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ABSTRACT. Waterfowl (ducks, geese, swans) are among the few bird groups showing recent population increases in North America.
By contrast, marsh birds (bitterns, rails, grebes) are declining, despite this group appearing to benefit from many of the same
conservation actions applied for waterfowl. To help understand this dichotomy, we 1) assessed land cover habitat associations for
breeding marsh birds and priority waterfowl in eastern Canada at a broad range of spatial scales, and 2) compared these results
between guilds - using data collected by the Maritimes Marsh Monitoring Program of Birds Canada. As we observed variation both
within and between these groups, managers will do well to take species-specific or life-history-based approaches to wetland
conservation and landscape management. Nonetheless, we offer guild-level generalizations that capture the majority of the effects
on occupancy for the species we analyzed in our study area. We found that occupancy of both groups was higher in protected wetlands
(e.g., in parks, land trusts) and at wetlands influenced by water control structures; however, marsh birds may benefit more than
waterfowl from water level control. Occupancy by both groups increased with increasing amounts of water and wetland in the
surrounding landscape, but this was more pronounced and included a greater variety of wetland types at broader spatial scales for
marsh birds compared to waterfowl. Some marsh birds showed negative associations with urban land use and none had strong
relationships with agriculture, yet occupancy of nearly all waterfowl increased with either urban or agricultural land cover. Actions
that will benefit both groups include conserving large wetland complexes interspersed with, and surrounded by, low and intermediate
amounts of urban and agricultural land use, respectively. A greater understanding of habitat use by wetland bird species helps
construct sustainable working landscapes that benefit both birds and people.

