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Abstract ¢
This hydroecological study examined how temporal changes in High Arctic pond
hydrologic regimes (stable, fluctuating and ephe;neral) impact the diversity of benthic
macroinvertebrate (BMI) communities. The study took place in a wetland complex at
Polar Bear Pass (PBP), Bathurst Island (75° 44’ 53°° N, 98° 29’ 12’ W) and in a polar
desert environment at Cape Bounty (CB), Melville Island (74° 52° 0°° N, 109° 31’ 59’
W), Nunavut. During the post-snowmelt period from June to September 2009, frost table,
water table, and physico-chemical measurements and BMI were collected. The ponds did
not exhibit the typical hydrological regimes as observed in previous years because of the
unusually wet season (96 mm of rainfall). This resulted in a minimal distinction between
the predetermined regime categories (stable, fluctuating and ephemeral). The isolated
“ephemeral” pond did not dry out; instead the water table of this pond fluctuated in
response to seasonal drying and wetting episodes. Water tables in both the “fluctuating”
pond and the “stable” pond remained relatively steady throughout the season due to
frequent inputs of rain and runoff from multiple sources of water. Despite the wet season,
results suggest a weak link between the diversity of benthic macroinvertebrates and the

hydrological regime of High Arctic ponds.

v



Acknowledgements

First and foremost, I want to thank Prof. Kathy Young for giving me the opportunity to
learn, grow and achieve great things. I thank her for trusting me to do a good job and all
of her support. Of all the things I learnt from Kathy, nothing was more important than the
life lessons. In many ways I am humbled by the dedication and fortitude she has to take
on the High Arctic and all the inherent challenges it poses. Kathy, I admire your strength
and the research you do. | appreciate Kathy’s advice concerning the data analysis and
write-up the thesis, and in particular I would like to thank her for the many edits she has
made on the drafts of this thesis, particularly the hydrology section. I am grateful to Prof.
Lewis Molot for being a committee member and advising me on the experimental design.
Yvonne Yim provided much guidance with graduate school paperwork, schedules and

timelines.

I was fortunate to receive an Ontario Graduate Scholarship for Science and
Technology and I am grateful for a two-year TAship and Entrance Scholarship from
York University. I would like to acknowledge the logistical support from the Polar
Continental Shelf Program (PCSP) and Northern Student Training Program (NSTP). This
project was also supported by the Network Centre of Excellence, ArcticNet and an
NSERC Discovery Grant to K. L. Young. Fieldwork at Polar Bear Pass and Cape Bounty
benefited from funds provided by the Federal Government of Canada-International Polar

Year.



The collection of data for this project required the help of many people. The

ladies at Polar Bear Pass (Anna, Jane, Liz) were so giving of their time and effort to help

me in any way they could. It was amazing having three good friends and I am glad we all

took good care of each other. My field assistant and Arctic paparazzi, Heather made me

laugh and cry, and took so many great pictures that this thesis could have been published

as a photo journal. The people at Cape Bounty were wonderful, inviting me into their
lives and helping me in so many ways. A special thanks goes out to Scott, Ted, Hilary

and Anthony.

I want to thank Anna, Jane and Liz for all their support back at York U. Thank
you Jane for sharing your ideas, time and field data and letting me lean on you - you
made my life so much better. Thank you Liz for being my comedic relief in the field.
Your enthusiasm for my project helped carry me through. Thank you Anna for helping

me with my initial application; without your support I would not be writing this thesis.

I want to thank my Dad, Mom and Bob for being supportive in so many ways.

When I needed anything you were always the first ones I turned to.

I need to thank my copy editor Karin Lintner...your attention to detail is

remarkable. Thank you for your help and patience.

I have been told that I can do anything. Stephen with your support I can do everything.

vi



2.1

2.2

2.3
24

3.1

32

4.1

4.2
4.3
44

TABLE OF CONTENTS

INTRODUCTION

LITERATURE REVIEW 4
Water Balance in the High Arctic......cccoceerienenninencninrecencrerrenere e esescsaeseseenes 4
2.1.1  Water Sources for wetlands ..........ccccocveveemmcennrnenncintsninneecninsereeunes 13
2.1.2  Sources Of QULPUL.....c.eveerveerererrreetieeseecneeereeneseesee e s se st s e saeassneseneseens 21
2.1.3  Wetland StOrage.......occceeeeeeemnerinrieeenncresenesseseeseee st seetssesnenesnensonsneseanens 23
Linking Hydrology to Ecology in the ATCHC .....cccvevervverrecvencrrnresecreeseneeertecesennes 24
2.2.1 Benthic Macroinvertebrates as Ecological Indicators.......c..cccevverevurenreenns 24
2.2.2  Biological INAICES .......ccrecererecerrerrennrerirecsroreecerensssssmessssessssioseosssneonsonssesssoses 25
2.2.3  Aquatic Community Composition versus Hydroperiod............cccoerrvnennne. 26
Food Sources for Migratory birds .........ccccerveevimrerersverssarsercesseresesnssssssescssesesnens 28
SHUAY OBJECHVES ....ecirveerierecrireieiereniesierisssnssieeessesse st esteseesessensessasssssessensassasesssns 30
STUDY SITES 31
Polar Bear Pass, Bathurst IS1and ..........coovvvveerienienirecrrrecnereseriseereccnresssesssneesens 31
3,11 General CHMALE .....ovcvvvvevermrerecremreensiietsecnsnesnsessmssnsessesesessensesssesssessssonse 34
3.1.2  PhySiography......cccoiireercnrcecrcceinreses e rceeeseene st s seeenee e e sesesecses 34
313 GEOIOEY ccueeerrrecenerenrnreenmreeserercsssesssertsesssessasessesssesesssessssissvsssssssssssrassessrense 36
3.1.4  Soils and VEgetation ...........cecveereimrueninenerinveresieressesesessesessesessssessossssenasases 37
Cape Bounty, Melville ISIand ..........cccocverreerincninneccnoninneneoisssessnsonsssssssessosene 38
32,1 General CHMALE .......ccoecevmecerentrreesnitererissesssnnseesrsessesssesssssrnssrensssssenssrases 39
322 GEOLOZY cuerrertireereirenrenrierscntessessesteressessessenereasensesassesnsssessssseresserenssessantones 39
3.2.3  SO0ISicuiiiiriiiinn sttt st st ss i e anan 40
3,24 VeEZELAtiON.....coceeceirernerrirseriirreceseserssssaessessasssessssnsssnassessessassesasssnsssssnssnsen 40
METHODS 41
Hydrological FIamework ..........ccoceriienrereirmsessnreenmesessssnssssessesiossssersssnsssassesssenns 41
4.1.1 Catchment Topography and Bathymetry of the Study Ponds.................... 43
4.1.2 Hydrological REGIMES............ccoorurrrnimurirencnininicesseneiseessesensesssnseressssnesnes 49
CHINALE ....covrviriinsiinsisieiiee s iosisitessseseesee st sescarasotssnasassascesessasasosstesansosssasasesessnsraes 53
End Of WINtET SIIOW COVET .....c.cvrrmmririnrercinenrenninsensasisiesseesssesensestsrssssesessscsssesssensas 55
Hydrological Conditions.........coeerrereverrransrennninresssressenssssseseeressssasarassassesssssssssersnsss 58
441 Water table ......cccoviiericirrercrrent it ssssenssssesssnessssssssnessssrasenesssestsnssens 58
442 Frosttable......cooeoirireeeieiernsctseeeesctsertsres et st seasaeseens 59
4.4.3  SEAUMENL .....cororemireeeieeeereeetete s nriacsasresersssecassesnssnesssessessssesessaseassessens 60
444 WaLer SEOTAZE. ....cccoerereecerrieerreesenieseesnasrsneressssessasessoressssssassenssressensessas 60
4.4.5  EVAPOTAtION....ciererioerurerirsssiresessesssnreeresensesesssssssessssessesssnssssesssessssssssensone 61
4.4.6  SUITACE ATCa.....cvruirerrirerreresnerennireniitssiiesissssessrssrssessessssesersssesesssessorsasosenne 62
447 Pond Physico-Chemical Measurements.........cceoveveereriererieneresisnensessesnenns 62

vit



4.5

5.1
5.2

53
54
5.5
5.6
5.7

5.8
5.9

6.1
6.2
6.3
6.4
6.5
6.6
6.7

448 Ecological FramewWorK .......ccovvecrtrrectenmnerenrnnenennessmnsissninsesssssessssssisoses 63

449 Field Measurements..........ccuereeerrmeersraeereneereserisesseeracsmenestrusnsisenssncsssessassonss 63
4.4.10 Lab MEaSUTCIENLS .....ccrueerrmermrvnicsirimsosesninintirississsissisesssssssnessssiossesesss 64
Data ANALYSIS ..c.voeerrerrreerreierriesisesseseetsses e et sssersssesaensessuronssisteimissaesbesesaessssesorse 66
RESULTS 68
CHMAtE CONAILIONS ....ouvvererrrencrirereereerteieeeseresesereseenressesesesiess st sessesesessssssssassasenes 68
SNOW CONAIIONS ...cvruerreercricrenenririereensierensnssesiestssessmonsssessssrsrmssessesssssssasssssssersssassess 73
5.2.1  Pond Water SIOTAZE.....c.cevirvererriirieinriasectesrsseseiisscstesssssisissssssssonsosssssossnsens 76
5.2.2 Hydrologic REGIME .......ccomireeciiiiireninnctscsicesee st esssssssssesssesnes 78
5.2.3 Pond water table COMPAriSONS.........ccereererrererriresssrersensoreosensarssessessessesassens 81
524 SUIMACE ATCA.....ccuivvireeriiereereereesnirerarseetssesessesesesassenssrsassssasessessessasaenen 84
EVAPOTAION ...ttt sttt ss csns s e s e e besb b s s sbsebsnnsbnvees 90
Physico-chemical Measurements............cccovriverniiinnmnsiienissmeesies 91
SEAIMIENL. .......oviiereirirreiernererneresisesestsrerresessssessesesessisnsacaresesasssnsesessentesssssenesacneserees 96
Hydrological SUMMATY ........cccverinierinesiencseesasesesiaessesessesessesessessanensssessssessssesesseses 99
PBP Macroinvertebrate DIVETSILY .......cceveereieririeienrireninesesnssesssssssessssssesernssssnssrsses 100
5.7.1 Differences in Benthic Community Abundance and Species Composition
................................................................................................................. 100
5.7.2 Differences in Benthic Community Diversity...........coviiccrmnircnnicncnne 102
5.7.3 Hydrologic Regime Variation...........cccovvieresinmecrncetrsinimseonsiosesssresssnns 105
PBP Benthic Macroinvertebrate SUmMmAry ...........covvenicnnensiicsioniseneeresisnsesnoesenns 107
Spatial Pattern-Polar Bear Pass, Bathurst Island vs. Cape Bounty, Melville Island
.............................................................................................................................. 107
DISCUSSION 110
Climate Conditions that Impact Pond Hydrology .........ccccecsuerentrerrernsrnensinsessnees 110
Pond Sustainability and Hydrologic Regime........c.c.ecoveeveireecerrcrncrenicreerereesconencs 112
Disturbance as a Mediating Factor on Benthic Community Diversity ................. 112
Impact of Physico-chemical Parameters on the Benthic Community................... 115
Physical conditions that impact pond water Storage ........cccoreceeereecernicreereseersenes 118
Polar Bear Pass versus Cape Bounty .........ccccoveeiinnceccnninininnnenncciencees 119
SUMIMATY ...ttt et e e st sae e s esae s s e aes e s et asasesessssessensessasssssssaseansants 120
CONCLUSIONS 122
REFERENCES 125

viii



LIST OF TABLES

Table 2.1:

Table 2.1;

Table 2.1:

Table 2.1:

Table 2.1:

Table 2.2:

Table 2.3:

Table 4.1:

Table 4.2:

Table 4.3;
Table 4.4:

Table 4.5:
Table 5.1:

Table 5.2:
Table 5.3:

Table 5.4:

Table S.5:
Table 5.6:
Table 5.7:
Table 5.8:

Table 5.9:

Water balance of selected wetlands across the Arctic (after Woo and

YOUNG, i PIESS) ..vevreerrereerireerrrriererreetesensesseonssnuensssssnssessaseesessesssessessensones 6

Water balance of selected wetlands across the Arctic (after Woo and

Young, in press) (CONtNUEd)........cooevreververirrenirieneeenrnrerereeeeseeeeseessesennes 7

Water balance of selected wetlands across the Arctic (after Woo and

Young, in press) (CONNUEd)........ccvveveevirenreermnieirienienereenestesreseseeersees 8

Water balance of selected wetlands across the Arctic (after Woo and

Young, in press) (COntNUEd)..........cceevermeniercnierereerenieereereserreseseesae e 9

Water balance of selected wetlands across the Arctic (after Woo and

Young, in press) (CONNUE)........cccoverererererieneeiieieeensresee e eneeseeeseeeenes 10

Rate of evaporation from various Arctic wetlands (after Woo and

YOUNE, IN PIESS) .cuveeuiiruerirreecasuirieeresinstessessuessesaseossesnsissosnesscsssassossnesnsens 11
Application of Shannon Diversity Index for benthic macroinvertebrates

in a range of northern €coSYStEMS.......c.coevcvuerrerrererenerieereeisese e 26
A summary of hydrological characteristics of study ponds during ice free

$€ason from 2009 ........coccevirirereniinenirene ettt resesnens 51
A summary of the instrumentation and its accuracy of the centrally-

located wetland AWS (modified from Young and Labine, 2010)............. 54
Instrumentation for Cape Bounty AWS, June-July, 2009.........c.cccoveevenirennens 55
Physical and chemical variables measured at each pond, Polar Bear Pass

and Cape BOUNLY. .......cccerrieiieececceeeeree et et e s e eeanes 63
The number of samples counted at Polar Bear Pass and Cape Bounty. ........... 65
Air temperatures and precipitation measurements from field weather

Stations (PBP, CB). .....coccoiviriiririniciecececcrenenesescee st sts s sna e ssesseene 70
Pond pair-wise comparison for water table using a Mann-Whitney test.......... 82
Seasonal measured pond water levels and ranges calculated from June 12

t0 AUGUSE 31, 2009 ....uiiieieirenreerese et n e s b 83
Aerially weighted evaporation. The evaporation measurements started on

June 19 which corresponds with the start of the ice-free season and

ended on AUGUSE 12, ...t 90
One way ANOVA results based on analysis of physico-chemical

measurement data between each hydrologic regime. ...........c.cceverreenennene. 93
A pairwise comparison of pond specific conductivity. ..........ccoceevevverervreerennens 95
Pairwise comparison of temMperature. ............cccoceverrevicrnrerinieiinrnseenssesnessens 95
Average percent chironomids from PBP for each month and hydrologic

TEZIITIE. ..oeeeeteuireeeerenteeeaeeseae e eaesse e seen e seatesenaentese st et saesse et ancssansassanenteseons 102
One way ANOVA examining pooled hydrologic regimes............c.ccevuennee.. 104

Table 5.10: One way ANOVA examining diversity compared amongst hydrologic

TEEIINIES. ....ovvierecveresereeeseuesesteeesseesesesessseesasansesensesasasessasasensnsasansesessesesenes 105

Table 5.11 One way ANOVA examining diversity in July compared amongst

hydrologic TEBIMES.......ccccevurieciieiiieerete ettt s e 106



LIST OF FIGURES

Figure 3.1: Location map of Polar Bear Pass, Bathurst Island (75° 44’ 53°° N, 98°
29’ 12’ W) and Cape Bounty, Melville Island (74° 52’ 0°’ N, 109°

317 5977 W)t ettt 32
Figure 3.2: Study maps of Polar Bear Pass (a) and Cape Bounty (b). ..........cccoereinnnnn. 33
Figure 3.3: Photograph showing the wet meadow zone with sedge-moss plant at the

base of a late-lying snowbed. Photo taken June 24, 2009. ........................ 36
Figure 4.1: Conceptual diagram of the pond water balance framework employed in

ThiS STUAY. «oveveerreerieeriet ettt s et s 42
Figure 4.2: Topographic and bathymetry maps of ponds at Polar Bear Pass. ................... 44
Figure 4.3: Relative elevation of PBP Pond CR1 and Pond CR2 demonstrating

landscape position and bathymetry. ...........ocececeeviriniiiiniinniniicnins 44
Figure 4.4: Relative elevation of PBP Ponds 12 and 13 demonstrating landscape

position and bathymetry..........ccovrerveinreniincivinecnceecr e 45
Figure 4.5: Relative elevation of PBP Pond 10 demonstrating catchment elevation

and BathYMETY.....ccveeirrrrerrrecereeceene ettt sesssneas 46
Figure 4.6: Relative elevation of PBP Pond 11 demonstrating catchment elevation

and bathymMetry......c.cccoeeeineirerceiic e s 47
Figure 4.7: Topography and bathymetry maps of Cape Bounty ponds: Stable pond

(a), Fluctuating pond (b), and Ephemeral pond (€)......c.eoccevveecininnnnnnne 48
Figure 4.8: Conceptual diagrams of a stable, fluctuating and ephemeral hydrologic

04111 L OO 52
Figure 4.9: Schematic diagram of pond snow survey techniques.............cocccevvvicnricnnnnnn 56
Figure 4.10: Marchant box that contains 100 cells used for sub-sampling. ...................... 65
Figure 5.1: Seasonal Climate Conditions at PBP (left) and CB (right), 2009. .................. 71
Figure 5.2: Cumulative precipitation at the study Sites...........covevivnvinnniinniiviveennninnnnenn, 73
Figure 5.3: Box plots showing the properties of end of winter snow cover (Depth,

Density, and Snow water equivalent) at PBP in 2009. ............cccccceceunee 75
Figure 5.4: Average end-of winter snow conditions for two ponds (Stable,

Fluctuating) at CB in 2009.........ccocveririrncinerrrcrenere e 76
Figure 5.5: Pond water storage (includes pond water table and water held in the

active layer) over the entire SEasom. ..........ccecuvierienrventnrieninesecreessneennonnees 77

Figure 5.6: Water and frost table depth for each study pond grouped according to
hydrologic regime. The water levels were tracked using manual well
TNEASUTEINIETIES. ... .eeuereneereeiiienarrineseetenesaternsessae e seeareeenntestsssenessaesensssnnees 79

