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Part 1
Biogeochemical model

1 Model scope

We treat the hypolimnion as a mostly closed system of cycling chemical
species. Compartments are linked by transport processes, and reactions
within compartments interconvert chemical species. Interaction with the
environment outside the hypolimnion is represented by just two processes:
input of oxidizable carbon in the upper compartments and input of methane
from the sediment. The sediment and metalimnion are otherwise ignored.

The model also treats the processes in the lake as temporally symmetrical.
In other words, the rules that govern the evolution of the lake’s geochem-
istry are fixed through time. In a real lake, season-long trends like changes
in sunlight and atmospheric temperature will affect properties of the lake,
notably, the depth of the thermocline. The model presented here assumes
that the size and behavior of the hypolimnion is fixed, which simplifies its
construction but might limit its ability to recognize season-long trends that
emerge on account of those altered properties.

1.1 The model only treats the lake’s hypolimnion

In order to develop a model that captured as much of the lake’s biogeochem-
ical dynamics as possible while still remaining simple and conceptual, we
developed a model that only treats the hypolimnion. We limited the model
in this way because most of the lake’s vertical distance is in the hypolimnion
(17 out of 22 meters), because modeling the epilimnion presents very chal-
lenges from modeling the hypolimnion, and because modeling the two parts
of the lake together is even more complicated.

e the epilimnion and hypolimnion are somewhat decoupled by the resis-
tance to mixing across the thermocline

e a successful treatment of the two parts of the lake will require a model
of the thermal properties of the lake

e the effects of wind and precipitation are much stronger in the epilimnion



2

2.1

rivers move water into and out of the lake’s epilimnion

light penetrates in the epilimnion and delivers different amounts of
energy to its different depths

microbial growth is not overall limited by energy in the epilimnion like
it is in the hypolimnion

Model

Chemical species

We intended to create a general model of the lake’s seasonal chemical and bi-
ological dynamics, and we therefore simplified the number of chemical species
used in the model. We aimed to simplify the model so that

the relevant parameters and chemical species were better matched to
the variations expected in dimictic lakes, rather than in aquifers,

the dynamics were easier to interpret and match with biological mea-
surements,

the model avoided making predictions about chemical species that we
did not or could not measure,

the model had fewer parameters, but also so that

the model remained a faithful representation of the key biogeochemical
processes occurring the lake.

Table S1 lists all chemical species simulated. Relative to the original
model (1), we made the following changes:

We used a single carbon species. The original model allows for two
types of carbon, DOC and POC. Each type of carbon can consist of
up to four species, each with their own degradation kinetic constant.
Although we do expect that there are many kinds of carbon in this
ecosystem (e.g., particulate biomass, humics from rainwater runoff,
photosynthetic algae), some simulations in the original publication use
only one carbon species. We also found that a single carbon species
was sufficient to reproduce the expected dynamics. To minimize the
possibility for overfitting, we used only one.



e We simplified the sulfur compounds from five species to two be elimi-
nating S° and FeS and combining HS™ and S?~. We could not directly
measure either of the eliminated species, and our measurements did not
distinguish between the two reduced species. The process producing S°
has a kinetic constant two orders of magnitude smaller than the kinetic
constant for process that competes for H,S, and S is inert in the origi-
nal model, so we expected its removal would not dramatically affect the
dynamics. FeS, aside from being unmeasured, is produced in the origi-
nal model by one of a set of non-redox mineral precipitation-dissolution
reactions that we exclude for other reasons, as described below. The
two reduced sulfur species interconvert in the original model in one of
a set of acid dissociation reactions that we exclude for other reasons,
as described below.

e We eliminated manganese compounds. Manganese, a terminal electron
acceptor intermediate between nitrate and iron, is present at low abun-
dances in Mystic Lake. We therefore expect it is unimportant to the
dynamics.

e We eliminated calcium species. In the original model, calcium species
participate in the precipitation-dissolution and acid dissociation reac-
tions that we excluded, as described below. We also had no measure-
ments for calcium.

e We simplified the nitrogen species by eliminating an adsorbed variety
of ammonia, since we have measurements that distinguish between the
two varieties and because we did not expect that the adsorption dy-
namics would be important to the biological dynamics. We also ignored
the nitrogen gas produced by denitrification and iron oxidation on ni-
trate because nitrogen fixation is typically not a prominent process in
the hypolimnion.

e We make the approximation the carbon dioxide is, for the purposes
of methanogenesis, ubiquitous and abundant, as is generally true in
eutrophic dimictic lakes.

