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The black tern (Chlidonias niger) is a migratory shorebird that nests on floating vegetation in freshwater 

wetlands. Since 1991, Great Lakes breeding populations 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 long-term hatching success data in Lake St. Clair regarding proximate ecological, and large-scale 

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 to estimate 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 wave-exposed open area of the main lake. 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 by Phragmites australis. Subjected to progressively deeper and unstable 

habitat, nests likely failed more frequently due to inclement weather and aquatic predators. The interaction 

between climate change-driven lake-level rise, 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 possible so black terns can adjust to 

continued hydrologic extremes. 
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The black tern is a unique summer resident in the Great Lakes, which breeds in large freshwater wetlands and 

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

ǇƻǇǳƭŀǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ǊŀǇƛŘƭȅ ŘŜŎƭƛƴƛƴƎ ǎƛƴŎŜ ǘƘŜ мфслΩǎΦ ¢ƘŜ ōƭŀŎƪ ǘŜǊƴǎ ŀƴŘ ƻǘƘŜǊ ƳŀǊǎƘ birds which rely on 

healthy wetlands face several threats including habitat loss, climate change, and invasive species. Our project 

ŦƻŎǳǎŜŘ ƻƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ŘŜŎƭƛƴŜ ƻŦ ōƭŀŎƪ ǘŜǊƴǎ ƛƴ [ŀƪŜ {ǘΦ /ƭŀƛǊ CƭŀǘǎΣ ƘƛǎǘƻǊƛŎŀƭƭȅ ƻƴŜ ƻŦ aƛŎƘƛƎŀƴΩǎ ƭŀǊƎŜǎǘ 

colonies. The Flats region is the largest inland 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, invasive Phragmites australis (common reed), and housing developments. 

Our study incorporated 8 years (2013-нлнлύ ƻŦ ƘŀǘŎƘƛƴƎ ǎǳŎŎŜǎǎ Řŀǘŀ ǘƘǊƻǳƎƘ 5ŜǘǊƻƛǘ !ǳŘǳōƻƴΩǎ ƭƻƴƎ-term 

monitoring program. We classified their habitat characteristics using satellite and aerial photographs and 

examined how these changed in respƻƴǎŜ ǘƻ [ŀƪŜ {ǘΦ /ƭŀƛǊΩǎ ƭŀƪŜ ƭŜǾŜƭǎΦ ²Ŝ ŦƻǳƴŘ ǘƘŀǘ ƴŜǎǘƛƴƎ ǎǳŎŎŜǎǎ ǿŀǎ 

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 were in relatively 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 maps of St. 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 but appeared 

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 lakeside 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 the wildlife which 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 continued climate extremes. 
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A critical step in mitigating detrimental impacts of climate change on biodiversity is accounting for interacting 

stressors. Examples of quantified relationships between such stressors are limited in the literature but are 

necessary for management to be effective and prevent greater environmental damage (1). Stressors are 

defined as 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 categories include land 

cover change (e.g. habitat fragmentation and loss), biological disturbance (e.g. invasive species), natural 

resource extraction, and pollutants (1, 3, 4, 5). Stressor interactions have been categorized as additive, 

synergistic (cumulatively greater stress than individually), antagonistic (mitigative), or ecologically surprising 

ecological surprise (cancelling or positive effect) (6, 7). To understand the role of stressors, it is important to 

understand the ecosystem context of a study (8) and the fact that many stressors are likely to be exacerbated 

by climate change and associated extreme and/or unpredictable events (8, 1).  

Our study focuses on the freshwater wetlands of the Laurentian Great Lakes region of North America, 

cumulatively the largest body of fresh water on earth and an ecosystem of global importance (9ς11). Broadly, 

freshwater wetland ecosystems are vital to maintaining global diversity and faced with an array of dynamic 

and interactive stressors (12). 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., freshwater supply, purification, carbon 

sequestration, coastal storm protection) (12, 13). Great Lakes coastal wetlands are unique in that they are 

interconnected and tied closely with the hydrology of the largest freshwater bodies in the world (9). In terms 

of bioŘƛǾŜǊǎƛǘȅΣ ǘƘŜ DǊŜŀǘ [ŀƪŜǎ Ŏƻŀǎǘŀƭ ǿŜǘƭŀƴŘǎ ǇǊƻŘǳŎŜ ǳǇ ǘƻ ŀ ǘƘƛǊŘ ƻŦ ǘƘŜ ƭŀƪŜΩǎ ǇǊƛƳŀǊȅ ǇǊƻŘǳŎǘƛǾƛǘȅ (14), 

are home to 7р҈ ƻŦ ǘƘŜ ƭŀƪŜǎΩ ŦƛǎƘ ǎǇŜŎƛŜǎ (10), and provide essential habitat for migratory and breeding birds 

(11). However, Great Lakes coastal wetlands are imperiled by anthropogenic stressors (e.g., invasive species, 

development, fragmentation, pollutants) (12) and <50% of their historical range remains (15). Invasive 

Phragmites australis and urban developments are two pervasive stressors in wetlands across the Great Lakes 

Basin with negative impacts on biodiversity (16, 17). The specific effects of climate change, another stressor on 

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 shoreward (18, 19). 

However, climate change has been increasingly altering the Great Lakes regional water budget, resulting in 

periods of record-breaking lake level fluctuations. High lake temperatures and evaporation rates, in 

ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ ƳƛƭŘ ǿƛƴǘŜǊǎΣ ŎƻƴǘǊƛōǳǘŜŘ ǘƻ ŘǊƻǳƎƘǘ ŎƻƴŘƛǘƛƻƴǎ ŦǊƻƳ ǘƘŜ ƭŀǘŜ мффлΩǎ-2013 (14). This drought 

period was however followed by record lake level rise from 2014 until 2020, at least in part due to above-

average precipitation, early snowmelt, and major ice cover events (15).  

