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Anthropogenic releases of mercury (Hg)' > are ahuman health issue* because the
potent toxicant methylmercury (MeHg), formed primarily by microbial methylation
ofinorganic Hgin aquatic ecosystems, bioaccumulates to high concentrations in fish
consumed by humans®®, Predicting the efficacy of Hg pollution controls on fish MeHg
concentrations is complex because many factors influence the production and
bioaccumulation of MeHg’”"®. Here we conducted a 15-year whole-ecosystem,
single-factor experiment to determine the magnitude and timing of reductionsin fish
MeHg concentrations following reductions in Hg additions to a boreal lake and its
watershed. During the seven-year addition phase, we applied enriched Hg isotopes to
increase local Hg wet deposition rates fivefold. The Hg isotopes became increasingly
incorporated into the food web as MeHg, predominantly from additions to the lake
because most of those in the watershed remained there. Thereafter, isotopic
additions were stopped, resulting in an approximately 100% reduction in Hg loading
tothelake. The concentration of labelled MeHg quickly decreased by up to 91%in
lower trophic level organismes, initiating rapid decreases of 38-76% of MeHg
concentrationinlarge-bodied fish populations in eight years. Although Hg loading
from watersheds may not decline in step with lowering deposition rates, this
experiment clearly demonstrates that any reduction in Hg loadings to lakes, whether
fromdirect deposition or runoff, will have immediate benefits to fish consumers.

The Minamata Convention on Mercury is an international treaty that
aimsto protect human health and the environment from adverse effects
of MeHg by controlling Hg emissions, which should then decrease
deposition and loading of anthropogenic Hg to aquatic environments™.
Yetthereislittle direct evidence for how quickly fishMeHg concentra-
tions will decline following reductions in current rates of Hg loading
owing, in part, to arange of ecological factors that caninfluence both
the microbial production and the bioaccumulation of MeHg in aquatic
food webs®™. Further complicating this relationship are human activi-
ties such as commercial fishing, introduction of exotic species and
enhanced nutrient additions that trigger large-scale trophic disrup-
tions, which canin turn substantially alter fish tissue MeHg concentra-
tions™ ™, because fish acquire most of their MeHg through their diet™.

Changing climatic conditions can also influence MeHg production®, as
well as restructure food webs, alter the dominant pathways of energy
flow and cause size-dependent changes in fish growth rates that shift
population size structure'”8, In addition, until now there has been
no way to evaluate the relative contribution of newly deposited Hg
to contemporary MeHg production. Consequently, it is exceedingly
difficult to unambiguously assess the recovery of contaminated fish
populations due specifically to Hg control measures®.

Overal5-year period (2001-2015) we conducted awhole-ecosystem
Hgloading and recovery experiment (Mercury Experiment To Assess
Atmospheric Loading In Canada and the United States (METAALICUS))
in a pristine boreal watershed”. METAALICUS addresses the relation-
ship between changes in inorganic Hg loadings to a lake and MeHg
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Fig.1| Temporal dynamics of mercury additionand recovery inthe Lake
658 ecosystem. a, Location (inset) of the Experimental Lakes Area (ELA),
Canada, where Hg enriched with differentisotopes was applied to the wetland,
upland and lake surface of Lake 658 to simulate enhanced wet deposition of Hg
(darkblue shaded area). b, Inorganic Hg added to the lake was methylated and
measured as MeHg concentrationinwater (inng1™?; n=516), sediments (inng g™
dry weight; n=1,627) and invertebrates (in ng g™ wet weight; n =211), and as
total Hginfishes (inng g™ wet weight; n=1,052). Mean annual concentrations

concentrations in fish using highly enriched inorganic Hg isotopes
(termed ‘spikes’) that enabled us to specifically follow a change in load-
ing against abackground of previously deposited Hg and present-day,
relatively constant, Hginputs from direct deposition to the lake surface
and from the watershed. In our experiment, these are defined as ‘ambi-
entHg'. By adding a different spike Hg to the lake (***Hg), wetland (**Hg)
and upland (**°Hg) compartments of the Lake 658 watershed (52 hain
total) during a 6-to 7-year addition phase (Fig. 1a) we could follow the
uptake of MeHg in fish derived solely from newly deposited Hg". We
then ceased all experimental additions to determine the magnitude
and timing of reductions in fish MeHg concentrations toreductionsin
Hgloadingto the lake, which we tested by tracking the decline in spike
MeHginfish, their prey and other compartments of the lake ecosystem
over an eight-year recovery phase. The diverse fish community of the
METAALICUS lake enabled assessment of contaminant bioaccumula-
tionandrecovery across different trophic guilds and different exposure
pathways (thatis, sediment versus water) for three speciesimportant
to freshwater fisheries across the boreal ecoregion® (planktivore:
yellow perch (Percaflavescens); benthivore: lake whitefish (Coregonus
clupeaformis); and piscivore: northern pike (Esox lucius)).

The METAALICUS watershed is in an undisturbed remote region
of Canada, such that our experimental addition rate increased wet
Hg deposition approximately fivefold (from approximately 3.6 to
19 pgm~2yr™), tolevels similar to more polluted regions of the world®.
Most of the Hg added to the wetland and upland areas of the watershed
either remained bound to vegetation and soils or evaded back to the
atmosphere?*. The wetland spike was below the detection level inall
fish species. The Hg applied to the upland catchment accounted for
only a small fraction (less than 1%) of all Hg in runoff to the lake' and
consequently contributed little (less than2%) to the changes in MeHg
concentrations of fish populations throughout the study (Extended

0
2000 2002 2004 2006 2008 2010 2012 2014 2016
Year

for the open-water season are shown for all lake components except for fish
populations, which were collected each autumn. Concentration data for
large-bodied fish are derived from body-length standardization (pike, 475 mm;
whitefish, 535 mm). ¢, Hgloading to the lake increased MeHg concentrations
(per centincrease =[lake spike MeHg]/[ambient MeHg] x100) during the
addition phase (2001-2007), then decreased during the recovery phase (2008-
2015), whenexperimental Hg additions to the ecosystem ceased (light blue
shaded areaina). Dotted lines indicate missing data.

DataFig.1). Hence, after six years of increased additions to the water-
shed (Fig. 1a), the observed increases in fish MeHg were due almost
entirely toHgadded directly to the lake surface. This did not appear to
be caused by preferential methylation of lake spike Hg. The evidence
for thisis that the seasonal production of lake spike MeHg, all of which
had tobe formed within the lake because it was added as inorganic Hg,
varied synchronously with ambient MeHg in the lake and in biota®.
This finding also indicates that in this headwater lake ambient MeHg
is mainly derived from in-lake methylation of inorganic ambient Hg,
most of which came from the upland catchment.

Delivery of lake spike Hg to the sediments and anoxic bottom waters,
which are the dominant sites of methylation in the study lake'*,
resulted in formation of spike MeHg in these compartments, from
where spike MeHg also migrated to surface waters. Lake spike MeHg
rapidly accumulated in all lake biota (Fig. 1b), with concentrations in
fish muscleincreasing with continued loading for all species (Extended
DataTable1;linear regression, P<0.05), apart from young-of-year (YOY)
yellow perch, which showed high inter-annual variability in spike MeHg
concentrations after aninitial increase (Fig. 1b). By contrast, ambient
MeHg concentrations in all fish species did not show any consistent
trends during the addition phase (Fig. 2a-c), nor did they in a nearby
reference lake (Extended Data Table1; P> 0.05). Steady ambient MeHg
concentrations in fish through time are indicative of relatively stable
watershed inputs of Hg, which is the main source of ambientinorganic
Hg for methylation in both the experimental and reference lakes™>.

Acritical question for the addition period was how much higher were
MeHg concentrations than they would have beenin the absence of the
experimentally increased loading of Hg. The addition of lake spike Hg
was roughly equivalent to all ambient Hg inputs (runoff plus direct
deposition) to thelake, resultinginadoubling, orabout 100% increase,
in Hg loading to the lake™. In response to seven years of experimental
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Fig.2|Accumulation and trophic transfer of lake spike and ambient
mercury. a-c, Annual fish muscle MeHg concentrations (total MeHg = lake
spike MeHg + ambient MeHg; grey circles) increased above background
concentrations (ambient MeHg; white circles) during the addition phase (dark
blue shaded area) from uptake of isotope enriched Hg added to Lake 658 (lake
spike; black circles) for planktivorous (age 1+ yellow perch; n =140) (a),
piscivorous (northern pike; n =442) (b) and benthivorous (lake whitefish;
n=189) (c) populations, then declined during the recovery phase (light blue

additions to the lake, per cent increases in lake spike MeHg concen-
trations were highest in water (60%) and least in the upper 2 cm of
sediments (30%) where large stores of ambient Hg existed (Fig. 1c).
Theresponse of food web organisms was intermediate to that of water
and sediments, such that spike Hg additions to the lake raised MeHg
concentrations by 45-57% in invertebrates and forage fishes and by
more than 40% for large-bodied fish species (Fig. 1c).

