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Abstract

The black ternGhlidonias niggris a migratory shorebird that nests on floating vegetation in freshwater
wetlands. Since 1991, Great Lakes breeding pdioua have fallen by almost 90%. Black terns face multiple
stressors, yet the scope of these threats remains unclear. To understand potential drivers of these declines,
we analyzed longerm hatching success data in Lake St. Clair regarding proximatgmab)@nd largescale
hydrological and geospatial habitat features. Landcover and depth classes were collected using remote
sensing and were evaluated relative to nest success via binomial general linear models. Results were applied
to land cover maps testimate change in habitat characteristics tied to nest vulnerability. We found that nests
with significantly lower hatching success were surrounded by deeper water, more dense, monotypic
vegetation, and were closer to the waregposed open area of the nmalake. These characteristics shifted
unfavorably with rising lake levels, leading to reduced nesting habitat availability, 56% reduction in hatching
success and 77% population decline. Ideal breeding habitat was unable to shift upland as the lake margins
were either developed or invaded Bhragmites australisSubjected to progressively deeper and unstable
habitat, nests likely failed more frequently due to inclement weather and aquatic predators. The interaction
between climate changdriven lakelevel lise, invasive species and coastal development are increasingly
eliminating safe nesting habitat for black terns. We conclude that management must account for multiple
stressors in mitigating habitat loss and protect as much wetland refugia as possitiéekddons can adjust to
continued hydrologic extremes.
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EXECUTIVE SUMMARY

The black tern is a unique summer resident in the Great Lakes, which breeds ifidahyeater wetlands and

builds nests on floating mats. Endangered in all Great Lakes states except Michigan and Wisconsin, their

L2 LJdzf F GA2ya KFE@S 06SSy NIYLARtEE@ RSOf AyYApirEswiidhye@sn 0 KS M
healthy wetlanddace several threats including habitat loss, climate change, and invasive species. Our project
F20dzaSR 2y dzy RSNE Gl YyRAY3a GKS RSOtAYyS 2F o6t O1 GSNya 7
colonies. The Flats region is the largestma freshwater delta in the world and contains highly important

cattail and bulrush wetland habitat for diverse wildlife populations. It is also surrounded by expansive open

water regions, thick, invasivhragmites australiicommon reed), and housing dglepments.

Our study incorporated 8 years (2083n H n0 2 F KIF G OKAy 3 adz00Saa -Rimil GKNERdz3
monitoring program. We classified their habitat characteristics using satellite and aerial photographs and

examined how these changedinrésy’ &S G2 [F1S {i4® /f+FANRA 1S fS@Stao
significantly affected by both biological and environmental factors. Nests with a greater chance of hatching

started earlier in the season. In terms of habitat, successful nests weetatively shallower regions, further

away from the main lake, and surrounded by less highly dense vegetation (e.g., invasive common reed and

cattail). Deeper water and closer proximity to the main lake may increase nest vulnerability to wind and wave

damage and aquatic predators (muskellunge, largemouth bass, snapping turtle). Dense vegetation may make

it more difficult for black terns to take off and land on their nests and be able to spot predators.

By modelling these habitat characteristics on mapSt Clair Flats for each year, we found that rising lake
levels since 2013 were creating progressively smaller and unsafe breeding grounds. Wetland plant
communities can naturally adapt to lake level changes by migrating up and down the shoreline atepp
mostly unable to in this region. As the amount of open water increased substantially, we found that ideal
habitat for black terns were blocked from moving shoreward by overly thick vegetation and housing
developments and became flooded along the Isikle boundary. These findings conclude that invasive species
and human development are major barriers and stressors for wetlands, which need adequate natural space to
adapt to climate change driven extremes. This in turn can take a major toll on thdenitiich rely on

healthy wetland ecosystems for their survival. Conservation management must account for multiple stressors
in mitigating habitat loss and protect as much wetland refugia as possible so wetland species like the black
tern can adjust to corimued climate extremes.
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INTRODUCTION

A critical step in mitigating detrimental impacts of climate change on biodiversity is accounting for interacting
stressorsExamples of quantified relationships between such stressors are limited in the literature but are
necessary for manageent to be effective and prevent greater environmental damébeStressors are

defined & factors that cause an ecosystem to experience negative effects outside the range of natural
stochasticity(2, 3). While types of such stressors are numerous and diverse, major categuariede land

cover change (e.g. habitat fragmentation and lobg)logical disturbance (e.g. invasive species), natural
resource extraction, and pollutantg, 3, 4, 5). Stressor interactions have been categorizeddditive,

synergistic (cumulatively greater stress than individually), antagonistic (mitigative), or ecologically surprising
ecological surprise (cancelling or positive eff¢6t)7). To understand the role of stressorsis important to
understand the ecosystem context of a stu@yand the fact that many stressors are likely to be exacerbated
by climate change and associated exteeand/or unpredictable event8, 1).

Our study focuses on the freshwater wetlands of the Laurentian Great Lakes region of North America,
cumulativelythe largest body of fresh water on earth and an ecosystem of global impor{@qit&). Broadly,
freshwater wetland ecosystems are vital to maintaining global diversity and faced with an array of dynamic
and interactive stressord.2). 95% of global wetlands are freshwater, contributing 40% of biological species,
and are at heightened risk due to high freshwater interconnectivity and cumulative capacity Additionally,
wetlands provide indispensable ecosystem services (e.g., freshwatplysyirification, carbon

sequestration, coastal storm protectio()2, 13). Great Lakes coastal wetlands are unique in that they are
interconnected and tied closely with the hydrologitbe largest freshwater bodies in the wor(8). In terms

of bioRA OSNBERAGE&Z GKS DNBIFG [F1Sa O2radrkt ¢Sif I 1A LINE RdzO
arehometo P’z 2F (GKS f I(Q0Sandprovide@d$entalliSoek f6r migratory and breeding birds
(11). However, Great Lakes coastal wetlands are imperiledrthropogenic stressors (e.g., invasive species,
development, fragmentation, pollutant$l2) and <50% of their historical range rema(a$). Invasive

Phragmites australiandurbandevelopments are two pervasive stressors in wetlands across the Great Lakes
Basin with negative impacts on biodivergity, 17). The specific effects of climate change, another swess
wetlands, and its interaction with local wetland stressors are less clear. Coastal wetlands are highly adaptive
to lake level shifts, where plant communities can shift their distribution lakeward or shorgid@rd9).

