
Chemical and microbial diversity covary in fresh water
to influence ecosystem functioning
Andrew J. Tanentzapa,1, Amelia Fitcha,2, Chloe Orlanda,3, Erik J. S. Emilsona,4, Kurt M. Yakimovichb, Helena Osterholzc,
and Thorsten Dittmarc,d

aDepartment of Plant Sciences, University of Cambridge, Cambridge CB2 3EA, United Kingdom; bVale Living with Lakes Centre, Laurentian University,
Sudbury, ON P3E 6H5, Canada; cInstitute for Chemistry and Biology of the Marine Environment, Carl von Ossietzky University, Oldenburg 26129, Germany;
and dHelmholtz Institute for Functional Marine Biodiversity, Carl von Ossietzky University, Oldenburg 26129, Germany

Edited by Jonathan J. Cole, Cary Institute of Ecosystem Studies, Avon, NC, and approved October 17, 2019 (received for review March 21, 2019)

Invisible to the naked eye lies a tremendous diversity of organic
molecules and organisms that make major contributions to impor-
tant biogeochemical cycles. However, how the diversity and com-
position of these two communities are interlinked remains poorly
characterized in fresh waters, despite the potential for chemical and
microbial diversity to promote one another. Here we exploited
gradients in chemodiversity within a common microbial pool to test
how chemical and biological diversity covary and characterized the
implications for ecosystem functioning. We found that both chemo-
diversity and genes associated with organic matter decomposition
increased as more plant litterfall accumulated in experimental lake
sediments, consistent with scenarios of future environmental change.
Chemical andmicrobial diversity were also positively correlated, with
dissolved organic matter having stronger effects on microbes than
vice versa. Under our experimental scenarios that increased
sediment organic matter from 5 to 25% or darkened overlying
waters by 2.5 times, the resulting increases in chemodiversity
could increase greenhouse gas concentrations in lake sediments
by an average of 1.5 to 2.7 times, when all of the other effects of
litterfall and water color were considered. Our results open a
major new avenue for research in aquatic ecosystems by expos-
ing connections between chemical and microbial diversity and
their implications for the global carbon cycle in greater detail than
ever before.

carbon cycling | chemical diversity | microbial diversity | fresh waters

Ahandful of fresh water contains thousands of dissolved or-
ganic molecules of varying origin and composition (1, 2), but

the biological significance of this chemodiversity remains largely
unknown. Chemodiversity should have broad consequences for
biogeochemical cycles (1), because variation in the composition
of dissolved organic molecules influences the diversity, structure,
and functioning of microbial communities (3–6). Microbial con-
sortia also produce chemodiversity by degrading larger molecules
into smaller structures and releasing new molecules into the en-
vironment, such as for communication and defense (7). These
compounds can then feed back onto the composition of microbial
communities (3). Recent advances in ultrahigh-resolution mass
spectrometry (UHR-MS) coupled with next-generation sequenc-
ing now provide an exciting opportunity to test how chemodiversity
and biodiversity are interlinked. However, this question has only
been addressed in two estuarine systems (8, 9), and no study, to
our knowledge, has integrated UHR-MS data with measures of
both microbial and ecosystem functioning.
A central tenet in ecology—that more species coexist where

there are more unique niches to be utilized (10)—can be extended
to explain how chemodiversity and biodiversity may be associated.
Broadly, the niche is defined by the requirements for a population
to persist (11), and so one dimension of it should include the
presence of other populations that facilitate these conditions.
More microbial species can therefore be considered analogous to
more niches that enable more chemical molecules to arise and
coexist because the existence of many molecules depends on the

presence of specific microbes that modify, uptake, and release
organic matter (12, 13). Relatedly, for heterotrophic microbes,
niches may take the form of molecular structures that offer
different opportunities for decomposition and assimilation (14, 15).
For example, dissolved organic molecules range from labile
aliphatics to less reactive terrigenous phenolics (16). Different
microbes will be associated with these different molecules (8),
and so biodiversity should increase in more heterogeneous
environments (9, 17).
Chemodiversity should ultimately relate to microbial and eco-

system functioning because greater biodiversity often promotes
ecosystem functioning (6, 18–20). Biodiversity can explain in-
creasingly more variation in ecosystem functioning where micro-
bial functions are phylogenetically dispersed and facultative, as it
will more closely reflect the diversity of traits present in commu-
nities (21). For example, microbial respiration from organic mat-
ter decomposition involves many pathways and potential species
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interactions, for example, breakdown of larger compounds by
some taxa into smaller monomers for other taxa. Any change in
biodiversity may therefore result in large changes in the processes
that are represented in communities (7). This importance of bio-
diversity will diminish where taxa overlap functionally and show
phenotypic plasticity (6, 22). Chemodiversity may also be a rela-
tively stronger predictor of ecosystem functioning if it reflects
abiotic conditions that govern biochemical processes [e.g., enzy-
matic decomposition (23)] and unmeasured biological variables
(e.g., biomass) that explain additional variation to the effects of
biodiversity (20, 21).
Here we tested whether chemodiversity was correlated with

