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Abstract. Small farm reservoirs are abundant in many agricultural regions across the glolaaatigehpotential to be large
contributing sources of carbon dioxidE@,) and methaneQH.) to agricultural landscapes. Compared to natural ponds,
these artificial waterbodies remain overlooked in both agricultural greenhouse gas (GHG) inventoriearahavaitér

global carbon (C) budgets. Improved understanding of the environmental controls of C emissions from farm reservoirs is
required to address and manage their potential importance. Here, we conducted a regional scale survey (~28%000 km
measureCO, and CH4 concentrations andiffusivef | uxes across 101 small farm reser
area. A combination of abiotic, biotic, hydromorphologic, and landscape variables were modelled using generalized additive
models (GAMSs) todentify regulatory mechanisms. We found tB&d, concentration was best estimated by a combination

of internal metabolism and groundwatierived alkalinity (65.7%deviance explaingd while multiple lines of evidence
support eutrophicatiedriven CH4 (74.1%). Fluxes ranged fror21 to 466 and 0.14 to 92 mmolna? for CO; and CHa,
respectively, withCH4 contributing an average of 74% @&fO,-equivalent CO,-e) emissions. Approximately 19% farm
reservoirs were found to be n€D,-e sinks. From our modelsye show that the GHG impact of farm reservoirs can be

greatly minimised with optimal design and management.
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1 Introduction

Small waterbodies have recently been recognised as substantial contributors to global carbon emissions from inland water:
Currentassessments estimate that small ponds (<0.0G) &mount for 15% and 40% of global €é@nd CH emissions
respectively from lakegHolgerson and Raymond, 2016ther estimates suggest emissions from small lakes and
impoundments (0.001 to 0.01 Rycould constitute 40% of global G@missionsand 20% of global CiHemissions from

lentic ecosystem@DelSontro et al., 2018Extreme CQand CH supersaturation is characteristic of small waterbodies due
to greater contact with the sediniesnd littoral zone(Downing et al., 2008Holgerson, 2015)often making them
disproportionately important in landscape carbon (C) budgtsiilton et al., 1994Premke etl., 2016;Kuhn et al., 2018)
Conversely, ponds may have the capacity to store landstgimiicant amounts of carbon, with burial rates-20 times
higher than wetlands and large laK&ilbert et al., 2014Taylor et al., 2019) While these assessments have stimulated a
growing area of research on small waterbodies, much work is still needed to revise estimates of their carbon emissions due t
limited knowledge on their regional distribution and variabilitg, veell as their overall global exte(Werpoorter et al.,
2014) This is particularly true for greenhouse gas (GHG) emissions from hareated small watbodies.

The expansion of agriculture and urban land use has introduced a new type of lentic system that remains relatively
unexplored- small artificial waterbodiegClifford and Heffernan, 2018 heseartificial aquatic systembBave been created
through human modification of the hydrological landscape and include $anailreservois andurban ponds. Farm
reservoirs are earthen excavations designed to store water for later use (BC Ministry of AgricultureTOgR)bal
abundance of these systems remains unceft@moorter et al., 2014)put statistical extrapolation suggest there may be
around 16 million worldwidglLehner et al., 2011)Regionalscale inventories indicate that upwards of 8 millfanm
reservois exist in the USA(Brunson, 1999Smith et al., 2002)China(Chen et al., 2019)ndia (Anbumozhi et al., 2001)
South Africa(Mantel et al., 2017)and Australia alonéLowe et al., 2005MDBA, 2008; Grinham et al., 2018a)lhe
densityof farm reservoirscan exceed B4 of agricultural area in some regions such as China where food demand is high
(Chen et al., 2019B5mall agriculturateservoirs are estimated to cover 77,006 ghobally and are being created at raips

to 60% of standing stock per annum in someareg(Downing & al., 2008) Given their abundance, these artificial systems
may contribute substantially to landscdgpegeochemical cycles, including fluxes of GHG. In particular, very little is known
of the capability of these systems to act as GHG sinks to paxifdigt the otherwise strong carbon efflux associated with
intensive agriculturéRobertson et al., 2000)

Understanding the controls and rates of carbon fluxes from small artificial waterbodiesisttsiefi required to understand
their landscape and eventually global importaf&am reservoirs have the potential to be potent sources pAQDCH

due to their highly eutrophic natu(®owning et al., 2008and high degree of heterotroplilolgerson and Raymond,
2016) Further, estimates of GGnd CH flux are complicated by high variation among reservoirs and regions in the
importance of groundwater, littoral macrophytes, and local land use pra@esesock et al., 201@Badiou et al., 2019)

Currently, ony three studies have comprehensively assessed C fluxes from small agricultural reservoirs and these suppor
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the notion that they are important landscape sources of GP@meer Selvam et al., 20X@&rinham et al.2018a;0llivier

et al., 2019) All studies found large fractions of GHeing released, and large mean,@missions on the order of 24 and

99 mmol n¥ d!, comparable to the global average flux rate of very small natural ponds (35 mabl, tdolgerson and
Raymond, 2016)However, carbonlfixes from farm reservoirs remain unaccounted in agricultural GHG inventories and
global inland water carbon budgets. To facilitate their inclusion in agricultural and global budgets, we need to further
constrain flux rates and mechanisms across a braagtayghic area.