Les associations d'habitats de couverture terrestre des oiseaux de marais nicheurs et de la sauvagine
prioritaire diffèrent dans l'est du Canada
RÉSUMÉ. Les oiseaux aquatiques (canards, oies, cygnes) fait partie des quelques groupes d'oiseaux dont la population a récemment
augmenté en Amérique du Nord. En revanche, les oiseaux des marais (butors, râles, grèbes) sont en déclin, bien que ce groupe semble
bénéficier d’un grand nombre des mêmes mesures de conservation que celles appliquées aux oiseaux aquatiques. Pour mieux
comprendre cette dichotomie, nous avons 1) évalué les associations d'habitats de couverture terrestre pour les oiseaux de marais
nicheurs et les oiseaux aquatiques prioritaires dans l'est du Canada à une large gamme d'échelles spatiales, et 2) comparé ces résultats
entre les guildes - en utilisant les données recueillies par le Programme de surveillance des marais des Maritimes d'Oiseaux Canada.
Comme nous avons observé des variations tant au sein de ces groupes qu'entre eux, les gestionnaires auront intérêt à adopter des
actions de la conservation des marais et de la gestion des paysages qui soient spécifiques aux espèces ou fondées sur le cycle de vie.
Néanmoins, nous offrons des généralisations au niveau de la guilde qui saisissent la majorité des effets sur l'occupation des espèces
que nous avons analysées dans notre zone d'étude. Nous avons constaté que l'occupation des deux groupes était plus élevée dans les
zones humides protégées (p. ex., dans les parcs, les fiducies foncières) et dans les zones humides influencées par des structures de
contrôle de l'eau ; toutefois, les oiseaux des marais pourraient bénéficier davantage que les oiseaux aquatiques du contrôle du niveau
d'eau. L'occupation par les deux groupes augmente avec la quantité d'eau et de zones humides dans le paysage environnant, mais
cette augmentation est plus prononcée et inclut une plus grande variété de types de zones humides à des échelles spatiales plus larges
pour les oiseaux des marais que pour les oiseaux aquatiques. Certains oiseaux des marais ont montré des associations négatives avec
l'utilisation des terres urbaines et aucun n'avait de fortes relations avec l'agriculture, mais l'occupation de presque tous les oiseaux
aquatiques a augmenté avec la couverture des terres urbaines ou agricoles. Les actions qui profiteront aux deux groupes comprennent
la conservation de grands complexes de zones humides entrecoupés et entourés de zones urbaines et agricoles de niveaux faible et
intermédiaire, respectivement. Une meilleure compréhension de l'utilisation de l'habitat par les espèces d'oiseaux des zones humides
permet de construire des paysages de travail durables qui profitent à la fois aux oiseaux et aux personnes.
Key Words: Bird Conservation Region 14; Eastern Habitat Joint Venture; monitoring; occupancy probability; wetland function; wildlife
management
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INTRODUCTION
North American wetland birds have been subject to significant
habitat loss through direct reductions in wetland area and
degradation of wetland quality (Brinson and Malvárez 2002).
While these threats continue in the form of wetland drainage,
water pollution, invasive species, and climate change (Mitsch and
Hernandez 2013), targeted restoration efforts combined with
favorable precipitation and high productivity in key regions have
helped conserve populations of waterfowl (Anderson et al. 2018).
These changes have resulted in an overall improvement in the
status of North American wetland birds (North American Bird
Conservation Initiative 2019, North American Bird Conservation
Initiative Canada 2019); however, veiled within this trend are some
populations of obligate marsh-breeding birds (e.g. grebes, rails,
and bitterns; hereafter "marsh birds") which are in decline or even
at risk of extinction (Tozer 2016).
This discrepancy in conservation outcomes for waterfowl and
marsh birds is at least partly attributed to limited knowledge of
marsh bird ecology and population status (Orr et al. 2020).
Protocols typically used to study bird populations (e.g. the
Breeding Bird Survey; USGS Patuxent Wildlife Research Center
2018, Environment Canada 2019) yield extremely infrequent
detections of many marsh birds due to their elusive behavior, low
numbers, and relatively inaccessible habitat (Conway and Gibbs
2011, Steidl et al. 2012). Due to these challenges, many wetland
conservation entities have historically developed and
implemented strategies focused only on waterfowl or migratory
shorebirds (Williams 2018); however, habitat preferences for these
other groups may not be equivalent to those of marsh birds.
Fortunately, the last two decades have seen the development of
specialized marsh bird monitoring protocols to increase detection
probabilities and statistical power (Conway 2011, Steidl et al.
2012), as well as new analytical approaches accounting for
imperfect detection (e.g. Fiske and Chandler 2011). These
advancements have enabled a sharp increase in research informing
the protection, restoration, and creation of habitat specifically for
marsh birds (EHJV 2017, Saunders et al. 2019, Grand et al. 2020,
Ladin et al. 2020). Notably, diversity in emergent vegetation,
surface water inundation, and water:vegetation interspersion have
been identified as important site characteristics for marsh birds
(Alexander and Hepp 2014, Bradshaw et al. 2020). Landscape
composition can be important to marsh birds at a surprisingly
broad range of spatial scales (up to 6400m; Tozer et al., 2020) and
habitat associations can be region-specific (Roach et al. 2017).
While some studies suggest that habitat associations for marsh
birds likely differ from those of waterfowl (e.g. Valente et al.,
2011), to our knowledge few have explicitly made this comparison
using spatiotemporally matched data from both guilds (Connor
and Gabor 2006, Baschuk et al. 2012). More common are studies
assessing whether wetland conservation actions designed for
waterfowl also benefit other species. Wetlands managed for
waterfowl, particularly at intermediate levels of management
intensity, do have greater marsh bird occupancy than unmanaged
wetlands (Tozer et al. 2018, Bradshaw et al. 2020); however, these
shared benefits are clearly insufficient to stabilize many
populations of marsh birds. Differences in the nuances of site
habitat preferences and/or differing effects of landscape
composition may be important drivers of this discrepancy.

Although Eastern Habitat Joint Venture (EHJV) partners have
been working to protect and restore wetlands and associated
upland habitats in eastern Canada for over 30 years (EHJV 2020),
region-specific habitat requirements for marsh birds and
waterfowl are not well described and the effectiveness of these
conservation actions remain largely unstudied (but see Connor
and Gabor, 2006). This makes it particularly challenging to know
whether provincial requirements for the maintenance of
significant wetlands and "no net loss" of function for all other
wetlands are being met. In addition, many of the Migratory Bird
Joint Ventures responsible for key actions driving waterfowl
conservation under the North American Waterfowl Management
Plan (NAWMP Canada 2013, NAWMP 2018) are currently
expanding their mandates to include the protection of other avian
species (“all-bird conservation”) under the North American Bird
Conservation Initiative (NABCI 2020). Understanding the
habitat requirements of multiple guilds of birds, therefore,
provides important feedback for evaluating the effectiveness of
conservation action.
Using data collected by the Maritimes Marsh Monitoring
Program of Birds Canada (Birds Canada 2020), we investigate
spatiotemporally matched occurrence data for waterfowl and
marsh birds. Our objectives were to 1) assess land cover habitat
associations for breeding marsh birds and priority waterfowl in
eastern Canada at a broad range of spatial scales and 2) compare
results between guilds using occupancy modelling, and an
information theoretic approach to model selection. This study is
timely and highlights differences in habitat associations between
waterfowl and marsh birds, enabling regional EHJV partners to
optimize formerly waterfowl-based site-selection criteria and
management plans for all-bird conservation.

