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Abstract

Coastlines in the Western Canadian Arctic are predicted to experience increases in the frequency
and intensity of storm surges as rapid climate change continues to alter weather and biophysical
factors of this land-sea connection. Although storm surges have the potential to cause widespread
and persistent vegetation loss, little information is available about the influence of decreasing
disturbance intervals (between storms), expected timelines of recovery for vegetation, and how
this dramatic vegetation change alters habitat availability and/or quality for local wildlife
populations. In my MSc research, I investigated how Arctic bird diversity is affected by
heterogeneous vegetation recovery post-storm and characterized ecological recovery of vegetation
from repeated disturbance. In the first part of my thesis (Chapter 2), I used a combination of
Landsat & Sentinel satellite imagery (1984-2019) and measured post-storm soil & vegetation
attributes to characterize vegetation loss and recovery in areas of the outer Mackenzie Delta (NWT)
affected by storm surges in 1999 and 2016. My observations of areas affected by the 1999 storm
indicate that sites farther from the river channel lacked vegetation re-establishment and had higher
soil salinity. Furthermore, our analyses suggest that sites affected by the 1999 storm that were re-
inundated by the 2016 storm differed in response depending on whether sites had previously
revegetated or not; more vegetation re-established at the previously unvegetated sites, whereas
there were decreases in the diversity of the plant community re-establishing at the previously
revegetated sites. In the second part of my thesis (Chapter 3), | employed field survey protocols
from the Program for Regional and International Shorebird Monitoring (PRISM) to investigate how
avian community assemblage is affected by heterogeneous re-vegetation 20 years following the
1999 storm. Comparisons of my bird survey data with vegetation and habitat factors showed that
the drier, post-storm vegetation barrens were preferred by ground-nesters or species that use open
habitats such as lapland longspur and semipalmated plover; whereas the wetter, mostly ponded,
revegetated habitats were frequented by species of ducks, red-necked phalarope, and savannah
sparrow. Taken together, my research shows that areas that have revegetated after the 1999 storm
can be considered as functionally recovered in comparison to our Reference (i.e., unaffected) sites
in terms of vegetation and bird communities, but that areas still exist ~20 years post-storm that do

not show any characteristics of recovery.
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1 Introduction

1.1 Thesis Overview & Objectives

In recent decades, climate change effects have been most pronounced at high latitudes (ACIA 2005,
[PCC 2018), a trend that is predicted to continue (Collins et al., 2013). Warmer temperatures, shifts
in weather patterns, and lengthening of the growing season are a few of the major changes
occurring across the Arctic (Post et al., 2009). Notably, climate change is expected to affect Arctic
coastlines through increased coastal erosion, sea-level rise, sea-ice decline, and changes in the
timing of ice break-up (Manson & Solomon 2007, Serreze et al. 2007, Simmonds & Keay, 2009,
Farquharsen et al. 2018, Marsh and Lesack, 1996). Other ecological consequences of climate change
include: northward expansion of species’ range margins (Killengreen 2007, Post 2009, Callaghan
2004, Mustin 2007), mismatches in phenology (Both et al. 2006, Gilg et al. 2012, Robinson et al.
2009), habitat modification (Myers-Smith et al., 2011; Tape et al.,, 2006), and the presence of polar

bear (Ursus maritimus) dens along the coast versus on pack ice (Fischbach et al. 2007).

1.1.1 Coastal Climate Change

In addition to the projected sea-level rise and rapid declines in sea-ice cover, coastal areas are also
predicted to experience increases in storm frequency and intensity (Scavia et al. 2002, IPCC 2007,
Knutson et al. 2010, Walker 1998, Comiso et al. 2008, Sepp & Jaagus 2011). Coastal storms have the
potential to produce storm surges, which are an abnormal rise in sea-level along a coastline during
a storm (Harris 1963). Storms occurring during the Arctic open water season (summer and fall)
that develop into surges and flood inland regions have the potential to salinize lakes and impact
tundra habitat (Flint et al. 2008, Reimnitz & Maurer 1979). Some surges can result in ‘salt-burned’
tundra where the salinization of the terrestrial habitat is significant enough to cause wide-spread
vegetation die-off (Taylor 1981, Terenzi et al. 2014, Kokelj et al. 2012). This suggests that increases
in storm frequency and inundation have the potential to alter vegetation composition, ecosystem
function and biodiversity of Arctic coastlands (Gornish & Miller 2010, Howes et al. 2010, Byrnes et
al. 2011, Torresan et al. 2012, Tate & Battaglia 2013). However, the types of vegetation susceptible
to storm surge salinization and the persistence of those effects (in terms of hindered vegetation
recovery) require additional study (Person & Ruess 2003, Reimnitz & Maurer 1979, Ruz et al. 1992,
Kokelj et al. 2012, Lantz et al. 2015).



1.1.2 Study Rationale

Vegetation change is especially concerning in Arctic deltas because these productive wetland
complexes provide critical breeding and staging habitat for shorebirds and waterfowl. Productive
tundra wetlands make up a small portion (about 20%) of the available vegetated Arctic North
American land area but support a disproportionate richness and abundance of birds (Smith et al.
2020). Being wetlands, they are also prone to flooding due to their low elevation and proximity to
and/or direct connection to the coastline. To my knowledge, no scientific studies have addressed
the effects of surge-induced habitat change on Arctic bird populations. Under the Arctic Council
Circumpolar Biodiversity Monitoring Program’s (CBMP) Terrestrial Monitoring Plan, birds have
been designated as Focal Ecosystem Components for monitoring ongoing climate-induced changes
in the Arctic (Christensen 2013). In addition to the need for monitoring avian populations that are
in decline, birds in general are particularly useful indicators of environmental change due to their
relative ease of detection, high mobility, and responsiveness to habitat variation (Temple & Wiens

1989, Crick 2004).

1.1.3 My Research

My MSc thesis compares areas affected and unaffected by saline incursion to examine the persistent
effects of storm surge flooding on bird habitat use and vegetation structure & composition in the
outer Mackenzie Delta of the Western Canadian Arctic. My thesis includes two data chapters that

explore distinct research questions and are written as stand-alone manuscripts.

In Chapter 2, I use a combination of satellite remote sensing and soil & vegetation surveys to
characterize ecological consequences of saline incursion in the outer Mackenzie Delta (NWT,
Canada). I used remote sensing data to distinguish sites that were affected only by a storm in 1999
from sites that were affected by storms in both 1999 and 2016 to assess whether recurrent saline
inundation in the same area affects how vegetation recovery following the 1999 storm is altered by
the 2016 storm. Comparing vegetation and soil data from field surveys among affected site types
will provide insight into patterns of habitat recovery and help characterize ecological changes in a

future where storm surges are more frequent and intense.

In Chapter 3, I conducted field surveys to characterize bird assemblages in storm-affected and
unaffected areas of the outer Mackenzie Delta to test the hypothesis that storm-induced ecosystem

changes affect habitat availability for Arctic bird species. Combining field data with remote sensing



data, I explored whether differences in bird assemblages were associated with a suite of biophysical
factors to provide insight into potential drivers of avian habitat preference in storm-affected
regions of the outer delta, and to assess the utility of satellite imagery for the remote monitoring of

Arctic avian habitat change.

In Chapter 4, I conclude my thesis by summarizing the findings of chapters 2 and 3, discussing
limitations of my studies, and proposing future research avenues. In the remainder of this chapter, I
provide background information that is relevant to contextualize my research but that is too

detailed to include in chapters 2 and 3.

1.2  Critical Context
1.2.1 Storm Surge History

The interacting factors that determine whether a storm produces a surge and the severity of the
surge include not only storm magnitude and duration, but also direction and timing (seasonally,
tidally) (Arp et al., 2010; Lynch et al,, 2004; Manson et al.,, 2005). Sea-ice extent at the time of the
storm combines with these factors to influence the severity of flooding and erosion on coastal
habitats (Lynch et al. 2004) but it can vary considerably from year to year (Arp et al. 2010). Surges
can also interact with changes occurring in terrestrial permafrost (Lawrence et al. 2008) such as
progressive lake expansion due to thermokarst erosion (Arp et al. 2010), thaw slumping (Lantuit &
Pollard, 2008), some forms of coastal erosion (Manson & Solomon, 2007), and lowering of land

levels in areas of diminishing ice-rich permafrost (Couture & Pollard 2007).

Severe windstorms that cause water levels to rise are not infrequent in the outer Mackenzie Delta.
Strong onshore winds are most common in late summer and can affect water levels as far south as
Inuvik (Blasco 1991). When wind speed and direction are sufficient to produce a storm surge, local
Inuvialuit experts attribute the severity of its impacts in part to seasonal differences in water levels
in the Mackenzie River delta (Kokelj et al. 2012). Typically, severe storm surges have occurred in
the fall when the river is low and the surge-induced rise in water level can extend farther into the
delta than in the summer when the freshwater river outflow is higher (Kokelj et al. 2012). With the
projected warmer summer temperatures in this Arctic region, a longer open-water season will lead
to more opportunities for strong storms to act upon the water’s surface and produce surges (Kokelj
et al. 2012). Within the past century, the Mackenzie Delta has been affected by several severe storm

surges (Manson & Soloman 2007), but none caused such widespread salinization and vegetation



die-off as a storm in late September of 1999 (Pisaric et al. 2011). Even 7 years after the 1999 storm,
extensive unvegetated areas persisted along with high soil salinity (Kokelj et al. 2012). A study
investigating the effect of the 1999 storm on microcrustaceans (Phylum Anthropoda) in a delta lake
found that salinization was high enough to cause extirpation of some Cladocera communities
(Deasley et al. 2012). Although some hypotheses exist to explain the unique effects of the 1999
storm, they remain untested due to the lack of biophysical data to compare among surges. However,
studies have noted the slow vegetation recovery and potential for cumulative habitat loss with
future storm surges and/or other disturbances in this area (Kokelj et al. 2012). In the context of
ongoing changes in climate conditions, these effects on delta communities have significant
implications for ecosystems and resource management, but little is understood about how Arctic
ecosystems in this area will be affected. The 1999 storm provides an opportunity to explore factors
influencing vegetation recovery after a type of disturbance that is likely to become more common in
this region (IPCC 2007, Comiso et al. 2008, Goulding et al. 2009, Knutson et al. 2010). Reimnitz &
Maurer (1979) estimated that recurrence intervals for large storm surges in the Canadian Arctic
range from 25-50 years. Based on an estimate from the 100-year storm surge along the Alaskan
coast (Reimnitz & Maurer 1979), the zone of potential saltwater flooding includes areas < 2.5
meters above sea-level with direct connections to the coastline (Arp et al. 2010). Although storm
events influence coastal vegetation (Taylor 1981), the severity of effects upon the terrestrial
environment may vary over relatively short distances along a coastline (Arp et al. 2010, Solomon

2005).

1.3  Study Area

The Mackenzie Delta (Northwest Territories) has an area of approximately 13 000 km?, making it
Canada’s largest delta (Burn & Kokelj, 2009). A low-lying alluvial plain, the delta has a maximum
elevation of ~10m above sea-level and gradually slopes downward towards the Beaufort Sea

(Deasley et al., 2012; Vermaire et al., 2013).
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Figure 1.1. A map of the study area (outlined in red) within the Mackenzie Delta region, the 1999-
affected area (in dark grey), and the boundaries of the Kendall Island Migratory Bird Sanctuary
(outlined in the double-dash).

1.3.1 Inuvialuit Settlement Region

The Inuvialuit Settlement Region (ISR) is the traditional territory of the Inuvialuit and was
established as part of the Inuvialuit Final Agreement (IFA) signed in 1984. The ISR spans
approximately 91,000 km2 over the entirety of the northern coasts and archipelago of Canada’s
Yukon and Northwest Territories. Six communities are contained within this region including:
AKlavik, Inuvik, Paulatuk, Sachs Harbour, Tuktoyaktuk, and Ulukhaktok (Indian and Northern
Affairs Canada [INAC] 1984). The ISR was formalized in the IFA in 1984 to recognize the land claim

of the Inuit of this area (now known as Inuvialuit), maintain their rights, and protect the culture and



ecosystems of their lands (INAC 1984). The Inuvialuit people retain the right to hunt and trap on
these lands and many routinely engage in subsistence harvesting (INAC 1984). Through the IFA, a
co-management structure was set up that recognizes five co-management bodies that work in
tandem with government agencies: the Environmental Impact Screening Committee, the
Environmental Impact Review Board, the Fisheries Joint Management Committee, the Wildlife
Management Advisory Council: North Slope, and the Wildlife Management Advisory Council:
Northwest Territories. Each of these groups is made up of equal numbers of Inuvialuit and both
territorial and federal government members in order to ensure both Inuvialuit and Canadian laws
and values are considered. Species regularly harvested for subsistence include (but are not limited
to): caribou, moose, muskrat, geese, muskox, whitefish, seal, and beluga. A study in 2012 (Kokelj et
al.) interviewing expert community members about effects of the 1999 storm surge brought the
impacts of increased storm intensity on human ecosystems to light. Community experts noted the
difficulty in travelling in the delta due to changes in water levels (from slumping and sedimentation
post-surge) in addition to the absence of game (for subsistence hunting) in areas historically

plentiful in waterfowl and/or moose (Alces alces) (Kokelj et al. 2012).

1.3.2 Delta Characteristics

The delta is a dynamic ecosystem underlain by deltaic and alluvial silts deposited by the Mackenzie
and Peel Rivers (Rampton 1988; Canadian Wildlife Service 1992). Although it has been increasing
in elevation and prograding seaward from river deposition over the past 14 000 years (Hill 1996,
Manson & Soloman 2007), surveys suggest that parts of the delta front are eroding at a rate of
several meters per year (Solomon 2005). The delta is also reshaped annually by ice jam flooding in
the spring and occasional storm surges in the summer and fall (Hill 1996, Manson & Soloman
2007). Flooding of the delta by the spring freshet occurs on an annual basis, but salt-water flooding
can also occasionally occur when sufficiently strong northwesterly winds cause storm surges
(MacKay, 1963; Manson & Solomon, 2007; Vermaire et al., 2013). Along the Beaufort Sea coast,
longshore currents typically come from the east (Walker, 1985), meaning westerly storms cause a
rise in sea-level while easterly storms lower sea-level (Reimnitz & Maurer, 1979). This thesis
focuses on the low-lying (<2m), northern, treeless part of the delta, referred to herein as the “outer
delta” (Lantz et al., 2015), where gravitational tides are mild (< 0.5m) in comparison to storm surge
events which can reach around 2.5 m above mean water level (Forbes & Frobel, 1985; Harper et al,,

1988a; Solomon, 2005).



The frequency, duration, and timing of flooding in this region influences sedimentation, soil
moisture, soil chemistry, and permafrost conditions (MacKay 1963, Marsh & Schmidt 1993,
Johnstone & Kokelj 2008, Morse et al. 2009). The combination of these factors determines
vegetation succession patterns (Pearce 1986, Cordes et al. 1984). Vegetation communities in the
outer delta typically fall into four dominant types: graminoids, dwarf shrubs, upright shrubs, and
upland tundra (Lantz et al., 2015). Terrain less than 30 cm above low tide level is generally
unvegetated (Canadian Wildlife Service, 1992). Areas that flood annually are dominated by
herbaceous plants whereas areas that flood 2-5 years out of 10 provide conditions for shrubs such
as alder and willow (Hirst et al. 1987). For upright shrub dominated habitats, flooding typically
lasts no more than a few days (Cordes et al. 1984, Pearce 1986). Dwarf shrubs grow in the most
elevated surfaces of the outer delta where they are infrequently (less than every 10 years) affected
by spring flooding and when flooding occurs, it is typically brief (1-2 days) (Lantz et al 2015).
Alluvial vegetation (i.e. graminoid-dominated habitat) grows in areas that are flooded most
frequently as this type of vegetation typically recovers rapidly from freshwater disturbance (early
successional species within 1-2 years) (Pearce 1986, Johnstone & Kokelj 2008). Salt-tolerant plant
species are common in Arctic coastal environments where tidal fluctuations are significant enough
to influence terrestrial vegetation communities (Jefferies 1977, Handa et al. 2002); however, these
species are relatively uncommon in most areas of the Mackenzie Delta that are flooded by
freshwater at regular intervals (Pearce 1986, Johnstone & Kokelj 2008, Kemper & MacDonald
2009).

