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ABSTRACT

Wetlands in the Prairie Pothole Region (PPR) support numerous biologicalunities and the
composition of these communities depesndn thelengh of time ponded water is present (i.e.,
hydroperiodor permanence clagsThere is consensus the literature that landcover/land use
and climate dictate ponded water amounts prairie pothole wetlands.While terrain is
understoodto be an important &ctor indeterminingl ¢ S (i hydrgpBriadi thismetric is
seldom incluéd in models forecasting the impact aflimate and land cover/land useon
hydroperiod Tounderstand how théhabitat of these wetland biota will changmder a warmer
climate, we mug study te relative importance of each hydroperiod driver (idimate, land
cover/land use and terrain)Also, to bespredict how the structure of these wetland biota will
be affected by habitat changes, we mussudy the role hydroperiod plays in thecommunity
assembly My thesisis centered on two major themes: What is the relative importance of
climate, land covédland use and terrain on wetland permanence class 2pdhat is the role of
hydroperiod in the assembly of three wetland biota: lirdaquatic macroinvertebrates and
plants? First, | investigate the relative importance of the major factors influencingamdt
permanenceg climate, land cover/land use and terraidsing 19 metrics representing climate,
land use/land cover and terrainaeh of which literature suggests could explain permanence, |
predicted wetland permanence class in the Boreal, Parkland @Gragsland Natural Regions.
Climate was most important in predicting wetland permanence class in all three Natural Regions.
However, in the Boreal and Parkland, terrain was the second most important driver of
permanence class. Based on my findings, | belteat while it is important to consider climate

and land cover/land use in forecasting the impact of climate change in PPR medels)
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metrics can provide additional insight into how PPR wetlands will be affected by climate change.
Second, determired whethershort- and longhydroperiod wetlands differed in the relative
influence of biological and environmental filterirmn community abundancesMy findings
suggesthat: 1)biological interactions had an equivalent role in shagiognmunity abundance
across the hydroperiod gradiersnd 2) hydroperiod alone could not explain community
abundances becauserosstaxon relationships were stronger (77% zSE 12%than taxon
hydroperiod relationshipsThird, | determinedwhether hydroperiodhada more important role

in the functional dispersioni.€.,how species abundances vary in trait spagewetland biotal
concludethat: 1)thereis a direct influence of hydroperiod on functional dispersion of all;taxa
2) both bird and aquatianaaoinvertebrate functional dispersion is causally related to the
functional dispersion of plantsand 3) hydroperiod hada more important role in structung
functionaldispersion than crosgaxon interactionsFourth | sought to understand how sensitive
wetland biota would be to an inteyear change in hydroperiod that was driven by a change in
precipitation timing which occurred between the two yeamsy wetlands were surveyedifound

that for birds and aquatic macroinvertebratebere was a change in commity composition
between years which | couldattribute to a change in hydroperiod.For birds and aquatic
maaoinvertebrates | found that this chage in hydroperiodesulted in wetlands supporting taxa
that were weakly associated with wetland permanence or those being able to reproduce/survive
these drier conditions. | posit that if the delay in precipitation became a sustained climatic
pattern, wewould eventually se changes in the community structure of plants similar to the
changes we observed among birds and aquatic macroinvertebrates after a single year of delayed

precipitation.
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1. BACKGROUNDLITERATURE REVIEW
1.1. Background

Wetlandsin the Prairie Pothole Region(PPR support numerous biological communities
(Gibbs 1993; Loes@t al.2012; Sundbergt al.2016) and the composition of these communities
dependson thelength of time ponded water is present (i.e., hydrojeror permanence clags
(e.g.,Gleason and Rooney 2017a; Daeieal.2019) These prairie pothole wénds may differ
in their hydroperiods because of land use activi(féite and Fennessy 20Q3he topography
of their surrounding dndscape(Shawet al. 2013) climate (Schneider 2013pr geographical
history (Wright 1972; Wolfeet al. 2019) Of these hydroperiod drivers, climate and land use
activities explain much of # change in ponded water duration in the last dec@tlerneret al.
2013; McCaulegt al.2015) To understand how habitat for biological communities may change,
we must understand the relative influence of each driver on ponded water duration. Addltional
to understand how chages in hydroperiod will influence these communities, we must also

understand the role of hydroperiod in the assembly of wetland biota.

1.1.1. Thesiverview
My thesisis centeredon understanding 1the relative importance of the drivers of wetland
hydroperiod on permanenceclass in Albertan PPR marshes andh®) relationship between
hydroperiod and community structure of wetlaridota. | investigate these central objectives
over six chapters, foging on three key wetland indicator taxa: wetland dependdrddy aquatic
macroinvertebrates and wetland macrophytes (i.e. plants). First, | review the literature on the
drivers of wetland hydroperiod in the northern PP&econd, | use predictive modeling

evaluate the relative importance of climatic, land covand use and terraibased drivers of



wetland permanence class. | conclude with a summary of the preceding chapters and identify
areas in need of future research to better elucidate the relatiopdetween wetland biota and
hydroperiod. Third | evaluatehow congruence in the relative abundance of my three wetland
indicator taxa are sensitive to wetland hydroperiéaurth, | test the alternate hypotheses about

the relative importance of hydroped in determining the functional dispersion of the wetland
taxa.Fifth, | take advantage of a change in the temporal pattern of annual precipitation between
2014 and 2015 to test how consequent reductions in hydroperiod might shift the diversity and
compasition of my indicator taxa in prairigotholes.In this find chapter, | also discuss the way

in which prairie pothole wetland permanence is likely to change as a result of cumulative human

impacts in the northern PPR.

1.1.1.1. Manuscripts& Author Contributions

From thisthesis Iwill co-author fourmanuscriptsChapter2 will be submitted to Nature and
Climate Change with two additional authar®r. Derek Robinsornnternalexternal committee
member)and Dr. Rebecca Rooney (supervisor)Robinson providedagly feedback on Chapter
2, postprocessed the digital elevian modeland advised orestimating terrain metrics. Dr.
Rooney, as for all data chapteidesignedthe study,oversaw data collectioribiologicaland
environmental) advised onresearch questios and provided feedbackon the manuscripts.
Chapter3 is unde review in Scientific Reports and is-aothored with Dr. Rebecca Rooney.
Similarto Chapter3, Chapter is under reviewEcosphereandis co-authored with Dr. Rebecca

RooneyChapters is co-authored with DrRebecca Roonegndwill be submitted to Wdands.



1.2.Review of Literature
1.2.1. History of PPR Wetlands
1.2.1.1. Geological History
Prairie potholes were formed in tHast glacial periodDuring the Pleistoceneera, ending ~
10,000 years ago, northern North America was dominated by large ice sheets; and at shef end
these sheets, there were ice leb that protruded into periglacial bedrock in lowland areas
(Wright 1972) These protrusions formed glacial depsions or sloughs, and the type of bedrock
determined their shape and deptWright 1972)Also during théPleistocene peaod, the climate
was cold and dry, which fostered a tundiige-vegetated landscape, dominated by ice sheets for
~100,000 yeargSchneider 2013)Then, with a shift to a warmer, wetter climatepland
vegemtion communities altered to shrub, tree, and grasslands, as sloughs and depressions filled
with ponded water(Schneider 2013)nitially, sediment ruroff as glaciers melted modifil the
shape and depth of these glacial depressigigight 1972) While some ecent agricultural
activities have accelerated sedimentation ratesDf S a2y I YR QetzAl. A®WE Mdbdy
DeKeyseet al. 2009; Skagewet al. 2016) consequentlyshortening hydroperiod (Stewartand
Kantrud 1971; van der Kamp et al. 2016)hers have led to #&ngthering in hydroperiods

(McCauleyet al.2015; Anteatet al.2016; Haquest al.2018)

1.2.1.2. History of Land Use Practices

Agriculture isa main diver of wetland loss and degradation in the PBBtween 2006
2011, in the UPPR, nearly 530, 000 hectares of grasslansl seaverted to cropland, often in
proximity to wetlandgWright and Wimberly 2013)n Manitoba, the loss of PPR wetlands was

accelerated by a ~40 % discount on lands intended for cropping between 1990 an(l. 2008y



2014) Within the Beaverhill subwatershed of Alberta, an area that is likely representative of
activities within the entire Provincas agued by the authorsagriculture contributed to the
highest proportional losses of wetland area (39 %) between 1999 and &8 and Creed
2014) Interestingly, 48% dhe Beaverhill subwatershed was used by the agriculture sdotor
2009 (Clare and Creed 2014jlso within the Beaverhill subwatershe®kgrran and Crak(2016)
estimatedhistorical wetlands losses up to 2009. The authors reported that agriculture activities
resulted in losss 0f16.7%in wetland numbers and 2.7% of wetland area; they also report that
smaller wetlands were removed disproportionately for agriculturegerestingly Bethke et al.
(1995)hypothesizedhat within the easternCanadiarPPR, up to®% of wetland habitatvas lost

to agriculture prior to the 1950s because losses g#1 were negligible. The authors similarly
hypothesized that losses of wetland habitat in the western Canadian PPR were likely extensive in
that sane time period.Thus, stimates within the past halfentury may vastly underestimate
historical wetland lossedue to reliance on a contemporary baseline that misses that majority of

historic wetland losgbut seeSerran and Creed 2016)

Prairie pothole wetlands are disproportionately affected by agriculturairié potholes have
a high organic content in the upper layers of smcause inundation slows decomposition rates
(Bedad-Haughn 2011) Because of the rich, fertile soils that result, and because wetland
presence and flooding decreases crop prafiterhoeven and Setter 2010nhany PPR wetlands
are drained illegallyn CanaddClare and Creed 2014)here have ben declines in the ks of
prairie pothole wetlands in the past few decad@slundet al. 2010; Withey and & Kooten

2013) However, because of increases in the demandcfon and soybearfJohnston 2014)



many of the remaining prairie pothole wetlands are at risk to be converted to amogHiggins

et al. 2002; Rashford et al. 2010)

1.2.2. Hydrologyof PPR Wetlands
Based on extensive work [Stewart and Kantrugl971) PPR wetlands have been grouped
by their hydroperiod, soils and vegetation zones into seven permanence classes. Typically,
smaller, shallower wetnds will have shorter hydroperiods and fewer vegetation zones (Table
1.1). Larger, deeper wetlands, however, will typically have longer hydroperiods and more

vegetation zones (Table1).

Tablel.1. Descriptons of the seven permanence classes as describestdwyart and Kantrud
(1971)1

# Class Name  Subclass Hydroperiod Vegetation Zones & Notes
| Ephemeral None Ponded water during Lowpralrl_e (prairieaffiliated
snowmelt plants), highest seepage
. Wet-meadow (wetmeadow
Ponded water until o
Il Temporary Fresh . emergent), lowprairie, high
early spring
seepage

Shallowmarsh, (from shallow to
Freshg Slightly  Ponded wateipast deep¢ emergent plants,

. Seasonal Brackish three weeks submerged aquatic plants), wet
meadow, low prairie
. Ponded water Deepmgrsh (emergent .
Semi . : . . vegetation, operwater with
v Slightly Brackish retained,exceptin .
permanent bare-soil), shallowmarsh, wet
drought years .
meadow, low prairie
No vegetation, deep marsh,
\Y Permanent Slightly Brackish Ponded water always shallowmarsh, wetmeadow,

low-prairie

1| describe the typical length of time that these prairie pothole wetlands contain ponded water, their
subclass and associated vegetation zones.



# Class Name  Subclass Hydroperiod Vegetation Zones & Notes

No plants in the intermitten
alkaline zone (high
Ponded water fora  conductivity/salinity), shallow

Vi Alkali None few weeks to months marsh, wetmeadow, lowprairie,
no deepwater phase, preferred
by shore birds
Fen (ferassociated plants, with

VIl Fen None Ponded water always sparse, peripheral to central higf

dominance), weimeadow low-
prairie, no deepwvater phase

1.2.2.1. Hydroperiod

Permanence class, though often diagnosed by patterns of vegetasioitjmately the
LINE RdzOG 2 Fhydropedds,iwhithys Rflunced by all water sourcesprecipitation,
surface ruroff and degreeof groundwaterconnection(van der Kamp and Hayashi 2Q0@haw
et al. 2012) Typically, sowmelt contributes the largest quantity of watéo prairie pothole
wetland water budgetgHayashet al. 1998b; Tangen and Finocchiaro 20b&ratse frozen soil
does notpermit infiltration, allowing all the melted snowpa@kNR2 ¥ (G KS gSiGftb yRQA
run-off into the wetland(van der Kamgt al. 2003) However, due tanore recent changes in
weather patternsprecipitation fromearly spring and summehunderstormsmay make larger
contributions to wetlandwater budgets tharsnowmelt (McKennaet al. 2017) Regardlesshi
summer, when the soil is no longer frozen, much of the precipitation infiltrates into the
catchmrent soils or is evapotranspired by upland vegetatithie amount that reachese wetland
will depend onthe degree to whictthe water-holding capacity of the soil is surpassed during
rainfall evens (LaBauglet al. 2018) Usually, peciptation run-off that does reach the wetland
may contribute to subsurface/latetayroundwater flow(Heagle et al. 2007)Contributions to

ponded water amounts from rgundwater is minimaJ with the exception of lowying sites



(Eisenlohr 1972; Euliss et al. 2014bso influencing pondedater amounts from precipitation,
run-off, and groundwateris the size of the wetland catchmen{Novikmec et al. 2016)
permeability of thewetland soil (van der Kamp et al2003) and the extent of vegetation
interception within the catchment(Miller et al. 2009) Mechanisms of pondedater loss
however, include evaporation, transpiration and groundwater recharge from the wetland
(Eisenlohr 1972) Pondedwater from summer precipitation is completely lost through
evapotranspiration (Heagle et al. 2007)even when heightened summer precipitation
contributes to extensivddoding(Poianiet al. 1995; Brook®t al.2018) Thus, the ratio of rainfall
run-off, snowmelt runoff, and groundwater discharge into a wetland will vary from site to site,

depending on clirate, landscape position, basin morphology and soil t{/fseteau et al. 2016)

1.2.2.1.1. Groundwater

Groundwater is the main contributor of solutes in ponded wdtgoldhaber et al. 2014and
it may connect otherwisegeographicallysolated prairie pothole wetlands(Tiner 2003)
However, it is generally agreed that groundwater does not significantly influence water levels in
pothole wetlands(Hayashi et al. 1998b; Hayashi et al. 1998ag¢nerally, higheelevaion
wetlands contribute to groundwater (recharge), retevation wetlands neither contribute or
remove ground water (flowthrough), and lowerelevation wetlands remove groundwater
(discharge)Toth 1963; LaBaugh et al. 1998; Euliss et al. 2004b; Euliss et al. @fdu)dwater
flow can be deep (downward), contributing to regional groundwater that feeds local wetlands,
or lateral/subsurface, used by neighboring plariksayashi et al. 1998b; van der Kamp and
Hayashi 2009)Deep groundwater flow, however, is slow, occurring over hundreds of years, as

minerals are transprted from upland to lowland areagKrasnostein and Oldham 2004;

7



Goldhaler et al. 2014) Thus, the volume of water contributed to prairie pothole wetlands via
discharge of deep groundwater flow is never a large component optleli t | Y RQ& &I G SNJ
Lateral/Subsurface groundwater flow peaks when soil saturation is highhen ponded water

levels are near to the maximum storage capacity of the wetl@redsnostein and Oldham 2004)

The groundwater flows effectively balance surrounding shallow groundwater with ponded water

in the wetland(Krasnostein and Oldham 2008gcause shallow groundwater flom®re rapidly,

AG OFy o6S I Y2NB &AAIYAFTAOIYG O2y iNROdagA2y :

groundwater.

1.2.2.1.2.  Wetland Topographic Variation and Landscape Position

The magnitude of difference in elevation around a wetland can influencepatsd
permk Y SY OS® ¢KA& (2L123ANILIKAO GFNRFGAZ2Y OFy Ay Tt
the rate and volume of surface and subsurface water fldiwseiet al. 2012) this varidion can
influence wetlands at two scaleglocal (inclusive of areas immediately around the wadipor
regional (inclusive of an entire watershed). Most landscapes in the PPR have low local and
regional topographic relief, resulting in gentle slogd&eff and Rosenberry 2017; Wolét al.
2019) In landscapewith gentle slopes,gface water flow toward a wetland Isnited, and the
accelerationof this surface water flowis low, except during intense precipitan events(Neff
and Rosenberry 2017; Woltt al. 2019) In landscapes with more local topographic variation,
precipitation may be funneled from the catchment into the wetlgihkff and Rosenberry 2017;
Wolfeet al.2019) This surfacevater run-off contribution will ke greater in wetlands situated in

regional topographic depressions.



1.2.3. Past and Forecast Effects of Climate Change & Land Use
1.2.3.1. Effeckof dimate Change orHydroperiod

Wetlands in the PPR are sensitive to changes in climate, even when these changes are
irregular (Johnson et al. 2004)n South Dakota, dugyht conditions changed watdable
elevations in temporary wetlands by as much as 4Johnson et al. 2004highlighting the
importance of climate on wetland hydroperiod. As described above, precipitation is an important
source of water to PPR potholes, but temperature and humiditso play a roleBoth
temperature and humiditydetermine evaporation and transpiration rates, which are a major
pathway of water out of PPR potholes. Unfortunatelyttas climate is changinga historical
normal may no longer yield accurate predictsoof future water bdgets in PPR wetlandghang

et al. 2011; Werner et aR013; Fay et aRk016)

With respect to climate change, there isansensus that summeéemperatures will increase,
shortening hydroperiods, but the magnitude of change in summer precipitation is uncertain
(Schneider 2013)Hood-causing rainfall events could, hypothetically, increasland water
budgets just as with flastsnow meltgGarris et al. 2015Howevera general increase in summer
precipitation wouldnot likely offset increased evaporative losses, as rainfatoffirs more likely
to infiltrate the soils of wetland catchment¢Poianiet al. 1995; Johnsort al. 2010b; van der
Valket al. 2015; van der Kampt al. 2016) Fayet al. 016)reported that the magnitudeof
change inhydroperiod increases with permanence class, regardless of how wet or dry the
climate. This is because less permanentiipnded wetlands dry out before peak
evapotranspiration rates in midummer. Consequently, mogermanentlyponded wetlang

are expected to experience a greater change in hydroperiod than more ephemeral wetlands,



likely shifting the frequency distribution of wetland permanence classes in the (P&t
al.2016) Furher, since the southern andestern portions of the PPR have drier climates,
warmer summer temperatures could be particularly influential on wetlands in these @Fegs
et al2016) Interestingly,atrend of shortened hydrperiod, overall, has beewbservedin the

PPR iast few decadefWerner et al. 2013)

1.2.3.2. Effeckof Land Useon Hydroperiod

Landuse maycause both increases and decreasesvatland hydroperiods For example,
roads may block snow melt and rainfall raff (Shaw et al. 2012produang greater ponding on
one side and drier conditions onthe othér2 y a2 f ARF A2y RN} Ayl 3S Oty |
hydroperiod; this involvesicecting water to wetlands positioned lower in the landscapes from
those full/partially draining at higher gsitions in the landscapéMcCauleyet al. 2015)
Consequently, wetlands receiving this redirected water have longer hydropgifibtiSauleyet
al. 2015; Kraptet al. 2018; Haqueet al. 2018) Theway aparticularland use may influencehe
hydroperiodof wetlands in a catchmens not always straight forward. Cattle grazing can reduce
snow accumulation, as short vegetation is less effective in trapping §Waiins and Chanasyk
2013) which will reduce snowmelt inputs and may therefore reglugetland permanence.
Conversely, grazingnd tillage may compact soils and reduce evapotranspiration, thereby
increasing rainfall ruoff inputs and increasing wetlandermanence (Voldsethet al. 2007;
Collinset al.2014) Similarlyyvan der Kamp et af2003)reported shortened hydroperiods when
croplands were revegetated with natural plants in southern Saskatchewan. The redurction
hydroperiod was attributed to the stronger snetnapping abilities of native vegetation and the

larger infiltration of snowmelt in frozen, vegetated s@ian der Kamget al. 2003) Though the
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ways in which croplands and grazingeaftfsurface ruroff and snow accumulation can differ,
changes in snow accumulatiowill have larger impacts on hydroperiod than changes in

summertime precipitation.

1.2.3.3. Wetland Biota in the PPR

We can study birds, aquatic macroinvertebrates and plants irPfAR to better understand
how sensitive wetland biota are to hydroperiod and detemmithe ecological significance of
hydroperiod in the assembly processes of these communifiesughstudyingfishcommunities
can be equally valuable in understanditing sensitivity of wetland biota to hydroperiode.g.,
Maurer et al 2014) this taxon has not been observed in the Albertan ;RieRsequently, they
will not be discussedOne reason that thestaxa are useful in studying assembly processes is
that they are sensitive to wetland characteristics, and this is inclusive of wetland hydroperiod
(Danielet al. 2019) Second, they are widely used bioindicators in studying wetl§Adamas
1996).Third, they are likely to interact in a diversity of ways including competipoedation,
parasitism, and facilitatiofKlaassen and Nolet 2007; Reynolds and Cumming 2016; Gletason
al. 2018) Finally, these taxa repsent a range of motility, with birds being highly mobge
travelling between hemispheres, Natural Regions and landsafysasgleet al. 2001; Oslundbt
al. 2010) inverts being intermediate travelling to neighboring wetlandd?anov and Caceres

2007; Mabidiet al.2017) and plants being fairly sessile.

1.2.33.1. Effect of Cimate Change andAgiculture onWetlandBirds
1.2.3.3.1.1. Bird Assembly in the PPR
Birds in the PPR may differ in their reliance on wetland habitat for feeding and reproduction
(Vanausdall and Dinsmore 201895 much as half of the birds that use PPR wetlands are typically
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categorized as terrestrial/facultatividnderson andRooney 2019)using wetlandgor foraging
and pairing, but nesting in upland habit@iohnsonet al. 2010a) While wetlanddependent
birds, such as shorebirds, waterbirds and waterfowl, also forage iramag| some of these
wetland speies may nest in upland habitat adjacent to wetlan@eenwoodet al. 1995;
Reynoldst al.2001) and others may nest in the wetland prog&antrud and Stewart 1984pf
these wetlanddependent birds,Murkin et al. (1997) reports that waterbirds, in addition to
selecting wetlands witlonger hydroperiods for nestg) requirewetland complexes throughout
their breeding seasonn support of this requirement for wetland complex&gaugle et al. (1999)
found that though Black Tern€klidonias niggrnest inpermanentclassifiedwetlands,they

forage in wélands of lower permanence up to 4 km from their nesting site.