In some cases, there is a clear correspondence between a single species in
the model and a single species in nature (e.g., M for CHy). In other cases, a
single species in the model might stand for multiple species in nature (e.g.,

S~ for HS™ and S*7).



3 Chemical reactions

As mentioned above, we also made simplifications to the chemical processes
used in the original aquifer-specific model. The set of reactions used here
in show in Table S3. Relative to the original model, we made the following
changes:

e We added iron oxidation on nitrate. Previous research in this lake (2)
had shown that this process is important to the lake’s biogeochemistry.

e We eliminated the pH-dependent acid dissolution reactions because the
pH in Mystic Lake’s hypolimnion only varies between about 6 and 7.

e We also eliminated the non-redox mineral precipitation-dissolution re-
actions. Those reactions are important mostly because they are in-
volved in acid-base buffering, which is important in groundwater sys-
tems but not in the biogeochemistry of Mystic Lake.

e We eliminated the adsorption reaction, as described above.

e We eliminated the reactions that included carbon dioxide and man-
ganese because they were, as argued above, not important to the lake’s
biogeochemistry.

4 Caveats to these modifications

It is not our intent to assert that, because a feature is not included in the
model (e.g., S° as an electron acceptor, sulfate reduction in aerobic zones)
it is not happening in the lake or is not important in other ecosystems. We
aimed instead to identify the few processes that were most critical to the
development of the observed chemical gradients in the lake. We hope that
the loss of interesting biological complexity is balanced by the increased clar-
ity of a simpler model with fewer processes and parameters. For example,
including POC in the model would involve creating five new chemical pro-
cesses (one each for the primary oxidation half-reactions), one new transport
process (since POC will have different transport dynamics than DOC), and
the relevant parameters for all those processes.



symbol name representative compounds

O dissolved oxygen  Oq

C oxidizable carbon cyanobacteria biomass, glucose, acetate
N+ oxidized nitrogen nitrate, nitrite

N— reduced nitrogen ammonia

Fe™ oxidized iron Fe(I1T) compounds

Fe™ reduced iron Fe(II)

St oxidized sulfur sulfate compounds

S™ reduced sulfur sulfide compounds

M methane CH,4

Table S1: Chemical species included in the model.

5 Mechanics: Transport and reactions

The rate of change in the concentration of a chemical species X at a depth
118

0X; :

B = (transport terms) + (reaction terms) + (source terms), (1)
where i refers to depth in meters, i.e., low ¢ means vertically higher in the
water column. The simulation proceeds in N compartments, which we spaced
at one meter to be comparable to the collected chemical and biological data.
The initial concentrations are set and the simulation proceeds for a time
T, during which the chemical species concentrations and reaction rates are
recorded. This time roughly corresponds to the period between the movement
of the thermocline up the water column in spring and the breakdown of
stratification in fall.

5.1 Transport: Diffusion and settling

Most chemical species are treated as dissolved in the water column. In the
time and length scales relevant to the hypolimnion ecosystem, molecular
diffusion is slow compared to bulk transport processes like vertical eddy dif-
fusion. To model these bulk transport processes, most chemical species are
transported by simple diffusion with rate D (X;_1 — X;) + D (X;41 — X;),
where the diffusion constant D is the same for all chemical species, since it



represents a bulk transport process. To account for the boundaries at the
metalimnion and sediment, the first term is excluded in the uppermost simu-
lation compartment; in the lowermost compartment, the second is excluded.

To simulate the settling of particulate carbon and oxidized iron species,
C and Fe' settle in the model. A parameter p, where 0 < p < 1, determines
the balance between vertical eddy diffusion and settling for these chemical
species so that the transport rate is

(1+p)D (Xt — Xi) + (1 = p)D (Xipa — X5). (2)

Since p > 0, these species tend to move down the water column and accu-
mulate above the sediment. As with other species, the first term in excluded
in the top compartment; the second term in the bottom compartment.

5.2 Reactions
5.2.1 Biotically-catalyzed reactions: Primary oxidations

The oxidation of carbon uses a chain of progressively less energetically-
favorable terminal electron acceptors. Here, we follow the formulation laid
out by Hunter et al. (ref. 1, especially equations 3 and 4).