1.3.3 Mackenzie Delta as habitat

Although many species of mammals such as caribou (Rangifer tarandus groenlandicus), moose,
grizzly (Ursus arctos horribilis) and polar bears, muskrat (Ondatra zibethicus), and Arctic fox (Vulpes
lagopus) occur in the Mackenzie Delta (Berger 1978), the outer delta is of special significance to
birds. The entirety of the Mackenzie Delta has been identified as “Key Migratory Bird Terrestrial
Habitat” by the Canadian Wildlife Service, but the only bird-specific protected area in the outer
delta is the Kendall Island Migratory Bird Sanctuary (KIMBS) (Environment Canada, 2006; Latour,
2008). This protected area, established in 1961 for the purpose of protecting the abundance of
migratory birds (primarily waterbirds) in the area, encompasses approximately 606km?2 of the
outer delta (Canadian Wildlife Service 1992, Bromley & Fehr 2002). Over 100 species of birds have
been recorded in the sanctuary, including perching birds, shorebirds, and waterfowl (Canadian

Wildlife Service, 1992; Environment and Climate Change Canada, 2019). Lesser snow geese (Anser



caerulescens) use the area as a nesting and staging ground in the fall and constitute a large portion
of the waterbird species (Canadian Wildlife Service, 1992). An endangered species of note, the
Eskimo curlew (Numenius borealis), was once an abundant shorebird species that bred exclusively
in the Canadian Arctic (COSEWIC, 2009). Although some recent reports indicate that a population of
< 50 individuals may still survive in remote arctic regions, no records have been confirmed since
1963 (COSEWIC, 2009). There are thousands of other shorebirds nesting and staging throughout
much of the delta outside of the protected area (Canadian Wildlife Service, 1992). Eleven species of
Arctic-breeding shorebirds breed regularly in the outer delta and two shorebirds with limited
breeding distributions in Canada (hudsonian godwit (Limosa haemastica) and long-billed dowitcher
(Limnodromus scolopaceus)) nest in the outer delta (Environment Canada, 2006). This area also
hosts >1% of the global breeding populations of hudsonian godwit and whimbrel (Numenius
phaeopus) (Environment Canada, 2006). In addition to supporting significant numbers and
diversity of shorebirds (Environment Canada 2006), the outer delta also provides the most
important staging and breeding area for geese and swans in northern Canada (Alexander et al.,
1991; Bellrose et al., 1976; Latour, 2008). Some waterfowl species of the Western Canadian Arctic
are in decline (black brant goose; Branta bernicla), or are being harvested near their maximum
limit (greater white-fronted goose; Anser albifrons, Canada goose; Branta canadensis) (Hines &
Wiebe 1999; 2006). Some of the most common and numerous species to inhabit this area include
savannah sparrow (Passerculus sandwichensis), lapland longspur (Calcarius lapponicus), redpoll
(Acanthis spp.), and American tree sparrow (Spizelloides arborea) (Environment Canada 2006).
Flood regimes in the outer delta affect the areas suitable for nesting birds as flooding patterns can

change considerably from year-to-year (Gratto-Trevor 1996).

1.4 Disturbance Theory
1.4.1 Disturbance Regime

Cycles of repeated disturbance and recovery shape the dynamics of many ecosystems (White and
Jensch 2001). Disturbance events produce biological legacies that interact with post-disturbance
physical and environmental conditions to determine the trajectory of ecosystem recovery (Franklin
etal. 2000). Ecological memory is a term that includes both ‘information’ legacies (species life-
history traits resulting from adaptive responses to historic disturbances) and ‘material’ legacies
(the biotic & abiotic structures - i.e., seeds and nutrients - left behind after a single disturbance
event) (Johnstone et al. 2016). Information legacies are shaped by historical disturbances over

large spatial and temporal scales, whereas material legacies are shaped by the local effects of an



acute event (Johnstone et al. 2016). The characteristics of a specific disturbance can support the
established ecological legacies that maintain the ‘safe operating space’ of an ecosystem and result in
recovery. However, when disturbance regimes and environmental conditions change overall, these
legacies can be lost. This mismatch in environmental conditions and the previous disturbance
legacies of an ecosystem creates a Tesilience debt’ that only becomes apparent after the system is
disturbed. Identifying conditions and understanding processes that result in this misalignment
between disturbance regimes and their information legacies is key in predicting when and where
ecosystems will be most vulnerable to regime shifts to an alternative stable equilibrium state
(Johnstone et al. 2016). An extreme disruption to information legacies can arise from a disturbance
event that lies significantly outside of the historic ‘safe operating space’ of the ecosystem (Johnstone
et al. 2016). Nowadays, as the climate continues to change, the characteristics of disturbance
regimes are also changing globally, leading to uncertainty in how disturbances will interact with
their ecosystems in the future (Turner 2010). More often, changes in the severity, frequency,
and/or timing of disturbances are being observed in parallel with novel disturbance events and/or
disturbance interactions (Turner 2010, Trumbore et al. 2015). This rapid alteration in the nature
and/or context of disturbances is leading to abrupt shifts in ecosystem states and creating novel
environments in many different habitats (Frelich 2002, Hughes et al. 2013, Williams and Jackson
2007). These novel ecosystem states could be maintained by a new set of post-disturbance legacies
and positive feedbacks (Scheffer et al. 2001, Bowman et al. 2015). However, anticipating whether
contemporary or projected changes in the characteristics of disturbances will lead to shifts in
ecosystem states is challenging because these processes unfold over decades to centuries in some
ecosystems depending on the nature of the disturbance (Hughes et al. 2013, Ghazoul et al. 2015).
Regardless, predicting future responses to disturbance in the face of ongoing climate change is
increasingly important, especially in areas where human livelihoods and well-being are dependent

on maintaining ecosystem structure and function (Seidl et al. 2016).

1.4.2 Resilience and Recovery

After a disturbance, feedback mechanisms in an ecosystem may stabilize a new system or subdue
the effects of a state change (Bowman et al. 2015). Vegetation changes can feed into this process to
either amplify or dampen the effects of climate change on disturbance regimes (Johnstone et al.
2016). Due to this interaction, it is especially important to understand and anticipate shifts in the
dominance of plant species in areas experiencing disturbance. Ecosystem resilience is affected by

the combination of individual disturbance effects, interactions among disturbances, and climate
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variability (Johnstone et al. 2016). As environmental change alters the context in which ecosystems
recover from disturbance (Trumbore et al. 2015), ecosystems may be forced from a dynamic (but
generally stationary) equilibrium state to non-equilibrium dynamics due to sustained, directional
climate change effects (Johnstone et al. 2016). An extreme event may be a pivotal trigger in the
degradation of an ecosystem’s resilience by disrupting the relationship between species life-history
traits and the disturbance characteristics to which they were adapted (Johnstone et al. 2016). When
changes in an environment (i.e., changes in weather patterns, changes in dominant vegetation)
contribute to changes in the frequency or intensity of regular disturbances, disturbances can ‘link’
to one another (Simard et al. 2011) where the material legacies of one disturbance affect the
likelihood, extent, or severity of the other (Johnstone et al. 2016). ‘Compound effects’ from two
disturbances can occur when the preceding disturbance damages the material legacies necessary
for recovery following the latter disturbance event (i.e., deadwood, seeds) (Paine et al. 1998). When
material legacies from a disturbance are unable to confer information about past recovery,
ecosystem resilience is degraded, and the ecosystem may be forced onto a new trajectory

(Johnstone et al. 2016).

1.4.3 Management considerations in a changing climate

The interaction between disturbances and ongoing climate change are likely to produce acute and
potentially unprecedented responses in ecosystems (Millar and Stephenson 2015). Disturbance
regimes interacting with the greater variability in environmental conditions may increasingly lead
to species recruitment failures even when material legacies remain intact (Johnstone et al. 2016).
Seemingly slow responses of ecosystems to environmental change can be mistaken for resilience
when the ecosystem is in fact accruing resilience debt (a lagged response to changing drivers)
(Johnstone et al. 2016). Resilience debt occurs when changing disturbance regimes and
environmental conditions reduce the capacity of a system to recover from a disturbance, but it
becomes apparent only after the system has been disturbed (Johnstone et al. 2016). Protected
ecosystems are not necessarily more resilient as they tend to be better at recovering from acute
stressors, but fare no better against larger-scale climate change effects (Coté & Darling 2010).
Identifying the environmental legacies that support ecosystem resilience in different environments
could provide key information in anticipating when disturbances may trigger abrupt shifts in
ecosystem state or when ecosystems are likely to recover to their previous stable state (Johnstone
et al. 2016). Understanding resilience in the context of changing climate requires detailed

knowledge of species’ life-history traits, disturbance characteristics, local effects of projected
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climate changes, and ecosystem successional dynamics (Johnstone et al. 2016). Understanding the
processes that determine when, where, and how changing climate and disturbance regimes alter

ecosystem dynamics is a critical question in the 21st century (Turner 2010, Trumbore et al. 2015).
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2.1 Introduction

The rate at which the Arctic is warming has been approximately twice the global average
(Graversen et al,, 2008; Post et al., 2009; Serreze & Barry, 2011) and three times the rest of the
northern hemisphere (Davy et al,, 2018; Johannessen et al., 2016), a trend that is predicted to
continue in the future (Collins et al., 2013). Accelerated warming at northern latitudes is causing
rapid changes to the structure and composition of tundra vegetation and impacts a range of
ecological processes (Post et al.,, 2009). Shifts in the dominant vegetation have already been
documented in tundra ecosystems where previously lichen- and graminoid-dominated areas are
being replaced by deciduous shrubs (Elmendorf et al., 2012; Lantz et al., 2013; Moffat et al., 2016;
Ropars & Boudreau, 2012; Travers-Smith & Lantz, 2020). These, and other changes in vegetation,
have been extensive enough to alter permafrost (Hanes et al.,, 2019), hydrology (Drake et al., 2019),
global carbon cycling (Christiansen et al., 2018), and surface energy exchange (Blok et al., 2011).

Accelerated warming in the Arctic is also expected to impact coastlines through sea-level rise, sea-
ice decline, increased storm activity, changes in the timing of ice break-up, and increased erosion
from permafrost degradation, and indeed, these changes are already happening (Knutson et al.,
2010; Manson & Solomon, 2007; Scavia et al., 2002; Serreze et al., 2007; Simmonds & Keay, 2009).
These factors make Arctic coastlands increasingly susceptible to episodes of saline incursion from
storm surges (Comiso et al.,, 2008; Sepp & Jaagus, 2011). Saline storm surges are likely to impact
vegetation structure and composition as well as overall ecosystem function and biodiversity
(Byrnes etal., 2011; Gornish & Miller, 2010; Howes et al., 2010; Tate & Battaglia, 2013; Torresan et
al,, 2012). The frequency, magnitude, and direction of storms, in combination with sea-level rise
and the extent of open water (not covered by sea ice), dictate how the storm surges impact tundra
habitats and freshwater ecosystems (Lynch et al., 2004; Manson et al., 2005; Reimnitz & Maurer,
1979). ‘Salt-burned’ tundra can result from storm surges where the salinization of the soils causes
abrupt and severe vegetation die-off (Taylor, 1981). Previous studies have shown that vegetation
communities are very sensitive to gradients in salinity (Lin et al., 2003), but that, in the context of
storm surges, the resulting impacts can vary considerably over relatively short distances (Arp et al,,

2010).

One Arctic coastal area that may be particularly vulnerable is the Mackenzie Delta, the world’s

second largest Arctic delta (~13,000 km2) and a critical breeding habitat and crucial stop along
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migratory routes for many fish, mammal, and bird species (Ashenhurst & Hannon, 2008; Canadian
Wildlife Service, 1992; Gratto-Trevor, 1996; Nagy, 2002; Stephenson, 2002). The outer Mackenzie
Delta is already seeing more frequent and intense instances of saline flooding (Vermaire et al.,
2013). In September of 1999, a storm occurred with a magnitude unprecedented in the last
millennia (Pisaric etal,, 2011; Vermaire et al., 2013). Previous studies assessing the ecological
consequences of the 1999 storm show that the incursion of saline waters onto the land was severe
enough to cause widespread and persistent vegetation loss in ~120 km2 (~12,000 ha) of the outer
delta (Kokelj et al,, 2012; Lantz et al., 2015; Pisaric et al., 2011). Recent marine research, in addition
to soil and vegetation field sampling, indicate that another significant storm surge event occurred in
the same region from 19-21 July 2016 (Environment Canada, 2023; Lantz, unpubl. 2016;
Scharffenberg, Whalen, et al.,, 2020). Water levels during these 3 days were ~1m higher than the
rest of the month and when compared to average July water levels at this station from the previous
and following year. Having occurred in the same area, the combined effect of these two large-
magnitude storms on soils and vegetation is unknown. Due to the persistent nature of the ecological
consequences from the 1999 storm, this second storm may have caused cumulative habitat loss in

regions of the delta previously affected in 1999 (Kokelj et al.,, 2012).

Multiple studies have described the catastrophic effects of storm surges on vegetation, but few
studies have assessed the types of vegetation that are susceptible to storm surge-induced
salinization and the rate of recovery of vegetation communities versus the persistence of these
effects (Arp et al,, 2010; Kokelj et al., 2012; Lantz et al,, 2015; Reimnitz & Maurer, 1979). Previous
studies have noted that some areas in the Arctic coastal plains are more susceptible to salt-burn
than others, but the drivers of this spatial heterogeneity are not well understood (Arp et al., 2010;
Lantz et al,, 2015). Field and remote sensing data from the outer Mackenzie Delta indicate that
vegetation type (graminoid vs. dwarf shrub vs. upright shrub) can affect the rate of recovery of
vegetation and soil properties post-storm (Lantz et al., 2015). Though salt-tolerant (halophytic)
species are present in the outer delta, they have not colonized affected areas further inland (Lantz
etal,, 2015; Pisaric et al., 2011). Studies investigating the 1999 event in the Mackenzie Delta
analysed its effects in comparison with the few historical records of other storms available and with
field data collected following the event itself (Deasley et al., 2012; Kokelj et al., 2012; Pisaric et al,,
2011; Thienpont et al., 2012, 2015), but few have followed up with long-term (>15 years) studies.
Considering some ecological processes only become apparent after multiple decades (Collins,
2001), long-term datasets are crucial in evaluating ecosystem disturbance and recovery dynamics

(Curtis et al,, 2016). The rate at which vegetation recovers from saline incursion in varying plant
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communities, with different soil chemistries, and in various landscape positions would be
invaluable in predicting how Arctic habitats will respond to increases in the frequency and intensity
of storms projected for the near future. Investigating the long-term effects of recurrent saline
incursions in Arctic deltaic ecosystems is vital to understanding the impacts of habitat change on
the diversity of birds that this area supports (Latour et al., 2005; Smith et al., 2020) and to the
human communities that rely on these areas for subsistence hunting and other culturally important
activities (Proverbs & Lantz, 2020; Tyson et al.,, 2016; Wildlife Management Advisory Council
(North Slope) & Aklavik Hunters and Trappers Committee, 2018).

The purpose of this study was to characterize the ecological consequences of repeated saline
incursion from two major storm surge events in the outer Mackenzie Delta. We were interested in
answering the following questions:

1. Are areas affected by the 1999 storm surge recovering vegetation two decades post-
disturbance and do these recovering communities resemble unaffected vegetation
communities?

2. How does recurrent disturbance from a second episode of storm surge-caused saline
inundation influence vegetation recovery following the initial storm surge?

To assess the effects of repeated saline incursion on the recovery of vegetation communities we

used a combination of satellite remote sensing and field surveys of soil & vegetation.

2.2 Methods
2.2.1 Study Area

The Mackenzie Delta is located at the northern continental edge of the Northwest Territories at the
outflow of the Mackenzie and Peel rivers into the Beaufort Sea (Burn, 2017; Burn & Kokelj, 2009). A
low-lying alluvial plain, the delta has a maximum elevation of ~10m above sea-level and gradually
slopes downward to the Beaufort Sea (Deasley et al., 2012; Vermaire et al., 2013). This delta lies
within the traditional territory of both the Inuvialuit and Gwich’in peoples, who continue to rely on
the land for subsistence (Thompson & Millar, 2007; Usher, 2000). This study focused on the low-
lying (< 2 masl; Fig. 1) northern part of the delta (hereafter the “outer delta”). Vegetation in the
outer delta can be classified into three dominant types (graminoid wetland, dwarf shrub, and

upright shrub) based on soil characteristics and frequency of flooding (Cordes et al., 1984; Lantz et
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al,, 2015). Terrain <30 cm above low tide level is generally unvegetated (Canadian Wildlife Service,

1992; Cordes et al., 1984).
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Figure 2.1. A map of our study area. It shows the extent of the Landsat imagery we assessed
(outlined in red) within the Mackenzie Delta region, the 1999-affected area (in dark grey), and the
boundaries of the Kendall Island Migratory Bird Sanctuary (outlined in the dash).

Within the Mackenzie Delta, the Kendall Island Migratory Bird Sanctuary encompasses

approximately 606 km?2 of the outer delta (Bromley et al., 2002; Canadian Wildlife Service, 1992).