However, climate change has been increasingly altering the Great Lakes regional water budget, resulting in
periods of recorebreaking lake leveldctuations. High lake temperatures and evaporation rates, in
O2yedzyOlAz2y 6AGK YATR gAYGSNARZ 02y i RMDAITRRIaught R NE dz3 K
period was however followed by record lake level rise from 2014 until 2020, atitepatt due to above

average precipitation, early snowmelt, and major ice cover evéris

Here we investigate how clinachange and multiple humaoaused stressors interact in wetlands to impact

resident wildlife populations, using as a focal organism the black @mtidoniasiiger). The black tern is a

small migratory shorebird and is typical of an extensive guildtefraobligate marsknesting bird species (e.g.,

terns, loons, grebes, rails, bitterns). Both black terns and many other Great Lakes marsh bird species have

been facing steep population loss@®, 22¢24), with at least nine species having experienced significant

lossessince 19925 { Ay OS (G KS wmdpcnQa of | O18%éverijeaidsjand®iodoti A 2y a KI
historical Great Lakes colonies have been abandoned since(220Multiple individual stressors have been

associated with the decline of Great Lakes marsh birds, and our study seeks to compare their impact on black

tern breeding populations.



Changes in wetland qualitgize, and hydrologic dynamics can have a disproportionate effect on obligate
marshnesting birds, including black teris9). A likely contributor to marsh bil habitat degradation is
expansion of dense, monospecific vegetation (Péawagmites australisr Typhaspp.) which significantly
lowers plant diversity and interspers@l9, 22, 27¢29). High interspersal and diversity of plant species across
different water depths is important as it increas@gilable ecological niches, allows marsh birds to utilize
different foraging and breeding strategies, and supports high marsh bird divé28jt29). For black terns
specifically, patchy vegetation provides opportunities for shelter from weather and predators, while water
openingsdeter terrestrial predators, and facilitate takeoff, landing, and foraging add€s22, 23 45, 48, 49).
Black terns appear tavoid nesting in areas of den3gphaspp. andPhragmites australistands unless
adequate patchily open areas are unavailalllg, £6). It has been suggested thBhragmitesaustralisand
Typhaspp. invasions are facilitated by low lake level extrei@@&p especially in areas where native wetland
vegetation is prevented by barriers from migrating lakew@lr®) (Figure 1) Invasive species establishment
and human Boreline developments in turn are thought to create barriers to natural, successional migrations
landward following rising water levels, though supporting literature is limited in freshwater sy$i&ns
(Figure 1)

Our research seeks to identify what mechanisms may drive nesting failure to better understand population
trends, therefore addressing the limitations of past laggmle regional assessments in whéaty functional
connections to reduced breeding success remainedkfiined. Few, if any, marsh bird studies address

population and breeding success in the same region. Typically, shorebird population studies have focused on
multiple colonies across the €at Lakes region over long periods of time, with the aim to investigate

responses to landscagevel changdl1, 22, 25¢27, 29, 34¢36). For the first timeour study investigates
mechanisms driving population declines on multiple spatial scales, by analyzing nesting failures in one of
aAOKAIlIyQa f I NB§eaiperio® AszylgbialSlinate didhdwlislingreagingly causintplaie

to reach record highs, we evaluate how black terns respond to habitat deterioration and resulting population
loss due to a combination of lake inundation and shoreward migration barriers (e.g., monotypic invasive
species and coastal developmentsiirthermore, we investigate how pe2017 high lakdevel extremes and

other stressors affect breeding success of wetland avifauna. Nest success is an obvious candidate for
dzy RSNE Gl yRAY3I LRLMz I GA2y OKIy3S YSOKdnfabitatstEuziured A 3Sy v
and lake levels, with the understanding that other life history aspects may be important as well. We address
the dynamic and less understood factors influencing nesting success in a coastal, as opposed to inland,
wetland. Our study atscovers eight years of continual lake level rise, in contrast to most previous nest
success studies which have been conducted only over a few years or in relatively stable hydrologic conditions
(37¢42). At regional scales, black tern nest success has been related to vegetation patterns andepdte

which in turn are influenced by climate change and increasing anthropogenic stressors (i.e. development and
invasive species). However, the directions of such effects have been inconsistent acrosg4tidies

Variability in habitat and breeding relationships may reflect spatial heterogeneity in the dominant drivers of
nest failure (i.e., predation, weather, abandonment), and typicdityrsterm study periods. The lorgrm,
environmentally dynamic, and coastal aspects of our study will provide insights not yet known to black tern
breeding relationships with habitat characteristics.

(s
Ay

We investigate black tern hatching failure and popiolas as a response to habitat conditions using breeding
data collected between 2013 and 2020. We predicted that nests would be more likely to fail if they were in the
deepest regions, surrounded by sparse vegetation, large amounts of open water, aradler @ the larger

lake. If nests were in highly dense vegetation, we hypothesized higher chance of failure due to lowered
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high adaptabity, increasing lake levels were driving reduced success and population size.