The total rate of carbon degradation in a compartment follows first order

kinetics:
oC

R® = k¢, (-) — —R°, (3)
at reaction

where £ is a first-order rate constant. The fraction of carbon taken up by
oxidation on each of the terminal electron acceptors is determined by the
abundance and relative metabolic merit of the electron acceptors. The j-th
electron acceptor is consumed at a rate

R; = gRC, (4)
]

where e; is the number of electrons neutralized per electron acceptor molecule
and f; is determined by successive applications of the formula

(S
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Table S2: Electron acceptors in the primary oxidation reactions. j = 5
corresponds to methanogenesis.

for j € {1,2,3,4}. If the j-th electron acceptor’s concentration [EA;] is
greater than some constant limiting concentration [EAj, ;|, then that elec-
tron acceptor gets all the remainder of the carbon; otherwise, it gets a fraction
of what is left determined by the ratio of the two concentrations.

The electron acceptors and their e; are listed in (Table S2). Methano-
genesis corresponds to 7 = 5, and gets all remaining carbon so that f; =
1— Zi:l fx. All the carbon allocated by R® gets used up (i.e., 25:1 fi=1),
but each electron acceptors accepts electrons according to a different stoi-
chiometry (i.e., Z?:l R; # RC).

5.3 Secondary oxidations

We model secondary oxidations, the oxidation of compounds other than car-
bon compounds, using second-order mass action kinetics as per Hunter et al.
(ref. 1’'s Table 4). For the transformation of substrates S, Se into a product
P according to a1.S1 + a5, — bP, the reaction rate is r = k[S1][Ss] and the
reaction terms are

() ™" 0
() ™0 =1 "

with rate constant k. As per Hunter et al., we do not adjust the rate according
to the reaction’s stoichiometry.
Primary and secondary oxidations are listed in Table S3.



Primary oxidations rate
C— aN™ +ee” R® primary oxidation half-reaction
0O—o R, aerobic heterotrophy
Nt - & Ry denitrification
Fe™ — Fe~ R3 iron reduction
St — S~ Ry sulfate reduction
g —M Rs methanogenesis
Secondary oxidations rate constant
20+ N~ = N* k1 ammonia oxidation
204+S™ — St ko sulfide oxidation
N+ + 5Fe” — 5Fet ks iron oxidation on nitrate
M+20 — o ky methanotrophy on oxygen
M-+ST — S~ ks methanotrophy on sulfate
10+ Fe — Fe' ke iron oxidation

Table S3: Reactions simulated in the model.

5.4 Source terms

Interactions between the hypolimnion and the outside world are modeled
by simple source terms. Oxygen and carbon are added at the thermocline.
Methane can be produced by primary oxidation in the water column, but
methanogenesis also proceeds in the sediment, whence it is transported up-
ward and consumed by methanotrophy. We model this process by a point
source of methane in the sediment. All methane in our model is consumed
before reaching the thermocline, so we omit the mechanics for emission of
methane into the metalimnion.

5.5 Parameterization

A list of parameters and their values is included in Table S4. Where possible,
parameters related to the reaction rates were borrowed from Hunter et al. (1)
and, in some cases, adjusted by hand. The parameters related to transport,
source terms, and initial concentrations were drawn from published data
where possible. Other values were adjusted by hand to match the observed
data.



parameter value  unit source & reported value

General parameters
T 04 yr Asserted to set time scale
N 17 — Asserted for 1 m compartments

Primary oxidation parameters

kC (rate constant) 1.0 yrt (1) (kPOC =3 x 1053 x 10! yr— 1)
a (N:C ratio) 01 — (3) and (4)! (0.066)

[Otim] 20.0 uM (1) (20.0 uM)

N 50 uM (1) (5.0 uM)

Feﬁm] 0.1 uM (1) (60 pmol dm—3)

St 300 uM (1) (30.0 uM)