Established in 1961, the purpose of this sanctuary was to protect the abundance of migratory birds

(primarily waterbirds) in the area (Canadian Wildlife Service, 1992). Over 100 species of birds have

been recorded in the sanctuary, including perching birds, shorebirds, and waterfowl (Canadian
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Wildlife Service, 1992; Environment and Climate Change Canada, 2019). Notable species include
hudsonian godwit and long-billed dowitcher, which have limited breeding grounds in Canada

(Canadian Wildlife Service, 1992).

Gravitational tides in the outer delta are < 0.5m in comparison to storm surge events, which can
reach around 2.5 m above mean water level (Forbes & Frobel, 1985; Harper et al., 1988b; Solomon,

2005). Storm surges are a regular occurrence in the outer delta during the open-water months

discharge and wind direction typically keep the saltwater from reaching upstream (Carmack &
Macdonald, 2002). However, as river discharge decreases over the open-water season, the potential
for storm surges to cause saline flooding inland increases (Scharffenberg, Whalen, et al., 2020; Yang
et al,, 2015). This potential is increasing due to late summer decreases in river outflow and the

extended open water season in the Arctic (Overeem etal., 2011; Vermaire et al., 2013).

2.2.2 Site Selection

To explore the effects of saline inundation on vegetation community composition and soil
properties, we conducted surveys in surge-affected and surge-unaffected areas of the outer
Mackenzie Delta. To assess whether repeated disturbance in the same area would affect re-
vegetation, we selected sites that had been affected only in 1999 and some that had been affected
both in 1999 and 2016. Since 1999-affected areas vary in their stages of vegetation recovery in the
15 years between storms, we were interested in assessing potential differences in responses of
persistently dead areas and areas that displayed signs of vegetation recovery to recurrent
incursion. Although vegetation community recovery from disturbance would unfold along a
continuum, since we wanted to compare sites with similar types of communities that were and
were not re-affected in 2016, we selected sites within areas that had remained unvegetated 1999-
2015 and areas that revegetated 1999-2016 within the area affected only in 1999 and in the area
affected by both storms. To select field sites for this analysis we used the Landsat record to divide
the study area into five site types: 1X affected Revegetated, 1X affected Unvegetated, 2X affected
Revegetated, 2X affected Unvegetated, and unaffected Reference sites. Surveys were completed at a
total of 32 sites over all five site types (for divisions of replicates see Table 2.2 below). Sites were
categorized using a combination of data on vegetation presence from satellite imagery, aerial

photographs, and presence of surface water from satellite imagery.



26

Delineating affected areas

To delineate the area affected by the 1999 storm surge, we analyzed imagery from the LANDSAT 5,
7 & 8 satellites. Top of Atmosphere (TOA) imagery with less than 20% cloud cover obtained during
the peak greening period (July 1 - August 15) was used to calculate the Normalized Difference
Vegetation Index (NDVI) annually from 1986-2015. NDVI is calculated using the contrast between
near-infrared and red reflectance (Tucker, 1979) and represents a measure of green leaf area and
phytomass (Raynolds et al., 2012; Riedel et al., 2005). Using Landsat scenes from 1986-1994 we
characterized inter-annual variation in NDVI before the 1999 storm and used it to establish a
threshold of inter-annual variability that represented a significant departure from normal. This
threshold was calculated by creating a raster stack of proportional inter-annual change from 1986-
1994, where proportional inter-annual change was defined as: [NDVIygar - NDVIpreviousyear ] /
NDVIpreviousyear- Using this stack, we calculated the average inter-annual pre-storm change on a per-
pixel basis. This resulted in a single raster layer where pixels were the average inter-annual change
in NDVI across all years. The mean (u) and standard deviation (o) of this layer were used to define
the range of typical inter-annual variation as: p + 20, or 0.0355 *+ 2*(0.1968). Subsequently, the
lower limit of this range was used as a threshold to delineate the extent of the area affected by the

1999 surge as PNDVI3001- PNDVI199g < -0.358, and unaffected as PNDVIzg01- PNDVI199g > -0.358.

For delineation of the 2016 storm, we had to employ two different methods to capture affected
areas. Firstly, for areas that had revegetated to some extent by 2015, we estimated the impact of the
2016 storm by applying the same thresholds from the 1999 storm to NDVI values from 2017.
Specifically, we delineated areas that lost vegetation due to the 2016 storm as: PNDVIzg17-
PNDVI3015 < -0.358 (2X affected Revegetated and four 2X affected Unvegetated). Secondly, we had to
consider an additional method to delineate areas affected by the 2016 storm that had remained
predominantly unvegetated since the 1999 storm (2X affected Unvegetated). Since these areas
lacked vegetation in 2015, they were not identified as 2X affected by differencing 2017 and 2015
NDVI data. In order to selected for Unvegetated areas that were ‘re-affected’ by flooding in 2016,
speckle-filtered Sentinella HV images were used to create a polygon layer by thresholding the
difference between early and late images from July 2016. These polygons are consistent with open
water during this period. We then overlayed our ‘affected in 1999’ layer with this flooding shapefile

layer to determine which Unvegetated areas had been flooded twice (2X affected Unvegetated).
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Unaffected areas (Reference) were mapped as: PNDVI;o17- PNDVI515 = -0.358 and outside of the
flooding shapefile layer.

Delineating Vegetation Recovery

We selected Revegetated and Unvegetated sites within the affected portion of the outer delta using
two methods that utilized satellite imagery and aerial photographs captured in 2004 (NWT Centre
for Geomatics, 2007). In the first site selection method, high-resolution (effective pixel size =~1m;
scale = 1:30000) air photos from 2004 (NWT Centre for Geomatics, 2007) were visually inspected.
These air photos clearly show areas of bare ground and areas with green vegetation present. To
verify that air photos could be used to classify sites as Revegetated or Unvegetated we extracted a
subset of 2004 NDVI values from sites classified as vegetated (n=40) and unvegetated (n=44) using
air photos (Table 2.1). This analysis indicates that affected sites undergoing re-vegetation had NDVI
values greater than 0.25 and typically ranged from 0.303 to 0.713 (Table 2.1). NDVI values at
unvegetated sites, had a maximum of 0.25 and generally ranged from 0.094 to 0.215 (Table 2.1).
Based on these differences, we used 0.25 as a threshold to distinguish vegetated from unvegetated

areas within the affected portion of outer delta (Table 2.1).

Table 2.1. Summary of vegetated versus unvegetated NDVI values in 2004.

Unvegetated Vegetated
Mean Mean + 2*SD Maximum Mean Minimum Mean - 2*SD
0.1347 0.2154 0.2507 0.5080 0.2500 0.3033

Additionally, for the 1999 storm, we determined the rate of NDVI change within the affected area
using a pixel-based Theil-Sen regression of a Landsat NDVI time series (2001-2012). The
significance of Theil-Sen slope estimates (using a Mann-Kendall test) was assessed using a
threshold of p = 0.1. Within affected areas, significantly trended pixels with positive slope values
were classified as Revegetated and pixels with non-significant or decreasing slopes were classified
as Unvegetated. This regression-based classification was compared with the air photo-based
classification and field sites were selected in areas where the two classifications agreed. This
method was not applicable to the 2016 storm since we only had two annual image sets post-
inundation at the time (2017, 2018). Overall, we selected at least six replicates within each site type

for a total of 32 sites (Table 2.2).
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Table 2.2. Summary of site selection criteria using NDVI from Landsat imagery.

Site type

Classification criteria

Unaffected / Reference (n=6)

PNDVI2001- PNDVI1998 >-0.358

Revegetated 2001-2012 /
Affected 1X (n=6)

PNDVIz001- PNDVIi998 <-0.358

Significant increasing trend in NDVI from 2001-2012
Green vegetation visible on 2004 air photos.
PNDVI3017- PNDVI3015 >-0.358

Revegetated 2001-2012 /
Affected 2X (n=7)

PNDVI2001- PNDVI1998 <-0.358

Significant increasing trend in NDVI from 2001-2012
Green vegetation visible on 2004 air photos.
PNDVI;017- PNDVlIy15 < -0.358

Unvegetated 2001-2012 /
Affected 1X (n=6)

PNDVI2001- PNDVI199s <-0.358

No trend in NDVI from 2001-2012

No green vegetation (brown) visible on 2004 air
photos.

PNDVIz017- PNDVIz015 >-0.358 AND Outside polygons
of 2016 flood layer.

Unvegetated 2001-2012 /
Affected 2X (n=7)

PNDVI;001- PNDVlIig9g < -0.358

No trend in NDVI from 2001-2012

No green vegetation (brown) visible on 2004 air
photos.

PNDVIz017- PNDVIz015 < -0.358 OR Inside polygons of
2016 flood layer.
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Figure 2.2. Map of five site types classified by the above classification criteria. This map was used to

select sites.
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Figure 2.3. Site locations of all surveys in this study. Site types are denoted through symbols and
colours; Reference sites are shown as purple triangles, Revegetated sites are shown in green,
Unvegetated sites are shown in orange. 1X and 2X-affected sites are shown with square and circular
symbols respectively.

2.2.3 Survey Methods

We estimated the percent cover of vegetation, thaw depth, and soil moisture in the outer delta
during the summer (late June to early August) following methods previously used in the area (Lantz
etal, 2015). 100m transects were set up running perpendicular to the nearest channel/water
source and measurements were made every 10m along the transect. Percent cover of vegetation
was assessed separately for upright shrubs and lower stature vegetation. A 4m?2 quadrat was used
for shrubs within which two 0.25m2 quadrats were used to estimate the cover of moss, graminoids,
forbs, and lichens. If they were present, small individual shrubs were not included in the percent
cover estimates for 0.25m? quadrats since there cover was already estimated in the 4m? quadrats.
Mosses (Bryophyta) and lichens (Cryptothele) were not identified to their species levels but were

recorded in grouped cover values respectively. Grasses (Poaceae spp.) and sedges (Cyperaceae
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spp.) were identified to the species- or genus-level when possible, but combined into their family-
levels for data analysis. All other plants were identified to the species-level where possible, and to
genus-level when not. The percent cover data from the two 0.25m? quadrats were then averaged
for each 10m point. Composite active layer samples were collected at 6 points along the transect
(Om, 20m, 40m, 60m, 80m, 100m) to measure salinity, pH, moisture content, and soil chemistry
parameters including soluble ions and salinity following the methods outlined by McKeague (1978).
Volumetric soil moisture was estimated using Delta-T Devices HH2 Moisture Meter with ML3

ThetaProbe Soil Moisture Sensor.

Om 20m 40m 60m 80m 100m

10m 30m 50m 70m 90m

Soil sample ——* <+— Large plot = 2x2m

Small plot = 0.5x0.5m

Figure 2.4. Schematic of plant and soil survey procedure along 100m transects.

Overall, 32 sites were surveyed from June 29 - August 6, 2019. This was broken down as: 6
Reference, 6 Revegetated 1X affected, 7 Revegetated 2X affected, 6 Unvegetated 1X affected, 7
Unvegetated 2X affected.
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2.2.4 Remote Sensing

To assess the influence of landscape condition on the percent cover of vegetation, we used the
Landsat and Sentinel archives to measure surface wetness by calculating Modified Normalized
Difference Water Index (MNDWI) on Sentinel satellite imagery (from the beginning of July 2019;
10m resolution) (Du et al.,, 2016). Mean elevation was extracted from the ArcticDEM (2m
resolution). Distance to nearest channel was also measured for each site using an MNDWI water

mask derived from the Landsat 8 imagery.

2.2.5 Statistical Methods

To investigate differences in plant community composition among site types and explore
relationships between plant community composition (family/genus/species) and habitat
characteristics in the study area, we used Non-parametric Multidimensional Scaling (NMDS)
ordination in combination with an Analysis of Similarities (ANOSIM). This analysis was completed
using a Bray-Curtis dissimilarity matrix calculated from the percent cover data of the transect
surveys (McGarigal et al., 2000). The relationships between habitat characteristics and plant
community composition were assessed using the envfit function in the vegan package (Oksanen et
al, 2015) in R (R Core Team, 2020). We also performed a Similarity Percentage (SIMPER) analysis
to identify the species/genus/families making the largest contributions to community dissimilarity
among site types. To characterize environmental differences among site types, a Kruskal-Wallis
test (rank-based analysis of variance) was performed on a suite of variables including: 1) NDV], 2)
MNDWI, 3) distance to channel, 4) relative elevation, 5) soil pH, 6) soil salinity, 7) concentrations of
major cations, 8) soil moisture, 9) thaw depth, and 10) organic soil thickness, 11) total % cover of
vegetation, 12) % cover of live shrubs, 13) % cover of graminoid plants, 14) % cover of herbaceous
plants, and 15) % cover of moss. Total % cover was calculated by adding the % cover from the 4m?

quadrat and both 0.25m?2 quadrats together.
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2.3 Results

2.3.1 Comparison of storms
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Figure 2.5. Map of the area of vegetation kill after the storms in 1999 and in 2016 estimated by
differencing NDVI. Our study area is outlined by the dashed line.

The 2016 storm was 4.4 times less destructive than the 1999 storm in terms of the area of
vegetation dieback (1999: 264.9843 kmz?; 2016: 60.7608 km2). By 2015, 89.8% (237.95 km?2) of the
area affected in 1999 had revegetated (to 0.25 NDVI). The 2016 storm caused vegetation die back in
25.54% of this area (60.7608 km?), and only impacted a small area outside of the area inundated in
1999. Three years following the 2016 storm (2019) 83.1% (50.4855 km?) of the area affected by
the 2016 storm had already revegetated. Comparatively, 3 years after the 1999 storm, only 35.5%
(94.2039 km?) of the affected area had revegetated. The peak height of water during the storms
were 11.316m and 10.256m (gauge height above assumed datum) in 1999 and 2016 respectively
(Environment Canada, 2023). High waters lasted for ~5 days in 1999 and ~3 days in 2016

(Environment Canada, 2023).
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2.3.2 Plant community composition between site types

The multivariate analysis shown in Figure 2.6 indicates that vegetation community composition
was significantly different among all site types; but shows that the degree of dissimilarity among

site types (in comparison to within a site type) varied widely (Ranosiv = 0.137-0.692; Table 2.3).

Vegetation communities at 1X affected Unvegetated sites were the most distinct from the vegetated
site types (Reference, Revegetated 1X affected, Revegetated 2X affected site types) (Ranosim = 0.55-
0.65; Table 2.3). The 1X affected Unvegetated sites had the lowest average vegetation cover and
included mosses, spoonwort (Cochlearia officinalis), nodding campion (Silene uralensis) and/or
grasses. Although they were occupied by the same species, the 2X affected Unvegetated sites often
had more grass cover than the 1X affected Unvegetated sites. The vegetation communities at 2X
affected Unvegetated sites were very dissimilar from the Reference (unaffected) sites and 2X
affected Revegetated sites (Ranosiv = 0.65-0.69; Table 2.3). This was due to the relative dominance
of grasses and spoonwort in combination with a lack of sedges and willow (Salix spp.) at the 2X
affected Unvegetated sites (Table 2.5). Plant community composition at 2X affected Unvegetated
sites and 1X affected Revegetated sites were moderately different from one another (Ranosim = 0.36;
Table 2.3) with higher cover of sedges at Revegetated site types and greater cover of grasses at

Unvegetated site types (Table 2.5).

Reference and 1X affected Revegetated sites had species compositions that were effectively
indistinguishable. The dissimilarity between these site types was also comparable to their within-
group dissimilarity (Ranosim = 0.137; Average between-group dissimilarity = 58.44%; Table 2.3 &
2.5). Reference sites were dominated by a mixture of willows and sedges, while the Revegetated 1X
affected sites were dominated by a greater variety of plant types that included sedges, mosses, and
willow. The species composition at the Reference sites differed considerably from that at 2X
affected Revegetated site types which were characterized by greater cover of grasses, and lower
cover of sedges, willow, and moss (Ranosim = 0.435; Table 2.3 & 2.5). The 1X affected Revegetated
sites also differed from the 2X affected Revegetated sites, which had increased cover of sedges and
reduced cover of willow, grasses, and mosses (Ranosim = 0.400; Table 2.3 & 2.5). Less pronounced
differences between these site types (Reference vs. 2X affected Revegetated; 1X affected
Revegetated vs. 2X affected Revegetated) can also be attributed to consistent cover of sedges at 2X

affected Revegetated sites (Table 2.4).
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The species group contributing most to differences in community composition between site types
were sedges (17.82-55.38%) and willows (13.80-26.05%) (Table 2.5). The Unvegetated 1X affected
site type had the most variation in community compositions (within group similarity = 24.43%)
while the Revegetated 2X affected site type has the least variation in community composition

between its sites (within group similarity = 57.24%) (Table 2.4).