microbial diversity and which of these diversity measures explained
more variation in greenhouse gas (GHG) concentrations in fresh
water. Within small shallow lakes that dominate the world’s
freshwater area, littoral sediments can produce at least 1/4 of all
CO2, assuming similar surface areas of littoral and profundal zones
(24–26). They can also produce more than 2/3 of all CH4 (27).
Much of this sedimentary CO2 and CH4 comes from terrestrial
organic matter (tOM) that preferentially accumulates nearshore
and contributes toward microbial decomposition and respiration
(25, 27, 28). Sedimentary CO2 production can also be stimulated
by the release of organic matter and O2 from macrophytes and
periphyton in littoral zones (25), photochemical mineralization
(29), and methanotrophy (30), and can also be consumed in clear
waters with relatively high benthic primary production (26). For
these reasons, we focused on measuring concentrations of dis-
solved gases at the sediment–water interface (i.e., the net outcome
of production minus biological and photochemical oxidation), as
opposed to microbial respiration alone. Because of the short dis-
tances (<0.75-m water depth), prevalent wave action, and rela-
tively warm temperatures in the littoral zone that we study, much
of this standing concentration is transferred from sediments to the
atmosphere through diffusion, advection (e.g., resuspension), and
ebullition (31–34).
We specifically tested the hypotheses that 1) greater chemo-

diversity in dissolved organic matter (DOM) should elevate mi-
crobial diversity because it provides more substrates that act as
niches for decomposers, and 2) chemodiversity should be more
strongly associated with GHG concentrations than microbial
diversity. In addition to indirectly enhancing GHG concentrations
by promoting microbial diversity, greater chemodiversity can pro-
vide more substrates for photooxidation that increases concen-
trations of CO2 (35, 36) and other 1-carbon compounds (37). Both
CO2 and 1-carbon compounds such as formate, methanol, and
methylamines ultimately act as terminal electron acceptors in the
principal pathways of CH4 production (38).
Our approach was to create gradients of chemodiversity within

a common microbial species pool by adding tOM to artificial
lake sediments in the littoral zone. Previous work has shown that
chemodiversity correlates with the concentration and type of tOM
in lake water (1), and both are expected to change in the near
future. More fresh, particulate tOM accumulates in littoral zones
as vegetation cover increases in surrounding catchments (39),
which is occurring across most northern latitudes (40, 41). Future
shifts in plant composition (42, 43) may also increase particulate
tOM exported to littoral zones in addition to changing tOM
quality (44). The accumulation of fresh particulate material in
littoral zones contrasts with most other studies that focus on
profundal sediments, where deposition primarily arises from floc-
culation of dissolved tOM (45). We also replicated the gradients in
two lakes with contrasting light penetration to test how the asso-
ciations between chemodiversity and biodiversity might change as
northern waters darken because of increased tOM inputs (46). The
experimental mesocosms mirrored the biogeochemistry of com-
parable sediment from the natural lakes in which they were
deployed (47). Throughout, we defined chemodiversity from both
the number and relative abundance of individual molecular for-

mulas (MFs) in DOM using the Shannon–Wiener index (48). The
index provides an “effective” number of types, which is the di-
versity in a community when all species or formulas are equally
common. Thus, it corrects for variation in the evenness of com-
munity members that can bias richness counts (48). We similarly
used the Shannon–Wiener index to define biodiversity from the
number and relative abundance of microbial operational taxo-
nomic units (OTUs) found in sediment around the DOM using
metagenomic shotgun sequencing. Finally, we used information on
chemical properties and cellular processes to derive indices of
functional diversity (FD) for MFs and microbial metagenomes,
respectively (49).