Wetland hydroperiod can influence thebundance, richness and diversity lwfds, where
wetlands with longer hydroperiods do support more spe¢Ruwaldt Jet al.1979; Kantrud and
Stewart 1984; Bartzeet al.2017) Daniel et al(2019)observed more diveesbird communities
in wetlands with longer hydroperiods, and they attribute this higher diversity to the greater
habitat heterogeneity in permanentlgonded wetlands. Though alpha diversity may be lower in
wetlands with shorter hydroperiodd\liemuth et al (2006) reported that temporarily-ponded
wetlands are integral foraging grounds, atitht they do provide critical habitat flomigrant

shorehirds.

1.2.3.3.1.2. Climate Change InfluencBgds

Wetland-dependent birds in the PPR are sensitive to climate chalnyen changes in
wetland hydroperiod Because shortened hydroperiods are forecasted with a warmer climate,

shifts in distribution of bbds are expected in the PPR, especially in @amhere the climate is
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more arid(Johnson et al. 2005; Polan 2016; ReeseSkatjen 20170bservations in these more
arid regions, which are in the south and west PPR, confirm that a larger proportion of birds now

breed in the northern and eastern PRBRankeet al.2017; Steeret al.2018)

A warmer climate can also influence PPR birds nesting initiation dasegielet al. 019)
reported that when spring and winter temperatures were warmer, the first day that birds
initiated nesting wa®arlier. When winters were cooler with warmerrspgs, birds nested later
(Raquekt al.2019) While there was no direct influence of temperature on nest survivdhyse
in first nest date have been associated with lower reproductive successes because birds may have
fewer opportunities for renesting(Devrieset al. 2008) and the probability of nesting failure
increaseswith additional attempts(Harrimanet al. 2017) Because we expect waer winters
and earlier spring start dates due to climate change, birds in the PPR could undergo increases in

reproductive success as there are morenessting opportunities.

1.2.3.3.1.3. LandUse Influences on Birds

Increasing cropland cover and grazing will ferttower abundances and species diversity
birds in the PPRAustin et al. 2001)One explanation fothis influence of agriculture is that
increases in cropland activity selt in increased predator activity, preying on eggs, chicks and
nesting females(Greenwad et al. 1995; Sherfyet al. 2018) Alternatively, increases in
agrialltural activities may eliminate the habitat required by birds that forage or nest in upland
habitat. This loss of upland habitat could explain why disturbansensitive bird specgare
more abundant within wetlands in agricultural landscap&aderson and Rooney 2019Ylore,
Popotnik and Giuliano (2000in investigating trends iwaterbird abundance within riparian

zonesof pastures in southwest Pennsgivia, found lower abundances areas with higkgrazing
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intensity. For some species, like the Lesser Scayghya affini3, it appears that reductioni
abundance with agricultural disturbance are due to the effects ahfiag on macroinvertebrate
prey abundancéLindeman and Clark 1999; Anteau and Af29i1)

1.2.3.3.2. Effects of Climate Change and Agriculture on Aquatic

Macroinvertebrates
1.2.3.3.2.1. AguaticMacroinvertebrateéAssembly in the PPR

Several authors have reported Ilower abundance, diversity, and richness of
macroinvertebrates invetlands with lower pondermaneice (Brooks 2000; Hall et al. 2004;
Whiles and @ldowitz 2005) Fritz and Dodd&004)suggested thatdraw downs irwetlands can
lead to large declines in macroinvertebrate abundance and richndsscaug taxa lackng
desiccation strategieare eliminated. Further, Danielet al. 019) Gleason and Roong2017a)
and McLeanet al. (2019)reported that shorter-hydroperiodwetlands contain onlya subset of
the macroinvertebratetaxa poolthat occupypermanenty-ponded wetlands In these shor
hydroperiod wetlandsmacroinvertebrategypically possesdesiccation avaiance or tolerance
strategies Consequently, they hypothesize titae community structure of macroinvertebrates
in shorter-hydroperiodwetlands are less subject to interspecific interactions and mamengly
structured by the environmental filter of pexlic drying compared with more permanent
wetlands. Furtherin these shorhydroperiod wetlandscolonization from neighborindgonger
hydroperiodwetlands sustainsnacroinvertebrate communitiegWhiles and Goldowitz(D5)
Whiles and Galowitz (2005hypothesize that colonization giticalto sustaining populations in

short-hydroperiod wetlands because dw-down events eliminate most specie3hus, if
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wetlands are disconnected frorieir complexes, macroinvertebrate communities ishort-

hydroperiod wetlandsre particularly vulnerabléSim et al. 2013)

1.2.3.3.2.2. Climate Change Influences on Aquatic Macrotetbeates

Though changes in the diversity and compositof aquatic macroinvertebrates are likely
with climate change, studies assessing the impacts of climate change on wetland biota have
focused more on other taxbut seeMcLeanet al. 2016) Because aquatic macroinvertebrates
require ponded water and aquatic vegetation to feed and reprod{&kasoret al. 2018) we
could expect shortehydroperiod wetlands to support only taxa able to reproduce or develop
under drier conditionge.g.,Huarg et al. 2006; Rowbottorret al.2017) Taxa unable to tolerate
these drier conditions, either because they have larval stages that require continuous standing
water or consume smaller aquatic macroinvertebrates by dij@ng.,Applegate and Kieckhefer
1977) will survive only if they are able to disperse to neighboring wetlgidsles and Goldowitz
2005 Gleason and Rooney 20178ecauseplants play andntegral role in the feeding and
reproduction of some functional groups of aquatimacroinvertebrategDaviset al. 1999) a
change in plant community composition (discussed beiowi.2.3.3.32) due to changes in
wetland hydroperiod Eulisset al. 2004)could ampliy the impacts otlimate changen aquatic

macroinvertebratecommunities

1.2.3.3.2.3. Land Use Influences omguaticMacroinvertebrats

The effects of agricultural awities on the abundance and diversity of wetland
macroinvertebrates appear variable. While some studies indicate that there is a positive effect
of grazing on macroinvertebrate diversity and abundadice I NI @ H setap Z0B)hodrsS A f f
find lower abundance and richness in wetlands with cropping or tilling in the surrounding
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landscape(Euliss and Mushet 1999; Euliss et al. 2008till other studies find little to no
measuredeffect of agiculture in the catchment on the abundance, richness and diversity of
macroinvertebrates in a wetlandTangenet al. 2003; Davist al. 2006; Meyeret al. 2015;
Sundberget al.2016; Gleason and Rooney 20L17A)thors of a study in South African wetlands
with similar hydroperiodsnd surface connectivity as those in the PPR reported that cropland
cover may have little influence on aquatic macroinebrate diversity or abundang@irdet al.
2013) The authors hypothesized that enviroamal conditions that typically influence aquatic
macroinvertebrate abundance or diversity (e.g., turbidity and nutrient concentajid/leyer et

al. 2015)are unaffected by swounding land use.l hypothesize thathese geographicaly
isolated wetlands may be unaffected by cropland activities because tkesedelay in when
surface water affected by agricultural activities reaches the wetland. This mechanism may explain
why sudies in the PPR found no effect of agriculture on aquatic macroinvertebrate diversity in
PPR wetland@Meyeret al. 2015; Sundbergt al.2016; Gleason and Rooney 2017Rggardless,
changes in waterand sediment quality do affectaquatic macroinvertebratediversity and
composition(Johnset al. 2012)and changes in wetland sediment and water chemistry can be
related to land covewithin about 500 m of PPR wetlan@s.g., Silveret al. 2012; Kraftet al.

2019)

1.2.3.3.3. Effect ofdimate Change andigriculture on Vegetation
1.2.3.3.3.1. PlantAssembly in the PPR

Wetland pant assemldges areinfluencedby hydroperiod(Hargiss et al2008; Tsai et al.
2012a) which drives natural cycles in vegetatiofStewart andkantrud 1971)As summarized in

Eulss et al(2004b) during drawdown periods, litter frommacrophytess quickly decomposed
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aerobically, which provides nutrients fagquatic plants when the wetlands are-flooded. When
the mudflats are exposeduring drawdown periods, however,seed from both upland and
aguatic plants germinatéeuiss et al. 2004b)The sustained presence of ponded wasdows
submerged andemergent plants tooutcompete upland vgetation and the characteristic
wetlandvegetation zoneso develop(Euliss et al. 2004bln shallower areas, wet meadow plants
establish, while submerged and floatingumtic vegetation establish iareas ofdeeperwater
(Casanova and Brk@000) Euliss et al. (2004fa)so explain that groundwatesontributions also
influenceplant assemblage$oth directly ¢ by lengtheninghydroperiod indischargewetlands,
and indirectly ¢ by ecologicallyfiltering which plants carpersist because of their salinity

tolerances.

1.2.3.3.3.2. Climae Change Influences on Plants

Because climate change ferasts predict a warmer climatand subsequently higher rates
of evaporative Iss in pothole wetlandglantcommunitiesare possibly vulnerabléquatic plant
cover will likely decline imwetlands as hydroperiods shortemd wetlands shrinkJdinson et al.
2010) Besides shifts in flowering datéMunson and_ong 2017)lessdynamic vegetation cycles
have been observed within the last centyMyerner et al. 203). With lessdynamic vegetation
cycles, there are smaller differences in water depths between diawn andre-flooding,
eliminating some vegetation assemblagegarticularly insemipermanentlyponded wetlands

(Werner et al2013; Fay et aR016)

1.2.3.3.3.3. Land Use Influences on Plants
Plant communities, within and around wetlands, can mitigate the impafcdsrrounding land
use on water quality, but agriculture can directly influemptent assemblagedviain et al. (2017)
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reported lower pondedvater contamination from pesticides, herbicides, and fungicides, which
plants incorporated into their tissue, in wetlands exhibiting vegetation patterns of natural,
undisturbed sites. Similarlyickerl et al. (200(pund the natural vegetation around wetlands
can lower sedirantation rates and nutent runoff into wetlands. Conversely, when wetlands are
drained, the seedbank community composition is clethdWetzel et al. 2001)as the
congruence between the livingiomass and seedbank is lo&Eraft and Casey 2000} hus,
disturbed wetlands have lower species richness, higtmrer of exotic species, and fewer
perennial species than undisturbed wetlan{Bolding et al 2020; Smith and Haukos 2002;

Vodsethet al.2009; Tsaet al.2012b)

1.2.4. SummaryClimate & Land Use Impacts on Wetland Biota

Both climate change and land use will shape PPR wetland communities, with shorter
hydroperiods, lower water quality and higher sedimentation rates affecting plant, birds and
macroinvertebrate communitiesVith increasing cropland cover in the PPR and a warmer, drier
climate, the prevalence afhort-hydroperiod wetlands will increag&ayet al2016) Suclkshort-
hydroperiod wetlandsn the Grassland ecoregion may have weakmysstaxon congruence
because there is a negative effect of increasing-natural cover(Rooney and Azeria 2014)
Similarly if within- (Gleason 2017pr betweentaxon congruence is stronger with longer
hydroperiod wetlands (Chapter 2), we may obsemaakenedcongruenceamong birds, plants,
and macroinvertebrates comnmities with climate changeThus, to adequately prepare for
climate change, we must understand the mechanisms and processes drivingtaotoss

congruenceand community structure
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2. CLIMATE ANDODPOGRAPHMHE TWO ESSENTIAL INGREDIENTS IN PREDICTING
WETLAD PERMNENCE

2.1.Introduction

Wetlands provide habitat for diverse communities of flora and fa(@B#bs 1993; Loes@t
al. 2012; Sundberget al. 2016) as well as a disproportionate amount of ecosystem services
relative to the area they occupy compared to other ecosystévtitsschet al.2015) The diversity
and abundance of flora and fauna in wetland ecosystemgiated by the availability of ponded
water (Gleason and Rooney 2017a; Dapiedl.2019) which is forecasta decline in amount and
duration of presence (i.e., hydroperiod) across the prairie pothole region of North Anteréica
to climate changdEulisset al. 2004 Steenet al.2014; Fayet al.2016; Steeret al.2016) In this
region, the majority of wetlands are ponded npermanently and they support resident
biological communitiegStewart and Kantrud 1971; Daniefl al. 2019)that are sensitive to
climate changgJohnsonet al. 2010b; Fayet al. 2016) Therefore, understanding the relative
influence of climate on wetland water levels is critical to improving our understanding of how

biological communities in the PPR will resgdo climate change.

DA@GSYy (K Saritl cliwaieQa dacin¥ ik wetland hydroperiod is expected because of
increases in wetland water defici{&chneider @13; Werneret al. 2013) Most sensitive to
climate change are wetlands that contain ponded water y@amd; we expect up to a 20%
decline in the hydroperiods of such wetlan@sayet al.2016) Someforecasts suggeshat many
of the wetlands in the southern and western PPR may be lost completely, driven by drier climate
conditions in these areadlohnsoret al. 2005; Johnsort al. 2010b; Reese and Skag2017)

Converselypbservational studies in theouthern and western PPR sugg#stre have been
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increases ipond permanencewhich are attributed to changes in land use practic@dcCauley
et al. 2015; Anteauet al. 2016; McKennaet al. 2017; McKennaet al. 2019) Regardless,
simulations for the PPR suggest thhe magnitude of change in climatic conditiobstween

1946 and 2005 were vast enough to drive deedi inpond permanencéWerneret al.2013)

In addition to climate, land use activities can also dffegdroperiods in PPR wetlands
(Johnsonet al. 2010b; Tsaket al. 2012a; McCaulewt al. 2015) Landscapes with a higher
proportion of agricultural activities havéonger hydroperiods due to the combination of
increased stface runoff and decreased soil infiltratiofvan der Kamet al. 2003; Voldsettet
al. 2007) Agricultural activities can also influence ponded water levels through consolidation
drainagec fully or partially draining wetlands in¢hupper watershed and directing this water to
wetlands lover in the watershedMcCauleyet al. 2015) This is typically done to lower the
probability that neighboring croplands are floodésichindler and Donahue 2006; Verhoeven and
Setter 2010) which increases farming efficien@iltermuth and Anteau 2016Yo date, many
studies modellinghe impacts of clnate change on PPR wetlands have incorporated land use
(Vodsethet al.2009; Anteatet al.2016) and there is resounding evidence that wetlands exposed
to the same clima regime, but situated among different land use activitidgfer in their

sensitivity to climate chang@icCauleyet al.2015; Wiltermuth and Anteau 2016

Though we understand that terrain is important in predicting pond permang¢8bawet al.
2013; Wiltermuth and Anteau 2016; Hayashal.2016; Neff andRosenberry 2017few studies
have included this metri¢but seeWolfe et al. 2019) Models for the PPR that predict pond
permanence in response to climate often omit terrain, but typically include lesedcover (e.qg.,

WETSIMPoiani and Johnson 1993&YETLANDSAPEohnsonet al. 2010b) Quantifying the
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individual and combined contribution of climate, land use/cover and terrain to wetland
permanence is necessary to impeowetland and waterfowl population management across the
PPRFayet d. 2016) For example, differences in terrain may cause wetlands belonging to the
same permanence class to differ in their sensitivity to climate change. To ameliorate this scientific
gap, | analyzed data collected across multiple field projects. |ting=e spatial data, comprising

thousands of wetlands across the PPR in Alberta (Canada), to predict wetland permanence class.

2.2. Methods
2.2.1. Study Area

The wetlands imy study are in the soutfAlbertan extent of the Prairie Pothole Region (PPR)
(Figure2.1). Wetlands in this region are called potholes because they are depressions filled with
ponded water, each formed in the last glacial per{@dright 1972) Potholes can differ in the
length of time they contain ponded water, which can range from just a few weekssakbgvmelt

to the entire yearn(Stewart and Kantrud 1971)
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Figure2.1. Extents of the Central and Southern Wetland Inventories used to delineate wie
in the study, which are in tle prairie pothole region (inset mad)selected wetlands from thre
Natural Regiong Boreal (12,0000), Parkland (12,0000) and Grassland (16,00@3e wetlanc
are within the southerpAlbertan Prairie Pothole Region.éfb are 356,246 wetlands delinieal
in the Southern Inventory and 253,873 in the Central Inventory

| acquired data on two wetland inventori¢&overnment of Alberta 2014hat delineated the
f20F0A2y3> 02dzy R NB YR LISNXI y Sy eSsificatioh & BPRO | 4 SR

wetlands(Table2.1; Stewart and Kantrud971)
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Table 2.1. Descriptims of the fourpermanence classes included tims study.fl describe the
typical length of time that these prairie pothole wetlands will contain ponded water, their
associatedsegetation zones, as described Btewart and KantrugStewart and Kantrud 197,1)

and the number of wetlands belonging to each class in the Alberta Merged Wetland Inventory
(Government of Alberta 2014hat were within the extent of our 2n digital elevationmodel.

Typical . Natural Region
Permanence class . Vegetation zones
hydroperiod Boreal Parkland Grassland
Temporary Until midspring, Wet-meadow (includes
typically for four wet-meadow emergent), 40461 51062 153872
weeks low-prairie, high seepage
Seasonal Late spring to Shallowmarsh

early summer for (vegetation zones from

appraximately shallow to deep:

two months emergent plants, 30890 43836 108924
submerged aquatic
plants), wetmeadow,

low prairie
Semipermanent Dries fully in Deepmarsh (vegetation
drought years zones from shallow to
only deep: emergent

vegetation, operwater 39375 47075 12240
with bare-soil), shallow
marsh, wetmeadow,

low-prairie
Permanent Open water Open water, deep marsh
yearround shallowmarsh, wet 5704 10785 4952

meadow,low-prairie
The two wetland inventoriesiffer in their accuracy, but they collectively span three Natural

Regions (Grassland, Parkland and Boreal). The Grassland, comprisingmassggrairie, and the
Parkland, comprising deciduous trees and grasses, are-a@mnregions with potential
evaporanspiration rates that are greater than annual precipitati@ownirg and Pettapiece
2006) The Parkland, however, experiences more precipitation than the Grasfzmaning and
Pettapiece P06). While the Boreal Natural Region is dominated by decided and coniferous trees,
and annual precipitation amountgypically exceed evapotranspiration rate@owning and
Pettapiece 2006)PPR wetland in the Boreal experience sand to humid climate conditions

(Devitoet al.2005;Brownet al.2010)
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2.2.2. Wetland Locations & Extents

For my analyses,| selected a subset of wkinds from the Merged Albertan Wetland
Inventories within each Natural RegionAfter excluding wetlands with buffered (500m)
boundaries that overlapped with morthan one Natural Region, | randomly selected 12,000
wetlands in the Boreal and Parkland Naturegions (3,000 per permanence class) and 16,000 in

the Grassland (4,000 per permanence class).

2.2.3. Selecting Metrics

To select metrics representative of climatandl cover/land use and terrain that would be
useful in testing the relative contribution of éise three factors in predictingrairie pothole
wetland permanence classconducted a literature reviewl used Web of Science to conduct
this review, limitinghe search to papers published between 1950 to 2018, and key words for: 1)
the PPR: PrairiPothole Region, Northern Great Plains, Alberta, Saskatchewan, Manitoba and
Dakota; 2) weather: climate, temperature and precipitation; 3) disturbance: land use,
agriculture, disturbance, oil and gas, grazing and roads and 4) pond permanence: watershed,
hydroperiod, permanence class, catchment and wetland. dza SR ahwé¢ 2 LISNI ( 2 NA
g2NRa dzy RSNJ GKS alyYS Oflaa | yR a! Bobthe te2raidS NI (0 2 N
metrics | used selected metrics that are commonly used to describe topogcapduiiations,
based on a previous revie(Branton and Robinson 2019)etails and results from this review

are reported in a Tabl2.2.
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Table2.2. Listof climate,land cover and land usand terrain metricsusedto predict wetland
permanence clasfin this table, | include a description of the significance of each metric for
wetland hydroperiod and the proxy metrics | selected. For the purpose of ralyss, winter
months range from November to February, spriqgril to May and summer June to August

Category

Variable

Significance for Wetland
Hydroperiod/Formula

Proxy/Clas$

Climate

Snowpack/Winter
precipitation

Sumer Precipitation

Summer Temperature

Winter/Spring/Summer
Temperature

Precipitation Timing

Snowpack accounts for 3#D% of
pondedwater amountgHayashet
al. 1998a; Tangen and Finocchiaro
2017b)

Longer hydroperiods with higher
winter precipitation(Collinset al.
2014)

Longer hydroperiods from increase
summer precipitation(Eisenlohr
1972; Leibowitand Vining 2003;
Eulisset al.2014; Clare and Creed
2014)
Evapotranspiratiomates/water
losses higher in summer (from Jun
(Heagleet al. 2007)

Snowpack may melt too fast with
warmer conditiongCrosbieet al.
2013)13]

Fewer wetlands dry up when
summer precipitation is earlier in
the summer(Polan 2016; Meyers
2018)

Total Spring Precipitation

Total Winter Precipitation

Total Precipitation in Winter & Spring
Total Spring Snowpack

TotalWinter Snowpack

Total Snowpack in Winter & Spring

Total Summer Precipitation

Average Maximum Temperature in
June

Average Maximum Temperature in
July

Average Maximum Temperature in
Summer

Average Maximum Temperature in
Spring

Average Maximum Temperature in
Winter

Average Maximumémperature in
Spring & Winter

Proportion of Summer Precipitation ir
June

Land Use
& Land
Cover

Natural Vegetation

Cropland Cover

Loss of natural cover increases
surface runoffClareand Ceed
2014)

Because soil is less porous (more
compacted), much of the
accumulated water, either from the
snowpack or spring/summer
precipitation, flows into the wetland
¢ this increases water leve{san

der Kampet al.2003; Voldsetlet al.
2007)

% Natural Cover

% CroplandCover

2 This differentates terrain metrics by global (estimated using a ¥QIDO-m moving window and mean
value withih 500m buffer recorded) and local (estimated within a S®buffer of the wetland.
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Significance for Wetland
Hydroperiod/Formula
Urban Cover Longer hydroperiods in ban % Urban Cover & Bare Ground
landscapes, mostly because of
higher runoff (when compared to
those in cropland¢Fossey and
Rousseau 2016)
Grazing Grazing lowers snow accumulation % Pastureland
(Willms and Chanasyk 201 3yhich
can increase runoff and hydroperio
(Niemuthet al.2010; Collin®t al.
2014)
Culverts/Rads Lowers hydropeads by blocking Distance to Road
surface runofiShawet al.2012)
Can lower pond area/depth, and by %Cropland Cover
extent hydroperiod, asicreases in
sedimenttion can in fill ponds
(Skageret al.2016)
Terrain ~ Mean Elevation (DEM) p 9 £ S @9 fii & @hsiuh(Rigdsayet  Local
Metrics - Deviation al.2015)

Ekevation (DEM) Bo9t S Mt Csmw"w(?dfrohmanret Local

Vi? y
Standard Deviation al.2011)

Profile Curvature (PG) ~ 201 NETAT SUNMINGI Sheg\GND! Local

Category Variable Proxy/Clas$

Tilling

L y

Standard Deviation (Olaya 2009)

Slope- Standard B6 { (R LIS Local
Deviation — {Olaya 2009)

Percentage of upwardigonvex Global
cells within the moving window
(lwahashand Pike 2007)

Relative frequency of pits and peal Global
Terrain Surface Textur: in a 100x 100-m moving window

(Iwahashi and Pike 2007)

. - 9t S BV gimgF y5 BV llyj Local
Topographic Position Ot S Oy, 08 B § Oy 1 @efRelet al.