Temporal patterns of biomagnification for spike MeHg relative to
ambient MeHg inform how quickly the different fish species cameinto
equilibriumwith their respective prey. For small-bodied yellow perch
(1yearof age) feeding on zooplankton, it took three years before the bio-
magnification of lake spike resembled that of ambient MeHg (Fig. 2d),
and afurther two years for boththe apex predator, northern pike, feed-
ing onforage fishes (Fig.2e), and lake whitefish feeding on Chaoborus
(Fig. 2f). Relative to planktivorous yellow perch, final addition phase
concentrations of spike MeHg were slightly higher for benthivorous
lake whitefish (1.2x) and further increased for piscivorous northern pike
(3.9x), similar to ambient MeHg (whitefish (1.5x) and pike (3.9x); relative
to perch; Fig. 2a-c) and consistent with expectations of contaminant
biomagnification among trophic guilds®*°. These findings imply that
the key in-lake processesleading to the formation and trophic transfer
of MeHgto the different fish populations became comparable for spike
Hg and ambient Hg during the addition phase.

To then directly test the hypothesis that MeHg concentrations in
fishes would decline following reductions in Hg loading to the lake, we
ceased all experimental additions of enriched Hg isotopes (Fig.1a). This
resultedinal00% reductioninloading of lake spike. Average concentra-
tions of lake spike MeHg in fish populations rapidly declined (within
lessthantenyears) inconcert with the declinein the availability of spike
MeHg through dietary and waterborne pathways (Fig. 1b). Within the
first 3 years, the relative amount of lake spike MeHg declined by 81%

76 | Nature | Vol 601 | 6 January 2022

.2 T T T T T T T 1
2000 2002 2004 2006 2008 2010 2012 2014 2016

0 T T T T T T T 1
2000 2002 2004 2006 2008 2010 2012 2014 2016

Year Year

shaded area). d-f, Biomagnification factors (BMF = [MeHg,cqa0r)/ [MeHg,]) Of
lake spike MeHg and ambient MeHg from dominant prey items for each of these
fish species were as follows: zooplankton (n =127) to yellow perch (d); forage
fish (n=421) tonorthern pike (e); and Chaoborus (n = 62) to lake whitefish (f).
Fish dataare means from autumnsampling (sample sizesin Extended Data
Tables 2, 3). Concentration data for pike and whitefish are derived from
body-length standardization; dotted lines indicate missing data.

inwater, 35% in sediments, 66% in zooplankton and 67% in Chaoborus
(Fig.1c), leading to marked reductions (85-91%) in the concentration
of spike MeHg in forage fish species by the end of the recovery phase
(Fig.1b). Eight years after addition, lake spike Hg contributed just a
small fraction (approximately 6%) to MeHg concentrations in forage
fishesand invertebrate prey (Fig.1c). The more rapid decline in per cent
spike MeHg in water compared with sediments, even in this relatively
long water residence time lake (about 6 years), emphasizes that the
magnitude and timing of responses by fish to Hg loading reductions
could beinfluenced by their relative reliance upon pelagic versus ben-
thic dietary pathways?.

The notably fast response of the lower food web to the cessation
of lake spike Hg loadings initiated rapid recovery of large-bodied fish
species. Within 8 years, lake spike MeHg concentrations declined by
76% in the northern pike population and by 38% in the lake whitefish
population (Fig. 1b). During the recovery phase, spike MeHg concentra-
tions for these large-bodied species initially increased for both popula-
tions before showing steady declines (Fig. 2b, c). The rate of decline
in spike MeHg for northern pike, however, was roughly twice that of
lake whitefish (Fig. 1c).

Differences in the lifespan of the fish populations had a key role in
the rates of recovery following the reduction of Hg loadings to the
lake. Lake whitefish were much older (median age =17 years versus
3years for pike) and larger (Extended Data Tables 2, 3) than northern
pike, and more individuals in that population would have lived through
some or all ofthe addition and recovery phases of the experiment. Lake
whitefish had the coldest thermal preferences and greatest associa-
tionwithbenthic habitats of any fish population, which probably also
contributed to their delayed recovery.

Boreal fishes are known to eliminate MeHg very slowly once accumu-
lated”. To further explain the recovery of the apex predator population,
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Fig.3|Recovery of the apex predator from mercury loading. Comparison of
changesinbody burdens of lake spike MeHg during the recovery phase for the
northern pike population (annual mean, black circles) to that of individual
northern pike (grey lines and triangles). Individual northern pike were sampled
atthe end of the addition phase (in2007; n=16) and subsequently recaptured
duringtherecovery phase (eachline represents anindividual fish). Population
dataarebased onallfish captured each autumn (n=280). All northern pike
were sampled using anon-lethal biopsy (represented inimages) in the autumn
of eachyearandreturned to thelake. Fish body burdens of lake spike MeHg
(body burden =lake spike MeHg (ng g™) x fish mass (g)) were normalized to
concentrationsin the autumn of 2007 (¢,; the final time isotope-enriched Hg
wasadded to Lake 658 and the beginning of the recovery period). Exponential
decayregressionstartingin the second year of recovery estimated a 50%
reductioninlake spike MeHgburdenin the populationin4.2years (dataare
mean (blackcircle) £ 95% confidence interval (shaded band); line fit: y =1.7439 x
e 02928 R2=0.95,F, 4=95.5,P=0.0002).

we tracked changes in the body burdens of spike MeHg in individual
northern pike over time while also monitoring the population as a
whole. Asexpected, individual responses were variable, but lake spike
MeHg burdens in northern pike mostly increased during the early
recovery phase with overalllittle tonoloss of the spike MeHg 6-8 years
after cessation of spike additions (Fig. 3). These findings parallel those
observed forlake spike MeHg inindividual northern pike moved from
the study lake to a nearby reference lake?® and underscore how the
prolonged retention of MeHg in fish muscle tissue can delay recovery
of some fisheries””. Thus, it was the annual recruitment of new fish
with low MeHg concentrations into the population, along with the
loss of older fish (as evidenced by a stable population size structure;
Extended DataFig.2), thatenabled the swift recovery of the population
from Hg contamination asawhole. Consequently, average burdens of
spike MeHg in the northern pike population were reduced by 50% in
less thanfive years, in spite of the efficient retention of spike MeHg by
some older fish (Fig. 3, Extended Data Fig. 2).

Differentiating the relative importance of present day inputs versus
previously deposited Hg to overall fish MeHg concentrations is a key
uncertainty when predicting the efficacy of Hg pollution reduction®>°.
Here we demonstrate that within afew years of abatement, the experi-
mental Hg added previously to the lake was no longer an important
source of MeHg to the lower food web or to forage fishes (Fig. 1c).
Long-lived fish species of subsistence, commercial and recreational
importance lagged behind their prey, but the contribution of recently
deposited Hg to fish MeHg steadily diminished for these populations
as well. There was a similar, rapid response for the upland spike when
loading ceased, even though only asmall amountappearedin the fish
during the experiment (Extended Data Fig. 1). The small contribution
of the terrestrial spike to fish MeHg supports our former conclusion®
that lakes with large watersheds will respond more slowly to changes
inatmospheric deposition.

The mostimportant outcome of this whole-ecosystem experiment
is the demonstration that a decrease in a single factor (Hg loading to
thelake) hasaclear and timely effect on average MeHg concentrations

in fish populations, even for long-lived species that eliminate MeHg
slowly. The spike MeHg data show that fish populations will respond
quickly toany changeinloading rates—whether from direct deposition
tothe lake (Fig.1) or runoff (Extended Data Fig.1). Decreases in loading
to the lake from these two sources will follow different time courses
inresponse to lower atmospheric deposition'®. However, as these two
loads decrease, the fish populations in the receiving lake will soon
afterwards have lower MeHg than they would have if nothing were
done, thereby reducing human exposure.
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Methods

Mercury additions to the study catchment

METAALICUS was conducted on the Lake 658 catchment at the Experi-
mental Lakes Area (ELA; now[ISD-ELA), aremoteareainthe Precambrian
Shield of northwestern Ontario, Canada (49° 43’ 95” N, 93° 44’ 20” W)
set aside for whole-ecosystem research’. The Lake 658 catchment
includes upland (41.2 ha), wetland (1.7 ha) and lake surface (8.4 ha)
areas. Lake 658isadoublebasin (13 mdepth), circumneutral, headwa-
ter lake, with a fish community consisting of forage (yellow perch (P,
flavescens) and blacknose shiner (Notropis heterolepis)), benthivorous
(lake whitefish (C. clupeaformis) and white sucker (Catostomus com-
mersonii)), and piscivorous (northern pike (E. lucius)) fishes. The lake
is closed to fishing.