Lake Level Rise = Shoreward migration

Lake Level Drop = Lakeward migration

Figure 1. Graphic representation of the different vegetation zones of black tern nesting habitat in order of
increasing proximity to land: (A) water lilly, (B3choenoplectusp., (C)Typhaspp., and(D) sedge dominant. As
lake levels drop, plant communities migrate lakeward unless propagation is blocked by high hydraulic energ
boat traffic, and/or deep water (E). During drought periods and migration, shallow and exposed soil that no
longer supportsnatural vegetation can become invaded by invasive speddsagmites australiand Typha x
glauca(F, red). As lake levels rise again, communities will move up the shoreline, but can be blocked by
Phragmites australigstablishments or shoreline developmes (G). Adapted fromX9, 20.



MATERIALS AND METHODS

1. Study Region

As the largest inland freshwater delta in the world, St. Clair Flats covers rdi@ifhknt stretched into the
1,114 kn? Lale St. Clair. St. Clair Flats is likely a major attraction for black terns given their preference for
expansive wetlands alongside bodies of open w&@r 33, 41). St. Clair Flats is historically home to one of
the largest colonies of black terns in the Great Lakes Region, ttog%6 137400 breeding pairs. The capacity
of St. Clair Flats to host such a large population of black terns and other species gives the region high
conservation value, also reflected in its designation as a globally Important Bird Are2dBA)

The coastal freshwater wettals are generally dominated by nati@ehoenoplectusp. (bulrush),Typhaspp.
(cattail), and an invasive clonal dominaRtragmites australifcommon reed). Invasions have been facilitated
by a combination of heightened anthropogenic pressures; furtheanmvasive species establishment was
likely facilitated by a period of low lakevels (1992013)(43, 44). Black terns build nests almost exclusively
from the broken stems of emergent vegetation. Most nests sit on top of floating aggregations, or mats, of
these stems, though they also frequently take advantage of logs, wood planks, or floating pieces o&8tyrofo
to use as a platform. In other regions, black terns also use shallow sedge tussock habitat, but there do not
appear to be areas of this type of habitat supporting the St. Clair population.

2. Data Collection
a) Hatching Success

Tern breeding colonies at.SElair Flats (SCF) (202@&20) were monitored by no less than two volunteer and
staff research technicians at leaslimes a week between spring migration/arrival (~May 15) and fall
migration (~July 30). Monitoring colonies that were small and isolete@ at times given lower priority and
visited less frequently. Population sizes were estimated using records of head counts taken throughout the
season at each sutolony.Details of this procedure are in Supplementary Materfals).

Subcolonies wereriitially flushed to estimate the number of nesting pairs in the area. Nests were then

located by pinpointing where the adults landed after flushing and were subsequently georeferenced using a

handheld GPS (204216) or ArcGIS Collector App (2@lifrent). Researchers collected data on the

dominant vegetation type(s) used for nesbnstruction, and on water depth measurements at each nest

(when possible) using a marked PVC pole (ZB1&). The number of nests within a-80radius were

quantified postfielda S &2y dzaAy3d GKS aySINE FdzyOliAazy Ay | NDal LI |
year.

Given black tern r@esting ability, colonial nature, and high chick mobility, identifying nest survival required

careful observations by field researchersandan Wieli Y RAY 3 2F (KS ySadQa F3S 6KS
coldO2y RAGAZY @AaAGa SINI& Ay GKS aShazys S33a gSNB A
hatch date, and prioritize revisits for capture and bandiRgcords of these tests estimated hatch dates

were less consistent in early years, but this improved over time. Chick banding weight data was secondarily

used to estimate their age followed by the age of the nest based on an average incubation time frame of 21

22 days. The methbwith the greatest accuracy was chosen for estimating a nest age if both a float test and

chick weight occurred (e.g., the nest was found the day the clutch initiated, and therefore more accurate than

dza A y 3 (i K Sweight) Additicda infor@afionon how clutch initiation was calculated is found in the

Supplementary Material6A2).
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See Supplementary Material83)for a breakdown of nest outcomes. The 95% confidence intervalgon
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OGE x t Di package in R45).

M

b) Surface Elevation & Water Depth

Water depth was collected anzhlculated using a combination of high spatial resolution bathymetry (3 m) and

surface water levels from the NOA#Iron Erie Connecting Waterways Forecasting Sy§t#aCWFS) model

(20). Thebathymetricelevation (mwas determined for each nestinNDa | LJ dzaAy 3 GKS aal YLI S
the open source Lake Level Viewer Tool bathymetric (M&p Water depths were then estimated by

subtracting the bathymetric elevation from the HECWFS surface elevation, standardized to the season onset

(May 15h). Estimated watedeathswere standardized to ceimheters with zero set as the shallowest relative

depth. The methodology for extracting the data required for this calculation is elaborated in the

Supplementary Material6A4, A5)

c) Geospatial Habitat Variables

We chose geospatial habitat variables and sources based on previous literature and the resolutions of
available imagery. Black terns are frequently reported to prefer habitats with a balance between open water
and vegetationyegetation percentages ranging between25%(16, 22, 23, 45, 48, 49yhough from a larger
spatial scale this measure is useful, it does not fully addressukehabitat complexity of their breeding

grounds. Not only do vegetation type and structure vary across different wetlands used by black terns, they
also can vary significantly within a colony. While monitoring nests in the field in 2019 and 2020¢hesear
found that larger colonies were usually found in areas that contained plentiful floating, dead plant material,
often secured by semdispersedTyphaspp. orSchoenoplectusp.Nests avoided densely pack&giphaspp.

and the highly invasivBhragmitesaustraliswhich impede takeoff and landing, visibility, and prevent mat
build-up required for nest construction. We therefore used remote sensing methods to reconstruct vegetation
classes corresponding to nesting data collected over previous years. Gratimdg was used to determine

that habitat structure could be generalized into four classes based on stand density: 1) dense, standing
vegetation, 2) mat and scattered or cut vegetation, 3) sparse vegetation and/or sparse, scattered mat, 4) open
water. Another important consideration in terms of nesting habitat is scale. The scale of habitat structure
impacting the nest could be very fine, as nests are generally less than 12 inches in di@Tefrevious

studies have examined vegetation within arh2radius(31)or 2-m radius of nest¢41), lower than available
remote imagery spatial resolutions. We compared Gl-Whloes of hatch success in response 4m,3a

median value at -, and 12m and found that #m generated the strongest model results, therefore it was
chosenfor the final analysis.