Terrain Surface
Convexity

Index 2013)
I { t 2186t 2} J8Grohmanret  Local
Slope Variability al. 2011)

2.2.3.1. Climate
lacquired2013-2014dailyweather datafrom the AgroClimatitnformation Service of Alberta
to calculate climate metrics. These data comprised of precipitation and temperature
measirements from7,914 weather stations across the provinobserved fom October 2013 to

August 2014 | calculated seasonal precipitatidotals and temperatureaveragesfrom a
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compilation of proxy variables (Tal#e€?) at each station. Then, using a simipieerse distance
weighting(Tarroscet al.2019) | interpolatedclimate metrics at the center of each wetland in R

(R Core Team 2019)

2.2.3.2. Land Cover & Land Use

Prior worked identified strong concordance between landcover within®0tf wetlands and
wetland psychochemical conditioffKraftet al.2019) indicating this was an appropriate buffer
width for prairie pothole wetlands in Albert&Vithin this distance, | use@mhdcoverdata from
Agricultureand AgfTC2 2 R/ Yy RF Q& 6! ! C/ 0 | yAdrdzitire ahd\BriL) LYy @S
Food Canada 2014nd road network data from the Government of Cand8atistics Canada
2010)to estimate land cover and land use metritasedthe proportion of area within the 500
m buffer for each land covetass tameasurepercentage cover. Nextmeasuredhe percentage
cover of each land cover classported underTable2.2. | used the road layer for Alberta to
measure the distance of each wetland center to the nearest road. | estimate these land

cover/land use metrics iArcMap 10.4.XESRI 2012)

2.2.3.3. Terrain
| quantified topographic characteristics using ar@5digital elevation model (DEM) for
southern and central Albert@rigure 5.1Yanget al.2014) | estimated eight terrain metrics (Table
2.2) usindArcMap 10.4.1ESRI 2012nd SAGA 2.3(Zonradet al.2015) These metrics ay be
grouped aghose with local (e.g., standard deviation of slope) versus global (erpjrtsurface
convexity) application. For local metrics, | applied the formula to areas only within 500 m of the
wetland boundary. With global metrics, | applied @0 x 100-m moving window and computed

the mean value within the 500 m buffers.
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2.2.4. Data Analysis

| aimed toquantify the relative contribution of climate, land cover/land use and terrain for
different wetland permanence classes and determine the abilitthese driversdr predicting
wetland permanence class. Achieving these two outcomes involved four steps: reducing the
number of metrics to an orthogonal and parsimonious set for application; visualizing if wetlands
could be partitioned based on their peemence class (@ure2.2); parametrizing and calibrating
a predictive model; and then predicting permanence class and assessing model fit. These analyses

were performedin R(R Core Team 2019)
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Figure 2.2. Principle Components Analysis for wetlands delineated in the 1) Boreal (¢
12,000 wetlands), 2) Parkland (totaling 12,086tlands) and 3) Grassland (totaling 16,
wetlands) Natural RegiorfRQ\s apply an orthogonal transformation to summarize the data
axes that explain the variance between two correlation matrices. Our data were scaled
implementing the PCAVectors on climate (&), land use and land cover-Fp and terrai
roughnes (Gl) show correlations with both axes. Axis two, for all datasets, represe
hydroperiod gradient and terrain roughness is represented on axis 1. The ellipses ai

confidence intervals, assuming a multivariatdistribution.
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2241. Predicting Wdand Permanere Class

| used an extreme gradient boosting model to predict wetland permanence. @xseme
gradient boostig isconsidereda more robust predictive tool than random forgSheridaret al.
2016) Like andom forestextreme gradient boostig creates ansemble of decision tredhat
partition data based on a specified groupiiMcCunect al.2002; Hastieet al.2009) in my case,
this is wetland permanenceass. Irthe firstdecisiontree, all observations are equally weighted
(Cutleret al.2007) Thesecond decision tree attempts to correct thesdassificatiors of the first
tree, assigning a higher weight to obsationsthat were difficult to classiy. Each subsequent
tree are attempts tominimize the model error byglassifyng these error-prone observations
(Cutleret al.2007) The use othe minimum error to build a model ensemble makestreme
gradient boostingmodels prone to ovditting (Cutleret al. 2007) To correct foroverfitting,
extreme gradient boosting models inclu@eregularized object that penalizes more complex

trees(Chen and Guestrin 2016)

2.2.4.2. Fitting Model

After parametrizinghe three models, predicted wetland permanence aksin the 1) Boreal,
2) Parkland and 3) Grassland Natural Regions usiognbication of climate, land cover/land use
and terrain metrics (see Tabk3 for information on these parametergjor each model, dlso
assessedts performance using the testatlh (70:30 training to test ratip to determine the
misdassification errorate, comparing results between the training and test datdso evaluated
the relative importance of each metric in predicting permeance digssomparing gain values
and assesed under which ranges of each metric a permanence class was more lilaguio

with waterfall plots
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Table2.3. List of parameters tuned for the extreme gradient boosting model, a desmmnipt
these paameters, their ranges and the ranges evaluatethecrossvalidation.

Parameter Description Range

Learning rate Used to control the contribution of each tree to  Typical: 61
model. Lower values result in the model being  Model: 0-0.3
more robust to overfitting. Boreal (0.01),

Parkland (0.1);
Grassland (0.05)

Gamma This controls the complexity of the model. It Typical: 20
determines how much loss (difference between Model: 0-10
prediction and observation) allowable for the Boreal (8),
formation of a new node. Parkland (4);

Grassland (10)
Maximum depth of This sets the maximum number of nodes that car Typical: 17

atree exists between the tree root and leaves. The larg Model: 1-7
the value, the more likely a tree is to overfit. Boreal (5),
Parklam (7);

Grassland (7)
Minimum sum of This sets a minimum weight/purity of data (e.g., Typical: 7

instance weight number belonging to a given group) faplittingto  Model: 1-7
needed in a child create a new node in a tree. The higher this num| Boreal (5),
is, the more conservative thegdrithm will be. Parkland (3);

Grassland (7)
Subsample ratio of This sets the number of rows (fractional) that Typical: 61
the training instance should be included in building a tree. Model: 0.61
Boreal (0.8),
Parkland (0.65);
Grassland (0.7)
Subsample ratio of This sets the number of predictors (fractional) the Typical: 61

columrs when should be considered in each tree. Model: 0.61
constructing each Boreal (0.8),
tree Parkland (1);

Grassland (0.9)
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2.3.Results
2.3.1. Metric Reduction & Exploration
Before using a combination of metrics representing 1) climate, 2) land cover/land use and 3)
terrain to predict wetland permanence class in the Boreal, Parkland and Grassland of the
Albertan Prairie Pothole Region (PPR), liebted correlated metrics whiin each of these three
conceptual categories. The process started with 30 metrics (Table 5.1, 15 climate, 6 land use, and
8 terrain metrics), which were reduced through correlation analysis to 19 (7 climate, 4 land use,

and 8terrain).

2.3.2. Model Performane
| built an extreme gradient boosting model for eablatural Regiorg Boreal, Parkland and
Grassland | selected 19 metricshat reflected climate, land cover/land use angrrain. The

parameters and misclassification erroteéa among Natural regions differed slightly (Tahi.

Table2.4. Value of parameters used in extreme gradient boosting modelthothree datasets,
the misclasification error rates and number of trees faur models.

Natural Region

Parameter

Boreal Parkland Grassland
Learning rate 0.01 0.1 0.05
Gamma 4 6 8
Maximum depth of a tree 5 5 7
Minimum sum of instance 5 5 7
weight needed in a child
Subsample ratio of the training 08 0.90 0.70
instance
SQubsample ratio of columns 1.0 0.90
: 0.8
when constructing each tree
Misclassification error rate 49.6 (training) 52.6 (training) 45.3 (training)
56.3 (test) 59.7 (test) 50.1 (test)
Number ofdecisiontrees 37 52 46
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2.3.1. Predicting Permanence Class Withinédbad Range of Each Metric

Though | also visualized the range in which each permanence class is more likely to be
predicted across all three regions, there were few consistencies among the models for the three
Natural Regions. Regardless, figures demotisiathe relationships beteen each metric and
predicted probability of each permanence class (waterfall plots) are reportagpendix 1

2.3.2. Relative Importance of Metrics in Predicting Wetl&@manence Class Among

Natural Regins

In each Natural Region, climate explained the greatest amount of variance in wetland

permanence class based on relative gain values (Fiy8)e
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Figure2.3. Metrics ranked by their importance in the extreme gradient boosting models for wel
delineated in the 1) Boreal (totaling 12,000 weitdks), 2) Parkland (totaling 12,000 wetlands) ar
Grassland (totaling 16,000 wetlds) Natural Region§hese metrics were proxies for climate- @3
land cover and land use {B) and terrain (&).

Among the climate variables included in my analyses, spring temperature explained the highest
magnitude of variance in predicting permanenclass in the Boreal and Grassland (Figure

2.4A;1C).
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Figure2.4. Metrics ranked by their importance in the extreme gradient boosting models for
wetlands delineted in the 1) Boreal (totaling 12,000 wetland®) Parkland (totaling 12,000
wetlands) and 3) Grassland (totaling 16,000 wetlands) Natural Redibese metrics were

proxies for climate (AC), land cover and land use-fpand terrain roughness {5

In the Parkland, however, winter snowpack deptas most important climate metrigFigure
2.4B) | hypothesize that tis may be becausprecipitation metrics delineated permanently
ponded wetlands.Among the climate metrics, permanengbdpnded wetlands we¥ most
sensitive precipitation metricsg winter snowpack pack depth, proportion of summer

precipitation in Juneand total summer precipitation Appendix 1Appendix 1B These
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precipitation metrics tha permanentlyponded wetlands showed the strongesénsitivity to
(Appendix 1Bwere the same metrics that were most important in predicting wetlands in the
ParklandFigure 2.4 TheGrasslananodel showed thisensitivty to semi-permanentlyponded
wetlands Appendix 1Appendix 1BFigure 2.4)in the Boredmodel,this trend was observed
with both seasonal andsemipermanentlyponded wetlandgAppendix 1Appendix B; Figure

2.4 A;C;F Regadless climateconditionsdid differ among Natural Regior{Bigure2.5A-D).
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Landcover/land use was the second most important variable affecting Grassland wetlands
(Figure2.3F. Notwithstanding, land cover did influence Boreal and Parkland wetlands (Figure
2.4)¢ shorter-hydroperiodwetlands were predicted in Boreal landscapes with higher agricultural
activities (Figur@.3D) and closer to roads in the Parkland (Fil4&). However, these land use
activities were less important than terrain in determining permanence class. Adéslanas in all

regionshad similarin extents of land cover (FiguBge5EH).

Terrain was the second most important variable in predicting BoreaPamkland wetlands
(Figure2.3G; H). In the Boreal and Parkland, the order of importance for the terrainagaetere
nearly the same (Figurz3). Shortethydroperiod wetlands were predietl in landscapes with
higher abundances opits and peaks the oppaite was true for wetlands with longer
hydroperiods (Figur@.4G; H). In the Grassland, terrain was the i@aportant variable (Figure
2.31). However, only seasonaldpnded wetlands showed sensitivity to the most important
terrain metric, occurring inahdscapes with lower deviations from mean elevation (FiQL4®.

Interestingly, terrain metrics overlapped all three regions (Figur5I-L).

2.3.3. Predicting Wetland Permanence Class in the Boreal Natural Region
Boreal wetlands, ranging in pond permearaiasses from temporary to sespermanent,
are most strongly predicted by climate and terrain (Fig2u@®. Permanenthponded wetlands,
however, are most strongly predicted by land cover/land use (Fig&f€), vith lower sensitivity
to climate (Figure2.6C) and terrain (Figur2.6l). Generally, seasonal and temporasignded
wetlands were situateth landscapes with similar climate conditioAgppendix 1AAppendix 1B
and land cover/land us@ppendix 1& Howevertemporarily-ponded wetlands were positioned

much higher in the landscape thaeasonallyponded wetlandsAppendix 1H; V; VI). Similarly,
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semi-permanently and permanentlyponded wetlandswere similarly situated in the landscape;
they were predicted idandscapesvith similarland cover/land useRigure 2.4Appendix 1
However,the model was unable to identity which terragonditions one is likely tobserve a
permanentlyponded wetland Regardless,esni-permanentlyponded wetlandswere situated

near topographic low§Appendix 1H; V; VII).
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2.3.4. Predicting Vétland Permanence Class in the Parkland Natural Region

Land cover/lad use was important in delineating between wetlands that are
temporarily/seasonally ponded versus those that are spermanently/ permanently ponded in
the in the Parkland. The ettt of urban cover in the landscape was important in delineating
temporariy-ponded from seasonalgonded wetlands; for the longerydroperiod wetlands,
distance to road delineated wetlands. Of all the permanence classes, seas@mall\semi
permanentlypondedwetlands were most sensitive to terrain and climate (Figui@. Generally,
temporarilyseasonallyponded wetlands were situated similarly in the landscapgaring
climate, land cover/land use and terragontext @ppendix 1AAppendix 1 Semtpermanently
pondedwetlands, however, wersituated closer to peaks, whileermanentlyponded wetlands

were position inand aroundiopographiclows @Appendix 1HI;VII).
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2.3.5. Predicting Wetland Permanence Class in the Grassland Natural Region

Tenporarily- and seasonallponded wetlands in the Grassland occurred in sinsiarations
in the landscape. In suppaoot this hypothesis, temporary and seasongdiynded wetlands were
predicted by the same climate, land cover/land use metrinsnearly see relative order of
importance (Figure 2.8). Also is support of this hypothesis is the fact that these wetlands were
predicted in landsapes with nedly identicd climate conditionsAppendix 1Appendix 1Band
surroundingland cover/land useAppendix 1L These wetlandaere alscsituated in landscapes
closer to peakgAppendix 1RAppendix 1Ebut temporarilyponded wetlands wee situated

higher in the landscape than seasonailtynded wetlandsAppendix 1EX).

Smi-permanenty-ponded wetlandswere situatedsimilady in landscape tgpermanently
ponded wetlands. In support of this hypothgsboth wetland classes were congruent in the
relative importance of eachetric associated witlthe climate, land cover/land use and terrain
(Figure 2.8; Appendix 1Bppendix 1 Additionally, semipermanentlyponded and
permanentlyponded wetlands were ngdicted in landscapes with similar land cover/land uses
(Appendix 1@ Though bothwetland classes were situated in the landscape wheagiance in
surrounding elevaon and slope was lowAppendix 1DXI;XI), permanentlyponded wetlands
were situatedin and around topographic low@ppendix 18Il; VI; IX and were exposed to

warmer temperaturesAppendix 1A
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2.4.Discussion

As with other studies, | do find support for the assertion that a warmer climate could affect
wetland hydroperiods in the PRBohnson et aR005; Johnson et a2010b; Werner et ak013;
Fay et al2016; Johnson and Poiani 2016; Reese and Skagen, 2@Ww@ver, failure to consider
terrain context could limibur understanding on howetland permaence classes may change.
Even with the use of a relatively peogsolution DEM, my models detect a strong importance of
terrain in even undulating landscapes. While | would recommend the use ofsuadgelevation
models in forecasting climate impactsture studies forecasting the impacts of climate change

on wetland water levels and or biological communities in the PPR should include terrain metrics.

As with other studies, | do find support for the assertioatttopography is a useful proxy in
wetland mapping(Los Huertos and Smith 2013; Branton and Robinson 2028 major
influence of terrain on wetlantiydrology is that topographic variatianfluencessurface runoff
generating processes including spring melt watevolumes, which dictates ponded water
amounts(Hayashi et aR016; Mushet et al2018) Notably, simulations predicting the influence
of climate change on the area size and isolation of PPR wetland have focuses on climate and land
cover/land usgConlyet al.2001; Voldsetlet al.2007; Chasmest al.2012; McCaulegt al.2015;
Anteauet al.2016; Johnson and Poiani 2016; Steemal.2016) Consequently, there is a lack of
research quantifying terrain characteristics of wetlamitdahe landscapes within which they
reside. Links between terrain, vegetation and wetland condition meideen rigorously studied
and regulations on the creation or restoration of wetlands prescribe widttength ratios and
slopes that are uniformEnvironmental Partnerships and Educati@ranch Alberta 2007)

Consequentlypermanentlyponded openwater wetlands that are not representae of the
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come to dominate the Canadian PE$erranet al. 2017) If we had a better understandingf
how terrain structuredetermineswetland hydrology/function, werevise regulations governing
wetland restoration and creationto ensure we better match natural landscapes in their

frequency and distribution of wetland permanence classes.

Existing lierature identified land cover/land use as the second greatest driver of wetland
conditions following ahate (Anteau et al. 2016) | hypothesize that differences in topography
and land usariven surface runoff could explain why land cover/land use was leastrtaran
delineating permanence class in the Boreal and Parkland. In the Grassland, the terrain is
relatively flat compared to the Boreal and Parklg#dberta Tourism Parks and Recreation 2015)
which suggests that there maye overlaps in the terrain context that each permanence class
occurs; this was generally the case for land cover/land use metrics. Consequently, climate
evidenced by shortehydroperiod wetlands being more prevalent in the more arid south
(Governmentet al. 2014) and land cover/land use, which is largely pastureland and cropland
(Alberta Tourism Parks and Reation 2015) would be stronger delineators of permanence class
than terrain. Secondly, the percentage cover of natural vegetation can influencendetl
permanence clagsan der Kamget al. 2003) and this is mee pronounced in the Grassland.
Wetlands surrounded by natural vegetation may have shorter hydroperams$this is because
upland vegetation lowers surface runoff to wetlan@sn der Kamgt al. 2003; Voldsettet al.

2007; Anteau 2012)Thus, wetlands within landscapes with extensive natural vegetation may
come to have shorter hydroperiods because srsmurced surface runoff, which cancaeint for

up 27% of ponded water amourfte&an der Kamget al.2003), are captured by upland plants.
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Because some landscape the PPR are flatter than othegfSchneider 2013)and land
use activities can modify the terraifAnteau 2012; Wiltermut and Anteau 2016; Anteaet al.
2016) my findings do Ighlight the importance of considering land use in forecasting the impacts
of climate change on PPR wetlands. Boreal and Parkland wetlands have stronger overlaps in
terrain metrics and climate; ands a result, differences in land use within these regroag be
integral in determining future shifts in the frequency distribution of permanence classes.
Forecasts for the province of Alberta suggest therelveikxpansions in the agricultural indugt
within the next decadéGovernment of Alberta 2015and this suggests that climate impacts on

Albertan PPR wetlands will be compounded by land use activities.

My models had moderate to high errmates, which suggests that climate, land ussfer and
terrain are not sufficient variabtan predictingpermanence class. | hypothesize that my inability
to account for soil characteristi¢€Schneider 2013jould explain these high error ratedchneider
(2013) stated that within Natural Regions, both elevation (which | did account for) and soll
characteristics can vary across a landscagesuth, wetlandsituatedsimilarly in the landscape
may nothave the same soil characteristics, and sh#racteristicare understood to influence
wetland hydrology by dictating the proportion of surface run of that is infiltrafiddyashet al.
2016) Though Schneider(2013) also mentioned an influence of distunbee history on
ecosystems, prior work in my study region ogjg@d no temporal lag in wetland environmental

conditions and surrounding land cov@raftet al.2019)

Though my findings suggest differences in the topographic position of wetlands by
permanence class, | am unable to ascertain whether this is drivegethpgicahistory or land

cover/land use. Across the three Natumdkgions, wetlands with shorter hydrepods (i.e.,
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temporary and seasonal) were situated in landscapes with higher cropping activity. One
explanation for this trend could be consolidation drainage, where wetlands situated higher in the
landscapes are dnaed and the water is redirected to wlands positioned lower in the landscape
(McCauleyet al. 2015; Wiltermuth and Anteau 2016Thus we may come to observe wetlands
with higher pond permanence in these areas because tieeyereceived ponded water from
drained temporary/seasonal wetlandsituated higher in the landscape. Alternately, we may
obsene semipermanent/permanentlyponded welands situated lower in the landscape
becausethey 1) can hold larger volumes gfonded water(i.e., large pond sizeholume ¢
Novikmec et al. 2016and 2) receive Igher volumes of water inputfom the surrounding
landscape(e.g., surface ruroff, groundwater¢ Toth 1963; LaBaugh et al. 1998; Euliss et al.
2004b; Euliss et al. 2014Because | dinot aim to predict permanence class in a vacuuny,
analyses could not account for influencé terrain on permanence class in the absence of
agricultural activitiesTherefore,| am unable to ascertain which facttargely explains this
finding. Future work should seek tmvestigate the role ofopographic positioron permanence

classin the absence of human disturbance.

2.5.Conclusion

My results demonstrated that for Parkland aBdreal Natural Regions, terrain chaexstics
explained more of the variance in permanence class than land cover and land use. This revealed
the importance of terrain in determining wetland hydroperiods. My results also emphasize the
importance of terram in wetland hydrology and the interaionship between climate, land
O2@SNXkflYyR dzA&S YR GSNNIAY TFIFOU2NB Ay RSUGSN)YA
pothole region of Alberta.
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3. WETLAND HYDROPERIOD INFLUENCES COMMUNDAXNCESUT NOT
THE MAGNITUDE OF CRD&SON CONGRUENCE.