METHODS
The study was conducted from 2015 to 2018 at fresh and saltwater
herbaceous emergent wetlands in New Brunswick, Prince Edward
Island, and Nova Scotia, Canada (Fig. 1). The majority of the
survey sites were in the New Brunswick portion of Bird
Conservation Region 14 (Atlantic Northern Forest), within the
inland Aukpaque and Peticodiac ecodistricts, and along the
coastlines of the Fundy and Kouchibouguac ecodistricts. The
study area was dominated by a variety of coniferous and
deciduous forest types of diverse ages, followed by open and
forested wetlands, and agricultural and developed land uses
(Environment Canada 2013).

Avian surveys
During the initial years of the Maritimes Marsh Monitoring
Program (est. 2012), stratified random sampling was used to
establish the first survey routes, with routes being added over time
based on wetland size, proximity to volunteers, and location of
partner lands (e.g. Ducks Unlimited, Nature Trust of New
Brunswick). Routes are comprised of 1-10, 100 m radius survey
sites located >250 m apart. Optimally, each route is surveyed twice
per year, between 25 May and 15 July, with a minimum of 14 days
between visits; however, the realized distribution of effort was
variable across sites and years (Table 1). Such variation in effort
is accounted for within the occupancy modelling framework (see
below).
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Fig. 1. Distribution of survey sites (n = 338) included in occupancy models for marsh-obligate and
priority waterfowl species in the Maritime Provinces, Canada. Marsh type is assigned to each site
based on the characteristics of the containing survey route. Inland routes are those composed
entirely of freshwater marshes whereas coastal routes contain at least one brackish or salt marsh
site (inland n = 212, coastal n = 126).

Table 1. Number of surveys, sites, and routes with complete
detection metadata included in occupancy models for marshobligate birds and priority waterfowl in the Maritime Provinces,
Canada. Data were pooled for years 2015-2018, resulting in 1-11
surveys per site (mean ± SD, 7 ± 3).
Year

No. Surveys

No. Sites

No. Routes

2015
2016
2017
2018
Total

689
705
513
461
2368

282
263
255
210
338

43
40
40
33
53

All surveys took place in the morning, between 30 min before
sunrise and 10 AM for each route. For each survey, time of day,
air temperature (°C), wind (Beaufort Scale, 0-6), cloud cover
(10ths of the sky), and background noise level (0-4) were recorded.
Surveys were conducted only when there was no precipitation. At
each survey site, observers conducted a 15-minute point count
comprised of three consecutive 5-minute periods: passive
observation, call broadcast, and passive observation. The call
broadcast period was used to increase detection probability of
elusive marsh birds (c.f. Conway, 2011) and consisted of 1-minute
periods (30 seconds of calls, 30 seconds of silence) for each of
five species: Least Bittern (Ixobrychus exilis), Nelson’s Sparrow
(Ammodramus nelsoni), Virginia Rail (Rallus limicola), Sora
(Porzana carolina), and Pied-billed Grebe (Podilymbus podiceps).
Audio or visual detections at any time during the 15-minute point

count were included in our analyses, provided they fell within the
100 m site radius and were not classified as fly-throughs (birds
not interacting with vegetation or water surface within the site).
Black Tern (Chlidonias niger) was the only species for which
observations of flying birds were included in our analyses since
site use and true fly-through behavior were difficult to distinguish.
Marsh type (saline or fresh), the presence of water level control
structures (e.g. dike, variable control structure), and land
protection status were also recorded for each site.
We selected the four-year period with the greatest sampling effort
that was also well-aligned with available landscape data (see
"Land Cover and Climate Covariates") to include in our analyses:
2015-2018. We then subset these data to include only surveys with
complete observation and site metadata, for a total of 2368
surveys at 338 sites, representing 53 routes (Table 1, Fig. 1). Marsh
type was classified as "inland" or "coastal" based on whether the
site’s route was comprised of only freshwater marshes or both
freshwater and saltwater marshes, respectively. This route-level
classification system accounts for both salinity and landscape
context.