To address the need for higgpatial resolution imagery (ideally < 1 m) covering eight years of nest monitoring,
we used a combination of opesource aerial photographs from NAIP (National Agriculture Imagery Program)
and purchased-band commercial satellite images. NDWI (hormalized difference water index), which uses
green and near infrared wavelengths to delineate water bodies, was chosen to capture the extent of open
water (48). NDVI (normalized difference vegetation index) was chosen for capturing average and classified
vegetation density estimates as it usesl and near infrared wavelengths to measure photosynthetic
O2yOSYUNI GA2y #8502 NJ aINBESYyySaaé



We collected 4and images under-fn resolution from commercial satellites (KompgatTriplesat3,

WorldView2 and 3), and NAIP. We chosenlresolution images within nine days of each other (standard
deviation = 8.71 days) betwedate June and July to prevent as much timing differences during annual growth
seasons as possible. We obtainethgesolution imagery (Rapideyfeand PlanetScope) through Planet

Images to capture more general, average NDVI values. With the advantagéef teigporal resolution,

images from Planet could be collected for each year during the breeding season, allowing anniversary dates to
be interpolated. All images were resampled te dr 5-m resolution depending on their source, and

geometrically, radiomgically, and atmospherically corrected based on their individual requirements. Imagery
preprocessing methods, image dates, and resolutions are detailed in the Supplementary Mé)als

aSly b5+L g1 & al YLIm3aiushNErYegiGord lineaylySneipdladied anniversary
images (PlanetScope and Rapid®&&m resolution). Extraction used the Zonal Statistics 2 toolbox which is
capable of handling overlapping polygons. Open water was classified using Natural Breaks (Jenks)
UnsupervisedClassification on NDWI raster images from yeaity fesolution images. Island developments or
regions not considered wetland were headis digitized using-in resolution NAIP imagery from 2014, 2016,
and 2018. The open water and island development ciagsare used to mask-th NDVI raster images and
generate three vegetation classes using the Iso Cluster Unsupervised Classification tool in ArcMap. The
percentage of each class was then sampled within eachrd@dius nest buffer using the Tabulate Intersent
Tool. Because there was no available higbolution imagery in 2015, the percentage of habitat classes
surrounding nests were estimated by averaging measured values from classified 2014 and 2016 maps. To
measure potential impacts of proximity to thehsing developments, any open water, ahe larger body of
open water (Lake St. Clair), distance values were extracted from the digitized developed regions, the open
g GSNJ Of Fa&ax YR | aYFAY f1F1Sé¢ RStAYyStHKR8y B NKHOIGKSY
created for each year by delineating the outer edge of the open water class to remove any inundated regions
surrounded completely by vegetation. The Supplementary Materials provide further information on the
YSGK2R2ft 2328 T8K) OKSE®OXFAPYIGR2Y

3. Analysis
a) Hatching Success & Habitat

The relationships between hatching success and habitat variables were analyzed using R verdi).440.3
multiple logistic regression with a binomial (Ietiitk) fit using thegim() function fromtheé st at s o
package in R45) to determine the influence of habitat and biological predictors on nesting survival. The
following 10 habitat or biological variables were examined in the analysis asfieets: (1) relative, initial
water depth (cm), (2) distance to housing developments (m), (3) distance to the main lake (m), (4) distance to
any open water (m), (5) percentage of open water withinm vadius, (6) percentage of dense vegetation
within a7-m radius, (7) percentage of medium vegetation within-a Tadius, (8) percentage of sparse
vegetation within a 7m radius, (8) estimated start of incubation as the number of days before or after May
15" of each year, (9) mean NDVI within-a7radius,(10) number of nests within a 3 radius. Continuous
habitat variables were first checked for multicollinearity using a Pearson correlation test usiogr{he
function fromthe6 D e s ¢ T o patkagé in R45). No gvalues were greater than 0.6 and all predictors
were retained.

To compare modetoefficients, all continuous independent variables were normalized usingdale()
function of thed b a s padkage in R45) which computes a-gcore for each variable using its mean and
standard deviation. Models were compared using stepwise selection in both directions usistgpiie

6



function from the6 s t a tpac&age c To determine the best explanation of the data variation, each model

gla FaaSaaSR FT2N (KS riedoa QKC)61)./AReckiverSOperatok UV (RO @and 2 y O
AUC (area under the curve) was generated usingak€ function from theé p R Ofacdkage in Rto

YSI ad2NBE GKS 0Sad Y2RS®ERa LINBRAOGAGS LISNF2NXI yOS

b) YearlyResponses to Lake Level & Habitat Change

¢2 @GAadzrf AT S (KS 3S23aNF LKAO SEGSYyd 2F GKS KIFIoAdGlGQa |
and intercept from our selected GLM were applied to raster layers in ArcMap using the Rasteat@aladl

(see Supplementary Materiads3 for background methodology). For spatial projections, the biological variable

describing clutch initiation date was removed. The remaining geospatial variables and associated raster layers

were rescaled using mimax feature scaling. The raster calculations generated a final model describing nest
FIAfdzNE LINRPoOolFoOoAfAGE 2y | aoltsS 2F n G2 md® ¢KAa Y2RSt
Operator Curve) plots2)and AUC (area under the curve) usimgetoc() function fromtheé p ROC 6

package in R45).