3.1.Introduction

Understanding the mechanisms that explain the composition of biological communities is a
major focus of community ecologists. Both environmental conditions and interactions among
biological communitiesra known to dictate which species waktablish in a given habitéKraft
et al. 2015; Cadotte and Tucker 2017; Pearsbral. 2018) and thus numerous studies have
attempted to partition those relative influences orcommunity compositio(Duanet al. 2016;
Robertson and Avilés 2019; Ubaeti al. 2019; Vleminckyxet al. 2019) However, apart from
examination of the stress gradient hypothesis amgiants(Maestreet al.2010; Heet al.2013;
Scherrer et al. 2019) and predatioapermanence gradient model with aquatic
macroinvertebrates and their predatof®Vellbornet al. 1996) only afew studies have explored
whether the strength of biological interactionamong multiple taxais influenced by
environmental conditionslong agradient(Chamberlairet al.2004; Penmgs and Silliman 2005;
Chamberlairet al. 2014)beyond simply gradients ispace or timgKisslinget al. 2012; Rudolf
2019) Questions arising from this gap include:db)relationships among taxahangealong
environnmental gradients,and 2) does the strength of crogaxon relationships vagr with
environmental conditions? By investigatimdpether the strength of msstaxon relationships

changeacross environmental gradientae could better understand how canunitiesassemble.

Because species differ in which environmental conditions are optimah&r growth
and development, we may observehangesin the strength of interspecific crossaxon

interactions(herein referred to as nostationarity)across envonmental gradient Thompson
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1988; Hengeveld 1994; BMtassada and Belmaker 2017\on-stationarity in crosgaxon
relationships are widely reported in geographic space andsadioe(Osborneet al.2007; Clark

et al. 2018) and we would expect nostationarity in crosstaxon relationshipsalong
environmental gradients to be explained by similar mechanidmseed, such studies often
attribute the spatial or temporal pattern to a correlated pattern in environmental conditions,
though without explicity quantfying those conditionsAcross geographic spaeee can attribute
non- stationarity in plantplant relationships to differences in environmental conditions under
which species were able to establigBarMassada and Belmaker 201#he rate at which
established species increased their abundances determined whethee thas space for later
arriving species to also establishhe influence of differentiatolerances and requirements
among species on population structurkasalsobeen observed in predateprey interactions.
For instanceauthors of one studgrgued thatpredation rates are lower in wetlands with shorter
hydroperiods because fewer predators are able to sustain populations under these stressful
conditionswhen the diversity and abundance of prey is low@Wellborn et al. 1996) Non
stationarity across environantal gradients could also be explained by species requiring
additional defenses to combaew predators or competitord-or example,Alaska paper birch
speciesin nutrient-poor environments usaé carbonvs nitrogenbased defenses to herbivory,
which resulied in them differing in their palatability to Snowshoe hapeciesacross a gradient

in soil chemistry(Bryantet al. 1981) More recent examinatins of crosgaxon relationships
across environmental gradients demonstrate pstationarity between zooplankton and
fish(Postet al. 2008) plants and insect herbivorgg\grawalet al. 2006)and numerous other

pairwise inteactions(Chamberlairet al. 2014) Given these observations of netationarity of
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interspecific interaction outcomes along environmental gradients, we wanted to determine
whether congruence between horizontatommunities would be caistent across an
environmental gradient. Or alternatively, whether one end of an environmental gradient might

exhibitweaker relationships between taxdhan is evident at the other end of that gradient.

Congruenc&oncordanceasa measure of the corration between two multivariate matrices
(Lisboeet al.2014) Typically, these comparisons are often made betwibernrelative abundance
patterns evident in species belonging to different horizontal communities, éa set of species
sharid 02YY2y VYSSR&a Ay (SN ¥elehd(2018)5 to 2stiNdieShe 2 NJ a |
strength of intefcrosstaxon interactions(Kraft et al. 2019) In other cases, comparisons are
made between the pattern of relative abundances in one horizontal community and
environmental conditiongToranza and Arim 2010; Rooney and Bayley 26d 2stimate tre
strength of the depndency of aparticular horizontal communityon a given set of

physicochemical factors.

While strong congruence between a taxon auime measure of environmental conditions
in its habitat indicates a structuring role of abiotic fadosn community compagon, strong
crosstaxon congruence could be explained by either biological interacfioaiseret al.2012)
horizontal communitiesesponding similarly to a gradient in environmental conditi@dsinoet
al. 2005; Corteet al.2017) or a common biogeographic history among td&aacraft and Prum
1988; Moritzet al. 2001) If there was support for the hypothesis thatosstaxon agreement
among matrices of speci@ NJ &bunildcgsSvas explained byhorizontal communities
responding similarly to a gradieot sharing a commohiogeographic historywe wouldexpect

that the strength of crossaxon congruencevould be near equivalent to that between each
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horizontal communityand amatrix describing the environmental condition (Figi.@AB). In

contrast, if there was support for the hypothesis thhiological interactions ardargely

responsible for crosgaxon agreement among matrices of spe€les NS dbuindako@y& woud

expect that the strength of crossaxon congruencevould bemuch higher than that between

each taxon and a matrix describing the environmental condition (Figjax@D).
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Figure3.1 Hypothesized measas of congruence if crogaxon congruence (A) was best explai
by the influence of wetland hydroperiod (B), or if créason congruencevas best explained |
biological interactions (C) and not solely the influence of wetland hydroperio§Jman thestrengtt
of crosstaxon relationships is similar in magnitude to that between each horizontal communi
hydroperiod, we would expect #t high crosgaxon congruence is explained by each horizc
community responding similarly to wetland hydroperidé-B).
relationships are much stronger than that between each horizontal community and hydroperi
would expect that high crossaxon congruence is mostly explained by biological interactiof)((
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This approach to evaluating the relative importance of cr@s®n interactions and
environmental filtering on communitgbundancess best implemented in a systetmat islargely
structured by a single environmental gradient, e.g., a moisardity gradent such as that
created by variation in inundation time in wetlands or precipitatiordesert ecosystems. Along
such a gradient, the availability of water can act adear environmentafilter, excluding taxa
that lack adaptations to persist under egghdry or inundated conditionfGleason and Rooney
2017a) This results ithe emergence of distinct communities, dependent on moisture availability
(Brocket al.2003; Clarlet al.2009) Prairie pohole wetlands, for example, differ in the diversity
and community composition of bisjaquatic macroinvertebratand plansalong a gradient in
hydroperiod from ephemeral to permanentpondedDanielet al. 2019) Hydroperia in these
wetlands influence whether a wetland supports only wet meadow species or includes more
water-loving robust emergent species like cattails and bulrushes or swemersed aquatic and
floating vegetation(Stewart and Kantrud 1971Hydroperiod also dictates if a wetland will
support aquatic macroinvertebrates that cannot survive-down events or if such taxailvbe
excluded(Gleason and Rooney 20178)nce the foraging and nestingportunities of migratory
birds are determined by wetland vegetation characteristics and the availability of aquatic
macroinvertebrate prey, hydroperiod also indirectigtates bird community compositiofEuliss
et al.2004) Given these three taxa exhibit distinct communities at different positions along the
hydroperiod gradient, we camest whether the strength of crossxon congruence differs

between short and londpydroperiod prairie potholes.

In an earlier study, beta diversity was inversely correlated with wetland hydroperiod for

wetland birds, aquatic macroinvertebrates and plafi2anielet al.2019) The authors speculated
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that species in wetlands with longer hydroperiods had more time to progress toward community
equilibrium through interspecific interactions, whereas community composition in wetlands with
brief hydroperiods was more a product of ecological drift. If this hypothesis were cdregpect

to see weaker crostaxon congruence irshorthydroperiod than long-hydroperiod prairie
pothole wetlands(i.e., nonstationarity) | consequently asked three questions, using relative
abundances of thrediorizontal communities (birds, aquatic macroinvertebrates and plants):
examining species from prairie potholeanging fromshort- to long-hydroperiodsl) is there
significant congruence among these threerizontal communitiesand 2)if so, does a common
response to the dominant environmental gradient (hydroperiod) alone explainotieerved
crosstaxon congruencethen, after partitioning the dataset inttong and short-hydroperiod
prairie potholes, 3) is therevidence of norstationarity incrosstaxon congruence between

prairie potholes ofongvs.short-hydroperiod wetland8

3.2.Materials and Methods
3.2.1. Study Area
This study took place inthe Grassland and Parkland Natural Regions of Alberta, Canada
(Figure 3.2). Wetlands in the region are called prairie potholes and comprise viiitat
depressions that were formed in the last glacial peifddtight 1972) Theclimatic canditions are

semtarid since annual precipitation exceeds evapotranspiration rg&suchynret al. 2004)
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While mixedgrass prairie dominates the Grassland Natural étegboth deciduous trees and

grasses argvidespread in the Parkland Natural Redgidowning and Pettapiec2006)
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Figure3.2 Map ofthe study region, situated in the northern prairie pothole regi@mset map,
The 96 wetland #es covered the Grassland and Parkland Natuesdiéhs, and representt
temporary (n = 28), seasonal (n = 35), sperimanent (n = 17) and permanent (n = 14) por
water permanence classes.

3.2.2. Study Design
The96 study sites spanned a gradient in hydroperiod, i.e., they ranged in pond permanence
from temporary topermanent (Stewart and Kantrud 1971)-urther, they were selected to
represent the sizdrequency distribution of wetlands within their respective swihtersheds,
based on the Alberta Merged Wetland éntory (Government ofAlberta 2014) As such, most

were small (mean size 0.813E0.12 ha).

54



3.3.Biological Surveys
3.3.1. Birds

Birds were surveyed usirigpth visual and auditory surveys, twice during the peak breeding
season (Maylune in either 2014 or 2015). Importanttyre abundances of eactspecieswere
summed between bothvisits, rather than averaged, to account for the staggered breeding
seasons amug speciesMore details on these bird surveyare provided in another study
(Anderson and Rooney 201®) brief, surveys commenced half an hour before sunrise and went
no later than six hours thereafter. Surveys were reschedufedieather conditions were
unfavorable to bird activity (e.g., rain, traffic sounds, or wind enough to rustle field notes). First,
10-minute long visual surveys from a vantage point that covered the entire open water zone were
undertaken to record any faging or nesting birds before the site was entered, as observers
entering the site can flush waterfowl. Next, observers conducteditary surveys that were-8
minute long, 100 m fixedadius point counts, typically carried out at the center of the wetland.
In larger wetlands (> 3 ha), multiple auditory surveys were carried out, spaced >100 m from any
wetland edge and >200 m from anther point count location to ensure independence. Counts
across multiple auditory point counts within a wetland were summedeflect differences in
wetland size. The identity and abundance of species detected by visual and auditory survey
technigues wasecorded (species list ilppendix 2A The same technician conducted both the

visual and audio@nt counts, which reduced the chance that individuals were doubletamd.

3.3.2. Aguatic Macroinvertebrates

Aquatic macroinvertebrates were sampled using the quadatimncore method

(Meyeret al.2013) which was revisefGleaon and Rooney 2017l)r usein this study regiorg
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May-June in either 2014 or 20)l5Sampling was stratified between the opester zone
(submersed and floating vegetatipand the emergent zone (ttail, bulrush, or other robust
perennial sedges), presung both zones were presenftworeplicates of each sample type were
collected in each wetland zone: 1) a 0.25mgetation sample, clipped from the emergent or
submersed vegetation and then washeidorously to remove clinging invertebrat€y;two, 10

cm diameter water column samplemd 3)a 10 cm deep, 4.8 cm diameter sediment core,
collected using a steel corebtained using a tubsampler inserted to just above the sediment.
Ultimately, sedimat core sample fractions were excluded from analysisabse: 1) densities
were low and 2) there were no taxa in the sediment cores that were novel to the combined water
column and vegetation sampleBhe replicates of each sample type were compositeddiyig a
single water columrand vegetation sample per wand vegetation zone (open water and
emergent). These were then sorted to remove aquatic macroinvertebrates so they could be
identified to the lowest practical taxonomic level (typically Fan{iGljfford 1991; Merritet al.
2008) For vegetation samplesechniciansused a Marchant box to suekample based on the
protocol of the Canadian Aquatic Biomonitoring Netw(Ekvironment Canada 2014yhere the
taxon abundances were aregeighted to estimag¢ density per metesquared. Similarly, counts
from water samples were scaled to the meter squaesd thenthe densities weresummed
within ead wetland zone Next, samples weraveraged across zones to obtain wetldedel

data on invertebrate relativebundances. A comprehensive taxonomic list of taxa observed is

provided inAppendix 2B

56



3.3.3. Plants

Plant surveys occurred in late July to Augns2014 and 2015~hich coincided with peak
aboveground biomass and when most herbaiee species could be confidently identified. First,
the extent of each plant assert@ge was mapped, and this was basad their vegetation
structure (e.g., deciduous tree, coniferous tree, dead deciduous, dead coniferous, deciduous
shrub, coniferous shrubyobust emergent, narroweaved emergent, forb, broattaved
emergent, floatingeaved vegetation) and then by edominant or dominant species. These
extents were determined in the field by mapping the assemblage boundaries with a GPS/GNSS
unit with submeter reattime accuracy (SX Blue Il receiver, by Geneq Inc., Montreal, Canada). For
each 1085000 n? sized community, the identity and percentage cover (modified Braun
Blanquette approach) of each vascular plant species within fives quadrats were recated.
For communities larger than 5000%2man additional quadrat was surveyed perODOn¥ of
community area over the 5000 3threshold. In addition to vascular plants, the identity and
percentage cover of the following classes were also included: algae,goaund, litter, moss,
rock, seedling/unidentified forb, standing dead litter, aoden water (species list iAppendix
20. Note, only the percent cover of vascular plants was included in subsequent anMyses.

details on hese plant surveyare provided in another stud{Boldinget al.2020)

3.3.4. Hydroperiod
| consider hydropeod a latent variable that is indicated by several measurable variaBtes
each wetlandtechniciangnstalled a staff gauge in May at the deepest point of the open water
zone. Technicians thewollected water depth measurements fromdse staff gaugesvery 35

weeks between May and September. If the wetland dried out entiteghniciangecorded the
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date that this was first observed. If the wetland remained flooded until September, lthen
considered it to possess ponded water f@53days. The ddrence betweerthe deepest and
AaKFft26SaG 61 0§SNJ RSLIIK YSI adzNB Yitéchhicianabllécted KS ¢ S
30 mL water samples from each wetland in May, which was later used to estimate evaporative

loss. For details othe stable isotops analysis, se@leyers 2018)From these data, | used four

variables to describe hydroperiodthe approximate number of days the wetland contained

ponded water, the maximum water depth, the ratio of water amplitude to the maximum water

depth, or an indexf evaporative Igs based on stable isotope analysis.

3.4.Statistical Analysis
Theanalyses were centeresh three main objectives. Firdtinvestigated whetheit was
possible tadetect crosgaxoncongruenceand if thiscrosstaxoncongruencecould be atributed
to an ervironmental gradient(hydroperiod). Secoml, | determined whether there was a
difference in the strength of biological interactions when there was a stronger influence of the
environmental driver.Third, | tested for nonstationarity in crosgaxon congruene between
prairie potholes with short vs long hydropeds. | describe these analyses below, which were all

conducted in in RR Core Team 2017)

3.4.1. Congruence

To determine if could 1) detect crostaxon congruence, 2) attribute croggxon congruence
to a dominant environmental gradienhydroperiod)and 3) detect a difference in the strength
of congruencen short vs longhydroperiodwetlands | used a Procrustes analysis. In termsngf
general approachl, first measured the strength of congruence between each pahasizontal

communiies (i.e., relative abundance matrices 1) birds and pants, 2) birds and aquatic
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macroinvertebrates, and3) plants and aquatic macroinvertebrates.  Next,measured
congruence between eadtorizontal communityindividually and théour measures of wetlath
hydroperiod(i.e., matrix onapproximate number of daythe wetland contained ponded water,
the maximum water depth, the ratio of water amplitude to the maximum water depth, or an
index of evaporative loss based on stable isotope analy$isen,| compaed crosstaxon
congruence and congruence between edabrizontal communityand measures of wetland
hydroperiod to determine whethes common response to variation in hydropericalld explain

any observedcrosstaxon congruence (Figure 40). Next, totest for non-stationarity in any
observed crossaxon congruence in short vs. loigdroperiod wetlands, | sub-divided the
dataset into wetlands of low (temporary and seasonal) permanence class and wetlands of high
(semipermanent and permanent) permaneaadass and therrecalculated both crostaxon
congruence and congruence between e#&ctizontal communityand the matrix of hydroperiod
indicators. | then compared the strength of these congruence measures between the low and

high permanence class wetldrsubgroups.

Though the Mantel test is popularly used to measure congruence in ec(lighoaet al.
2014) PeresNeto and Jackson (200%8howed that Procrustes analysis is better at detecting
significant relationships (lower risk of type Il errors). Additionally, in a majority of studies testing
for multivariate correlations, Procrustes analysis camslibstituted for a Mantel tes{Lisboaet
al. 2014) apart from when the aim is to test for a relationship between community dissimilarity
and geographic distanc@Nekola and White 1999)Givenmy aim to assess how congruence
changes with pond permanenckwasconfident that Procrustes analysis was most appropriate

for this study, which was implemented using the protest function in the vegan padkakganen
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et al.2017) For eachhorizontal communityl applied a Hellinger transformation to owelative
abundance matrices to makke data suited for projection in Euclidean spdtesboaet al.2014)

as required by the Procrustes analysis.

3.4.2. Rarefication

Sample size camfluence estimate®f congruenceBroadbooks and Elmore 1987)o
ensure sites were representative of the frequency distribution of permanence clasdhs in
wetland inventory,surveyswere done atan unequal number of wetlarsdacross permanence
classes (Figure 2). Unequal treatments and small sample sizes can cause: 1) higher than expected
estimates of congruence for classes with spatiaijgregated wetlands (e.g. permanently
ponded wetlands), or 2) an inability to detect gynence in classesith fewer wetlands. To
determine if sample size influenceay ability to detect congruence, or the magnitude of
congruence] rarefied my data to identify the sample size threshold at which the sensitivity to
sample size plateaued. Rirsl subsampledthe Hellingertransformed relative abundance
matrices, increasingfrom 3 to 40 and selecting the same sife@m each horizontal community
in the crosstaxon comparison (birds versus macroinvertebrates, birds versus plants,
macroinvertebates versus plants)Then, for each subsample and créagon comparison)
measured congruence. Since congruence can be influenced by this random subsampling,
repeated the rarefication 100 times$repeated thesesensitivity tests in analyzing congruenc
between eachhorizontal communityand the matrix describing hydroperiod.found the mean
and standard error across iterations for the 3 to 40 subsampled Fegendix 3. On average,

congruence was stable with >23 sites. THu®mbined the émporary and seasonalllassified
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wetlands éhort hydroperiod n = 65) andthe semipermeant and permanentiglassified

wetlands (ong hydroperiodn = 31) into separate groups, such that this threshold was exceeded.

Thelong-hydroperiodgroup still constuted fewer sites = 31) than theshort-hydroperiod
group @ = 65), which ould bias comparis@of congruence between wetland permanence class
groups. To counter this biakstratified the horizontal communityrelative abundance matrices
and the matix describing hydroperiod by permanence class. Using the paekagstatistigans
toolbox for various activities, including plotting, data cleanup and data analiysis(Fife 2017)
in Rl then subsampled and randomly selectedsdtes (without replacement) from the 1) entire
dataset and 2¥short-hydroperiodwetlands (including both seasonafpnded and temporarily
ponded wetlands).| compared this @ all 31long-hydroperiodwetlands (including both semi
permanentlyponded andpermanentlyponded wetlands)lrepeated this random sampling 1000

times, measuring congruence for each iteration.

3.5.Results
3.5.1. Congruence

The strength of crostaxon congruence {§ure 3.3A) was much larger than that between
each horizontal communityand measures of hydroperiod (FiguB&B), whenl consider all
wetlands surveyed. Using thBrocrustes pseud® value the strength of bird crostaxon
relationships (i.e., birdhquatic macronvertebrate, birdplant) were 84% higher in magnitude
than that between birds and hydroperiod. With aquatic macroinvertebrates, relationships with
both birds and plants were 52% larger in magnitude than aquatic macroinvertebyat®period

relationships.Similarly, for plants, crogsxon relationships were 95% larger in magnitude than
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that between plants and hydroperiod. For a full list Pfocrustes pseud® valuesand the

associate-value, seéAppendix 4

Procrustes Correlation (t)
=]
3

Birds— Birds- Macroinvertebrates— Birds— Macroinvertebrates— Plants-
Macroinvertebrates Plants Plants Hydroperiod Hydroperiod Hydroperiod

Cross—Taxon Comparison Taxon

Overall @ Temporary M Permanent

Figure3.3 Conguence amondnorizontal communitieA) and between eachorizontal communityanc
hydroperiod (B) using a Procrustes Analyiiseasured congruence for our balanced rarefied date
at 31 sites. Over 1000 iterations, we sampled without replacement! dites$, regardless of permaner
class 1§ = 96) and 2yhort-hydroperiodwetlands (including both seasonajiynded and temporaly-
ponded wetlandsn = 65); thus, error bars are 90 % confidence intervals from bootstrappmng
hydroperiodwetlands wereinclusive of those that were serpermanently and permanentlponded
GF ¢ AYRAOFGSa GKIFG O2y Indbzerg®bluesxlo.). aAIyATFAO
Differenes in congruence based on permanence clabsr( hydroperiod temporary and
seasonaljong hydroperiod semi permanent and permanent) were marginal, contraryny
prediction. While birds and macroinvertebrates had maenajly-stronger congruencewith
hydroperiod inlong-hydroperiodwetlands (Figurd.3B), difference incrosstaxon congruence

between the long and short hydroperiod wetlands were negligible

3.6.Discussion
Biological interactions are important drivers of comnity composition and some argulestt

biological interactions are equallsimportant in shaping community composition a&re
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environmental filtes (Kraftet al.2015; Janke 2016; Zimmet al.2016; Pearsoet al. 2018)
Without understanding the influence of orteorizontal communityon another, we hae an
incomplete understanding of how communities assemble. It is difficult to disentangle the
relative influence of biological interactions and environmental filters on community
composition in the absence of manipulaiexperimentgLevine 1999; Maestret al. 2005)
especially with the use afatural experiments as opposed to caubaked nodels(Duanet al.
2016; Lewi®t al.2017) However,my results confirm that hydroperiod alone cannot explain
patterns in speciegelative abundancesdespite sampling across a strong hydroperiod
gradient, since there were stronger relationships among tharizontal communitiesl
surveyed than between eadiorizontal communityand my measures of hydroperiod. Similar
to my findings,another studyreported a strong influence of biological interactioms plant

biomass in alpine grasslands in Norway along a precipitation gragiértderucet al.2015)

Interestingly, though crostaxon congruence wabkigh compared with the congruence

between eachorizontal communityand the matrix of hydroperiod indicatorbkglid not detect a

difference in the strength of crogaxon congruence between wetlands ehort and long

hydroperiodk. | attribute my failure todetectthis nonstationarity in the strength ofrosstaxon

relationships to two factors. First, out of the thrderizontal communities that studied,

hydroperiod had the largest influence on aquatic maevertebrates, filtering out those

invertebratesmissing the capacity to survive drawdown and desiccation. Therefore, it is likely

that the influence of vegetation on the abundance of macroinvertebrates is masked by the

stronger influence of hydroperiogGleason and Rooney 2017a)ork bywithin Australian

ephemeral wetlandsuggests that the influence of hydroperiod on aquatic macroinvertebrates
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may be similar to that on plants, and this is because they reported that duration of inundation
and waer depth will dictate which plants will estabhi (Casanova and Brock 2000)
Consequently, frormshort to long-hydroperiod wetlands, | should observe plant and aquatic
macroinvertebrates that are adapted to the same conditions, and tluslevmean that plants

will have the same magnitude of influence on aquatic macroinvertebrates across the hydroperiod
gradient. Second, birds select wetlandsed on whether their foraging and nesting needs can
be met(Murkinet al. 1997) which is typically dependent on vegetation in batiort andlong
hydroperiod wetands. As an examplany long-hydroperiod wetlands were occupied by
waterbirds, andshorthydroperiodwetlands weremore associated with upland birdé\ppendix

5A and D. Thus, whilé may observe birds that feed on aquatic pisimsects or nest in reeds in
long-hydroperiodwetlands, birds irshort-hydroperiodwetlands lkely had foraging and nesting
behaviors suitable for the prey and nesting habitat available. In other words, the birds are cueing

to vegetation in their seleatn of wetland habitat across thmeasuredhydroperiod gradient.