Site types also showed differences in the presence/absence of less dominant species. Unvegetated
site types (1X & 2X affected) were the only site types where seaside arrowgrass (Triglochin
maritima), nodding campion, and Arctic buttercup (Ranunculus hyperboreus) were found. Arctic
bearberry (Arctous rubra) and Dryas spp. were only found in unaffected Reference sites; whereas
Arctic fescue (Festuca rubra ssp. richardsonii) and mare’s tail (Hippuris vulgaris) were only found in
affected site types (Revegetated (1X & 2X affected) and Unvegetated (1X & 2X affected)). Green
alder (Alnus viridis) and common horsetail (Equisetum arvense) were only found in vegetated sites
(Reference and 1X & 2X affected Revegetated site types; green alder was not found in 2X affected
Revegetated sites). Gmelin’s (yellow) buttercup (Ranunculus gmelinii) and white water buttercup

(Ranunculus aquatilis) were only found in 1X & 2X affected Revegetated site types.
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Figure 2.6. Nonmetric multidimensional scaling ordination of plant (species/genus/family) community composition based on Bray-Curtis
similarity. The ordination shows the NMDS scores for each site type (colored symbols) and correlations between biotic and abiotic habitat
variables and NMDS scores (solid arrows). The ellipses show the 95% confidence of each site type assuming a multivariate t-distribution
(Wickham 2016). Plant species/genus/families are plotted in the ordination according to NMDS scores (calculated using the scores()
function from vegan package). Stress = 0.136.
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Table 2.3. Results of the ANOSIM analysis comparing community composition among site types. The
Global Ranosim for this test was 0.46 (p < 0.001).

Site types (pairwise combinations)

Ranosiv statistic

Reference / Unvegetated (2X affected)
Unvegetated (1X affected) / Unvegetated (2X affected)
Revegetated (1X affected) / Unvegetated (2X affected)
Revegetated (2X affected) / Unvegetated (2X affected)
Reference / Unvegetated (1X affected)
Reference / Revegetated (1X affected)
Reference / Revegetated (2X affected)
Revegetated (1X affected) / Unvegetated (1X affected)
Revegetated (2X affected) / Unvegetated (1X affected)
Revegetated (1X affected) / Revegetated (2X affected)

0.649
0.182
0.360
0.692
0.582
0.137
0.435
0.432
0.653
0.400

Note: All comparisons significant at p<0.001.

Table 2.4. Results of the SIMPER analysis characterizing similarity in vegetation community
composition within the five site types. The third column shows the species/genus/families
explaining the majority (>90%) of the cumulative similarity within each site type. Mean % cover
(untransformed) of each species or species group at each site type is shown in the fifth column.

Site type . Ayeljage Family/Species .Cu.mu.lative Average % cover
similarity (%) similarity (%)
Reference 51.14 Cyperaceae spp. 38.46 23.15
Salix spp. 68.58 27.68
Moss 91.08 21.34
Revegetated 42.72 Cyperaceae spp. 32.27 5.85
(1X affected) Moss 51.81 12.30
Salix spp. 68.25 8.20
Poaceae spp. 81.31 3.39
Equisetum variegatum 90.21 3.57
Revegetated 57.24 Cyperaceae spp. 96.77 26.86
(2X affected)
Unvegetated 24.43 Moss 42.09 1.02
(1X affected) Poaceae spp. 69.45 1.17
Cochlearia officinalis 93.42 0.56
Unvegetated 37.08 Poaceae spp. 62.67 5.10
(2X affected) Moss 78.11 2.49
Cochlearia officinalis 87.08 1.34
Triglocin maritima 92.54 0.58

Notes: The top families/species making the greatest contribution to within-group similarity (Bray-Curtis) for each site type are

shown.
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Table 2.5. Results of the SIMPER analysis characterizing dissimilarity in vegetation community
composition between site types. The third column shows the majority (>50%) of the contribution
of each species to the dissimilarity among pairwise site type combinations. Mean % cover
(untransformed) of each species/genus/family at the site types being compared is shown in the

fifth column.

Site type combinations Average Family/Species Contribution to Average %
dissimilarity (%) dissimilarity (%) cover
Reference / 84.20 Cyperaceae spp. 23.05 23.15/1.24
Unvegetated (2X affected) Salix spp. 19.53 27.68 / 0.53
Moss 14.93 21.34 / 2.49
Poaceae spp. 11.67 0.26 /5.10
Unvegetated (1X affected) / 76.16 Poaceae spp. 28.88 1.17 /5.10
Unvegetated (2X affected) Moss 17.33 1.02 / 2.49
Cochlearia officinalis 12.76 0.56 / 1.34
Triglocin maritima 8.17 0.03 /0.58
Revegetated (1X affected) / 75.75 Cyperaceae spp. 18.85 5.85/ 1.24
Unvegetated (2X affected) Moss 15.90 12.30 / 2.49
Salix spp. 13.80 8.20 / 0.53
Poaceae spp. 13.64 3.39 /5.10
Revegetated (2X affected) / 88.87 Cyperaceae spp. 38.53 26.86 / 1.24
Unvegetated (2X affected) Poaceae spp. 18.63 0.77 / 5.10
Moss 10.02 0.51 /249
Cochlearia officinalis 6.62 0.01/1.34
Reference / 92.02 Cyperaceae spp. 28.91 23.15/0.06
Unvegetated (1X affected) Salix spp. 22.29 27.68 / 0.03
Moss 16.60 21.34 / 1.02
Equisetum variegatum 6.82 3.07 / ---
Reference / 58.44 Salix spp. 19.99 27.68 / 8.20
Revegetated (1X affected) Cyperaceae spp. 18.24 23.15/5.85
Moss 18.04 21.34 /1230
Equisetum variegatum 10.39 3.07 / 3.57
Reference / 66.26 Salix spp. 26.05 27.68 /0.19
Revegetated (2X affected) Moss 21.36 21.34 /0.51
Cyperaceae spp. 17.82 23.15/ 26.86
Equisetum variegatum 8.12 3.07 /-
Revegetated (1X affected) / 88.01 Cyperaceae spp. 24.57 5.85/0.06
Unvegetated (1X affected) Moss 16.84 12.30 / 1.02
Salix spp. 14.23 8.20 /0.03
Poaceae spp. 12.49 3.39/1.17
Revegetated (2X affected) / 95.74 Cyperaceae spp. 55.38 26.86 / 0.06
Unvegetated (1X affected) Poaceae spp. 10.33 0.77 /117
Moss 9.99 0.51/1.02
Cochlearia officinalis 6.24 0.01 /0.56
Revegetated (1X affected) / 70.27 Cyperaceae spp. 24.57 5.85/26.86
Revegetated (2X affected) Moss 17.12 12.30 / 0.51
Salix spp. 15.02 8.20 / 0.19
Poaceae spp. 12.02 3.39/0.77

Notes: The top four species/genus/families making the greatest contribution to the between-group Bray-Curtis dissimilarity for each site

combination are shown.
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2.3.3 Habitat characterization of site types

Figure 2.7. Photos from our 2019 field season showing the five site types. From left to right and top
to bottom: Reference (unaffected), Revegetated (1X affected), Revegetated (2X affected),
Unvegetated (1X affected), Unvegetated (2X affected).

Physical attributes tended to be similar at vegetated site types (Reference, 1X affected Revegetated,
and 2X affected Revegetated), which were typically distinct from the Unvegetated (1x affected and
2X affected) site types. Both Unvegetated site types were significantly drier (at the plot scale: 4mz2)
(Figure 2.8A) and farther from channels than Reference sites or either of the Revegetated site types
(Figure 2.8B). The 2X affected Revegetated sites were significantly lower in elevation than all other
affected site types but were at similar elevations as the Reference sites. Only the Unvegetated site

types were significantly higher than the Reference sites (Figure 2.8C).
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Figure 2.8. Box and whisker plots showing: A) Field soil moisture (%), B) Distance from the nearest
channel (in meters), and C) Relative Elevation (in meters) at 1X affected (Revegetated and
Unvegetated), 2X affected (Revegetated and Unvegetated) and unaffected (Reference) sites in the
outer Mackenzie Delta. The horizontal line inside each box shows the median for each site type. The
box edges show the 25th and 75t percentiles and the whiskers show [1.5*IQR] (default in R). Bars
with different letters above them are significantly different (p=0.05).
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Similar patterns in Unvegetated versus vegetated site types were also apparent in differences
among vegetation measurements. Both Unvegetated site types had significantly lower NDVI (in
2019) at the landscape scale (900km?) compared to the Reference and both Revegetated site types
(Figure 2.9A). 1X affected Unvegetated sites also had less total vegetation cover at the plot scale
(4m2) than the Reference and Revegetated site types. However, the 2X affected Unvegetated sites
were only significantly lower in vegetation than the Reference sites (not the Revegetated site types;

Figure 2.9B).

The percent cover of all plant functional types was consistently higher (though not always
significantly so) at Reference sites than at Unvegetated sites (Figure 2.9). The cover of most
functional groups was also lower at affected Revegetated sites compared to Reference sites, but
these differences were typically not significant (Figure 2.9). One notable difference is that
graminoid cover was significantly higher at 2X affected Revegetated sites than most other affected
site types and even higher than at unaffected Reference sites (though not significant) (Figure 2.9D).
The abundance of graminoid cover also contributed heavily to the elevated total vegetation cover at

these sites (Figure 2.9).

The Reference and 1X affected Revegetated site types had more live shrub cover than both the
Unvegetated site types and the 2X affected Revegetated type, but this difference was not significant
between 2X affected Unvegetated and 1X affected Revegetated sites (Figure 2.9C). The Reference
and both Revegetated site types had more graminoid plant cover than the Unvegetated site types,
although the 2X affected Unvegetated type was not significantly different from the 1X affected
Revegetated and Reference site types (Figure 2.9D). Reference and 1X affected Revegetated site
types had higher herbaceous plant cover than 2X affected Revegetated site type, but not
significantly more than the 1X and 2X affected Unvegetated sites (Figure 2.9E). Reference and 1X
affected Revegetated site types had more moss cover than both the Unvegetated site types and the
2X affected Revegetated sites, but not significantly so (Figure 2.9F).
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Figure 2.9. Box and whisker plots showing: A) NDVI, B) Total vegetation cover (%; cumulative %
cover from all quadrats: 4mz?, (a) 0.25m?, (b) 0.25m2), C) % cover of live shrubs, D) % cover of
graminoid plants, E) % cover of graminoid plants, F) % cover of herbaceous plants, and G) % cover
of moss at 1X affected (Revegetated and Unvegetated), 2X affected (Revegetated and Unvegetated)
and unaffected (Reference) sites in the outer Mackenzie Delta. The horizontal line inside box shows
the median for each site type. The box edges show the 25th and 75th percentiles and the whiskers
show (1.5 times the interquartile range). Bars with different letters above them are significantly
different (p=0.05).

2.3.4 Soil properties of site types

For the most part, physical and chemical soil properties at Reference sites were similar to
measurements made at the 1X affected Revegetated sites, which were both dissimilar from the
measurements taken at both Unvegetated site types. The 2X affected Revegetated site type had
overall chloride (mg/L) and sodium (mg/L) levels that were intermediate between the 1X affected
Revegetated site types and the Unvegetated site types but had overall salinity (um/cm) and
magnesium (mg/L) levels that were significantly higher than both Reference and 1X affected
Revegetated site types and similar to measurements from the Unvegetated site types (Figure
2.10C). Both Unvegetated site types had shallower active layer depths than the Revegetated site

types, but this difference was not significant in all cases (Figure 2.10A).
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1X affected Revegetated sites had significantly higher pH levels than Reference and 2X Revegetated
sites, but pH levels among all other sites were not different from one another (Figure 2.10B). Both
Unvegetated site types had significantly higher sodium, chloride, magnesium, and sodium than both
the Reference and 1X affected Revegetated site types (Figures 2.10C, 2.10D, 2.10E, 2.10F). 2X
affected Revegetated sites also had higher salinity, chloride, magnesium, and sodium compared to
1X affected Revegetated and Reference sites, but these differences were only significant for salinity
and magnesium levels (Figures 2.10C, 2.10D, 2.10E, 2.10F). Reference and 1X affected Revegetated
sites were lower in salinity and magnesium than all other site types and were indistinguishable

from one another in all soil measurements apart from pH (Figure 2.10).
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Figure 2.10. Box and whisker plots showing: A) Active layer depth (in centimeters), B) pH, C)
Salinity (uS/cm), D) Chloride, E) Magnesium, and F) Sodium at 1X affected (Revegetated and
Unvegetated), 2X affected (Revegetated and Unvegetated) and unaffected (Reference) sites in the
outer Mackenzie Delta. The horizontal line inside box shows the median for each site type. The box
edges show the 25th and 75t percentiles and the whiskers show [1.5*IQR]. Bars with different
letters above them are significantly different (p=0.05).
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2.4 Discussion
2.4.1 Main Findings

Our analysis shows that the effects of the 1999 storm on vegetation community composition are
still apparent with reduced vegetation cover and distinct plant communities at 1X affected
Unvegetated sites. This is likely due to the significantly higher salinity levels present at the 1X
affected Unvegetated sites. Our study also suggests that additional flooding from a secondary saline
inundation event (2016) did not hinder the revegetation of affected areas but did affect the
composition of the vegetation community by reducing the cover of shrubs and moss. In our study,
the storm in 2016 did not significantly affect the community composition between the 1X & 2X
affected Unvegetated sites, but it did affect the vegetation recovery trajectory for the 2X affected
Revegetated sites (in comparison to the 1X affected Revegetated sites). Although the remote
sensing analysis showed 2X affected Revegetated sites as having similar greenness (NDVI) values as
both the unaffected Reference sites and 1X affected Revegetated sites, the vegetation community
composition at the 2X affected Revegetated sites was different. The 2X affected Revegetated sites
were dominated by graminoids and lacked the varied cover of shrubs, herbaceous plants, and moss
present at the 1X affected Revegetated sites. This is likely because less time has passed since the
disturbance in 2016 than since 1999. In the Mackenzie Delta, graminoids are early successional
species (re-establishment within 1-2 years) and therefore typically recover rapidly from

disturbance by flooding (Johnstone & Kokelj, 2008; Lantz et al., 2015; Pearce, 1986).

Our analysis identified soil salinity levels as one of the main drivers of differences in vegetation
community between the site types, which is consistent with previously published data for the 1999
storm (Lantz et al,, 2015). High soil salinity is a primary factor limiting plant growth and
productivity by affecting major processes such as photosynthesis, protein synthesis, and energy and
lipid metabolism (Allakhverdiev et al., 2000; Parida & Das, 2005). Plant cover was highest and
community composition was most varied at site types that had the lowest soil salinity levels. The
only affected sites with salinity levels similar to the unaffected Reference sites were the 1X affected
Revegetated sites (see below), which also had the most similar vegetation community to Reference
sites. Differences in plant functional group abundance at sites also suggest that observed changes
were the result of salt toxicity. Mosses, most of which are generally considered to be more
susceptible than other plants to salt stress (Cosi¢ et al., 2020; Jorgenson, 2000; Jorgenson & Ely,
2001), were scarce in site types with higher soil salinity. Shrubs (mostly willows) were also low in

abundance at sites with higher salinity because high levels of sodium and chloride ions cause
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premature leaf fall and/or death in willows (lacobelli & Jefferies, 1991). Sedges, which are a highly
diverse group of species, generally prefer wetter conditions, but salt-tolerance can be found in
some northern clades (Hoffmann et al.,, 2017) and they are common in salt-marshes where water
flow reduces actual soil salinity (Srivastava, 1993; Srivastava & Jefferies, 1995). This likely explains
why they were abundant in Revegetated site types regardless of the salinity differences found
between 1X & 2X affected Revegetated sites. These patterns are consistent with previously
published data in this area that notes mosses as being highly susceptible to saline incursion and
that graminoids are the first type of vegetation to re-establish in the affected area (Lantz et al.,

2015).

Our analysis also showed that the average distance of sites from the nearest channel was correlated
with the magnitude of vegetation recovery and average soil moisture. Flooding in the spring
(freshwater) and late summer and fall (variable salinity) cause water levels to rise first in the
channels which then overtake the banks to flood inland areas, so it is not surprising that low-lying
areas closer to the channels would have higher soil moisture. These areas could recover more
quickly from saline disturbance because they are more likely to get flooded by freshwater which
could dilute or wash away some of the salts in the soil (Lantz et al., 2015). We could not assess this
hypothesis within the scope of our study. Alternatively, it could be that the vegetation community
present in areas that are more often affected by flooding (of both fresh and salt water) is composed

of a higher quantity of fast-growing and/or salt-tolerant plants.