Hg addition methods used in METAALICUS have been described in
detail elsewhere'***®, In brief, three Hg spikes, each enriched with a
different stable Hgisotope, were applied separately to the lake surface,
upland and wetland areas. Upland and wetland spikes were applied
once per year (when possible; Fig. 1a) by fixed-wing aircraft (Cessna
188 AGtruck). Mercury spikes (asHgNO,) were diluted in acidified water
(pH4)ina500Ifiberglasstank and sprayed withastainless-steelboomon
upland (approximately 79.9%>°°Hg) and wetland (approximately 90.1%
98Hg) areas. Spraying was completed during or immediately before
arain event, with wind speeds less than 15 km h™ to minimize drift of
spike Hg outside of target areas. Aerial spraying of upland and wetland
areas left a 20-m buffer to the shoreline, which was sprayed by hand
withagas-powered pump and fire hose to within about 5 mof the lake®.
Average net application rates of isotopically labelled Hg to the upland
andwetland areaswere18.5ugm2yr*and17.8 ugm2yr™, respectively.

Theaverage netapplication rate for lake spike Hgwas 22.0 pgm2yr™.
For eachlake addition, inorganic Hg enriched with approximately 89.7%
202Ho was added as HgNO, from four 20-1 carboys filled with acidified
lake water (pH 4). Nine lake additions were conducted bi-weekly at
dusk over an18-week (wk) period during the open-water season of each
year (2001-2007) by injecting at 70-cm depthinto the propeller wash
oftrolling electric motors of two boats crisscrossing each basin of the
lake®*, It was previously demonstrated with *C additions to an ELA
lake that this approach evenly distributed spike added in the evening
by the next morning?.

We did not attempt to simulate Hg in rainfall for isotopic lake addi-
tions because it is impossible to simulate natural rainfall concentra-
tions (about 10 ng1™) in the 20-1 carboys used for additions. Instead,
our starting point for the experiment was to ensure that the spike was
behaving as closely as possible to ambient surface water Hg very soon
after it entered the lake. Several factors support this assertion. By the
next morning each spike addition had increased epilimnetic Hg con-
centrations by only 1ng 1"2°?Hg. Average ambient concentrations were
2 ng 1™ Thus, while the Hg concentrations in the carboys were high
(2.6 mgl™), the receiving waters were soon at trace levels. Furthermore,
weinvestigatedifthe additions altered the degree of bioavailability or
photoreactivity of Hg(11) in the receiving surface water. We examined
the bioavailability of spike Hg(11) as compared to ambient Hg in the
lake itself using a genetically engineered bioreporter bacterium®. On
seven occasions, epilimnetic samples were collected on the day before
and within 12 h of spike additions. The spike was added to the lake as
Hg(NO,),, which is bioavailable to the bioreporter bacterium (detec-
tion limit = 0.1 ng Hg(11) I'"), but we never saw bioavailable ambient
or spike Hg(11) in the lake, presumably because it was quickly bound
to dissolved organic carbon (DOC). This indicates that, in terms of
bioavailability, the spike Hg was behaving like ambient Hg soon after
additions. Photoreactivity in the surface water was examined on seven
occasions, by measuring the % of total Hg(11) that was dissolved gase-
ous Hg for spike and ambient Hg, either 24 h or 48 h after the lake was
spiked®. There was no significant difference (paired t-test, P> 0.05),

demonstrating that by then the lake spike was behaving in the same
way as ambient Hg during gaseous Hg production.

Lake, food web and fish sampling

Water samples were collected from May to October every four weeks
at the deepest point of Lake 658. Water was pumped from six depths
through acid-cleaned Teflon tubing into acid-cleaned Teflon or glass
bottles. Water samples were filtered in-line using pre-ashed quartz
fibre filters (Whatman GFQ, 0.7 um). Subsequently, Hg species were
measured inthe filtered water samples (dissolved Hgand MeHg) and in
particles collected on the quartz fibre filter (particulate Hg and MeHg).

From 2001 to 2012, Lake 658 sediments were sampled at 4 fixed
sites up to 5 times per year. Sampling frequency was highest in 2001,
with monthly sampling from May to September, and declined over the
course of the study. Fixed sites were located at depths of 0.5, 2, 3 and
7m.Asediment survey of up to12 additional sites was also conducted
once or twice eachyear. Survey sites were selected to represent the full
range of water depthsinbothbasins. Cores were collected by hand by
divers, or by subsampling sediments collected using asmallbox corer.
Cores were capped and returned to the field station for processing
within afew hours. For each site, three separate cores were sectioned
and composited in zipper lock bags for a 0- to 2-cm depth sampling
horizon, and then frozen at -20 °C.

Bulk zooplankton and Chaoborus samples were collected from Lake
658 for MeHg analysis. Zooplankton were collected during the day
from May to October (bi-weekly: 2001-2007; monthly: 2008-2015).
Aplanktonnet (150 um, 0.5 m diameter) was towed vertically through
the water column from1mabove the lake bottom at the deepest point
to the surface of the lake. Samples were frozen in plastic Whirl-Pak
bags after removal of any Chaoborus using acid-washed tweezers.
Dominant zooplankton taxa in Lake 658 included calanoid copepods
(Diaptomusoregonensis) and Cladocera (Holopediumglacialis, Daphnia
pulicariaand Daphnia mendotae). Chaoborus samples were collected
monthly in the same manner at least 1 h after sunset. After collection,
Chaoborus were picked from the sample using forceps and frozen in
Whirl-Pak bags. Chaoborus were not separated by species for MeHg
analyses, but both C. flavicans and C. punctipennis occur in the lake. Pro-
fundal chironomids were sampled at the deepest part of the lake using
astandard Ekman grab sampler. Grab material was washed using water
from a nearby lake and individual chironomids were picked by hand.

All work with vertebrate animals was approved by Animal Care
Committees (ACC) through the Canadian Council on Animal Care
(Freshwater Institute ACC for Fisheries and Oceans Canada, 2001~
2013; University of Manitoba ACC for IISD-ELA, 2014-2015). Licenses
to Collect Fish for Scientific Purposes were granted annually by the
Ontario Ministry of Natural Resources and Forestry. Prior to any Hg
additions, a small-mesh fence was installed at the outlet of Lake 658
to the downstream lake to prevent movement of fish between lakes.
Sampling for determination of MeHg concentrations (measured as total
mercury (THg), see below) occurred each autumn (August-October;
that is, the end of the growing season in north temperate lakes) for
all fish species in Lake 658, and for northern pike and yellow perchin
nearby reference Lake 240 (Extended Data Tables 2, 3). Fish collec-
tions occurred randomly throughout the lakes. Forage fish (YOY and
1+yellow perch, and blacknose shiner) were captured using small mesh
gillnets (6-10 mm) set for <20 min, seine nets, and hoop nets. A small
number of fish (up to n =20) of each species and age class (determined
by visualinspection) were euthanized immediately following capture
inan overdose bath of 0.25g 1 tricaine methanesulfonate (TMS; Syndel
Laboratories). After transport to the field station, fish were measured
forforklength (FL;in mm) and mass (to 0.1g), thenimmediately frozen
(at -20 °C) in individual WhirlPak bags. A year class failure of yellow
perchresulted in a single YOY collected in 2008 (data not presented)
and no age 1+ fishin 2009 (Extended Data Table 3).
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Large-bodied fish were captured by angling and multi-mesh gill nets
(2.5-11.4 cm mesh) set for 20-30 min. Upon capture, each fish was
anaesthetized with 0.06 g1 TMS, measured for FL (mm), weighed
(to1g), tagged (Passive Integrated Transponder; Biomark), and asmall
biopsy of dorsal muscle (0.091 + 0.002 g wet weight (mean + s.e.m))
was collected using a dermal punch?. Only fish large enough for the
biopsy procedure were sampled, such that our analyses include very
fewjuveniles (pike: 317-850 mm FL; whitefish: 344-874 mmFL). Muscle
samples wereinserted into 0.6-ml polypropylene vials (Rose Scientific),
immediately putonice, and frozen within 4 h (=20 °C). This non-lethal
method permitted repeated sampling of individual fish over time?®*.
Thefirstray of either the pectoral or pelvic fin was collected for aging
purposes upon first capture. Fish recovered from anaesthesiainatub
of fresh lake water (-15 min) before being released back into the lakes.
From2001-2015, we collected 690 biopsy muscle samples from 390 fish
(238 northern pike, 114 lake whitefish and 38 white sucker) in Lake 658;
149 fish (90 northern pike, 38 lake whitefish and 21 white sucker) were
biopsied more than once (2to 6 perindividual). Because of consistently
low annual catches of white sucker (<10 individuals) across sampling
years, we have excluded them from our analyses, but note here that their
patterns of lake spike MeHg accumulation and recovery were similar to
those of lake whitefish. We were unable to sex most fish because they
were eitherimmature or captured outside of their spawning season.