For wetland biota that are aiwe dispersers, crostaxon biological interactions may be

more important in shaping their community composition than for sessile spdaesnonstrate

that bird abundances were most strongly tied to plant and aquatic macroinvertebrate
abundances, and fis were the strongest dispersers of therizontal communitied studied.

Birds in the NPPR are migratory, and they are known to choose wetlangdairing am brood
rearingbased on the vegetation structure within the landscape and wetlscale vegetaon
characteristicsNaugleet al. 2001) Thus, birds occupying the wetlanasmy studyactively
selected these areas because their foraging and nesting needs could be met. For aquatic

macroinvertebrates, however, some families are able to colonize neighboring wetlaitius
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better-suited hydrogriod regimes; for those invertebrates incapable of moving between
wetlands, drawdown may extirpate them from a wetland, if they do not have desiceation
adapted traits(Panov and Caceres 2007; Mabadlial. 2017) Consequently, because aquatic
macroinvertebrates are not generally able to select wetlands basedthair preferred
hydropeiiods, plants may have a smaller role in structuring their communities than for birds. For
plants, which are passive dispersers, thater depth gradient may determine which subset of
the seedbank will germinatat a given locatiorfCasanova and Brock@0; Faistt al. 2013)
Because plants ithese shorthydroperiod wetland$iadseeds thataretypically animal dispersed
(Appendix & and F, | can conclude their abundances may be alstuariced by birds. Seed
dispersal by iods is widely reported to influence wetland plant abundan¢BgVlaming and
Proctor 2006; Klaassen and Nolet 2007a; Reynolds and Cumming 2016; Klelyhe@§17)

cyclic drying increases seedbank diversity as the sediment iseinlguexposed(Poiani and
Johnsm 1989; Maet al.2014) Howeverthe authors also argue that seedbank composition and
richness are congruent along the water depth gradient; when comparing seedbanks between
wetlands, they are often indistinguishable. This would suggest that while seed dispersal by birds
can irfluence sedbank diversity, it idwydroperiodthat determines which plants within the
seedbank establisfCasanova and Brock 2000hough plant abundances are influenced by seed
dispersal ly birds, the strong filtering of hydroperiod on their abundances results in birds being
more sensitive to crostxon interactions as they can select which wetland meets their foraging

and nesting needs.

There are two gaps in nstudy design that could gdain the weaker congruence between

each horizontal communityand hydroperiod than among the horizontal communitieSirst,
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submerged plants were not surveyed in either year, and this plant assemblage is typical of
wetlands with longer hydroperiods (i.esemipermarently-ponded and permanentiponded
wetlands¢ Stewart and Kantrud 1971Thus, plants abundance may, in fact, be more strongly
related to hydoperiod than | detected Because congruence between hydroperiod and the other
horizontal communities (i.e., birds and aquatic macroinvertebrates) were similar in magtatude
that of plants | believe that exclusion of submerged plants did not largelycafiey resuls.
Another factor that could have influenced my measures of congruence between each horizontal
community and hydroperiod is that the variables | used to measure hydroperiod did not
accurately represent wetlanavater levels. | believe that this unlikelybecause, generally,
wetlands with longer hydroperiods were typically classified as g@mmnanentand permanent

In the few cases where there was poor agreement between hydroperiogpandanenceclass,

| believe that this may be explained hyraial changs inweatherand land use/land covewhich

are known to affect wetland hydroperioqdohnsoret al.2005; Vallsethet al. 2007)

3.7.Conclusion

Contrary tomy predictions,| did not detect nonstationarity in crosgaxon relationships
across an environmental gradient. This was surprising becausgothesised that longer
hydroperiods would facilitate more time for cretsxon interactions, andny failure to detect
any diffeences suggests thaworizontal communitiesn shortto long-hydroperiodwetlands are
Slidz f & AyTfdzZSYOSR o6& S| OKlete2tedKsBoNgerQcorielatidag Rl y OS
betweeneach horizontal commmity than between eaclmorizontal communityand measres of
hydroperiod, and this was strongest for birds and plamthypothesize that these stronger

correlations suggest that plant amaquatic macroinvertebrateabundances are important in
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determining wlether a bird will occupy a wetland, and birds maffuence plant abundances

wetlands when they disperse their seeds.
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4. FUNCTIONAL DISPERSION OF WEBIRDSINVERTEBRATAND PLANTS
MORESTRONGLY INFLUENCED BY HYDROPERIOD THAN EACH OTHER

4.1.Introduction

Though there is consensus among community ecologibtg tabiotic and biotic filters
structure communitieg(Azriaet al.2009; Qian and Kissling 2010; Chase and Myers 2011;-Cabra
Garciaet al.2012; Devercelket al. 2016) the relative role of each filter is widely debatédraft
et al. 2015; Duanet al. 2016) Poff (1997) presented a nested filter conceptual model of
community assembly. The author argued that species within the regional species pool must first
pass througtthe coarse filter of abiotic conditions; species with functional traits adapteti¢o
range of conditions sdty the abiotic filter would survive. Next, these surviving species can then
AYyTFidzsSyOS SIOK 20KSNIDa I 0 dzy Rlayhors finesdaledNitaizI K 0 A 7
There are several other authors that find support for this nested filter mddaj., Ackerly and
Cornwell2007; Williamset al. 2009; Aronsoret al. 2016) Though manipulative experiments
should prove useful in uderstanding the relative role adbiotic and bioticfilters (Tiunov and
Scheu 2005; Wardle 2006; Maynaaidal.2018) | posit that studying taxonomigroups exposed,
largely, to a single environmental filter could help in partitioningithrelative role in the

assembly of communities.

We can study thedispersion of functional groups(i.e., organisms that share
characteristics/behaviors in a community) wetlands of the northwestern Prairie Pothole
Region (PPR), which differ in their exposure to an environaiditter, to evaluatePoffs (1997)
model of community assembly. Wetlands in the PPR differ in the length of time ponded water is

present (i.e.hydroperiod), some containing ponded water ygaund and others drying up a
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few weeks after spring snowme{tewart and Kantrud 1971; Leibowitz and Vining 2008)ile

the divasity and community structure of birds, aquatic macroinvertebrates and plants in PPR
wetlands are directly impacted by hydroperi¢®Ruhiet al.2014; Danieét al.2019) interactions

are evident among thesexa 1) birds forage on plants and disperse their se¢elg.,Soonset

al. 2016) 2) birds consume aquatic macroinvertebrates and can influence their egg(®ank

van Leeuweret al. 2017) and 3) plants provide habitat for aquatic macroinvertebrates.,

Gleasoret al.2018) Evaluating the relative role of these filtexan be pursued usga causal

framework, which require univariate proxies of community composition; functional dispegsion

a measure of how spées abundances vabased on their trait§Schleuteet al.2010)¢ is argued

as a reliably proxy for commity structure in studying community assembly proceg$&shold

et al.2015) Dispersion is preferred when studying these assembly processes because it captures

how abiotic and bigt filtering can influence community structure; species with similar functional

GNI AGa oAff G LI & a S aile bistiolHEtelzA@gkndll ericolirage Spedied Wit  F A |
different functional traits to establish to minimize competition for resamg¢Gerholdet al.

2015) I would expect, therefore, that if there is support for Pafhested filter modelthen the
AYyTEdzSyO0S 2F KEeRNRBLISNA2R 2V Id-be étiorige yheréthe ¥ dzy O

correlation in functional dispersidoetween taxa

Though unlikely, functioralispersion of taxanomic groups in the PPR mayriyelatedthe
functional dispersion of 6@ OOdzNNA y 3 Gl EF T GKA & ¢ 2dzf RoticYSIy
filters are of lesser importance would be unsupportddstead, hydroperiod malymit common
resources that each taxon requires, and their functional dispersion may simply be dictated by

hydroperiod (Figure4.1A). For example, hydroperiod may deteme which plants in the
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seedbank will germinatéCasanova and Brock 2000; Tetal. 2012b) Hydroperiod may also

filter out macroinvertebrates lackingesiccation adagttions(Gleason and Rooney 20178jrds

also show sensitivity to hydroperiod; it catictate which terrestrial birds, shorebirds and

waterfowl can establisiNiemuth et al. 2006; Morissetteet al. 2013) Thus, any apparent
NBflFiA2yaKALI 0SG6SSy (!l E 2thefeiult Fazyhinbrireésgohse toR A & LIS

hydroperiod
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Figure4.1 Six candidate structural equation modeldggaluate the relative influence of biologi
interactions and hydroperiod ocommunity functional dispersion.

Ly FEfGOGSNYyFGABS YSOKFEyAaY (KFG O2dz Rfn&ELI | Ay
scde biotic filter could be that communitfjunctional dispersion may be mediatedther than a
RANBOU NBaLRyaS 2F oA20lQa FdzyOlAz2ylf RAALISNE

in community functional dispersion could be simply atttii to ajoint, indirect influence of
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hydroperiod. | have three possible pathways that could explain this mediated effdygtfirst
mediatedeffect model posits that hydroperiod structures the functional dispersion of
communities through its effect on th&nctional dispersion of plantgFigure4.1B) Here,|
hypothesized that because plants determine whether birds can nest or faidlgassen and
Nolet 2007b; Austin and Buhl 2011; Feixal. 2011; Ayerset al. 2015)and act as substrate for
numerous aquatic macrovertebrate families(Campeauet al. 1993) they shape resource
availability for the other taxa and hydroperiod directly dictates their resource availabilitynyor
second mediategeffect model,l posit that hydroperiod struatres macroinvertebrate functional
dispersion diectly, while plants are structured by stochastic factors (i.e., seed dispersal) and both
taxa structure bird functional dispersion (Fig4r&C). Aquatic macroinvertebrates are the most
sensitive to wetland ydroperiod, while plants are the least sensitifsee Chapter 3).
Additionally, because wetland plants are largely wind disper&&darinoet al. 2005) the
abundance of plants may be not be strongly predicted by hydroperiod and may be ramidom
respect to ecological selection pressures like hydroperi@ince plants and aquatic
macroinvertebrates structure thavailability of nesting habitat and foragimgportunities for
birds (e.g.,Gurneyet al. 2017; Vanausdall and Dinsmore 20i@)ctional dispersiorfor birds
may only be related to plants and aquatic macroinvertebrates with no direct influence of
hydroperiod. My final mediated model posits that hydroperiod structures bbihdsand plants
functional dispersion, which in turn structuraguatic macravertebratesfunctional dispersion
(Figured.1D).In support of this direct influence of birds® aquatiomacroinvertebratesunctional
dispersion a Hungaan study reported ttat wetlands supporting waterbirds typically support

smallerspecies ohquaticmacroinvertebrates, which are not easily consumed by hirtsvath
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et al. 2012) Similarly,vegetation whether upland or within the wetland, are reported to
influence the divesity and abundance and diversity aquatic macroinvertebrgi2aviset al.

1999 Meyeret al.2015)

Cdzf £ &dzLJLI2 NI F2NJ t 2 F T QdencgddypbvtByriropgeriot anddidssy 2 R S €
taxon interactions influenag community functional dispersiodirectly, andl would expect a
stronger influence of hydroperiod havetwo competing hypotheses on these direct effedity
first directinfluence model posits that the functional dispersion of all communities is structured
by wetland hydroperiod and that plants structure the functional dispersion of birds and aquatic
macronvertebrates (Figuré.1E). While numerous studies demonstrate that plants and aquatic
macroinvertebrate communities are structured by hydroperi@elg., Gleason and Rooney
2017a) | believe hat birds may be sensitive to wetland hydroperiod because the percentage of
open water has a direct influence on the number of waterbirds that can establistQ ketsal. f
2008) Also, bird and aquatic macroinvertglle abundances are strongly related to plants
(Gallardoet al. 2011; Garcia 2016My final directinfluence model psitsthat the functional
dispersion of all communities is structured by hydroperiod, but it is bird functional dispersion
that is structured by aquatic macroinvertebrates and plants (Figur€).l believe that this model
may explain community functiondispersion because birds are the most transient of these taxa,
and they can select wetlands for foraging and nesting based on whether their preferred habitat

is present.

In Chapter 3, | showed that biological interactions played an important role inirghap
community abundances, but unclear from this finding is whether biological interactions are of

lesser or greater importance in structuring the abundances of different functional grbigssed
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hypotheses on how the functional dispersionvalues of birds, phnts, and aquatic
macroinvertebrategelate to hydroperiod andhe functional dispersion of eoccurring taxa |

askedl) whether functional dispersion is driven by hydroperiod alonédyboth hydroperiod

and the functional dispersion of emccurring tawnomic groups, 2vhether the influence of
hydroperiod on each taxonomic group was primarily direct or indjrectd 3) whether

hydroperiod had a stronger influence on the functional diwgrsi taxonomic groups than the

functional dispersion of coccurh y3 (I E2y2YA O 3INRdzZLJA O6A DPSDI & dz
model). | used structural equation modelling and At€ evaluate the support formy six

alternative hypotheses(Figure4.1). | predicted that there woultbe & dzLJLJ2 NIi F2NJ t 2 F F !
filter mode, which would be evidenced k) the influence of wetland hydroperiod exceeding

that of the functional dispersion of eoccurring taxonomic groupss this theory dictates that

abiotic filterslike hydroperiod shouldake precedence over biologiciters like the functional

dispersion of cabccurring taxa and 2) a direct influence of both hydroperiod and et@ssn

interactions on community functional dispersion.

4.2.Methods
4.2.1. Study Area

My wetlands are prairie potholes in the Grassland and Parkland NaRegions of Alberta,
Canada (Figurd.2). They are called prairie potholes because they are depressions filled with
ponded water, which were formed in the last glacial periddright 1972) Also in his region, the
climate is semarid, as the rate ofpotential evgootranspiration exceeds that of annual

precipitation (Hayashet al. 2016) In the Grassland Natural Region, the dominant vegetation is
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mixed-grass prairie. Conversely, in the Parkland Natural Region, deciduous trees ares grass

dominate(Downing and Pettapiece 2006)

114°0'W 112°0'W

Natural Region
Boreal

B Foothills
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I Rocky Mountains
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Figure4.2 Map ofthe study region, situated in the northern prairie pothole region (inset
Yhe 96 wetland sites covered the Grassland and Parkland Natural Regions, and repr
temporary (n = 28), seasonal (n = 35), sparmanent (n = 17), and permanent (n =
pondedwater permanence classes.

4.2.2. Study Design
96 wetlands weresurveyedin my study, and theyanged in pond permanence cla@ensu
Stewart and Katrud 1971)from temporary with a hydroperiod on the order of weeks to
permanent with ponded wateyearround, even in dry yearsSites selected in my studwirror
the frequency distribution of permanence classes in Alberta Merged Wetland lomwyent

(Government of Alerta 2014, and so included an unequal number of wetlands per permeance
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class category. Generally, most tbk wetlands were small (mean size 0.81SE0.12 ha)
reflecting the dominance of small prairie pothole wetlands in the regiotependent of their

permarence class

4.2.3. Biological Surveys
4.2.3.1. Birds

Both visual and auditory point count&ere usedto survey birds twice during the peak
breeding season (Majune in either 2014 or 2015). In summary, visual surveys commenced first;
they lastal for 10 minutes and wereatried out from a vantage that allowed a clear view of the
open water zone. Waext conducted an 8ninute auditory survey. These surveys were -b@0
fixed-radius point counts, occurring at the center of the wetland (>3 ha). Whertland was
larger than 3ha,techniciansconducted multiple auditory surveys; each pegttunt location was
at least 100 m from the wetland end and 200 m from any other pomint location.| summed
abundances across the multiple auditory point coustsiccount for differences wetland size.

For both visual and auditory countgchniciangecorded the identity and abundance of species
(species list i\ppendix 2A Importantly, species abundances were summed across visits, rather
than averaged, t@ccount for the staggered breeding seasons among species. Additional details

on the bird surveys are reported Anderson and Roong2019)

4.2.3.2. Aquatic Macroinvertebrates

Arevised ver®n (Gleason and Rooney 201#&#H)the quadratcolumncore method(Meyer
et al. 2013) was used tosurvey aquatic macroinverteates. Technicianssampled aquatic
macroinvertebrates in both the open water (submersed and floating vegetation) and the

emergent (cattail, bulrush, or other robust perennial sedges) zones, when both were present. In
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each zonetechnicianscollected threereplicates of a: lvigorously washed and clipped 0.23 m
vegetation sample, from the emergent or submersed aquatic vegeta2iomyo, 13cm diameter
water column sampleand 3)a 10 cm deep, 4.8 cm diameter sediment cevljch wascollected

using a stekcorerthat wasinserted to just above the sedimenthe sediment core sample
fractions were excludetbr two reasons. Firsgensities were lowSecondthere were no taxa in

the sediment cores that were novel to the combined water column and vegetai@onples.
Technicans composited the replicates of each sample type; this yielded one water column,
sediment core, and vegetation sample in each wetland vegetation zone (open water and
emergent). Following, for water column samplesshnicianssorted aquaic macroinvertebates

to identify them to the lowest practical taxonomic level (typically Family), follow@hfjord
(1991)and Merrit et al. (2008) Techniciansised a Marchant box to sutample the vegetation
sample, which was based on the protocol of the Canadian Aquatic Biomonitoring Network
(Environment Canada 2014Jere, taxon abundances are ameeighted to estimate density per
meter-squared. For both vegetationnd water column samples, aquatic invertebrates were
scaled to the mier squared. Nextfechnicianssummed densities to represent each wetland
zone, and subsequently averaged across zones for wettarad invertebrate relative
abundances. Additional inforation on the aquatic macroinvertebrates sampling are reported in

Gleason and Roond®017a) and a comprehensive taxonomic list is providedppendix 2B

4.2.3.3. Plants
Technciansconducted plant surveys during peak aboveground biomass (late July to August).
During peak biomass, the presence of inflorescences allows for herbaceous plants to be

confidently identified and cover values are at their maximum. After mapping thenegfeeach
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plant assemblage based on their vegetative structure (e.g., deciduous tree, forb, fhesiregl
vegetation),techniciansthen mapped them by which species were-dmminant or dominant.

We used a GPS/GNSS unit (SX Blue Il receiver, by Genddomteeal, Canada) to map these
assemblages. For communities sized between -83000 n?, technicians identified the
percentage cover (modified BratBlanquette approach) of each vascular plant species within
five, 1 nf quadrats. When communities were langthan 5000 m, technicianssurveyed an
additional quadrat per 1000 fof plant community areaTechniciansalso recorded the
percentage cover of algae, bryophytes, bare ground, litter, rock, seedling/unidentified forb,
standing dead litter, and open watéspecies list ilppendix 2§ but these cover classes were

not included in subsequent analyses of vascular plant cover. For more details on plant survey

methods, sedBolding et al(2020)

4.2.4. Characterizing Prairie Pothole Permanence

Wetland permanence is a latent variable that cannot be directly measured but can be
guantified naetheless by a set of correlated indicators hiit a structural equation modelling
framework (Grace et al. 2010)l used four proxies for wetland permanence, all related to the
concept of hydroperiodl used a matrix including the approximate number ofyslaa wetland
contained ponded water, the maximuwater depth observed, the ratio of water amplitude to
maximum water depth and an index of evaporative losses to the atmosphere relative to water
inputs based on stable isotopes analysis. For details ont#lidesisotope analysis, sédeyers

(2018)
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4.2.5. Statistical Analysis
4.25.1. Calculating Functional Dispersion

| used functional dispersion as a proxy for community structure in studying community
assembly process. Generally, when functional dispeisibigh, some functional traits are more
abundant than others; if functional abundances are equdl,would expect low functional

dispersion(Finke and Snyder 2008; Conateal. 2016) To measure the functional dispersion of

¢

eachtaxonjdza SR wl 2 Qa |j dzr RNJ G A OionSnyfhefidtiokal digeksity®D (0 K S
packaggLaliberteet al.2014)in R(R Core Tear2019) This functional dispersion index uses the
weighted mean distance of each species to theugr@entroid, where weights are based on
speciegelativel 6 dzy Rl yOSad® ¢KdzaX Fdzy OlA2ylf RAALISNEA2)
where they are loated in trait spacgSchleuteret al. 2010) and it uses both specieslative

abundances and the pairwiseurictional differences to summarize functional diversity.