Figure 5.7: Surface area of selected study ponds at PBP...........ccccoevvvinnnncninnininnnncne. 85

Figure 5.8: Fluctuating pond at CB. Note the silty-clay inflow moving into the pond
which seeped from a nearby hillslope. Photo was taken July 20,



Figure 5.9: Surface area of ponds and precipitation (bottom diagram) for selected

Figure 5.10:
Figure 5.11:

Figure 5.12:
Figure 5.13:

Figure 5.14:
Figure 5.15:
Figure 5.16:
Figure 5.17:

Figure 5.18:
Figure 5.19:

dAtes At CB. .....ocovueeereeiecceeeeet ettt ae b 88
Frequency analysis of water tables for stable, fluctuating, and

ephemeral Ponds. ..........cccoeccniimiinnnicnnice 89
Physico-chemical measurement data and general trend lines for all

STUAY POINLS. ..cveeverrieieririirierterenretesreessrsneseseeeesaesesresreesesserassnnsasesessnenes 94
Sediment particle size for each pond............cccoecvvecinnccinninniiciin, 97
Porosity estimates for the pond hydrologic regimes at PBP, 2009. This

estimate is based on two substrate samples per pond. .......cc.coivviiiiinninnns 98
Monthly and hydrologic regime abundance (m2) of benthic

INVETTEDTALES .....ocveviieieeiiieictetee ettt ettt et e nsonas 101
Mean Shannon Diversity from hydrologic regimes (SE as error bars). ......103
Temporal and spatial patterns of diversity in ponds.........c.ccocnivinnirinianeas 104
Box plots using the Shannon diversity index indicate benthic

macroinvertebrate diversity across all pond hydrologic categories. ........ 106
Daily average water depth measurements from Cape Bounty. ................... 108
Benthic macroinvertebrate diversity at Polar Bear Pass (PBP), Bathurst

Island and Cape Bounty (CB), Melville Island, July 2009....................... 109

Xi



List of Abbreviations

AW S e e e s ae s e e beans automatic weather station
BMI e s s benthic macroinvertebrates
CAVM e Circumpolar Arctic Vegetation Mapping Project
B ettt b st ss e r e st r et anan Cape Bounty
CSSC e Canadian System of Soils Classification
INAC e st ere Indian and Northern Affairs Canada
KW ettt st st ane e nnr e s e s Kruskall Wallis
NRC ettt esrae e r e st e e anesne s Natural Resources Canada
N T e err e e s e s bt e ase s bs s nasee b e s ennnes Northwest Territories
NRLITE e reerte e eetes st e b e sesresennessesnvesersaen NRLITE net radiometer
N et st sar e s s b e ee st e e st e e breseraeeareasens Nunavut
OBBN et Ontario Benthos Biomonitoring Network
P I e e et e rb s bR e e e s e b e e eabe s nbeennes Pond 11
P ORI e e te st eb b sttt e b e sbs et s sb e bs et enbssanesneen Pond CR1
PP et b s s e sh bt resare s Polar Bear Pass
S et e e e e e bba e e aat s e e s nsbasesranar s sennnnns standard deviation
SWE e et be b b e snow water equivalent

Xit



List of Symbols

Ay e bbb s e pond area
C e volume heat capacity of water (4.202 MJ/m3 @ 5°C)
D s Shannon Diversity Index
do volume of the core (m3) (depth times the cross sectional area; nr2)
A e e sttt ea s s beees e seaeann e bt e srnesenes snow depth (mm)
E et e e s e evaporation
B e et pond evaporation (mm)
I e an index number for each species present in a sample
OO OURTO latent heat of fusion (KJ/kg)
I e e ettt e e s r et anerae et e aae b nsapesbeeane mass of the core (kg)
Y OO daily melt (mm)
T ereerrereeeneeereeeeetenneesaeseee s number of individuals within a species (ni)
............................... total number of individuals present in the entire sample
0 e et sb s s porosity
P e st et see s precipitation
Pi e eeeenressre e e e ne s proportion of the species in the sample
Ps  eererrereseseseee e et ettt et a et et sa e et s en s st snese e snow density (kg/m3 )
PW  eerrrerrreeeesee et et see s e ae et se s st saesae st aene density of water (1000 kg/m>)
Qin e lateral inputs (surface+subsurface)
Qout ettt s be s lateral outputs (surface+subsurface)
Qi e energy available for melt (MJ/m® per day)
QF e net radiation flux (MJ/m? per day)
Qb e ste e nes sensible heat flux (MJ/m? per day)
Qe e et e e e neas latent heat flux (MJ/m2 per day)
Qe ground heat flux (MJ /m® per day)
Qo - heat flux due to rainfall (MJ/m’ per day)
Qu e daily average water heat flux (MJ/m®)
PW  eeereeeeerreseeneseseeres et st e ae e sesrae st esae e e e nesbtenes density of water(kg/m’)
Pb e s e see e bulk density of the soils (g/cm®)
PAd e s a s s particle density (g/cm’)
] slope of the saturated vapour pressure versus air temperature curve (kPa/°C)
AS et sttt e st e change in storage
AT/IAL e average daily change in water temperature (°C)
Y terrerecreerenessrnesete st eerressnae st aesnassanearaanns psychrometric constant (0.66 kPa)
Zi eeeveeereesessesreesiesieesteseersesaaa et e ae st et sea et e et eaeaseateereeeseeanen depth of water (m)

Xiii



1 Introduction

Shifts in aquatic community structure in Arctic regions have been linked to climate
warming (Smol et al., 2005). Rising temperatures in the Arctic have been attributed to
shrinking lakes (Smith et al., 2005) and ponds (Riordan et al., 2006) impacting viable
aquatic habitat. Hannah et al. (2007) indicates that research focusing on ecosystem
sensitivity to hydrological changes has increased, however limited knowledge exists

surrounding ecologically sensitive periods such as low flow, droughts, and floods.

Benthic invertebrate studies have been a prominent part of freshwater ecology in
temperate regions but remain scarce in the Arctic region. Most benthic invertebrate
studies in the Arctic have been conducted in streams and lakes but not ponds. This project
examines the connections between hydrology and benthic diversity in ponds within an
extensive low-gradient wetland complex at Polar Bear Pass, Bathurst Island, Nunavut,

and a polar desert watershed near Cape Bounty, Melville Island, Nunavut (Figure 3.1).

Polar Bear Pass is an important wetland in the High Arctic because of its large
size and distinction as being protected under the Ramsar Convention (Ramsar, 1999).
Presently, about 50% of the global wetland area has been lost with much of this loss
occurring in northern countries (Moser et al., 1996). Wetlands form 14% of the Canadian
landscape of which 1% occurs in the Polar regions (Price et al., 2005). Anticipated

changes in the global climate (temperature, precipitation) are expected to increase the



soil-water deficit in North America, which will alter wetland water budgets, including

arctic wetlands (Price et al., 2005).

Disturbance may be of particular concern in the Polar regions because High
Arctic wetlands are highly dependent on a positive water budget, most of which comes in
the form of precipitation, both snow and summer rains (Rovansek et al., 1996; Abnizova
and Young, 2010). The water balance of wetlands may be affected in different ways
depending on the changes occurring in precipitation (snow and rain), evaporation and

lateral inflow and outflows.

Arctic wetlands are sensitive to temperature regimes, since it drives many
hydrological and ecological processes (Rouse, 2000). Temperature can modify the timing
of snowmelt, melting of pond ice, warming of pond water, and other critical processes
such as evaporation and ground thaw. Pond temperatures also control emergence of
macroinvertebrates and life stages. Future shifts in temperature will likely alter seasonal
pond hydrologic rhythms (timing of snowmelt, length of the thaw season), in addition to

having a direct impact on macroinvertebrate diversity (Wrona et al., 2005).

This thesis will explore the linkages between pond hydrology and
macroinvertebrate diversity at two diverse High Arctic sites. Polar Bear Pass is an
extensive low-gradient wetland containing a range of ponds and lakes, while Cape
Bounty is polar desert site, lacking any well defined wetland areas, although it still

possesses some ponds and lakes.



The thesis is broken down into a series of chapters. Chapter 2 provides a
literature review of recent Arctic wetland hydrology and benthos ecology. The objectives
of this study are included here. Chapter 3 is a description of the study areas and Chapter
4 outlines the study’s methodology. Chapter 5 presents the results and Chapter 6
provides a discussion of these results. Chapter 7 outlines the conclusions to this study

and makes suggestions for future work.



2 Literature Review

In this chapter, hydrology and water balance literature relevant to Arctic wetland systems
is examined. In the second half of the chapter, the macroinvertebrate literature and how it
relates to Arctic environments is assessed. At the end of the chapter I outline the

objectives of this study which link pond hydrology with ecology.

2.1 Water Balance in the High Arctic

A wetland is defined as lands saturated for most of the growing season which allows the
development of hydric soils, support of hydrophytes or prolonged flooding up to a depth
of 2 m (Wissinger, 1999). A wetland needs to maintain long-term, positive water storage
(4S) to survive over time. The water sources or inputs must be equal to or greater than

water losses to prevent the water table from lowering;

Change in Storage Gains  Losses
aSs =I [P+ Qi - [E + Qqu 1

Here, P is precipitation per unit time and includes both snow accumulation and
rainfall; Qi is lateral inputs into the wetland system from both surface and subsurface
water. This might include nearby water spillage from lakes, streams and meltwater, and
groundwater inputs from nearby hillslopes, lingering late-lying snowbeds or upslope
wetland catchments. Losses of water from wetlands can include evaporation (E) from

open water and adjacent wet meadow catchments, which tend to expand and shrink over
4



a summer season; (Qoy) considers lateral water losses to groundwater or surface runoff
from the wetland catchment. Tables 2.1 and 2.2 (after Woo and Young, in press) provides
details about the seasonal water balances and evaporation rates for a series of wetlands,
from the Subarctic to the High Arctic. Selected studies include raised bogs, fens (sedge-
shrub; pool-ridge) and ponds, and as is typical of arctic field studies, the period of
examination can range from one to multiple years (Young and Woo, 2004a). An
overview of wetland water balances in the context of water sources and water losses is

found below and also draws upon information found in Tables 2.1 and 2.2.



Table 2.1: Water balance of selected wetlands across the Arctic (after Woo and Young, in press)
i S R P=S,+R E
Basin Kescnpﬁon & Year n z Qout ds/dt QP
rea mm |mm {mm mm |mm
SUBARCTIC l-rid
Pelletier Pool-ridge
Wetland- moss-peat
Valley complex;
bottom Open-closed 1997 268 | 211 | 479 196 181 |NA 0.38
attern;d fen lichen
pQuinton and ’ X)o;:;azgg)
Roulet (1998) | '
SUBARCTIC
Peat Plateau,
Wright et al.
(2008) Raised Bog- 2004 222 {53 275 238 | 56 143(A0s) 0.86
*note 2004: | treed plateau
Mar. 29-June | (black spruce,
4, 2005: moss, lichen)
Apr. 19-June (appro’ximately
8 22 km7);
active ]ayer 2005 206 63 269 213 67 1 52(Aes) 0.79
melt was

162 mm




Table 2.1:  Water balance of selected wetlands across the Arctic (after Woo and Young, in press) (continued)
i S R P=S,+R E
Basin o oTipton | year " <R | Qoue dS/dt | QuP
rea mm |mm |mm mm |mm
LOW
ARCTIC
Coastal 1992 NA |[NA |50 NA | 165 -156 NA
Plain, Tundra
Prudhoe
B Ponds
ay, Jocated in a
Alaska (locate 2
o 0.224 km
(70 26N, study area)
148°53'W) 1993 NA |NA |71 NA 201 -162 NA
Rovansek
et al.
(1996)
LOW
ARCTIC 1999 81 172 | 253 49 188 -2 0.19
Putuligayuk
Watershed,
Coastal Tundra 2000 117 | 146 | 263 87 161 -25 0.33
Plain, Sedge/S}}rub
Alaska 471 km")
(70°N
148°45°'W) 2001 93 NA |NA 56 NA NA NA
Bowling et

al. (2003)




Table 2.1:

Water balance of selected wetlands across the Arctic (after Woo and Young, in press) (continued)

intl S R =S, + E
Basin gf;""""“ Year 1 P=SutR | Quut ds/dt Quu/P
rea mm |mm |mm mm | mm
HIGH
ARCTIC 1972 132 |36 |168 66 6932 |1 0.39
Intensive o
Watershed, 32g/;tate d
Coastal and bare 1973 1m |73 |184 83 |110(41) |-50 045
g’;‘lf:d’ soil, 12%
water, 25%
Island bedrock
76°N 2
gsow) (0.12km") | 1974 169 |35 |204 101 {65(34) |4 0.50
Rydén
(1977
HIGH
ARCTIC
Muskox
Fen, Valley | Sedge- 1993
Fon . [Willowwet |yvpy13. [47 |34 |s1 073 (118 |3 49.0
(79°58°N, meadow1 Aug 8
84°28'W) | (3700 m%) g
Glenn and
Woo

(1997)




Table 2.1:  Water balance of selected wetlands across the Arctic (after Woo and Young, in press) (continued)
inti P=S,+ E

Basin  (Description& 1y o, S IR iR ] Qo ds/dt Quu/P
Area mm | mm | mm mm mm

HIGH 2vd c

ARCTIC | P1 (1080 m’) NA |27 |NA NA |155 |-53(¢75¢ |NA

Ezsk‘e‘”‘"" P2 (2056 m?)° NA |27 |NA NA |163 |-67(-69) |NA

(80°08'N, | p3 (1494 m?)° 2005,Jun |nNA |27 |Na NA 157 [-110¢-20) |NA

85°35'W) 12 - Aug

Wooand  1pg (1211 m?)° Hpost {na |27 |NA NA 159 |-110¢22) |NA

Guan snowmelt)

(2006) v

(clusterof | PS5 (2104 m’) NA |27 |NA NA |156 |-54(-75) |[Na

tundra rd

ponds) P6 (3376 m®) NA |27 |NA NA |156 [-33(96) |NA

HIGH ,

ARCTIC | Moraine (149 m?) NA |45 |NA NA |84 |-140(-82y |NA

Creswell

Bay 2 - -

(T43N, Plateau (1074 m?) | jo0c o [NA [45 |NA NA |92 125(-50) |NA

94°15'W) 19 - Jul 25

Abnizova (post

and Young | Coastal (1386 m?) | o owra [NA |45 [NA NA |92 [-130(-54) |NA

(2010)

(medium-

sized Bedrock (646 m?) NA {45 |NA NA |96 [-130(-54) |NA

ponds)




Table 2.1:  Water balance of selected wetlands across the Arctic (after Woo and Young, in press) (continued)
i S =S,+ E

Basin Description & Year n |R |P=S;+R |Quu ds/dt QP
Area mm |mm | mm mm |mm

HIGH Moraine (149 m?) NA |42 |NaA NA |84 |-157¢ |Na

ARCTIC

Creswell Bay

(72°43'N, Plateau (1074 m?) 2006 NA |42 |NA NA |92 -203 (-153) |NA

O15W) Jun 19 -

Abnizova Jul 25

?;‘gl‘g;’““g Coastal (1386 m?) NA |42 |[NA NA |92 |-220(-170) |NA

{medium-

sized ponds) | Bedrock (646 m?) NA |42 |[NA NA |96 |149(-96) NA

HIGH

egﬁgg Small Pond (809 1975 NA NA

Fiord. Marsh m’)ina0.5km* | July6- 30 NA |27 |3 NA

and V;’oo drainage basin Aug. 17

(1981)

P = precipitation; Sn = snowfall; R = rainfall; Q = runoff; E =evaporation; dS/dt = change in storage. °( ) indicates

sublimation (Rydén, 1977).’Inflow computed by the water balance (Glenn and Woo, 1997) was 3988 mm. This

included surface flow from gullies, the slopes, upslope drainage basin and groundwater seepage. “Note that storage for
Eastwind Lake (Woo and Guan, 2006) and Creswell Bay (Abnizova and Young, 2010), first number is measured dS/dt
and the second in bracket is the residual (difference of calculated (P-E) and measured dS/dt). ¢ Note that the surface

area includes open water and wetted meadow inside pond boundary



Table 2.2:

Rate of evaporation from various Arctic wetlands (after Woo and Young, in press)

Location Wetland type Period Evaporation (mm) | Reference
LOW ARCTIC
Prudhoe Bay, 9 June-14 Sept 1992 2.0
I, (199
Alask Pond 29 May—11 Sept 1993 | 2.1 Rovansek et al. (1996)
Putuligayuk River, 10 June-15 Sept 1999 1.9 .
P Bowling et al. (2003
Alaska ond 17 June-13 Sept 2000 | 1.8 owling et al. (2003)
Baker Lake, NWT | Sedge-moss fen | 22 June-1 Aug 1983 2.2-7.3(4.5% Roulet and Woo (1986)
7 June-31 Aug 1984 2.9
{g::)(NRC 9 Junc—1 Sept 1985 | 2.8
16 June-2 Sept 1986 2.5 .
Mackenzie River 157 T ;p 1982 39 Marsh and Bigras (1988)
Delta, NWT Pond (Dish une-17 Sept -
ond (Dishwater 157 5un0] Sept 1983 | 4.1
Lake subject to n
heat advection) 7 June-29 Aug 198 4.6
9 Jun-27 Aug 1985 3.9
HIGH ARCTIC
Hot Weather Ck., Sedge-moss fen | 7 June-8 Aug 1993 0.5-3.8 Glenn and Woo (1997)
Ellesmere Island
Eastwind Lake, Pond 1.0-4.7 Woo and Guan (2006)
Ellesmere Island | Wet meadow 12 June -1 Aug 2005 1.0-4.4
29 June-8 Aug 1997 a
Resolute, (cool and wet) 1.6
Comwallis Island | PtehY wetland - I A vg 1908 o Young and Woo (2003)

(warm and dry)

11



Table2.2:  Rate of evaporation from various Arctic wetlands (after Woo and Young, in press) (continued)

Location Wetland type Period Evaporation (mm) | Reference

July 2005 1.3°
Creswell Bay, Sedge-moss fen 1.8° Abnizova and Young
Somerset Island | Pond July 1 -July252006 |1.6° (2010

22"

July 2007 0.4-4.0(3.0%
Polar Bear Pass, -m (warm and dry) 0.5-5.9(4.2* _
Serapurrbiwll Fov il - e 232420 ! Youg and Labine 2010)

(wet: 96 mm rain) 0.8-4.8 (2.6%)

12



2.1.1 Water Sources for wetlands

Snow and snowmelt

Snow and ice play a major role in the hydrological cycle of northern environments. Over
half of Canada has snow on the ground for at least six months of the year and in the High
Arctic it can last up to ten months (Saunderson et al., 2000). Snow is important for the
water balance of wetland basins because it replenishes any storage deficit, so that
wetlands start off being saturated before summer arrives and evaporation losses occur.
The recharge creates saturated conditions for plant growth during the summer when

evaporation peaks.