Sample processing and analytical methods

Detailed methods on sample preparation and MeHg or THg analysis,
aswell asinterlaboratory calibrations, have been reported elsewhere
for the METAALICUS project'®***, In brief, MeHg was distilled from
water samples and from sediment using atmospheric pressure water
vapour distillation and measured after aqueous phase ethylation using
sodiumtetraethylborate (NaBEt,). Volatile Hg species were purged and
trapped onto Tenax and MeHg was measured after thermodesorption
and GC separation using inductively coupled plasma mass spectrom-
etry (ICP-MS) detection (Micromass Platform or Perkin-Elmer Elan
DRC II, respectively)® and quantification by species specific isotope
dilution mass spectrometry. The MeHg isotope dilution standards
were synthesized and calibrated in-house. Isotope-dilution spikes
were added prior to distillation, and MeHg external standards were
routinely calibrated against degradation by measuring the standard
against inorganic Hg before and after BrCl digestion. The QC strat-
egy include the regular analysis of blanks, laboratory duplicates and
certified reference materials (CRMs) IAEA 405 (International Atomic
Energy Agency, Vienna, Austria) and NIST 1566b (National Institute
of Standards and Technology, Gaithersburg, Maryland) for MeHg. No
CRMs are commercially available for MeHg in water.

All biota samples were handled using clean techniques with Teflon
or stainless steel tools cleaned with 95% ethanol'*. Zooplankton and
Chaoboruswere freeze dried, ground withan acid-washed mortar and
pestle, subsampled, and weighed to the nearest 0.00001g. For deter-
mination of MeHg concentrations (ambient, lake spike, upland spike
and wetland spike) in invertebrate samples, MeHg was solubilized by
treatment with a solution of KOH in ethanol (20 % w/v), ethylated by
additions of NaBEt,, and the resulting volatile Hg species were purged
and trapped on carbotrap®. Samples were thermally desorbed and
separated by gas chromatography before quantification by ICP-MS as
above®.Samples of CRMs (TORT2 (2001-2013), IAEA452 (2014-2015);
National Research Council of Canada, Ottawa, Ontario) were subjected
to the same procedures; measured MeHg concentrations in the refer-
ence materials were not statistically different from certified values
(P>0.05).

Prey fish were kept frozen to maintain consistent wet weights.
Approximately 0.2 g of skinless dorsal muscle was removed from
each fish, weighed (0.0001g), and placed in an acid-washed glass vial
with a Teflon-lined cap (National Scientific Company). Muscle biopsy
samples were weighed to the nearest 0.00001 g (Sartorius BP211D,

Data Weighing Systems) before and after freeze-drying (Lyph-lock 12-1
freeze dry system Model 77545, Labconco) to obtainwet and dry sample
masses, and dry weight proportion®, Fish samples were analysed for
THg, which is the sum of organic and inorganic Hg. Because we had
previously determined that >90% of the Hginmuscle tissue fromyellow
perchinLake 658is MeHg***, here we report fishmercury data as MeHg.

THg concentrations (ambient, lake spike, upland spike and wetland
spike) in fish muscle samples were quantified by ICP-MS*. Samples were
digested with HNO,/H,SO, (7:3 v/v) and heated at 80 °C until brown
NOx gases no longer formed. The THg in sample digests was reduced
by SnCl, to Hg® which was then quantified by ICP-MS (Thermo-Finnigan
Element2) using a continuous flow cold vapour generation technique®.
To correct for procedural recoveries, all samples were spiked with
2lHg(Cl, prior to sample analysis. Samples of CRMs (DORM2 (2001-
2011), DORM3 (2012-2013), DORM4 (2014-2015); National Research
Council of Canada) were submitted to the same procedures; measured
THg concentrations in the reference materials were not statistically
different from certified values (P> 0.05). Detection limit for each of
the spikes was 0.5% of ambient Hg.

Calculations and statistical methods
Analyses were completed with Statistica (6.1, Statsoft) and Sigmaplot
(11.0, Systat Software). We present wet weight (w.w.) MeHg concentra-
tions for all samples, except sediments which are dry weight (d.w.) con-
centrations. For zooplankton, Chaoborus, and profundal chironomids,
d.w. MeHg concentrations were multiplied by a standard proportion
(0.15) to yield w.w. concentrations for each sample*’. The resulting
w.w. concentrations were averaged over each open water season to
determine annual means. For fish muscle biopsies, d.w. MeHg concen-
trations were multiplied by individual d.w. proportions to yield w.w.
MeHg concentrations for each sample. To avoid any size-related biases,
we calculated standardized annual MeHg concentrations (ambient
and lake spike) for northern pike and lake whitefish by determining
best-fit relationships between FL and MeHg concentrations for each
year (quadratic polynomial, except for alinear fit for lake whitefish in
2004), and using the resulting regression equations to estimate MeHg
concentrations at a standard FL** (the mean FL of all fish sampled for
eachspecies: northern pike, 475 mm; lake whitefish, 530 mm). Square
root transformation of raw northern pike data was required to satisfy
assumptions of normality and homoscedasticity prior to standardiza-
tion. Theresulting datarepresent standardized concentrations of lake
spike and ambient MeHg for each species each year.

We used the ratio of lake spike and ambient Hg in each sample as a
measure of theamount by which Hg concentrations were changed with
the addition of isotopically enriched Hg:

Percentincrease = [lake spike Hg];/[ambient Hg]; x 100 0))]

where[lake spike Hg];is the concentration of lake spike MeHg in sample
i,and [ambient Hg];is the concentration of ambient MeHg insample .
For northern pike and lake whitefish, we calculated the mean annual
relative increase from all individuals (not the size-standardized con-
centration data).

Biomagnification factors (BMF) were calculated to describe differ-
encesin Hg concentrations between predator and prey®:

BMF = IOglo([MeHg]predator/[MeHg]prey) (2)

where [MeHg], eqar0r is the mean (forage fish) or standardized
(large-bodied fish) concentration of MeHg in the predator (ng g™
w.w.) and [MeHg],,,., is the mean concentration of MeHg in the prey
(ng g w.w.). MeHg concentration of prey items were averaged from
samples collected throughout the open-water season immediately
prior to autumn sampling of fish species to represent an integrated
exposure for calculation of BMF. We used a dominant prey item to



represent the diet of each fish species. For age 1+ yellow perch, north-
ern pike, and lake whitefish, dominant prey items were zooplankton,
forage fishes (YOY and 1+ yellow perch, and blacknose shiner) and
Chaoborus, respectively.

To assess loss of lake spike MeHg by northern pike during the recovery
period (2008-2015), we calculated®® whole body burdens (in pg) of
lake spike MeHg for the standardized population and for individuals
that had been sampled in autumn 2007 (¢, is the final time spike Hg
was added to the lake) and again in at least one subsequent year dur-
ing annual autumn sampling (n =16 fish, of which1-9 individuals were
recaptured annually from 2008-2015). This calculation of MeHg burden
isarelative measure of whole fish Hg content because MeHg is higher
in muscle tissue than in other tissue types®*°, For the standardized
population data, we used best-fit relationships between FL (in mm) and
body weight (in g; quadratic polynomial) to determine body weight at
the standard FL. We multiplied this body weight by standard ambient
and spike MeHg concentrations (inng g w.w.) inmuscle tissue for each
year to determine body burdens over time (in ng). For individual fish,
we multiplied spike MeHg concentration (inng g™ w.w.) by body weight
(in g) toyield individual body burdens (in ng). To account for differ-
ences among individuals and between individuals and the population,
we normalized the data to examine the mean proportion of original
(t,) lake spike MeHg burden present in northern pike each year of the
recovery period (2008-2015).

change in burden from ¢,=burden,,/burden,, 3)

We used a best fit regression (exponential decay, beginning in the
second year of recovery) to estimate the half-life (50% of original bur-
den) of lake spike MeHg for the population.