The final maps were then masked to exclude regions that were deternaineobrito be unsuitable for

nesting. Thisncludes developed or diand islands and peninsulas, open water, and areas where vegetation
within a 7#m radius breached an NDVI value of 0.72. Specifically, 0.72 was the maximum NDVI surrounding a
known nest and it is assumed that the likelihood of aegt existing within areas with any higher value is
extremely low. This was also confirmed by extensive nest searching in the field, which determined that nests
are not built within dense monocultures Bhragmites australier Typhaspp. This is becaushd vegetation

mats required for nesting do not accumulate among stands when the vegetation grows too closely together;
furthermore, nesting birds are unable to take off or land.

To quantify sulcolony breeding pair population size and their response tangea in sulzolony habitat in

the geospatial model, we applied a general linear mixed model (GLMM) usihgén® function from the

6 | me gacékage in R45). Predictor variables were chosarpriori, and included the area of open water,
uninhabitable vegetation (NDVI>0.72), any habitable ared,area with >50% hatch success. The area of
classified predictor variables per sgblony were extracted from the geospatial model outputs in ArcMap. The
response variable, i.e., the number of maximum breeding pairs pecsldny, as well as the prediato

variables were scaled using teeale()  function from the6 b a s gadkage in R45) prior to running the

GLM, to account for considerable differences in measurement units. The area with >50% hatch probability and
any habitable area were correlated, as was uninhabitable vegetation and open watert.eThe selected

model was chosen based on having the highést including the most significant predictors. After
evaluating all possible variable combinations, the selected model included the area with >50% hatch
probability and uninhabitable vegation. Summary tables by each individual stdiony, year, and habitat
category can be found in the Supplementary Mater{&8).



RESULTS

1. Hatching Success & Habitat Impacts

We compiled eighyears of hatch rates and population counts in the St. Clair Flats region to review how both

KIS OKIFy3ISR 0S06SSYy wnmo YR HAnun® 5 dilNakedevel KAa GAYSH
(during the black tern breeding season) rose by 1.03 measdasult of regional changes in climgR9) (Figure

4). Hatch rate (percentage of hatched nests out of nests of known status), dropped by 56% between 2013

(90%) and 2020 (35%yigure 2). Corresponding to this decline in hatch rate, the monitored population of

black terns at Lake St. Clair Flats dropped by 77% since(Rigil8e 2, Table 1)
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Field investigation of hatching failures revealed several causes. 40%tetmeppeared completely between

two censuses, while 7% of had eggs missing from an otherwise intact nest. Known destruction by weather
events accounted for 16% of complete failures. 4% of nests were abandoned and had perished eggs, or chicks.
The remaimg nests had an undetermined cause of failure. A binomial {logifunction) Generalized Linear

Model (GLM) was used to compare habitat variables, the number of other black tern nests-in ea8ius,

and clutch initiation, between 234 hatched nestslatR4 failed Table 1) Habitat variables in the final model
selected included 1) lake distance (nest to the unvegetated St. ClaiRilatsDelta), 2) house distance (nest

to developed land), 3) open water distance (nest to any open water patch), 4) mean NDVI (surrounding
average Normalized Difference Vegetation Index (N[3@))5) % dense vegetatiosurrounding the nesi.e.

amount of the densest surrounding vegetation).

Stepwise regression proceduf€able 1)dentifiedthe model selectedTable 1, Table 2)The estimated clutch
initiation timing percentage of dense vegetation, relative nest water depth, and lake distance were statistically
significant (alpha<0.05). Mean NDVI and house distance were not significangllleatigely improved the AIC

and AUC of the mod¢Table 1)

Table 1. Summary of stepwise regression process for identifying the selected model (2, green) of ha
probability in response to habitat and biological predictors. Model steps include theiahinull model
OFftf LINBRAOG2NEUV YR &adzaSldsSyid adasSLia siAidk O

i Model Steps

Predictors
NULL 1 2 3

Relative water depth | 0.037 0.042 0.029 0.032
Lake distance 0.032 0.032 0.032 0.014
%Dense vegetation 0.880 3.19E04 2.85E04
Clutch initiation day | 3.58E04 3.46E04 1.63E04 2.91E04
Mean NDVI 0.084 0.090 0.170 0.145
House distance 0.120 0.104 0.087
% Medium vegetation 0.793 0.001
% Sparse vegetation| 0.786 0.004
%0Open water 0.762 0.008
Open water distance | 0.598
# Nests (3@n radius) 0.795
AlC 420.21 41459  411.71 412.68
n vt/ 2.88 0 0.97
AUC 0.7583 0.7568  0.7555  0.7495




Table 2. Summary table of the selected (see Tahlebinomial GLM results to predict hatching success
in response to habitat variables and clutch initiation covariate. Includes variable coefficients, standa
error (SE), z score (Z), andrplue (P).

Hatching Success
Binomial Generalized Linear Moddbgit-link)

Predictor Coefficient SE 4 P

Clutch initiation -0.454 0.120 -3.770 <0.001
% Dense vegetation -0.515 0.143 -3.599 <0.001
Lake distance 0.347 0.162 2.146 0.032
Relative nest water deptt  -0.307 0.141 -2.178 0.029
Mean NDVI 0.200 0.146 1.371 0.170
House distance 0.215 0.126 1.713 0.087

Hatching success was negatively correlated to the date of clutch initiation, relative nest water depth, and the
percentage of dense vegetation surrounding a nest ianaradius, and positively to distance from the lake
(Table 2, Figure 3)Hatching success was positively related to house distance and mean(N&bk 2, Figure

3) but were not statistically significant in any of the top seven models.