Results
Diversity in Relation to tOM and Lake Water Light Penetration. We
found considerable chemodiversity and biodiversity in our sedi-
ments. After assigning MFs and OTUs to nonsingleton peaks and
16S rRNA sequences specific to microbes (i.e., bacteria and ar-
chaea), we discovered a total of 12,900 and 3,613 unique MFs and
OTUs, respectively. Chemodiversity and microbial biodiversity of
individual mesocosms ranged from an effective number of for-
mulas (FE) and species (SE) of 1,875 to 3,418 and 31 to 689, re-
spectively. There was also large compositional variation in MFs
and OTUs, with the former filling the entire range of chemical
space (SI Appendix, Figs. S1–S3).
Both chemodiversity and functional aspects of biodiversity var-

ied similarly among global change scenarios. As expected, che-
modiversity increased with the amount of tOM added to sediment
when we also accounted for variation in MFs simply due to pore
water dissolved organic carbon (DOC) concentrations (t20 = 2.75,
P = 0.012; SI Appendix, Table S1). Consequently, an increase from
5 to 25% of tOM buried into sediment—as might happen from
anthropogenic activities—increased FE by a mean (95% CI) of 160
(152 to 169). Chemodiversity did not vary with the composition
of tOM, but there was more diversity in the bioavailability and
energetic rewards (i.e., potential energy yield) associated with
DOM as more coniferous litterfall was added to sediment (SI
Appendix, Table S1). Although microbial biodiversity did not
change with tOM, the diversity of functional categories associated
with extracellular enzymes that modify DOM increased as more
tOM was added to sediment (t21 = 3.45, P = 0.002; SI Appendix,
Table S1). This result was consistent when we calculated func-
tional diversity for all of the genes associated with these categories
(SI Appendix, Table S1).
Chemodiversity also responded to light penetration in the

overlying water column. We found more chemodiversity in the
dark lake (t20 = 4.34, P < 0.001), along with more diversity in
molecular mass and aromaticity (SI Appendix, Table S1), both of
which were positively correlated with chemodiversity (Pearson’s
correlation coefficient r = 0.43 and 0.30, respectively). This result
could have arisen because of greater in-lake contributions and
less photooxidation, as evidenced by lower relative abundances
of oxygen-rich saturated and oxygen-rich aliphatic molecules,
lower aromaticity, and a greater number of double-bond equiv-
alents (SI Appendix, Fig. S4). However, the bioavailability and
energetic rewards of DOM were less diverse in the dark lake (SI
Appendix, Table S1), and both FD indices were negatively cor-
related with chemodiversity (r = −0.59 and −0.77, respectively).

Associations between Chemodiversity and Biodiversity. We found
that chemodiversity and biodiversity were positively associated in
two main ways. First, chemodiversity had twice as large an effect
on biodiversity than vice versa (t22 = 2.83, P = 0.010; SI Appendix,
Table S2). Microbial SE consequently increased by a mean (95%
CI) of 4.5 times (1.5 to 13.3) over the range of chemodiversity
observed within mesocosms, when accounting for lake-level differ-
ences (Fig. 1A). Second, we found more similar mixtures of MFs
tended to associate with more similar communities of microbial
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OTUs (Mantel test: r = 0.25, P = 0.022). From pairs of mesocosms
that had 60% similarity in their MFs to ones with 90% similarity,
the proportion of shared microbial OTUs nearly doubled (Fig.
1B). None of the FD indices for MFs were correlated with mi-
crobial FD (for all, P > 0.05). The one exception was that a greater
diversity in energetic rewards available from oxidative degradation
was positively associated with FD calculated across all molecular
functions associated with organic matter decomposition (t22 =
2.71, P = 0.013).

Links between Chemodiversity and Ecosystem Function. We found
that chemodiversity promoted the concentration of GHG in
sediment pore water, likely in part by enhancing microbial ac-
tivity. Both CO2 and CH4 concentration increased with increasing
chemodiversity (t19 = 3.47, P = 0.003 and t19 = 2.63, P = 0.016; Fig.
2) when we also accounted for the positive effect on mineraliza-
tion from higher pore water DOC concentrations and the tOM
additions (Table 1). Over the observed range of chemodiversity,
CO2 and CH4 concentrations were consequently estimated to in-
crease by a mean (95% CI) of 16 times (3 to 85) from 0.58 (0.20 to
1.68) to 9.21 (5.04 to 16.9) mg C·L−1 and 55 times (2 to 1,338)
from 0.09 (0.01 to 0.72) to 5.14 (1.62 to 16.3) mg C·L−1, re-
spectively, at the mean of all of the other model predictors (i.e.,
when tOM quantity, tOM quality, lake identity, and DOC con-
centration were held constant). The tOM additions themselves
had no direct effect on GHGs (Table 1). This finding suggested
that our results were not simply an artifact of both chemodiversity
and GHGs independently covarying with sediment conditions,
such as anoxia, created by the experimental treatments. Rather,
tOM was indirectly responsible for changing GHG concentrations
by shifting chemodiversity (SI Appendix, Fig. S5). Sediments with
higher GHG concentrations were also not more anoxic (SI Ap-
pendix, Fig. S6), further supporting our interpretation that changes
in tOM influenced GHGs by changing chemodiversity rather than
through other environmental gradients. Models with microbial
rather than chemical diversity also fitted the data more poorly,
suggesting that chemodiversity had more complex effects on mi-
crobial processes than just changing biodiversity (Table 1). A
greater diversity in bioavailability and less diversity in aromaticity
were also associated with more CO2 and CH4, whereas greater
diversity in energetic rewards was associated with more CH4 only
(SI Appendix, Table S3). Overall, all of the models explained a
relatively large amount of variation in GHG concentrations, es-
pecially for CO2, suggesting other unmeasured variables were of
less importance (Table 1 and SI Appendix, Table S3).