Northern pike and lake whitefish ages were determined by cleithra
and otoliths, respectively, if mortality had occurred, but most ages
were quantified using fin rays collected from live fish** (K. H. Mills,
DFO or North/South Consultants). Northern pike of the sizes selected
for biopsy sampling had a median age of 3 years (range: 2-12 years;
n=305); the median age of lake whitefish was 17 years (range: 3-38
years; n=86).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Datasets generatedin this study are available at https://doi.org/10.5061/
dryad.nzs7h44sf. Source data are provided with this paper.

31. Blanchfield, P. J., Paterson, M. J., Shearer, J. A. & Schindler, D. W. Johnson and Vallentyne's
legacy: 40 years of aquatic research at the Experimental Lakes Area. Can. J. Fish. Aquat.
Sci. 66, 1831-1836 (2009).

32. Sandilands, K. A. et al. Application of Enriched Stable Mercury Isotopes to the Lake 658
Watershed for the METAALICUS Project, at the Experimental Lakes Area, Northwestern
Ontario, Canada. Can. Tech. Rep. Fish. Aquat. Sci. vol. 2597 (Fisheries and Oceans
Canada, 2005).

33. Sandilands, K. A. et al. Application of Enriched Stable Mercury Isotopes to the Lake 658
Watershed for the METAALICUS Project, at the Experimental Lakes Area, Northwestern
Ontario, Canada, 2001-2007. Can. Tech. Rep. Fish. Aquat. Sci. vol. 2813 (Fisheries and
Oceans Canada, 2008).

34. Bower, P. M. et al. Simultaneous measurement of primary production by whole-lake and
bottle radiocarbon additions. Limnol. Oceanogr. 32, 299-312 (1987).

35. Golding, G.R. et al. Evidence for facilitated uptake of Hg(i1) by Vibrio anguillarum and
Escherichia coli under anaerobic and aerobic conditions. Limnol. Oceanogr. 47, 967-975
(2002).

36. Southworth, G. et al. Evasion of added isotopic mercury from a northern temperate lake.
Environ. Technol. Chem. 26, 53-60 (2007).

37. Baker, R.F., Blanchfield, P. J., Paterson, M. J., Flett, R. J. & Wesson, L. Evaluation of
non-destructive biopsy methods for the analysis of mercury in fish tissue. Trans. Amer.
Fish. Soc. 133, 568-576 (2004).

38. Paterson, M. J. et al. Bioaccumulation of newly-deposited mercury by fish and
invertebrates: an enclosure study using stable mercury isotopes. Can. J. Fish. Aquat. Sci.
63, 2213-2224 (2006).

39. Hintelmann, H. & Ogrinc, N. in Biogeochemistry of Environmentally Important Trace
Elements (eds Cai, Y. & Braids, O. C.) 321-338 (ACS, 2003).

40. Van Walleghem, J. L. A., Blanchfield, P. J. & Hintelmann, H. Elimination of mercury by
yellow perch in the wild. Environ. Sci. Technol. 41, 5895-5901 (2007).

41.  Hrenchuk, L. E., Blanchfield, P. J., Paterson, M. J. & Hintelmann, H. H. Dietary and
waterborne mercury accumulation by yellow perch: a field experiment. Environ. Sci.
Technol. 46, 509-516 (2012).

42. Hownmiller, R. P. Effects of preservatives on weight of some common macrobenthic
invertebrates. Trans. Amer. Fish. Soc. 101, 743-746 (1972).

43. Tremblay, G., Legendre, P., Doyon, J.-F., Verdon, R. & Schetagne, R. The use of polynomial
regression analysis with indicator variables for interpretation of mercury in fish data.
Biogeochemistry 40, 189-201 (1998).

44. Mills, K. H. & Beamish, R. J. Comparison of fin-ray and scale age determinations for lake
whitefish (Coregonus clupeaformis) and their implications for estimates of growth and
annual survival. Can. J. Fish. Aquat. Sci. 37, 534-544 (1980).

Acknowledgements We thank A. Robinson for aircraft support, M. Stainton and R. Hesslein for
the preparation of mercury isotopes, M. Lyng, J. T. Bell, R. Burrell, B. Dimock, M. Dobrin, K.
Fetterly, C. Miller, M. Rearick, J. Reid, G. Riedel, J. Shead, J. Zhou and staff and students at the
Experimental Lakes Area for assistance with field collections and analysis of samples. K. Kidd,
D. Orihel and J. Smol provided reviews of this manuscript. We thank the following agencies for
their financial support for this study: Electric Power Research Institute, Environment and
Climate Change Canada, Fisheries and Oceans Canada, Natural Sciences and Engineering
Research Council of Canada, National Science Foundation Grant DEB 0451345 (C.C.G.) and
DEB 0351050 (A.H. and C.C.G.), Southern Company, University of Alberta, U.S. Department of
Energy, U.S. Environmental Protection Agency, and Wisconsin Focus on Energy Program
Project Grant no. 4900-02-03 (J.P.H.). Any use of trade, firm, or product names is for
descriptive purposes only and does not imply endorsement by the U.S. Government.

Author contributions P.J.B., JWM.R., M.A,, KG.B.,R.A.B.,B.A.B.,,CCG.,RC.H., AH,HH.,
JPH., C.AK,D.PK,S.E.L., RPM., MJ.P., C.L.P.and V.L.S.L. contributed to the design of the
whole-ecosystem experiment. The METAALICUS project was overseen by JW.M.R.and R.C.H.,
who along with C.L.B., R.A.B., J.AG., H.H., J.PH., C.AK., D.PK., K.A.S., V.L.S.L. and MTT., applied
mercury to the lake and watershed. P.J.B., L.E.H. and L.ST. conducted the fish sampling. Water,
sediment and lower trophic level data were collected and prepared by C.C.G., B.D.H., H.H.,
C.AK.,M.J.P, C.L.P.and K.A.S. Field samples in this study were analysed for mercury by C.C.G.,
H.H., D.PK. and MTT. Data analyses were performed by P.J.B. and L.E.H. All authors collected
and discussed project-level data that contributed to the interpretation of the data presented in
this study. L.E.H. produced the figures and wrote the methods. P.J.B., JW.M.R., C.AK., and
V.L.S.L. wrote the manuscript with input from all authors.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/101038/s41586-021-04222-7.

Correspondence and requests for materials should be addressed to Paul J. Blanchfield.
Peer review information Nature thanks Bridget Bergquist and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.5061/dryad.nzs7h44sf
https://doi.org/10.5061/dryad.nzs7h44sf
https://doi.org/10.1038/s41586-021-04222-7
http://www.nature.com/reprints

Article

2.0

addition

1.5 A

1.0 -

05 +————

Percent increase in mercury

0.0

recovery

—&— YOY yellow perch
—4&— 1+ yellow perch
—#— blacknose shiner
—®— lake whitefish
—®&— northern pike

2000
2002
2004
2006 -

Extended DataFig.1| Temporal dynamics ofupland mercury infish.
Isotopic'”®Hgadded to the upland area of Lake 658 was above the detection
limit (0.5% of ambient MeHg; dashed line) in all fish species, but contributed
little (<2%) to overall MeHg concentrations (percentincrease = [upland spike
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MeHg]/[ambient MeHg] x100). Mean annual MeHg concentration data for
eachspeciesorage-classis presented and based on fish collected during fall
population sampling (n =1,052; sample size details in Extended Data Tables 2
and 3); dotted lines indicate missing data.
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(n=16fishwith1-9individuals recaptured each year 2008-2015) were used
todetermineindividual losses of lake spike MeHg during recovery (see Fig. 3).
Theseindividual fish, which were also captured prior to 2007, showed an
increasein body size over time (linear regression: y =17.43x-34470.0, R?=0.55,
F,5,=61.1,P<0.0001).
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Extended Data Table 1| Fish mercury concentrations in the experimental and reference lakes over time

| . mercury addition (2001-2007) all years (2001-2015)
ake species type " "
yo a R P yo0 a R P
658 0+ yellow perch ambient 19081.7 -9.5 0.28 0.2266 5250.0 -2.6 0.14 0.1769
lake spike -6148.2 3.1 0.12 0.4553 -
1+ yellow perch ambient 1094.4 -0.5 0.001 0.9375 -6935.5 35 0.21 0.0997
lake spike -24109.9 121 0.66 0.0261 -
blacknose shiner ambient 31759.2 -15.7 0.38 0.1393 15679.5 -7.7 0.35 0.0201
lake spike -30228.2 15.1 0.70 0.0185 -
northern pike ambient -49814.4 25.1 0.47 0.0872 -9877.2 52 0.11 0.2398
lake spike* -104618.5 52.3 0.96 0.0007 -
lake whitefish ambient -32983.6 16.5 0.39 0.1344 -18755.1 9.4 0.45 0.0063
lake spike* -34096.6 17.0 0.99 <0.0001 -
240 0+ yellow perch ambient 1205.5 -0.6 0.003 0.8939 -464.5 0.3 0.003 0.8947
1+ yellow perch ambient 17990.7 -8.9 0.15 0.3880 2722.7 -1.3 0.03 0.5428
northern pike ambient 38790.9 -19.0 0.24 0.2691 33611.0 -16.4 0.36 0.0180

Footnote: Linear regression statistics [F=yO + (a x x)] of the change in annual mean (yellow perch, blacknose shiner) or body-size standardized (northern pike, lake whitefish) concentrations
(ng g™ w.w.) of ambient and lake spike MeHg (measured as THg) in fish muscle tissue during the addition phase or entire study. Isotopic Hg additions were made to Lake 658 from 2001-2007;
Lake 240 is a reference lake. Fish collections occurred each autumn.