Here, we present a largeale assessment of géGnd CH fluxes from small farm reservoirs in the Northern Great Plains,

the largest agricultural region in Canada. The hydroclimate, lithology and edaphic features are vastly differentl dompare
previous studies of agricultural areas (Australia, India, USA), with factors that favouwptake by alkaline surface waters
(Finlay et al., 2009Finlay et al., 2015and lead to high variability in CHluxes from regional wetland$ennock et al.,
2010;Badiou et al., 2019)0ur aim was to identify the key environmental conditions regulatinga®® CH fluxes, and to
evaluate the potential for reservoir desigmmimimize CQ-equivalent (C@e) emissions. To achieve this goal, we carried

out an extensive survey of G@nd CH concentrations across 101 farm reservoirs and used generalized additive models
(GAMSs) to assess the effects of abiotic, biotigdromorpholgical andland useproperties Our findings show that farm

dams were not always strong sources of carbon emissions and in certain cases can be carbon neutral or sinks in terms
CO»-e emissions. By identifying the driving characteristics of farm damsstiigort reduced C emissions, our findings

provide the first step to developing management strategies to help minimise farm carbon emissions.

2 Methods
2.1 Study site

Farm sites were surveyed across the agricultural region of Saskatchewan, Gagatlp This region covers an area of
235,000 krd in the southern half of the province, where agriculture accounts for ~80% of land use. The region has a sub
humid to semiarid climate Kdéppen Ob classificatiof), with short warm summers (~18°C) and long wintéfsl7°C)
resulting in 4.5 to 5.5 months of ice cover on surface wékéntay et al., 2015)

Smal | farm reservoirs (known locally as ‘dugouts’kKmn are
(Fig. 1B). Up until 1985, overl10000 farm reservoirs had been construciadSaskatchewariGan, 2000) although
subsequent densities areknown We sampled 101 farm reservoirs between July and August 2017, ranging in surface area
from 158 — 13,900 M (Table 1), including basins in pasture (n = 80) and cropland (n = 21) sites. Saskatchewan farm
reservoirs are typically uniform in shape andrphometry, dug to a depth of 4 to 6 m with steep sides (1.5:1 slopes). Most
shallow wetlands and lakes in the region exhibit water balances dominated by evaporation and limited inflow from winter
precipitation or groundwatgConly and van der Kamp, 200Rham et al., 2009Farm reservoirs differ from small natural
waterbodies in that they have a higher ratio of water volume to surface area, designed to minimise evaporation losses

Despite this feature, arid coitidns persisted during the sampling year, with reduced6&4) annual rainfall such that
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many reservoirs were only half their designed depth. Natural waterbodies also tend to be highpitdrasgstems, owing
to the soils which consist of glacial tiligh in carbonate@_ast and Ginn, 2005)'he same was observed for the majority of

farm reservoirs, with an average pH of 8.75 (Table 1).

2.2C0O2 and CHs measurements

Dissolved gas samples were collected using tHeid headspace extraction meth@lebb et al., 2019Briefly, water was
collected from ~30 cm below the surface using a submersible pump which filledLaglassserum bottle, ensuring the
bottle overflowed and no air bubbles were present. The bottle was sealed with a ropper ftted with two threevay
stopcock valves. Using two @@L air-tight syringes, atmospheric air was added to the bottle whilst simultaneously
extracting 66mL of water. The bottle was then shaken for 2 minutes to ensure gas equilibration in thexteadsp
analytical replicates were extracted and stored imlL2evacuated Exetainer vials with douladded caps. Headspace
concentrations of COand CH were measured using gas chromatography wiStian 456 Gas Chromatograph (Bruker
Ltd.) and calculted using standard curves. Dry molar fractions were corrected for dilutiocoanerted to concentrations
according to solubility coefficienf@Veiss, 1974Yamamoto et al., 1976)

Carbon dioxide and methane fluxes were estimated for each water body using water column concefitatiprad
average farm reservoir gas transfer velodity ¢sing the following equation:

M Vo6 o 1)

wheref. is the flux of CO; or CHy (mmol m? dt) andC,; is the ambient air concentratiohhe arerage global mixing ratios

for the sampling period of06 and 1.85uatmwereused for ambient concentratiofs CO, and CHa4 respectively(Mauna

Loa NOAA station, dine to August 2017)Site-specific gas transfer velocitik;) was determined from 30 individual
floating- chamber (area = 0.23?nvolume = 0.046 /) measurements carried out on a subset of 10 reservoirs. Daghg e
10-minute incubation, changes in gas concentrations were measurednaith riervals by taking samples using syringes

and dispensing gases into @eacuated 12nL vials. The flux (hmol m? d') was calculated from the observed rate of
change in thelry mole fraction of the respective gdorke et &, 2015) The gas transfer velocity normalised to a Schmidt
number of 600 Ksop) for each respective gas was then determined using measurednflsiku gas concentrations,

at mospheric concentration, Hassuming asSchicltexpsnena of 0.6 Theaavatagésos h mi d
calculated from the floating chamber incubations &9 + 1.34 md and 1.68 + 1.26 mHfor CO; and CH, respectively.

2.3 Abiotic and biotic variables

A range of abiotic and biotic parameters were measureachtsite. Water quality variables including temperat®@g, (pH,
dissolved @ (DO; mg Q L), conductivity (US cr), and salinity were measured at-@5intervals from the surface to the
bottom using aYSI (Yellow Springs InstrumentsOH, USA multi-probe meter. Surface (0.5 m) samples for water

chemistry were collected using a submersible pump. Upon collection, samples for dissolved (Rfag®NO,, NHa, total
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dissolved N; pg N B), soluble reactive phosphorus (SRP; ug B &nd total dissolved P OP; ug P L2), dissolved organic

and inorganic carbon (DOC, DIC; mg C'), alkalinity (OH + HCQ + CG;; mg L as CaC@), and water isotopediH,

d®®0; %) wer e f iOMBuem e rteh rnoeurbhirierdrand dissolVet @arbon samples wepeestin a dark

bottle at 4°C until analysi€hlorophylla (Chl-a) samples were collected @F/C glasdfi ber fil t er s (nomi ne
M m) an d-10°Q) untl analysié Sediment samples were collected at the centre of each reservoir, the upf€rorost

using an Ekman grab sampler, and were frozehQf(C until analysis.