Year-to-year variation in the water levels in High Arctic wetlands can be
attributed to winter snow accumulation and climatic conditions of the snowmelt and
summer periods. During the winter, high wind speeds distribute the snow from exposed
locations and deposit it into more protected areas such as stream valleys and leeward
slopes (Young and Lewkowicz, 1990; Woo and Ohmura, 1998). Exposed hill-tops often
have thin snowcover, whereas valleys are filled in with much snow and flat ground
collects intermediate amounts of snow. Accumulation on hillslopes can vary according to
aspect and local depressions (Woo and Young, 1997; Assini and Young, 2010). Table 2.1

indicates that Subarctic environments collect more snow than High Arctic wetlands.

The timing and duration of snowmelt is critical in wetland systems because it

defines the amount of water available for storage and how much will be lost to runoff
13



from the catchment. During the time of snowmelt, evaporation and ground thaw start to
occur. Evaporation and ground infiltration act as losses to the wetland. In High Arctic
polar desert regimes, snowmelt generally starts around the summer solstice when there is
maximum radiant energy to melt the snow (Young, 2006). However, due to favourable
conditions in polar oasis environments (areas sheltered by mountains from low-pressure
systems moving from the Arctic Ocean (e.g., Fosheim Peninsula, Ellesmere Island),
wetlands often melt one month earlier (see Table 2.1, Woo and Guan, 2006). Overall,
variability continues to be the norm, where from year-to-year there is much variation in

the timing of snowmelt and its duration across Arctic environments.

Despite more snowfall in the winter months, there have been ongoing and
substantial decreases in snow-covered areas throughout the Arctic. Decreases of about
10% in extent have been noted between 1972 and 2000 (Prowse et al., 2009) and an
additional 10% to 20% reduction is expected by 2070 through the Canadian Arctic
(Walsh et al., 2005). Brown (2000) reconstructed the snow cover from 1915-1997 for the
northern hemisphere and demonstrated that there was a consistent increase in snow
accumulation in the winter and a reduced snow accumulation in the spring. These
changes have been accompanied by a decrease in snow depth (Prowse et al., 2009).
Similar changes have been noted in the eastern and western High Arctic (Meteorological
Society of Canada, 2002). These changes could potentially affect the surface energy

balance as snow cover loss decreases surface albedo. Decreases in albedo could result in

14



changes to the hydrology (water balance) and biological processes (increases in nutrients)

and possibly a longer growing season (Prowse et al. 2006).

Owing to frozen or near-frozen conditions underlying the snow, snowmelt in all
wetland environments also results in flooded conditions and overland flow. This leads to
strong connectivity where water and nutrients move easily within the wetland catchment
(pond to pond; pond to wet meadow) and the linkage with the broader catchment uplands
is generally strong (Rovansek et al. 1996; Bowling et al. 2003; Woo and Guan, 2006;
Abnizova and Young, 2010). Woo and Guan (2006) indicate that the freshet period of
2005 and 2006 were the prime time for storage recharge, leading to overflow of most, if
not all of the ponds in the complex. Others (e.g. Rovansek et al. 1996; Glenn and Woo,
1997; Woo and Guan, 2006) report that upland inputs were often key to filling of ponds,
and led to peak stream discharge from wetland catchments. The snowpack also exerts an
influence on directing flow. Although snow drifting patterns are similar from year- to-

year, slight differences in snow distribution are enough to alter runoff patterns.

The snow-free season continues to increase in length with earlier snowmelt
permitting plant growth to begin sooner when water is plentiful and solar radiation is near
the annual maximum (Hinzman et al., 2005). Earlier snowmelt will also allow rapid
warming of frozen soils, and increase soil microbial activity and facilitate important
positive feedbacks to climate warming (Chapin et al., 2000). Solar radiation previously

reflected will now be absorbed, warming the surface and the coinciding boundary layers.
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In 2003, Young and Woo examined the effect of a warm year on the hydrological
responses of a continuous permafrost environment in the High Arctic. Snowmelt was
earlier than usual and evaporation increased for sites with unlimited moisture such as
wetlands. An extended melt season reduced the size of late-lying snow beds, while high
ground temperature deepened the permafrost table and melted more ground ice than
usual. This augmented the slope runoff below the snowbanks. Following this warm year,

in the wetter years the late-lying snow bed and ground ice did not rebuild quickly.

Snowmelt is the major hydrological event of the year in the Arctic because snow
accounts for 40% to 80% of the annual precipitation (Rouse et al., 1997) and the summer
precipitation is often of low frequency and intensity (Kane et al., 1991; Woo, 1998).
Observations from the last few decades indicate that snowmelt may be happening earlier
and precipitation has increased in the majority of the Arctic (Walsh et al., 2005; IPCC,
2007) and continues to increase between 60° and 80°N (New et al., 2001). Increased
temperatures and modified precipitation regimes are expected to affect the timing,
intensity and magnitude of snowmelt. In the High Arctic the snowpack is ripened and
normally starts to melt in early to mid June (Woo and Young, 2004). Howeyver, there is
evidence to suggest that snowmelt has been advancing since the 1960s (Foster, 1989), as

much as five days earlier per decade for the region north of 45°N (Dye et al., 2002).
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Rainfall

After snowmelt, the amount and the timing of rainfall are critical for the sustainability
and maintenance of wetlands in Arctic environments. Table 2.1 shows that there is much
variability in rainfall receipt across Arctic landscapes and wetland types. At a Low Arctic
site, Bowling et al. (2003) indicate more rainfall, approaching that found by Quinton and
Roulet (1998) in the Subarctic. In the High Arctic, again owing to dry, sunny conditions
typical of polar oasis-type environments, wetlands in these areas generally receive little
summer precipitation (30 mm, Marsh and Woo, 1981; 34 mm, Glenn and Woo, 1997; 28
mm, Woo and Guan, 2006). Further south, owing to greater exposure to open water and
frequent passage of low pressure systems (Woo and Young, 1997), patchy wetlands and
polar desert ponds generally receive more rainfall (e.g. Young and Woo, 2000; Abnizova

and Young, 2010).

The frequency and duration of precipitation events are important in the water
budget of high latitude freshwater environments. After snowmelt, summer precipitation
(snow-+rain) may be the only source of water to ponds for some high latitude sites. This is
especially true for ponds or wet meadows which are not well connected to their
surrounding landscape and do not receive reliable lateral inflows or groundwater. On
occasion, late-summer rains can recharge ponds to snowmelt levels (Woo and Guan,
2006). The precipitation pattern of 2005 at Somerset Island (Abnizova and Young, 2010)
was typical of other polar desert environments with the frequency of rainfall increasing

toward late July, with August being the wettest month of the year. In 2006, precipitation
17



events occurred mainly during snowmelt and the early thaw season towards the end of

June, and were of a longer duration than 2005.

In the High Arctic, extreme summer rainfall events, typically the ones which fill

ponds to freshet levels and encourage basin runoff, are ones where more than 20 mm of
rain falls within a short time period (e.g. two to five days). These events appear to occur
later in the summer when evaporation rates are reduced (lower energy levels). Woo and

Guan (2006) reported that for one large rain event (30 mm over five days), soil moisture

increased, and four out of six study ponds experienced a net lateral gain of water.

In the High Arctic, regional conditions such as cold temperatures, high winds and
permafrost determine how precipitation inundates the wetland. Normally the High Arctic
receives less than 200 mm of precipitation annually and most of the precipitation falls as
snow, especially in the fall. Young and Woo (2000) indicated that during a summer storm
event a High Arctic wetland demonstrated a peak flow indicating a limited storage
capacity because of the inability to attenuate the incoming precipitation. Precipitation in
High Arctic wetlands can produce runoff rates similar to the early snowmelt period
(Young and Woo, 2000), however small rainfall events may not produce runoff after a
dry period because of the moisture deficit that occurs in the wetland and which needs to

be filled.

Accompanied with the earlier onset of snowmeit, climate change scenarios

indicate that rainfall will increase up to 20% in regions in Canada north of 55°N
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(Groisman and Easterling, 1994), with the largest changes occurring in autumn and
winter (Dai et al., 1997). The amount of precipitation in the autumn can impact the

upcoming snowmelt by creating a barrier to infiltration (Rouse et al., 1997).

Lateral inflows (surface and subsurface)

Inflow of water both surface and subsurface are additional sources of water for wetlands,
and can be critical components during dry summers and low snow years, when inputs
from the surrounding landscape might be limited. Some sources of water include
meltwater from late-lying snowbeds (Young and Lewkowicz, 1990), which can help to
maintain elevated water tables in wetlands, ponds and wet meadows during dry arctic
summers, long after the seasonal snow cover has been depleted (Young and Woo, 2004a,

b; Abnizova and Young 2008, 2010).

Meltwater inputs from upland areas can be considered an important source of
water to wetland catchments. Woo and Guan (2006) found that inflow from upslope was
the main water source responsible for filling the ponds in spring, a finding similar to that
of Rovansek et al. (1996) for the ponds of the Alaskan Coastal plain. Others (e.g.
Rovansek et al., 1996, Bowling et al., 2003; Wright et al., 2008) remark how runoff from
upland areas into wetlands is the main trigger and component of peak discharge from

wetland catchments.

The importance of ground ice varies amongst sites. Woo and Guan (2006)

indicate that ground ice melt was not an important source of water to the cluster of ponds
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near Eastwind Lake, Ellesmere Island. However, Young and Woo (2000, 2003) report
that ground ice melt can be an important source of water for small, patchy groundwater-
fed wetlands. Ground ice melt estimated for one wetland amounted to 168 mm in 1997
and 198 mm in 1998. For the surrounding gravel catchment, ground ice melt totaled

179 mm in 1997 and 229 mm in 1998. However, it is not clear how much ice melt water
eventually seeped into the wetland or was retained in storage within the mineral substrate.
Abnizova and Young (2010) found that during one dry and warm episode (summer
2005), ground ice melt contributions from a rocky catchment elevated the water table of a

medium-sized bedrock pond.

Like upland snowcover, upland streams draining into low-lying wetland areas can
help to maintain water tables (ponds, meadows), both at the time of snowmelt, during
small and large rainfall events, and when episodes of summer drought occurs (Abnizova
and Young, 2010; Young et al. 2010). After peak discharge, persistent stream inflows can
help to maintain saturated conditions in pond catchments, so that even for small rainfall
events, runoff from saturated ground moves toward near-by ponds, elevating and
maintaining pond water levels, thereby offsetting evaporation losses (Abnizova and
Young, 2010). A similar role was played by a small hillslope creek at Polar Bear Pass in
2008 where water tables and pond levels peaked in response to inflow from a small
hilllslope creek both at the time of snowmelt and later in the season during rain events

(Abnizova et al., submitted).
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2.1.2 Sources of Output

Evaporation

Evaporation is the loss of water from wetlands after the main snowmelt season has ended
and the summer season begins. It depends on the availability of water and energy, the
strength of the surface to air vapour gradient, and the intensity of turbulent motion.
Vegetation types (% of open water, woody, vascular, non-vascular plants) help modify
evaporation rates. Table 2.2 shows evaporation rates and ranges for various types of

wetlands across the Arctic.

Ponds, as open water bodies, typically have higher evaporation rates than fens.
Abnizova and Young (2010) indicate that in July 2005, rates were 0.4 mm and 0.7 mm
higher than wet meadow zones. Woo and Guan (2006) similarly report a higher rate of
evaporative water loss for ponds (1.0 to 4.6 mm/d) than wet meadow zones (Table 2.2)
However, pond evaporation can be quite limited in some years, likely owing to poor
climatic conditions. Marsh and Woo (1981), report only 0.6 mm/d of water loss for a

small pond on Ellesmere Island.

Amongst the islands in the High Arctic region there are differences in climatic
conditions leading to differences in evaporation rates. Woo and Guan (2006) estimate
that ponds evaporated an average of 2.5 to 2.7 mm/d over a 61 day period, early June to
early August, 2005 (see Table 2.2). That is a much higher level than reported by

Abnizova and Young (2010) for a moraine pond in 2005. Finally, Young and Woo (2000)
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demonstrate that there can be considerable variability from year to-year in terms of
evaporation. Rates were quite low (1.4 mm/d) for a very cool and late summer in 1997
but were elevated in a warmer, drier year (3.0 mm/d) (1998) when the snowmelt period

occurred earlier, and the thaw season lengthened.

Lateral outflows (surface + subsurface)

The modes of surface runoff normally start with a freshet which is common in the spring.
This leads to overland flow on the frozen wetland surfaces. Connectivity of flow
pathways is important in the generation of wetland surface outflows. Spring freshet is the
prime time for storage recharge, and once accomplished, surplus waters can be shed from
the wetland. Slight changes in snow distribution can alter the runoff pathways and
linkages within a wetland (pond to pond, pond to wet meadow etc.). The prevalence of
frozen grounds in wetlands during snowmelt encourages flooding and overland flow,
offering strong connectivity within the wetland and with non-wetland zones in the
catchment, thereby allowing easy transfer of water and nutrients (Thompson and Woo,

2009).

Subsurface drainage of wetlands includes vertical seepage and lateral flow.
Infiltration is facilitated by the highly permeable nature of the acrotelm. Deep percolation
depends on properties of the substrate, being retarded by the catotelm, limited by large
ice content and restricted by fine-grained mineral soils or bedrocks that underlie the peat.

Much water can seep into coarse soils and flow out of the wetland where the hydraulic
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gradient is steep (Abnizova and Young, 2010). Subsurface lateral flow increases after

snowmelt as the ground begins to thaw.

As summer advances, continued evaporation and drainage gradually dries the
wetlands. The water table subsides, surface ponds shrink, and surface flow connectivity
diminishes, causing substantial reduction in wetland outflow. Revival of flow connection
across various parts of the wetland depends on heavy rain events to fill the storage and
ponds. Seasonal enlargement and contraction of wet areas are commonly observed in
Arctic wetlands (Bowling et al., 2003). Spillage of individual ponds occurs when their
levels reach the elevations of their outlet lips. Overflow provides runoff that establishes

linkages among ponds and integrates the wetland drainage network.

2.1.3 Wetland Storage

Subsurface storage capacity is limited to the active layer, a seasonally frozen and thawed
zone overlying the permafrost and is measured by the hydraulic conductivity which is the
measure of how easily water can be transmitted through the medium. It decreases
exponentially downward from ground surface (Quinton et al., 2008). Most subsurface
water storage and movement occur in the acrotelm, the top part of the peat layer and
through the living plant mat of the wetlands. The acrotelm is generally porous and has a
high hydraulic conductivity compared to the catotelm which is the lower compacted

section which has a higher density, lower porosity and restricted hydraulic conductivity.
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Arctic wetland storage undergoes large changes in the course of a year. The
seasonal freeze-thaw depth in wetlands is shallower than their adjacent uplands due to the
effective insulation property of thawed (and especially dry) peat (Carey and Woo, 1998).
Freezing of the active layer converts most of the water into ground ice for winter storage.
In addition to icing, surface storage in winter includes ice in the many pools and ponds,

and snow that falls and stays on the wetlands.

2.2 Linking Hydrology to Ecology in the Arctic

The sustainability and water balance of wetlands and ponds is characterized by water
levels that fluctuate both in response to surface and subsurface inputs and losses of water.
The hydrologic regime of ponds and wetlands have many components including
permanence, predictability and seasonal timing of filling and drying which could impact

the benthic invertebrate communities.

2.2.1 Benthic Macroinvertebrates as Ecological Indicators

Benthic invertebrates are often the main component of fish and insectivorous bird diets.
In the absence of fish and a low abundance of zooplankton, benthic invertebrates can be
considered a major component of food webs in many aquatic systems, especially in the
Arctic (Sierszen et al., 2003). BMI are appropriate indicators for biological integrity
because they are extremely numerous, may respond more rapidly to environmental

degradation and serve as early-warning indicators (Roy et al., 2003). Common to aquatic
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systems, benthic invertebrates (BMI) are widely used as biological indicators of stress
and human impact within aquatic ecosystems (Bonada et al., 2006) because they integrate

conditions over a temporal scale that often exceeds that of sampling programs.

Environmental indicator species are unique and offer a sign of the biological
condition of a watershed. Ecological responses to disturbances can often be observed at
the community level of BMI, suggesting impacts of multiple and sometimes subtle
stressors. BMI community composition can be indicative of disturbances to habitat and
water quality because they respond both as individuals and as a community and react in

different directions from each other.

2.2.2 Biological Indices

The concept of indicator species offers a fast and efficient means of judging habitat
quality. Benthic macroinvertebrates have been studied in different areas including alpine,
temperate and tropical lakes, using the Shannon Index as a comparison of biological
diversity (see Table 2.3). This metric is accepted by the scientific community and widely
used to compare benthic communities independent of pollution and other effects. The
Shannon diversity index combines both species richness as a measure of the number of
different species present in an ecosystem, and species evenness which measures the
relative abundance of the various populations present in an ecosystem. A low Shannon
diversity index (Goyke and Hershey, 1992) may indicate that the community is

dominated by a certain species or family, or that the same species are distributed evenly
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across the sites. In this circumstance, chironomid species dominate Alaskan lakes and

ponds. To be useful as an indicator of stress, these indices must be compared to indices of

reference systems that are considered to be relatively free of stress.