Hatch likelihood declined the later the clutch was initiated, whemrgest was 0.64 times more likely to fail per

day later into the season. Increasing amount of deRkeagmitesaustralisaround a nest negatively impacted

nest success. The average percentage of dense vegetation (consisting mostly dPkeaggaites ausalisor
Typhaspp.), and classified as exhibiting the highest relative normalized difference vegetation index(89pVI)

& dzZNNE dzy R A yfFadius wasSawér @189 in hatched versus in failed nests (5% vs. 23%). Excluding
outliers outside 1.5 times the interquartile range, the maximum percent cover of dense vegetation for hatched
nests was ngreater than 58%, whereas the maximum for failed nests reached 98%. Relative nest water
depths were on average 0.098 m shallower in hatched nests than those that failed. Hatched nests were found
to have a mean distance from the open water of the main leik22.44 m, while failed nests were significantly
closer (12.32 m). Though distance to land and human developments was not a statistically significant predictor
of hatching success, more successful nests were on average 45 m further away from developments.
Differences in mean NDVI between successful and failed nests were minimal and not significant.
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Figure 3. Hatching success probability and 95% confidence intervals with respect to individual variak
(A-F) includedn the two top binomial general linear models. These includA: Clutch initiation day (#
days after May 1%), B. Percentage of surrounding dense vegetation in-entadius, C. Relative nest
water depth (cm), D. Distance to the open water of the maiake (m), E. Distance to developed land
(housing) (m),F. and the average NDVI in anT radius.

2. Yearly Responses to Lake Level & Habitat Change

We plotted all habitat variables and clutch initiation dabesluded in the GLM, against yearly average May

July lake level@0) (Figure 3) Average relative nest water depth increased steadily as annual lake levels rose.
Average nest distance to the open lake water fluctuated between years without showing particular trends.
Exent of dense vegetation remained consistently low until 2017 when the lake level reached a height of

175.65 m above sea level (asl.) and birds were forced to shift their nests into denser, less favorable vegetation.
Clutch initiation dates did not show grsignificant trends with increasing lake level, apart from the last two

study years when start dates appeared to extend substantially later into the summer season. Both average
NDVI and average nest distance to houses did not vary in a predictable namnghe course of the years.
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Figure 4. Boxplots of the nest variables included in the final GLM, against the respective average
July surface lake level. Lake levels increased nearly monotonically over the cadithe study. The
average median for values from 201316 (red) and 201-2020 (blue) are plotted as horizontal
dashed lines for reference.

To spatially map how conditions determining hatahsuccess changed over the years, we modified the best
AIC model by excluding nespatial variables (i.e., clutch initiation date). The AIC of this model increased from
the original model to 424.34 and the AUC declined slightly to 71.72%, which is ekpettiehe removal of

clutch initiation. Statistically significant variables in the spatial model were the same as in the previous models
(Table 3)NDVI and house distance were retainedhia spatial model mapping hatch probability as they still
improved both the AIC and model performance (AUC).
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Table 3. Summary table of geospatial GLM used to predict and map hatching success in respc
to habitat variables. Includes variable coefficies) standard error (SE), z score (Z), andgtue (P).

Geospatial Hatching Success
Binomial Generalized Linear Model (logitk)

Predictor Coefficient SE z P
(Intercept) 2.769 2.486 1.114 0.265
% Dense vegetation -0.019 0.005 -3.637 <0.001
Relative nest water deptt  -0.113 0.049 -2.329 0.020
Lake distance 0.022 0.009 2.568 0.010
House distance 0.014 0.010 1.366 0.172
Mean NDVI 0.031 0.020 1549 0.121
2014 2016 2017

20 Pairs (Canoe only) 29 Pairs 25 Pairs
Y/ % Bruckner’s & Canoe
Colonies, SCF

Hatch Success Probability Scale

0 (low) 0.5 1 (high!
2018 2019 2020 @ Nests
28 Pairs 21 Pairs 13 Pairs W Uninhabited (dry land

or NDVI > 0.72)

. Open Water
N

Emergent Wetland A

Data Sources: NAIP (2014, 2016, 2018),
WorldView-2(2017, 2019), Triplesat(2016),
Rapideye-5 (2014, 2016), PlanetScope (2017, 2018,
2019, 2020)

Black Tern Population & Nest GPS Locations (Detroit
Audubon)

Projec‘tion/Datum: WGS 1984 UTM Zone 17N
Classification, Shapefile Development, Model
Generation, and Map Layout: Jennifer Fuller, March

0 0.25 05 0.75 1 Kilometers 3%, 2021

Figure 5. Decline in tern habitat nesting quality in the study area over the years. Mapped nesting
quality is based on the applied binomial GLM output for hatching success as based on geospatial
habitat variables (Waterepth, Distance to lake & housing, % of surrounding dense vegetation, and
mean NDVI). All study years are shown except 2013 (no nest searches) and 2015 (no available
imagery). Only those areas for which quality imagery was available for all years have begped in
detail (inside of two polygons). Water is shown in shades of blue, while land is shown in shades of
OYSNEBSY(G 6SGflyRs GKS (8SNYyQa ySaday3d KIFoAGH
green (associated with high nesting swess) to greerblue (low nesting success). Nests are shown as
red circles. Images show examples of two ofthe 134D f 2y AS& Ay GKS addzRe
FYR / Iy2S o NR 3kdooydas ndtle@rthgdSrZDE. Whibkzdising lake levetmiéo a
pronounced reduction of emergent wetlands, shorelines hardened through human activities (roads
dams, build structures) prevent the establishment of new shoreward wetland areas.
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We examined whether the decreases in the amount of available nesting habitat were related to the number
of breedingpairs within respective subolonies using subolony geospatial visualization. The relationship
between subcolony population and habitat category was further quantified using a general linear mixed
model (GLMM). The example kigure Srepresents two ofL3 individual suktolonies used in the general

linear mixed model (GLMMTYable 4) Figure Gillustrates the results of GLMM, i.e., sablony population size
as a response to changes in two major wetland categories derived from the spatial model, alhecific
pertaining to black tern hatch probability or habitability.