Most analyses were carried out at the University of Regina Institute of Environmental Change and Society (IECS). Water
nutrient and dissolved carbon concentrations were measnratlachat QuikChem 8508nd Shimadzu model 5000A total

carbon analyzerfollowing standard analytical procedures, respectiyebtoine et al., 2006;Finlay et al., 2008)kalinity

was measured using standard moels of the US Environmental Protection Agency (EPA) @marChem 200Discrete
Analyser (WestCq and estimated as the concentration of CaQEPA, 1974) Chl-a was analysedusing standard
trichromatic methodsHinlay et al. 2009)The total carbon and nitrogen content (% dry weight) of frekisel sediment

samples were determinett aNC2500 Elemental Analyzer (ThermoQuest, CE Instruments)

2.4 Hydromorphology

Morphometric parameters of reservoirs were estimated for each site. The depth of each farm reservoir was measured durir
using a portable ultrasonic depth sounder, takethetdeepest section in the centre of the reservoir. Surface area was
determined using Google Earth satellite imagery. Reservoir volume was calculated using the formula for a prismoid by
assuming that all sites maintained their original shape, includipgslof 1.5:1 ratidAndresen et al., 2015from these
measurements, an Index of Basin Permanence (IBP) was caldidatettes, 1977)

The degree of wataolumn mixing or vertical sttdication was determined by calculating the squaBrdnt-Vaisala
buoyancy frequenc{N?, s?). The strongest density gradient was calculated based on vertical temperature measurements at
0.5-m depth intervals using thEackagelLakeAnalyzefRead et al., 2012 R (version 3.582; R Core Team 2018

The hydology of farm reservoirs was estimated throughlgsis ofd'®0 a n dH ifotope valuesf water. Samples were
collected from 0.5 m below the surface, filter@&u nmpore) and stored iamber borosilicate jars at 4%@til analysis

using a Picarro L2120 cavity ringdown spectrometer (CRDS)ydrological paramkers including evaporation to inflow

ratio (E/I), residence timéyears) andinflow volume (nf), deuterium tH) excess (eékxcess), and*O inflow (d) values

were calculated using the coupled isotope tracer mefYioet al., 2008)and conventional isotopic watealance methods
(Gibson et al., 2001)All methods assumethat reservoirsvere headwater systenrs hydrologicalsteadystate(Yi et al.,

2008) Modd inputs included information about the local water meteoric line (LWML), the trajectory of evaporation along a
local evaporative line (LEL), andegional meteorological conditionsFrom here, the water mass balance of a given

waterbody can be quantifiecided on its relative position along the LEkibson et al., 2001)
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Briefly, the isotopic inflow values were estimated by ittercept between the LWML and siépecific LEL as determined

by d'0 evaporation valuedf) andd'®O reservoir water value at each i@ et al., 2008) The E/I ratio was calculated by
using headwater isotopic models of the water mass balashced(() * (de- d.)?). Hydrologic residence time was estimated
from the reservoir volume and the water isotopic values of waterbodies, inflow, and evaporation. Deuteriunfdexcess
excess%o =2H & 8*3'%0) was calculated as an additional indicator of evapon losses, where lower values -(0%o)

indicate isotopic enrichment from precipitati@@rooks et al., 2014)

2.5Landscape properties

Landscape soil data was obtained from The National Soil DataBase, Government of Canada
(http://sis.agr.gc.ca/cansis/nsdb/dss/v3/index htsingArcGIS to extract the soil attributes at each site. Extracted variables
included soil salinity, soil pH, soil organic carbon content, saturated hydraulic conductisdjy ¢ition exchange capity

(CEC), and the total composition of soil from sand, silt, and clay fractions R&gervoir &vation (m, a.s.l.)was
determinedusing ArcGIS and theCanadian Digital Elevation Model (CDEM, v1.Docal land use in the immediate area
surrounding edt reservoir was categorised into three types based on local observations at the time of sampling. Categories
included pasture land used for either livestock grazing or hay harvesting, pasture where livestock have direct access to th

waterbody, and cropédids.

2.6 Statistical analyses

Environmental variabke wereseleced based on known or presumatdluenceon CQ and CH concentrations in lakes and
small waterbodiesBoth biotic and abiotic predictors that influence production or consumption efa@® GH, were
selected, including DO, alkalinitiyjOx, NHs, dissolved inorganic nitrogen (DINY,DN, TDP, Chta, DOC, conductivity,

pH, and sediment organic C:N ratidhe influence of reservoir hydrology and morphology were also examined, including
measures ofsurface area, basin permanence, hydrologic regime (E/l), water saliyceard degree of mixing (or
stratification). Finally, potential effects of the surrounding terrestrial landscape were estimated in models using soil
properties, elevation, and land use practises to account for any localised landscape drivers. Beforelatisnshipsall
predictorswere transformeds neededsing either log or square root teemove skewness

The relationships between covariates and @@ CH were estimate using generalised additive modeSAMs). GAMs
provide an ideal approacto model norlinear associations between predictor variables and resparmsiagthe sum of
unspecified smooth functiorie estimate trends. GAMsere developeavith a gammalistribution for the response and the
log link function. Each model included canvates thatepresented hydromorphological, abiotic and biotic, and landscape
controls. To avoidnulticollinearity, correlation coefficientbetween pairs from Pearson linear correlatests was used to
guide covariatechoice before model fitting (Tabl81-3). Candidate variables were then selected for each model to test

which variables best estimate variability @0, and GHs concentrationsAll model coefficients were estimated using
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restricted marginal likelihoodith the mgcvpackaggWood, 2011;Wood et al., 2016jor R (version 3.52; R Core Team
2018.