Discussion
Our results show that the idea of greater niche diversity promoting
species diversity can be extended to the interactions between het-
erotrophic organisms and the chemical environment that surrounds
them. These findings support the few reports of positive associa-
tions between chemodiversity and biodiversity from estuarine sys-
tems (8, 9). We now advance beyond this work by also showing that
levels of chemodiversity in fresh waters can have consequences for
important ecosystem functions that are potentially larger than
those arising solely from changes in biodiversity. We specifically
found increases in chemodiversity that accompanied tOM inputs
were more strongly associated with GHG concentrations than the
quantity or quality of the tOM itself. One explanation for the latter
result is that organic carbon is actively mineralized across a range
of sediment conditions created by differences in tOM, including
reduction–oxidation potentials (50, 51). Our results therefore un-
cover part of the mechanism by which increases in tOM into
northern waters associated with global change may elevate carbon
emissions from the land surface. Namely, increased tOM inputs
can promote a greater diversity of chemical “niches” or substrates
that provide more opportunities for biological and photochemical
mineralization of DOM. An outstanding question is whether the
potential GHG fluxes are large enough to offset predicted in-
creases in the burial of carbon into lake sediments arising from
similar drivers of global change, for example, enhanced primary
production of forested catchments (52).
Our results suggest that the close molecular-level association

between DOM and microbes can result in chemodiversity
influencing ecosystem functioning. Different microbial communi-
ties have affinities for different carbon compounds (15, 53), partly
because they have different functional genes for degrading mac-
romolecules (54). These preferences would explain how a greater
diversity of organic molecules provides more niches for microbes
to occupy (8, 9) and increases carbon mineralization. Chemo-
diversity may also partly be an outcome of photooxidation that
produces CO2 (29, 35, 36), which can explain its closer association
with ecosystem functioning than biodiversity. Similarly, chemo-
diversity can increase the activity of microbial communities
without increasing their diversity. For example, two different
isolates of the archaea Methermicoccus shengliensis produce
CH4 from at least 34 different carbon compounds (55). In this
case, a greater diversity of compounds would promote ecosys-
tem functioning irrespective of whether it increased microbial di-
versity. Microbes also produce many different compounds through
catabolic processes that respire carbon (56), providing an additional
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Fig. 1. Microbial and chemical diversity were positively correlated in sediments of a light- and dark-colored lake. (A) Effective number of microbial taxa (SE)
and molecular formulas (FE) across 25 sediment mesocosms in a light and a dark lake. Marker gene sequences were clustered into operational taxonomic units
(OTUs) based on their similarity to delineate microbial taxa. (B) All pairwise combinations across the 25 mesocosms in the Bray–Curtis similarity index for
communities of OTUs and mixtures of molecular formulas. Values approaching 0 indicate two mesocosms do not share any species, whereas values of 1 in-
dicate identical composition. Solid lines show line of best fit. r = 0.60 and 0.25 in A and B, respectively.
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explanation for why chemodiversity can correlate more with GHG
concentrations than biodiversity. The generation of time series can
help future studies disentangle causality between chemodiversity
and biodiversity, particularly by using dynamic modeling approaches
(e.g., ref. 57), and may prove more fruitful than separately trying to
control these variables under field conditions.
Our study has several limitations in addition to inferring cau-

sality. First, the UHR-MS approach was size-selective and ex-
cluded very small ionic compounds and larger colloidal aggregates.
High–molecular-mass compounds (>1,000 Da) may be particularly
bioavailable and drive much of microbial respiration (53). The
analytical window of our UHR-MS approach spanned 93 to 2,000
Da and would have omitted some high–molecular-mass com-
pounds, thereby decoupling chemodiversity from ecosystem func-
tioning and potentially accounting for some unexplained variation
in our statistical models. Nonetheless, we found that a consider-
able amount of ecosystem functioning was captured by our ana-
lytical window even if some of the DOM pool was excluded and we
extracted dissolved carbon with relatively modest efficiency
(Methods). This result is supported by studies showing that other
features of ecosystem functioning are captured by the analytical