Importantly, thisindex is not influencedybrichnesgfRao 1982)

The traitsone selecs for functional diversity indices can have profound effects on our
dzy RSNEBE UGl YRAY I 27F KZhuetalylayhis sugdgestthatSolr 2rdit etkétion
can affect our interpretation fithe relative influence of permanence and crdagon intelactions
on functional dispersions. Becaukaimed tocaptureas many assembly processes as possible
and not bias our analyses to traits related to abiotic filter{Spasojevic and Suding 201P)
selecteda wide range ofraits and not simply those likely to be sensitive to wetland hydroperiod.
For birds] selected functional traits indicative of feeding behavior (e.g., ground gleaner, dabbler)
nesting ecology (g., bank, reed), primary habitat (e.g., shoreline, grasslandiame status

(e.g., obligates versus facultative) and migratory status (e.g.;tmo@acal migrant). With
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macroinvertebratesl used traits on feeding (e.g. filter feeder), behavior clasg. (elimbers) and
desiccation strategy (e.g., disperser). Fomgdahowever| used wetland indicator status (e.g.,
emergent), dispersal (e.g. wind), reproduction (e.g. vegetative), raatdvity (e.g., nativevs
exotic).A comprehensivéunctional traitslist is provided in Table withiAppendix 6

4.2.5.2. Partitioning the Influences of Community Composition into Environmental

and Biological Components

| used structural equation models to evaluate the pathways that could explandative
influence of abiotic and biotic filters on functional dispersibcompared the fit of six candidate
models.My first model examined whether functional dispersion was explained by permanence
alone,my second to forth models assessed whetherrénevas a direct or indirect influence of
permanence andmy fifth to sixth models were assessments of the relative influence of

permanence and biological interactions.

I implemented the structural equation models in tkegent variable analysi@avaar) padkage
(Rosseel 20129f R(R Core Team 2019Before implementing each modédlyelativized each
variable by their respective maximum values becausey ttiffered in range and scalewas
confident thatmyrelativized data did not violate the assumption of multivariate normality, which
is required for structural equation models, lemson results of a Mardia's multivariate kurtosis of
multiple variablestest (z =-0.325, p-value = 0.774), implemented using the mardiaKurtosis
function in theuseful tools for structural equation modelifgemTool¥ package(Jorgenseret
al. 2018)in R(R Core Team 201%or each modell set the endogenous covariances to zero,
fixed the facto loading of the approximate number of days that a wetland containeddpdn

water to 1.0 and used an unbiased estimator (wishart) for maximum likelihood estimation. To
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rank the candidate modeld, used AC: and model fit statistics. Finally, standardizedall
parameter estimates, to ensure thatould compare the relative fluence of hydroperiod and

oA2ft23A0LE AYGSNI OGAzyda 2y SIOK GFE2y2YAO AN

4.3.Resllts

4.3.1. Partitioning the Influences of Community Composition into Environmental and

Biological Components
| compared the fit of six structural equationadels (Figre 4.1), each representing a different
hypothesis about the relative influence of-oacurring taxonomic groups arubndedwater
permanence on the functional dispersion of birds, aquatic macroinvertebrates and vascular

plants inmy study wetland.

My best model hypothesized a direct influence of permanence and pfanttional

dispersionon the functional dispersiomf birds and agatic macroinvertebrateg¢Table4.1).

Table4.1. Performance of sixandidate structural equation models predicting the relative
influence of biological interactions and hydroperiod on community congrudpicect influence
of permanence andplans & G KS o6Said Y2RSt gA0GK GKS k! L/ 2°

AIC
weight
A:Hydroperiodalone structures taxor30.983  0.006 -231.165 14.291 0.077
B:Mediated influence ohydroperiod
through plants

C:Mediated influence ohydroperiod
through inverts on birds

D: Mediated influence ohydroperiod

Model Chisquarep-value AIC YAIC

42.022 0.000 -219.990 25.465 0.000

24.093 0.020 -234.134 11.321 0.341

on birds through plants aniverts 24.745  0.025 -235.475  9.980 0.667
E&i'{?d influence ofydroperiodand 5 g4, 5376 245455 0.000 98.034
F:Direct influence ohydroperiod and

birds are structured by plants and 22.220 0.035 -236.030 9.426 0.880
inverts
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Because no models were within tW&AIC units of this toerforming model (Arnold 2010),
| conclude that there istrong supporfor this model More, the AIC weights indicate that a direct
influence of permanence and plafiinctional dispersioron the functional dispersiorof birds
and aqiatic macroinvertebratesvas substantially more likefAIC weight = 98piven the data,
than the other five model§Table4.1; Wagenmakers and Farrell 200Bxsed on the-value and
chisquarestatistic for this model (Tabld.1), | am confident there is strong support for this
model, and it fitmy data well. The standardized regression coefficients for this model are

presented in Figurd.3.

0.39,

() ()

Amplitude/
Maximum
Water Depth

Number Of
Ponded
Water Days

Atmospheric
Evaporative
Loss

Maximum
Water Depth

0.98 0.8 0.68
Figure4.3 Measurement model for the best fitting of the six candidate structural mofkéye is

a direct influence of permanence on the functional dispersion of birds, aquatic macroinverte
and plants and plants directly structure birds andquatic macroinvertebrates functior
dispersiony Unidirectional lines are standardized regression slopes whilirdxitional lines ar
standardized variances. The dashed, unidirectional line indicates which exogenous variz
fixed to a factor loadtg of one. Lines in black indicate that there \@gsositive relationship, whi
red lines indicate that the relationship was negative. Line thickness reflects the magnitude
standardized regression slopes.
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While permanence alone did not explafunctional dspersionof our three wetland taxa
(research question one), there was a direct influence of permanentieedanctional dispersion
of each taxor(research question two) Interestingly the relative influence of permanenaand
the functioral dispersion oplants on the functional dispersion of birds and invertebrates differed
(research question threePondedwater permanence had the strongest influence on aquatic
macroinvertebrate functional dispersipmvith plant functional dispersion bag less influengl.
However, bird and plant functional dispersion were less strongly sensitive to permanence (Figure
4.3), and plants were the only taxon thatas notinfluenced by the functional dispersion of

another taxon.

4.4.Discussion

Usingthe functional dispersiomf co-occurring taxonomic groups in PPR wetlandsaluatel
GKSOGKSN) GKSNBE g1 a4 adzZlJLl2NI F2N) t2FFQa ySaidsSR
processesl I a4 dzYSR GKFG adzllIl2NIG F2N) t 2FFQadraee RSt ¢
influence of hydoperiod on functional dispersion than cretsxon interactionsl find support
F2N) t 2FFQa v & ahioficRiltednd prim&iNJinfienées functional dispersion and
biotic filters are of lesser importancémportantly, in evaluating the pathays that could explain
the assembly of birds, aquatic macroinvertebrates and plants, and simultaneously evaluate if
0KSNB g a & dzLlLJ2Ikgked thedjdestiehd 1§ ddvés theRidiSiltezof ponded
water permanencelone structureprairie pthole wetlandcommunities, 2) is the influence of
this abioticfilter primarilydirect or indirectand mediated through biological interactiarwhat
is the relative influence of this abiotic filter and the biological filteriofy co-occurring

communiies?
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To addressny first question,if hydroperiod alone explained functional dispersidbmeport
that the structural equation model with the strongest support incorporated both hydroperiod
taxon and crossaxon pathways influenog functional dispersionHence,my model confirms
that both the functional dispersion of ewmccurring taxa and hydroperiod are important
determinants of functional dispersion in these wetland@&isconclusionis supported by both
observational studiesral manipulative experimes, which report that biological interactions
and environmental conditions structure resource availability for establishing (fixsaov and
Scheu 2005; Wardle 2006; Maynaed al. 2018) Environmental conditions can influence
resource &ailability for primary poducers by limiting whether nutrients necessary for growth
are present(Fourqurean and Zieman 1992; Bownetral. 1993; Guignareet al. 2017) andfor
consumers, environmeal conditions determine whether energy gained (i.e., from feedfe®.,
Schoo et al. 2013% lower than the energetic costs to establish (e.g., from maintaining optimal
body temperatue, or time and effort pleed into foragingMagnusonet al. 1979; Reid and
Sprules 2018)Biological interactions, however, can influence resource availability through prey
availability (for consumergppivalket al.2009; Groendahl and Fink 2015f)habitat provisioning
(Thompsoret al.1996; Jacksoat al.2008) Thus, in predicting environmental chan@#banet
al. 2016)or even species rangd®ormannet al. 2018; Palacio and Girini 2018ye must also

consider biological interactions.

To addressny second question, whether thmfluence of hydroperiod was mainljyirect or
wasmediatedthrough the functional dispersion of emccurring taxal find that the influenceof
hydroperiodwas primarily directThe functional dispersion of plants was driverclusivelyby

hydroperiod (standarded regression coefficient = 0.13)he functional dispersion of birds and
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aguatic macroinvertebrates included both a direct influence of hydroperiod (standardized
regression coefficient = 0.25 an@.52, respectively) and a much smaller indirect companen
This mediated effect was through the influence of plant functional dispersion on birds (indirect
standardized regression coefficient = 0.0377) and on aquatic macroinvertebrates (indirect
standardized regression coefficient = 0.039Qpnsequentlyl conclude that taxon community
structurein prairie pothole wetlandss mainly influenced by hydroperiodirectly, even where

indirect pathways of influence are supported by the data.

Intermsofmyd KA NR 1ljdzSadA2y > AT {KS NBnodelotcondmimityJ2 NI F
assembly wherein abiotic filters take primacy over secondary biological fili€isgd moderate
support for PoffQ a Y. 2Hyddperiod had a much stronger influence on aquatic
macroinvertebrate functional dispersion than plant functawulispersion; for birds, the influence
of hydroperiod was moderately weaker than that of plants. This suggests that the abiotic filter of
hydroperiod is more influential of functional dispersion in each of our wetland taxa than the
functional dispersion foco-occurring taxa. Indeed, the magnitude of influence of hydroperiod on
both birds and aquatic macroinvertebrate functional dispersion was 8téater than the
AYyTFtdzSyO0S 2F LXIyGa 2y SAGKSNI (FE2yQa #®dzy OGA 2
abiotic resources and environmental conditions first filter out species from the regional species
pool, which lack the necessary adaptatiornrsta@erances to persist, and only subsequently do
biological interactions constrain community assemblgan canclude that biotic filters may be

less influential than abiotic filterid community assembly processes

Thoughmy model fit our data well,l could not account for some community assembly

processes. Unknown is whethery hypothesized direct effects areoty in fact, mediated effects
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that | have categorized as direct effects. For instance, wetlands with longer hydroperiods may
come to have highebird functional dispersion because they are larger and some microhabitats
are more abundan(Kantrud and Stewart 1984lf microhabitat availability is the direct pathway
influence bird functional dispersion, the influence of hydroperiod would be best described as
indirect, contrary tomy findings. An additional misginlink in my model is intrataxon
interactions Widely debated beforePoffs (1997) nested filter model was introduced is
Diamonds (1975)F a a SNIiA2y GKI G GKS aOKSOd&ENHRiged BYA & G NR
competitiondriven assembly. ThougBiamonds (1975) hypothesis spked debates lasting
several decadege.g., Caonor and Simberloff 1979, Gotelli 2003ome authors have found
support for this modele.g.,Gotelli and McCabe 200850telli and Rohde 2002, Maestre et al.
2008) Becausany models focused on crogaxon interactions] wasunable to incorporate the
influence of competition as community assembly process, which should be included in future

studies.

4.5.Conclusion

Using stuctural equation modellingl demonstrate that the functional dispersion of birds,
aguatic macroinvertebrate and plants are explained by both hydroperiod and the functional
dispersion of cabccurring taxa. Becaussg/droperiodgenerally had a stronger inénce, even if
indirect effects are considered, F A YR & dzLJLJ2 NI F2NJ t 2FFQa wSaidsSR

assemblyof co-occurring birds, vegetation and invertebratesPPR wetlands.

Because hydroperiod plays an important role in thiectional disgrsionof birds and aquatic
macroinvertebrates| anticipate that these taxa will be more sensitive to thgpacts of climate

change Based on forecasts for the Canadian Prairie Pothole Region, we expect that wetlands in
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the Grasslands and Parklands wildergo declines in their hydroperiodSchneider 2013Due

to thisshorteningin wetland hydroperiod, | would expetttat wetlands will shift from supporting
nearly equal abndances of various functional groups to being dominated by only a few
functional groups. | would expect that for birds and plants, however, thattfanal groups with

traits adapted to these drier conditions will become equally abundant.
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5. CONSISTENDB DELAYED TIMING OF PRECIPITATION AFFECTS COMMUNIT
COMPOSITION OF PRAIRIE POTHOLE BIRDS AND  AQUATIC
MACROINVERTEBRATES, BUT NOT WETLAND PLANTS.

5.1.Introduction

A warmer climate is forecast to increase losses of ephemeral wetlands in the Prairie
Pothole Rempn (PPRJJohnsoret al. 2010b; Fayet al. 2016) but uncertainty in precipitation
forecasts make it difficult to estimate the true magnitude of wetland logZémnget al. 2011)
or the impacts on wetland biotaPrecipitation forecasts for the NPPR differ among climate
scenarios, some forecasting increases and otherdirdexin cumulative annual and seasonal
amounts (Zhanget al. 2011; Paimazumdeet al. 2013; Schneider 2013Becausewinter
precipitation is the largest contributor to ponded water amounts in PPR wetleuaalsder Kamp
et al. 2003) a simple change in precipitation timing could also impact wetland hydroperiods
(Zhanget al. 2011) even if the cumulative amount of predigtion were to remain consistent
Since the composition of biological communities in these PPR wetlands depend on hydroperiod
(e.g.,Danel et al. 2019) understanding how sensitive taxa are to chesgnhydroperiod can

help us predict the impacts of climate change on ephemeral wetlands.

There is high uncertainty in how precipitatiainiven changes in hydroperiod will affect
PPR wetlads. Forecasts from numerous studies suggest that PPR precipitation will either: 1)
increasg(Zhanget al.2011; Paimazumdaeat al.2013)or reduce(Johnsoret al.2010b; Schneider
2013; Mcintyreet al. 2019; Mushet and McKenna 201i)the winter and sprig; or 2) increase
(Zhanget al. 2011) orreduce (Paimazumdeet al. 2013) in the summer. Depending on which
scenario occurs, we could observe either an increase or decrease in wetlandoweggs, and

this could leave wetlands in higher aridity regionstike PPR (i.e., prairies) with smaller
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magnitude of changes in hygperiods than we anticipaté/Nithey and Van Kooten 2013; Fety

al. 2016) Regardless, a warmeriraate will increase evapotranspiration rat€giglizzoet al.
2015) which means that for hydroperiods to remain unchanged or increase, winter and summer
precipitation must be high enough to combat this additionaslaf water (Fayet al.2016) Based

on past climate and hydroperiod trends in the PPR, howewesgjipns where there have been
increases inprecipitation amounts do show evidence of increaseswatland water deficits
(Werner et al. 2013) This decline in wetland water budgets is driven by net increases in
evapotranspiratiorrates because of a much warmer climgg&chneider 2013)Thusregardless

of the precipitation scenario, we are likely to observe dexdiin hydroperiodSchneider 2013)

The community compositionfevetlands forecast to change with a shortening in wetland
K@RNRLISNAZ2RO®D C2NJ 60ANRAZ Iljdzr GAO YI ONRAY@SNI
increass with a lengthening hydroperio@@anielet al. 2019) Thus, because wetlands with
longer hydroperiods are expected to have the largest maglei of decline in hydroperiod with
climate warming(Johnsoret al. 2010b) birds, aquatic macroinvertebrates and plants are likely
to undergo changes in their abdances and distribution in the PPR. For birds, northern and
eastern shifts in breeding waterbirdistributions are expected with the losses in wetland
complexes in the south and west PPR, and species reliant on ponded water for
reproduction/feeding may unergo large declines in their abundances within the RRIRnson
et al. 2005; Polan 2016; Reese and Skagen 20h# divesity in life history traits of aquatic
macroinvertebrates, which is likely sustained in shottgdroperiod wetlands by individuals
colonizing from longer hydroperiod wetlandBritz and Dodds 2002; Whiles and Goldowitz 2005;

Simet al.2013) could be reduceds wetland hydroperiods decline. Similarly, for plants, species
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that require consistent inundain (e.g., submerged and floating plants) may have much lower
abundances as wetlands that previously contained ponded water-geard begin to draw

down annudly (Johnsoret al.2010b; Werneeet al.2013).

| observed anter-year change in precipitation timing between 2014 and 20&5he
Alberta PPRwhich | anticipated influenced wetland hydroperiods and the community structure
of bird, aquatic macroinvertebrates and plant communiti@hough cumulative precipitation
amounts were near equivalent in 2014 and 2015, the timing of precipiiadiffered between
the two years. In 2014, precipitation followed the climate normal, aparinfthe slightly lower
precipitation amounts in spring. Similarly, in 2015, spring precipitation was slightly lower than
the climate normal, but this precipitatiodeficit was even lower than that of the previous year.
Thus, the precipitation offset in thiate summer of 2015 was proportionally higher than that in

2014, both occurring when there was peak aboveground biomass (Fdyre
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Figure5.1. Cumulative precipitation in the Grassland (A) d@warkland (B) under the clime
normal (19812010), in the year with typical summer precipitation (2€4@BL4) and the year wi
delayed summer precipitation (2012015)fThe solid, purfe line represents mean cumulat
precipitation between 1981 to 2010Ohe dashed, agublue line shows 2012014 cumulativ
precipitation. The orange, dotted line shows cumulative precipitation between 2014 and .

Because prairie pothe wetlands primarily obtain their water from snowmelt runéffayashi
et al. 1998b; Tangen and Finocchiaro 201 Tdlypothesizedhat 1) this change in precipitation
timing would have a meaningful effect on wetland hydroperiods even though cumulative
precipitation was near equal. Secondly, sitice magnitude of influence of hydroperiooh
wetland biotadiffers amongtaxa (Danielet al. 2019 Chapter 3 & ¥ | anticipated thatthe
community composition of taxa more sensitive to hydroperiod (i.e., birdsda aquatic
macroinvertebrates) woulde more responsive to a changewrtland hydroperiod than less

sensitive taxa (i.e., plant&ee ChapteB & 4). | test these hypotheses using a natural experiment;
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24 wetlands were surveyed in 2014 and again in 201%.comparedcommunity composition
between years2) examined the extent to which a change in community composition could be
attributed to change in wetland hydroperiodnd 3)explored how the identity of indicator

species/familiesvere influenced by tlichange in wetland hydroperiod

5.2.Methods

5.2.1. StudyRegion

The wetlands in this natural experimentare in the Grassland and Parkland Natural
Regions of Alberta, Canadgiqure5.2). Wetlands in this southern Alberta region are called
prairie potholes, mainly écause they were formed in the last glacial period and are now
depressions filled with ponded watéwright 1972) Wetlands in this region experience a semi
arid climateg the rate ofevapotranspiration is higher than that of annual precipitation. Wetlands
in the Grasslands are surrounded by mixgss prairie, while Parkland wetlands are surrounded

by a mix of deciduous trees and grasses.
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Figure5.2. A map ofthe study region in the northern prairie pothole regidimset map){The
24 wetland sites occupied both the Grassland and Parkland Natural Ragabthey differe:
in permanence classtemporary (i=6), seasonahf9),semi-permanent (=7), and permanel
(n=2)

5.2.2. Interannual Variation in Precipitation Timing

| compared mean total precipitation amounts among weather stations fromAtierta
Climate Information Servicésee Meyers 2018)in the study region (Figure4.2). | made this

comparison to ensure | could attribute a change in hydroperiod to ipéar variation in

precipitation timing, and not differences annual precipitation amounts.

| also compared hydroperiod measuradhongwetlands (Figu 5.2) surveyed in2014
and 2015 | used this comparison to determine whether changes precipitatimmng led to

change in wetland hydroperiod. | compared the follog values between yearg the
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approximate number of days the wetland contained ponded water, the maximum water depth,
the ratio of water amplitude to the maximum water depth, or an index of evapwee loss based
on stable isotope analysiSeeHydroperiodin Chapter 3, for additional descriptions on these

variables.

5.2.3. Study Design

In 2014 24 studywetlandswere surveyed, and they were revisitedd015. The 24 study
wetlandsreplicated the frequency distribution of permanence sdas in the Alberta Merged
Wetland Inventory (Government of Alberta 2014)ranging from temporarijponded to
permanentlyponded(sensuStewart and Kantrud 1978nd resulting inan unequal number of
wetlands per permeance class categofyie 24 wetlands also captured a range in land cover
types, ranging inthe percentage cover of nenatural cover within 50én of the wetland. Non
natural cover includedailycrop or pature,but alsobuilt-up and bare ground covers addition
to grassland, wetland, and open water, natural covers included aspen forest in the Parkland

Natural Region.