Here we investigate how climate change and multiple human-caused stressors interact in wetlands to impact 

resident wildlife populations, using as a focal organism the black tern (Chlidonias niger). The black tern is a 

small migratory shorebird and is typical of an extensive guild of other obligate marsh-nesting 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 losses (19, 22ς24), with at least nine species having experienced significant 

losses since 1996 (25)Φ {ƛƴŎŜ ǘƘŜ мфслΩǎ ōƭŀŎƪ ǘŜǊƴ ǇƻǇǳƭŀǘƛƻƴǎ ƘŀǾŜ ŦŀƭƭŜƴ ōȅ о-8% every year (26), and 90% of 

historical Great Lakes colonies have been abandoned since 1991 (22). Multiple 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. 
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Changes in wetland quality, size, and hydrologic dynamics can have a disproportionate effect on obligate 

marsh-nesting birds, including black terns (19). A likely contributor to marsh bird habitat degradation is 

expansion of dense, monospecific vegetation (i.e., Phragmites australis or Typha spp.) which significantly 

lowers plant diversity and interspersal (19, 22, 27ς29). High interspersal and diversity of plant species across 

different water depths is important as it increases available ecological niches, allows marsh birds to utilize 

different foraging and breeding strategies, and supports high marsh bird diversity (28, 29). For black terns 

specifically, patchy vegetation provides opportunities for shelter from weather and predators, while water 

openings deter terrestrial predators, and facilitate takeoff, landing, and foraging access (16, 22, 23, 45, 48, 49). 

Black terns appear to avoid nesting in areas of dense Typha spp. and Phragmites australis stands unless 

adequate patchily open areas are unavailable (18, 26). It has been suggested that Phragmites australis and 

Typha spp. invasions are facilitated by low lake level extremes (30), especially in areas where native wetland 

vegetation is prevented by barriers from migrating lakeward (19) (Figure 1). Invasive species establishment 

and human shoreline developments in turn are thought to create barriers to natural, successional migrations 

landward following rising water levels, though supporting literature is limited in freshwater systems (19) 

(Figure 1). 

Our research seeks to identify what mechanisms may drive nesting failure to better understand population 

trends, therefore addressing the limitations of past large-scale regional assessments in which any functional 

connections to reduced breeding success remained ill-defined. 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 Great Lakes region over long periods of time, with the aim to investigate 

responses to landscape-level change (11, 22, 25ς27, 29, 34ς36). For the first time, our study investigates 

mechanisms driving population declines on multiple spatial scales, by analyzing nesting failures in one of 

aƛŎƘƛƎŀƴΩǎ ƭŀǊƎŜǎǘ ŎƻƭƻƴƛŜǎ ƻǾŜǊ ŀƴ у-year period. As global climate change is increasingly causing lake levels 

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 developments). Furthermore, we investigate how post-2017 high lake-level extremes and 

other stressors affect breeding success of wetland avifauna. Nest success is an obvious candidate for 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǇƻǇǳƭŀǘƛƻƴ ŎƘŀƴƎŜ ƳŜŎƘŀƴƛǎƳǎΣ ƎƛǾŜƴ ƴŜǎǘǎΩ ŎƭƻǎŜ ǇƘȅǎƛŎŀƭ ŘŜǇŜƴŘŜƴŎŜ on habitat structure 

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 also covers 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 

(37ς42). At regional scales, black tern nest success has been related to vegetation patterns and water depth, 

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 across studies (41). 

Variability in habitat and breeding relationships may reflect spatial heterogeneity in the dominant drivers of 

nest failure (i.e., predation, weather, abandonment), and typically short-term study periods. The long-term, 

environmentally dynamic, and coastal aspects of our study will provide insights not yet known to black tern 

breeding relationships with habitat characteristics.   

We investigate black tern hatching failure and populations 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, and/or closer to the larger 

lake. If nests were in highly dense vegetation, we hypothesized higher chance of failure due to lowered 
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Ǿƛǎƛōƛƭƛǘȅ ŀƴŘ ƛƴŎǊŜŀǎŜŘ ŘƛŦŦƛŎǳƭǘȅ ŦƻǊ ŀŘǳƭǘǎ ǘƻ ǘŀƪŜ ƻŦŦ ŀƴŘ ƭŀƴŘΦ CƛƴŀƭƭȅΣ ǿŜ ǇǊŜŘƛŎǘŜŘ ǘƘŀǘΣ ŘŜǎǇƛǘŜ ōƭŀŎƪ ǘŜǊƴǎΩ 

high adaptability, increasing lake levels were driving reduced success and population size.  

 

 

  

 

Figure 1. Graphic representation of the different vegetation zones of black tern nesting habitat in order of 

increasing proximity to land: (A) water lilly, (B) Schoenoplectus sp., (C) Typha spp., and (D) sedge dominant. As 

lake levels drop, plant communities migrate lakeward unless propagation is blocked by high hydraulic energy, 

boat traffic, and/or deep water (E). During drought periods and migration, shallow and exposed soil that no 

longer supports natural vegetation can become invaded by invasive species Phragmites australis and Typha x 

glauca (F, red). As lake levels rise again, communities will move up the shoreline, but can be blocked by 

Phragmites australis establishments or shoreline developments (G). Adapted from (19, 20). 
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As the largest inland freshwater delta in the world, St. Clair Flats covers roughly 101 km2 stretched into the 

1,114 km2 Lake St. Clair. St. Clair Flats is likely a major attraction for black terns given their preference for 

expansive wetlands alongside bodies of open water (32, 33, 41). St. Clair Flats is historically home to one of 

the largest colonies of black terns in the Great Lakes Region, consisting of 137-400 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 Area (IBA) (22). 

The coastal freshwater wetlands are generally dominated by native Schoenoplectus sp. (bulrush), Typha spp. 

(cattail), and an invasive clonal dominant, Phragmites australis (common reed). Invasions have been facilitated 

by a combination of heightened anthropogenic pressures; furthermore, invasive species establishment was 

likely facilitated by a period of low lake-levels (1999-2013) (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 of Styrofoam 

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.  