approach used here (58, 59). Our UHR-MS approach is also
among the most sensitive for detecting polar compounds. De-
tection limits in our samples likely range in femtomoles, given past
work with model compounds in natural DOM (60), and thus are
several orders of magnitude beneath presumed concentrations of
the most limiting and biologically important organic compounds
(61). We also did not measure particulate chemodiversity in the
sedimentary phase, but current techniques can only identify about
100 compounds (62), which is <10% of that we observed in DOM.
Microbial functioning has also been found to be much more de-
pendent on this dissolved phase (63). Second, many structural
isomers exist for each MF and these increase in number as DOM
becomes more complex (64). Our analysis of chemical properties,
however, generally complemented our chemodiversity findings.
Third, we analyzed both living and nonliving fractions of DNA.
Ecosystem functioning could have therefore been less correlated
with biological diversity than chemodiversity if we sequenced taxa
that were no longer metabolically active (65). Although evidence
suggests that the resulting biases in measures of taxonomic di-
versity may be negligible, such as if nonactive cells are derived
from those that were recently present (66), the future application

Table 1. Chemodiversity promoted ecosystem functioning

Model term

Response

CO2 CH4

+CD +MD +CD +MD

Intercept 3.16 (0.21)*** 2.81 (0.20)*** 1.11 (0.40)* 0.58 (0.36)
Dark lake −1.28 (0.34)** −0.60 (0.29)* −1.27 (0.65) −0.26 (0.53)
DOC 1.61 (0.19)*** 1.24 (0.17)*** 1.92 (0.36)*** 1.38 (0.30)***
tOM quantity −0.29 (0.15) −0.03 (0.15) −0.25 (0.29) 0.12 (0.28)
tOM quality −0.12 (0.16) −0.13 (0.19) −0.32 (0.31) −0.33 (0.34)
Chemodiversity 0.81 (0.23)** n/a 1.17 (0.45)* n/a
Microbial diversity n/a 0.30 (0.14)* n/a 0.39 (0.26)
R2 0.85 0.80 0.65 0.57
AICc 52.6 59.7 84.8 89.8

Cells are mean estimates (±SE) for effects in linear models separately predicting either log-transformed CO2 or
CH4 concentration in sediment pore water. Model predictors included whether measurements were in the dark
lake, DOC concentration in sediment pore water, tOM quantity (0, 5, 25, or 50% tOM), tOM quality (1/3, 1/2, or
2/3 deciduous tOM, estimated only where tOM quantity was >0%), and either chemodiversity (+CD) or microbial
diversity (+MD). Models were refitted for each diversity metric. All predictors were scaled to a mean of 0 and SD
of 1 so that effects were directly comparable. Bolded values were statistically significant at ***P < 0.001, **P <
0.01, *P ≤ 0.05; degrees of freedom, 19. AICc, small-sample size-corrected version of the Akaike information
criterion, for which models with smaller values indicate greater support. n/a, not available.
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Fig. 2. Sediments had higher concentrations of greenhouse gases with increasing chemodiversity. Partial residuals from regressions predicting log-
transformed (A) CO2 and (B) CH4 concentration across 25 sediment mesocosms in a light and a dark lake. Solid lines are mean model fit (±95% CI) at the
mean of other variables. Model R2 = 0.85 and 0.65 in A and B, respectively. Partial residuals visualize the relationship between chemodiversity and the
greenhouse gases, when accounting for all of the other predictors in the multiple regression models. They were calculated in each model by adding
the product of observed chemodiversity and its estimated effect to the difference between observed and predicted response values (91).
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of metatranscriptomics could strengthen the results we report
here. Finally, we may have underestimated the effects of bio-
diversity by not measuring eukaryotic diversity. For example, both
fungi and benthic invertebrates contribute to carbon cycling in
littoral zones, including under anoxic conditions that favor CH4
production (67, 68). Importantly, none of these issues detract from
the strong associations that we detected and the relatively large
amounts of variation that we could explain in measured responses.
Northern waters are burying more carbon into sediment and