*lake spike below detection in 2001 (pike: n=32; whitefish: n=7 of 9); regression from 2002-2007



Extended Data Table 2 | Annual fish metrics and mercury concentrations during the addition phase

lake species parameter 2001 2002 2003 2004 2005 2006 2007
658 O+yellow n 12 15 8 10 10 10 10
perch weight (g) 2.2(0.1) 1.4 (0.1) 3.2(0.2) 1.4 (0.04) 0.7 (0.04) 2.1(0.2) 25(0.2)
fork length (mm) 61 (1) 51(0.6) 65 (1.5) 50 (0.3) 39(0.7) 53 (1.6) 60 (2.1)
ambient THg (ng.g™" w.w.) 146 (10) 129 (3) 185 (14) 119 (9) 161 (7) 65 (5) 109 (3)
lake spike THg (ng.g " w.w.) 4 (0.3) 26 (0.7) 67 (4.5) 44 (3.8) 47 (1.8) 30 (2.1) 36 (1.1)
percent lake spike THg 3(0.2) 20(0.2) 36 (0.4) 36 (0.6) 29(0.2) 47 (0.4) 34 (1.3)
658 1+yellow n 9 6 10 10 10 15 10
perch weight (g) 4.9(0.3) 3.9(0.3) 7.5(0.4) 5.1(0.5) 2(0.2) 45(0.4) 7.5(0.4)
fork length (mm) 78 (1.7) 72(2.1) 88 (1.5) 75(2.1) 55(1.2) 73 (2) 88 (1.7)
ambient THg (ng.g™" w.w.) 148 (17) 125 (14) 197 (13) 172 (12) 122 (10) 132 (18) 163 (10)
lake spike THg (ng.g™' w.w.) 2(0.3) 22 (1.9) 65 (3.9) 72 (5.3) 36 (3) 69 (9.3) 93 (6)
percent lake spike THg 1(0.2) 18 (0.8) 33(0.8) 41 (0.6) 30 (0.6) 52 (0.3) 57 (0.7)
658 blacknose n 8 15 10 10 10 11 4
shiner weight (g) 1.2(0.2) 1.7 (0.1) 1.8 (0.04) 1.7 (0.1) 1.6 (0.1) 1.4(0.1) 1.6 (0.03)
fork length (mm) 50 (2.9) 56 (0.5) 55 (0.6) 55 (0.8) 52 (1.2) 52 (1.7) 54 (0.5)
ambient THg (ng.g™" w.w.) 245 (30) 322 (12) 303 (19) 254 (15) 202 (25) 162 (17) 238 (5)
lake spike THg (ng.g" w.w.) 2 (0.3) 42 (1.8) 83 (4) 96 (5) 69 (9) 80 (8) 123 (4)
percent lake spike THg 1(0.2) 13 (0.5) 28 (0.9) 38 (1) 34 (0.7) 50 (0.4) 51(0.8)
658 lake n 9 17 6 7 9 13 8
whitefish  weight (g) 1928 (220) 2498 (86) 2448 (132) 2598 (170) 2853 (106) 2739 (190) 2190 (272)
fork length (mm) 510 (24) 543 (7) 542 (10) 558 (9) 566 (8) 551 (18) 527 (23)

ambient THg (ng.g”" ww.)* 115 (42-156) 114 (44-184) 161 (84-240) 265 (156-595)t 147 (104-226) 178 (118-276) 231 (201-791)

lake spike THg (ng.g™" w.w.)* ndt 10 (5-15) 26 (14-39) 47 (25-56)1 58 (28-64) 74 (42-104) 99 (69-349)
percent lake spike THg ndt 9(0.6) 15 (2.1) 15 (1) 26 (2.8) 39 (2.5) 41(3.4)
658 northern n 32 24 37 29 23 17 30
pike weight (g) 705 (30) 650 (39) 695 (24) 1051 (131) 788 (43) 969 (94) 837 (51)
fork length (mm) 489 (8) 463 (10) 478 (6) 532 (19) 486 (9) 532 (16) 500 (10)

ambient THg (ng.g" ' w.w.)* 422 (130-1430) 495 (213-647) 623 (346-999) 632 (325-2163) 540 (307-828) 598 (484-755) 616 (257-1355)

lake spike THg (ng.g”" w.w.)* nd 19 (1-37) 64 (14-84) 89 (0-208) 176 (102-236) 252 (147-286) 255 (117-514)
percent lake spike THg nd 4(0.5) 10 (0.6) 12 (1.3) 33(1.3) 39 (1.6) 42(0.9)
240 O+yellow n 10 15 10 10 9 10 10
perch weight (g) 2.0(0.1) 1.7 (0.1) 2(0.1) 0.7 (0.1) 1.0 (0.1) 0.9 (0.1) 1.5(0.3)
fork length (mm) 59 (1.2) 56 (0.6) 63(1.2) 40 (1.5) 48 (1.5) 47 (1.4) 54 (1.0)
ambient THg (ng.g"' w.w.) 125 (4) 82 (4) 48 (4) 56 (2) 82 (4) 74 (5) 98 (7)
240 1+yellow n 4 10 10 10 11 10 10
perch weight (g) 9.6 (1.5) 5.0 (0.3) 7.3 (0.6) 8.0 (0.6) 4.2(0.4) 4.1(0.3) 5.6 (0.3)
fork length (mm) 104 (5) 81(1.4) 93 (2.7) 94 (2) 75 (2) 74 (1.5) 82 (1.8)
ambient THg (ng.g™' w.w.) 199 (26) 150 (5) 131 (8) 179 (16) 66 (3) 89 (5) 81 (5)
240 northern n 17 8 20 26 21 10 20
pike weight (g) 2424 (199) 2016 (211) 1896 (141) 1618 (122) 1597 (106) 2066 (167) 1950 (123)
fork length (mm) 675 (23) 686 (34) 631 (19) 608 (18) 591 (16) 656 (24) 649 (16)

ambient THg (ng.g”" w.w.)* 725 (408-1763) 856 (423-2638) 739 (370-1574) 715 (242-1629) 612 (44-2033) 614 (234-1178) 752 (186-1346)

Footnote: Data presented are mean (£ s.e.m.) of n fish measured and their muscle tissue analysed for ambient and lake spike MeHg concentrations (ng g w.w., measured as THg), except for
northern pike and lake whitefish where concentration data were standardized by fish length (range in parentheses). Percent lake spike THg = [lake spike THg]/[ambient THg]; x 100. Isotopic Hg
additions were made to Lake 658 from 2001-2007; Lake 240 is a reference lake. Fish collections occurred each autumn.

nd = not detected (detection limit for lake spike is 0.5% of ambient THg).

*Standardized by fish length (pike: 475 mm; whitefish: 535 mm).

tTwo fish above detection limit.