 

a) Hatching Success 

Tern breeding colonies at St. Clair Flats (SCF) (2013-2020) were monitored by no less than two volunteer and 

staff research technicians at least 1-2 times a week between spring migration/arrival (~May 15) and fall 

migration (~July 30). Monitoring colonies that were small and isolated were at times given lower priority and 

visited less frequently. Population sizes were estimated using records of head counts taken throughout the 

season at each sub-colony. Details of this procedure are in Supplementary Materials (A1). 

Sub-colonies were initially 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 (2013-2016) or ArcGIS Collector App (2017-current). Researchers collected data on the 

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

(when possible) using a marked PVC pole (2018-2020). The number of nests within a 30-m radius were 

quantified post-field ǎŜŀǎƻƴ ǳǎƛƴƎ ǘƘŜ άƴŜŀǊέ ŦǳƴŎǘƛƻƴ ƛƴ !ǊŎaŀǇ ŀƳƻƴƎǎǘ ƴŜǎǘ Dt{ Ǉƻƛƴǘǎ ŦǊƻƳ ǘƘŜ ǎŀƳŜ 

year.  

Given black tern re-nesting ability, colonial nature, and high chick mobility, identifying nest survival required 

careful observations by field researchers and an undeǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ƴŜǎǘΩǎ ŀƎŜ ǿƘŜƴ ǇƻǎǎƛōƭŜΦ 9ȄŎŜǇǘ ŦƻǊ 

cold-ŎƻƴŘƛǘƛƻƴ Ǿƛǎƛǘǎ ŜŀǊƭȅ ƛƴ ǘƘŜ ǎŜŀǎƻƴΣ ŜƎƎǎ ǿŜǊŜ ƎƛǾŜƴ ŀ άŦƭƻŀǘέ ǘŜǎǘ ǘƻ ŜǎǘƛƳŀǘŜ ŎƭǳǘŎƘ ƛƴƛǘƛŀǘƛƻƴ όŜƎƎ ŀƎŜύΣ 

hatch date, and prioritize revisits for capture and banding.  Records of these tests or 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 method with 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 

ǳǎƛƴƎ ǘƘŜ ŎƘƛŎƪΩǎ ŀƎŜ-weight). Additional information on how clutch initiation was calculated is found in the 

Supplementary Materials (A2). 
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9ŀŎƘ ƴŜǎǘ ǿŀǎ ǾƛǎƛǘŜŘ ǘǿƻ ǘƻ ŦƻǳǊ ǘƛƳŜǎ ŘǳǊƛƴƎ ǘƘŜ ŦƛŜƭŘ ǎŜŀǎƻƴ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƴŜǎǘΩǎ ƻǳǘŎƻƳŜΦ CƻǊ ǘƘƛǎ 

work, categories of nest outcomes were combined to determine wheǘƘŜǊ ƴŜǎǘ ŜƎƎǎ ŜƛǘƘŜǊ ΨŦŀƛƭŜŘΩ όƴ Ґ мсрύ ƻǊ 

ΨƘŀǘŎƘŜŘΩ όƴ Ґ нусΣ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ŎƘƛŎƪ ǎǳǊǾƛǾŀƭ ŀƴŘ ŦƭŜŘƎƛƴƎύ ŜƎƎǎΣ ƭŜŀǾƛƴƎ отл ƴŜǎǘǎ ǿƛǘƘ ǳƴƪƴƻǿƴ Ŧƛƴŀƭ ǎǘŀǘǳǎ 

See Supplementary Materials (A3) for a breakdown of nest outcomes. The 95% confidence interval for each 

ȅŜŀǊΩǎ ƘŀǘŎƘƛƴƎ ǎǳŎŎŜǎǎ ǊŀǘŜ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǿƛǘƘ ŀ ōŜǘŀ ŘƛǎǘǊƛōǳǘƛƻƴ ǳǎƛƴƎ ǘƘŜ qbeta()  function from the 

óExtDistô package in R (45). 

b) Surface Elevation & Water Depth  

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

surface water levels from the NOAA Huron Erie Connecting Waterways Forecasting System (HECWFS) model 

(20). The bathymetric elevation (m) was determined for each nest in !ǊŎaŀǇ ǳǎƛƴƎ ǘƘŜ άǎŀƳǇƭŜέ ŦǳƴŎǘƛƻƴ ŦǊƻƳ 

the open source Lake Level Viewer Tool bathymetric map (46). Water depths were then estimated by 

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

(May 15th). Estimated water deaths were standardized to centimeters with zero set as the shallowest relative 

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

Supplementary Materials (A4, 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 vegetation, vegetation percentages ranging between 25-75% (16, 22, 23, 45, 48, 49). Though from a larger 

spatial scale this measure is useful, it does not fully address the true habitat 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, researchers 

found that larger colonies were usually found in areas that contained plentiful floating, dead plant material, 

often secured by semi-dispersed Typha spp. or Schoenoplectus sp. Nests avoided densely packed Typha spp. 

and the highly invasive Phragmites australis which 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. Ground truthing 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 diameter (47). Previous 

studies have examined vegetation within a 12-m radius (31) or 2-m radius of nests (41), lower than available 

remote imagery spatial resolutions. We compared GLM p-values of hatch success in response to 3-m, a 

median value at 7-m, and 12-m and found that 7-m generated the strongest model results, therefore it was 

chosen for the final analysis. 

