient (Nut), and the interaction
within individual trophic level (e.g., the relationship between HBD and
HBB, as well as between HNFD and HNFB). Black and gray lines
indicate the significant (P <0.05), and non-significant (P>0.05)
relationships, respectively. The “gof” indicates the goodness of fit

systems (e.g., refs. [28-30, 92]). However, to the best of our
knowledge, this is the first study demonstrating a significant
“positive” predator—prey diversity relationship in marine
ecosystems since most previous oceanic studies have
focused mainly on zooplankton—phytoplankton interactions,
and have presented a weak, neutral or even negative
predator-prey diversity relationship [31-33, 86]. The lack of
a significant positive predator—prey diversity relationship
has been attributed to the reduced degree of specialization
for zooplankton [31] or the involvement of a high propor-
tion of defensive phytoplankton taxa [26]. Our finding
suggests that these issues may not be critical for interactions
of bacteria and nanoflagellates.

Considering different functional groups of prey

The heterotrophic bacteria showed a more consistent and
stronger relationship with their predators than autotrophic
bacteria. While heterotrophic bacterial diversity sig-
nificantly promoted the predator diversity and trophic
transfer efficiency, these relationships were absent when
considering autotrophic bacteria as prey (comparing Fig. 4a,
b; Supplementary Fig. 2e). This difference is probably
related to the diet preference of predators. It is generally
believed that heterotrophic prey are a more important
energy source than autotrophic prey [66, 93-95] in spite of
a few contradictory results [96]. Thus, our results underline
an important (but often-omitted) consideration in empirical
research that different functional groups of prey have
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different effects on trophic interactions among micro-
organisms in natural marine ecosystems. Nevertheless, we
cannot rule out a simple alternative statistical explanation:
the range of variation in the diversity of autotrophic bacteria
(on average OTU = 3.0 £ 2.6 for each community) is much
smaller than that of heterotrophic bacteria (on average OTU
=320.9 = 141.3 for each community).

Considering taxonomic composition

As a final check, we also investigated the effects of predator
and prey taxonomic compositions. Our results indicate that,
while the predator biomass changed with prey taxonomic
composition, no relationship was found between predator
composition and prey biomass (Supplementary Figs. S8 and
S9). Quantifying relative contributions of taxonomic com-
position and diversity in affecting ecosystem functioning is
an important issue [1] but it is beyond the scope of this
study.

Conclusion

For the first time, we show a biodiversity effect across
trophic levels using the nanoflagellate-bacteria linkage in
the ECS. We report that prey diversity has positive effects
on the biomass (Fig. 2c) and diversity (Fig. 2e) of predators,
as well as trophic transfer efficiency (Fig. 2d). However,
predator diversity has little effect on prey biomass or trophic
transfer efficiency (Fig. 2a, b); whereas, prey biomass was
chiefly affected by environmental factors rather than top-
down control (Fig. 4a). Overall, multiple trophic-level
diversity effects on trophic interaction are more prominent
than effects within trophic levels for microbial assemblages
(Fig. 4 ad Supplementary Table 2) in the ECS. Never-
theless, the relationships we found in our data are not
strong; this may reflect the complexity of natural systems
where more than two trophic levels are actively interacting.
Our findings corroborate the recent emphasis on multi-
trophic biodiversity effects on ecosystem functioning in
natural systems (e.g., refs. [4-8]).
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