3 Results

The region experienced a drier than average year during sampling, with recorded average annual precipitation ~60% les
than the longerm climate w@erage of 390 mm in Regina, Saskatchewan (Government of Canada,
http://climate.weather.gc.zaConsequently, while most farm reservoirs were constructed to ~5 m depth the mean water
column depth was 2.1 m (021, Table 1). Despite this, isotopic analysfswater revealed that 93% of waterbodies
exhibited an E/I < 1.0, suggesting that reservoirs were gaining more water than was lost via evaporation. In general, wate
residence time was ~8 months, although the range in this value was large (29 daysns. Estimates of inflow*eO ( |p

indicated variable water sources, with 79% derived from raih 6. 6 6 %) |, 6% from sno-Whme9 %) or
and 15% intermediate between sourcé3.Qto-1 5. 6 %o) .

Carbon dioxide and methane concentrations spanned three orders of deagaitwss surveyed reservoirs, with
concentrations ranging betwe#r8 to 326.1and0.1 to 54.5uM for CO; and CH, respectively (Table 1Most waterbodies

were alkaline, with a mean pH of 8.8 (Zd10.2) and carbonate alkalinity between 71 and 755 rhgMany waters were

highly eutrophic, with means for Ghlof 99 pg L* (range2 to 344 ug L%), total nitrogenof >3,000ug N L (418to

14,280), and total phosphorus of 28§ P L* (9 to 648). Dissolved Q in the surface layer varied by three orders of

magnitude among basins with 32% exhibiting oversaturation (>100%).

3.1 Models

Regional variation in C®concentrations were best eséitad in a GAM including pH alone, with 86.3% of deviance
explained and a strongly declining €& pH above 8Kig. S1). Exclusive of the model with pH, the detailed mechanistic
GAM for estimatingCO; concentrations across famaservoirsincludeda combimtion of DO saturation, alkalinity, NO
thermal stratificationlfuoyancy frequengybasin hydrologythe interaction betweeth and WRT), and landscape features
(soil CEC, elevation, soil salinity(Fig. 2). Overall, the model explained 65.7% of devianc€®» concentrations (Table
S4). All covariates had a significant effect except soil salinity, with DO, alkalinity, anditéradction betweed andWRT
being the strongegtredictors p <0.001). CO; concentrationslisplayed a positive response with increasing alkalinityy,NO
buoyancy frequency, and soil CE®@ith a generallynegative responde increasing DO and elevatiomhe effect of DO on
CO, was particularly distinct between 25 and 100%s@&turation Fig. 2A). The interactive effect of hydrology parameters
suggests that sites witklevated raininflows (d®0 > -1 2 . 5&) longer WRTwill exhibit undersaturated GO
coneentrations.

Variation in CH, concentrations among waterbodies were explained by a combination of DO saturation, sediment C/N ratio,

DIN, conductivity, the interactiobetweend, andWRT, and local land usé~{g. 3), with buoyancy frequency, soilsk and

7
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elevation not significant. Overall, the GAM explained 74.1% of the deviance in(Cible S5). Concentrations of GH
increased with sediment C/N and DIN and decreased with conductivity. The significant unimodal relationship with DO
indicates that the higist observed CHconcentrations occurred under both anoxic and supersaturatet/i@nmentsKig.

3A), while low CH, levels were seen when inflow was more composed of snowmelt or groundwater (depleted isotope
values) and WRT was longrig. 3F). In contrat to the C@maodel, soil properties and elevation were not significant drivers,

yet local land use was significant, with crop sites hasiggificantly higher CH compared to pastures.

4 Discussion

Our comprehensive spatial analysis revealed wide variations amongndCCH concentrations between farm reservoirs.
Significant modelled environmental drivers suggested ®&s primarily controlled by pH, with strong independent models
indicating mechanisms associated with primary productivity, the hydrological regimératstape elevation. In contrast,

CHas was most correlated by internal abiotic and biotic mechanisms. We discuss these potential drivers in detail and from out

evidence suggest management strategies that may help reduce the net GHG effect of thessiains res

4.1 Environmental drivers of COz concentrations

As seen in other hardwater ecosystems, variations inw@@e strongly coupled to differences among sites in watkemmn

pH (Finlay et al., 2015Mdller etal., 2016) We demonstrate this with the strong correlation observed betwegcard@H

in a separate GAM of only water pH as a covariate, explaining 86.3% of deviegc8Y). As expected, the role of pH in
regulating CQ content is most pronounced\atlues between 8.8.0, the transition point where the predominant species of
DIC shifts from free C@to HCOs (Duarte et al., 2008; Finlay et al., 2015). Above this value, carbonate buffering
increasingly regulates pH and restricts G@only trace frations of total DIC (Stumm and Morgan 1970). However, direct
changes in C®concentrations can also alter watetumn pH, such as biological metabolisiralling, 201Q. Therefore,
given the direct chemical relationship between pH and &@DcentrationgStumm and Morgan, 1970yve opted to leave

pH out of our model to further investigate the underlying biologidendcal, hydrological, and land use mechanisms.
ThedetailedGAM showedthat variance in C@concentrationgmongfarmreservoirs waestimated (65.7% of deviancby

a combination opredictors related to wateolumn productivity and microbial metabolig2O saturatiopalkalinity, NO,),
thermal stratificationlfuoyancy frequengybasin hydrologythe interaction betweeth and WRT), and landscape features
(soil CEC, elevation(Fig. 2), but not local soil salinityThis was shown by the DO, alkalinitgy and WRT covariates
having the most significant effect at p<0.001, wh@l®, concentratiors did not varysignificanty between differensoil
salinitylevels(Table S4Fig. 2).