To address the need for high-spatial resolution imagery (ideally < 1 m) covering eight years of nest monitoring, 

we used a combination of open-source aerial photographs from NAIP (National Agriculture Imagery Program) 

and purchased 4-band commercial satellite images. NDWI (normalized 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 uses red and near infrared wavelengths to measure photosynthetic 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ ƻǊ άƎǊŜŜƴƴŜǎǎέ  (49, 50). 
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We collected 4-band images under 1-m resolution from commercial satellites (Kompsat-2, Triplesat-3, 

WorldView-2 and 3), and NAIP. We chose 1-m resolution images within nine days of each other (standard 

deviation = 8.71 days) between late June and July to prevent as much timing differences during annual growth 

seasons as possible. We obtained 5-m resolution imagery (Rapideye-5 and PlanetScope) through Planet 

Images to capture more general, average NDVI values. With the advantage of higher temporal resolution, 

images from Planet could be collected for each year during the breeding season, allowing anniversary dates to 

be interpolated.  All images were resampled to 1- or 5-m resolution depending on their source, and 

geometrically, radiometrically, and atmospherically corrected based on their individual requirements. Imagery 

preprocessing methods, image dates, and resolutions are detailed in the Supplementary Materials (A6).  

aŜŀƴ b5±L ǿŀǎ ǎŀƳǇƭŜŘ ŦǊƻƳ ŜŀŎƘ ƴŜǎǘΩǎ т-m radius buffer region from linearly interpolated anniversary 

images (PlanetScope and Rapideye-5, 5-m resolution). Extraction used the Zonal Statistics 2 toolbox which is 

capable of handling overlapping polygons. Open water was classified using Natural Breaks (Jenks) 

Unsupervised Classification on NDWI raster images from yearly 1-m resolution images. Island developments or 

regions not considered wetland were heads-up digitized using 1-m resolution NAIP imagery from 2014, 2016, 

and 2018. The open water and island development classes were used to mask 1-m 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 each 7-m radius nest buffer using the Tabulate Intersection 

Tool. Because there was no available high-resolution 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 the housing developments, any open water, and the larger body of 

open water (Lake St. Clair), distance values were extracted from the digitized developed regions, the open 

ǿŀǘŜǊ ŎƭŀǎǎΣ ŀƴŘ ŀ άƳŀƛƴ ƭŀƪŜέ ŘŜƭƛƴŜŀǘƛƻƴ ǳǎƛƴƎ ǘƘŜ άƴŜŀǊέ ŦǳƴŎǘƛƻƴ ƛƴ !ǊŎaŀǇΦ ¢ƘŜ άƳŀƛƴ ƭŀƪŜέ ǾŀǊƛŀōƭŜ ǿŀǎ 

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 

ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ǘƘŜ άƳŀƛƴ ƭŀƪŜέ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ (A7).  

 

a) Hatching Success & Habitat 

The relationships between hatching success and habitat variables were analyzed using R version 4.0.3 (45). A 

multiple logistic regression with a binomial (logit-link) fit using the glm()  function from the óstatsô 

package in R (45) to determine the influence of habitat and biological predictors on nesting survival. The 

following 10 habitat or biological variables were examined in the analysis as fixed effects: (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 within a 7-m radius, (6) percentage of dense vegetation 

within a 7-m radius, (7) percentage of medium vegetation within a 7-m radius, (8) percentage of sparse 

vegetation within a 7-m radius, (8) estimated start of incubation as the number of days before or after May 

15th of each year, (9) mean NDVI within a 7-m radius, (10) number of nests within a 30-m radius. Continuous 

habitat variables were first checked for multicollinearity using a Pearson correlation test using the cor()  

function from the óDescToolsô package in R (45). No rs values were greater than 0.6 and all predictors 

were retained.  

To compare model coefficients, all continuous independent variables were normalized using the scale()  

function of the óbaseô package in R (45) which computes a z-score for each variable using its mean and 

standard deviation. Models were compared using stepwise selection in both directions using the step()  



7 
 

function from the óstatsô package c To determine the best explanation of the data variation, each model 

ǿŀǎ ŀǎǎŜǎǎŜŘ ŦƻǊ ǘƘŜ ƭƻǿŜǎǘ !ƪŀƛƪŜΩǎ ƛƴŦƻǊƳŀǘƛƻƴ Ŏriterion (AIC) (51). A Receiver Operator Curve (ROC) and 

AUC (area under the curve) was generated using the roc()  function from the ópROCô package in R c to 

ƳŜŀǎǳǊŜ ǘƘŜ ōŜǎǘ ƳƻŘŜƭΩǎ ǇǊŜŘƛŎǘƛǾŜ ǇŜǊŦƻǊƳŀƴŎŜ (51).  

b) Yearly Responses to Lake Level & Habitat Change  

¢ƻ ǾƛǎǳŀƭƛȊŜ ǘƘŜ ƎŜƻƎǊŀǇƘƛŎ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ƘŀōƛǘŀǘΩǎ ǇƻǘŜƴǘƛŀƭ ǘƻ ǇǊŜŘƛǎǇƻǎŜ ƴŜǎǘǎΩ ǾǳƭƴŜǊŀōƛƭƛǘȅΣ ǘƘŜ ŎƻŜŦŦƛŎƛŜƴǘǎ 

and intercept from our selected GLM were applied to raster layers in ArcMap using the Raster Calculator Tool 

(see Supplementary Materials A8 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 min-max feature scaling. The raster calculations generated a final model describing nest 

ŦŀƛƭǳǊŜ ǇǊƻōŀōƛƭƛǘȅ ƻƴ ŀ ǎŎŀƭŜ ƻŦ л ǘƻ мΦ ¢Ƙƛǎ ƳƻŘŜƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǿŀǎ ŀƭǎƻ ŀǎǎŜǎǎŜŘ ǳǎƛƴƎ ŀƴ wh/ όwŜŎŜƛǾŜǊ 

Operator Curve) plot (52) and AUC (area under the curve) using the roc()  function from the ópROCô 

package in R (45). 