Table 2.3: Application of Shannon Diversity Index for benthic macroinvertebrates
in a range of northern ecosystems

Shannon
References Location Habitat type | diversity index
(=SD)
River
Denisenko, 2010 Onega Bay, White Sea | (freshwater 0.69
site)
Fortin and Gajewski, 2010 | 1\orthem Victoria Lake 0.73 - 1.02
Island, Nunavut
Fureder et al., 2006 Alps Lakes 0.9-1.8
Springe et al., 2006 Latvia Rivers, 1.1-2.7
streams
Laudien et al., 2007 Kongsfjorden, Svalbard | Fjord 2.06
Sandin and Johnson, 2000 | Sweden Rivers 2.4 +0.15
Goyke and Hershey, 1992 | Northern Alaska Lakes, ponds | 0.5840.02
Barton and Metcalfe- Saint-Hyacinthe, .
Smith, 1991 Quebec Rivers 23-27
Moore, 1979 Yellowknife, NWT Lake 24-2.8

2.2.3 Aquatic Community Composition versus Hydroperiod

Ecologists attempt to understand a wetland's overall ecological function through

variations in hydroperiod and disturbance. Hydroperiod is defined as the length of time

(measured in days) that water is present over the surface of the wetland. Disturbances are

defined as a process that removes biomass and can play a central role in community
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structure (Trexler et al., 2005). Wissinger (1999) maintains that various aspects of the
hydroperiod including variation in water permanence, the timing of filling and drying,
and magnitude of wet and dry phases all influence aquatic invertebrate community
composition. The dry phases of hydroperiod have shown increase mortality and
physiological stress thus making certain benthic organisms suited for environments

subjected to the dry phase of a hydroperiod (Welborn et al. 1996).

Studies have shown the importance and direct influence of a wetland’s
hydroperiod in determining abundance and richness in benthic macroinvertebrate
communities (Whiles and Goldowitz, 2001; Davis et al., 2006). For example, Whiles and
Goldowitz (2005) examined a range of wetland habitats in the central prairies of
Nebraska, U.S.A. Their study covered both permanent and ephemeral water bodies, and
they monitored water volume, temperature and depth along 20 m reaches. It was
determined that sites with a longer hydroperiod were more abundant in larger predatory
taxa, and it suggested that hydrology was a primary factor influencing macroinvertebrate

communities.

Brooks (2000) undertook a study to determine how the benthic macroinvertebrate
communities in forest ephemeral ponds were different amongst ponds with short (119-
217 days), medium (284-305 days) and long hydroperiods (365 days). The study
determined that diversity and abundance of macroinvertebrate communities was

positively correlated with hydroperiod (i.e., a longer hydroperiod meant more diversity).
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Leeper and Taylor (1998) examined a small, depression wetland and determined that the
high rates of chironomid emergence was strongly related to the extremely wet summer
where extensive areas of wetland remained inundated, allowing chironomid emergence to
continue throughout the summer. Lillie (2003) examined 54 wetlands with known
hydroperiods and determined that based on the percentage of ‘persistent’ taxa (e.g.,
Amphipods, Ephemeroptera, and Culicidae) among all taxa present, water duration was a

critical variable in shaping the abundance of invertebrate communities.

2.3 Food Sources for Migratory birds

Freshwater wetlands offer aquatic invertebrates as a food source. Waterfowl require a
diet high in protein during specific life stages and may feed exclusively on aquatic
invertebrates to meet these demands (Weller, 1994). Migrating shorebirds require
stopover resources for rest and rapid accumulation of energy to fuel their migration.
Migratory birds have fat reserves gained from staying in stopover regions such as the
Prairie Pothole Region, which covers approximately 715,000 km? and extends from
north-central Iowa to central Alberta (Euliss et al., 2002). The landscape has numerous
depressional wetlands (potholes) caused by past glaciations. When the migratory birds
reach their summer breeding ground in the High Arctic, they need to replenish their
energy stores. Piersma et al. (2003) showed that Arctic shorebirds need 50% more energy
than in temperate regions to compensate for the harsh climate and they need to forage
more often due to the high energy expenditure (Piersma and Morrison, 1994). These birds
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normally eat benthic organisms including chironomids, black fly larvae, mosquito larvae
and other abundant benthic macroinvertebrates. Studies suggest that shorebirds are
income breeders, meaning once they reach their breeding ground they need to refuel their
fat reserves, as opposed to relying on the reserves gained in the stopover regions

(Morrison and Hobson, 2004; Drent et al., 2006; Skagen, 2006).

Recently, the Arctic has been affected by changes in climate and this has had a
cascading affect on the food chain. Research in Alaska between 1980 and 2000 has
shown that trophic changes have occurred within pond ecosystems, including an overall
decrease in BMI biomass and increase in zooplankton (Corcoran et al., 2008) due to a
decline in chlorophyll a” creating a shift in carbon flow. These changes may impact bird
communities because certain birds will find it more difficult to catch and eat smaller
zooplankton prey. Hence, there is still a need to understand how the effect of changing
water balances and premature drying of ponds affects food availability (Walpole et al.,

2008).

There may be a number of direct and indirect effects that are impacting shallow
ponds due to climate change. Increased summer temperatures may also be exceeding
biological thresholds which could shift timing, diversity and abundance of food sources
for birds (Wrona et al., 2005). This project will examine the food sources in a High
Arctic wetland habitat and focus on understanding how BMI communities are affected by
changing hydrologic regimes.
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2.4 Study Objectives

Ponds often compose the largest terrain type of sizeable, extensive low-gradient wetland

systems. This High Arctic wetland project will examine how changes in pond water
storage influence the diversity of pond benthic macroinvertebrate communities.
The objectives of this study are to
i) Examine and understand the seasonal hydrologic regimes and physico-
chemical of various High Arctic wetland ponds with contrasting substrates,
size, location and linkages to the surrounding landscape.
ii) Compare benthic community diversity both seasonally (snowmelt to freeze-
back) and spatially: across ponds (stable, fluctuating and ephemeral), and

islands (Bathurst Island vs. Melville Island).
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3 Study Sites

In this chapter we examine the two study locations in the Queen Elizabeth Islands. One
site is Polar Bear Pass (PBP), an extensive low-gradient wetland located in the middle of
Bathurst Island, and the second is Cape Bounty (CB) situated on the southern shore of
Melville Island (see Figures 3.1 and 3.2). The latter site was chosen because it would
allow for a comparison between different climates in the eastern and western High Arctic.
As well it would allow for a comparison of benthic diversity between a biological oasis
and polar desert environment as these environments are subjected to different climatic
conditions. Since we were only able to visit this latter site for a limited time due to
logistical constraints, study results from Polar Bear Pass are emphasized here. Findings
from Cape Bounty still provide a valuable comparison to PBP. In this chapter, the site
conditions of Polar Bear Pass are presented first, followed by Cape Bounty. Pond site

selection is included in Chapter 4-Methodology.

3.1 Polar Bear Pass, Bathurst Island

Polar Bear Pass (75°40°N, 98°30°N) is centrally located on Bathurst Island and is a
designated wetland sanctuary. It lies approximately 146 km northwest of Resolute Bay,

the nearest government weather station, a short 45 minute Twin Otter flight away.

Polar Bear Pass extends from Goodsir Inlet on the east, to Bracebridge Inlet on
the west, and spans 20 km and has a low gradient (0.001, <0.1°). It is about 5 km wide

and is bounded by two sloping hills rising in elevation to about 140 m a.s.1. It is
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characterized by many small tundra ponds, two large lakes, and wet meadows
interspersed with both wet and dry ground, suggestive of a wetland complex (Woo and
Young, 2003). Two large rivers (Goodsir and Caledonian) drain the eastern and western
sectors of the wetland respectively. The hillslopes hydrologically connect the polar desert
upland to the wetlands via a series of streams (both single to higher order) during
snowmelt and steady, or extreme summer rainfall events (Figure 3.2a) (Young et al.

2010).

Figure 3.1: Location map of Polar Bear Pass, Bathurst Island (75° 44’ 53’° N, 98° 29’
12’ W) and Cape Bounty, Melville Island (74° 52° 0°’ N, 109° 31’ §9”° W).

Note: Resolute Bay is the nearest permanent Canadian weather station.
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Figure 3.2: Study maps of Polar Bear Pass (a) and Cape Bounty (b).

Note: The red dots are pond locations. Pond numbers and names are explained in the text. Maps for PBP are modified from Natural Resources Canada
{NRC) 068H11, Caledonia River and CB are modified after NRC 078F15, Cape Bounty.
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3.1.1 General Climate

The climate at Polar Bear Pass is characteristic of a polar desert with cold temperatures
and low precipitation (Sheard and Geale, 1983; Young and Labine, 2010). Generally the
summers in this zone are brief, but mean July temperatures at these sites can reach above
15°C for an extended period during warm years (e.g. 2007) (Young and Labine, 2010).
Winters are long and very cold (below -30°C) and under complete darkness. Precipitation
is limited with generally less than 200 mm per year with most usually falling as snow,
though summer rains appears to be increasing in frequency and amount (Young and
Labine, 2010). This area is underlain with continuous permafrost (about 600 m) and
active layers can reach approximately 1.0 m in gravelly zones and less in boggy, wet

zones (approximately 0.3 to 0.5 m).

3.1.2 Physiography

Bathurst Island is located within a sub-division of the Innuitian region called the Parry
Plateau (Bostock, 1970; Carter et al., 1987). The Parry Plateau is a region of low relief
and rolling landscape (INAC, 1990). Bathurst Island has an irregular coastline that is
marked by wide inlets, bays and peninsulas. The narrowest part of Bathurst Island (25
km) almost completely separates the southern half of Bathurst Island from the lands to
the north. Polar Bear Pass occurs in this zone, and is aptly named because this is the area

where polar bears traverse the island moving from coast to coast in search of food.
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The area around PBP has an average elevation of 100 — 200 m a.s.l. PBP is
characterized as having low sloping hills bordering an area with many small ponds, two
large lakes, and polygon wedges. As mentioned earlier, the hillslopes hydrologically
connect the polar desert ridges to the wetland with small ephemeral streams that transfer
snowmelt runoff (Woo and Young, 2003) during early June. As seen in Figure 3.3 late-
lying snowbeds are common lying in the lee of slopes, and they can persist into early
summer providing an additional source of water for wetland communities. The area also
contains polygons and other phenomena induced by freeze-thaw cycles. An interesting
characteristic is the remnants of an eroded reef knoll calcareous in nature. The wetlands
and uplands are characterized by several raised beaches (Danks, 1981) which serve to

further indicate that this was an historical coastal environment.
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Figure 3.3: Photograph showing the wet meadow zone with sedge-moss plant at the
base of a late-lying snowbed. Photo taken June 24, 2009.

3.1.3 Geology

The surficial geology is mainly composed of weathered bedrock which is highly variable
within the region. The sedimentary rocks on Bathurst Island are mainly Devonian
dolomite, limestone, shales, siltstone, and sandstones (Douglas and MacClean, 1963,
Kerr, 1974; Danks, 1980). The sandstone and siltstone consists of mainly mineral quartz.
The polar desert consists of calcareous gravel and some fine marine beach sediments

(Sheard and Geale, 1982; Kerr, 1963). The materials deposited along the edges of the
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Goodsir River are weakly to moderately calcareous sand and gravel, and some silty sandy

material.

3.1.4 Soils and Vegetation

The polar desert uplands of Polar Bear Pass contain dry tundra soils. Hillslope soils are
considered to be turbic cryosols and they are mainly mineral, showing evidence of
cryoturbation. They are well-drained, shallow, stony and sandy in texture (Babb and
Bliss, 1974, Bliss, 1988). A high frequency of limestone allows for alkaline soils (Babb
and Bliss, 1974). Wet tundra soils exist in the valley (Bliss, 1988). The wetland soils are

classified as mesic organic cryosols typical of fens and bogs (CSSC, 1998).

Vegetation at Polar Bear Pass is unevenly distributed and varies according to pH
and moisture conditions. The overall plant community at Polar Bear Pass is classified as
vegetation zone 3 (Edlund and Alt, 1989) and contains mainly prostrate shrubs dominated
by Salix Arctic and Dryas integrifolia (Edlund and Alt, 1989; Sheard and Geale, 1983).
Plant cover is low in the polar desert areas (2% to 35%) and is characterized by xeric
plant communities. As the moisture conditions increase downslope the more mesic

communities grow at the bottom of hillslopes and within the wetland.

Sedge meadow communities are the most productive communities in the valley
and occupy lowland areas. The habitat remains saturated well past seasonal snowmelt,

since additional runoff from persistent late-lying snowbeds and creek discharge maintains
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the saturated conditions well into the growing season. Depth to permafrost is shallow,
contributing to the high water content. Lowland communities here are composed of

various grass meadows, sedge meadows, and willow-lichen (Edlund, 1983).

3.2 Cape Bounty, Melville Island

Melville Island (Figure 3.1) is the fourth largest Arctic island north of the Parry Channel
and straddles the border between the Nunavut and the Northwest Territories (NWT).
Meteorological data referred here comes from the automatic weather station at Mould
Bay, Prince Patrick Island (76°13°N, 119°19°W), approximately 250 km from the centre

of Melville Island.

Cape Bounty is delineated by two paired watersheds, West and East (unofficial
names), which each feed into coastal lakes. The watersheds are characterized by rolling
hills and plateaus that are incised by stream valleys. In the West watershed, elevations
range from 5 to 110 m a.s.l. and 5 to 125 m a.s.l. in the East watershed. The West
watershed at Cape Bounty is about 8 km? in area, while the East watershed is 11.6 km?.
The West and East watersheds have a single major channel with other secondary
tributaries. In the West there are two lakes in the northern part of the watershed that
contribute to the main channel flow. Medium-sized lakes and small tundra ponds are
scattered unequally throughout the watersheds. The focus of this study takes place in the

West watershed.
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3.2.1 General Climate

The climate at Cape Bounty is characterized as a polar desert, with cold dry winters and
short cool summers. The mean winter snowfall at Mould Bay is 83.6 mm (Environment
Canada, 2004), mean annual temperature is -17.5°C , mean July temperatures is 4°C, and
total annual precipitation is less than 125 mm (Environment Canada, 2010). On average,

the active layer reaches 0.5 m deep by late summer.

The end-of-winter snow cover is extensively redistributed by the dominant winter
winds from the northwest. The snow cover on the ridges, slopes and open plateaus
remains thin and the river valleys and topographic depressions are areas of deposition and
accumulation. Spring snowmelt typically begins in early to mid-June, and streamflow

often begins 10 to 20 days after the start of melt (Lamoureux et al., 2006).

3.2.2 Geology

The surficial geology is mainly composed of shale that weathers into silt and silty clay
(Edlund, 1982; Hodgson and Vincent, 1984). Cape Bounty mainly consists of the Hecla
Bay formation which contains sandstone, siltstone, and shale and some marine materials
(Barnett et al., 1975; Harrison, 1994). The bedrock is made of unconsolidated glacial
sediments, rocks, fluvial and marine deposits and was mainly derived in the Quaternary

era. These fluvial deposits are channel and floodplain deposits which are mainly sand and

39



gravel. Terrace deposits consist of mainly sand, sandy silt, gravel or peat and, in places,

overlie fine marine or deltaic sediment.

3.2.3 Soils

Melville Island contains predominately cryosols with more than 40% coverage. The
particle size distribution of cryosols can be coarse, sandy-textured to silty clay. Cryosols
developed on fine marine soils generally have a high conductivity and salt content

(Tarnocai 2004).

3.2.4 Vegetation

The overall plant community at Cape Bounty is similar to Polar Bear Pass and is
classified as vegetation zone 3, which contains mainly prostrate shrubs dominated by
Salix Arctic and Dryas integrifolia, Cassiope tetragona and Astragalus alpine (Edlund
and Alt, 1989). Cape Bounty contains patchy wet areas that are dominated by wet sedges.
Hilltops and plateaus are well drained and are sparsely vegetated with discontinuous
prostrate shrub communities, whereas river valleys contain mosses and wet sedge
communities. Vegetation at Cape Bounty is scattered with only 25% surface coverage

(CAVM, 2003).
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4 Methods

In this chapter, the hydrological, climate and ecological methods used in this study are
outlined. A hydrological framework is discussed to understand how the hydrological
regimes were determined and how ponds were selected. The local climate data was
collected to understand how processes like snowmelt and evaporation impact hydrologic
regimes. Both field and laboratory measurements are presented, and data analysis

techniques are outlined.

4.1 Hydrological Framework

Extensive wetlands can be considered to be composed of various terrain units: ponds,
lakes, wet meadows, frost cracks, streams and saturated ground, in addition to dry zones
which might separate wet areas (Woo and Young, 2006). Polar Bear Pass is a mosaic of
all of these terrain units but ponds make up the largest component. Recent analysis
indicates that there are 4800 ponds in Polar Bear Pass and they are of varying shapes and

sizes (S. Muster, 2010, personal communication).

One of the objectives of this study was to examine the seasonal changes in pond
storage capacity of typical ponds composing the wetland. In this context, pond storage
refers to the water table regime. Specifically, the daily and seasonal water table dynamics
provides a useful picture of the inputs and losses of water in a pond. It also provides a
measure of the hydroperiod (duration of water) and hydrologic regime (degree of

fluctuation). Thus, while pond discharge was not calculated here directly, other processes
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influencing pond water table regimes and storage were determined. These included
estimates of snowmelt, rainfall, and ground thaw which influences seepage and
groundwater flow along with evaporation. Pond expansion and contraction was also

evaluated since it modifies pond water volumes (Figure 4.1).

Figure 4.1: Conceptual diagram of the pond water balance framework employed in
this study.
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Wetlands exist where inputs exceed losses. The water balance framework was
used at Polar Bear Pass and at Cape Bounty to track changes in water storage.

This framework was also useful in classifying ponds into different hydrologic
regimes. Abnizova and Young (2010) demonstrated that the sustainability of High Arctic
ponds is related to many factors including hydrological linkages. These hydrological

linkages often sustain water levels throughout the snow-free season in certain ponds,
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while other ponds dry out in response to warm and dry conditions. In this study three
categories (stable, fluctuating and ephemeral) were defined to reflect the wide array of
hydrological regimes commonly found in ponds within the Polar Bear Pass wetland

complex.

4.1.1 Catchment Topography and Bathymetry of the Study Ponds.

A total of 12 ponds at Polar Bear Pass, Bathurst Island, Nunavut (Figures 4.2 to 4.6) and
three ponds at Cape Bounty (Cape Bounty), Melville Island (Figure 4.7) were sampled.
For the purpose of this study the two regions were chosen based on differences in

location (two arctic islands), climate and substrate.

There was a limited selection of ponds at Cape Bounty so three were chosen
within the Cape Bounty watershed that were logistically feasible to monitor and which
were deemed to have the characteristics of interest in this study (i.e., ephemeral,

fluctuating and stable).