Carbon dioxide and dissolved oxygen are closely linked by biological metabolism in aquatic systems and diverge when othel
chemical or physical processes ocddere, we see evidence for bdthked and divegence(Fig. 2A). The tight linear

relationship between G@nd Q at 25to 100% saturatioimdicates close coupling between the gases. This likely represents

8



control via metabolic processes such as net ecosystem production (NEP) or chemical oxidatioceof specietStets et
al., 2017) In contrast, relationships between £&hd Q were less well defined a both high and low oxygen saturations,
conditions which mayindicate a greater contribution from anaerobic production of J@rgersen and Brang¢ 2008;

250 Holgerson, 2015)Alternatively, alkalinity buffering can mediate the effect of NEP o, €@ncentrations at both extreme
ranges of the DO spectrufivlarcé et al., 2015)Alkalinity buffering is most likelyto affect CQ-DO rdationships inwaters
where alkalinity is >2000 peqi(Stets et al., 201Fyhich was the casfor ~90% of our sitesT@ble 1; Fig. 2)

Stratification can also weaken the impact of DO as a driveCfor by regulating theeffect of sediment respiratioon
epilimnetic chemistry(Huotari et al., 2009Holgerson, 2015)Our model shows that those sites thatre most stratified

255 (elevated buoyancy frequency) exhibiteigherCO, concentrationsKig. 2D). Thispatterncontast those observeid other
small lentic systemsvhere elevated epilimneti€O, concentrationsvere observed duringnd afterbreakdown of water
column stratificationHuotari et al., 2009Glaz et al., 2016)Preliminary seasonal studies gbme farnreservoirs in 2018
show that stratification is strong and persistbnbughout the summer, with no obviodisirnal mixing eventsSuch $rong
stratification can maintain anoxic conditions throughout most of therwateimn, which supportintense anaerobic

260 respirationand CQ production Here, the highe€O, concentrations observed at high stratification may simply represent an
accumulation of benthiderived respiratorO, during summethateventuallydiffuses irto the epilimnion.

The positive associatiohetweernNO, andCO; found in ourreservoirds consistent with similar patterns sewith dissolved
inorganic N species in other artificial waterbod{&llivier et al., 2019; Peacock et al., 2019nd regional prairie lakes
(Wiik et al., 2018) In some lakeshigh N loadingfavoured elevatetieterotrophy, despitsimultaneous boosts rimary

265 productionwhich draws down free CQHuttunen et al., 200X ole et al., 2000)The effect of a higN influx on CO, may
be heightened in smalleor shallowlentic waters which aranore influenced by sedimentary proceségsrgersen and
Branco, 2008)Further, ligh N availability canincrease algal biomass and the deposition of fresh OM made increasingly
available for bacterial respiratidole et al., 2000)As a result, the effect increed benthic respiration offss€0, uptake
by primary producerswhile extremely high influx of dissolved N can also favour microbial processes such as nitrification

270 and denitrification which increase Gévolution(Bogard et al., 2017)

Hydrologicd controls are known to be important regulators of water chemistry in small lentic syRewasey et al., 2016;
Nitzsche et al., 201 Peacock et al., 2019Here we show thatites whichreceived most of theinflow from snowmelt or

groundwaterandwhich hadshort WRTsupported supersaturat€D, concentrationgFig. 2F). Such patterns may reflect
increased inputs of groundwater which are typically supersaturated witliM&@pherson, 2009)L.ong WRT is associated

275 with larger, deeper system3hese sites are usually less influenced by the terreatyigtic interface, take longer to
concentrate the effect of any catchmdatived solutegJunger et al., 2019and have higher biotic assimilatiof nutrients
(Devito and Dillon, 1993Fairchild and Velinsky, 2006).argerwaterbodiesnay also be able tbettermedite stream or
groundwater C inputs through longer chemical processing times and transformations. For exguicpléyral reservoirs
with the highest WRTs tended to be hydrologically closed systems (E/l > 1) and any watershed derived DIC delivered from

280 previous water sources is likely to be consumed by primary production which encourages atm@sphepiake(Macrae

9
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et al., 2004)Additionally, smaller waterbodies with shertWRT can support higher rates of interf@&D, productbn due
higher rates oéllochthonouOC mineralisatiorfWeyhenmeyer et al., 201%¥achon et al., 2017)

Groundwater deliver of DIC-rich porewater is the most likely hydrological souresulting inCO, enrichmentof small
farm reservoirsThis mechanism is also suggested by the observation that higher reseryar€éntrations are predicted
in high CEC soils Alkaline high CEC soils retain more calcium ions within clay particles which releases carbonates and
bicarbonates into soil porewatéKelley and Brown, 1934)Although regional snowmelt and groundwater hagamilar
isotopic signature (Pham et al., 2009)Jasechko et al., 2017)he positive corretion of CO, with alkalinity suggests
groundwater as the main sour&laphicsource of inorganic carbortan result ifarm waterbodiesaccumulating dissolved
CO,, bicarbonates, and carbonatard therefore alkalinityfrom the surroundingoilsvia grourdwater dischargéMiller et
al., 1985) Other studies have fourgtrongevidence for groundwater inputs drigit€O, supersaturation in small lentic
systemg(Perkins et al., 201%eacock et al., 201@nd watershederived alkalinity drivingCO, supersaturation in lakes
(Marcé et al., 2015)