The final maps were then masked to exclude regions that were determined a priori to be unsuitable for 

nesting. This includes developed or dry-land 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 any nest 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 of Phragmites australis or Typha spp. This is because the 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 sub-colony breeding pair population size and their response to changes in sub-colony habitat in 

the geospatial model, we applied a general linear mixed model (GLMM) using the lmer()  function from the 

ólme4ô package in R (45). Predictor variables were chosen a priori, and included the area of open water, 

uninhabitable vegetation (NDVI>0.72), any habitable area, and area with >50% hatch success. The area of 

classified predictor variables per sub-colony were extracted from the geospatial model outputs in ArcMap. The 

response variable, i.e., the number of maximum breeding pairs per sub-colony, as well as the predictor 

variables were scaled using the scale()  function from the óbaseô package in R (45) 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 water extent. The selected 

model was chosen based on having the highest R2 and including the most significant predictors. After 

evaluating all possible variable combinations, the selected model included the area with >50% hatch 

probability and uninhabitable vegetation. Summary tables by each individual sub-colony, year, and habitat 

category can be found in the Supplementary Materials (A9).  
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We compiled eight years of hatch rates and population counts in the St. Clair Flats region to review how both 

ƘŀǾŜ ŎƘŀƴƎŜŘ ōŜǘǿŜŜƴ нлмо ŀƴŘ нлнлΦ 5ǳǊƛƴƎ ǘƘƛǎ ǘƛƳŜŦǊŀƳŜΣ [ŀƪŜ {ǘΦ /ƭŀƛǊΩǎ ŀǾŜǊŀƎŜ aŀȅ-July lake level 

(during the black tern breeding season) rose by 1.03 m as the result of regional changes in climate (20) (Figure 

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

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

black terns at Lake St. Clair Flats dropped by 77% since 2013 (Figure 2, Table 1).   

 

 

Figure 2. Yearly estimated number of black tern breeding pairs across St. Clair Flats (solid red line, right 

y-axis), average surface lake level (May-July) (m), and yearly hatching success rates (% hatched of total 

nests and 95% confidence intervals (CI), dots and whiskers, left y-axis). Population size is ŀ άōŜǎǘέ 

estimate of individuals, with maximum and minimums (shown by shaded sections) recorded in 2013 and 

2014.  
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Field investigation of hatching failures revealed several causes. 40% of nests disappeared 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 remaining nests had an undetermined cause of failure. A binomial (logit-link function) Generalized Linear 

Model (GLM) was used to compare habitat variables, the number of other black tern nests in a 30-m radius, 

and clutch initiation, between 234 hatched nests and 124 failed (Table 1). Habitat variables in the final model 

selected included 1) lake distance (nest to the unvegetated St. Clair Flats River Delta), 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 (NDVI) (30) 5) % dense vegetation surrounding the nest (i.e. 

amount of the densest surrounding vegetation).  

Stepwise regression procedure (Table 1) identified the model selected (Table 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 significant, but collectively improved the AIC 

and AUC of the model (Table 1).  

 

Table 1. Summary of stepwise regression process for identifying the selected model (2, green) of hatch 

probability in response to habitat and biological predictors. Model steps include the initial null model 

όŀƭƭ ǇǊŜŘƛŎǘƻǊǎύ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ǎǘŜǇǎ ǿƛǘƘ ŎƻƛƴŎƛŘƛƴƎ !L/Σ ɲ !L/ όғ нΦлύΣ ŀƴŘ !¦/Φ  

Predictors 
Model Steps 

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   3.19E-04 2.85E-04 
Clutch initiation day 3.58E-04  3.46E-04 1.63E-04 2.91E-04 
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    
% Open water 0.762  0.008    
Open water distance 0.598      
# Nests (30-m radius) 0.795      
            
AIC 420.21  414.59 411.71 412.68 
ɲ !L/   2.88 0 0.97 
AUC 0.7583   0.7568 0.7555 0.7495 
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Hatching success was negatively correlated to the date of clutch initiation, relative nest water depth, and the 

percentage of dense vegetation surrounding a nest in a 7-m radius, and positively to distance from the lake 

(Table 2, Figure 3).  Hatching success was positively related to house distance and mean NDVI, (Table 2, Figure 

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

 

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

day later into the season. Increasing amount of dense Phragmites australis around a nest negatively impacted 

nest success. The average percentage of dense vegetation (consisting mostly of dense Phragmites australis or 

Typha spp.), and classified as exhibiting the highest relative normalized difference vegetation index (NDVI) (30) 

ǎǳǊǊƻǳƴŘƛƴƎ ŀ ƴŜǎǘΩǎ т-m radius was lower by 18% 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 no greater 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 lake of 22.44 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. 

Table 2. Summary table of the selected (see Table 1.) binomial GLM results to predict hatching success 

in response to habitat variables and clutch initiation covariate. Includes variable coefficients, standard 

error (SE), z score (Z), and p-value (P).  

Hatching Success  
Binomial Generalized Linear Model (logit-link) 

Predictor Coefficient SE Z 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 depth -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 
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We plotted all habitat variables and clutch initiation dates included in the GLM, against yearly average May-

July lake levels (20) (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. 

Extent 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 any significant 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 manner over the course of the years.  

 

Figure 3. Hatching success probability and 95% confidence intervals with respect to individual variables 

(A-F) included in the two top binomial general linear models. These include:  A. Clutch initiation day (# 

days after May 15th), B. Percentage of surrounding dense vegetation in a 7-m radius,  C. Relative nest 

water depth (cm),  D. Distance to the open water of the main lake (m),  E. Distance to developed land 

(housing) (m),  F. and the average NDVI in a 7-m radius.  
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To spatially map how conditions determining hatching success changed over the years, we modified the best 

AIC model by excluding non-spatial 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 expected with the 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 retained in the spatial model mapping hatch probability as they still 

improved both the AIC and model performance (AUC).  

Figure 4. Boxplots of the nest variables included in the final GLM, against the respective average May-

July surface lake level. Lake levels increased nearly monotonically over the course of the study. The 

average median for values from 2013-2016 (red) and 2017-2020 (blue) are plotted as horizontal 

dashed lines for reference. 
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Table 3. Summary table of geospatial GLM used to predict and map hatching success in response 

to habitat variables. Includes variable coefficients, standard error (SE), z score (Z), and p-value (P). 

Geospatial Hatching Success  
Binomial Generalized Linear Model (logit-link) 

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 depth -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 1.549 0.121 

 

 

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 (Water depth, 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 been mapped in 

detail (inside of two polygons). Water is shown in shades of blue, while land is shown in shades of tan. 