5.3.Surveys of Biological Communities & Sampling of Wetland Soil and Water Chemistry
5.3.1. Birds
Birds were surveyedwice during peak breedingeason (Mayune in 2014 and 2015)
using visual and audio surveyibe identity and abundance of species (species list in Table within
Appendixl) were recorded in both audio and visual surveyssual surwes were conducted for
10 minutes, each time atlacation that allowed a clear view of the open water zone. Thereafter,
the 8minute auditory surveys commenced, within 100 m at the wetland center (>3lha).

wetland was larger than 3 ha, multiple audgosurveyswere conducted These point counts
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were a minimum of 1) 100 m from the wetlangpbland boundaryand 2) 200 m from any other
point-count location.Abundanceswere summedacross the auditory point countsithin each
wetland to account for the diffeences in the size of wetlandSpecies abundancewere also
summed across visits to account for the staggered breeding seasons among species. For,
additional information on the birds surveys, s&aderson and Roong2019) A compehensive

taxonomic list is provided in Table withippendix 2A

5.3.2. Aquatic Macroinvertebrates

Aquatic macroinvertebratesvere surveyedising a revised version (Gleason & Rooney
2017) of the quadratcolumncore method (Meyer et al. 2013) These aquatic
macroinvertebratesvere surveyed in the open water and the ergent zones, iboth zones
were present.Tworeplicateswere collected in each zone: 0025 n? vegetation samplgtwo
10-cm diameter water column samplesd a sediment core sampl€he sediment core sample
wasexcluded because densities were low and oovel taxa were recorded to this sample, when
compared to the vegetation and water sampletater, compositesvere madeof the two
replicates, which yielded one sample from the vegetation and water column m\egetation
zone.Toidentify individuals irthe water column sampleghe aquatic macroinvertebrates were
sorted to the lowest practical taxonomic level (typically Family), follow@hfjord (1991)and
Merrit et al. (2008) For the vegetatiorsample, individualsvere placedin a Marchant box for
sub-sampling For both water and vegetatiosamplesthe abundances of each taxon were area
weighted; this was based on the Canadian Aquatic Biomonitoring Network protocol
(Environment Canada 2014). Netkte abundancesvere scaledo the meter squared, densities

summedto represent each wetland zondf bah an emergent and an open water zone were
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present,abundancesvere averagedcross zonet summarize the invertebrate community at
the wetland level For additional information on the sampling of aquatic macroinvertebrates, see
Gleason and Roay (2018) A comprehensive taxonomic list is provided in Table wippendix

2B

5.3.3. Plants

Plant surveys were conduatebetween duringJulyand August, when the presence of
inflorescence allows for herbaceous plants to be aberitly identified.Frst, the extent ofeach
plant assemblagés mapped and this was based on their vegetative structure (e.g., deciduous
tree, floatingleaved vegetation). Next, assemblagesre further mappedbased on which
species were cdominant or dminant. A GPS/GNSS unit (SX Blue Il receiver, by Geneq Inc.,
Montreal, Canadajvas used for this mappingf an assemblage was between 1®000 n¥,
measures othe percentage cover (modified BraBlanquette approachjpcludedeach vascular
plant specieswithin five, 1 nf quadrats. If an assemblage was larger than 5060 surveys
included aradditional quadrat per 1000 fiof plant community areaTlhe following cover classes
were identified but not included in analysesilgae, bare ground, litter, moss, ak,
seedling/unidentified forb, standing dead litter, and open water (species list ithe Talhin

Appendix 2 SeeBolding et al(2020)for more information ortheseplant surveys.

5.3.4. Environmental Conditions

Environmental conditions were measured during the biological survéysitu
measurements orwater depth, turbidity and sil and water conductivityvere taken on each
visit. From thisin-situ sampling,l included the following in the latedescribed analysis: ratio of

amplitude to maximum depth, maximum depth, mean turbidity and mean soil and water
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conductivity. In additiorto the in-situ measurementssoil cores were taken on the first visit to
eachsite ¢ three per vegetation assemblage, and a bulk water sampd¢h the soil cores and
bulk water samplesvere sentto the University of Alberta Biogeochemical Analytical 8esvi
Laboratory for analysid.incorporated measurements of total carbon (water), total nitrogen
(water), total phosphorus (water), sodium (water), potassium (water and soil), calcium (water
and ®il), magnesium (water and soil), total suspended solidstgiyabulk density (soil),
gravimetric and volumetric soil water content (soil) and loss on ignition (soifeiranalyses
described below. Seléraft et al (2019)for further information on how water and soil chemistry
was measuredAlso collected on the firstisit to each site was avater samplefor isotopic
characterzation of the waterto determine the atmospheric losses of water to evaporatidhis
atmospheric losses of water to evaporatiams also included in the analyses described below;

see (Meyers 2018jor more informaton on this stable isotopes analysis.

5.4.Statistical Analysis
| implemented alldata analyses in RR Core Team 2019Before commencinghe
analyses]| first removed rare species (birds and aquatic macroinvertebrates: species with fewer
than 2 occurrences; plants: speciesiwigss than 1% total percentage cover among all siges)
recommended bycCuneet al.(2002)for analyses of community datbnless sated otherwise,

| used raw abundance matrices for my analyses.

5.4.1. Visualizing Community Composition Between Years

| used a nonmetric multidimensional scaling (NM@RS)oth ascertain and visualize how
community composition changed between 2014 and 20B8&bre implementingthe NMDS|

transformed species abundance(nts ofbirds andaquatic macroinvertebratesquare root;
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plantpercent coves: arcsine square root) and relativized the data by their column maximums to
improve multivariate normalityl converted the transbrmed, relativized community abundances

to a BrayCurtis dissimilarity matrixused the metaMDS function in the vegan pack@@ksanen

et al.2017)to implement theNMDS. To determe the optional number of axes for the NMDS,

ran the NMDS 50 times, increasing the number of axis from two to ten and allowing a maximum
of 100 iterations for convergence. The final NMDS was allowed 100 attempts before

convergence.

| usedvectors estinated from species abundances and environmental conditions, as well
as sites symbolized by permanence class, disturbance class and naturaltoelgehn interpret
the resulting NMDSsSpecies vectors were estimated from the transformedlativized
abundances, while environmental vectors were from relativized water chemistry, soil chemistry
and wetland hydroperiod datd.included vectors with correlations greater than 0.2 with one or
more axesl plotted a final NMDS witlectors connecyf 3 S | O Ksiti@nAni{piSliaafion space
in 2014 with its position in ordination space in 2015 to visualizeys@-to-year change in
composition and related this to correlations between wetland hydroperiod, climate, and

chemistry with each ordinatioaxis.

5.4.2. Quantifyig Change in Community Composition

| determined the magnitude of change in community composition between 2014 and
2015,using aPermutational multivariate analysis of varia@®ERMANOVAN plant cover, bird
and aquatic macroinvertebrateoant matrices with the adnois function in the vegan package
(Oksanenet al. 2017) Next | investigatel whether observed differencesn community

composition were due to a subset opeces (nestedness in beta diversity) or toumique
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assemblagdturnover in beta diversity) of taxa occupying these wetlands in 20LSed the
braypart function in thepartitioning beta diversitfbetapart) package to partition beta diversity
(Baselgaet al.2017) Next, | compared nestedness, turnover and overall beta diversity between
2014 and 2015; | used #ERMANOVA0 ascertain whether differences were significantly

different from zero.

When significant differences in community composition were detected between ykears,
assessed which speciggere strong indicators ohormal (2014) vesusdelayed precipitation
(2015) conditions | used indicator species analysis (ISA) to determwhéch families/species
were both faithfully and exclusively assated withone year vs the otheyear (Dufréne and
Legendre 1997) | implementedthe ISA usingn transformed, relativizeccounts (birds and
invertebrates) or percent covefplants) The ISA was implemented using indval function in the
ordination and multivariate analysis for ecologgbdsy packaggRoberts 2016)ecies withp-

values lower than 0.1 were assumed to reliable indicators.

| examined whethel could attribute any changes in community composition between
2014 and2015 to a change in hydroperiod.determined whether the magnitude of change in
community composition along the hydroperiod gradiditentified in the NMDSJiffered from
that along the other gradients/axes. To do $dound the difference inige scoes (from the
NMDS)for each site between 2014 and 2015 and compared mean change in site scores with a
repeated measures ANOVA. When a significant difference was detdatedd an estimated
marginal means to determine whether these differencesnith the emmeans function in the

estimated marginal mean@mmean$ packageof R(Lenth 2019)n R studio
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5.5.Results

5.5.1. Changes in Hydroperiod from 2014 to 2015

Winter precipitation was near equivalent 18014 and 2015 (Figure 1Rased on a
comparisons between climate normal (198010) andeachsampling yearany difierencein
mean annual precipitation in the Grassland (2@03.4¢ paired ttest: t = 1.833p-value = 0.652,
df = 9; 20142015¢ paired ttest: t = 1.833p-value =0.878 , df = 9) or Parkland (202814¢ t-
test: t = 1.833p-value = 0.344, df = 9; 2862015¢ t-test: t = 1.833p-value = 0.315, df = &
negligible Summer precipitation in 2015 was delayed to July through Audtigiu¢el), which |

hypothesizel led to a decline in wetland hydroperiod.

Totest the hypothesis that a change in precigiton timing led to a decline in wetland
hydroperiod, | compared hydroperiod between yearsough wetland amplitude did not differ
between yearsfaired ttest: t =-0.0753 p-value =0.9406 df =23),hydroperiods were generally
shorter in 2015rhaximun water depthg paired ttest: t = 2.17, p-value =0.04059 df =23; the
ratio of water amplitude to the maximum water depth paired ttest: t = -2.777, p-value =
0.0107 df = 9 index of evaporative loss based on stable isotope anatypaired ttest: t = -
4.068 p-value< 0.001 df =23).Thus, | conclude thatliighernumberof wetlandsdryingin 2015
(2014:n= 12, 2015n =18)could be attributed tahe change in precipitatiotiming rather than

an overall reduction in precipitation in 2015.

5.5.2. Visualizing Community Composition Between Years

| used a NMDS to visualize how community composition differed between years and
varied across the hydroperiod gradient. For all taxa, stress was low (birds: 16.350, aquatic

macroinvertebrates:15.364, plant$6.195) and the NMDSs converged in fewer tA&attempts
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(birds: 20, aquatic macroinvertebrateg3, plants: 28)For birds, axid differentiated sites by
Natural Region, axis two reflected a hydroperiod gradient and axis 3 partitioned sites by the
percentage cover of cropland within 568 of the wetland (Figur®.3A-B). The hydroperiod
gradient forboth aquaticmacrdnvertebrates and plargt was aligned witlxis 1 Figure5.3GF).

Axis 2 for aquatic macroinvertebratelsowever,reflected an increasingreference for benthic
habitat, while axis Jeflected a decreasing reliance on ponded water for reproductkigure
5.3CGD). Axis 1 for plants, in addition to the hydroperiod gradient, also partitioned sites by Natural
Regionandaxis 2 reflected a nuent availabilitygradient (Figuré&.3EF) As for with birds, axis

3 for plants alsaeflected a disturbance gradier{higher proportion of agricultural activities
upland the wetland)Kigure5.3F). Generally, along the hydroperiod gradient for birds adatic
macroinvertebrates, sites changed in community composition between years such that they
reflected communitiesvith shorter hydroperiods. However, for plants, the magnitude of change

was marginal.
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5.5.3. Quantifying Change in Community Composition

| determined whether there was a difference in community composition between years
There was nosignificantdifferencein plant community composition between 2014 and 2015
(PERMANOVA 7= 1080, p-value = 0.341), but there wasstatistically significat difference
for birds and aquatic macroinvertebrates (PERMANOVA: hirBgs7 = 2.644 p-value = 0.001;

aquatic macroinvertebrateg F,33= 2.983p-value = 0.003).

| also partitioned beta diversity in counts of birds and aquatic macroinvertebrtates
identify whether thecommunity dissimilaritiebetweensites in2014 andn 2015that | detected
with the PERMANOVAgere duemore tonestedness oto turnoverin communiy compaosition
For birds, community composition differed because of higher turnawe2015 (PERMANOVA:
F,47= 3.600p-value = 0.002) and not nestedness (PERMANOMA=FB.554,p-value = 0.994).
For aquatic macroinvertebratesfound that the diffeences in community composition could be
attributed to higher nestedness in 2015HRMANOVA:1k7 = 9.900,p-value = 0.002) and not

turnvover (PERMANOVA; 4#=-1.55,p-value = 0.993).

To identify bird and aquatic macroinvertebrate taxa or traits thatre indicative of
normal (2014) or delayed precipitation timing (2015) | usedciaiir species analys{®ufréne
and Legendre 1997For birds,| found that ground nestingpecies were associated with 2014,
while upland species were indicative of 2015 (Tdhle. Aquatic macroinvertebrates in 2014
were of diverse feeding behaviors, desiccatgirategies and life histories, though most were
reliant on ponded water for repruction; 2015 aquatic macroinvertebrates belonged to families
that are able to reproduce in newetland areage.g., Mosquitos can also reproduce in moist soil;

Minakawa et al (2009] or could suspend metabolic activities until conditions are favorplg,
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Fairy shrimp can become dormant until the wetland rewd&shonak and WhitemaiiL999]

(Table5.1).

Table 5.1. Indicator values for indicator species of both years for birds and aquatic
macroinvertebrates; 2014, where precipitatiaiming was normal and 2015, where summer
precipitation was delayefl.he associatep-value indicates the probability that an indicator value
that large could be obtained from the data by chance alone.

Species Name Indicator Value
Taxon Common Name Lowest Practich p-value
Taxonomic Levél 2014 2015
Bluewinged Teal Anas discors 52.925 11.049 0.009
Horned Lark Eremophila alpestris 32.413 1.130 0.011
Passerculus
Birds Savannah Sparrow sandwichensis 11.165 61.002 0.001
Song Sparrow Melospza melodia 1.398 27.741 0.046
Pooecetes
Vesper Sparrow gramineus 0.000 33.333 0.003
Worms Oligochaeta 65.841 32.150 0.024
Biting Midges Ceratopogonidae  65.234 28.631 0.015
Roundworms Nematoda 64.777 22.791 0.010
Leeches Hirudinea 64.198 29.484 0.025
Seed Shrimp Ostracoda 62.683 37.317 0.007
Water Boatmen Corixidae 62.467 17.804 0.003
Water Scavenger
Beetles Hydrophilidae 60.738 36.953 0.018
Phantom Midges Chaoboridae 59.511 8.158 0.002
Aquatic Non-Biting Midges Chirononidae 59.501 40.499 0.024
Macroinvertebrates Predaceous Diving
Beetles Dytiscidae 59.497 40.503 0.034
Crawling Water Beetles Haliplidae 59.281 16.480 0.014
Springtails Collembola 54.527 19.876 0.046
Hydra Hydrachnidia 53.514 18.539 0.067
Crane Flies Tipulidae 47.796 15.195 0.085
ShoreFlies Ephydridae 46.705 9.819 0.055
Horse & Deer Flies Tabanidae 29.412 0.000 0.036
Mosquitos Culicidae 5.664 62.529 0.003
Fairy Shrimp Anostraca 0.323 33.359 0.019

1 Species name is showar birds; 2 Lowest practical taxonomievel is showrfior aquatic
macroinvertebrates.

| determined whether changes in community structure and composition could be

attributed to change in hydroperiod:irst,| quantifiedthe changein NMDS axis scordsr sites
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between 2014 and 2015 along tlais most assoaied with hydroperiod and compared this to
change in scores on other axér both birds and aquatic macroinvertebratds®e mean change
in site scores between 2014 and 2015 differed among the three NMDSRepeated measures
ANOVA: bils¢ /3= 7.35, p-value =<0.00kquatic macroinvertebrates F>,69= 10.34 p-value
<0.00). Interestingly, changes in community composition of bdbirds and aquatic
macroinvertebratescould be explained by a change in hydroperiod between 2014 aid& 20
(Estimated maginal means: birdsg Region nvps t Hydroperiod nvps 2 p-value <0.007
Disturbancewps sz Hydroperiodimps 2 p-value = 0.0732; aquatic macroinvertebrates
Hydroperiodivps + Benthic Habitatvps 2p-value <0.001, Hydroperiodumps + Pondal Water for
Repraluctionumps 3p-value = 0.01203). For plantbe change in site scores between 2014 and
2015 did not occur along one axis more or less than the others, indicating that no systematic
change in plant community composition associated witle thange in hyamperiod between

years was evidenfRepeated measures ANOVAsd= 0.241 p-value = 0.787).

5.6.Discussion
Asa natural experimentl sought to understand whether a change in precipitation timing

could lead to 1) a decline in wetland hygeriod and 2) changes in the community composition
of wetland birds, aquatimacroinvertebratesand plants in 24 NPPR wetlands between 2014 and
2015.Because precipitation amounts were equivalent in both years, | conclude that the reduction
in hydroperiodl observed in 2015 was due talalay inprecipitationto late JulyAugustin 2015,
which is when evapotranspiration rates are highest in the sumerther, lobservel a change
in the community composition of birds and aquatic macroinvertebraiesociag¢d with this

reduction in hydroperiod between 2014 and 20Y8ith shortened hydroperiodd,observel and
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increase in the abundance of dplandbirdsand 2)aquatic macroinvertebratethat can either
surviveperiodicdrying orthat are able to reproduce inon-aquatic habitat. Sincthe emergent
plantssurveyed are able to utilize below ground resources to subsidize growth and persistence
during period of poor growing conditionspbstulate thatpriority effects(Van der Valk and Davis
1980; Wetzel and Howe 1998plainwhy they wereless seaitive to an interannualchange in

wetland hydroperiod.

A shortening of wetland hydroperiod, either dtea change in precipitation timing or a
decline in wetland water budgets, could change whitd functional groupsa PPR wetland
supports. Because plants showed little sensitivity to this eyear change iprecipitation timing,
| suspect that the changa bird community composition was driven a decline in food availability
and nesting habitat fowaterbirds Prior work suggests thhbth upland and wetlanglependent
birds use PPR wetlands.g., Anderson and Rooney 201%lowever,in longerhydroperiod
wetlands(Puchniak Bdgy et al.2012; Tsaet al.2012a; Morissetteet al.2013) and the longer
hydroperiod year, we are more like to observe waterbirddikely because aquatic
macroinvertebrates are more abundafippendix 3. Conversely,n both shorter-hydroperiod
wetlands(Appendix 9, andthe shorter-hydroperiod yearwe are more likely to observe upland
birds. Becausaquatic macroinvertebrates that are adapted to drawn events are more
abundantwhen hydroperiods are shortgand this functional group represents a only a fraction
of the taxon included in these analys@ppendix 3, we can presume that fooavailabilityfor
waterbirds is lowemnder drier conditionsSimilarly, birds with nesting behaviors tied to the
availability of wetland habitat (e.g.,pond/reed nesters) are more abundant in longer

hydroperiod wetlandsAppendix $ and the longethydroperiod year (e.g., Blue Winged Tsal
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We can concludethat these waterbirds ae more abundant in the longenydroperiod year
becausethe expanse of ponded water preferred féoraging andnestingis readily available.
Thus, unsurprisingly, numerous studies have forecasted that with climatgyehae will observe

a decline in habitat for waterbirds in the PPForceyet al. 2007; Loesclet al. 2012; Steen and
Powell 2012; Steent al. 2014) For exampleSteenet al. (2016)demonstrated that of the 29
species of wetlandlependent birds they forecasted future ranges for, 28 would experience
restricted ranges with declines in wetland hydroperiod due to climai@nge. Consequently, as
recommended bysteen and Powe{R012) restoration of wetlands in the northeaste PPR could
benefit waterbirds, since the high aridity in landscapes with rrlsandant, lesslisturbed
wetlands(Schneider 2013; Withey and Van Kooten 20t8y become more favolde for upland

birds.

Becauseaquatic macroinvertebrategunctional diversitydepends on ponded water
amounts(Gleasoret al.2018b) ashortenng in wetlanchydroperiod can exclude taxa rafit on
ponded water for reproduction and or foragin@anielet al. (2019) hypothesized that each
spring, the communities in these temporgrlll2 Yy RSR 6SGflyRa aNBaSidés
establishes depends on the egg bank and the tolerance of colonizing taxa to cyclic drying. Thus,
with an interyearchange in precipitation timingvetlands that previously had hydroperiods that
were favorable to @&xa that require deeper water depths are subsequently inhospitable to these
taxa because they lack the functional traits that allow them tospse in shallower wetlands; taxa
that are able to disperse (e.g., water boatman) can migrate to neighboring wasthaith longer
hydroperiods (Gleason and Rooney 2017&jor instance, in thdongerhydroperiod year,

wetlands were associated with taxa that deposit eggs on submerged rocks, plants and sticks, may
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forage by diving for smaller aquatic macroinedrates (i.e., water boatman)Applegate and
Kieckhefer 1977pr have larval stages that require aquatic habitat (i.e., crane f{le®eman
1968) Following a decline in hydroperiod in the next year, these wetlands were associated with
taxa that were either ble to survive cyclic drying by producing eggs that have suspended growth
and development (i.e., Anostraca: fairy shrinfalekseev and Starobogatov 1996; Fryer 1296)
can reproduce in the absence of pondedteraby oviposing on damp soil (i.e., Culicidae:
mosquitos)Huanget al.2006; Rowbottonet al.2017) Thus,delayed precipitatiopresulting in
shortened hydroperiodschanges the composition of aquatic macregrtebrates by excluding

pondedwater reliant taxa.

Of all taxa | surveyed, plants may be the most resilient to changes in wetland hydroperiod.
Biemial and perennial wetland plants, particularly rhizomatous species capable of clonal subsidy,
are likelyresilient to delayed precipitation in a single growing season. However, prolonged
changes to precipitation timing leading to a sustained change irojpgiiod regime should result
in altered community compositiariFor submerged plants, which were not swed, a oneyear
decline in hydroperiod can eliminate intolerant species if standing water, needed for them to
acquire nutrients, is los{Harris and Marshall 1963Emergent plard, however, can persist
following drawdown events, but they often experience declines in growth and répetion with
a decreases in soil moisture contgiMan der Valk and Davis 1980hese emergent plants are
forced to use up their carbon stores to persist until water levels return tonabievels(Van der
Valk and Davis 1980; Wetzel and Howe 199B)hese drawdown conditions continue in
subsequent years, these plants are ehated (Harris and Marshall B3). Thus, thehigher

aridity forecasted for the much of the southern Albertan PPR (Schneider 20@8)result in a
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shift from submerged/emergent vegetation to wet meadow and terrestrial plasteydroperiod

declines yeato-year(Eulisst al.2014)

5.7.Conclusion

| observed that alelay inannualprecipitation from spring to later summer resulted in a
significant reduction in wetlanchydroperiod between 2014 and 2015, even though the
cumuative annual precipitation was similar between years. | also observed that this change in
predpitation timing and consequent reduction in hydroperiod led to immediate changes in the
community composition of wetland bisthnd aquatic macroinvertebrateBecause a shortening
in hydroperiod is forecasted for the Canadian R8&hneider 2013) expect that wetlandshat
previously supported communities of birds aratjuatic macroinvertebrates with diverse
functional traits would be restricted to upland birds and aquatic macroinvertebrates that are able
to survive cyclic digg. In contrast, plant community composition was more resistant to inter
year changesinprdciA G I G A2y Ay | £ 0 S NI Thaugh ptaNgd afe M3is Senditigell K 2 f S
to an interyear change in hydroperiod, consecutive declines in hydroperezatto-year could

shift vegetation communities to being wet meadow or terrestpént dominated
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6. SUMMARY, RESEARCH IMPLICATIONS & FUTURE WORK
6.1. Summary

6.1.1. How important are climate, land cover/land use and terrain in predicting wetland

permanence class?