In our study it was challenging to separate the impacts of elevation and flood recurrence on the
process of re-vegetation. Prior to this research, we thought that higher elevations would contribute
to a lack of vegetation recovery because higher terrain would not be reached as often by freshwater
flooding. However, we could not measure the frequency of freshwater flooding directly. Regardless,
we found no significant difference in elevation between sites that remained Unvegetated and the 1X
affected Revegetated sites. The two Unvegetated site types were both significantly higher than the
unaffected Reference sites though. Furthermore, differences in vegetation communities at 1X
affected versus 2X affected Revegetated sites could be due to elevation and frequency of freshwater
flooding. However, it could also be due to the difference in time since the last saline event since 2X
affected Revegetated sites were at a similar elevation as Reference sites, but 1X affected

Revegetated and Reference sites are more similar in vegetation community.
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It is likely that soil moisture, soil salinity levels, and frequency of disturbance/flooding at sites all
played important roles in determining the presence or absence of certain species. Species that are
tolerant of high salinity levels and drier soils were only found in the Unvegetated sites ; seaside
arrowgrass is a species in the Juncaginaceae family that is frequently found in brackish
environments and salt-marshes (Davy & Bishop, 1991; Khan & Ungar, 1999), whereas both nodding
campion and spoonwort are found in a wide variety of substrates in the circumpolar arctic (dry and
moist soils, as well as clay, gravel, sand, grassy, and rocky areas in a variety of elevations) but are
known halophytes adapted to withstand physiological drought due to periods of high salinity
(Grigore & Toma, 2021). Arctic fescue, which is a pioneering species in disturbed areas (Cody,
2000; Marteinsdéttir et al., 2013), is tolerant of short inundation but prefers drier soils (Casler &
Duncan, 2003) and was found in all affected site types. Similarly, mare’s tail was also found in all
affected site types likely due to its ability to grow in a variety of aquatic environments including
fresh water, intertidal, brackish, and saline (Aiken et al., 2007; Misson et al., 2016). Both green alder
and common horsetail also prefer environments with consistent access to water (Aiken et al., 2007;
Skoczowski et al., 2021). This may account for them only showing up in the vegetated sites in our
study since these sites had higher soil moisture overall. Both Gmelin’s (yellow) buttercup and white
water buttercup are semi-aquatic species that prefer shallow ponds or margins of water (Aiken et
al,, 2007). White water buttercup is particularly noted as being somewhat salt tolerant and can be
found at seashores or in salt marshes (Aiken et al.,, 2007). This tendency toward standing water and

tolerance to salinity is likely why we only found them in the affected Revegetated sites.

The differences in vegetation species present at vegetated and unvegetated site types indicate that
saline incursion can modify habitat for the long-term. The vegetation community present at
Unvegetated sites is so distinct from that of the Reference and Revegetated sites that they seem to
be on a different recovery trajectory at least ~20 years after the initial disturbance. Although very
little plant cover was present at Unvegetated sites overall, the plants that had re-established did not
resemble the communities of either the Revegetated or Reference sites. If these Unvegetated sites
continue to support the species that are present, this could shift these areas into a different stable
ecological state. Our observation that the 2X affected Unvegetated sites had more vegetation cover
than the 1X affected Unvegetated sites suggests that an Unvegetated area that is subsequently
inundated by a less severe storm or that has the potential to be inundated more frequently

revegetates more quickly, but this was beyond the scope of our study. On the other hand, re-
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inundation at Revegetated sites reduced the diversity of the plant community in our study (Table

2.4).

Our analysis also shows that revegetation following the 1999 storm has progressed in some parts of
the affected area such that the vegetation communities that have re-established resemble those of
the Reference sites at all levels looked at in this study: NDVI greenness, total cover at the plot scale,
plant functional types, and species composition. These sites were the most similar not only in
vegetation community composition, but also in all other environmental factors measured. Prior to
our study, we were unsure whether Revegetated areas had recovered similar vegetation
communities as unaffected Reference sites. We also had no information on the likely effects of
recurrent disturbance from saline incursion on previously affected areas. Observations made in this
study indicate that, although there are still differences between these site types in terms of specific
species’ occurrences, we can conclude that the Revegetated sites that were only affected by the
1999 storm (1X affected) have recovered vegetation community structure similar to undisturbed

areas (Reference).

2.4.2 Significance

Our study shows that terrestrial salinization following the 1999 storm has altered the vegetation
community composition in some areas of the delta. Remote sensing estimates from 2019 suggest
that ~3345 ha (~13% of the originally affected terrestrial surface area) have not recovered (to
threshold 0.25 NDVI). For the 2016 storm, remote sensing analysis estimates that an additional
~1028 ha (~17% of the area that de-vegetated in 2016) have not recovered. For the most part,
areas that were re-affected in 2016 supported similar vegetation communities to the same site type
(Revegetated/Unvegetated) that were only affected by the 1999 storm, but some effects on the
plant species present and the variety of species were also observed. To our knowledge, this is the
first study assessing the effects of recurrent events of saline incursion on vegetation community
composition in this area and one of the few long-term assessments of recovery from the 1999
storm. In our study, repeated flooding disturbance from a secondary saline inundation event did
not hinder revegetation of the affected areas, but it did affect the composition of the vegetation
community, particularly by reducing the cover of shrubs and moss. This has implications for
wildlife that use these plant functional types either for shelter or for food, such as birds and
caribou. Unrecovered areas are also a concern since they have remained functionally unvegetated

for ~20 years and show few signs of recovering to undisturbed conditions. With the projected
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increases in storm surge frequency, recurrent disturbance in the affected area of the Mackenzie
Delta is likely (Atkinson, 2005; Sepp & Jaagus, 2011; Simmonds & Keay, 2009). This recurrent
disturbance has the potential to make recovery difficult for vegetation types, such as shrubs and
mosses, that are not tolerant to prolonged inundation or to salinity. If storms become more
frequent, as is predicted, there may not be enough time for salts to leach from soils before another
event re-deposits more salt into the soil or for longer-lived woody shrubs to re-establish and grow
before they are subjected to inundation. It is still unclear what areas of the outer delta are more
protected from inundation because this likely depends heavily on factors of the storm itself (such
as: salinity, height of surge, and length of inundation - among others). Although areas that are both
higher in elevation, further from channels, and further inland are likely to be flooded by surges less
often than areas at lower elevations, closer to channels, and nearer to the coast, if they are
subjected to saline incursion, they could have reduced ecological resilience to this type of
disturbance and take longer to recover than more frequently flooded areas if they recovery at all.
This study highlights the importance of considering cumulative effects of storm surge events along
with broader scale climate change effects and changes such as shrubification, lengthening of the
growing season, coastal erosion and permafrost degradation, and oil & gas development. Our
results provide insight into how future changes to the flooding disturbance regime may affect
vegetation community composition and contributes to improved predictions in the rate of recovery
of vegetation communities from storm surge events in the outer Mackenzie Delta and beyond. This
information can also be used to inform larger scale predictions of Arctic vegetation changes in the
face of climate change and help to guide management decisions for future developments in the

Arctic.

2.4.3 Limitations

Firstly, although we assessed the effects of the 1999 storm in terms of the vegetation communities
resulting after disturbance, we do not have any record of the vegetation community composition
pre-storm. So, although we can make inferences from the satellite record as to the state of the
vegetation community pre-storm via the NDVI greenness and our Reference sites, we cannot
control for the effect of the previous vegetation community on the vegetation that re-establishes
post-storm. We hope to have sampled a variety of sites that were affected for this to be a negligible
effect on our study, but future study should endeavour to sample as much of the affected areas as

possible to capture the true variety of potential vegetation communities.
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Additionally, since the delta is not widely monitored for minor or moderate flooding events, it is
difficult to factor the frequency of regular inundation into our assessment on storm surge effects. It
is likely that areas closer to channels with lower relative elevations will be subject to flooding (by
both the freshet and storm surges) more often than only during major storm surges, but we did not
assess this directly in our study. Daily water level data from Reindeer Channel (Ellice Island) that
has been collected from September 1982 - present shows that water levels above 10m (gauge
height above assumed datum) were only reached on 21 days in the 957 days (2.2%) in July when
data from this gauge station is available (Environment Canada, 2023). Water levels above 10m are
slightly more common in August (4.6%) and September (3.9%) over this same time period
(Environment Canada, 2023). Regardless, since the average relative elevation of our site types did
show any particular pattern between the 1X and 2X affected site types, we do not think that this

factor played a large role in our study.

In order to assess how areas affected by the 1999 event that remained Unvegetated in 2015 were
subsequently re-affected in 2016, we had to employ a different technique of selecting the affected
areas from the 2016 storm than sites that had Revegetated prior to this storm. Instead of using the
only loss of vegetation greenness in NDVI from before the storm year (2015) to after the storm year
(2017), we also used a flooding layer file produced from satellite imagery of 2016 in addition to the
other characteristics outlined for this site type in the Methods section. We could not only use the
vegetation loss method for 2016 in this case because areas that remained entirely devoid of
vegetation in 2015 from the 1999 storm that were re-affected in 2016 would not be captured by
this technique. Because of this, the selection of affected areas from the 1999 storm and the
Revegetated areas affected again in 2016 are areas that lost vegetation as a result of the saline
inundation, whereas Unvegetated areas re-affected in 2016 are simply areas where saline
inundation occurred but were not necessarily where considerable vegetation loss occurred. For our
study, this was the only way to capture how the Unvegetated areas from the 1999 storm would
react to re-inundation by the 2016 storm. This could mean that some of the areas we selected did
not undergo as dramatic vegetation loss in 2016 as they did in 1999 but seeing as the 2016 storm
was already less destructive than the 1999 storm, this did not concern us for the questions we were

asking.
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2.4.4 Further Study

Although we found clear patterns between plant types and specific physical and/or environmental
factors among our site types, more research on vegetation community composition across a greater
range of abiotic conditions would allow more robust application of these findings to other areas in
the Arctic and greater confidence when integrated into modelling predictions. To run a correlation
analysis or model vegetation against abiotic conditions, future sampling needs to capture sufficient
variation in the independent variable in order to compare the variables along a continuous scale.
Because of my sampling method, I could not compare variables directly in a model but used a

categorical analysis (grouped by independent variable).

The effects of annual freshwater flooding from the spring freshet were also not considered in this
study. Spring flooding may contribute to vegetation loss in frequently flooded areas (Cordes et al,,
1984; Pearce, 1986). In terms of recovery from saline inundation, it is not known whether
“flushing” of affected areas by freshwater could assist in removing salt from soils and therefore aid
in the re-establishment of salt-limited vegetation. There is also not much information available
about how salinity concentrations differ among storm surge events and how deposition of salt in
the soil could change depending on storm timing. Local observers of the 1999 storm have suggested
that the late (September) timing of the storm was a primary reason for the severity of the salt-burn
due to the persistence of salt in the soil when the ground froze for the winter (Kokelj et al.,, 2012).
Future studies could install hourly salinity monitors and/or use the satellite archive to compare
whether the vegetation communities at affected sites differ when they are flooded by freshwater at
varying intervals, and whether the timing of a specific event (e.g., early vs. late in the year) similarly
effects revegetation. This would aid in our understanding of vegetation recovery post-surge and

would improve our predictive capabilities in determining ecological effects of future storms.

In the current literature, most storm surge events in the Mackenzie Delta have only been studied by
chance (Scharffenberg, MacPhee, et al., 2020), or many years after the original event (Deasley et al.,
2012; Kokelj et al.,, 2012; Lantz et al., 2015; Pisaric et al., 2011; Thienpont et al., 2012, 2015;
Vermaire et al., 2013). While we have many descriptions of where certain vegetation types ought to
be found in relation to environmental and physical factors, there are not many quantitative studies
describing vegetation communities in the context of post-surge recovery and recurrent disturbance.

Improved monitoring in the delta could aid in determining the factors influencing the magnitude of
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habitat salinization after storm surges, determine the frequency of storms that cause saline

incursion, and determine the rate (and type) of recovery of vegetation post-surge.

2.5 Conclusion

This study provides evidence that vegetation changes caused by the 1999 storm persist today (~20
years later), but that some areas have recovered vegetation and soil properties similar to
undisturbed areas. Repeated saline incursion (15 years between surges: 1999 & 2016) has the
potential to limit the diversity of plant types in revegetated areas, at least in the shorter term (< 5
years post-storm). We identified soil salinity and distance from the nearest channel as important
factors contributing to the composition of the vegetation community and presence/absence of
specific plant species in our sites. How vegetation communities respond to increases in the
frequency of saline flooding will depend on the interactions between many factors including - but
not limited to - distance to nearest channel, elevation, soil moisture, and the pre-disturbance
community. The composition of the vegetation communities in the outer delta affects many wildlife
species (Terenzi et al., 2014; Chapter 3 of this thesis), which also affects local communities by
impacting access to game species at traditional hunting grounds and complicates channel
navigation by boat. Understanding how repeated large-scale salinization events will affect
vegetation communities in previously affected areas is important for current and future monitoring
of Arctic vegetation trends, especially in the context of changing disturbance regimes and ongoing

climate change.
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3.1 Introduction

Arctic habitats are critical for many breeding bird populations, and climate-driven habitat
alteration poses a significant threat to many species (Wauchope et al., 2017). Of the ~200 species of
birds that are known to breed in the Arctic, 162 species are considered to have the majority of their
breeding ranges there (Ganter & Gaston, AJ., 2013). For this reason, the Arctic Council’s
Circumpolar Biodiversity Monitoring Program (CBMP) has designated birds as “Focal Ecosystem
Components” for monitoring under their Terrestrial monitoring program (Christensen et al., 2013).
Of these 162 species with mainly Arctic breeding grounds, 88 are landbirds (Smith et al., 2020).
Fifteen species of shorebirds (out of the 47 total Canadian species) breed exclusively in the Arctic
(Donaldson et al.,, 2000) and several others include the Arctic within their breeding range. Though
they are among the most numerous and species-rich taxa of Arctic waterbirds, many shorebird
populations are declining (Clemens et al., 2016; Gratto-Trevor et al., 1998; Hitchcock & Gratto-
Trevor, 1997; Jehl, 2007; Morrison et al., 2013; Piersma et al,, 2016; Smith et al., 2023; Wauchope et
al,, 2017). Additionally, though passerines are ubiquitous and abundant in the tundra, recent trends
show declines across-taxa in North America during the past decade or more (Rosenberg et al.,
2019; Smith et al,, 2020). Many studies list shifts in habitat characteristics and phenology due to
climate change as primary factors in these declines (Baker et al., 2004; Duijns et al,, 2017; Gaston et
al,, 2005; McKinnon et al,, 2012; Robinson et al., 2005; Senner et al., 2014, 2017; Studds et al,,
2017). Anthropogenic changes along long migratory routes that can stretch from the Arctic to

southern South America may also be contributing (Reed et al,, 2018; Studds et al., 2017).

Within the next 100 years, climate change is projected to be more rapid and uniform across the
Arctic in comparison to historic warming events (Intergovernmental Panel on Climate Change
(IPCC), 2013). This suggests the potential for more severe constriction of shorebird breeding
distributions than in previous “bottle-necking” events of the mid-Holocene where extreme cold and
arid conditions of Quaternary glaciations would have geographically restricted available breeding
habitat (Buehler & Baker, 2005; Conklin et al., 2016; Wauchope et al., 2017; Wennerberg et al,,
2002). A recent study assessing projected shifts in the spatial distribution of suitable habitat for
Arctic-breeding shorebirds predicts considerable northward constriction at a pan-Arctic scale
(Wauchope et al., 2017). These predictions specified the Canadian Arctic Archipelago as being a
globally important refuge for shorebirds in the future, but also noted that these habitats currently
lack government protection (Wauchope et al.,, 2017). Concurrent habitat shifts predicted at

breeding sites include the advancement of southern predator ranges (e.g., red fox, Vulpes vulpes)
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and the expansion of potential interspecific competitors (Callaghan et al., 2004; Killengreen et al,,
2007; Mustin et al., 2007; Post et al., 2009), both of which could compound the adverse effects
changing shorebird habitat. In addition, some Arctic-breeding shorebird and landbird populations
are already suffering from the accelerated advance of spring and increased unseasonal storms as
the timing of spring arrival can greatly affect reproductive success and population dynamics (Both
et al, 2010; Ganter & Gaston, A.]., 2013; Klaassen et al., 2012; Kolzsch et al., 2015; Mgller et al.,,
2008; Saino et al., 2011; Smith et al., 2020; Tulp et al., 2009). In addition to weather-related issues
caused by the advancement of spring, more complex interactions between ecosystems and their
inhabitants are becoming apparent as species react to climate and weather pattern changes with
varying strategies. More evidence with links to specific local effects and drivers is required to tease
apart these interactions and predict future patterns in the face of ongoing climate change.