9ƳŜǊƎŜƴǘ ǿŜǘƭŀƴŘΣ ǘƘŜ ǘŜǊƴΩǎ ƴŜǎǘƛƴƎ ƘŀōƛǘŀǘΣ ƛǎ ǎƘƻǿƴ ƛƴ ǎƘŀŘŜǎ ƻŦ ƎǊŜŜƴ ǊŀƴƎƛƴƎ ŦǊƻƳ ƭƛƎƘǘ ȅŜƭƭƻǿ-

green (associated with high nesting success) to green-blue (low nesting success). Nests are shown as 

red circles. Images show examples of two of the 13 sub-ŎƻƭƻƴƛŜǎ ƛƴ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀΤ .ǊǳŎƪƴŜǊΩǎ όƭŜŦǘύ 

ŀƴŘ /ŀƴƻŜ όǊƛƎƘǘύΦ .ǊǳŎƪƴŜǊΩǎ ǎǳō-colony was not searched in 2014. While rising lake levels lead to a 

pronounced reduction of emergent wetlands, shorelines hardened through human activities (roads, 

dams, build structures) prevent the establishment of new shoreward wetland areas. 

 



14 
 

We examined  whether the decreases in the amount of available nesting habitat were related to the number 

of breeding pairs within respective sub-colonies using sub-colony geospatial visualization. The relationship 

between sub-colony population and habitat category was further quantified using a general linear mixed 

model (GLMM). The example in Figure 5 represents two of 13 individual sub-colonies used in the general 

linear mixed model (GLMM) (Table 4). Figure 6 illustrates the results of GLMM, i.e., sub-colony population size 

as a response to changes in two major wetland categories derived from the spatial model, specifically 

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 13 sub-colonies between 2013 and 2020. The 

ƴǳƳōŜǊ ƻŦ ōǊŜŜŘƛƴƎ ǇŀƛǊǎ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ǎǳōŎƻƭƻƴȅΩǎ ŀǊŜŀ ǿƛǘƘ Ҕрл҈ ƘŀǘŎƘ ǇǊƻōŀōƛƭƛǘȅ 

(p<0.001) (Table 4, Figure 6A). Area of uninhabitable vegetation was not a significant predictor of the number 

of sub-colony breeding pŀƛǊǎΣ ǘƘƻǳƎƘ ƛǘ ƛƳǇǊƻǾŜŘ ǘƘŜ ƳƻŘŜƭΩǎ ƳŀǊƎƛƴŀƭ ŀƴŘ ŎƻƴŘƛǘƛƻƴŀƭ w2 (0.331, 0.426, 

consecutively) from one only including area with >50% hatch probability (Table 4).  

 

Table 4. Summary table of the general linear mixed model (GLMM) predicting the response of breeding 

pairs by changes in area of 2 major wetland classes: >50% hatch probability and uninhabitable 

vegetated regions. Includes predictor coefficients, confidence intervals (CI), and p-values (P).  Random 

ŜŦŦŜŎǘǎ ƛƴŎƭǳŘŜ ǘƘŜ ǾŀǊƛŀƴŎŜ ŦǊƻƳ ǘƘŜ ƳŜŀƴ όˋ2), between-subjects-ǾŀǊƛŀƴŎŜ όˍ00 subcolony), interclass 

correlation coefficient (ICC), and number of sub-colonies sampled (N). Number of observations and 

variance explained by fixed effects (Marginal) and fixed and random effects (Conditional) R2 are also 

reported. 

  

Effects of Landcover Area (m2) on  

# Breeding Pairs 

Predictor Coefficient CI P 

(Intercept) -0.01 -0.29 - 0.27 0.948 

Area with >50% Hatch Probability (scaled) 0.6 0.35 - 0.85 <0.001 

Area of Uninhabitable Vegetation (scaled) -0.2 -0.46 - 0.06 0.134 
    
Random Effects    
ˋ2 0.61   

0̱0 subcolony 0.1   
ICC 0.14   
N subcolony 13     

Observations 49   
Marginal R2 0.331   
Conditional R2 0.426   
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Figure 6. General linear mixed model (GLMM) plots predicting the response of breeding pairs by 

changes in area of 2 major wetland classes: >50% hatch probability (A) and uninhabitable vegetated 

regions (B). Colored points denote scaled number of breeding pairs versus the scaled area of each 

class. Model estimates and 95% confidence intervals are represented by the solid line and filled 

area, consecutively.  
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The goal of this study was to examine how climate-driven lake level 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 coastal wetland, 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 rising lake levels. 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, 

vegetation-free open lake, and shoreward dry land. Under natural conditions, [ŀƪŜ {ǘΦ /ƭŀƛǊΩǎ Ŏƻŀǎǘŀƭ ǘǊŀƴǎƛǘƛƻƴ 

zone is dominated by interspersed open water, reed mat, Typha spp. and Schoenoplectus sp. 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 australis, Typha x glauca). In conjunction with regional lake-level 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 decline of 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 nesting success. This mirrors previous findings both in black terns 

(37), and in other, seasonally breeding birds in general (53, 54). While the timing of clutch initiation was not 

strongly related to lake-levels, nests in 2019 exhibited considerably later initiation dates and the last two years 

exhibited the highest standard deviations. Reduced availability of high-quality nesting habitat due to high 

water levels could increase nesting site competition and the time required to locate suitable habitat for 

nesting. Late-season renesting attempts may also have grown more frequent as habitat conditions became 

more hazardous and nest failure rates 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 ground-truthing observations found that 

the dense wetland vegetation class is typically dominated by monospecific stands of Phragmites australis and 

Typha spp. Black terns are well-known to prefer patchier mosaics of standing vegetation and open water, 

which provide spaces for take-off and landing, and improved foraging access (41). Therefore, it is not 

surprising that monospecific stands have a negative effect on rates of hatching success. Aside from forming 

dense stands, Phragmites australis grows exceptionally tall (up to 4.6 m in height) (55) 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 the sub-colony, 

even if it is not relatively close to their own nest (40, 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 vegetation stands. 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 mats using 4-

band imagery, but we observed that densely packed Phragmites australis and Typha spp. stands block out 

floating mats entirely. It is therefore reasonable to assume that the dense vegetation class represents an 

antithesis of available nesting material. The mix 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 nest-building, stability, and 

protection from aquatic predators.  