Secondary oxidation parameters

k1 (ammonia oxidation) 50 pM~lyr=t (1) (k§f =5x 108 M~ yr—1)
ko (sulfide oxidation) 016 pM~tyr=! (1) (k& =1.6 x 105 M~! yr=1)
k3 (iron oxidation, nitrate) 1.0 pM~tyr~1  (5)2 (0.6-3 uM~1 yr—1)

k4 (methanotrophy, oxygen) 100 pM~tyr=t (1) (k§F = 1010 M1 yr—1)

ks (methanotrophy, sulfate) 1072 pM~tyr=t (1) (k5 =10* ML yr 1)

ke (iron oxidation) 100 pM~lyr=t (1) (k§F =107 M~ yr—1)

Transport parameters

D 50 yr—! (6)3 (6-158 yr—1)

pre (settling for oxidized iron) 03 — (5)4 (0.18)

pc (settling for biomass) 0.3 — Manually adjusted
Source rates

sc 9.4 x10*  pMyr—! (4) (1.3 x 10°—6.9 x 10* M yr—1)
50 6.6 x 103 pM yr—! Manually adjusted

SM 2830 uM yr—! (7)6 (475-1460 pM yr—1)
Initial concentrations

(O] 50 uM Manually adjusted

C] 200 uM Manually adjusted”

NF] + [N~ 100 uM (8)8

[INt]/[N7] 10 — Manually adjusted

[Fet] + [Fe™] 60 uM (8)

[Fet]/[Fe™] 10 — Manually adjusted
[ST]+[S7] 250 uM (8)

[ST]/[1S7] 10 — Manually adjusted

(M] 0 uM Manually adjusted

Table S4: Parameter values and sources.



6 Implementation

The model was implemented in Matlab, and the ODE solutions were com-
puted using the command odel5s with all chemical species restricted to
nonnegative values (command odeset).

7 Inferred biomass

In the compartment at depth d there are n, biotically-catalyzed reactions
with rates R;(d), where i € {1,...,n,}. We define the relative rate of the

!The cited database was queried for river gauge USGS 01102500 (Aberjona River,
Winchester, MA; the Aberjona drains into Mystic Lake) parameter P00681 (“Organic
carbon, water, filtered, milligrams per liter”) during 1999-2000. The average value was
4.91 mg L=, The cited text’s Table 12-4 lists C:N = 15.1 for carbon concentrations just
above this in Wisconsin lakes, thus N:C = 1/15.1 = 0.066.

2The cited work reports an initial rate for iron oxidation on nitrate as 2.4 uM day~
with initial nitrate concentration 30 uM and initial iron concentrations 10-50 pM, which
corresponds to the shown range when assuming a second-order rate form.

3The cited paper collates reports of vertical eddy diffusion constants 0.002-0.05 cm?
s~! for lakes with depths comparable to Mystic Lake’s. Diffusion constants are typically
written as (time)/(length)?, but here the compartment height, 1 meter, sets the length
scale.

4The cited work reports an effective settling rate 0.024 m day ' (veg, Table 3B). The
shown value is computed by equating vesy to comparable to D X pp. and using the shown
value of D.

5The cited text gives annual organic carbon input for Wingra Lake, a polluted urban
lake, as 691 g C m~2 yr—! (Table 23-12) and for Lawrence Lake as 130.6 g C m~2 yr—!
(Table 23-13). These two values correspond to the reported range if the carbon is assumed
delivered to a one-meter-high compartment. One should note that the carbon inputs
reported in the literature should not directly correspond to C in the model, which is a
simplified biomass.

6The cited work reports 1.3-4.0 mmol m~2 d~!, which corresponds to the shown values
if the methane is delivered to a well-mixed one-meter high lowest compartment as assumed
in the model.

"Ref. 4 reports that eutrophic lakes have median total organic carbon around 12.0 mg
L' =103 pM (Table 23-1). The carbon concentrations later in the simulation are more
similar to this value.

8The total concentrations of nitrogen, iron, and sulfur species were chosen to correspond
with the total amount of these chemical observed in the cited work’s appendix tables.

1



1-th reaction at depth d as

R
= S Ry ¥

In the inferred biomass framework, we assert that the biomass b;(d) of the
organisms catalyzing the i-th process across depths d is proportional to the
relative rates r;(d), that is,

for all d, where q; is some constant of proportionality that relates biomass
to relative rate that varies with ¢ (the organisms catalyzing different rates)
but not with depth. Because the «a; are unknown, we never infer the rela-
tionship between abundances of different biomasses, even at the same depth.
Furthermore, b;(d) is the biomass of all organisms catalyzing process i—the
inferred biomass framework does not provide information about the com-
bined biomass of individual taxa, only the biomass of all taxa catalyzing a
modeled process.