In the circumpolar Arctic, the density and diversity of birds respond to productivity gradients
(Smith et al., 2020). Although heavily vegetated wetlands constitute a small portion of the available
habitat, they support a disproportionate richness and abundance of bird species (Smith et al,,
2020). Arctic river deltas are especially critical for migratory birds as stopover, breeding, and
nesting grounds (Canadian Wildlife Service, 1992; Latour et al., 2005), but these low-lying coastal
regions are particularly prone to flooding. Although freshwater flooding is a predictable annual
event due to upriver snow melt in spring, saltwater flooding events can occur during severe marine
weather events (MacKay, 1963; Manson & Solomon, 2007; Vermaire et al., 2013). Marine storms
are expected to increase in frequency and intensity globally as a consequence of climate change
(Sepp & Jaagus, 2011). Inuvialuit living in Ulukhaktok, Sachs Harbour, Tuktoyaktuk and other
communities in the Beaufort Delta Region have already noted changes in weather patterns that
include an increase in strong winds (Berkes & Jolly, 2001; Pearce et al., 2010; Waugh et al., 2018).
Persistent strong winds in these low elevation areas can produce storm surges, which are defined
as an abnormal rise in sea-level along a coastline during a storm (Harris, 1963). These surges can
result in the saltwater flooding of riparian and terrestrial ecosystems in a process known as saline
incursion, which can cause habitat degradation by killing vegetation that is not salt-tolerant and
preventing re-establishment of plant species due to salt buildup in soils (Earle & Kershaw, 1989;
lacobelli & Jefferies, 1991). Previous studies in the Mackenzie Delta (Northwest Territories) show
that saline incursion events can be severe enough to cause persistent ecological change (Pisaric et
al, 2011; Thienpont et al,, 2015; Vermaire et al., 2013). A decade after a storm surge in 1999, re-
establishment of vegetation was underway, but some affected areas remained where little to no

recolonization of plants was occurring (Lantz et al., 2015). However, due to a lack of historical
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monitoring of similar saline incursion events, approximate timelines for recovery of persistently

barren areas remain unclear (Deasley et al., 2012; Lantz et al., 2015).

Historically, increased storm surge activity has followed trends of rising temperature and declining
sea-ice (Serreze et al.,, 2007; Simmonds & Keay, 2009; Vermaire et al., 2013). The potential for
strong winds to result in a surge is also compounded by physical and oceanographic factors such as
coastal erosion and sea-level rise (Manson & Solomon, 2007; Nicholls & Cazenave, 2010; Thienpont
etal, 2012). All four of these factors are projected to be adversely affected by climate change. With
predictions of increasing potential for saline incursion in Arctic coastal areas, in combination with
imminent contractions in predicted distributions of Arctic breeding birds, it will be critical to have a
good understanding of potentially compounding emerging threats to terrestrial bird habitat in
these areas. However, it is currently unknown how vegetation changes from saline incursion in the
Arctic are affecting habitat use by bird species and whether affected sites can functionally recover.
Since the 1999 storm, several studies have assessed the recovery of soils and vegetation, but to
date, no formal investigation of the effects of saline incursion upon shorebirds or other avifauna has
been conducted (Lantz et al., 2015; Pisaric et al.,, 2011; Thienpont et al,, 2012, 2015; Vermaire et al,,
2013). In this study, we used a natural experiment — namely, saltwater incursion in portions of the
outer Mackenzie Delta — to assess the effects of habitat transformation caused by a severe storm
surge on bird community composition and presence. We also conducted field surveys to explore the

biophysical factors associated with differences in bird assemblages across the affected area.

3.2 Methods
3.2.1 Study Area

The Mackenzie Delta, North America’s largest Arctic delta (~13,000 km?), is located at the northern
continental edge of the Northwest Territories at the outflow of the Mackenzie and Peel rivers into
the Beaufort Sea (Burn, 2017; Burn & Kokelj, 2009). A low-lying alluvial plain, the delta has a
maximum elevation of ~10m above sea-level and gradually slopes downward to the Beaufort Sea
(Deasley et al., 2012; Vermaire et al., 2013). This delta lies within the traditional territory of both
the Inuvialuit and Gwich’in peoples, who continue to rely on the land for subsistence (Thompson &
Millar, 2007; Usher, 2000). This study focused on the low-lying (< 2 masl; Fig. 1) northern part of
the delta (hereafter the “outer delta”) (Lantz et al., 2015). Vegetation in the outer delta can be

classified into three dominant vegetation types (graminoid wetland, dwarf shrub, and upright
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shrub) based on soil characteristics and frequency of flooding (Cordes et al., 1984; Lantz et al,,

2015; Pearce, 1986). Terrain <30 cm above low tide level is generally unvegetated (Canadian

Wildlife Service, 1992).
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Figure 3.1. A map of our study area. It shows the extent of the Landsat imagery we assessed
(outlined in red) within the Mackenzie Delta region, the 1999-affected area (in dark grey), and the
boundaries of the Kendall Island Migratory Bird Sanctuary (outlined in the dash).

Within the Mackenzie Delta, the Kendall Island Migratory Bird Sanctuary encompasses

approximately 606 km2 of the outer delta (Bromley et al., 2002; Canadian Wildlife Service, 1992).

Established in 1961, the purpose of this sanctuary was to protect the abundance of migratory birds

(primarily waterbirds) in the area (Canadian Wildlife Service, 1992). Over 100 species of birds have
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been recorded in the sanctuary, including perching birds, shorebirds, and waterfowl (Canadian
Wildlife Service, 1992; Environment and Climate Change Canada, 2019). Lesser snow geese (Anser
caerulescens) use the area as a nesting and staging ground in the fall and constitute a large portion
of the waterbird species (Canadian Wildlife Service, 1992). Notable species include hudsonian
godwit and long-billed dowitcher, which have limited breeding grounds in Canada (Canadian

Wildlife Service, 1992).

Gravitational tides in the outer delta are small (< 0.5m) in comparison to storm surge events, which
can reach around 2.5 m above mean water level (Forbes & Frobel, 1985; Harper et al., 1988b;

Solomon, 2005). Storm surges are a regular occurrence in the outer delta during the open-water

freshwater river discharge and wind direction typically keep the saltwater from reaching upstream
(Carmack & Macdonald, 2002). However, as river discharge decreases over the open-water season,
the potential for storm surges to cause saline flooding inland increases (Scharffenberg, MacPhee, et
al,, 2020; Yang et al., 2015). This potential is increasing due to the extended open water season in

the Arctic (Overeem et al,, 2011; Vermaire et al., 2013).

A particularly anomalous surge occurred in 1999 and was retroactively documented (Kokelj et al,,
2012; Lantz et al., 2015; Pisaric et al.,, 2011). Paleolimnological studies have shown that the
magnitude of this storm surge was unprecedented in the last millennia (Pisaric et al., 2011;
Vermaire et al., 2013). Previous studies assessing the ecological consequences post-1999 show that
the incursion of saline water was severe enough to cause widespread and persistent (7-10 years
post-storm) vegetation kill in ~120 km?2 of the outer delta (Pisaric et al.,, 2011; Thienpont et al,,
2015; Vermaire et al,, 2013). A decade after the storm surge in 1999, recovery was occurring
slowly, but it was spatially variable with some areas showing no re-establishment of vegetation
(Lantz et al,, 2015). Though salt-tolerant species are present in the outer delta, previous surveys
have not observed them colonizing affected areas, suggesting that this large-scale salinization event

is unprecedented in recent history (Lantz et al., 2015; Pisaric et al., 2011).

3.2.2 Site Selection

To explore the impacts of storm-surge driven vegetation change on avian community composition

and the abundance of three focal species, we conducted field studies within and outside areas
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affected by the 1999 surge. Specifically, we sampled areas of the outer Mackenzie Delta in three site

types (Revegetated post-inundation, Unvegetated post-inundation, and unaffected Reference).

To delineate the area affected by the 1999 storm surge, we analyzed imagery from the LANDSAT 5,
7 & 8 satellites. Top of Atmosphere (TOA) imagery with less than 20% cloud cover obtained during
the peak greening period (July 1 — August 15) was used to calculate the Normalized Difference
Vegetation Index (NDVI) annually from 1986-2015. NDVI is calculated using the contrast between
near-infrared and red reflectance (Tucker, 1979) and represents a measure of green leaf area and
phytomass (Raynolds et al,, 2012; Riedel et al., 2005). Using Landsat scenes from 1986-1994 we
characterized inter-annual variation in NDVI before the 1999 storm and used it to establish a
threshold of inter-annual variability that represented a significant departure from normal. This
threshold was calculated by creating a raster stack of proportional inter-annual change from 1986-
1994, where proportional inter-annual change was defined as: [NDVIygar - NDVIpreviousyear | /
NDVIpreviousyear. Using this stack, we calculated the average inter-annual pre-storm change on a per-
pixel basis. This resulted in a single raster layer where pixels were the average inter-annual change
in NDVI across all years. The mean (i) and standard deviation (o) of this layer were used to define
the range of typical inter-annual variation as: p * 20, or 0.0355 + 2*(0.1968). Subsequently, the
lower limit of this range was used as a threshold to delineate the extent of the area affected by the

1999 surge as PNDVI3p01- PNDVI199g < -0.358, and unaffected as PNDVIz001- PNDVI199g 2 -0.358.
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Figure 3.2. Delineation of the affected and unaffected areas post-storm as described by the
proportional change in NDVI described above (affected = PNDVIzg01- PNDVI199g < -0.358; unaffected
= PNDVI3001- PNDVIi99g = -0.358).

We selected re-vegetated and unvegetated sites within the affected portion of the outer delta using
two methods that utilized satellite imagery and aerial photographs captured in 2004 (NWT Centre
for Geomatics, 2007). In the first site selection method, high-resolution (effective pixel size =~1m;
scale = 1:30000) air photos from 2004 (NWT Centre for Geomatics, 2007) were visually inspected.
These air photos clearly show areas of bare ground and areas with green vegetation present. To
verify that air photos could be used to classify sites as Revegetated or Unvegetated we extracted a

subset of 2004 NDVI values from sites classified as vegetated (n=40) and unvegetated (n=44) using
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air photos (Table 3.1). This analysis indicates that affected sites undergoing revegetation had NDVI
values greater than 0.25 and typically ranging from 0.303 to 0.713 (Table 3.1). NDVI values at
Unvegetated sites had a maximum of 0.25 and generally ranged from 0.094 to 0.215 (Table 3.1).
Based on these differences, we used 0.25 as a threshold to distinguish vegetated from Unvegetated

areas within the affected portion of outer delta (Table 3.1).

Table 3.1. Summary of vegetated versus unvegetated NDVI values in 2004.

Unvegetated Vegetated
Mean Mean + 2*SD Maximum Mean Minimum Mean - 2*SD
0.1347 0.2154 0.2507 0.5080 0.2500 0.3033

In the second site selection method, we determined the rate of NDVI change within the affected
area using a pixel-based Theil-Sen regression of a Landsat NDVI time series (2001-2012). The
significance of Theil-Sen slope estimates (using a Mann-Kendall test) was assessed using a
threshold of p = 0.1. Within affected areas, significantly trended pixels with positive slope values
were classified as Revegetated and pixels with non-significant or decreasing slopes were classified
as Unvegetated. This regression-based classification was compared with the air photo-based
classification and field sites were selected in areas where the two classifications agreed. Overall, we
selected seven replicates within each of the affected site types and six replicates in the Reference

type for a total of 20 sites (Table 3.2).

Table 3.2. Summary of site selection criteria using NDVI from Landsat imagery.

Site type Classification criteria
Unaffected / Reference (n=6) - PNDVI2g01- PNDVIy99g >-0.358
Affected / Revegetated (n=7) - PNDVIz01- PNDVIq998 <-0.358

- Significant increasing trend in NDVI from 2001-2012
- Green vegetation visible on 2004 air photos.
— NDV12018 > 0.25

Affected / Unvegetated (n=7) - PNDVIz01- PNDVIq99g <-0.358
- No trend in NDVI from 2001-2012
- No green vegetation (brown) visible on 2004 air
photos.
- NDVlI3018 < 0.25
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Figure 3.3. Map of three site types classified by the above classification criteria. This map was used
to select sites.

3.2.3 Survey Methods

During the summer of 2019, we measured bird abundance and diversity in the outer delta during
the shorebird breeding season (June 24 - July 4) using the Arctic Program for Regional and
International Shorebird Monitoring’s (PRISM) rapid survey protocol (Pirie et al., 2012). Although
this protocol was created specifically for surveying breeding shorebirds, we were able to record all
avian species present in the plots due to low general abundance. Specifically, two observers
(F.N.A.S. and a field assistant) carried out walking transects spaced 25m apart in a 400 by 300m
plot, repeating transects until we had covered the entire plot. Bird sightings, qualitative landcover
types (i.e. tall shrubs, wet-graminoid, barren), and surface water were recorded on a grid diagram
of the plot. Photographs and audio recordings were used to ensure correct species identification. If

nests were found incidentally, they were recorded and photographed as well. All surveys were
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carried out during rainless, daylight hours to minimize weather effects on detection probability.
During our time in the field, we completed 20 bird surveys (6 Reference, 7 Revegetated, 7
Unvegetated). Vegetation and soil surveys were also completed along 100m transects at each site to
assess links between presence of birds and fine-scale habitat characteristics. At 11 points along
these transects, nested quadrats (4m2: tall shrubs & 0.25m2: ground vegetation) were used to
estimate the percent cover of vegetation and to measure soil characteristics (thaw depth, organic
soil thickness, etc.). Plots were spaced at 10m intervals. Composite active layer samples were
collected at 6 points along the transect (0m, 20m, 40m, 60m, 80m, 100m) to measure salinity, pH,
and moisture content following the methods outlined by McKeague (1978). All vegetation and soil

transects were placed within the bird plots perpendicular to the nearest river channel.
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Figure 3.4. Map of all surveyed sites classified into the types created for this study. The rectangular
boxes used to mark the location of the site are the actual size and orientation of the plots to scale.
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3.2.4 Remote Sensing

To assess the influence of landscape variability on the abundance of focal bird species, we used the
Landsat and Sentinel archives to measure surface wetness. Surface wetness was mapped by
calculating Modified Normalized Difference Water Index (MNDWI) on Sentinel satellite imagery
(from the beginning of July 2019; 10m resolution) (Du et al.,, 2016). Mean elevation was extracted
from the ArcticDEM (2m resolution). Distance to nearest channel was also measured for each site

using an MNDWI water mask derived from the Landsat 8 imagery.

3.2.5 Statistical Methods

To investigate differences in avian community composition among site types and explore
community-habitat associations, we used a multivariate analysis: Non-parametric Multidimensional
Scaling (NMDS) ordination in combination with an Analysis of Similarities (ANOSIM). This analysis
was completed using a Bray-Curtis dissimilarity matrix calculated from the bird count data of the
PRISM surveys (McGarigal et al., 2000). The relationships between habitat characteristics (see
below) and community composition were assessed using the envfit function in the vegan package
(Oksanen et al., 2015) in R (R Core Team, 2020). We also performed a Similarity Percentage
(SIMPER) analysis to identify the species making the largest contributions to community
dissimilarity among site types. To characterize environmental differences among site types, a
Kruskal-Wallis test (rank-based analysis of variance) was performed on a suite of variables
including: 1) NDVI, 2) MNDW]I, 3) distance to channel, 4) elevation, 5) deciduous shrub cover, 6)
vascular plant cover, 7) total vegetation cover, 8) soil moisture, 9) thaw depth, and 10) organic soil
thickness. Total % cover was calculated by adding the % cover from the 4m2 quadrat and both

0.25m2 quadrats together.

Differences in the occurrence of three focal species identified in the SIMPER analysis (savannah
sparrow (SAVS; Passerculus sandwichensis), lapland longspur (LALO; Calcarius lapponicus), and red-
necked phalarope (RNPH; Phalaropus lobatus)) were assessed visually by plotting each species’
abundance versus site type. Pairwise Fisher’s Exact tests were then used to assess relationships
between habitat variables and focal species’ occurrences. We used this analysis to identify potential
variables to focus on in future research or in modelling. Abundance data were transformed from
counts into incidences (0/1) and habitat variables were converted into 4 categories using their
quartile ranges. Each species was then individually compared to the binned habitat variables: NDVI,

MNDWI, distance to channel, elevation, % cover of deciduous shrubs, % cover of vascular plants,
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total % cover of vegetation. Total % cover was calculated by adding the % cover from the 4m?

quadrat and both 0.25m? quadrats together.