Hydrology was a critical factor shaping hatching success, acting 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 

ŎƻƴǘǊŀǎǘ ǘƻ ǘƘŜ [ŀƪŜ {ǘΦ /ƭŀƛǊ ǊƛǾŜǊ ŘŜƭǘŀ όǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άƳŀƛƴ ƭŀƪŜέύΣ ǘƘŜ Ŏƻŀǎǘŀƭ wetlands are shallower, 

have reduced fetch, and are characterized by emergent vegetation buffers which provide crucial protection 

from wind and wave action (57). 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 action (19, 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, Schoenoplectus sp. and Typha spp. stands provide a critically important web 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 current, wave and wind action which 

contributed to the attenuation of protective barriers and 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 they were surrounded by less standing vegetation (38). 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 action during a 

storm event between June 10th and 11th (see Supplementary Materials A10 for images) when lake levels rose 

0.06 m with wind speeds up to 17.12 km/h (20).  

Aquatic predators represent 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 of preying eggs 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 season (58, 59). Muskellunge are strongly associated with 

emergent vegetation (mainly consisting of Schoenoplectus sp. and floating mats) which black terns use for 

nesting. Muskellunge have also been commonly found in depths between 0.75 and 0.95 m (53) overlapping 

broadly with the depths (0.7-1m) 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 habitats (58, 59). Predator-related failures of black tern nests have 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 snake (Nerodia sipedon) 

encounters), and one chick was observed eaten by an unknown fish species in 2020 (Erin Rowan, pers. 

comm.). Due to their fragile nature, tern nests are also in danger from non-predatory fish. Fish spawning or 

feeding activity by large fish can lead to the destruction of floating mats and nests. 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 June (60). During the months of May through July, common carp 

have been tracked in average depths between 1.6-3.3 m (60), and are well known to physically damage 

submergent vegetation (61). Common carp were frequently observed breaking apart floating mats on the 

water surface, most frequently in the South Channel sub-colony.  

Our geospatial models, along with individual nest attributes, help to clarify why populations and breeding 

success may have fallen in concert with changing lake levels. During the study period (2013-2020), the Great 

Lakes, which includes the St. Clair Flats region, experienced record-breaking lake-level rise. The 2013 annual 
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average lake level in Lake St. Clair was 174.82 m, or 0.21 m below-record average (1918 to present). After 

2014, levels rose above the record average and by 2020 reached an annual average of 175.85 m (20). The 

resulting loss of favorable habitat, 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 most sub-colonies, 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 

Schoenoplectus sp.- and Typha spp.-dominated regions that supported hatching success probabilities greater 

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 factor for black terns appears to be dispersed emergent vegetation for weather 

protection, predator concealment, and producing and containing an adequate amount of nest-building 

materials (33, 35, 38, 39). 

The relationship between lake levels and black tern nesting survival appears 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 levels.  Under natural circumstances, marsh communities are adapted to adjust to lake level 

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 either direction is habitable (e.g., hydric soil condition, water depth, hydrologic 

ŜƴŜǊƎȅύΦ IƻǿŜǾŜǊΣ ƛƴŎǊŜŀǎŜŘ άƘŀǊŘŜƴƛƴƎέ ƻŦ ǘƘŜ ǎƘƻǊŜƭƛƴŜ ǘƘǊƻǳƎƘ ƘǳƳŀƴ ŘŜǾŜƭƻǇƳŜƴǘǎ όŜΦƎΦΣ ƘƻǳǎƛƴƎΣ 

seawalls) prevents shoreward advance of marshland communities during high lake levels. The loss of wetland 

adaptive capacity due to human development is a pervasive issue not only in the Great Lakes (62), but 

worldwide (63). In St. Clair Flats, we observed that despite rising lake levels, the clearly defined and developed 

coastal margins did not shift (e.g., Figure 5). Emergent habitat loss appeared to be further exacerbated by 

Phragmites australis in St. Clair Flats. After low lake levels, especially after 1999, facilitated propagation on 

shallow and exposed soils (43) Phragmites australis aggressively expanded along the coastal margin, capable 

of advancing clonally in submerged soils and withstanding a wide range of water depths up to 1.8 m (17, 48, 

59). Phragmites monocultures blocked shoreward expansion of patchy emergent Schoenoplectus sp. and 

Typha spp. dominant communities (Figure 1). As a result, this emergent marsh habitat was inundated at the 

deeper end of their distribution, while being unable to replace such losses by advancing into newly flooded 

shallower zones. The decline in emergent marsh habitat is most obvious in Figure 5 and resulted in precipitous 

black tern nesting habitat decline. Simply put, viable black tern habitat was caught between impermeable 

landward barriers (e.g., Phragmites australis, human developments), and advancing lake levels, 

consequentially constricting the black tern population to collapse. 

Wherever widespread relationships between monospecific invasions, hydrologic lows, and marsh bird habitat 

ƘŀǾŜ ōŜŜƴ ƛƴǾŜǎǘƛƎŀǘŜŘΣ ƛǘ Ƙŀǎ ōŜŜƴ ƛƳǇƻǊǘŀƴǘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ Ƙƻǿ ƭƻŎŀƭ ŎƻƴǘŜȄǘ ŀŦŦŜŎǘǎ ŀ ǿŜǘƭŀƴŘǎΩ ŀŘŀǇǘŀōƛƭƛǘȅ 

to lake level swings (22, 27, 64). During the most recent maƧƻǊ ŘǊƻǳƎƘǘ ǇŜǊƛƻŘ ƛƴ ǘƘŜ DǊŜŀǘ [ŀƪŜǎ όƭŀǘŜ мффлΩǎ 

to 2013) (20), large-scale studies on a variety of coastal wetlands largely found that black tern and other 

marsh bird (e.g., American bittern, least bittern, American coot, black tern, sora) populations declined with 

stable low lake level conditions because these enabled significant encroachment of invasive species (19, 22, 