In comparisons with the survey data, we used relative rates r;(d) rather
than absolute rates R;(d) because survey count data show relative, not ab-
solute, abundances. For example, consider a process ¢ whose absolute rate
is higher at depth z than at depth y, i.e., R;(x) > R;(y). Other processes,
however, are much more active at x than at y so that although i’s absolute
rate is higher at x, its relative rate is higher at y, i.e., 7;(z) < r;(y). In this
case, we would expect the biomass of organisms performing process i to have
higher absolute abundance at x but higher relative abundance at y.
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pairs in shuffled data

pairs in
comparison real data mean std min max p-value
timepoints 190 68.2 84 49 91 10719
sample prep T 1014 93 77 129 ~0
OEU callers 2564 131.3 119 96 172 ~0

Table S5: Numbers of pairs of OTUs that were in the same OEU across
datasets. Values for shuffled data represent 1000 random shufflings of the
assignments of OTUs to OEUs in one of the two datasets in the comparison.
The p-value represent the results of one-sided z-tests using the mean and
standard deviations of the number of OTU pairs from the shuffied datasets.
(The ~0 indicates values much less than 1071%.)
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shown.
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Figure S2: Correspondence between 2013 chemical observations and model
predictions after the model was calibrated to match the chemical observation.
Modeled concentrations (red) are on the same scale as observations (black)
except for iron (top axis, observed; lower axis, modeled).
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Figure S3: Correspondence between 2008 chemical observations and model
predictions after the model was calibrated to match the chemical observation.
Modeled concentrations (red) are on the same scale as observations (black)
except for iron (top axis, observed; lower axis, modeled).
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Figure S4: The number of phyla within OEUs increased linearly with the
number of OTUs in the OEU. The regression was constrained so that 1 OTU
in an OEU necessarily produced 1 phylum in that OEU.



C org CO2 Co‘,g HCO C

primary
redox
reactions
O2 HZO NO; N2 Fe(OH)
redox
zones 0O2/NO3- Fe S042- CH4
reaction Fe(OH)3 FeS c:g)s
fronts

2+ H.S CH
F
secondary 2 ¢ z 4
redox
reactions 2-
H.0 Fe(OH), 50; co

2

Figure S5: Primary and secondary oxidation-reduction (redox) reactions used
in the biogeochemical model, along with the typical redox zones and reaction
fronts. Adapted from (1).
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Figure S6: The model predicts the spatial and temporal dynamics of the
lake’s chemistry as well as the places and times in the lake that favor spe-
cific biogeochemical processes. The model starts in a homogeneous state,
representing an idealized, fully-mixed dimictic lake in the spring of 2008.
Concentrations (top) of electron acceptors are measured in uM; the rates of
biogeochemical processes (bottom) are measured in yM yr—!
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Figure S7: Observed distribution of key populations (black, bottom z-axis,
measured in relative abundance) and their correspondence with modeled pro-
cesses (red, top x-axis, measured in relative rate) from 2008. The observa-
tions, which reflect the abundance of organisms, and the model results, which
reflect the predicted prevalence of a metabolic process, have peaks at similar
locations and their distributions roughly correspond, which suggests that the
distribution of these organisms is largely determined by the favorability of
the corresponding metabolic process.
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Figure S8: Average Euclidean distance across OTUs within each OEU (rows;
2013 data) to the modeled processes (columns; 2013 model), demonstrating
the relationship of OEUs with processes. Dendrograms show the clustering
patterns of modeled processes (top) and OEUs (left). OEUs cluster largely
by their relationship to aerobic and anaerobic processes.
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Figure S9: (a) The number of OTUs remaining in the final analysis after
OEUs are called increases with the number of initial candidate OEUs. (b)
Each OTU is distributed across the lake’s depth, so each OTU has a mean
depth. For every OEU, the variance in mean depths was computed. For
each set of OEUs produced by a different number of initial candidate OEUs,
the mean of those variances was computed. The mean (across OEUs) of
variances (within an OEU) of the mean depth (of each OTU) is a measure of
overall cluster quality. The mean variance decreases with increasing initial
OEU number. (¢) The mean number of OTUs in each OEU decreases with
increasing initial OEU number.