Land cover and climate covariates
Land cover data were obtained primarily from the Nature
Conservancy’s Northeast Terrestrial Habitat Map (Ferree and
Anderson 2013, The Nature Conservancy 2015): a highresolution 30 m x 30 m raster dataset with a standardized habitat
classification scheme, updated in 2015. We chose seven relevant
land cover categories to extract for our analyses: marsh, other
wetland, open water, urban/residential/built, agriculture, dry
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forest, and grass/shrub. These categories were defined based on
the "macrogroup" classification level in the dataset or, where
limited data gaps occurred, data were substituted from the
regional land cover dataset compiled for the analysis of the
Second Maritimes Breeding Bird Atlas (Stewart et al. 2015). A
crosswalk of land cover categories from each dataset is provided
in Appendix Table 1.
We used ArcGIS 10.3 (ESRI, Redlands, CA, USA) to generate a
seamless habitat layer. Following the approach of Tozer et al.
(2020), we extracted percent land cover for each category at a
broad range of spatial scales: 200 m, 400 m, 800 m, 1600 m, 3200
m, and 6400 m buffers around each survey site. Regions where
these buffers overlapped ocean environments (defined as open
water beyond state and provincial boundaries) were removed
prior to these calculations. In order to determine which type of
wetland cover most influenced the occurrence of each species, we
used the original categories of marsh, other wetland, and open
water to generate five final wetland cover covariates: Marsh, Other
Wetland, All Wetland (Marsh + Other Wetland), Marsh & Water,
and All Wetland & Water.
Each survey site (100 m radius) was assigned a "Protection" status
based on boundary files obtained for National Parks, Provincial
Parks, Wildlife Management Areas, land trusts, and land
conservation easements, as well as for all parcels managed by
Ducks Unlimited Canada. If the site boundary overlapped at least
one of these parcels, the site was considered influenced by
protection. Protection status was also confirmed using observer
data. Finally, each survey site was assigned a "Water Control"
status using similar methodology. If the site overlapped at least
one Ducks Unlimited Canada parcel influenced by a water level
control structure (e.g. dike, dam, impoundment, fishway, variable
control structure), or observer-recorded site metadata indicated
the presence of such structures, the site was considered to have
water level control.
Historical climate data for each survey site were obtained from
Natural Resources Canada, based on a thin plate smoothing
spline interpolation model for weather station data developed by
McKenney et al. (2013). To represent average conditions at each
site, we used the most recent 5 years of data (2014-2018) to
calculate mean temperature and precipitation values for May,
June, and May-June, as well as mean growing season
characteristics. Growing season covariates were defined based on
temperature rules outlined in MacKey et al. (1996).
Prior to analysis, all continuous covariates were standardized by
z-transformation (mean = 0, SD = 1) to enable direct comparison
of resulting model coefficients (Schielzeth 2010). A complete list
of covariates considered for inclusion in our occupancy models
is provided in Table 2.

Occupancy analyses
Species were selected for analysis based on the Bird Conservation
Region 14 priority species list (ACJV 2020), and by requiring a
minimum naïve site occupancy of 0.14 (number of sites occupied/
number of sites surveyed) to help ensure model convergence and
improve model inference (Tozer et al. 2020). This selection
procedure resulted in five species of marsh birds and five species
of priority waterfowl for modelling (Table 3). All waterfowl
included, except Wood Duck, are also priority species of the