To investigate the relationship between habitat availability and population size, we used a general linear

mixed model (GLMM) including the maximum breeding pairs at 1&sldnies between @13 and 2020. The

ydzYo SNJ 2F ONBSRAY3I LI ANB ¢l a AAIYAFAOLIyldte NBEFGIGSR i+
(p<0.001)Table 4, Figure 6AArea of uninhabitable vegetation was not a significant predictor of the number

of subcolony breedingb ANE X (G K2dzAK AdG AYLINRBOSR (K®E3BNERGt Qa Y NHA)
consecutively) from one only including area with >50% hatch probafilitgle 4)

Table 4. Summary table of the general linear mixed model (GLMM) predicting the responseeefling
pairs by changes in area of 2 major wetland classes: >50% hatch probability and uninhabitable
vegetated regions. Includes predictor coefficients, confidence intervals (Cl), andlpes (P).Random
STFSOUA AyOfdzRS K S?),Batwednisufjersd I[F NR Mylu@oBas tefdabsy 6
correlation coefficient (ICC), and number of sablonies sampled (N). Number of observations and
variance explained by fixed effects (Marginal) and fixed and random effects (Conditiorfaydralso
reported.

Effects of Landcover Area @non
# Breeding Pairs

Predictor Coefficient Cl P
(Intercept) -0.01 -0.29-0.27 0.948
Area with >50% Hatch Probability (scale 0.6 0.35-0.85 <0.001
Areaof Uninhabitable Vegetation (scalec -0.2 -0.46-0.06 0.134
Random Effects

“2 0.61

_00 subcolony 0.1

ICC 0.14

N subcolony 13

Observations 49

Marginal R 0.331
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DISCUSSION

The goal of this study was to examine how climdtizen lakelevel change interacts with other anthropogenic
stressors to impact wetland biodiversity and in particular black terns, an archetypical shorebird species. For
the first time, we explicitly identify the hazardous nesting conditions in a freshwater coastiaing, which

include deeper water at the nest, closer proximity to the open water area of the main lake, and more dense
surrounding vegetation. We then show how most of these hazardous nesting conditions have been
exacerbated in recent years by risingddkvels. Our results indicate that black terns in coastal wetlands, and
likely other marsh birds, rely on a patchily vegetated zone with intermediate depths between the deepest,
vegetationfree open lake, and shoreward dry land. Under natural conditipnis,] S { G ® / f I ANR&a O21I 3
zone is dominated by interspersed open water, reed mighhaspp. and Schoenoplectusp. and can maintain

its extent by shifting shoreward or lakeward depending on rising or falling lake levels. The dynamic adjustment
of coastal wetlands appears to be increasingly inhibited by immovable coastal barriers including human
developments (e.g., housing, roads, seawalls, channels) and establishments of invasive monospecific
vegetation (e.g.Phragmites australisTypha x glauca In conjunction with regional lakevel rise, immobile
shoreline barriers have been reducing the available nesting habitat for black terns and have resulted in a
dramatic decline in black tern hatching success and population size.

To explain the declinef black tern populations observed over large, regional spatial scales, it is important to
consider the individual factors influencing nesting success. We found that earlier clutch initiation date was the
strongest factor associated with improved nestswgcess. This mirrors previous findings both in black terns
(37), and in other, seasonally breeding birds in gen€s8| 54). While the timing of clutch initiation was not
strongly related to lakéevels, nests in 2019 exhibited considerably later initiation dates and the last two years
exhibited the highest standard deviations. Reduced availability ofdpigtiity nesting haltat due to high

water levels could increase nesting site competition and the time required to locate suitable habitat for
nesting. Lateseason renesting attempts may also have grown more frequent as habitat conditions became
more hazardous and nest failurates increased.

In addition to the timing of clutch initiation, the percentage of surrounding habitat in the densest vegetation
category was the next strongest predictor of hatching success. Our gitouthihg observations found that

the dense wetland egetation class is typicaljominated by monospecific stands Bhragmites australiand
Typhaspp. Black terns are weknown to prefer patchier mosaics of standing vegetation and open water,
which provide spaces for takaf and landing, and improved faging accesgll). Therefore, it is not

surprising that monospecific stands have a negative effect on rates of hatching success. Asidenfiiam for
dense standsPhragmites australigrows exceptionally tall (up to 4.6 m in heig{¥) and can diminish nest
visibility and the ability of adults to detect and ward off predators. Lack of visibility is especially problematic if
both adults are disturbed, as black terns will frequently and collectively mob intruders near thekuty,

even if itis not relatively close to their own negt0, 56). Our data indicate that declining availability of quality
nesting sites is increasingly forcing the black terns of St. Clair Flats, especially during the last few years of the
study, to nest in largely unsuitable dense invasive vegetatiands. An alternative or complementary
interpretation could be that there is an underlying positive relationship with available nesting material.
Unfortunately, we did not have a reliable method of specifically capturing the extent of floating matsAusing
band imagery, but we observed that densely pacRédagmites australiand Typhaspp. stands block out

floating mats entirely. It is therefore reasonable to assume that the dense vegetation class represents an
antithesis of available nesting material.eTimix of medium and sparse vegetation and open water may
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support an unknown, but likely important quantity of floating mat required for Amgitding, stability, and
protection from aquatic predators.