darkening in color due to global change (46, 52), and our results
suggest that these changes will increase chemodiversity with con-
sequences for regional carbon cycles. For example, we substituted
the increase in chemodiversity that we observed in our experiment
with an increase in sediment tOM content from 5 to 25% in our
statistical models of CO2 and CH4 concentrations. We found that
the increase in chemodiversity alone (i.e., when all other variables
were held constant, including the direct effects of litter input) was
sufficient to raise GHG concentrations by a mean (95% CI) of
1.46 times (0.91 to 2.32) in CO2 equivalents, assuming CH4 had
a global warming potential of 28. Similarly, our experimental de-
sign allowed us to isolate the effect of overlying water color on
chemodiversity as we added identical tOM to each lake. In the
light-colored lake, we found evidence of photooxidation that could
have reduced chemodiversity and the pool of organic molecules
available for microbial degradation (69, 70). Waters that were 2.5
times darker—well within the range predicted in the near future
(71)—were subsequently sufficient to increase chemodiversity by a
mean (95% CI) of 1.20 times (1.10 to 1.30). Adding this increase in
chemodiversity to our models predicting GHGs again elevated
their concentrations by a mean (95% CI) of 2.66 (1.04 to 7.05)
when all other variables were held constant. As northern waters
are increasingly recognized to be a major source in the global
carbon cycle, such as one that can offset the terrestrial land sink
(72), these findings are relevant for regional carbon budgets and
climate models. More broadly, our work now provides strong ev-
idence for how variation in chemodiversity widely reported in
nature (1) influences biological communities and the functions
that they perform.

Methods
Experimental Design. We submerged mesocosms on the bottom of the lit-
toral zone (0.30- to 0.75-m water depth) of Lake Laurentian (46°27′9.74″N,
80°56′35.42″W) and Swan Lake (46°21′58.96″N, 81°3′48.58″W), Ontario,
Canada during July 2015. Submergence exposed the experimental sediments
to natural overlying water conditions with differing levels of light pene-
tration. Swan Lake had nearly 2.5 times more light at the sediment surface
(mean ± SE: 4,611 ± 70 lx; n = 24 loggers recording every 45 min for 38 d)
than Lake Laurentian (1,847 ± 33 lx) over the course of our experiment. We
hereafter refer to the two lakes as the “light” and “dark” lake, respectively.

We filled 17.5-L, 50.8 × 38.1 × 12.7 (height)-cm high-density polyethylene
(HDPE) containers with 8 cm of sediment (total sediment volume ∼15 L) after
ref. 47. Sediments consisted of 0, 5, 25, or 50% tOM (dry‐weight basis) mixed
with 9.5 kg of locally sourced inorganic material. The percentages were se-
lected to represent the range of terrestrially derived OM observed in littoral
sediments across the study region (73). For each nonzero tOM quantity, ma-
terial was added in a 1:2, 1:1, or 2:1 dry-mass ratio of deciduous (primarily Acer
rubrum, Betula papyrifera, Populus tremuloides, Quercus spp.) to coniferous
(Pinus spp.) litterfall collected from nearby forests. Particle sizes and vertical
structuring of all material were based on the average observed in littoral
sediments beneath catchments that spanned the range of terrestrial influence
in the study region (47, 73). Each mesocosm treatment was subsequently
represented at least once across the two lakes (total n = 25 across 10 treat-
ments). Although this meant losing replication, the treatments were contin-
uous variables, namely the proportion of tOM and proportion of deciduous
tOM. Analyzing them as such in a regression framework provided more sta-
tistical and predictive power, especially for upscaling estimates, than a tradi-
tional analysis-of-variance approach that maximized replicates per treatment
at the expense of treatment variation (74).

Chemodiversity. We collected pore water from mesocosms between 7 and 9
September 2015. A 3-mL polypropylene syringe was secured horizontally

immediately beneath the sediment surface along one side of the HDPE
container prior to submergence in the lake. The wall of the syringe that faced
the sediment was removed and covered in ca. 250-μm nylon mesh. Each
sampling syringe was then connected to nylon tubing that was purged of
water before any sample collection.

We measured chemodiversity using Fourier transform ion cyclotron res-
onance mass spectrometry (FT-ICR-MS). In the field, we passed 25 mL of pore
water through a 0.5-μm glass fiber filter (Macherey-Nagel; MN 85/90) and
into a preacidified (HCl, pH 2) 20-mL glass scintillation vial. After measuring
DOC concentrations in the laboratory on a Shimadzu TOC-5000A, we extracted
DOM from 5.5 mL of pore water using styrene divinyl benzene polymer solid-
phase extraction cartridges (Agilent; Bond Elut PPL; 100 mg) after ref. 75. Ex-
traction efficiencies were on average (±SE) 36 ± 3% on a carbon basis. The
resulting methanol extracts were then diluted to yield a DOC concentration of
5 mg·L−1 in ultrapure water and MS-grade methanol and analyzed on a 15-T
solariX (Bruker Daltonik) using electrospray ionization in negative mode. We
accumulated 200 scans for each sample in a mass window of 93 to 2,000 Da.
Masses occurring in ≥2 mesocosms that were above the method detection limit
were assigned MFs allowing C1–130H1–200O1–50N0–4S0–2P0–1 (76). No peaks were
retained that were >1,000 Da. Signal intensities of assigned peaks were nor-
malized to the sum of all intensities within each sample.