Finally, landscape elevatiohad asignificant external effect oreservoirCO, and mayrepresent diverse eak controls

related tolandscape setting. Lower G@oncentrations at highes | evati ons ar e ¢ ommo mwithi n I
smaller contributing catchmeateas(Diem et al., 2012and low rates o&llochthonous carbomflux (Rose et al., 2015)
Converselywaterbodiedow in the landscapenay receive more watershedvia groundwaterinflux due to topographical
gradient(Winter and LaBaugh, 200%an der Kamp and Hayashi, 2009he effect of elevation couldisobe related to
changes in vegetation composition within the local landscaiple tlve lowest lying catchmentsxhibiting higher abundance

of marginal wetland vegetatiofzhang et al., 2010\hich favours higher inputs of testial C (Magnuson tal., 2006;

Abril et al., 2014)

4.2 Environmental drivers of CH4 concentrations

The GAM suggested that GHoncentrations were primarily related to by internal biogeochemical processes and the
influence of the hydrological regime. For example, factefated to water column productivity (DO, sediment C/N, DIN,
conductivity) had the most significant effeqt €0.01), while some of the broader landscape features such asgaihdK
elevation had no significant effect on €lévels. The nutrient statusf waterbodies is often a primary driver of high £H
emissions in lakes, impoundments, and pofi2ElSontro et al., 2018eacock et al., 2019 onsequently, high nutrient
availability is likely fuelling elevatedialues in both @saturation and CH(Fig. 3A). High CH; concentrationat low O
saturation reflects the development of anoxic habitats which favours methano@ednésisen et al., 2003;Bastviken et al.,
2004) This is likely the result of rapid biomass production which both enriches epilimnion wiéim@Ddepletes £n the
hypolimnion by providing fresh labile organic matter for decomposition.

In support ofeutrophicatiordriven CH, production,our model indiated that high proportions @utochthonouwrganic
matter in sediments were associated with elevated concentrations, ¢FiGHB). Overall, dimenary C/N ratios were in
the range (8.5 to 13.4) expected famth phytoplankton andubmergednacrophytegLiu et al., 2018) This suggestthatin
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situ rather than terrestrial organic rreat(OM), was the main source of C fuelling methanogenesis in these reservoirs. Strong

315 associations of labilautochthonou€ andCH. production in sediment®ue et al., 2010Crowe et al., 20113lsosuggests
a drect link betweereutrophicatiorand CH production insmall farm waterbodies
Unexpectedly, thermadtratificationof the water colummlid not significanty influence CHs concentrationsn small farm
reservoirs [Fig. 3E). This findingcontrastswith obsrvationsfrom other small waterbodies where limited mixifayours
CH, accumulation(Kankaala et al., 2013Although some small systems exhilditirnal mixing paterns withturnover at

320 night (Glaz et al., 2016)the wide range of buoyay frequency values (0.00 to 0.16) suggests that at least some farm
reservoirs are continuously stratified, particularlyleeer pondgKankaala et al., 2013as noted fo€O; distributions(see
above andrig. 2D). Taken together, our findings suggésat variability in the biological production &fHs likely exerts a
stronger influenceover CH, concentrations across farmeservois thandoes physical mixing, andfurther supports the
hypothesis that thprevailing sediment and water chemisaing theprimary controls 6CH, concentrations.

325 Although the hydrological regimeof small water bdies is rarely measurgdwe find that water source(rain,
snow/groundwatergnd reservoir retention timeinteract to influence CHconcentrationgFig. 3F). In particular, CH4
concentrationsvere lowest wheWWRT was long (>1 year) and water was derivedniyafrom snow or groundwater sources
(d*¥0 depleted. This may be due to a combination of reasons, including the prevalence of sléfitered from
groundwater(Pennock et al., 2010}lilution of waterbody from snow melt inflow, and sediments depleted in labile carbon

330 due to longer biogechemical processing times in the dams. The effetgntial effect of sulfatémiting methanogenesis
in agreementvith the strongnegativerelationship found between GHind conductivity in our modelF{g. 3D). Sulfate
makes up a large portion of thenic composition of groundwater in the Prairie Pothole Region due to pyrite oxidation
(Goldhaber et al., 2014Llearly, the biological influence on CHoncentrations is less pronounced in these largerfltow
dams.

335 In contrast to the external drivers found for C@cal land use had a sidisant effect on Chl concentrationsn farm
reservoirgFig. 31), with significantly higher Chllevels incropand waterbodies than thosegasture Thisfinding contrass
with those fromAustralianfarm reservoirswhere difusive CH; fluxes were 250% higher ineservoirs with livestock
compared to crops, although the mechanisms responsibbddervedifference were inconclusivgOllivier et al., 2019)
Catchmentand useregulates thehysiao-chemica propertiesof ponds(Novikmec et al., 2016by influencing the degree

340 of local vegetative coveand associated influx @llochthonous C to waterbodig8Vhitfield et al., 2011) Similarly, regions
with crops undergo more intensive agricultural modification, with featiicm, crop rotationsandmechanical disturbance of
soil whichall lead togreater nutrient runoff and soil erosidnn t h i slikety that €H levels aemore influenced by
nutrient loading from the landscapéhich stimulateseutrophication(Huttunen et al., 2003)as suggested by the biotic

variables in our modeHg. 3).
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345 4.3Emissions from farmreservoirs compared to other small waterbodies

To date,small waterbodies ofarms have beershown to be large emittess bothCO, and CH (Fig. 4). However in our
study we show that this is not always the c&#usive fluxes varied-21 to 466and0.14 to 92mmol m? d* for CO, and
CHys, respectively. These findings are consistent with osimeall artificial waterbodies which astrongCH,4 sources that
exhibit a large range of variability fro®0233 mmol m? d* (Grinham et al., 2018a; Ollivier et al., 2019he negative