#Standardized with linear regression instead of polynomial.
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Extended Data Table 3 | Annual fish metrics and mercury concentrations during the recovery phase

lake species parameter 2008 2009 2010 2011 2012 2013 2014 2015
658 O+yellow n 0* 10 10 10 10 10 10 10
perch weight (g) 1.7 (0.1) 1.5(0.1) 1.9 (0.1) 1.8 (0.1) 2.0 (0.1) 1.9 (0.2) 1.7 (0.1)
fork length (mm) 51(0.8) 51(1.4) 54 (0.9) 55(1.2) 56 (0.9) 55 (1.7) 53 (0.8)
ambient THg (ngg™ w.w.) 153 (9) 110 (5) 136 (5) 93 (7) 105 (4) 143 (15) 95(9)
lake spike THg (ng.g™" w.w.) 33(1.9) 13(0.7) 15 (0.6) 11(0.9) 8(0.3) 7(1.1) 6 (0.5)
percent lake spike THg 21(0.1) 12(0.2) 11(0.03) 12(0.2) 7(0.1) 5(0.3) 6(0.1)
658 1+yellow n 10 0* 10 10 10 10 10 10
perch weight (g) 4.2(0.2) 3.7(0.2) 3.9(0.3) 6.1 (0.4) 5.1 (0.4) 5.2(0.4) 4.2(0.3)
fork length (mm) 72(1.2) 68 (1.6) 70 (1.6) 82 (2.1) 77 (2.4) 79 (2.3) 74 (1.8)
ambient THg (ng.g”' w.w.) 183 (6) 128 (16) 139 (9) 168 (14) 170 (19) 251 (23) 195 (19)
lake spike THg (ng.g™' w.w.) 76 (2.1) 17 (3.7) 15 (1) 20 (1.6) 16 (2) 20 (2) 12(1.1)
percent lake spike THg 41(0.4) 12 (1.1) 11(0.1) 12(0.1) 9(0.5) 8(0.4) 6 (0.04)
658 blacknose n 10 10 10 10 3 5 10 10
shiner weight (g) 1.7 (0.1) 1.5(0.1) 1.2(0.1) 1.9(0.1) 1.9 (0.01) 1.6 (0.1) 1.7 (0.1) 1.8(0.1)
fork length (mm) 54 (1) 52 (0.5) 50 (1.2) 56 (1) 57 (0.3) 52 (1) 55 (0.8) 56 (1)
ambient THg (ng.g' ww.) 228 (12) 340 (17) 238 (17) 189 (22) 185 (28) 154 (7) 176 (9) 178 (20)
lake spike THg (ng.g™" w.w.) 95 (7) 108 (6) 44 (5) 28 (4) 22 (4) 14 (0.7) 14 (0.7) 11(1.6)
percent lake spike THg 41 (1) 32 (1) 18 (1) 14 (1) 12 (0.4) 9(0.1) 8(0.2) 6(0.3)
658 lake n 8 17 1" 13 20 10 19 22
whitefish  weight (g) 2357 (276) 2469 (113) 1938 (203) 2208 (130) 2197 (74) 2097 (91) 2243 (137) 2136 (136)
fork length (mm) 540 (25) 550 (8) 495 (22) 571 (27) 532 (7) 527 (9) 535 (13) 523 (13)

ambient THg (ng.g' ww.)t 191 (101-341) 328 (165-480) 261 (180-394) 224 (94-404) 203 (128-346) 260 (143-469) 226 (144-506) 291 (155-439)
lake spike THg (ng.g'" ww.)f 76 (24-102) 119 (61-165) 84 (49-134)  72(36-125) 64 (38-96) 60 (21-140)  51(17-106) 61 (15-111)

percent lake spike THg 36 (4) 36 (1.4) 32(1.2) 34 (1.1) 29 (0.6) 22(1.2) 23 (1.4) 20 (1.2)

658 northern  n 27 17 39 29 38 46 29 25
pike weight (g) 837 (64) 704 (85) 784 (62) 667 (81) 822 (58) 769 (71) 901 (149) 886 (76)
fork length (mm) 506 (12) 476 (20) 481 (13) 457 (18) 491 (12) 482 (13) 497 (20) 514 (15)

ambient THg (ng.g™ ww.)t 631 (338-1279) 680 (380-1575) 571 (279-1180) 526 (212-1723) 495 (102-1119) 579 (298-1903) 571 (255-1661) 680 (530-1513)
lake spike THg (ng.g"" ww.)f 250 (29-480) 264 (133-642) 170 (31-454) 119 (34-633) 92 (26-323)  85(32-494)  71(17-445) 61 (40-390)

percent lake spike THg 40 (1.3) 38 (0.5) 29(12) 21 (1.4) 19 (1) 15 (0.7) 13 (1.1) 12 (0.9)
240 0+yellow n 1 15 10 10 10 10 10 10
perch weight (g) 1.1(0.1) 0.7 (0.1) 1.6(0.2) 1.4(0.2) 256 (0.1) 26(0.2) 1.6 (0.1) 22(02)
fork length (mm) 48 (1.5) 42 (1.0) 52 (1.7) 51 (1.9) 65 (0.8) 62 (1.7) 54 (1.7) 59 (2.0)
ambient THg (ng.g' ww.) 91 (5) 91 (4) 109 (6) 100 (10) 83 (3) 52 (10) 110 (4) 65 (3)
240 1+yellow n 10 10 10 10 10 10 10 9
perch weight (g) 3.6(0.1) 3.4(0.3) 46(0.3) 42(02) 6.2(0.2) 7.5(0.4) 6.6 (0.4) 4.8(0.5)
fork length (mm) 71(0.7) 69 (1.7) 772) 73(12) 86 (1.3) 89 (1.7) 87 (1.3) 77 (3)
ambient THg (ng.g”' w.w.) 154 (10) 118 (11) 145 (16) 126 (6) 150 (11) 127 (3) 140 (8) 79.(7)
240 northern  n 20 7 18 14 19 15 16 23
pike weight () 1933 (90) 1991 (202) 1482 (113) 1290 (128) 1797 (151) 1845 (129) 2150 (159) 1800 (172)
fork length (mm) 650 (16) 659 (34) 582 (15) 557 (18) 618 (19) 619 (16) 644 (17) 600 (19)

ambient THg (ng.g " ww.)t 817 (318-2058) 771 (397-1504) 750 (327-1343) (207-1811) 445 (134-826) 644 (292-1999) 530 (342-1312) 584 (195-1449)

Footnote: Data presented are mean (+ s.e.m.) of n fish measured and their muscle tissue analysed for ambient and lake spike MeHg concentrations (ng g™ w.w., measured as THg), except for
northern pike and lake whitefish where concentration data were standardized by fish length (range in parentheses). Percent lake spike THg = [lake spike THg]/[ambient THg], x 100. Isotopic Hg
additions were made to Lake 658 from 2001-2007; Lake 240 is a reference lake. Fish collections occurred each autumn.

*Year class failure.

tStandardized by fish length (pike: 475 mm; whitefish: 535 mm).
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data exclusions | Describe any data exclusions. If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

Replication Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this
OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.

Randomization | Describe how samples/organisms/participants were allocated into experimental groups. If allocation was not random, describe how covariates
were controlled OR if this is not relevant to your study, explain why.

Blinding Describe whether the investigators were blinded to group allocation during data collection and/or analysis. If blinding was not possible,
describe why OR explain why blinding was not relevant to your study.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We conducted a whole-ecosystem mercury loading and abatement study (Mercury Experiment To Assess Atmospheric Loading In
Canada And the United States; METAALICUS) to directly examine how quickly methylmercury concentrations in fish respond to
reductions in inorganic mercury pollution. We added environmentally-relevant amounts of isotope-enriched inorganic mercury to a
boreal lake and its catchment for 7 years, then ceased all isotopic inorganic mercury additions to simulate a reduction in mercury




Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

loading. The lake, upland, and wetland areas of the catchment each received different isotopes, which we quantified (in addition to
ambient mercury) in water, sediments and biota of the study lake during the addition phase and for 8 years following cessation of
loading. We focus our analyses of fish methylmercury concentrations on three dominant species - yellow perch, northern pike, and
lake whitefish - each important in commercial, subsistence and recreational fisheries. Temporal changes in ambient methylmercury
concentrations were also monitored for yellow perch and northern pike in a nearby reference lake, consistent with standard whole-
ecosystem study designs.

Research samples were taken to quantify how different compartments of the lake responded to changes in inorganic mercury loading,
and in turn how these compartments influenced fish methylmercury concentrations. Samples were taken during the open-water
season and represent annual time-integrated estimates of isotopic and ambient methylmercury concentrations in water, the upper 2
cm of lake sediments, and the dominant invertebrate prey for fish (zooplankton, Chaoborus and chironomids). The dominant fish
species in the lake were collected each autumn. We monitored young age classes of small-bodied fishes (yellow perch and blacknose
shiner) and older age classes of large-bodied fish species (northern pike and lake whitefish).