We calculated two types of diversity measures. First, chemodiversity was
calculated using the Shannon–Wiener index that accounts for the evenness of
individual MFs in each sample (48). Second, we calculated four measures of FD
based on the chemical properties of MFs. This approach assumes that com-
pounds that react (i.e., “function”) similarly have shared chemical properties
(49). The metrics estimated diversity in 1) sizes of MFs, as inferred from the
number of C atoms they contain; 2) bioavailability, whereby compounds with a
higher H/C ratio are considered more easily biodegradable (77); 3) energetic
rewards available from oxidative degradation (i.e., Gibbs energy per electron
catalyzed), which should increase with the nominal oxidation state of carbon
(78); and 4) aromaticity measured with the modified aromaticity index, which
increases as molecules are less reactive (79). We used Rao’s quadratic entropy as
the FD statistic. Rao’s quadratic entropy is one of the fewmetrics to meet all of
the requirements of a functional diversity metric (80) and has been widely used
(e.g., ref. 81), including in the context of DOM (49), allowing direct comparison
with other studies. It also allows values to be readily interpreted as the
expected difference between two molecules in a given functional property on
the same scale as the associated property (49). For example, an FD for a mo-
lecular size of 100 means that two randomly chosen molecules in the dataset
have an expected mass difference of 100 Da.

Biodiversity and Microbial Functioning. Microbial communities were charac-
terized during pore water sampling from surface sediment grabs (ca. top
5 cm) that were freeze-dried immediately after collection in individual sterile
bags. All environmental DNA was extracted in duplicate for each mesocosm
using the Power Soil DNA Isolation Kit (Mo Bio Laboratories) according to the
manufacturer’s instructions and then pooled for downstream analyses. We
included a water-only control in the extraction and all subsequent steps.
Shotgun sequencing libraries were prepared with 1 ng of genomic DNA per
sample using Nextera XT DNA Sample Preparation and dual barcoding with
Nextera XT Indexes (Illumina). Libraries were quantified on a Qubit 3.0 fluo-
rometer (Thermo Fisher Scientific) and Bioanalyzer HS DNA chip (Agilent) and
pooled in equimolar concentrations into a single sample. Samples were then
shotgun-sequenced on an Illumina NextSeq using 500/550 Mid Output Kit
version 2 (300 cycles, paired-end).

Raw sequences were processed at a depth of ∼3.3 million reads per sample
following a modified version of European Molecular Biology Laboratory-
European Bioinformatics Institute (EBI) pipeline version 3.0 (82) and depos-
ited in the EBI under project accession no. PRJEB18063. SeqPrep tool ver-
sion 1.1 (https://github.com/jstjohn/SeqPrep) was used to merge paired-end
overlapping reads and Trimmomatic version 0.35 was used to trim low-quality
ends. Sequences with >10% undetermined nucleotides and <100 nt were re-
moved using Biopython version 1.65. Noncoding RNAs were removed with
HMMER version 3.1b1 (http://hmmer.org). We then taxonomically annotated
sequences into OTUs with representative 16S sequences using QIIME version
1.9.1 with the SILVA reference database (release 128) at 97% sequence identity
following the open-reference picking method with reverse-strand matching
enabled. Between 1,141 and 10,036 16S sequence reads were obtained from
each sample. All singletons were subsequently removed along with 4 OTUs out
of the remaining 3,617 that were present in a negative water-only control with
a relative abundance of >1%. Although OTUs can mask ecotypic diversity (83),
broadscale diversity metrics derived from these classifications are highly corre-
lated with those using exact sequence variants [mean Pearson’s r ≥ 0.95 (84)].
Moreover, taxonomic assignments irrespective of method can still mask
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important functional differences among communities (e.g., ref. 83). For
this reason, we also functionally annotated sequences with FragGeneScan
version 1.31 using Gene Ontology (GO) terms, retrieving between 312,831
and 3,657,990 reads per sample. We retained the molecular-level activities
performed by gene products involved in different types of DOM decom-
position, selecting the highest-level, nonredundant terms in the GO hi-
erarchy: “hydrolase activity,” “oxidoreductase activity,” “lyase activity,”
and “transferase activity.”