27). In Green Bay (Wisconsin, US), the levels of Lake Michigan rose after 2013, and had a positive correlation 

with black tern and marsh bird populations; it is suspected that this occurred because their preferred patchy 

emergent habitat was revitalized (34). However, the study did not address the continued lake level rise 

following 2017 in which, at least at St. Clair Flats, worsened conditions for black terns. Unlike Green Bay, Lake 

{ǘΦ /ƭŀƛǊΩǎ ōƭŀŎƪ ǘŜǊƴ Ŏƻƭƻƴȅ ǿŀǎ ŀǘ ƛǘǎ ƪƴƻǿƴ ƘŜŀƭǘƘiest population and breeding success rates in 2013 and 
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нлмп ŀƴŘ ƘŀŘ ŀ ƴŜƎŀǘƛǾŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ǿƛǘƘ ǊƛǎƛƴƎ ƭŀƪŜ ƭŜǾŜƭǎ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŜƴǘƛǊŜǘȅ ƻŦ ǘƘŜ ǎǘǳŘȅΩǎ ǇŜǊƛƻŘΦ ¢ƘŜ 

contrast between locations is likely attributed to how natural (e.g., hydrologic energy, bathymetry), and 

ǳƴƴŀǘǳǊŀƭ όŜΦƎΦΣ ƘǳƳŀƴ ŘŜǾŜƭƻǇƳŜƴǘΣ ƛƴǾŀǎƛǾŜ ǎǇŜŎƛŜǎΣ ŘǊŜŘƎƛƴƎύ ŎƻƴǘŜȄǘ ƘŜŀǾƛƭȅ ƛƴŦƭǳŜƴŎŜǎ ǘƘŜ ǿŜǘƭŀƴŘΩǎ 

elasticity to lake level extremes. The shallow and relatively protected nature of St. Clair Flats may have 

provided a unique, temporary lakeward refuge for natural hemi-ƳŀǊǎƘ Ƙŀōƛǘŀǘ ōŜǘǿŜŜƴ ǘƘŜ ƭŀǘŜ мффлΩǎ ŀƴŘ 

2013, despite considerable Phragmites australis encroachment on the exposed shoreline. With rising lake 

levels, adaptational movement was later heavily restricted by Phragmites australis ŀƴŘ άƘŀǊŘŜƴŜŘέΣ ŘŜǾŜƭƻǇŜŘ 

shorelines particularly after 2017. Differences in how capable wetlands are of adapting to multi-stressor 

contexts are important to consider when addressing restoration and protection efforts in an increasingly 

unstable climate. Variable wetland adaptability also underscores the need for widespread protection and 

restoration of diverse inland and coastal wetlands in the Great Lakes to buffer and/or prevent periods of 

habitat inundation and invasion.  

Connecting large-scale climate driven variables (lake levels) and local proximate (habitat) variables to nesting 

success provides important insight towards understanding black tern ecology and conservation strategies, 

though there is room for improved understanding. The mechanisms tied with nest success and habitat 

characteristics are still not well understood, and such information has the potential to improve mitigative and 

restorative approaches. We recommend future monitoring to invest in and utilize remote surveillance 

methods (e.g., trail cameras) to understand as the impact of mechanisms including predation and wave action. 

Further, black terns clearly need adequate and stable floating dead plant material or vegetation mounds to 

nest and this should be further investigated. Unfortunately, we were unable to reliably quantify floating mat 

extent with the imagery and methods available.  Addressing how to classify floating vegetation mats using 

novel methodology or other remote-sensing tools, such as Synthetic Aperture Radar (SAR), may drastically 

improve black tern habitat suitability and survivability assessments and is an area of active research.  

Wetland restoration is critical for recovering invaluable ecosystem services and diverse, healthy biological 

populations, including avifauna like the black tern (14). The results of our study illustrate how the dynamic 

effects of climate change (e.g., falling and rising lake levels) generate vastly different habitat scenarios 

depending on local context (e.g., bathymetry, biodiversity), and stressors (e.g., human development, 

disturbance, invasive species). Effective restoration will require tailoring to habitat-specific characteristics (14) 

and forecasting the interaction of stressors in multiple climate scenarios (1). Many species, including the black 

tern, can adapt to spatiotemporal variability in wetland habitat via dispersal (65ς67). However, land cover 

changes, invasive species, and hydrologic extremes appear to be heavily altering natural turnover of suitable 

wetlands which support healthy metapopulations (30). For the black tern, the North American Breeding Bird 

Survey found that the number of abandoned colony locations was greater than new establishments between 

1966-2013 (65). Such long-term assessments indicate that multi-stressor invoked wetland loss is overcoming 

ōƭŀŎƪ ǘŜǊƴǎΩ ŀŘŀǇǘŀǘƛƻƴ ŜŦŦƻǊǘǎΦ wŜŎƻǾŜǊȅ ƻŦ ǿŜǘƭŀƴŘ ōƛƻŘƛǾŜǊǎƛǘȅ ǿƛƭƭ ƭƛƪŜƭȅ ǊŜǉǳƛǊŜ ŀ ƴŜǘǿƻǊƪŜŘ ŀǇǇǊƻŀŎƘΣ ŀƴŘ 

collaboration to protect and restore large, diverse wetland areas. A higher diversity of protected areas may 

generate a buffer where species viability is asynchronous and enough suitable wetlands are readily available. 

The story of Lake St. Clair is a testament to how such local context and/or stressors either 1) prevented habitat 

loss (shallow, protected river delta) or 2) constricted habitat (landward stressors), during different climate 

change regimes. Further, it highlights that even the historically largest reservoirs for biodiversity can face 

collapse during multi-stressor extremes, and we therefore cannot rely on a few major refuges for conservation 

of wetland species like the black tern. Hope for wetland biodiversity including black terns and other marsh 

birds in the Great Lakes depends on future widespread knowledge, protection, and restoration efforts to 

mitigate ongoing climate change, local, and regional stressors threatening their survival. 
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