Eastern Habitat Joint Venture (EHJV 2017); however, Wood
Duck is a provincial priority breeding waterfowl in New
Brunswick.
Table 2. Summary of covariates considered for inclusion in the in
the global occupancy model (prior to model selection by AICc)
for marsh-obligate and priority waterfowl species in the Maritime
Provinces of Canada, 2015-2018. Multiple variables could be
selected for detection covariates and site covariates provided they
were not correlated at r ≥ 0.6; however, a single covariate was
selected from each landscape covariate group.
Covariate
Detection Covariates
2
Day of year, day of year
2
Time to sunrise, time to sunrise (min)
2
Temperature, temperature
2
Wind, wind
2
Cloud, cloud
2
Background noise, background noise
Categorical Site Covariates
Marsh Type
Inland (n = 212), Coastal (n = 126)
Water Control
Yes (n = 218), No (n = 120)
Site Protection
Yes (n = 211), No (n = 127)
Continuous Site Covariates
Climate
Growing Season Variables
Start date (day of year)
Length (days)
Precipitation (mm)
Growing degree days (days)
Mean temperature (°C)
Mean Minimum Temperature (°C)
May
June
May-June
Mean Maximum Temperature (°C)
May
June
May-June
Precipitation (mm)
May
June
May-June
Landscape Characteristics
Wetland Cover
Marsh*
Marsh ≤ 200m (%)
Marsh ≤ 400m (%)
Marsh ≤ 800m (%)
Marsh ≤ 1600m (%)
Marsh ≤ 3200m (%)
Marsh ≤ 6400m (%)
†
Non-marsh Wetland
Non-marsh Wetland ≤ 200m (%)
Non-marsh Wetland ≤ 400m (%)
Non-marsh Wetland ≤ 800m (%)
Non-marsh Wetland ≤ 1600m (%)
Non-marsh Wetland ≤ 3200m (%)
Non-marsh Wetland ≤ 6400m (%)
†
All Wetland Types
All Wetlands ≤ 200m (%)
All Wetlands ≤ 400m (%)
All Wetlands ≤ 800m (%)
All Wetlands ≤ 1600m (%)
All Wetlands ≤ 3200m (%)
All Wetlands ≤ 6400m (%)
‡
Marsh & Open Water
Marsh & Water ≤ 200m (%)
Marsh & Water ≤ 400m (%)

Min.

Median

Max.

132
-44
-1
0
0
0

167
66
12
1
4
1

197
339
28
5
10
4

113
197
589
1503
12

116
205
647
1636
13

124
215
716
1735
14

4
8
6

5
9
7

6
10
8

13
19
16

15
21
18

17
23
20

79
97
176

89
107
196

100
121
220

0
0
0
0
1
2

38
27
17
12
8
7

100
100
87
79
51
26

0
0
0
0
0
0

0
0
0
0
1
2

48
58
48
50
39
47

0
0
0
0
2
2

39
29
20
16
11
10

100
100
95
79
51
52

0
0

68
57

100
100

(con'd)
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Marsh & Water ≤ 800m (%)
Marsh & Water ≤ 1600m (%)
Marsh & Water ≤ 3200m (%)
Marsh & Water ≤ 6400m (%)
‡
All Wetlands Types & Open Water
All Wetlands & Water ≤ 200m (%)
All Wetlands & Water ≤ 400m (%)
All Wetlands & Water ≤ 800m (%)
All Wetlands & Water ≤ 1600m (%)
All Wetlands & Water ≤ 3200m (%)
All Wetlands & Water ≤ 6400m (%)
Urban/Built Cover
Urban ≤ 200m (%)
Urban ≤ 400m (%)
Urban ≤ 800m (%)
Urban ≤ 1600m (%)
Urban ≤ 3200m (%)
Urban ≤ 6400m (%)
Agricultural Cover
Agricultural ≤ 200m (%)
Agricultural ≤ 400m (%)
Agricultural ≤ 800m (%)
Agricultural ≤ 1600m (%)
Agricultural ≤ 3200m (%)
Agricultural ≤ 6400m (%)
Dry Forest Cover
Forest ≤ 200m (%)
Forest ≤ 400m (%)
Forest ≤ 800m (%)
Forest ≤ 1600m (%)
Forest ≤ 3200m (%)
Forest ≤ 6400m (%)
Grass & Shrub Cover
Grass & Shrub ≤ 200m (%)
Grass & Shrub ≤ 400m (%)
Grass & Shrub ≤ 800m (%)
Grass & Shrub ≤ 1600m (%)
Grass & Shrub ≤ 3200m (%)
Grass & Shrub ≤ 6400m (%)

0
3
3
3

43
28
17
15

100
94
81
57

0
0
0
3
3
4

71
59
47
34
24
18

100
100
100
94
81
58

0
0
0
0
0
0

0
0
4
6
7
6

62
51
64
73
58
47

0
0
0
0
0
0

0
2
8
11
10
8

99
94
91
75
71
75

0
0
0
0
2
12

2
9
17
28
40
51

100
100
98
96
93
88

0
0
0
0
0
0

0
0
0
0
0
0

96
95
50
19
8
22

* Marsh includes emergent marsh, tidal marsh, wet meadow/shrub marsh
†
Non-marsh Wetland includes swamp, bog, and floodplain
‡
Open Water excludes marine waters beyond official state/provincial boundaries