Sampling in a small lake required careful consideration of potential disturbance to the lake (i.e., benthic and sediment sampling) and
fish populations. We conducted large-scale pilot mesocosm studies prior to the whole-ecosystem experiment to inform sampling
design and sample size. For small fish species, we collected only the youngest age classes, which are typically the most abundant, to
avoid depleting these populations. We developed a non-destructive biopsy technique for large fish so that they could be sampled for
methylmercury and returned to the lake. Many of the large fish were biopsied multiple times over the 15 year study which

informed our understanding of methylmercury uptake and loss in individual fish. We collected samples of yellow perch and northern
pike from a nearby reference lake to monitor annual changes in methylmercury concentrations of an undisturbed system.

Data were collected over a period of 15 years (2001-2015) by Principal Investigators, graduate students, biologists/technicians, and
research assistants. Data collection methods for each sample type are described in detail in the Methods. Briefly, water samples
were collected by pump and filtered through in-line cartridges (tubing and filter apparatus were acid-cleaned Teflon). Sediment
cores were collected by hand by divers and through use of a box corer. Zooplankton samples were collected by vertical tows of
plankton nets through the water column. Benthic invertebrate samples were collected using an Ekman dredge. Fish samples were
collected by trap net, gill net, pole seine net, and angling. All samples were processed using clean techniques for trace metals using
stainless steel or Teflon tools. Mercury concentrations were quantified using multi-collector inductively-coupled plasma mass
spectrometry (ICP-MS). Methylmercury was analysed in all samples, except for fish muscle tissue, where total mercury was
quantified. For a subset of small-bodied fish we determined that most (>90%) of the isotopic and ambient mercury is
methylmercury. Samples of certified reference materials were subjected to the same procedures; measured mercury concentrations
in the reference materials were not statistically different from certified values.

Annual sampling frequency varied by compartment (e.g., bi-weekly or monthly for water, zooplankton,; annually for fish) over the 15
year period (2001-2015). Sampling for water, sediments, zooplankton and invertebrates occurred during the most productive time of
year (open-water season), at a frequency consistent with other whole-ecosystem studies. We consistently collected small- and large-
bodied fish species annually from Lake 658 in the autumn months (September-November) as this represents the end of the growing
season for north temperate fish species. All samples presented in this study were collected from within the experimental lake (8.4 ha
surface area), and from a nearby reference lake.

A year class failure of yellow perch resulted in a single young-of-year (YOY) collected in 2008 and no age 1+ fish in 2009. Data for the
single YOY perch (n=1) captured in 2008 is not presented. A single northern pike biopsy was removed from all analyses due to
unreliable mercury data.

Results of whole ecosystem-scale experiments are rarely exactly reproducible. Results depend on a suite of ecosystem-specific
conditions (e.g. for mercury, amount of associated wetland area or hypolimnetic anoxia could influence results), in addition to abiotic
factors (e.g. temperature and precipitation) that can vary from year to year. Similar findings from smaller-scale pilot studies at the
ELA (in different uplands, wetlands, and lakes) indicate that the findings from the METAALICUS project are generally reproducible.

Randomization was not required. Fish samples were collected annually in autumn months from throughout the lake and were grouped
in our analyses according to year. Water, sediment, invertebrate, and small-bodied fish (when considered as prey for northern pike)
samples collected throughout each year were averaged to represent the mean methylmercury concentration in that compartment
each year, as described in the Methods.

Blinding was not necessary for this study because fish captures were random as was the selection of a subset of small fish for
mercury concentration analyses.

Did the study involve field work? [ Yes [ Ino

Field work, collection and transport

Field conditions

Location

Access & import/export

Field data collection occurred over a period of 15 years under a variety of field conditions throughout the open water season. The
conditions did not influence data or sample collection methods. Annual air temperature from May through October at the ELA
averaged 13.9 °C (range: 12.2-15.0 °C) with a range of observed temperatures between -10 °C and 35.5 °C. Cumulative annual
precipitation averaged 537 mm (range: 389-734 mm) during the study. The application of enriched stable mercury isotopes to upland
and wetland areas was achieved through crop-duster airplane and was undertaken each spring (if possible) just prior to a light rainfall
event to simulate wet-deposition of mercury.

Lake 658 (lake and watershed) is located in northwestern Ontario, Canada (49° 43° 95” N, 93° 44’ 20” W, elevation 371 m). Upland
catchment is 41.2 ha, wetland is 1.7 ha, and lake surface is 8.4 ha. Lake 658 is a double-basin lake with a maximum depth of 13 m.
The reference lake (Lake 240; 44 ha) is located ~9 km due south of Lake 658.

All research was conducted at the Experimental Lakes Area (ELA), a remote and pristine region of northwestern Ontario, Canada,
where 58 lakes and their watersheds have been set aside for research on anthropogenic impacts to freshwater ecosystems. Lake 658
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and the reference lake (Lake 240) are designated ELA research lakes. From 1968 to 2014, ELA was a Federal Government facility. In
2014, ownership of ELA was transferred to the International Institute for Sustainable Development (now IISD-ELA). All research
presented here was approved by provincial and federal authorities (see below). An annual License to Collect Fish for Scientific Purposes
was awarded each year as required by the provincial government.

Disturbance Whole-ecosystem research examining the effects of various human impacts on the environment has been ongoing at ELA since its
inception in 1968. The METAALICUS project, as with all others conducted at ELA, was reviewed and approved by the ELA Research
Advisory Board (Fisheries and Oceans Canada), Ontario Ministry of Natural Resources and Forestry, Ontario Ministry of the
Environment and Climate Change, and Ontario Parks. The many layers of review and approval are in place to ensure that only
important, legitimate, high quality science projects are undertaken at ELA. These agreements also ensure that lakes are returned to
their natural state following manipulation.

In this project, the small amount of mercury added to the lake and watershed over 7 years (~1 teaspoon) did not pose a human health
threat. Lake 658 itself is closed to recreational fishing and bait harvest, such that none of the fish from the lake were handled

or removed by the public. A fence was installed at the outflow to prevent the the movement of fish between the downstream lake and
Lake 658 for the duration of the study (as required by OMNRF). In accordance with monitoring requirements, a small number of fish in
the downstream lake were collected annually.

Reporting for specific materials, systems and methods
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Dual use research of concern

Antibodies

Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) State the source of each cell line used.
Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.
Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for

mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pome any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

D Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The study did not involve laboratory animals.

Wild animals All fish were wild strain. In total, 285 yellow perch (Perca flavescens, 145 young-of-year and 140 age-1) and 138 blacknose shiner
(Notropis heterolepis, age-1) were captured by pole seine net, small mesh gill net (20 minute set), and hoop net. These fish were
euthanized in an overdose bath of tricaine methanesulfonate (0.25 g/L). Most small fish had not reached sexual maturity.

Northern pike (Esox lucius, aged at 2-12 y), lake whitefish (Coregonus clupeaformis, aged at 3-38 y), and white sucker (Catostomus
commersonii, not aged) were captured by angling or multi-mesh gill nets (20-30 min set). Fish were anesthetized with tricaine
methanesulfonate (0.06 g/L), basic biological information was collected, fish were tagged with a Passive Integrated Transponder (PIT)
tag, and a small biopsy of dorsal muscle was collected using a dermal punch which was then sealed with veterinary tissue adhesive
(VetBond). Fish were allowed to recover in a tub of fresh lake water (for ~15 min) before being released back into the lake. In total,
690 biopsy muscle samples were collected from 390 fish (238 northern pike, 114 lake whitefish, 38 white sucker) from 2001-2015 in
Lake 658; 149 fish (90 northern pike, 38 lake whitefish, 21 white sucker) were biopsied more than once during the 15 year study (2 to
6 biopsies per individual). Sex data were not available for most fish as they were mostly captured outside of their spawning season.
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Collection of zooplankton and benthic macroinvertebrates is not requlated or licenced in Ontario. Zooplankton samples were
collected by vertical tows of plankton nets through the water column. Benthic invertebrate samples were collected using an Ekman
dredge.

Field-collected samples  The study did not house samples collected from the field in the lab.
Ethics oversight All work with vertebrate animals was approved by Animal Care Committees (ACC) through the Canadian Council on Animal Care

(Freshwater Institute ACC for Fisheries & Oceans Canada, 2001-2013; University of Manitoba ACC for IISD-ELA, 2014-2015). Licenses
to Collect Fish for Scientific Purposes were granted annually by the Ontario Ministry of Natural Resources and Forestry.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:




Yes

[ ] Public health

[ ] National security

|:| Crops and/or livestock
|:| Ecosystems
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D Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:

Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
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Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

OO0oodoods
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Any other potentially harmful combination of experiments and agents

ChlIP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable” for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChiIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.




Flow Cytometry

Plots

Confirm that:
D The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

D The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
D All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ]Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).




Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
D |:| Functional and/or effective connectivity

D |:| Graph analysis

D |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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