3.3 Results
3.3.1 Avian community composition between site types

The multivariate analysis (Figure 3.5) indicates that bird community composition at Unvegetated
sites was significantly different from those at Revegetated and unaffected Reference sites (Table
3.3; Ranosiv = 0.84-0.85). Unvegetated sites were dominated by lapland longspur, semipalmated
plover, and predatory species (ie. jaegers and hawks), while Reference and Revegetated sites were
dominated by savannah sparrows and red-necked phalaropes (Table 3.5). Three “focal” species (as
identified by the SIMPER analysis; savannah sparrow, lapland longspur, and red-necked phalarope)
contributed to 45-61% of the dissimilarity between site types (Table 3.4; Supplementary Table 3.1).
The variation in avian community composition within site type categories was the lowest in the
vegetated sites (Reference and Revegetated) and highest in the Unvegetated sites (Table 3.5;
Supplementary Figures 3.1, 3.2). The multivariate analysis also showed that bird community
composition was highly correlated with plot-scale and remotely sensed measurements of habitat.
Plots dominated by savannah sparrows & red-necked phalaropes were wetter and had higher
vegetation cover than plots dominated by lapland longspur & semipalmated plover; the latter were

dry and had low vegetation cover (Figure 3.5).
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Figure 3.5. Non-parametric multidimensional scaling (NMDS) ordination of bird community composition based on Bray-Curtis similarity.
The ordination shows the NMDS scores for each site type (colored points) and correlations between biotic and abiotic habitat variables
and NMDS scores (solid arrows). The ellipses show the 95% confidence zone of each site type assuming a multivariate t-distribution
(Wickham, 2016). Bird species are plotted in the ordination according to NMDS scores (calculated using the scores() function from the
vegan package in R (Oksanen et al., 2015)). Scientific and common names corresponding to each species’ abbreviation are provided in the
appendix (Supplementary Table 3.2).
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Table 3.3. Results of the ANOSIM analysis comparing community composition among site types. The
Global R-statistic for this test was 0.589 (p < 0.001).

Site types (pairwise combinations) Ranosim statistic Significance level (p)
Reference / Unvegetated 0.851 0.002
Reference / Revegetated 0.259 0.027
Unvegetated / Revegetated 0.843 0.002

Table 3.4. Results of the SIMPER analysis characterizing dissimilarity in bird community
composition among three site types. The third column shows the species explaining the majority
(>50%) of the cumulative dissimilarity among pairwise site type combinations. Mean abundance of
birds per plot (untransformed) of each species at the site types being compared is shown in the fifth
column.

Site type Average Species Contribution to Average
combinations dissimilarity (%) dissimilarity (%) abundfince at each
site type
Reference / 99.00 Savannah sparrow 34.40 280/0
Unvegetated Lapland longspur 20.93 0/1.83
Semipalmated plover 7.35 0/0.76
Reference / 44.05 Red-necked phalarope 31.21 0.35/1.74
Revegetated Dabbling ducks (Anas spp.) 15.40 0/094
Savannah sparrow 13.77 2.80/2.70
Unvegetated/ 95.94 Savannah sparrow 27.32 0/270
Revegetated Lapland longspur 17.28 1.83/0
Red-necked phalarope 15.11 0.31/1.74

Notes: The top three species making the greatest contribution to the between-group Bray-Curtis dissimilarity for each site combination
are shown.

3.3.2 Characterization of environmental differences among site types

As expected, Unvegetated sites had significantly lower vegetation cover (plot scale: 4m2) and
reduced NDVI in 2019 (site scale: 120 000m2) compared to Reference and Revegetated sites
(Figures 3.64, 3.6B). Unvegetated sites were also drier, showing lower MNDWI (site scale:
120,000m2) and volumetric moisture content (plot scale: 4m?2) (Figures 3.6C, 3.6D), and were

located farther from freshwater channels than either Reference or Revegetated sites (Figure 3.6E).
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Unvegetated sites had higher mean elevation than Reference sites but had similar elevation to
Revegetated sites. Reference and Revegetated site also had similar percent vegetation cover, NDVI

in 2019, MNDW], soil moisture, and distance from channel (Figures 3.6A-E).
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Figure 3.6. Box and whisker plots showing: (A) NDVIin 2019, (B) Total % cover of vegetation
(cumulative % cover from all quadrats: 4mz?, (a) 0.25mz?, (b) 0.25mz2), (C) MNDWI, (D) Volumetric
soil moisture (%), (E) Distance from the nearest channel, and (F) Elevation at affected (Revegetated
and Unvegetated) and unaffected (Reference) sites in the outer Mackenzie Delta. The horizontal line
inside each box shows the median for each site type. The box edges show the 25th and 75th
percentiles and the whiskers show [1.5*IQR]. Bars with different letters above them are
significantly different (p<0.05).

Figure 3.7. Photos from our 2019 field season of 3 site types. From left to right: Reference
(unaffected), Revegetated (affected), Unvegetated (affected).



78

Reference sites were all dominated by sedges and variable cover of low shrubs. All Reference sites
were consistently wet, and some had standing water. Revegetated sites were typically dominated
by wet graminoid habitat, often interspersed with small areas of shrub/herb tundra (MF_1, MF_2 &
MD_1). All these sites except one (MF_1) had some amount of standing water. Unvegetated sites

were characterized by the dominance of bare ground (Figure 3.7).

3.3.3 Focal species assessment

The focal species assessment showed that savannah sparrow and lapland longspur did not co-occur
at any of the sites we sampled (Figure 3.8). Savannah sparrow were only observed at Reference and
Revegetated sites where NDVI was > 0.2 and lapland longspur were only observed at Unvegetated
sites (Figure 3.8A). Unvegetated sites were > 300m from nearest channel and had NDVI < 0.25
(Figure 3.8A-B).
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Figure 3.8. Gradient diagrams showing the number of savannah sparrows (green) and lapland
longspurs (brown) at sites across the study area. Lapland longspurs were never observed at
Reference and Revegetated site types and savannah sparrows were never observed at Unvegetated
site types. The grey line on panel (A) shows NDVI in 2019 at each site and the grey line on panel (B)
shows the distance to the nearest channel (in meters) at each site. Sites are arranged along the x-
axis into their site types.
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Fisher exact tests showed that focal species’ occurrences were correlated with vegetation cover and
habitat wetness (Table 3.5). Savannah sparrows were never present at unvegetated sites (Figure
3.8), and Fisher’s exact tests showed that they preferred sites with more vegetation cover (Figure
3.94, 3.8C). They also preferred sites that were closer to channels and had higher moisture (Figure
3.9B, 3.8D). Lapland longspur were never present at Revegetated or Reference sites (Figure 3.8)
and Fisher’s exact tests showed that they preferred sites with low vegetation cover and moisture
further from channels (Figure 3.10A-D). Red-necked phalarope were absent from all Unvegetated
sites but one and preferred sites with moderate to high cover of vegetation that were an

intermediate distance from channels (Figures 3.10C, 3.10D).
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Table 3.5. Global significance statistics for Fisher’s Exact comparing the incidence of focal species

with habitat variables. Significant associations are shown in bold text.

Species Habitat Variable Global p-value
Savannah sparrow NDVIin 2019 0.0047
Total cover of vegetation (%) 0.00068
MNDWI in 2019 0.091
Distance from nearest channel (m) 0.0047
Lapland longspur NDVIin 2019 0.0088
Total cover of vegetation (%) 0.013
MNDWI in 2019 0.38
Distance from nearest channel (m) 0.039
Red-necked phalarope NDVIin 2019 0.0053
Total cover of vegetation (%) 0.17
MNDWI in 2019 1
Distance from nearest channel (m) 0.24
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Figure 3.9. Incidence of savannah sparrow in comparison to habitat variables including: (A) NDVI in 2019, (B) MNDWI in 2019, (C) Cover
of vegetation (%), and (D) Distance from the nearest channel (meters). Explanatory variables were binned based on quantiles. Bars with
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Figure 3.10. Incidence of lapland longspur in comparison to habitat variables including: A) NDVI in 2019, B) MNDWI in 2019, C) Cover of

vegetation (%), and D) Distance from the nearest channel (meters). Explanatory variables were binned based on quantiles. Bars with
different letters were significantly different (Fisher’s Exact test p<0.05).
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Figure 3.11. Incidence of red-necked phalarope in comparison to habitat variables including: A) NDVI in 2019, B) MNDWTI in 2019, C)
Cover of vegetation (%), and D) Distance from the nearest channel (meters). Explanatory variables were binned based on quantiles. Bars
with different letters were significantly different (Fisher’s Exact test p<0.05).
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3.4 Discussion
3.4.1 Main findings

Our analysis shows that mesoscale differences in bird community composition and the occurrences
of focal species were driven by the persistent effects of the 1999 storm surge on habitat. In our
study, avian community assemblage was correlated with vegetation structure and productivity as
reflected in post-storm NDVI values (Figure 3.5). This is consistent with previous studies where
density and diversity of avian species responded to productivity gradients of vegetation in the
Arctic (Latour et al., 2005; Smith et al., 2020). Additionally, all of our focal species showed strong
associations to NDVI values from Landsat images acquired during the field season (2019) (Figures
3.8-3.11). Though this was likely due to the dramatic contrast in vegetation presence between
Unvegetated and vegetated (Reference and Revegetated) site types, these associations could be a

good approach for remotely identifying areas that are unsuitable for certain species.

The lack of ground cover and surface water at Unvegetated sites made them unsuitable for species
that occupy aquatic habitat, such as red-necked phalaropes and ducks, or materials for
camouflaging their nests and perching, such as savannah sparrows. Savannah sparrow are known
to favour dense ground vegetation, especially grasses, and moist microhabitats (Wiens et al., 1986).
They also prefer to nest in vegetated areas without bare ground since they require material to
cover nests and to hide from predators (Davis, 2005; Dieni & Jones, 2003; Rockwell et al., 2003). In
contrast, red-necked phalarope breed at or near lakes and pools with marshy margins, where their
nests are rarely > 20 m from a source of water (Murphy, 1981). Their nests are sometimes
concealed in clumps of sedges or grasses or under other low vegetation (Bent, 1927) so they

typically prefer pools with emergent vegetation (Hohn, 1968).

The strong association between Unvegetated sites and a particular suite of species shows that
vegetation die-back following saline incursion can shift the relative abundance of birds.
Unvegetated sites were characterized by bare ground and the absence of surface water and were
dominated by lapland longspur and semipalmated plover along with various predatory birds (such
as jaegers and hawks) that prefer these conditions. In a summer study on Bylot Island (Nunavut),
lapland longspur were observed foraging mainly at margins of dense vegetation or in areas with
sparse clumps of plants on margins of barren spots (Drury, 1961). Although some prior studies
have indicated that lapland longspur prefer low-canopy vegetated habitats (Boal & Andersen,

2005), we observed them (both audio and visual observations) only in Unvegetated sites.
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Though not particularly abundant in our study, semipalmated plover also showed clear preference
for the Unvegetated sites. This is likely because they require open, flat ground for running and
foraging (Burger et al.,, 1977; Recher, 1966; Smith & Nol, 2000). In habitat selection studies on
Akimsiki Island (Nunavut), semipalmated plover showed preference for open, pebbled areas for
breeding even though their nests in muddier habitats were more likely to be successful (Nguyen et
al,, 2003, 2013). Additionally, many species observed in Unvegetated sites were predatory
(parasitic jaeger, rough-legged hawk, and a short-eared owl (4sio flammeus)). It is possible that
these species prefer hunting in these habitats where there is no cover (Liebezeit et al., 2009). We
did observe territorial behaviours (alarm calling and circling) by the jaegers and hawks, so it is

possible that some of these species are also using these habitats for breeding.

Our analysis suggests that revegetation 20 years following the storm surge has been adequate to
restore habitat functionality for certain avian species at some sites. Avian community composition,
focal species’ identities, and habitat conditions were functionally similar between unaffected
Reference and affected Revegetated sites. Prior to this study, we were unsure whether birds would
avoid returning to affected, but revegetated areas. We also had no reference for the threshold at
which enough vegetation reestablishment would overcome any potential avoidance behaviour.
Observations made in this study indicate that these Revegetated sites have recovered sufficiently to

host similar avian populations as the unaffected Reference sites.

From a strictly observational standpoint, the structure of the vegetation communities between the
two vegetated site types appeared different on the ground. Reference sites had more shrub cover
overall and/or more tall shrubs, whereas Revegetated sites tended to be mostly covered in sedges,
some quite homogenously so. Despite these observed differences in plant community composition
between the vegetated site types, the avian communities at these sites were similar, suggesting that
functional recovery occurs within twenty years of vegetation loss in a productive Arctic delta, at
least from the perspective of breeding birds. Further analysis of the vegetation cover revealed no
significant differences between Revegetated and Reference site communities in terms of plant
species assemblages (see Chapter 2). The avian species present at Revegetated sites were more
consistent, with assemblages between sites being different due to changes in avian species richness
rather than identity (Section 3.6 Appendix: Supplementary Figure 3.1, 3.2). This could be attributed
to the relative homogeneity of the vegetation community and habitat structure at the Revegetated

sites (Brandolin et al., 2016; Smith et al., 2020). Vegetation community composition aside, both
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vegetated site types were quite wet, consistently having standing water available. Although we
found low differences (Ranosim = 0.259, p = 0.027; Table 3.3) in avian community composition
between Revegetated and Reference sites, we found nests and/or nesting behaviours by ducks,
Wilson'’s snipe (Gallinago delicata), and red-necked phalarope only at Revegetated sites. No
evidence of nesting (or “probable nesting”) was found in Reference sites. This could point towards
some species using these two habitat types for different purposes, but further study over a longer

period is required to confirm these patterns.

3.4.2 Significance

Our study shows that the persistent impacts of terrestrial salinization following the 1999 storm
have altered avian community composition in affected areas of the delta. Remote sensing estimates
from 2019 suggest that ~3345 ha (~13% of the originally affected terrestrial surface area) have not
recovered (to threshold 0.25 NDVI). To our knowledge, this is the first systematic study assessing
the effects of terrestrial habitat change from saline incursion on Arctic birds. Our analysis suggests
that habitat changes from more frequent and severe storm surges will alter bird community
composition and perhaps the abundance of individual species. Vegetation loss creates habitat
conditions that are avoided by certain species but selected for by others. With climate change
resulting in recurrent and severe changes to future seasonal temperatures and sea-ice condition,
extreme weather events in the Mackenzie Delta such as storm surges are likely to become the norm
rather than the exception (Atkinson, 2005; Sepp & Jaagus, 2011; Simmonds & Keay, 2009). With
this projected increase in storm surge frequency and intensity, the potential for additional areas to
become persistently unvegetated also increases, something that highlights the importance of
considering the cumulative effects of repeated storm surges and disturbances associated with
permafrost thaw, increasing oil and gas development, and other anthropogenic disturbances (Barry
& Spencer, 1976). Our results provide insight into how future vegetation changes may affect habitat
availability for some avian species, contributing to improved predictions of how climate changes
will affect Arctic bird populations in the Mackenzie Delta and beyond. This study can also help
inform impact assessments and protected area management for Arctic breeding birds in the face of

ongoing development decisions.
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3.4.3 Limitations

Typically, the PRISM protocol for monitoring breeding shorebirds that we used in this study is
deployed during an early spring survey window (late May & June) since some early breeders begin
southward migration soon after nesting initiation in mid-May (Pirie & Johnston, 2012; Weiser et al,,
2018). However, in the Mackenzie Delta, shorebird nesting initiation is limited by flooding during
channel break-up (Pirie et al., 2012). As such, previous PRISM studies in the delta have delayed the
surveying period until the first week of July (our survey period) with success (Pirie et al., 2012).
Since we did not intend to use our data for population estimates or trends, we focussed our
analyses more on incidence (presence/absence) rather than abundance to place less importance on

potential missing individuals from early breeding.

Avian biodiversity studies often underestimate the natural dynamism of bird community
assemblages, overemphasizing the importance of environmental variables and underestimating the
importance of temporal dynamics (Collins, 2001; Curtis et al., 2016). Since our data collection was
limited to a single field season and there are no recent surveys in our study area, we could not
control for interannual changes in bird presence or pre-storm variation in vegetation structure
(sedge wetland, upland tundra, tall shrub). However, despite the lack of historic and ongoing
monitoring, this study has provided novel, valuable baseline data for the use of habitat damaged by
saltwater intrusion by birds in the Mackenzie Delta. There is now a benchmark for future studies to

compare against.

3.4.4 Further Study

Although we found clear, persistent effects of vegetation change on bird community structure, a
more detailed understanding of habitat selection by Arctic-nesting birds would allow more precise
application of fine-scale remote-sensing products. The importance of prey availability and site
fidelity are some other potential drivers of the responses to environmental change in bird
communities (Devictor et al., 2008; Hitch & Leberg, 2007; Knick & Rotenberry, 2000; Romafiach et
al,, 2019). Firstly, declines in avian species with high site fidelity are already being seen in the Arctic
since breeding habitat ranges of most Arctic species are shifting northward (Ganter & Gaston, 2013;
Lappo et al., 2012; Smith et al., 2020). Previous studies have also looked at the association of insect
emergence and shorebird hatchling success in other areas of the Canadian Arctic (Bolduc et al.,
2013; McKinnon et al., 2012; van Gils et al., 2016), but prey availability in our study area has not yet

been assessed in the context of saline incursion (Boelman et al., 2015; Desender & Maelfait, 1999;
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Pétillon et al., 2008). Additionally, water levels change year-to-year (monthly in the summer) in the
active outer delta (Gratto-Trevor, 1996). So far, most storm surge events in the Mackenzie Delta
have only been studied by chance (Scharffenberg, Whalen, et al., 2020), or many years after the
original event (Deasley et al.,, 2012; Kokelj et al,, 2012; Lantz et al,, 2015; Pisaric et al,, 2011;
Thienpont et al,, 2012, 2015). Though local knowledge from communities in the delta region such
as Inuvik and Tuktoyaktuk has provided invaluable insight into storms, their ecological and logistic
effects, and factors that influence their intensity, the overall lack of historical data is still a
hinderance when considering some research questions that rely on comparing specific data from
before & after an event or identifying patterns in quantitative variables over time. Improved and
consistent monitoring in the delta could aid in determining the factors influencing the magnitude of
habitat salinization after storm surges and would provide better baseline data for future
comparisons. Studies assessing the threshold conditions for habitat suitability and regular
monitoring of storm surge activity could theoretically help to predict the severity of storm event
impacts on available bird breeding habitat. This would be able to inform management decisions in a

more proactive - rather than reactive - manner.