Understanding that wetlanchydroperiodis an important driver of community structure, |
aimed to inestigate the relative importance of the major factors influencing wetland
permanenceg climate, land use/land cover and terrain. Using WETLANDSCAPE modets for th
PPR, numerous authors have shown that PPR wetlands are likely to undergo declines in
hydropeiiod due to climate chang&lohnsoret al. 2010b; Werneret al. 2013; Rashforat al.

2016) Authors have also shown that increases in cropland activity have led to changes in wetland
hydroperiod, though these impacts can be either positivenegative (Voldsethet al. 2007;
Anteau et al. 2016) Though work in tba PPR has shown that the topographical position of
wetlands in the landscape can also influence their permanence @fdsKe et al. 2019) few
studies have accounted for this metric in predicting impacts of ¢éraad land use/land cover.
Using 19 metrics representing climate, land use/land cover and terrain, each of which literature
suggests could explain permanence, | pcestli wetland permanence class using extreme
gradient boosting. | used relative gain vadwend waterfall plots to assess how important climate,
land use/land cover and terrain were in predicting wetland permanence class in the Boreal,
Parkland and GrassldnClimate was most important in predicting wetland permanence class in
all three modelsHowever, in the Boreal and Parkland, terrain was the second most important
driver of permanence class. Based on my findings, | believe that while it is importanidioler

climate and land use/land cover in forecasting the impact of climate change Bnnitiélels,
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terrain metrics can provide additional insight into how PPR wetlands will be affected by climate

change.

6.1.2. Does congruence differ between shahd longhydroperiod wetlands?

Sincewetland permanence, and by extension wetland hydroperiod, isemited by climate,
land use/land cover and terrain, | next aimed to understand the role of wetland hydroperiod in
the assembly of wetland biotd. believe that it wasimportant to understand the role of
hydroperiod in the assembly of these horizontal commties because: 1Xdiversity and
community composition of wetland biota are sensitive to hydropeliDdnielet al. 2019) and
2) hydroperiodis forecast to shorten with climate chan@g®ghnsoret al.2010b; Fagt al.2016)

My first objective was to understand whether hydroperiod alone influersdeandances of birds,
aquatic macroinvertebrates and plantsassumed that stronger correlations in the abundances
of these horizontal communitiethan betweeneach horizontal communitand hydroperiod
would be indicative of strong biological interactionsalso sought to determine whether the
strength of relationshipgmongthesehorizontalcommunitiesdiffered between wetlands that
dried up versus those thiypically contain ponded wateyearround. For this, | assumed that
changes in the strength of mionships among horizontal communities would be evidenced by
short- and longhydroperiod wetlandgliffering in crosgaxon congruence. | conclude thetoss
taxon relationships werstronger(77%+SEL2%) than taxorrhydroperiod relationships, and this

| took to mean that hydroperiod alone could not explain commuakliyndances| alsoconclude
that there is no significant difference in congruence between sharnd longhydroperiod
wetlands, and | @xapolate this to mean thabiological interactions hadn equivalent role in

shapingcommunity abundancescross the hydroperiod gradient.
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6.1.3. Is hydroperiod more important in explaining community structure than-¢eoss

relationships?

Since | understoothat the abundances dbirds, aquatic macroinvertebratesd plantsvere
explained by both hydroperiod and biological interactions, | next aimed to understand their
relative influence in the abundance of functional groups that a wetland could suppotielee
that by studying abundances at thespecies and fuctional grouplevel we gain a better
understanding on how these communities assembléile we can usespecies abundancds
infer the capacity of an environment.€., number of individuals that cacoexist based on
available resourcén a wetland, studying the abundance of functional groups can tell us how a
community functions (i.e., what functional traits are favored and in what quantityhus, in
Chapter 4, | evaluated the fit of six modalgpothesizing mechanisms that could explain the
functional dispersiorof birds, aquatianaaoinvertebrates and plars, to ascertain whethethe
abundances ofunctional groups that a wetland supports is more strongly related to biological
interactions veras environmental filteringPast work in ecosystems sttured by a dominant
environmental filter have pointed to a nestedness of filters (iRoff (1997)¢ environmental
conditions act as the firstlfer eliminating taxa based on their tolerances. If there was support
for the nested filter model, | would expect support for a model hypothesizing a direct influence
of both crosstaxon relationshig and hydroperiod on communities. | would also expect tha
relative influence of hydroperiod would be stronger than that of cA@s®n relationships. If
there was poor support for theested filter modell would expect the best model to hypothesize
either a: 1) direct influence of hydroperiod with no cresson interactions or 2) direct effect of

hydroperiod on one or two taxa, which in turn strongly structure the otheffie best fitting
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modelpositedthat there is a direct influence of hydropedan functional dispersion of all taxa

and that both birdand aquatianaaoinvertebrate functional dispersion is causally related to the
functional dispersion of plants. Because hydroperiod had as much as a 31% higher magnitude of
influence on both birds rad aquaticmaaoinvertebrates than the influence of plasmton their
functional dispersion, | conclude that environmental filtering may have had a stronger influence
on community structure in these PPR wetlands, which supports the nested filter model of

community assembly.

In Chapter3, | found that hydroperiodlone could not explain community abundances; and
support for the nested filter model in Chaptésuggests that biological interactions are of lesser
importance in shaping functional dispersion.elibve that these findings are not contradictory.
The firdings from ChapteBa dzZ33Sad GKI G O2YYdzyAUAS&a AyTFtdzSyoO
stronger degree than hydroperiod. For Chaptehowever, | can ascertain that hydroperiod also
influences communies by determining the proportion of taxa with a givamé€tional trait that
a wetland can accommodate. Thus, while hydroperiod is more important than biological
interactions in dictating the number and abundance of functional traits, it is less impartant

determining the abundances of species within eaclotemic group.

6.1.4. Are wetland biota sensitive to an irdgear change in wetland hydroperiod?

Based on my understanding that hydroperiod is important in shaping community struoture
Chapter 3 ad 4l sought to understand how sensitive wetland biota wouldtbean interyear
change in hydroperiod that was driven by a change in precipitation timing. Between 2014 and
2015, | observed) an increase in the number of wetlands that dried up before Octobsd,this

was despite precipitation totals being near ecalent in both yearand 2) a significant decline
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in wetland hydroperiods What differed between both years, however, was that summer
precipitation was delayed to July and August in 2015. To evaltidies oneyear change in
precipitation timing could inience community structure, | compared the mean change in
community composition across three NMDS axis (bicd$wydroperiod, Natural Region,
disturbance; aquatic macroinvertebrateshydroperiod, bethic habitat availability, pond area,;
plants¢ hydroperiad/Natural Region, disturbance, nutrient availability). | found that for birds and
aguatic macroinvertebrates, the magnitude of change in community composition across the
hydroperiod axis differed frm that along the other axes; this confirmed my hypothdsé there
would be a change in community composition because of shortened hydroperiod. Unsurprisingly,
| found that this change in community structure for birds and aquataxoinvertebrates
resuted in wetlands supporting taxa that were weakly assadatvith wetland permanence or
those being able to reproduce/survive these drier conditions. | positeddtatstained climatic
pattern that leads to a shortening of wetland hydroperiamuld lead tochanges in the
community structure of plants similato the changes we observed among birds and aquatic
macroinvertebrates after a single year of delayed precipitation. iBhimecauselants would
eventually exhaust their below ground resources and eeirpated from sites exhibiting
unfavorable conditionsThese findings led me to conclude that regardless of the mechanisms
driving a decline in hydroperiod, we are likely to see vast turnover in wetland biota if a shortening

in hydroperiod were sustaineir several years in response to changes in precipieatiiming.
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6.2.Research Implications
6.2.1. Terrain context is the missing element in PPR climate forecasts.

Terrain is an important driver of permanence class, and by extension hydroperiod, in PPR
wetlands. Wih the increasing availability of higlesolution LiDARlerived digital elevation
models, accurately mapping terrain features is feasible even in the relatively flat Grasslands
Natural Region. The Albertan PPR extends northward beyond the Grasslarfteiioreal and
Parkland Natural Regions, which possesgiaglly high topographic variation for a Prairie
Pothole landscape. Unsurprisingly, | found that wetland permanence class in these regions was
strongly associated with terrain metrics. Due to thevltopographic variation in the Grassland
Natural Regionl, might have assumed that terrain would be unimportant, but Grassland wetland
permanence class was also sensitive to terrain metrics. Thus, including terrain metrics in modes
for climate forecastingn flatter regions could help in improving the accuraéyMETLANDSCAP
or other PPR models across the PPR.

6.2.2. Predictions on the influence of climate change on permanence class may be error

prone in nature

The influence of climate change on wetlands withipermanence classategorycan differ
within and among Mtural Regions. Generally, wetlands with higher ppadnanencdi.e., seni
permanentand permanen) were situated lower in the landscape than those with lower pond
permanence(i.e., temporary and seasonal). While this finding would suggest that wetlands
within the samepermanenceclass will besimilarlyinfluenced by climate change, | postulate that
this may beunsupported First, wetlands with higher pondpermanencediffered in their

relationships with land cover/land usenongthe Natural RegionsConsguently, two wetlands,
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situated similarly in the landscape and experiencing the same climatic patteaid diverge on
their sensitivity to climatechange becaustheir land cover/lanl use contextSecondwithin a
permanenceclass there weredifferencesin landscape position. For examplgermanently
ponded wetland in the Boreal showed sensitivity to land cover/land use. Howether model

did not predict the terrain context for with we are most likely to observe permanently
ponded suggesting thathtey occurred under a wide range of terrain positioAs. such, while
these permanentiyponded wetlands may generally be situated lower in the landscape, the
exceptions to this trend mans that we may not be able to confidently predict how their water
budges may change with a warmer climate.

6.2.3. Wetland restoration shouldse theterrain contextto set thepermanence class

target

As | mentioned above, wetlands with higher permanence were genesisligted lower in
the landscapeBecause wetlands with highgrermanence have been the target of wetland
restoration in the southern Albertan PPR, it would be beneficial to consideretingin context
of the restorationsite before committingto the identity of the permanence class. For example,
if a manager plansot restore a wetland, but the restoration site is positioned higher in the
landscape, it may be beneficial to aim for a temgogr or seasonal permanence class. If the
restoration site is position lower in the landscape, the manager could aim for ap¥manent
or permanent permanence clasbhis practice could increase the likelihood that managers are

replicating the natural psition of these wetlands, based on the regidgeologicahistory.
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6.2.4. Changes in hydroperiod can have large impacts on PPR waténd b

Regardless of the driver, any change in wetland hydroperiod can influence the abundance
and structure of biota occupygn PPR wetlands. The abundances (ChaBleand functional
dispersion (Chapterd) of birds and aquaticmaaoinvertebrates are most ensitive to
hydroperiod, and these taxa are likely to see the largest magnitude of change in their diversity
and community coposition with climate change (Chapter 4). Because general water deficits are
forecasted, declining across decad®¢gerneret al. 2013; Fayet al. 2016) | would expect that
plants will eventually evidence similar changes intloeimmunity structure. We could expect
that as wetland hydroperiods reduce, PPR wetlands will support a larger proportion of upland
(i.e. nonwetland dependent) birds and plantgbause these species are better adapted to drier
conditions (Chapter 4). Iretms of aquatianaaoinvertebrates, we should expect that species
with desiccatiortolerant life history strategies, like mosquitoes and fairy shrimps, will become
more dominantm PPR wetlands (Chapter 4).

6.2.5. Changes in hydroperiod may not impact the strengftbiological interactions of

wetland biota.

While it is clear that birds, aquatic macroinvertebrates and plants are sensitive to wetland
hydroperiod (Chapted), biological in¢ractions are consistent across the hydroperiod gradients
(Chapter3). As suls, while we expect that community structure will change with the shortening
of hydroperiod forecast for the region, these communities may not change in how strongly they

influenceSF OK 20 KSNXQ& FodzyRI yOSao
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6.3.Future Work
6.3.1. Would terrain be more important withfener-scale DEM?

In this work, | used a 2fn DEM to measure terrain metrics, and my results do suggest that
terrain is important in dictating wetland permanence class. Partitularthe Grassland, where
this 25m DEM was not sufficient to capture the aro-topographies needed to delineate
watersheds, a fineresolution DEM in my models may have shown terrain to be more important
than | observed. Thus, | believe that future waettould use finesscaled DEMs to determine if
terrain may be more important #n my models suggest.

6.3.2. Are longethydroperiod wetlands spatially aggregated because of climate or
topography?
In the Grassland Natural Region, a larger proportion of the lehgéroperiod wetlands
are in closer proximity to the Parkland Natural Regmuggesting spatiahutocorrelationin my

data (Figure 6.1)
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Figure6.1. Patial crosscorrelograns, measuring spatial autocotetion in each Natural Regic
flused thecorrelogfunction in thespatial covariance function(®cf) packagé€Bjornstad and C
2020) for this measure; autocorrelation was significant in each Natural Repigale <0.001
Autocorrelation values closer to one suggest perfect clustering, wivetkands belonging to th
same permanence class are aggregated. Autocorrelation values closérsieggest perfe
dispersion, where we are more likely to observe a wetland belong to different permanenc
near to a wetland of interest. As shown dmetxaxis, as we get further away from a wetlz
(above 1.5 km), we are more likely to observe a wetland belonging to a different perme

class.

One explanation for this trend could be that conditions are cooler in Parkland, and this results in

lower evapotranspiration in the more northern wetlands; hence, higlgemd permeance
Conwersely, regional topographical variation also increases actiss latitudinal gradient

(Alberta Tourism Parks and Recieat2015) and this could mean that the higher frequency

distribution of longethydroperiod wetlands in the more northern Grassland Region is explain by

larger regionaldepressions (i.e., larger volume of water flowing to basins with higher
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permanence). Bcause climate is confounded with topography, future work comparing the
characteristics of wetlands across longitudinal gradients could isolate the impacts of climate and
terrain. If wetlands belonging to the same permanence class are associated witmteeaanges

of a terrain metric at the same latitude, we could conclude that terrain largely explains this
northern bias for longehydroperiod wetlands. If climate exptes this trend, then we would
expect that longehydroperiod wetlands would not be assated with any specific ranges of
terrain metrics. Instead, we would see increases in wetland permanence as we go northward,
regardless of topographic variation.

6.3.3. Wouldsoil mapping and geographical history improve predictions of permanence
class in thd®PR?

My extreme gradient boosting models had moderatkigh error rates, and this may be
because my model failed to capture other factors that are critical in delinggigrmanence
classWolfe et al. 019) inmodelling PPR wetlands, found that soil and geological history were
important in delineating wetlands, and these were drivers | excluded in my models. Perhaps, by
includng these variables in models predicting permanence class, one could see a massive
reduction error rates in future models. Hence, we could better predict the range of conditions
under which each permanence class is likely to occur, if future models inshildend geological
history.

6.3.4. Is consolidation drainage the true driver of highernp@mence wetlands being

positioned lower in the landscape?

Prior work in the USPPR suggests that consolidation drainage, which involves draining

wetlands positioned highein the landscape and redirecting the water to wetland lower in the
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landscape, can imease pond permanenc@cCauleyet al. 2015; Antealet al. 2016) As such,

we may observe wetlais with higher pond permanence situated lower in the landscape because
water within that basin has been rdirected to these wetlands. An alternative explanation could
be that these higher, pongermanence wetlands are situated lower in the landscape bseau
they have a larger quantity of water inputs. Because | did not partition wetlandsdonthe
percentage of surrounding cropland cover, | am unable to ascertain whether this trend is due to
consolidation drainage or PPR geological history. To ansugeretbearch question, future work
shouldcompare the topographic positio(at the loca and regional leveldpf wetlands that are
surrounded bylargelynatural cover(<25 %) This work should determine if wetlands positioned

lower in the landscape are, iadt, typically classified as sepgrmanent/permanent.

6.3.5. How different would plant comuomity structure be with a change in seedbank?

Competition may be stronger driver of vegetation composition than | anticipated. Plants
showed the weakest relationship with hydroperiod in my congruence analyses (Chapter 2) and
in my structural equation moddChapter 3). Because my focal wetlands waoeninated by
perennial plants, they may exhibit priorigffects These perennial plantsan use rhizomes to
subsidize young shoots and supptireir persistenceeven in growing seasons with unsuitable
climates. Thus, if we were to eradicate these perairplants and their rhizomes, we may
observe changes in the identity of plants, assuming all species had equal dispersal abilities. The
assembly of this new vegetation community may be dependent on how conmygesipecies are
across the water depth gradieand not whether they can establish under some water levels. To
test this hypothesis, future work could compare growth rates of wetland plants in monocultures

vs growth rates of species planted in polycultutes., Keddy and Ellis 1985; Wetzel and Van
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Der Valk 1998; Fraser and Miletti 2008p test whether species differ in their contp@eness
across this water depth gradientnd not necessarily that they are not able to establish under
some conditions, this mesocosm (monoculture vs polyculture) should be paired across several
water depths. This experiment would help us in understagdhe relative importance of species
tolerances (i.e., species would not grow at all water depths in a monoculture) and competition
(i.e., different species dominate at various water depths) in wetland plant assembly. The benefit
of this work is that wecould better predict how wetland plants in pree potholes will respond

to a change in hydroperiod due to climate change, depending on which assortment of plants have

established.

6.3.6. What is the tipping point for plant communities when hydroperiods havandde
Regardless of the relative influence obmpetition versus species tolerances on plant
community composition, there is a point at which species that have established will no longer

persist when inundation cycles change. Itis unclear as to howragttkis change in hydroperiod
must be to shiftommunity structure. A short term study reported, interestingly, that there were
changes in wetland plant composition after a eygar manipulation of water level$larris and
Marshall 1963) Thus, a similar manipulative experiment, whegrended water amounts are
shortened at variousntervals and durations, could help in highlighting the stress points of
wetland plants. With an understanding of what these stress points are, we could better predict
how prairie pothole wetland plants wouldespond to changes hydroperiod resulting from

climate change.
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6.3.7. What is the relative influence of permanence versus hydroperiod on birds and

plants?

Becausehe plantsin these wetlands arperennial, the hydroperiod regime during the survey
period (20142015) could bancongruentwith regime that ledthe current community. In other
words, the plants thagerminatedfrom the seedbank and competed for resources when the
wetland wascolonizedmay not reflect what the hydroperiod regime isany giveryea. Thus,
there is a legacy effect in these wetlands plant communities, where in the absence of a
perturbation (e.g., fire, full draw down}he plant community composition may be resilietat
interannualvariationin weatherbecause they have already establked Thuspermanenceclass
will be more stragly related to plant community composition than yearyear hydroperiod
Because birds areuedby vegetation in selectingthere they selecto forage and nes{Davis
2005; Madde et al. 2009; Howerteret al. 2014) the influence opermanenceclass may differ
from that of hydroperiodon this taxon Though my SEM in Chapter 4 modeled hydroperiod, it
did not incorporate permanenceclass, which can ffiér in its influence on birsl and plants.
Besides improving model fit, Believe that including permanenceclass couldimprove our
understanding of how these communities assemble. Thus, future work could build on this SEM,
but include pathways that explaithe influence ofpermanencevs hydroperiodon birds and

plants.

6.3.8. Is there a difference in the productivity of birds across the hydroperiod gradient?

Though it is cleathat wetlands with longer hydroperiods support more diverse bird
communities(e.g.,Kantrud and Stewart 1984; Dangtlal. 2019) it is unclear whether birds in

these wetlands are also more productive. For birds, we often describe productivity in terms of
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nesting success and clutch sjzehere birdsthat areable to produce more fledglirsgare more
productive(e.g.,BernathPlaisted and Koper 2016; Yoo aftober 2017; Daniel and Koper 2019
Often, environments with highebird abundances may not always produce productive bird
communities because birds are unable to utilize libwalhabitat for nestingHorne 1983; Estades
2001). Because wetlands with higher pordlS NJY | vy S y €hifporti more 2liverse plant
communities (e.g., Chapter 4)we can presume that there is a higher abundance of
microhabitats. These microhabitats may provide betten@galment for nestge.g., Marzluff
1988; Davis 2005)educing the chance th#iedglingsare predated; the leading cause ofeging
failure (e.g.,Hobson and Bayne 2000; Drever 2006; Kugl. 2009) Thus, future work could
compare nesting success and clutch sizes in wetlands that vary immpence classhough
havng similar surrounding land cover/land use. This work could help us in understanding
whether these longehydroperiod wetlands are truly more productive habitat for bird

communities

6.4.Conclusion

Wetland permanence class is critigaimportant in determining structie and functionof
biota. My work shows that wetland biota from multiple taxonomic groups are sensitive to
wetland hydroperiod and that wetland hydroperiod is sensitive to climate. Even a simple shift in
the timing of pecipitation delivery from spring tsummer can have a substantial impact on
wetland hydroperiod and elicit a rapid response in wetland birds and aquatic
macroinvertebrates. But climate does not shape wetland hydroperiod alone. My work also
revealed the mportance of land use/land cover drterrain in determining hydroperiod. My

results will contribute to improved hydroperiod forecasting and raise important questions about
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the relative importance of interspecific interactions and environmental filtedeitermining the

assembly of wetlandommunities
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APPENDICES

Appendix 1. Waterfall plots showingredicted probabilities derived from extreme gradient
boosting models for wetlands delintsd in the 1) Boreal (totaling 12,000 wetlands), 2) Parkland
(totaling 12,000 wetlands) and 3) Grassland (totaling 16,000 wetlands) Natural Regions.
Probabilities bedw 0.5 suggest that at this measured value of the metric, observing that
permeance classiunlikely. | show 95 % confidence intervals and used a generalized additive
modetbased trend line.

Appendix 1A. Contribution to predicted probability of wetlands classified &snporary,
seasonal, sepermanent and permanent based on precipitation metrics.
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Appendix 1B. Cortribution to predicted probability of wetlands classified as

seasonal, serpermanent and permanent based on temperature metrics.
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Appendix 1C. Contribution to

seasonal, serpermanent and
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Appendix 1D. Contribution to predicted probability of wetlands classified as temporary,
seasonal, serpermanent and permanent based on four of eight terrain metrics.

Boreal Parkland Grassland
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Appendix 1E. Contribution to predicted probability of wethds classified as temporary,
seasonal, serpermanent and permanent based on four of eight terrain metrics.
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