The bathymetry survey at PBP took place between July 17 and July 25 in 2007.
Ponds 1, 4, 6, 8, 10, 11, CR1 and CR2 at PBP had the surface area tracked from June to

August. The CB survey took place between July 15 and 23 in 2009.

43



Figure 4.2: Topographic and bathymetry maps of ponds at Polar Bear Pass.

Note: Pond 1, Pond 2, Pond 3 and Pond 4 (stable, linked); Pond 6, and Pond 8 (ephemeral, isolated) The
solid blue line outlines the edge of the water after spring freshet. The maximum extent of ponds 1 and 4
occurred on June 26. For Ponds 6 and 8 maximum extent occurred on June 22. Ponds 2 and 3 were not
tracked. All elevations in meters (m) are above sea level.

Figure 4.3: Relative elevation of PBP Pond CR1 and Pond CR2 demonstrating
landscape position and bathymetry.

Note: The solid blue line outlines the edge of the water. The maximum extent of Pond CR1 occurred on
June 22, and Pond CR2, July 23. All elevations in meters (m) are above sea level.
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Figure 4.4: Relative elevation of PBP Ponds 12 and 13 demonstrating landscape
position and bathymetry.

Elevation (m)

Bl 8- 240
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Note: The solid blue line outlines the edge of the water. The surface area of these ponds was not tracked.
All elevations in meters (m) are above sea level.
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Figure 4.5: Relative elevation of PBP Pond 10 demonstrating catchment elevation
and bathymetry.

Note: The solid blue line outlines the edge of the water. The maximum extent of Pond 10 occurred on June

26. All elevations in meters (m) are above sea level.
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Figure 4.6: Relative elevation of PBP Pond 11 demonstrating catchment elevation
and bathymetry.

Note: The solid blue line outlines the edge of the water. The maximum extent of Pond 11 occurred on July
23 and August 14. All elevations in meters (m) are above sea level.
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Figure 4.7: Topography and bathymetry maps of Cape Bounty ponds: Stable pond (a), Fluctuating pond (b), and
Ephemersl pond (c).

Note: The surface area was started on July 13 and the first measurement was taken on July 15 and continued to July 22. The solid blue line outlines the
edge of the water. Maximum pond extent occurred on July 23 due to a large amount of rainfall that occurred from July 18 to July 22. All elevations are
in meters (m) above sea level.
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4.1.2 Hydrological Regimes

All ponds at Polar Bear Pass are sustained through atmospheric inputs (snow and rain).
Some ponds have additional inputs that influence the pond’s water table and seasonal
water balance (Figure 4.8). These pond types were selected based on water table and
surface area information gathered from an earlier hydrological study (starting June 2007).
Here, study ponds are classified as stable, fluctuating or ephemeral, with the
classification based on the nature and degree of connection with hydrological linkages

(Table 4.1).

Ponds were considered to be stable if the water inputs were consistent throughout
the ice-free season. Ponds were considered to have a fluctuating hydrologic regime if the
water inputs into the ponds fluctuated widely in response to inputs and losses of water
during the ice-free season. Ponds were considered to be ephemeral if the water table

decreased below the surface for an extended period.

Using the experience of field personnel (K.L. Young and A. Abnizova) and a
frequency distribution analysis to select ponds which fill under these different hydrologic
regimes, the water table levels from 2007 and 2008 in 12 ponds at Polar Bear Pass were
examined. Pond water regimes were classified into stable, fluctuating and ephemeral
categories based on water table level quartiles (25-75%) throughout the ice free season.

Based on the historical data (2007 and 2008), ponds P1, P2, P3, and P4 had stable
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hydrologic regimes, Pond CR1, Pond CR2, P10 and P13 had fluctuating hydrologic

regimes. Ponds 6, 8, 11 and 12 exhibited ephemeral hydrologic regimes.

Three medium sized ponds at Cape Bounty were selected for study. Previous
observations provided by Dr. Scott Lamoureux, Director of the Cape Bounty Watershed
Observatory indicated that one study pond located in the south had a stable water level
throughout the summer (South pond). This south pond has a closed basin but appeared to
have very little fluctuations in surface area. One pond had fluctuating water levels
(Fluctuating pond). This pond was located at the bottom of some hillslopes and would fill
with snowmelt and subsequent water changes would come from atmospheric inputs. The
most northerly pond within the watershed was known to be ephemeral (Ephemeral pond).
It was not hydrologically linked to its landscape, had a small basin and catchment area

and it tended to dry out on an annual basis (Table 4.1).
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Table 4.1: A summary of hydrological characteristics of study ponds during ice free
season from 2009

) .. | Stable Fluctuating Ephemeral

Variable Units

PBP CB PBP CB PBP CB

July June 22 | July
Date sampled fusnee fi j::y ;g' :I-uslze 322 13- —Sept | 13-
P y P2 July 28 | 2 July 28

Mean Water | 0 |333 80 167 112 |2 |3s2
table
Mean Max
Water Table mm | 431 144 369 141 403 382
Mean Min
Water Table mm 191 20 145 87 144 324
Mean Max
Active mm 387 347 395 332 469 432
Layer
Surface m? | 3863 353 3964 | 499 1156 | 194
Area (m°)
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Figure 4.8: Conceptual diagrams of a stable, fluctuating and ephemeral hydrologic
regime.
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Note: The blue lines represent subsequent water table measurements throughout the season. The bottom
graph shows a hypothetical water level over the entire ice-free season.
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4.2 Climate

Climate information (incoming solar radiation (KY); air temperature- (T,;); relative
humidity (RH); precipitation (PPT) and windspeed (U) used in a physically-based
snowcover and melt model (Woo and Young, 2004; see Section 4.5) was taken from an
automatic weather station (AWS), centrally located in a wet meadow zone at Polar Bear
Pass. Details of the instrumentation used and levels of uncertainty are found in Table 4.2.
Other instruments deployed here to measure net radiation (Q*) and the ground heat flux
(Qg) were useful in assessing evaporation with the robust Priestley-Taylor approach
(Abnizova and Young, 2010). Net radiation (Q*) and water temperature were also
measured over a pond surface to ensure pond evaporation could be calculated. The AWS
was erected May 20 and removed on September S. Manual rain gauges placed in different
locations in the wetland and on the upland provided a check on the automatic rain gauge

values at the centrally located main AWS
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Table 4.2: A summary of the instrumentation and its accuracy of the centrally-
located wetland AWS (modified from Young and Labine, 2010).

Variable Instrument Height 2009 Accuracy
Incoming Solar . >+ 1% or 0.01
Radiation Kipp & Zonen 1.55m MJ/m’h
Outgoing Solar >+ 1% or 0.01
Radiation Epply 099 m MJ/m*h
- Kipp & Zonen >+ 1% or 0.01
Net Radiation (NRLITE) 1.21m MJ/m?h
Heat flux plate o
Ground Heat Flux (Middleton) 0.05m +3%
Wind Speed Davis 1.97 m > 5%
Wind Direction Davis 1.97m + 7%
Air Temperature & +0.2°C and 5%
Relative Humidity CS Probe 126 m respectively
CS Tipping
Bucket Rain 0.29 m above + 0.25 mm per tip
. ground
Precipitation gauge
Manual Rain 0.15 m above
+ 1 mm
gauge ground

The Cape Bounty AWS had different instruments to measure most of the same

variables at Polar Bear Pass (see Table 4.3). The AWS was located on a flat area in the

polar desert about 200 m away from any hilltop. It was located in the middle of the West

watershed. Net radiation (Q*) was not measured over a pond surface, like at PBP.
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Table 4.3: Instrumentation for Cape Bounty AWS, June-July, 2009

Variable Instrument Height 2009 | Accuracy
Net Radiation Q7, REBS (Seattle, Washington, 25m <6%

USA)

. . < 1% Root

Wind Speed Sonic anemometer (model R3-50, Gill 42 m Mean

Instruments, Lymington, UK) S

quare error

Air Temperature
& Relative Humirel HTM2500 1.5m 0.1 °C/3%
Humidity
Precipitation Davis Industrial tipping bucket 15m 0.2 mm

precipitation gauge

4.3 End of winter snow cover

In these wetlands, situated within a polar desert climatic regime, snowmelt is regarded as
one of most important sources of water. Detailed snow surveys were completed on study
ponds and adjacent catchments at the end-of-winter to establish the amount of water
available for pond recharge. Two hillslope catchments with incised streams draining into
the wetland were also surveyed and the results are reported elsewhere (Assini and Young,
in press). In total, 15 ponds were surveyed: 12 at Polar Bear Pass and three at Cape
Bounty. Snow surveys were completed from May 20 to 24 at Polar Bear Pass and from

May 30 to June 4 at Cape Bounty. Snow surveys followed after Woo (1997).

Snow depth and snow density were measured within the pond catchment. The
pond perimeter was delineated and six transects were used (Figure 4.9). Snow density
varies less than snow depth which is why there are three snow density cores taken on

each transect compared to snow depths taken approximately every 2 m. The higher
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frequency in snow depth measurements allows for a better average across the transect to

accommodate for differences in snow that has drifted.

Figure 4.9: Schematic diagram of pond snow survey techniques.

Note: The transects that encapsulate the ponds catchment are the solid lines. The dashed
lines represent the transects that transverse the entire pond. The circles represent the
places where snow density measurements were taken.

For each transect the depth of snow was measured every 1 to 2 m using a metric
ruler or snow rods (+ 0.5 cm) pushed into the snow until the frozen ground was reached.
In order to reduce error, each depth measurement taken along the transect was the

average of 4 depth measurements in a square around the intended point. In all cases,

snow depth (cm) was measured with a metal ruler (+0.05 cm).

The snow density measurements were taken using a Canadian MSC snow sampler
(£7% ) (from Woo, 1997) at the beginning, middle and end of every transect. The radius
(r) of the snow core and snow depth were recorded. Once the average snow density and

depth were known the average SWE was calculated as:

56



ps = m/(da) 1

where p; is density (kg/m?), m is the mass of the core (kg) and da is the volume of the
core (m’) (depth times the cross sectional area; nr%). Snow water equivalent (SWE) was

then determined:
SWE (mm) = d (p/py) 2

where d is measured snow depth (mm), p; is snow density (kg/m®), and p,, is the density
of water (1000 kg/m>). The mean SWE for each site was calculated by multiplying the
mean snow depth with the mean snow density at each site. The mean SWE values were
estimated from approximately 20 snow depths and by three snow densities per transect in
each pond. More snow depths were obtained than snow density estimates. Snow depth is
considered to be highly variable in most environments and limited sampling would be
prone to error (Woo, 1983) and an error analysis for PBP and CB was conducted

following Woo and Marsh (1978) (see Assini, unpublished manuscript, 2010).

The snowcover model used at PBP (Woo and Young, 2004) is based on the
surface energy approach to model melt. Net radiation and the albedo term are specifically
modelled. At Cape Bounty snowmelt was calculated using the energy balance approach
with the available meteorological information such as temperature (° C), atmospheric
pressure (Pa), relative humidity (%) and wind speed (m/s) (Woo et al., 1999):

Qm=Q*+Qh+Qe+Qp 3
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M=Qm/prw 4

where Qy, is the energy available for melt; Q* is the net radiation flux; Qy is the sensible
heat flux; Q. is the latent heat flux and Q, is the energy from the rain during snowmelt.
All units are in MJ/m? per day. The energy available for melt (Qn) can be converted into
daily melt M (mm) using equation 5. Here, L; is the latent heat of fusion and py, is the
density of water. In the snow model, inputs are incoming radiation, air temperature,
relative humidity, precipitation, wind speed and pressure (see Woo and Young, 2004).
Daily melt will not occur until the cold content of the snowpack is depleted, i.e. the

snowpack needs to reach 0°C for daily melt to occur.

4.4 Hydrological Conditions

The environmental conditions during the ice-free season impact the overall hydrologic
regimes of the selected ponds. Gains and losses of water can impact the water quality and
productivity of ponds. Water table, frost table, sediment, subsurface storage, evaporation,
surface area, and physico-chemical measurements are measured or calculated in the

following sections.

4.4.1 Water table

The pond water table regime reflects the inflow and outflow of water. At PBP, the water

tables were measured at perforated screened water wells (51 mm internal dia.) installed in
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the centre of each pond, using an electronic water beeper and measuring tape (= 1 mm).
They were measured frequently (at least twice or three times per week) from mid-June to
early September, 2009. Initially, water wells had been inserted into the permafrost table
in early August 2006. At several ponds, Hobo pressure transducers recorded water table

fluctuations (+ 1 mm) every hour.

At Cape Bounty, water levels were monitored continuously with water pressure
transducers and manually, three times over the season (July 13 to July 28) using a metric
ruler at the middle well. The water pressure transducers were deployed at the stable and
fluctuating ponds on June 7. However, the fluctuating pond shrank considerably between
June 7 and July 11 leaving the pressure transducer outside of the pond perimeter until
July 12 when it was re-inserted into the pond. A water pressure transducer was deployed
in the ephemeral pond on June 29, 2009 and removed on July 23. An attempt was made
to recover the pressure transducers in June 2010. The water pressure transducer from the

fluctuating pond was found but not the one from the stable pond.

4.4.2 Frost table

Measurements of ground thaw are required to assess subsurface lateral inflows/outflows,
and vertical seepage. The frost table was measured using a metal rod and a measuring
tape (+ 5 mm) to probe the ground until the resistant frozen zone was encountered. Frost

table measurements at Polar Bear Pass were taken weekly starting on June 24 and
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persisted until September 3. At Cape Bounty, five measurements were made during a two

week visit, from July 12 to July 29.

4.4.3 Sediment

To assess the impact of substrate type on ground thaw in these ponds, one core (500 g)
sediment sample was taken from each pond at Polar Bear Pass. The core was pushed 50
cm into the sediment and scooped out. Unfortunately, sediment samples taken at Cape

Bounty were misplaced and cannot be reported here.

Particle size analysis followed after Kroestch and Wang (2008). The dry sample
was passed through six sieves stacked on top of each other (2, 1, 0.5, 0.25, 0.125,
0.056 mm) and errors were less than 0.1%. The Canadian System of Soil Classification

(Soil Classification Working Group, 1998) was followed.

4.4.4 Water Storage

Water Storage is the sum of the water table and subsurface storage. Subsurface storage is
calculated from knowing the porosity of the material and the thawed zone thickness (m).
Porosity was calculated as an indicator of soil conditions to understand the movement of
water and how permeable the sediments are. Porosity was calculated using the bulk

density of the soils (py) and particle density (pq):

0=1-pp/pa 5
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where py, was calculated using the weight and volume of the sediment collected and pq is

assumed to be 2.65 g/cm® (McWhorter and Sunada, 1977).

4.4.5 Evaporation

Evaporation was calculated using the Priestley-Taylor equation, employing a = 1.26 for
saturated surfaces (Woo and Guan, 2006), though it is probable that it is higher due to

advection (Young and Abnizova, 2011).

E, =a(s/s +1)(Q* - Qu) 6

where s is the slope of the saturated vapour pressure versus air temperature curve
(kPa/C®), vy is the psychrometric constant (0.66 kPa), Q* is the daily average net radiation
(MJ/mz) measured in the wetland over the pond and the daily average water heat flux (Qw

in MJ/m?) was estimated using:

Qu=cZy (AT/Af) 7

where c is the volume heat capacity of water (4.202 Ml/m? @ 5°C), Zy, is the depth of

water (m), AT/At is the average daily change in water temperature (Woo and Guan,

2006).
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Daily evaporation is expressed as water depth (mm) (equation 9) and then

multiplied by the area (Ay, m?) (Abnizova and Young, 2010).

E =E, (pw/\) 8

E = (Ew)(Av) 9

4.4.6 Surface Area

At Polar Bear Pass and Cape Bounty (when applicable), pond surface area was measured
once per week with a tape measure (+ 5 mm). Six to 10 dowels per pond were placed
along the water edge shortly after snowmelt (June 20) and perpendicular measurements
were taken from the dowel to the water edge over a nine week period at PBP (Woo and
Xia, 1995). A Total Survey Station was used to measure the pond surface area and mark
the dowels. The survey was then used to calculate seasonal changes in surface area (m?)

over the ice-free season using ArcView GIS.

4.4.7 Pond Physico-Chemical Measurements

A limited number of pond physico-chemical variables parameters (temperature (°C),
specific conductivity (uS/cm), pH and dissolved oxygen (mg/L)) were measured weekly
at Polar Bear Pass using a digital multi-parameter sonde (YSI model 850) (see Table 4.4).
The measurements were taken at approximately 20 cm from the surface during late
morning to early afternoon near the centre of the pond. Two measurements were taken at

Cape Bounty on July 22 and 23.
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44.8 Ecological Framework

Determining future impacts of climatic change on arctic aquatic systems depends on a
solid understanding of the ecology and diversity of benthic fauna that dominate aquatic
ecosystems in this region. Hence, detecting changes in benthic invertebrate communities

in Arctic ponds remains a critical goal.

Table 4.4: Physical and chemical variables measured at each pond, Polar Bear Pass
and Cape Bounty.

. Accuracy Duration of measurement

Variable

Polar Bear Pass Cape Bounty
Water table depth (mm) +0.5 June 22-Sept 2
Frost table depth (mm) - June 12-Sept 2 ;lgly 15 to July
Surface Area (m°) - June 22 - August 28
Dso (mm) - August 3 -8 July 24
Temperature (°C) +0.1
Dissolved Oxygen (mg/L) +0.1 July 22 to July
oH =001 June 16 — Sept 2 24
Specific conductivity (uS/cm) +0.1

4.4.9 Field measurements

Benthic invertebrates are those which are retained in a mesh size of 500 pm (Rosenberg
and Resh, 1993). A 500 um D-net was used to collect the benthic invertebrates. Since
there is no High Arctic sampling protocol available for lakes and ponds in Canada, the
Ontario Benthos Biomonitoring Network protocol (OBBN) was used (Jones et al., 2004).

Based on this protocol, three - 1 m pond segments were chosen. A standardization
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procedure was also established to account for possible differences in benthic community

in response to a hydrological gradient, and to avoid over-sampling.