350 fluxes observed in our farehams represents one of the few studied small waterbodies that exhistr@®ehaviour, with
most showingnet heterotrophy(Fig. 4). Although other studies have noted £€nk behaviour in artificial ponds and
reservoirgPeacock et al., 201Qllivier et al., 2019)this is the first study to capture such a high proporti&@2¥) of CQ
uptakein such systems.
When CQ and CH fluxes from small artificial waterbodies are compared with natural small waterbodiegparent trend

355 exists in which group produces more or less carbon emisdiams4). Natural ponds and constructed waterbodies have a
similar range in variability of mean fluxes for both gases, while wetlands exhibit some of the greatesstudyin
variability. Constructed waterbodies often have lower net €fflJux, suggesting that these systems more often switch
between net autotrophy and heterotrophy than small natural systems. Small artificial waterbodies have disproportionately
higher CQ and CH emissions than other natural waterbodies due to the direct impact of agricultural and urban land use

360 (Wang et al., 2017However, analysis of the limited literature shows that is not the case. We suggest that the lack of a clear
distinction between constructed and naturaltgurring small water bodies arises becauseeofjtaphical variation in the
relative importance of the diverse factors regulating carbon metabdligma 2, 3).
Whenassessing th&HG impact of constructed waterbodies, it is important to consider the relative contribu@®-to
equivalent(CO;-¢) fluxes betweelCO, and CH. Here, CH fluxes were converted to G fluxes using the sustaindhlix

365 global warming potential over 100 yedideubauer and Megoni&015) Small natural pondand wetlandfiave some of
the highestCO,-e emission rateswith particular importance of contributions fro@H, (Fig. 5). On average our farm
reservoirshad one of the highestH, contribution to CQG-e fluxes (744), in agreeent with the one other farneservoir
study(83%) of CH, contribution(Ollivier et al., 2019)This large contribution fron€Ha is similar topatterns recorded from
lakes and impoundments globallyhere large freshwater bodies contribute to 75% of all-€€fflux (DelSontro et al.,

370 2018) Fortunately, because the factors that regulate €hissions are becoming better identifi€ilg( 3), there exists the
possibility that artificial wetlands can be constructed to minirigke-related CG-e emissions and mitigate the overall large

rate of CO-e emissions from agricultu(®obertson et al., 2000)

4.4 Minimising emissions: potential management solutions

A combination of factors, including landscape position, construction, and managemddtoptimize features tminimize
375 carbon emissionfsom reservoirand potentially enhance the cartstarage orfiarms. From our models, we suggest that key

variables includig the degree of water column stratification (buoyancy frequency), WRT, water source, land use, and
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380

385

390

395

400

405

elevation are all suitable parameters for management. For example, strategizing landscape positioning to favour groundwate
influx of sulfate to reduce methagenesis. Creatindeeper reservoirs wipromote primary production through increased
water clarity(Dirnberger and Weinberger, 280 facilitate CH, oxidation through the water coluniBastviken et al., 2008)
andredue the impact 6 watersheeblerived solutes, terrestrial OM and benthic respiratiaiditionally, deeper and larger
artificial waterbodies tend to have lower nutrient concentrations due to longer processingtimeslet and Xenopoulos,
2016) Finally, modest increases in pH may further enhance c@pture (Supporting farmation), while having limited
effect on CH fluxes Fig. 3).

Agricultural and urban waterbodies are highly susceptible to nutrient ereitidue to theirdirect proximity to intensified
land uses. Reducing nutrient loading from the landscape willylikelve one of the greatest impacts in minimising C
emissions from farm dams given that both,@@d CH were strongly predicted by inorganicdpecies. In Australian farm
reservoirs, for example, a 25% reduction of nitrates can reduge= @issions by 3@ (Ollivier et al., 2019) Similarly,
removing direct livestock access to fawaterbodieswill improve water qualitpverallthrough reducing direct DIN inputs
and dam infilling.

Nitrogen loadingcan also have a direct influence on nitrous oxidgO)Nthe third most potent greenhouse gas that can
contribute substantially t6O.-e emissions in farm systen{Robertson et al., 2000y he flux of N>O was constrained iour
earlier study(Webb et al., 2019which found a smalCO-e sink ¢89 to-3 mg CQ, m? d?) for the majority of these farm
reservoirsdespite high N concentratianSimilar to our CQ model, stratification and primary production were important
regulators in driving MO uptake(Webb et al., 2019)Therefore the potential to achieve net GHG sinks weighastly on

the ability to reduce B4 emissions in these systems.

It is importantto note that the CHcontribution to C@e emissions is likely underestimated here as ebullition emissions
were not measured. In farm reservoirs, ebullition flux can contribute >90% of tojadr@ikisions and is often highest in the
smallest size classé&rinham et al., 2018aJlhis reinforces that design and management strategies that focus on reducing
all pathways of Chlemissions will be most effective in curbing total £©emissions. Deeper farm dams with steep side
slopes will likely be effective in reducing ebullition events due to a limited macrophytes, cebdattem water temperature

in summer, and supressed bubble release with higher water préssyge and Jewell, 2008jatchimuthu efal., 2014;
Grinham et al., 2018b)

5 Conclusion

Until recently,carbonemissions fronsmall farm reservoirshave been an overlookeget potentiallyimportant source of

CO, and CH emissionswithin agricultural carbon budget$o date, évelopment of mamgment strategie® redue GHG
emissions from waterbodies has bdenited by lack of knowledgeabout the mechanisms regulating GGand CH
production in these systems. By utilising adaptive modelling techniques across a broad range of environméigal varia

(abiotic biotic, hydromorpholoigal, landscape propertigsve were able to explain a high degree of devianaservoir
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CO, and CH concentrationsWe found thain situ water chemistry antbcal hydrological regime had the strongest impact

410 on CQ and CH concentrations. In agreement with previous studies; fibtes were the largest contributor to Gt
emissions. However, ih9 reservoirshe net C@-e emissions were found to bimks We suggest that with optimal reservoir
design and managemetfite climatic impact of farmeservoirC-emissions has the potenti@ be a carbonnet sink To
further develop farmeservoirmanagement practices that are locally effective, we express a need for more widespread farm
waterbodyGHG measurements across tfiebe to cover othezontinentsand land uses.