3.5 Conclusion

This natural experiment — the saltwater incursion in portions of the outer Mackenzie Delta —
provides evidence that vegetation changes in storm-surge-affected habitats can have significant and
lasting effects on habitat suitability for avian species. The degree to which each individual species
will be affected by this habitat loss or degradation will depend on the compounding effects of
several factors, including those presented in this study and pressures from outside their breeding
territory. Since breeding success drives population size and diversity, the maintenance of Arctic-
breeding bird populations depends on the ability of each species to utilize patchily distributed
habitat in a changing Arctic landscape. Currently, there is limited information available on the
breeding success of Arctic bird species in the face of breeding habitat shifts and reduction.
Understanding the impacts of large-scale salinization events on habitat availability for breeding
birds is important for current and future monitoring and conservation efforts, especially for avian

species that breed exclusively in the Arctic.
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3.6 Appendix

Supplementary Table 3.1. Results of the SIMPER analysis characterizing dissimilarity in community
composition between site types. The third column shows the contributions of the three focal
species (SAVS, LALO, RNPH) to the cumulative dissimilarity among pairwise site type combinations.
Mean abundance (untransformed) of each species at the site types being compared is shown in the
fifth column.

Site type Average Species Contribution to Average
combinations dissimilarity (%) dissimilarity (%) abundance
Reference / 99.00 Savannah sparrow 34.40 2.80/0
Unvegetated Lapland longspur 20.93 0/1.83
Red-necked phalarope 5.49 0.35/0.31
Reference / 44.05 Red-necked phalarope 31.21 0.35/1.74
Revegetated Savannah sparrow 13.77 2.80/2.70
Lapland longspur - -/-
Unvegetated/ 95.94 Savannah sparrow 27.32 0/270
Revegetated Lapland longspur 17.28 1.83/0

Red-necked phalarope 15.11 0.31/1.74
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Supplementary Figure 3.1. Bar chart of both absolute and relative contributions to total
dissimilarity for comparison of importance between species richness versus species replacement.
(UNVG = Unvegetated site type; REFR = Reference site type; REVG = Revegetated site type). Relative
measures are created by dividing by the total number of species in each site and allow direct
comparison between sites with different absolute richnesses. Species replacement is more
important for Unvegetated sites than for the vegetated site types. Changes in species richness are

more important Revegetated sites.
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Supplementary Figure 3.2. Ternary plots for the 3 different site types. From left to right:
Unvegetated (affected), Reference (unaffected), Revegetated (affected). The three axes are:
(bottom) similarity, (left) change in species richness, (right) species replacement.
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Supplementary Table 3.2. Species codes from Figure 3.5 with their common and scientific names.

4-letter code

Species

Scientific name

ARTE
CORA
GLGU
LALO
LESA
PAJA
PESP
RLHA
RNPH
SACR
SAVS
SEOW
SEPL
SESA
STSA

WISN

Arctic tern

Common raven
Glaucous gull

Lapland longspur
Least sandpiper
Parasitic jaeger
Pectoral sandpiper
Rough-legged hawk
Red-necked phalarope
Sandhill crane
Savannah sparrow
Short-eared owl
Semipalmated plover
Semipalmated sandpiper
Stilt sandpiper

Wilson’s snipe

Sterna paradisaea
Corvus corax

Larus hyperboreus
Calcarius lapponicus
Calidris minutilla
Stercorarius parasiticus
Calidris melanotos

Buteo lagopus
Phalaropus lobatus

Grus canadensis
Passerculus sandwichensis
Asio flammeus
Charadrius semipalmatus
Calidris pusilla

Calidris himantopus

Gallinago delicata
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4 Conclusion

4.1 Study Synthesis

The objective of my thesis was to evaluate the long-term (> 20 years) effects of saline incursion on
ecosystems in the outer Mackenzie Delta. Specifically, I conducted field surveys of plants (Chapter
2) and birds (Chapter 3) in the outer Mackenzie Delta (Northwest Territories) to investigate effects
of disturbance in the context of a changing climate and to improve our understanding of recovery in

this coastal Arctic ecosystem.

In Chapter 2, [ used a combination of remote sensing and field-based soil & vegetation surveys to
determine whether repeated disturbance from two major storm surges influences soil & vegetation
communities. In this study area, I found that the 1999 storm caused more significant and persistent
vegetation die-off than the 2016 storm. In my exploration of factors influencing recovery, the
distance of the site to its nearest channel was the most important factor and was negatively
correlated with revegetation. In comparing the 1X and 2X affected Revegetated sites to each other, I
found that - although both site types were similar in the measures of NDVI in 2019 and total
vegetation cover - 1X affected sites had vegetation communities with relatively even abundance of
all plant types (shrubs, herbaceous, graminoids, and moss), whereas the 2X affected sites were
dominated by graminoids. Salinity in Revegetated sites was higher in 2X than 1X (but not
significantly so), whereas in Unvegetated sites it was lower in 2X than 1X (but not significantly so).
Overall, soil salinity was higher in both types of Unvegetated sites than in both Revegetated site
types. My results demonstrate that although both the 1999 and 2016 storm were large in
magnitude, they differed in how significantly they affected the vegetation community of the outer
delta. This adds more circumstantial support to the untested theory that widespread and persistent
vegetation death following storm surges results when large storms occur late in the season when
the ground is about to freeze (Kokelj etal. 2012, Lantz et al. 2015). My work also suggests that
recurrent disturbance can affect the composition of the vegetation community that recovers post-

disturbance, but further study is needed to verify these patterns.

In Chapter 3, I surveyed birds across affected and unaffected areas of the outer delta, and I found
that bird community composition and occurrence of focal species is driven by the persistent effects
of the 1999 storm. Revegetated sites supported a similar bird community to unaffected (Reference)

sites but affected sites with little vegetation (Unvegetated) had a significantly different community
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of birds than unaffected (Reference) sites. In my study, both avian community composition as well
as the occurrences of focal species were correlated with vegetation productivity gradients. My
results suggest that a lack of ground cover and surface water at Unvegetated sites made them
unsuitable for species that occupy aquatic habitats, such as red-necked phalaropes and ducks, or
species that require materials for camouflaging their nests, such as savannah sparrows - all of
which were almost exclusively found in vegetated sites (includes unaffected Reference sites and
affected Revegetated sites). In contrast, Unvegetated sites were characterized by bare ground and
the absence of surface water and were dominated by lapland longspur and semipalmated plover
along with various predatory birds (such as jaegers and hawks). Avian community composition,
focal species’ identities, and habitat conditions were functionally similar between Reference
(unaffected) and Revegetated (affected) sites. This indicates that revegetation 20 years following
the storm surge has been adequate to restore habitat functionality for certain avian species at some
sites. However, my work also suggests that areas persistently affected by the terrestrial salinization

following the 1999 storm have an altered avian community composition.

Overall, my thesis demonstrates that projected increases in frequency of major storm surge
salinization events like that of 1999 (Manson & Solomon 2007) have the potential to drastically
alter the vegetation and avian communities in affected areas for decades post-disturbance. My
findings from Chapter 2 show that persistent effects of the 1999 storm are still apparent two
decades post-storm and that recurrent storm surges in the same area have the potential to limit
vegetation community diversity. Chapter 3 shows that the persistent effects of the 1999 storm on
vegetation is directly correlated to differences in the avian community and the species that can use

these affected areas as habitat.

4.2 Limitations and Future Research Opportunities

My thesis research makes an important contribution to our understanding of how climate change-
induced alterations to disturbance regimes will alter Arctic vegetation and avifauna. However, there
are several limitations inherent in my research project that provide opportunities for future
research. In Chapter 2, I surveyed soil properties & vegetation community composition at sites in
the outer Mackenzie Delta affected by large magnitude storm surges in 1999 and 2016. I selected
field sites from five site types I classified based on information derived from Landsat imagery, but I
was limited by the resolution of the Landsat Imagery (1 pixel = 30m2). Since Landsat imagery is too

coarse to distinguish among vegetation cover types, I could not pre-select vegetated sites that had a
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variety of plant cover types. Additionally, due to the coarse resolution, only areas in larger
(>30x30m) patches of unvegetated area showed up in my site selection process. Therefore, there
could have been some more variation in Unvegetated sites that I couldn’t identify. My data
collection was also limited by the number of field sites we could feasibly get to within the short
summer field season (~ one month). In total, we were able to visit 32 sites. We did take multiple
measurements at each site, but when these values were averaged to control for pseudo-replication,
overall statistical power was low. Because I used categorical site selection, the conclusions from my
study can be used to inform patterns in how similar areas react to storm surge disturbance, but
given more time and resources, randomly sampled site locations across the study area would have
likely provided data with greater varieties of plant communities and environmental factors. Given
the type of categorical sampling I used, there are likely habitat conditions along continuous
gradients that were missed. Because we do not have data along a continuous gradient of
environmental factors, we cannot directly compare our vegetation communities to these factors
and extrapolate the correlations to a larger Arctic region. Instead, we can highlight patterns in
environmental factors that are consistent with patterns found in other factors across the grouped
site types. This method of comparison was necessary due to the amount of time and resources we
had access to, but it did limit the potential for finding correlations due to our low statistical power.
Longer-term monitoring is required to quantify ongoing recovery patterns of the outer delta and
understand the effects of changing storm surge disturbance on the response of both floral and

faunal communities in the outer Mackenzie Delta.

In Chapter 3, I surveyed all species of birds present at three site types within and outside the area
affected by the 1999 storm, but the length of my survey period and the number of sites we could
visit was limited due to time, financial resources, and the logistics of accessing remote sites by boat.
Birds cue in on a variety of attributes when selecting breeding and staging territories, meaning that
additional surveys within the study area could have provided more data on a greater variety of
sites. For example, while most Unvegetated sites were drier than vegetated site types, there was
one Unvegetated site (MX_3) that contained a wide but shallow pond which resulted in a much
richer variety of birds being present during our sampling. That wetter Unvegetated site was the
only outlier among the other sites in its group, but it is possible that if we could have sampled more
sites, we would have found more similarly wet Unvegetated sites. Furthermore, because we
sampled over a short period of time, we cannot know how the ephemeral nature of some of these

ponds would affect our sampling and the results of our comparisons. Secondly, the method of site
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selection, though necessary to allow analyses with fewer data, limited the types of questions that |
could ask and constrained the variety of habitat conditions (ie. soil moisture, surface water,
vegetation community) to which we could compare our avian species occurrences. Finally, the very
short window (~ two weeks) in which the surveys took place was not ideal because migration and
staging patterns can change year to year depending on shifts in the onset of spring and timing of ice
break-up (Pirie, Johnston & Smith 2012). Additionally, the PRISM protocol (which we used in this
study) identifies an earlier survey window (late May & June) for monitoring breeding shorebirds
since some earlier breeders begin southward migration soon after nesting (Pirie & Johnston 2012).
Due to logistical reasons for reaching our field sites, we were unable to access the sites by boat
prior to ice break-up on the channels. The late and short nature of my field season leaves
uncertainty in the variation of bird species I observed in a single ~ two-week period, however since
my research is (by my knowledge) the only study on the effects of saline incursion on birds in the

western Canadian Arctic, this study still contributes a baseline for future studies.

Although the bird communities at vegetated and unvegetated sites differed, some individual species
did not show significant differences along gradients of the site-characteristic habitat factors (ie.
vegetation, moisture, distance from nearest channel). It is possible that we did not measure all
factors relevant to those species. Avian biodiversity studies often underestimate the natural
dynamism of bird community assemblages, overemphasizing the importance of environmental
variables and underestimating the effect of time/season (Curtis et al. 2016; Collins 2001). More
study of these factors over a longer time period is required to assess how persistent vegetation
change from storm surges will affect these less abundant species. Since there is not a complete
historical record informed by historical surveys in our study area, we also assumed that all three
site types were similar in terms of vegetation structure before the 1999 storm. We used air photos
and NDVI values to conduct site matching, but this limited our ability to ensure that all sites had

uniform measures of community composition, canopy structure, and height prior to the storm.

Although we found clear, persistent effects of vegetation change on bird communities, we were
unable to identify specific drivers of the patterns due to the nature of our categorical sampling
method. Studies focusing on habitat around the “Revegetated” threshold (NDVI ~ 0.25) and across
continuous gradients of environmental factors would provide more insight into the consistent
drivers of individual species’ presences/absences in these habitat types. In particular, shorebird
habitat preference often depends on subtle differences in the “understory” vegetation and water

levels (Gratto-Trevor 1996). Greater variety in the sampling method (for example random point
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selection across the study area instead of selecting for specific NDVI values) would provide data
more suited for including in individual species distribution or predictive modelling scenarios.
Sampling at points along a gradient of an environmental factor of particular interest would allow
direct analysis of correlations between environmental variables and bird species’ presence or other
habitat factors. More research on factors that have the greatest effects on habitat selection by

avifauna would also allow more precise application of fine-scale remote-sensing products.

Furthermore, the importance of prey availability and site fidelity were not assessed during our
study but are other potential drivers of the responses to environmental change in bird communities
(Romafiach et al. 2019; Knick and Rotenberry 2000, Hitch and Leberg 2007, Devitcor et al. 2008).
Firstly, declines in avian species with high site fidelity are already being seen in the Arctic (van Gils,
2016). Prior to conducting our research, we had conceded the potential effect of species site fidelity
on their presence/absence in lower quality habitats but could not isolate this effect with our study
design. Previous studies have also looked at the association of insect emergence and shorebird
hatchling success in other areas of the Canadian Arctic (Bolduc et al. 2013, McKinnon et al. 2012),
but prey availability in this area has not yet been assessed in the context of saline incursion.
Previous research in other areas in combination with post-storm monitoring suggests that the
salinization event after the 1999 storm surge likely affected the local arthropod community, but no
studies have directly investigated this to date (Desender & Maelfait 1999; Pétillon et al. 2008;
Boelman et al. 2015). Moreover, since both site fidelity and mismatches in phenology of prey
availability are likely species-specific, more focussed studies in the context of saline incursion are
required to evaluate their importance for avian habitat suitability. Additionally, previous studies
have already identified the need for more surveys of North American birds to take place outside of
the breeding season (Rosenberg et al. 2019). Such surveys will provide more information about the
conditions avian species encounter throughout their life cycles and potentially limiting factors
outside the breeding season. Lastly, water levels change year-to-year (monthly in the summer) in
the active outer delta (Gratto-Trevor 1996). Improved regular monitoring of water levels closer to
coastal breeding areas could provide a clearer picture of how annual storm surge patterns will
affect birds. So far, most catastrophic storm surge events in the Mackenzie Delta have only been
studied (in terms of the scientific community) coincidentally; from monitors set up for another
study (Scharffenberg et al., 2020), or many years after the original event (Lantz et al. 2015; Deasley
et al. 2012; Kokelj et al. 2012; Pisaric etal. 2011; Thienpont et al. 2012, 2015). Though we do not

have complete historical accounts, this monitoring could aid in determining the factors influencing
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the magnitude of habitat salinization after storm surges and provide better baseline data for future
comparisons. With further study of the threshold conditions for habitat suitability and regular
monitoring of storm surge activity, we could predict the severity a storm event could have on
available breeding territory. This would help to inform management decision in a more proactive -

rather than reactive - manner.

Long-term monitoring datasets are crucial for understanding the response of sensitive ecosystems
to changing environmental conditions. Research in these areas not only contributes to our technical
understanding of their biophysical processes but is extremely important for policy and decision
making at a broader scale. My thesis research contributes to the literature on Arctic deltaic
environments, their bird and plant communities, disturbance regimes, and soil conditions. It also
provides novel baseline information that can be used as a reference point for future changes in
Arctic landscapes. Continued multi-scale monitoring is still required to improve our understanding
and ability to predict community recovery and long-term ecological dynamics following storm

surge disturbances.
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