Hydrology was a critical factor shaping hatching ssgcacting through multiple pathways, including relative

nest water depth at nest locations, as well as distance of the nests from the open water of the main lake. In
O2yGNYad G2 GKS [F1S {G4@ /fF AN NRA QD @EadandsSie dhallowenNS T S NNS R
have reduced fetch, and are characterized by emergent vegetation buffers which provide crucial protection
from wind and wave actio(b7). Deeper water within wetlands, however, is still capable of permitting higher
energy currents and larger waves during storms and seiches, and attenuates emergent vegetation density that
is needed to reduce wave actig¢h9, 57). Black tern nests in Lake St. Clair are buoyant but minimally
constructed, and their interlocked, floating vegetation stems are susceptible to breakage by wind and waves.
Therefore,Schoenoplectusp. and Typhaspp. stands provide a critically importanetw of physical barriers

which maintain dense, stable floating mats for nesting. This was confirmed by field observations of how
proximity to the open lake and deeper waters allowed for more curresatye and wind action which

contributed to the attenuatiorof protective barriersand the loss of floating mat habitat. Though few studies

of black tern nest success have found a relationship to water depth, nests in a British Columbia colony were
more likely to fail by rising water, wind and waves, if thegrevsurrounded by less standing vegetat{@8). In

2020, nesting mats surrounded by substantial emergent vegetation withstood multiple storms on camera
traps, while one nest which was exposed to open water on one side was destroyed by wave agtigradu

storm event between June 10th and"{see Supplementary Materiafsl0for images) when lake levels rose

0.06 m with wind speeds up to 17.12 kn(20).

Aquatic predators regesent another important nesting hazard that may worsen with deeper waters and with
increasing proximity to the main lake. Deep water and closer lake access likely increase visibility and
accessibility of nests to predators. The main species capable yihgreggs and chicks in Lake St. Clair are
muskellunge and northern pike which originate from cooler, deeper regions of open water, especially in the
warmer months during black tern breeding seagb8, 59). Muskellunge are strongly associated with
emergent vegetation (mainly consisting®éhoenoplectusp. and floating mats) which black terns use for
nesting. Muskellunge have also been commonly found in depths between 0.75 and (63powudrlapping
broadly with the depths (0-1m) of the nests with highest failure rates. Northern pike and largemouth bass
may also be potential nest predators, though they are reported to more frequently use denser submerged
vegetation and deeper habita($8, 59). Predatorrelated failures of black tern nestiave not been well
documented due to the difficulty of capturing an event on camera or in person. However, multiple eggs in
Lake St Clair Flats have been found with puncture marks (indicating water Stexbeli@. sipedohn

encounters), and one chick wabserved eaten by an unknown fish species in 2020 (Erin Rowan, pers.
comm.). Due to their fragile nature, tern nests are also in danger frorapmedatory fish. Fish spawning or
feeding activity by large fish can lead to the destruction of floating matsnasts. Common carp frequent the
coastal wetlands in Lake St. Clair and are known to form spawning aggregations in nearshore aquatic and
submersed vegetation between May and J66). During the months of May through July, common carp
have been tracked in average depths between3d.®m(60), and are well known to physically damage
submergent vegetatioi61). Common carp were frequently observed breaking apart floating mats on the
water surface, most frequently in the South Channel-salony.

Our geospatial models)J@ng with individual nest attributes, help to clarify why populations and breeding
success may have fallen in concert with changing lake levels. During the study perio@@20),3he Great
Lakes, which includes the St. Clair Flats region, experiencedddereaking lakdevel rise. The 2013 annual
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average lake level in Lake St. Clair was 174.82 m, or 0.21 m-tedovd average (1918 to present). After

2014, levels rose above the record average and by 2020 reached an annual average of 1(25)8% me

resulting loss of favorableabitat, which was clearly visible in the geospatial outputs, appeared to force black
terns to nest in deeper water, closer to the main lake, and/or attempt nesting in sites with higher ratios of
dense vegetation. As lake levels rose at mostapibnies,so did the extent of open water, while dense
vegetative stands remained relatively the same. The areas which suffered the greatest losses were the patchy
Schoenoplectusp.- and Typhaspp-dominated regions that supported hatching success probabilitieatgre

than 50%. As expected, the area with >50% hatching probability was a significant predictor of black-tern sub
colony population size in our mixed model. In the St. Clair Flats region, which contains abundant open water
for foraging, the limiting factofor black terns appears to be dispersed emergent vegetation for weather
protection, predator concealment, and producing and containing an adequate amount ebuoiding
materials(33, 35, 38, 39).

The relationship between lake levels and black tern nesting\alrappears to be predominantly influenced

by how well the wetland can maintain a stable extent of safe habitat under the stress of successional barriers
and shifting lake levelsUnder natural circumstances, marsh communities are adapted to adjuskéddael
variations, and are likely better at surviving extreme hydrological swings. Native marsh communities respond
to lake level change by migrating lakeward during receding lake levels, and advancing shoreward as they rise,
provided the condition in d¢er direction is habitable (e.g., hydric soil condition, water depth, hydrologic
SYSNHeO® | 26SOSNE AYyONBIFraSR aKIFNRSyAy3dé 2F (GKS aAK2NBf
seawalls) prevents shoreward advance of marshland communities durindalkiglevels. The loss of wetland
adaptive capacity due to human development is a pervasive issue not only in the Greatd2xkest

worldwide (63). In St. Clair Flats, we observed that despite rising lake levels, the clearly defined and developed
coastal margins did not shift (e.grigure 5. Emergent habitat loss appeatr¢o be further exacerbated by
Phragmites australign St. Clair Fl