415
Data availability: Al data used in the modelsis available online in a GitHub repository

(https://github.com/JackieRWebb/Dugo@®2-CH4). Public access to this repository will be made available upon
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Tables andFigures

Table 1: Farm reservoir and landscape physical, hydrological, and chemical characteristics of the study sites (n 2)

Units N Mean Median Min Max
Area m? 101 1,31z 1,04C 158 13,90
Depth m 102 2.08 2.10 0.18 5.1C
Buoyancyfrequency s?2 99 0.01 0.00¢ 0.0C 0.03
d*®0 inflow %0 101 -13.37 -13.3¢ -19.3¢ -8.40
Evaporation to inflow 101 0.46 0.43 0.04 1.58
Water esidence time Years 100 0.76 0.66 0.08 2.51
Co puM 101 422 14.6 1.3 326.1
CHq MM 101 43 1.9 0.1 545
Temperatte °C 102 201 19.9 15.7 29.5
Dissolved Q % 102 92.6 889 2.3 344.C
Salinity ppt 102 09 05 01 8.6
pH 102 8.75 8.75 6.95 10.1¢
Chlorophyll a ug Lt 102 991 369 2.2 2,48:
NH3 pg N L? 100 354.7 100.C 10.C 5,93(C
NOx pug N Lt 98 196.€ 34.1 1.2 3,188
TP ug P Lt 98 2852 80.0 8.7 6,48(C
TN ug N Lt 98 3,082 2,36C 417.5 14,28(
DOC mg C L?! 99 318 293 4.6 904
Sediment organic carbon % 101 52 39 0.6 314
Sediment organic nitrogen % 101 0.6 0.4 01 28
Alkalinity mg L1 96 245.4 219.2 71.0 7555
Soil CEC M-eq100g* 98 24 24 10 180
Ksat cm hr? 102 99 5.0 0.0 39.7
Elevation m 102 6276 598.C 484.C 997.C
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660 Figure 1: A) Map of southern Saskatchewan in Canada showing the distribution of studied farmeservoirs, B) aerial image
showing 10 farm reservoirs delineated by white rectangles within a 1 kfrarea, and C) general size and shape of farm reservoirs
with two characteristic side mounds of excavated materials.
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Figure 2: Response patterns farm reservoir C@concentrations with abiofc, biotic, hydromorphological, and landscape variables
based on GAMs. CQ was best estimated by @ombination of a) DO saturation, b) alkalinity, c) NOx, d) buoyancy frequency e)
interaction betweend and WRT, f) soil CEC, g) and elevation, with soil dinity (h) not significant. Model deviance explainedvas
65.7%. The response patterns shown are the partial effect splines from the GAM and shaded area indicated 9%%&dible
intervals. See Table S4 for summary of model statistics.
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Figure 3: Response pHerns farm reservoir CHa concentrations with abiotic, biotic, hydromorphological, and landscape variables

based on generalised additive models (GAMs). GHivas explained by acombination of a) DO saturation, b) sediment C/N, c) DIN,

d) conductivity, e) buoyancy frequency (not significant, f) interaction betweend and WRT, @) soil Ksat (not significant), h)

elevation (not significant), and i) local land useModel deviance explainedvas 74.1% The response patterns shown are the partial
675 effect splines fom the GAM and shaded area indicated 95%redible intervals. See Table S5 for summary of model statistics.
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Figure 4: Range of CQ and CHa (diffusive) fluxes observed in natural and constructed small (<0.01 kfj waterbodies, including
this study (farm reservoirs). Dots represent the mean reported in each study and error bars thange. If no mean value was
reported, then the midpoint was inferred asthe middle of range (dashed lines) All data is from the published literature and

680 references can be found inhe Table S6.

23



685

254
Amount © CH4 1 CO2

20 Type B Constructed [ Pond B Wetland
5
o 1571
=
()]
o
O 10+
N
©]
(®)]

5- I

b‘.’beﬁ"lb@c}b%bfo‘ogo'bb'\{b\\‘ogo,b(\ O N @ o
SETFFSESET S ST L LTI P 0

H TSI G FEF L S T TT S S R

& @\\0%@ rz}(\\% 6% &P B \o'bé\ (*Q‘YQ\\Q.Q&_\@@« o @0\$ & Q8

Rl 40&((9 o B & W e & L& N & RCA P

&£ f & & QT &£ & ° S &
« € & g G Tl
S o o?
@ & ©

Figure 5: Total CO:2 equivalent fluxes of CQ and CHs (diffusive) measured in natural and artificial small waterbodies (<0.01
km?). COz-e fluxes were calculated based on 100 year sustainfiak global warming potentials in Neubauer and Meg@nigal (2015).
Relative proportions of each gas are indicated by shading, and waterbody type is given by colour. All data is from the pubéd

literature and references can be found in the Table S6.
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