To identify the land cover and climate characteristics that best
explain the occurrence of species at marsh sites, we used singleseason site occupancy models (function "occu", package
"unmarked"; MacKenzie et al. 2002, Fiske & Chandler 2011)
within R Environment version 3.6.1 (R Core Team 2019). These
models consist of two hierarchical logistic regressions - the
"detection process" describing true site occupancy as a function
of covariates affecting detectability and the "state process"
describing observed occupancy during each survey, conditional
on true occupancy, as a function of covariates describing site
characteristics. Together these processes describe the probability
of occurrence, or occupancy, while accounting for uncertainty
in detection.
In order to increase survey sample size and enable more robust
analyses, we assumed occupancy to be constant over a four-year
period (2015-2018) rather than a single season, resulting in 1-11
surveys per site. The response variable was the presence or
absence of ≥1 individual of the species in question on each of
these surveys. Single-season site occupancy models can be used
across multiple years (e.g., Glisson et al., 2017; Tozer et al., 2020),
although we recognize that such a broad closure assumption is
imperfect (Rota et al. 2009), and that it may differ between
waterfowl and marsh birds in ways that are unclear, potentially
influencing our results in unknown ways. Given that movement
between sites is possible (Connor and Gabor 2006, McClure and
Hill 2012), the most appropriate interpretation of model results
is the probability that sites were ever used during the 4-year

period, which is in keeping with our goal to identify and compare
the habitat characteristics which most influence site use by our
species.
Following an information theoretic approach, we selected
covariates to include in the detection and state processes of a
comprehensive global model for each species and then selected
the single best overall model (best combination of global model
variables) for each species using Akaike’s Information Criterion
for small sample sizes (AICc; Burnham & Anderson 2002).
Covariate selection proceeded first for the detection process and
then for the state process while holding the best detection process
constant. To reduce the number of variables included in global
models, potential covariates were binned into closely related
groups (e.g. different buffer distances of the same land cover type;
Table 2) and the most influential univariate predictors were
identified from each group using the function "aictab" from the
package "AICcmodavg" (Mazerolle 2019). A null model was run
within each group and if this model had ∆AICc ≤ 2, then no
influential univariate predictors were identified. In addition,
univariate predictors were not included in global models if their
85% confidence intervals overlapped zero (Arnold 2010). While
the single best covariate (or no covariate) was selected from each
land cover group (Wetland, Agricultural, Urban & Built, Dry
Forest, Grass & Shrub), selection of multiple covariates with
∆AICc ≤ 2 was permitted from within the detection and site-level
groups. Finally, correlations between all selected covariates were
examined, and if |r| ≥ 0.6, then only the most ecologically relevant
covariate was retained in the global model (r assessed using
Pearson or Spearman correlation for continuous pairs, corrected
Cramer's V for continuous:categorical pairs, and ANOVA for
categorical pairs). Ecologically relevant covariates were those we
hypothesized were most likely to influence the occupancy of the
species based on our own knowledge and the literature. When
ecological relevance was not clear to us, we instead retained the
covariate that explained the most variance.
The best overall model for each process was identified by
comparing AICc for all possible combinations of global model
covariates using the "dredge" function in package "MuMIn"
(Bartón 2020), with the added criterion that 85% confidence
intervals for all covariates not overlap zero (Arnold 2010). Model
fits were assessed using the MacKenzie and Bailey (2004)
goodness-of-fit bootstrap test in package "AICcmodavg".

RESULTS
The Maritimes Marsh Monitoring Program produced sufficient
metadata for occupancy modelling at 338 sites (22,368 visits, 53
routes) between 2015 and 2018. Of all target marsh bird species,
Sora occupied the highest proportion of sites based on naive
occupancy (42%), followed by American Bittern, Pied-billed
Grebe, Virginia Rail (all ~25%), and Black Tern (14%; Fig. 2).
Waterfowl occupied between 37% and 22% of sites (Canada
Goose and Wood Duck, respectively). We present results from
both the global model stage (univariate selection within covariate
groups, screened for acceptable confidence intervals and
correlation) and from the best overall model stage (multivariate
selection across covariate groups, based on the global model).
This approach enables us to compare habitat associations among
species within each covariate group even if those covariates were
not retained in the single best predictive model for some species.
Since assessing detection probability was not a goal of this study,
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Table 3. Species of marsh-obligate birds and priority waterfowl selected for occupancy modelling and comparison of habitat associations.
Naïve occupancy is shown for each year of data collection but analyzed cumulatively. Number of sites surveyed: 2015 n = 282, 2016
n = 263, 2017 n = 255, 2018 n = 210.
Naïve Occupancy
Species
Marsh Birds
Sora
American Bittern
Pied-billed Grebe
Virginia Rail
Black Tern
Waterfowl
Canada Goose
American Black Duck
Mallard
Ring-necked Duck
Wood Duck