The aim of the method was to collect a minimum of 300 individuals. Shortly after
the ponds became ice free a representative pond from each hydrologic regime was
selected, stable (Pond 1), fluctuating (Pond CR1), and ephemeral (Pond 8). In each pond,
a one minute kick and sweep from three transects was completed. The entire sample was
collected and counted. The time from the one minute kick was adjusted up or down to
reach 300 individuals depending on the number of individuals that were caught (e.g. if
100 individuals were caught in one minute then the sampling was increased to three
minutes). Each transect was timed as follows: three minutes (stable ponds), one minute
(fluctuating ponds) and five minutes (ephemeral ponds). Four ponds in each of the three
hydrologic regime categories were subsequently sampled. Each transect was

approximately 2 m long and 0.5 m wide for a total sampling area of 1 m?.

In total at PBP, 12 ponds were sampled in each month (June, July and August).
The three CB ponds were sampled on July 19 (ephemeral), July 20 (fluctuating pond),

and July 22 (stable pond). Each benthic sample was preserved with 95% ethanol.

4.4.10 Lab Measurements

Samples from Polar Bear Pass were randomly selected from each season and

hydrological regime to be enumerated. All samples from Cape Bounty were enumerated.
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Each sample was sub-sampled using a Marchant Box with 100 cells (Marchant, 1989).

The sample was mixed until evenly distributed among the 100 cells (Figure 4.10). One

cell was then selected using a random number table and the contents transferred into a

flask using a vacuum pump and counted. This step was repeated until 100 individuals

were obtained. The 100-count BMI site abundances at each hydrologic pond regime were

combined into a single count BMI pond score because this is representative of the

proportion to available pond habitat (Table 4.5).

Figure 4.10: Marchant box that contains 100 cells used for sub-sampling.

Table 4.5: The number of samples counted at Polar Bear Pass and Cape Bounty.

Stable Fluctuating | Ephemeral

Hydrologic Hydrologic Hydrologic Total

Regime Regime Regime
June —PBP 4 6 4 15
July-PBP 8 12 9 29
August-PBP 5 6 6 17
July-CB 3 3 3 9
Total 21 27 22 70
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Each individual was identified using a microscope and keyed to different
taxonomic levels depending on the phyla. Bowman and Bailey (1997) examined 10 BMI
data sets and concluded that a coarse taxonomic resolution (i.e., Family or Order)
provides a valid description of community patterns. Medeiros et al. (2011) examined
chironomid communities in arctic streams and determined that family-level taxonomic
identifications were sensitive enough to differentiate between pristine and impacted

streams. Nevertheless, more precise identification can lead to stronger relationships.

In this study, the lowest level of taxonomic identification was used in lieu of
‘species’. Aquatic insects were keyed to Family using Merritt and Cummins (1996).
Nematoda and Oligochaeta were keyed to the Phyla level and ostracodes were keyed at
the Class level. Crustaceans including harpacticoids were not enumerated because the

mesh size was too large to effectively collect this size of organisms.

4.5 Data Analysis

One of the objectives of this study was to compare the benthic invertebrate diversity of
ponds with different hydrologic regimes. We also wanted to consider different sampling
periods. Hence, a 3 x 3 factorial design was implemented. The factors were month and
hydrologic regime. A level is a subdivision of a factor (Month) which would be June,
July and August. It is important to consider temporal trends because natural variability
may obscure changes in the community. The other subdivision of a factor (Hydrologic

Regime) was stable, fluctuating and ephemeral.
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A catch per unit area was analyzed according to hydrologic regime. The transects

2 area. The number of

were two m long and 0.5 m wide which is equivalent to a one m
benthic invertebrates/m® was summed together and divided by the number of transects. A
repeated one way ANOV A was used to compare the differences between the seasons and
the hydrologic regime and the interaction between season and hydrologic regime.

The physical and chemical parameters were compared using ANOVA between
each of the hydrologic regimes. An unpaired two sample t-test was performed to compare
the difference in average environmental factors between each hydrologic regime (stable,
fluctuating and ephemeral). The biological communities were compared using ANOVA
between each of the hydrologic regimes in each month of June, July and August. A
repeated measures ANOVA was completed to compare hydrologic regimes and months.

In addition, a Mann-Whitney U test was used to compare biological diversity between

July samples of PBP (n=12) and CB (n=3).

The Shannon Diversity index was used to calculate benthic macroinvertebrate

diversity in each pond:
D=-Ypilnp 10

where p; is the proportion of the species in the sample and i is an index number for each
species present in a sample, p; = n/N is the number of individuals within a taxa (n;)

divided by the total number of individuals (N) present in the entire sample. Shannon
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diversity index is widely used because it incorporates both abundance and richness counts

and summarizes the evenness of the taxa collected (Pielou, 1975).

5 Results

In this chapter climate conditions are discussed to understand the observations of the
different hydrological regimes for the selected ponds. Chemical and physical parameters
are used as a comparison to relate to the different benthic invertebrate communities. The

BMI communities are compared in a temporal, hydrological and spatial context.

5.1 Climate Conditions

Long-term climate records in the vicinity of PBP and CB are found at Resolute Bay
(Comwallis Island)) and Mould Bay (Patrick Island)) respectively (see Figure 3.1). Both
are dominated by snow in winter months (<150 mm). Mould Bay was closed in the mid
90’s but an automatic weather station still continues there. During 2009 there was a

malfunction in the station and it did not work.

Resolute Bay weather station data are used to understand how the summer in
2009 was different from month to month and in terms of long-term climate normals
(1971-2002). The temperature at PBP was warmer in June than Resolute Bay (1.9 °C vs
1.0 °C) (Table 5.1), and much warmer than the long-term record at Resolute Bay (1.9 °C

vs -0.1 °C). Polar Bear Pass was slightly colder in July and August at 5.0 °C and 4.5 °C,
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respectively, than Resolute ( 5.3 and 4.8 °C) . However air temperatures at PBP continued

to remain higher than climate normals, especially during August.

Prior to the main snowmelt period at PBP, net radiation increased rapidly starting
at the onset of measurement on May 25 until it peaked on June 15 which corresponded to
active snowmelt (Figure 5.1). Wind speeds peaked on June 15 at 8 m/s facilitating

snowmelt.

Overall, the 2009 post-snowmelt season can be described as rainy (Table 5.1). In
terms of the long-term record, June precipitation totals from Resolute Bay were lower
than climate normals (2.1 vs 14.7 mm) but much higher for July (61.7 vs. 20.2 mm).
They were comparable in August (31.1 vs. 34.3 mm). On July 22, 2009, an extreme rain
event occurred at PBP totalling 22.3 mm. This amount exceeded the 1967 record by
1.7 mm (Table 5.1). Summer precipitation was higher at PBP in comparison to both

Resolute Bay and CB. In July, PBP received 65 mm whereas CB measured 51 mm.

During the post-snowmelt period at PBP, net radiation remained high near
400 W/m” until July 1 at which point net radiation decreased for about 1 week which
corresponded with heavy rainfall and elevated relative humidity. Net radiation started to
decrease around August 1 ranging from 200-300 W/m®. This corresponded with a gradual

decrease in temperature from 10 °C to § °C.
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Windy conditions were common. In May, June and early July there was at least

one wind storm which exceeded 10 nv/s. In late July there were two events. In August

there were three events where wind speeds averaged 8 m/s.

Table 5.1: Air temperatures and precipitation measurements from field weather

stations (PBP, CB).
ould
Polar R Resolute, |Cape ould [Bay,
Bear esolute, | NU Bounty [Ba WT
Month NU Normal ki
Pass, NU, 200’9 1971- I((NWT), INWT, {Normal
2009 2000) 2009 2009 |(1971-
2000)
. June 1.9 1.0 -0.1 0.9 0.8 0.2
%:np' cc) [uly_[50 53 4.3 3.6 6 a0
August | 4.5 4.8 1.5 - 3.5 0.9
June |2.1 3.4 14.7 0 - 8.6
PPT(mm) | July 61.7 64.3 20.2 50.8 - 13.5
August | 31.1 16.9 34.3 - - 22.5
Total (mm) 94.9 84.6 69.2 50.8 - 44.6
Extreme daily 223mm |228mm |20.6mm [9.8mm | 20.3
rainfall, July (22/2009) | (22/2009) | (24/1967) |(26/2009) [(24/1949)

Note: Additional climate data is provided from the government weather stations at
Resolute Bay, NU and Mould Bay, NWT (source: Environment Canada).

*“= not available
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Figure 5.1: Seasonal Climate Conditions at PBP (left) and CB (right), 2009.
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Climate conditions differed slightly at CB in comparison to PBP. The average

conditions encompasses June 1 to July 27, although PBP has a much longer data record.

The net radiation at PBP was measured over a pond, whereas at CB net radiation
was measured over a mesic tundra area covered with grasses and low-lying shrubs. This
accounts for some of the difference between the two averages. In early June PBP was
consistently higher than CB, however over the course of the summer Q* at PBP slowly
declined, whereas levels CB remained around 400 W/m? for the summer (from June 15 to

August 1).

Generally, PBP was warmer than CB with an average of 3.4°C compared to 2.2°C
(Figure 5.1). From early to mid June PBP consistently warmed whereas CB remained
cool, finally increasing after June 24. During the end of June CB remained around 0 °C
and did not reach a peak value (13. 4 °C) until the early July. CB was slightly colder in
July with an average temperature of 3.6°C vs. 5.0°C at PBP (Table 5.1). A peak

temperature of 17.1°C occurred at PBP in mid July.

Rainfall pattern was different between the sites though relative humidity was
similar. More precipitation was received earlier in the season at PBP than CB. By July 15

PBP had received 25.7 mm of rain, whereas CB had only received 5.2 mm (Figure 5.2).
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For the same period there was much more precipitation at PBP (ca. 96 mm) compared to

CB (ca. 63 mm) (Table 5.1).

Figure 5.2: Cumulative precipitation at the study sites.
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Note: In 2009, the first rain event occurred at PBP on June 16 and at CB on July 4.

5.2 Snow Conditions

The snow cover in the High Arctic is particularly important because it constitutes a large
portion of the early seasonal input of water, and is especially critical for wetland
ecosystems. It is usually the time when ponds, lakes and wet meadows’ water storage are
replenished. The depth of snow (Figure 5.3) and density (Figure 5.3) are the

characteristics that influence the snow water equivalent (SWE), amount of water
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available for ecosystems (Figure 5.3). The timing of melt can also be an important

consideration for ecological systems.

At PBP, pond SWE ranged from 36 to 95 mm of water (Figure 5.3). The stable
ponds had a narrow range of SWE (32 to 45 mm) with a mean of 38 mm. Ephemeral
ponds contained more (58 mm) as did fluctuating ponds (74 mm). The range of SWE in

the fluctuating and ephemeral ponds was similar with 48 mm and 45 mm respectively.

Given that snow depth usually defines the variability in SWE (Pomeroy et al.,
2003), pond snow depth patterns were similar (Figure 5.3). Stable ponds had the thinnest
snow covers, averaging 150 mm, while the fluctuating ponds exhibited the highest
average at 220 mm. Snow density was similar amongst the ponds, averaging 290 kg/m’.
The stable ponds were slightly lower (210 kg/m®) (Figure 5.3). The probable error
associated with the measurement of snow distribution for the study ponds was 0.15 mm
and the maximum error was 3.4 mm indicating a less than 4% error (Assini, 2010,

unpublished).
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Figure 5.3: Box plots showing the properties of end of winter snow cover (Depth,
Density, and Snow water equivalent) at PBP in 2009.
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Note: The box is determined by the 25th and 75th percentiles. The whiskers are
determined by the Sth and 95th percentiles. The centre line is the median and the central
square is the mean.

At Cape Bounty, the snow surveys took place between May 30 and June 3. At this
time there was >80% snow coverage across the watershed. Thin snow cover existed over
the stable pond leaving the perimeter of the pond visible in some places. The stable pond
had a lower SWE and depth compared to the fluctuating pond. Thick snow cover existed

over the fluctuating pond (Figure 5.4) resulting in a large SWE value (211 mm). Snow
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densities differed amongst the pond sites but fell in the range (250 to 330 kg/m’)

observed at PBP.

Figure 5.4: Average end-of winter snow conditions for two ponds (Stable,
Fluctuating) at CB in 2009.
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Note: The location of the snow survey over the ephemeral pond was performed outside of

the perimeter of the pond (in an active layer detachment) and thus was not included in the
analysis.

5.2.1 Pond water storage

In general stable ponds at PBP showed less variation in water storage (which includes the
water table and active layer) over the entire season, in comparison to the ephemeral

ponds. Three fluctuating ponds had water storage levels similar to the stable ponds (Pond
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10, Pond CR1 and Pond CR2) (Figure 5.5) whereas Pond 13 had storage values similar to

the ephemeral ponds. The overlapping pond water storage values for the stable and

fluctuating ponds indicates that the water storage were similar. Although the stable ponds

were deeper with a shallower frost table and the fluctuating ponds were shallow with a

deeper frost table the overall pond water storage was similar in both hydrologic regimes.

Figure 5.5: Pond water storage (includes pond water table and water held in the

active layer) over the entire season.
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At CB, snowmelt ended on June 17 (based on equations 4 and 5), which was two

days later than Polar Bear Pass when the majority of the snowpack was gone.

5.2.2 Hydrologic Regime

Stable Hydrologic Regime

A pond’s water table provides a good indication of inputs and losses of water. Figure 5.6
demonstrates that over the season the water table in stable ponds showed little change.
Nevertheless, there was a continual decrease in water level in the stable hydrologic

regime ponds in response to evaporation and subsurface seepage.

78



Figure 5.6: Water and frost table depth for each study pond grouped according to hydrologic regime. The water levels
were tracked using manual well measurements.
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Fluctuating Hydrologic Regime
Surprisingly, in 2009 the fluctuating ponds exhibited stable water levels likely owing to

the heavy rain conditions. This is particularly evident in Figure 5.6 where ponds
remained at the same water depth for a long period of time. Here, Pond 13 and Pond CR1
had the same water depth for more than 70% of the time; the only exception was Pond
10. Its pond water table dropped until July 9, at which point, it rose again in response to

rain until August 29.

Deep ground thaw encourages vertical seepage and a larger storage capacity (e.g.
Pond 13-see Figure 5.6). However the water table remained stable at this and other
fluctuating ponds and the surface area changed very little (see Figure 5.6). Ponds CR1
and P2 are fed by an ephemeral hillslope stream (Young et al. 2010), and P10 lies in an
area of rich ground ice, which limits frost table descent, though ground ice can be a
source of water (Abnizova and Young, 2010). P10 is also surrounded by a wet meadow
and several ponds are located nearby. During rainy periods, rain likely spilled over from
adjacent ponds and moved from the wet meadow into the pond (Abnizova and Young,

2010; Young and Abnizova, 2011).

Ephemeral Hydrologic Regime

Recent wetland studies (Abnizova and Young; Young and Abnizova, 2011) suggest that
the water table in ephemeral ponds would likely spend some time below the surface in

response to episodes of warm/dry conditions over an arctic summer. This is often

80



reflected in the pond shrinkage pattern (Figure 5.7). Due to extremely wet conditions in
2009, the ponds remain inundated. Nevertheless, the ponds in the ephemeral category do
show some change in the water table over the entire season with larger fluctuations

occurring than the other ponds (Figure 5.8).

5.2.3 Pond water table comparisons

A pair-wise comparison was completed between each pond at PBP to determine which
ponds had the most similar water tables in 2009 (Table 5.2). The stable-type ponds that
were most similar were Ponds 1 and 3. The ephemeral ponds that were comparable were
Ponds 11 and 12. These ponds were situated in close proximity to the banks of the
Goodsir River but they were located on opposite floodplains. Other statistically
significant pond relationships did emerge for Ponds 4, 11 and 12 and Pond 6 and Pond
CR 2. The fluctuating ponds had very different intra-hydrological regimes while ponds
CR1 and CR2 had different hydrological water tables compared to Ponds 10 and 13. The
water level in Pond 10 did fluctuate, whereas the hydrological regime for Pond 13 was

similar to the stable ponds, i.e. Pond 3.
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Table 5.2: Pond pair-wise comparison for water table using a Mann-Whitney test.

Pond {1 2 3 4 6 8 10 11 12 13 CRt CR2
1 -

2 0.000 -~

3 1.000* 0.000 --

4 0.000 0.000 0.000 --

6 0.000 0.000 0.000 0.000 --

8 0.000 0.000 0.000 0.000 0.000 -~

10 0.000 0.000 0.000 0.000 0,000 0.000 --

11 0.000 0.000 0.000 1.000* 0.000 0.000 0.000 -~

12 0.000 0.000 0.000 1.000* 0.000 0.000 0.000 1.000* -

13 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 --

CR1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000* 0.000 0.000 -~

CR2 | 0.000 0.000 0.000 0.000 1.000* 0.000 0.000 0.000 0.000 0.000 0.000 --

Note: Non significant values are indicated with an asterisk and suggest similar water tables.
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Ponds 4, 11, and 12 and the pair (Pond 6 and CR2) had similar maximum depths

(Table 5.3). Most of the ponds maintained maximum freshet water levels for the entire

season due to the large amount of rainfall and cool summer temperatures. These groups

also had similar water table frequencies (Table 5.2, Figure 5.11).

These results indicate the response of pond water tables to similar climatic drivers

(e.g., temperature, rainfall). Ponds 4 and 11 had primary linkages to hillslope meltwater

inputs, possibly from the late-lying snowbed. Pond 12 was not located near a snowbed.

Pond CR2 had water linkages with a hillslope creek while Pond 6 had water inputs from

nearby ponds (spillage).

Table 5.3: Seasonal measured pond water levels and ranges calculated from June 12

to August 31, 2009.
Hyc.irologic Pond June | July | August | Max | Min
regime mm | mm | mm mm | mm
1 391 |369 | 323 397 | 191
Stable 2 465 (442 432 636 |259
3 365 ]356 | 346 379 1232
4 228 | 264 | 234 309 | 80
10 94 91 126 357 169
. 13 323 1315 | 314 356 232
Fluctuating e 1260 [271 [271 |290 | 114
CR2 | 202 |241 ]189 474 | 165
6 234 1187 ] 165 481 | 108
Ephemeral 8 153 {147 ] 166 466 | 113
11 224 1265 271 340 | 151
12 251 242 }249 326 | 205
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5.2.4 Surface Area

The surface area of selected ponds was tracked over the season to examine the changes in
hydrologic regime (Figure 5.7). Areas were measured on June 22 and 26, July 13, 16 and
23 and August 1, 14, 24, and 28. The largest changes occur in the early season (June 14)
shortly after snowmelt. Changes in stable and fluctuating ponds were more subtle in
comparison to the ephemeral ponds and decreased throughout the summer. Ephemeral
ponds increased in surface area by more than 50%. Near the end of the season (Aug 18)

the ephemeral ponds started to decrease.