Weused both theOTU and subset GOdata to estimatemicrobial biodiversity
and FD, respectively, using the Shannon–Wiener index. The resulting estimates
of microbial diversity were comparable to other shotgun sequencing studies
(e.g., ref. 85) and a more deeply sequenced global analysis of amplicon data
(86). Differences in sequencing depth may, however, limit such comparisons,
including across samples in our study, but the Shannon–Wiener index is both
less biased to sequencing depth than other metrics, such as Chao1 diversity (87,
88), and was adequately captured by most of our samples (SI Appendix,
Fig. S3). Approaches that adjust for differences in sequencing depth prior to
comparing diversity metrics have also been termed “inadmissible” because
they discard data and reduce statistical power in downstream analyses (89).
Nonetheless, rarefaction did not change any of our conclusions. We calculated
the average Shannon–Wiener index after randomly resampling communities
100 times in each mesocosm to the lowest number of OTUs recovered in a
single sample. Sample-specific diversity estimated with and without rarefaction
was highly correlated (r = 0.92, P < 0.001) and no interpretations changed from
the linear models except for the effect of microbial diversity on CO2 concen-
trations (t19 = 1.33, P = 0.199). For FD, calculations were performed on a matrix
of mesocosms by relative abundances for each of the four higher-level GO
terms. Larger values indicated a wider and more even range of the four gene
categories present in each community. This approach avoided the problem that
some terms had more descendent functions than others, and so would have
been weighted more heavily if we calculated FD on the disaggregated data.
We nonetheless repeated the analysis for all descendent functions from the
higher-level GO terms. The resulting matrix included 726 columns derived from
236, 155, 84, and 251 molecular functions associated with hydrolase activity,
oxidoreductase activity, lyase activity, and transferase activity, respectively.

Ecosystem Functioning. During pore water sampling, we also analyzed dis-
solved CO2 and CH4 concentrations. In the field, we collected a 43-mL water
sample into a 60-mL syringe that was preacidified with 2 mL of 0.5 M HCl
before drawing in 15 mL of ambient air, closing the stopcock, and shaking
for 2 min to equilibrate the air and acidified sample. We then collected 10
mL of headspace air in a syringe and concentrations of both CO2 and CH4

were measured on an SRI 8610C gas chromatograph fitted with a flame
ionization detector and in-line methanizer within 24 h of collection (SRI
Instruments). Concentrations were calibrated with a commercial gas stan-
dard of N2 containing 1,008 ppm CO2 and 10.2 ppm CH4 (Praxair Canada).
Final pore water concentrations of dissolved gases were calculated after ref.
90 by applying the Bunsen solubility coefficient and ideal gas law, ac-
counting for pH and temperature measured in the field with a handheld
meter (HI 9126; Hanna Instruments), and simultaneous measurements of the
ambient air concentration of CO2 and CH4.

Statistical Analyses. We tested whether diversity varied with tOM additions
using linear models. Both chemodiversity and all four molecular FD metrics
were separately predicted given the quantity and quality (i.e., type) of tOM
added to the sediment, while also allowing responses to vary simply because
of lake identity and pore water DOC concentrations. We used the same
model to predict biodiversity and microbial FD but without including DOC
concentrations.

We also testedwhether chemodiversity and biodiversity were associated in
two ways. First, we modeled each metric as a linear function of the other and
lake-specific differences. This approach does not explicitly assume the di-
rection of causality, instead allowing the strength of directional associations
to be compared because we scaled each response to a common scale with a
mean of 0 and SD of 1. We used this same approach to compare each pairwise
combination of molecular and microbial FD index. Second, we tested if more
similar MFs were associated with more similar microbial OTUs, as expected if
the two groups were responding to one another. We calculated the Bray–
Curtis similarity index between all pairwise combinations of samples in each
dataset of MFs and OTUs. We then correlated the resulting matrices using a
Mantel test with Pearson’s correlation coefficient and 999 permutations
constrained within lake.

Finally, we tested whether chemodiversity promoted ecosystem functioning
using linear models. Wemodeled log-transformed CO2 and CH4 concentrations
in pore water given chemodiversity while also accounting for differences due
to lake, pore water DOC concentrations, and experimental treatments. We
refitted these models replacing chemodiversity with each molecular FD index
and biodiversity. We could not include all metrics of MFs in a single model
because of multicollinearity. Throughout, our goal was not to explain all var-
iation in ecosystem functioning, as other unmeasured variables, such as in-
organic nutrient concentrations, trace metals, and benthic photosynthesis,
certainly influence GHG concentrations in lake sediments. We instead were
interested in diversity-functioning relationships, widely tested elsewhere (18–
21). In all linear models, continuous predictors were scaled to a mean of 0 and
SD of 1 so that their effects were directly comparable. We used partial residual
plots to visualize associations between chemodiversity and greenhouse gas
concentrations given the other independent variables in the models. These
plots are useful for visualizing associations between variables in higher-
dimensional regression models (91). All statistical analyses were performed in
R version 3.4.

Data Availability Statement. All data discussed in this paper have been made
available to readers in external repositories.
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