Scientific Name

2015

2016

2017

2018

Porzana carolina
Botaurus lentiginosus
Podilymbus podiceps
Rallus limicola
Chlidonias niger

0.18
0.12
0.09
0.11
0.10

0.34
0.21
0.19
0.13
0.12

0.31
0.10
0.15
0.14
0.04

0.20
0.07
0.09
0.10
0.05

Branta canadensis
Anas rubripes
Anas platyrhynchos
Aythya collaris
Aix sponsa

0.20
0.13
0.17
0.10
0.06

0.30
0.15
0.18
0.15
0.13

0.22
0.09
0.15
0.12
0.09

0.08
0.17
0.17
0.10
0.15

Fig. 2. Naïve occupancy of marsh-obligate and priority
waterfowl species surveyed in the Maritime Provinces, Canada,
showing the effect of binning observations from 2015 to 2018.
A total of 2368 surveys were made at 338 sites. Plot
annotations indicate the number of sites (n) where each species
was recorded during the study period. Only species with naïve
occupancy ≥14% were considered to maximize model fit and
improve comparability.

for three marsh bird species and three waterfowl species (Fig. 4).
This improvement was substantial in all cases, with only wetland
covariates including open water having ∆AICc < 2. The best
univariate wetland cover predictors for marsh birds were highly
variable across species, with all four wetland definitions
represented: Marsh, All Wetlands, Marsh and Water, All
Wetlands and Water (Fig. 4). While All Wetland and Water was
the most common predictor retained for waterfowl, the
relationship was negative for American Black Duck and no
wetland covariate was retained for Canada Goose (covariate
dropped due to correlation with the urban and built covariate,
which explained more variation), making it unclear whether
general preferences in wetland type exist across this guild (Fig.
4).
Differences in the importance of wetland cover for marsh birds
and waterfowl were also apparent at the final model selection stage
(Table 4, Fig. 5). Positive effects of wetland cover were included
in the best supported occupancy model for 3/5 marsh bird species
(all but Pied-billed Grebe and American Bittern), but for only 1/5
waterfowl species (Wood Duck). Effect sizes were also larger for
the marsh bird species than for the Wood Duck (Table 4).

Urban cover

results for this subprocess are not discussed (but see Appendix
Table 2). Final model coefficients are presented in Table 4, and
model fit in Table 5.

Wetland cover
Wetland cover was important to marsh birds at a much broader
range of spatial scales than for waterfowl (Fig. 3). The best
supported spatial scale for positive effects of wetland cover
occurred within only 400 m of the survey site for waterfowl, while
for four of the five marsh bird species these effects were strongest
within 800 - 6400 m.
Including larger bodies of open water in the calculation of
wetland cover improved the explanatory power of this covariate

Urban and built land cover had positive effects on many waterfowl
species but had either negative effects or no effect on marsh birds.
As a univariate predictor, urban and built land cover in the
surrounding landscape had negative effects on 2/5 marsh birds
(Black Tern, American Bittern), and little to no effect for Piedbilled Grebe (∆AICc < 2 for null model, but ∆AICc = 0 for Urban
within 6400 m) and Virginia Rail (∆AICc < 2 for null model, but
∆AICc = 0 for Urban within 200 m), and no effect on Sora. For
waterfowl, positive effects of urban land cover were observed for
the most common 3/5 waterfowl species and negative effects were
observed for the less common 2/5 species (Fig. 3). Urban land
cover effects occurred at much broader spatial scales for waterfowl
than for marsh birds, with positive effects ranging from 1600-6400
m for waterfowl and negative effects occurring within just 200-800
m for marsh birds. Negative effects also occurred at broad spatial
scales for waterfowl, from 800-6400 m. At the final model stage,
negative effects of urban land cover were retained for American
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Fig. 3. Best-supported covariate (buffer distance) by AICc from each land cover group included at the global model stage of
occupancy model selection, shown for marsh-obligate and priority waterfowl species surveyed in the Maritime Provinces, Canada.
Spatial scales considered included 200 m, 400 m, 800 m, 1600 m, 3200 m, and 6400 m buffers surrounding each survey site. Bars
indicate the buffer distance with ∆AICc = 0, error bars indicate the range of buffer distances with ∆AICc ≤ 2, and color indicates the
sign of the coefficient. Data were obtained during 2368 surveys at 338 sites, 2015-2018.