The changes in surface area were unrelated to pond bathymetry. The stable ponds
(Pond 1, 2, 3 and 4) as well as two ephemeral ponds (Pond 6 and 8) had uniform basins.
The fluctuating ponds (Pond 10, 13, CR1 and CR2) as well as two ephemeral ponds
(Pond 11 and 12) had a notable depression in their bathymetry. Figure 5.7 suggests that

the ponds’ surface area was related to the hydrological regime and not the bathymetry.
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Figure 5.7: Surface area of selected study ponds at PBP
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At CB the changes in surface area were largely related to the hydrological
linkages. The stable ponds were at a low elevation between two hilltops and received
groundwater from a late-lying snowbed (Figure 5.11). From July 17 — 20 there was a

large amount of rainfall which also contributed to the change in surface area (Figure

5.10). During this time the inflow of the lake had become completely saturated, and there

was no distinct pond edge attributing to the large increase in surface area.
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The fluctuating pond at CB is a closed basin pond, however this changed during
the rainfall events in late July. The ground became saturated which led to groundwater
seeping into the pond from nearby hillslopes (Figure 5.9). This led to an approximately
60% increase in surface area (Figure 5.10). At this time the edge of the pond at the
outflow was unrecognizable because the outflow had spilled over the entire edge of the

pond. The pond surface area shrank once the groundwater stopped seeping into the pond.

The ephemeral pond was located in a flat area of the watershed with only
atmospheric inputs. As shown in Figure 5.10 there was little change in the surface area of
the pond because there was not enough precipitation to affect change until July 17 - 20,
and the surface area increased by only 4%. The surface area remained the same because

precipitation did not increase the water level above the outflow elevation.

Technically, these ponds had no linkage to the landscape after the snowmelt
period (no meltwater from a late-lying snowbed or discharge from a creek) and can be
considered closed basins. Nevertheless, rainfall sustained the water level in these ponds
in the post-snowmelt season which differs from other years (data not shown). Due to
saturated conditions in all catchments in 2009, some runoff into these ponds likely

occurred as water moved from the surrounding catchment into the ponds.
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Figure 5.8: Fluctuating pond at CB. Note the silty-clay inflow moving into the pond
which seeped from a nearby hillslope. Photo was taken July 20, 2009.
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Figure 5.9: Surface area of ponds and precipitation (bottom diagram) for selected

dates at CB.
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Figure 5.10: Frequency analysis of water tables for stable, fluctuating, and
ephemeral ponds.

Stable

T M LA \J

o
8
24
g
]

Relative Frequency
Fluctuating

430

00

330

°
8
$4
3
2

Ephemeral

e N ——

4350

400

g

Wakes Depth {mm)
~
g

89



5.3 Evaporation

Over the summer, despite rainy conditions, pond water levels were driven down by

evaporation which ranged from 113 to 114 mm. Table 5.4 shows the individual ponds

and differences in evaporation. Generally, larger ponds had an area: perimeter ratio

ranging from 10-17. For Pond 1 and Pond 10 evaporation was greater in volumetric terms

and ranged from 811-856 m’®. Smaller ponds had an area: perimeter ratio of 5-9 and

exhibited a lower amount of volumetric evaporation loss ranging from 60-117 m’.

Table 5.4: Aerially weighted evaporation. The evaporation measurements started on
June 19 which corresponds with the start of the ice-free season and ended on August

12'
. Max. Total .

?ey‘.l;oel()gw Pond Perimeter z::;})(.Area evaporatio (Tm‘g;" Evaporation

& (m) n (mm)
Stable 1 411 7188 113 810.8

110 623 6421 114 855.9

Fluctuating {~=p 175 1040 113 1171
Eohemeral 12 139 630 113 71.4

p 11 90 523 114 59.5
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5.4 Physico-chemical Measurements

As mentioned previously, physico-chemical measurements and pond sediment conditions
can modify macroinvertebrate diversity. To examine the variance between the hydrologic
regimes in terms of physico-chemical measurements and sediment-type, one-way
analysis of variance (ANOVA) were calculated. Dissolved oxygen levels presented no
trend over the season but the shallow ponds remained above 10 mg/L for most of the
season. The pH increased throughout the season, with the ephemeral hydrologic regime

exhibiting the highest pH (8.8) and the stable ponds with the lowest (7.7).

Specific conductivity was significantly different between stable and fluctuating
ponds (p< 0.001) and stable and ephemeral ponds (p<0.001), but not fluctuating and
ephemeral ponds (p=0.39) (Table 5.5). The highest conductivity value (353 uS/cm) was
found in the ephemeral ponds, followed by the fluctuating ponds (277 pS/cm). The most
dilute was the stable ponds (Figure 5.12). A notable result is the wide range of
conductivity in July among ephemeral ponds suggesting a high rate of evaporation in

some of these ponds with little replacement.

Within the hydrological categories there were pairs of ponds that had similar
conductivity (Table 5.6). Specifically, within the stable hydrologic regime, P 1 and P 2
had similar conductivity levels, as well as P 3 and P 4. In the fluctuating hydrologic
regime, P 10 and P 13 had similar conductivity levels, as did CR 1 and CR 2. In terms of

ephemeral ponds, P 6 and P 8 possessed similar conductivity levels.
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In terms of daily average water temperature, significant differences emerged for
the fluctuating ponds (p=0.026). Comparable ponds were P 10 and 13, and CR1 and CR2
(Table 5.7). Maximum temperature was observed for all ponds around July 29, when they

reached approximately 13°C.

At CB, the pond temperatures by July 23 were similar ranging from 5.6 to 10 °C.
The ephemeral pond exhibited the warmest temperature owing to its small, shallow
depth. Conductivity in the stable and ephemeral ponds ranged from 42.6 to 47.8 uS/cm
whereas the fluctuating pond reached 137.5 pS/cm. This can be attributed to groundwater
seepage from the surrounding catchment (see Section 6.2). CB ponds were well mixed by
wind. The dissolved oxygen levels ranged from 11.8 to 14.6 mg/L, and were similar to

PBP.
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Table 5.5: One way ANOVA results based on analysis of physico-chemical measurement data between each hydrologic

regime.
Variable All STvs FL STvsEP FLvsEP ST FL EP
DF=() XQ) [p Z(M|p ZMip (Z_,) P [X*0®) |p X*Q|p X' Q)|p
Specific 28.00 [<0.0001*(-4.42]<0.0001*|-4.45|<0.0001*0.86 |0.39 ]11.09  {0.011* [16.97 |0.00072* |27.32 |<0.0001*
conductivity
pH 262 1027 no significant difference
Dissolved 064 [0.73 no significant difference
Oxygen
Frost Table 299 1022 no significant difference
Particle Size 3.66 |0.16 no significant difference
Dy
F [ FS1) |p F42) ip F45) ip
(140)
Temperature 1.12  {0.33 no significant difference 0.024* (099 345 0.026* [1.13 [0.35

Note: Non-linearity determined in specific conductivity, pH, dissolved oxygen, frost table, and particle size. Kruskal-Wallis test used in the case of non-
linearity. An asterisk (*) refers to significant differences. X*=Kruskal-Wallis test, Z & F = ANOVA, p = significance (of a =0.05). ST=stable ponds,
FL=fluctuating ponds, and EP= ephemeral ponds.
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Figure 5.11: Physico-chemical measurement data and general trend lines for all study points.
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Table 5.6: A pairwise comparison of pond specific conductivity.

Variable Hydrologic Regime | Pond Pair Z p
1vs.2 0.15 0.88
2vs. 3 -1.98 0.048*
3vs4 -0.56 0.57
Stable Tvs.3 267 ]0.0077%
2vs. 4 2.03 0.043*
1vs. 4 -2.51 0.012%
10 vs. 13 -1.32 0.19
13 vs. CR1 -2.54 0.011*
) .. ) CR1 vs.CR2 ] 0.41 0.68
Specific conductivity | Fluctuating T0ve CRI 596 5.0031*
13 vs. CR1 2.57 0.01*
10 vs. CR2 -3.07 0.0021*
6vs. 8 -1.23 10.22
8vs. 11 -3.35 }0.00080*
11vs. 12 3.67 0.00025*
Ephemeral 6vs. 11 349 | 0.00048*
8vs. 12 -2.93 0.0034*
6vs. 12 3.05 0.0023*

Note: An asterisk (*) indicates a significant difference, bolded values are statistically similar.
Z=Non-parametric ANOVA, p=significance (of a =0.95)

Table 5.7: Pairwise comparison of temperature.

Variable Hydrologic Regime | Pond Pair DF t p
10 vs. CR2 20 2.26 0.035*
13 vs. CR2 19 -2.42 0.026*
. 10 vs. CR1 20 2.11 0.047*
Water temperature | Fluctuating CRIve CR2 120 033 0.82
13 vs. CR1 19 2.29 0.034*
10 vs. 13 19 -0.17 0.87

Note: An asterisk (*) indicates significant differences, bolded values are statistically similar. t= Student

t-test, p= significance.
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5.5 Sediment

Substrate texture can modify ground thaw, which can influence vertical seepage and

inflow/outflow from a pond (Figure 5.13). The particle size distribution indicated by Dso

is defined as the grain diameter at which 50% of the sediment sample is finer than. D5
not significantly different between ponds and is consistent within ponds with a few

exceptions (Table 5.5). The stable ponds have 20% to 30% fine sediments smaller than
very fine sand (0.0625 to 0.125 mm). The fluctuating ponds ranged from 10% to 50 %

sediments smaller than very fine sand. Three of the ephemeral ponds (Ponds 6, 8, 11)

is

have 40% material smaller than very fine sand. Pond 12 is coarser, with only about 10%.
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Figure 5.12: Sediment particle size for each pond.
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Porosity of the pond sediment was calculated to determine the permeability of the
sediments to water flow. Coarse-textured soil materials such as gravel and sand tend to

have a lower total porosity than fine-textured soils such as silts and clays but larger
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sediment particle size will increase the permeability to water. Ponds with higher porosity

will typically have a larger storage, provided that the thawed zone is relatively deep.

The stable and fluctating ponds had similar porosity values, showing a range
between 0.14 to 0.31, indicative of sandstone and coarse sand. The ephemeral ponds had
a range between 0.31 to 0.60, which indicates coarse sand and clay (Figure 5.14). In this
study the ephemeral ponds were shown to have the least amount of silt and clay which
accounts for the differences in porosity and permeability. The coarse sediments in the

ephemeral ponds contribute to greater drainage.

Figure 5.13: Porosity estimates for the pond hydrologic regimes at PBP, 2009. This
estimate is based on two substrate samples per pond.
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Note: The box is determined by the 25th and 75th percentiles. The whiskers are
determined by the Sth and 95th percentiles. The centre line is the median and the central
square is the mean.
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5.6 Hydrological Summary

In 2009 fluctuating and ephemeral ponds received more SWE (mm), trapping more snow
than stable ponds. Similarly, the Cape Bounty stable pond had the lowest SWE and snow

depth compared to the fluctuating pond.

The climate conditions at PBP from May to September, 2009 were considered
wet. Average air temperature was 3.4°C and approximately 96 mm of rain fell, an amount
higher than normal when one considers the long-term mean for Resolute. An extreme
rainfall event (22.7 mm) in July occurred at PBP. Overall, summer rainfall was higher at

PBP than CB.

In response to a wet summer, wetland ponds shifted from their “normal”
hydrologic regimes. For example, in “normal years” owing to little water inflow from
their surrounding landscape in the post-snowmelt period, ephemeral type ponds are
expected to dry out. They tend to remain empty or can be filled back to freshet levels
with late summer rains prior to freeze-back (Woo and Guan, 2006; Abnizova and Young,
2010). However, in 2009, water table levels in these ponds remained above the surface
and while they did show some fluctuation in response to evaporative loss and seepage
into the ground, these ponds remained filled. Hence, they acted like fluctuating ponds.
Using the same logic, fluctuating ponds at PBP were more typical of stable ponds. Good

hydrologic linkages for stable ponds here (meltwater inflow from late-lying snowbeds or
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discharge from nearby creeks) ensures that these ponds have positive water tables,

whether there is a wet or dry summer.

5.7 PBP Macroinvertebrate Diversity

The taxa collected in PBP samples were family Chironomidae and Tabanidae (order

Diptera), sub-class Oligochaeta, phylum Nematoda, class Ostracoda, order Collembola,

order Notostraca. The dominant benthic species identified were Chironomidae sp.

5.7.1 Differences in Benthic Community Abundance and Species

Composition

Abundance of benthic invertebrates is known to vary temporally. Abundance was
examined to understand if there were differences between months and hydrologic
regimes. An ANOVA determined that the mean abundance in each hydrologic regime
were not significantly different. Additionally, an ANOVA determined that the mean
abundances in each month were not significantly different. In June there was a large
difference between the 25" and 75™ percentile indicating that some ponds may have

melted out sooner or received more food sources from the catchment.
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Figure 5.14: Monthly and hydrologic regime abundance (m2) of benthic
invertebrates
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Note: The box is determined by the 25th and 75th percentiles. The whiskers are
determined by the 5th and 95th percentiles. The centre line is the median and the central

square is the mean.

Species composition was also examined because the Shannon Diversity index
only examines diversity. Chironomids dominated the ponds at PBP. Chironomid relative
abundance ranged from 80% to 90% in June, 81% to 96% in July and 89% to 98% in

August (Table 5.8). It is noteworthy that the biggest one month change in non-
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chironomid relative abundance occurred in the ephemeral ponds between July and
August (decline of 20% to 11%) perhaps because the high precipitation levels in July

caused less favourable conditions.

Table 5.8: Average percent chironomids from PBP for each month and hydrologic
regime.

Month | Stable | Fluctuating | Ephemeral
June 93% }91% 80%
July 93% |96% 81%
August 98% | 95% 89%

5.7.2 Differences in Benthic Community Diversity

Benthic diversity is known to vary temporally. In the Arctic due to logistical constraints
and weather conditions often benthic synoptic surveys are grouped together over the
entire ice-free season. I wanted to know if diversity was different in each hydrologic
regime. In this exercise three hydrologic regimes were examined across three months,

June, July, and August.

A repeated measures ANOVA determined that mean diversity in each hydrologic regime
differed statistically significantly between months (F (2, 4) = 12.5, P<0.02). Post hoc
tests using the Bonferroni correction revealed that the diversity of stable and fluctuating

regimes (0.23 vs 0.24) were not statistically different (P=1). However, ephemeral
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diversity (0.51) was higher than the stable and fluctuating regimes and statistically

different for both (P<0.05). The diversity was different in each month.

Figure 5.15: Mean Shannon Diversity from hydrologic regimes (SE as error bars).
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These monthly differences demonstrated that samples taken four weeks apart
would be different and pooled results would mask significant differences. When the
Shannon diversity indices were pooled together there was a significant difference
between June, July and August (p<0.05). When the hydrologic regimes were compared in

July separately from the other months there was a significant difference (Table 5.11). As
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shown in Figure 5.15, the mean biological diversity was higher in June and decreased

over the ice-free season.

Table 5.9: One way ANOVA examining pooled hydrologic regimes.

Variable | Pooled June July August
DF=) |X'Q]|P ZQlp 1ZA|p Z2)|p
Month 6.35 |0.042*]3.29 ]0.35]6.62 ] 0.037* ] 2.78 | 0.42

Note: X*=Kruskal-Wallis test, Z= ANOVA, p = significance with a level of a =0.05.

Figure 5.16: Temporal and spatial patterns of diversity in ponds.
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5.7.3 Hydrologic Regime Variation

When all stable, fluctuating and ephemeral samples were grouped together regardless of
the month of sampling, there was no significant relationship between the hydrologic
regimes (Table 5.9). Diversity declined in stable and fluctuating ponds in July and

August (Figure 5.15). Ephemeral diversity remained high and highly variable all summer.

Table 5.10: One way ANOVA examining diversity compared amongst hydrologic
regimes.

Variable All Seasons | Stable versus | Stable versus Fluctuating versus
pooled Fluctuating | Ephemeral Ephemeral

DF=(Q X@|Pp Z( |p Z() p Z() p

ANOVA |45 0.11 }1.59 j0.11 |-1.01 0.31 -1.59 0.11

Note: X =Kruskal-Wallis test, Z= ANOVA, p = significance. with a level of a =0.05.

The benthic macroinvertebrate diversity was examined more closely comparing
pairs of the hydrologic regimes in each month. It was shown that there was a significant
difference in diversity between the fluctuating and ephemeral hydrologic regimes in July
(p=0.03) (Table 5.10, Figure 5.16). In August all of the stable ponds had similar Shannon
diversity indices whereas the fluctuating and ephemeral ponds showed a wide spread.
However, there was no significant difference in August because the fluctuating pond had
an increase in diversity, decreasing the variation between the fluctuating and ephemeral

ponds.
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Table 5.11 One way ANOVA examining diversity in

July compared amongst

hydrologic regimes.
. Stable versus Stable versus Fluctuating versus
Variable .
Fluctuating Ephemeral Ephemeral
DF=Q 1Z() p Z() p Z(7) P
ANOVA | 1.59 0.11 -1.01 0.31 -2.17 0.03*

Figure 5.17: Box plots using the Shannon diversity index indicate benthic
macroinvertebrate diversity across all pond hydrologic categories.
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5.8 PBP Benthic Macroinvertebrate Summary

A significant difference between pooled benthic community diversity (Figure 5.16)
occurred during the month of July. Communities in fluctuating and ephemeral hydrologic

regimes were significantly different.

Over the course of the summer the stable hydrologic regime ponds had the widest
range in diversity in June but this continued to steadily decrease until the end of August
(Figure 5.16). Fluctuating ponds had a small range of diversity in June, but showed
greater diversity throughout the summer, similar to levels reached by ephemeral ponds in
August. The ephemeral ponds had a smaller diversity range than stable ponds in June,
however, it increased drastically in July with a large range in diversity being maintained
until the end of August. Due to the wet month of July most of the ponds remained
inundated in August which allowed for more pond habitat. The overall benthic diversity
did not exceed July possibly due to the cooling temperatures and decreased solar

radiation that happens in mid to late August.

5.9 Spatial Pattern-Polar Bear Pass, Bathurst Island vs. Cape Bounty,

Melville Island

Hpydrological Conditions at Cape Bounty

During the summer of 2009 the climate conditions were wet (Table 5.1 and Figures 5.1

and 5.2). Figure 5.18 shows the water depth from the ephemeral and fluctuating pond at
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Cape Bounty in comparison to precipitation. The water depth was recorded from July 12
to freeze-back on Sept 21 (not included in figure). The ephemeral pond fluctuated slightly
more than the fluctuating pond which is comparable to PBP. Nevertheless, there was a
significant difference between the pond hydrologic regimes at PBP and CB

(X*=2.52, p=0.011).

Figure 5.18: Daily average water depth measurements from Cape Bounty.
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Figure 5.19 indicates that the average diversity at PBP (n=12) is much higher than CB

(n=3) across all hydrologic regimes (X*=2.78, p=0.02). Although PBP has an overall
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higher diversity, CB follows a similar pattern with the ephemeral pond showing the

highest diversity followed by fluctuating and stable ponds.

Figure 5.19: Benthic macroinvertebrate diversity at Polar Bear Pass (PBP),
Bathurst Island and Cape Bounty (CB), Melville Island, July 2009.
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6 Discussion

The following section reflects on the three major factors that appear to impact the benthic
community: (1) hydrology; (2) physico-chemical measurements; and (3) substrate type.
First, the hydrological framework was examined using water balance theory which
considers water inputs, outputs and storage. The water balance was used to determine the
variations in the water level in ponds with distinct hydrologic regimes: stable, fluctuating
and ephemeral water tables. Second, pond physico-chemical measurements were
monitored throughout the ice-free season, in order to evaluate if ponds were isolated (no
water sources) or were hydrologically linked to the catchment (single or multi-water
sources). In addition, pond substrate was analyzed, to further explain possible
discrepancies in subsurface water storage values or benthic diversity. Overall,
fluctuations in water tables may have impacted the chemical and physical characteristics
as well as the biological communities. This was observed on a spatial (PBP vs CB) and

temporal (June, July, August) scale.

6.1 Climate Conditions that Impact Pond Hydrology

The wet climate conditions in 2009 impacted the water table levels and effectively the
storage. This altered the water table levels from the stable, fluctuating, and ephemeral
pond and thus impacting of the pond hydrological regimes at Polar Bear Pass. The
ephemeral ponds were inundated for the entire ice-free season. Ephemeral ponds are

generally isolated and sustained only by atmospheric inputs during the post-snowmelt
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season. These ponds normally dry out, but in 2009 they were sustained through numerous
rainfall inputs. While not common, this process does occur from time to time. For
example, in a polar desert wetland catchment near Resolute Bay, Woo and Xia (1995)
also showed that ephemeral ponds did not dry out during a rainy summer. In their pond
study near Resolute Bay, a depression-type pond had no surface inflow and outflow but
was instead maintained by groundwater seepage. The pond water level remained stable
because the pond received groundwater after the catchment became saturated with
rainfall. For some isolated rocky ponds at PBP (P 11), the same process likely occurred,
but for other ponds surrounded by wet meadows, surface inflow seems like a more

plausible explanation (e.g. P 10).

In High Arctic environments, evaporation is considered to play a large role in the
water balance of the wetland and can draw down water levels (Young and Woo 2000). In
this case evaporation losses (< 114 mm) did not exceed the inputs and water tables of all
ponds remained positive. Stable and fluctuating ponds remained at capacity whereas any
depletion of water in the ephemeral ponds over the summer was replenished by late
summer rains. To date, it has been observed that during warm and dry conditions,
isolated ponds lying in the Canadian Shield can permanently dry out but not nearby
ponds with upslope late-lying snowbeds which continue to receive meltwater inputs

(Smol and Douglas, 2007).
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6.2 Pond Sustainability and Hydrologic Regime

Pond sustainability is the ability for a pond to survive and hold water for the duration of
the ice-free season (Abnizova and Young, 2010). Pond sustainability can often be related
to the number and type of hydrological linkages with the surrounding landscape. Multiple
hydrological linkages (e.g., late-lying snowbeds, hillslope creeks, lateral inflow such as
groundwater, and water spillage from ponds/lakes) can help maintain a positive water
balance throughout the summer after the main snowmelt season has ended (Abnizova and
Young, 2008). Isolated (ephemeral) ponds have limited connection to the surrounding
basin and require snowmelt in the early season and rainfall throughout the summer to
maintain a positive water balance. It has been shown that isolated ponds tend to dry out in
seasons with little snow and rainfall (Woo and Guan, 2006). However in 2009 the wet
conditions allowed ephemeral ponds to remain filled throughout the season, and their
signal was more representative of fluctuating ponds, while the fluctuating and stable
ponds were quite similar. In a drier year, much different signals would likely have

resulted.

6.3 Disturbance as a Mediating Factor on Benthic Community Diversity

Though many studies use a concept of disturbance, it is difficult to find a universal
definition describing characteristics of disturbance. Disturbance is often used
synonymously with stress and perturbation when applied to ecosystem dynamics (Rykiel,

1985). However, these words may confuse the issues of cause and effect. In Rykiel
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(1985), disturbance is defined as “A cause; a physical force, agent, or process, either
abiotic or biotic, causing a perturbation [an effect of disturbance] (which includes stress)
in an ecological component or system; relative to a specified reference state and system;
defined by specific characteristics (p. 364).” Disturbance is often defined as a physical
process, e.g., as dredging, storms or construction (Wilson, 1987; Horn, 1974; Rhoads et

al., 1978). In this case the disturbance is the change in pond water levels.

The effect of a disturbance on a community depends on the characteristic
disturbance regime. If a change in water level could be considered a disturbance then the
frequency and magnitude of the disturbance event would impact the benthic community
(Wissinger, 1999). The frequency and magnitude around the disturbance is represented in
the changes in the pond’s water table (Figures 5.6 and 5.8). It was shown that the
ephemeral ponds had the largest changes in the water table in comparison to the
fluctuating and stable ponds (i.e. they are considered the most disturbed). Diversity did
not change much in the stable ponds because these communities were already stable. In
this study it was shown that there was a significant difference in diversity in July,
possibly indicating that more benthic invertebrates could survive due to the increased

length of time the water resided in the pond.

Water level fluctuations have been shown to impact littoral benthic invertebrates
in lake ecosystems. A decrease in water level may impact habitat and food availability.

From lakes on the Arctic Circle in Finland, Aroviita and Himaldinen (2008)
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demonstrated that the greatest differences and lowest richness in littoral assemblages
occurred when comparing lakes with large and small water level amplitudes. Similarly
the ephemeral ponds may have had the highest richness in 2009 because there was no dry
period thus alleviating some of the stress associated with large water level drops,

especially when the water table goes below the surface.

Hydrology may have had a direct role in elevated diversity in the ephemeral
ponds. Benthic secondary production is driven by factors other than just autochthonous
production (Northington et al. 2010). Hershey et al. (2006) and Solomon et al. (2008)
demonstrated that benthic invertebrates also relied on allochthonous input from
oligotrophic lakes and that hydrology played a critical role in transporting in
allochthonous materials. The ephemeral ponds at Polar Bear Pass did not dry out in 2009,
indicating that more allochthonous material likely entered into the pond than in drier

years.

This negative correlation between benthic invertebrate diversity and a shorter
hydroperiod suggests ways in which climate change may impact future benthic
invertebrate diversity. Predictions from climate change research have shown that the
Arctic is getting warmer and that lakes and ponds are disappearing (Prowse et al., 2006;
Smith et al., 2005). Hence, biodiversity may change (Wrona et al., 2006). In the short
term, as pond hydrologic regimes shift due to changes in snowmelt, precipitation and

temperature some ponds may experience an increase in biodiversity as water fluctuations
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and hydroperiod increase in ponds with typically short hydroperiods. However, in the
long term, as pond habitat disappears there will be a decrease in hydroperiod for Arctic
ponds and a potential decrease in benthic diversity as pond communities become

populated with more generalists and fewer specialists.

To date there have been few arctic investigations of pond hydrological regimes
and benthic macroinvertebrate diversity. The elevated diversity in the ephemeral ponds
was consistent across June, July and August at PBP (Figure 5.13). This can be attributed
to an increase in water table from higher rainfall than normal in July and August of 2009.
It is difficult to make this argument for CB due to a limited data set. Diversity at stable
and ephemeral ponds were both similar in July; both slightly higher than the fluctuating

hydrological regime ponds.

6.4 Impact of Physico-chemical Parameters on the Benthic Community

For the most part, the ponds at PBP exhibited similar physico-chemical measurements
over the entire season. A rise in pH over the season was likely due to photosynthetic
removal of carbon dioxide and increasing concentration of solutes due to evaporation.
Dissolved oxygen had no pattern over the season but the ponds remained highly
oxygenated due to strong winds which thoroughly mixed the shallow waters. Pond

temperatures peaked in the beginning of August to an average of 13°C.
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Water conductivity varied at PBP ponds according to hydrologic regime which
was mainly affected by pond water table. The specific conductivity ranged from 100 to
300 uS/cm and it differed between pond hydrologic regimes. The ephemeral ponds were
generally shallower and thus any loss of surface water would have a greater impact on the
specific conductivity than deeper ponds. The wide range in July conductivity among
ephemeral ponds suggests a high rate of evaporation and little replacement. However, due
to the large amount of rainfall, the active layer became saturated, and surface and
subsurface inflows from the catchment were often intercepted by the connected ponds,
raising conductivity levels. Ponds with high evaporation rates and little water due to
enhanced vertical seepage or shallow groundwater tended to exhibit the largest
conductivity values (Young and Abnizova, 2008; Abnizova and Young, 2010). It is likely
the ephemeral type ponds would have exhibited even higher conductivity values under

warmer, drier conditions.

There have been a few studies examining the limnological characteristics of small
arctic ponds (Lim et al., 2001; Antoniades et al., 2003; Keatley et al., 2007). Generally,
High Arctic ponds are oligotrophic and can range in pH from slightly acidic (Ellef
Ringnes Island) to alkaline (Bathurst Island) based on the underlying geology and soil
conditions. Keatley et al. (2007) examined High Arctic ponds in a polar oasis on
Ellesmere Island, and they showed that the limnological characteristics of these oases

ponds resemble ponds at PBP. Pond pH was alkaline and thought to be mainly influenced
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by the underlying substrate. All ponds at both PBP and CB fell within a narrow pH range
of 7.16 to 8.48 (Figure 5.12) reflecting the calcareous surficial materials which are

common throughout most of the Arctic islands (Keatley et al., 2007).

In 1969, Danks (1971) examined the pond mud in P1 and determined that the
upper 1 to 2 cm was almost as warm as the bottom water despite the underlying
permafrost. The temperature of the bottom water is a good indicator of the temperature of
the upper part of the mud where all the organic activity and growth generally occurs.
Although temperature did not play a large role in the variation of the benthic community,

the differences in temperature may have played a role in benthic algae growth.

To summarize, the ephemeral ponds had a significantly higher diversity in July
compared to other ponds and PBP had a higher diversity than CB in July due to the
changes in pond water table. As shown in Table 5.5 there were significant differences
between ponds with different hydrologic regimes and physico-chemical parameters. The
inter-pond differences in pH and specific conductivity were small although the ranges
were significantly different in some cases. Water pH showed a 10-fold range, while
specific conductivity was 3-fold. Due to high rainfall, the ephemeral ponds may have
received more organic matter than in past years. Subsequently, this may have increased
the primary production of benthic diatoms which influenced the chironomid community,

while making it a habitat suitable for other organisms to colonize.
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6.5 Physical conditions that impact pond water storage

A number of studies have determined that sediment composition is an important factor in
determining chironomid community composition and distribution (Pinder, 1995) because
larval stages are associated with different sediment types. For the most part, ponds in this
study have similar sediments when Ds; values were compared. It should be acknowledged
that sampling of pond substrates was limited and detailed studies may have revealed
other pond substrates can influence vertical seepage (Young and Abnizova, 2008;
Abnizova and Young, 2010). All the study ponds can be considered to be composed of
coarse sandy material, however, P 12 was rockier, while the fluctuating ponds had a
greater proportion of fine sands and silt (P10, 13, CR2) The ephemeral ponds (P6, P 8,
and P 11) had 15 to 18% silt and clay, however P12 had very little silt and clay (only 5%)
due to its rocky nature. Abnizova and Young (2010) found that ponds with coarse sandy
soils tended to have low ice contents, and high thermal conductivity which enhanced
ground thaw and vertical water seepage. Bathymetry did not play a large role in the ponds
water balance or influence their hydrologic regime. Rain in combination with reliable
surface and subsurface hydrological linkages allowed stable and fluctuating ponds to
sustain their water levels over the 2009 summer season, making any water losses due to

vertical losses minimal.

To summarize, substrate was similar in most ponds however ephemeral ponds did

have a larger porosity value indicative of a smaller grain size, which differed from the
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ponds study at Somerset Island (Abnizova and Young, 2010; Young and Abnizova,

2011).

6.6 Polar Bear Pass versus Cape Bounty

Biological diversity varied between PBP and CB (Figure 5.16). At PBP and CB the
ephemeral ponds remained inundated for the entire season and had a hydrological regime

that fluctuated. The fluctuating ponds had a water table that can be described as stable.

Rich plant cover in arctic wetland watersheds and the predominance of small
ponds likely increases the potential for allochthonous input of organic matter. Organic
matter could be a more important source of dissolved organic carbon than autochthonous
primary production (Northington et al., 2010). The large differences in diversity observed
between PBP and CB may have been due to the differences in organic matter that was
contributed from the lush, vegetated wet meadow catchments at PBP (Abnizova et al.

submitted), in comparison to the polar desert ponds at Cape Bounty.

While the climate at PBP and CB can be considered similar (polar desert regime-
see Woo and Young, 1997), the enhanced water availability and level topography ensure
saturated conditions for wetland vegetation at Polar Bear Pass. Wet meadow vegetation
increases the potential habitat for chironomids and has shown a positive relationship
between macrophyte and chironomid taxon abundance and diversity (e.g., Driver, 1977,

Moore, 1980; Verschuen et al., 2000).
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July precipitation levels at CB were lower than at PBP, nevertheless, this elevated
rainfall still impacted these ‘closed’ basin ponds. Rainfall helped to keep the active layer
saturated and nearby groundwater from hillslopes seeped into the ponds (see Figure 5.9).
These silty-clay inflows caused the pond waters to become opaque which drastically
reduced light levels. This decrease in light levels subsequently impacted the
phytoplankton communities and benthic species where only specialized organisms could

survive.

6.7 Summary

The hydrologic regimes of the ponds at PBP contributed to the differences in benthic
diversity. This was evident once temporal trends were considered. July diversity in
ephemeral ponds was the highest because of the sustained hydrological linkages that led
to a positive water balance in ponds that normally dry out. The water levels changed
throughout the summer thus creating a “fluctuating habitat™ which has been shown to
increase diversity in benthic species in temperate regions. The fluctuating ponds did not
show a higher level of diversity as predicted. This was because the stable and fluctuating
ponds had water levels that were consistent throughout the summer. Although the
fluctuating pond diversity levels started to increase near the end of the summer, a

statistical difference between stable and fluctuating pond diversity levels did not emerge.
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This study indicated that specific conductivity and temperature were different
amongst hydrologic regimes. These differences may have been more pronounced in a

warmer, drier year.

There was a large difference in diversity between PBP and CB. The ponds at CB
were smaller, closed basins and did not have as much water available to them. CB was
also colder and drier (in comparison) to PBP which may have contributed to the
differences in benthic diversity. Although the samples were taken in a span of weeks of
each other, the climate conditions may have created a mismatch in diversity because of
the proceeding colder and drier months. The rain events in late July at CB may have
created lower light levels in the stable and fluctuating ponds possibly preventing

phytoplankton communities from growing.
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7 Conclusions

Climatic conditions affecting seasonal hydrology remains a critical factor in the influence
of benthic communities in High Arctic wetland ponds. This study revealed that wet
climatic conditions impacted the hydrologic regime of the study ponds. Stable and
fluctuating ponds had similar and relatively steady hydrologic regimes exhibited by the
stable water levels throughout June, July and August. The ephemeral ponds exhibited
“fluctuating” type regimes due to higher rainfall inputs and cooler conditions which

offset evaporation losses.

The hydrologic regimes of the ponds may have a direct link to the benthic
communities. In this study, changes to the water table can be considered a disturbance.
The large fluctuations in water table seen in the ephemeral ponds may have increased
diversity. The increase in allochthonous material imported into the pond may have
increased secondary production as well as created a habitat suitable for both early

colonizers and permanent benthic species.

Results in this study confirmed that the pond benthic communities had the highest
diversity in the spring and that it decreased until freeze-back. Benthic community
diversity was higher in the ephemeral ponds compared to both stable and fluctuating
ponds which exhibited similar, steady hydrologic regimes. The benthic community

diversity was higher at PBP than at CB.
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This study indicated that in the months of June, July and August the pH, specific
conductivity and temperature increase. The dissolved oxygen remained consistent over
the three months because of the wind mixing the ponds. There were statistical differences
between hydrologic regimes in specific conductivity and temperature which may have
contributed to the changes in benthic communities. Pond substrates difference, which
contributed to varying porosities and water storage capacity. However, the wet season

may have equalized the differences between the ponds due to the saturated conditions.

The current results are important because they provide information about
relationships between diversity and pond hydrologic environments. In particular it was
interesting to explore this relationship at both the local and regional scale. Unique climate
and geologic, plant and topographic factors at these scales impact the hydrology of arctic
ponds, and these factors in turn ultimately affect biological diversity. Due to climate
warming, any future changes in climate and water availability in arctic ponds will
undoubtedly affect macro-invertebrate diversity and the feeding patterns of migratory
birds and other animals dependent on them. Ephemeral ponds will be the most affected
and may eventually disappear or be transitioned into wet meadow zones (Young and

Abnizova, 2010).

Finally, it should be mentioned that this study was limited to one year.

Understandably, additional years of investigation would be valuable in better highlighting
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the linkages and trends in both pond hydrologic processes and benthic ecologic

comimunities.
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