Fig. 4. Best-supported wetland cover covariate (wetland type
and buffer distance) by AICc, shown for marsh-obligate and
priority waterfowl species surveyed in the Maritime Provinces,
Canada. Spatial scales considered included 200 m, 400 m, 800
m, 1600 m, 3200 m, and 6400 m buffers surrounding each
survey site. Plot annotations indicate whether the sign of the
coefficient was positive (+) or negative (-). Data were obtained
during 2368 surveys at 338 sites, 2015-2018.

Fig. 5. Probability of occupancy as a function of percent
wetland cover for marsh-obligate and priority waterfowl species
at sample sites in the Maritime Provinces, Canada. For each
species, the wetland type and spatial scale indicated were the
best supported by AICc. Only species for which a given
covariate was retained in the final occupancy model are shown.
Additional covariates present in each final model were held
constant to generate these predictive plots, using the mean
value for continuous covariates and ‘Inland’, ‘Water control’,
and ‘Protected’ for categorical covariates. Note that x-axis
scales differ among covariates. Shading indicates 95%
confidence intervals.

Bittern and positive effects were retained for Canada Goose,
American Black Duck, and Mallard (Table 4; Fig. 6).

Agriculture, grass, and shrub cover
Agricultural land cover had more positive effects on occupancy
by waterfowl than marsh birds. As a univariate predictor,

agricultural land cover helped explain variation in site occupancy
by two marsh birds, negatively influencing occupancy by Black
Tern, and positively influencing occupancy for Pied-billed Grebe
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Table 4. Parameter estimates (logit scale, with 85% confidence intervals) for covariates in the best supported model explaining occupancy
for ten marsh-obligate and priority waterfowl species, as observed at 338 study sites in the Maritime Provinces of Canada, 2015-2018.
Species with poor model fit are indicated by †.
Parameters
Site Characteristics
Marsh Type
Marsh Type
(fresh)
Water Control Structure
Water Control
(yes)
Protection
Protected
(yes)
Climate
May mean minimum temp

Sora

Pied-billed
†
Grebe

0.59
(0.03, 1.14)

1.12
(0.41, 1.84)

1.89
(1.14, 2.63)
1.04
(0.43, 1.65)

American
Bittern

†

Black Tern

Canada
Goose

American
Black Duck

1.53
(0.90, 2.15)
0.81
(0.19, 1.44)

3.30
(2.14, 4.46)

Virginia Rail

Mallard

Ring-necked
Duck

1.87
(1.19, 2.55)

2.31
(1.40, 3.22)

0.70
(0.02, 1.39)

1.57
(0.90, 2.24)

2.44
(1.36, 3.52)
2.10
(1.19, 3.01)

0.96
(0.32, 1.60)

0.89
(0.22, 1.56)

4.20
(2.98, 5.43)

0.99
(0.70, 1.28)

1.00
(0.65, 1.34)

June mean precip

1.07
(0.75, 1.39)

-0.70
(-1.07, -0.33)
0.52
(0.21, 0.82)

0.48
(0.18, 0.78)

Growing degree days

0.37
(0.01, 0.74)

1.56
(1.00, 2.12)

Start of growing season

-0.58
(-0.95, -0.20)

0.65
(0.25, 1.05)

Wetland & Water <400 m

0.37
(0.05, 0.70)

Wetland & Water <800 m

0.58
(0.34, 0.83)

Urban/Built Cover
Built <800 m

1.93
(1.35, 2.51)

-0.71
(-1.06, -0.37)

Built <1600 m

0.70
(0.20, 1.19)

Built <6400 m

0.76
(0.33, 1.19)

0.48
(0.20, 0.75)

Agricultural Cover
Agricultural <1600 m

1.00
(0.62, 1.39)

Grass & Shrub Cover
Grass Shrub <6400 m

0.76
(0.27, 1.24)

0.26
(0.01, 0.51)

0.87
(0.14, 1.59)

0.28
(0.05, 0.51)

Dry Forest
Dry forest <800m
Dry forest <1600m
Intercepts
Detection
Occupancy

1.10
(0.21, 1.99)

0.59
(0.24, 0.93)

June mean maximum temp

Landscape Characteristics
Wetland Cover
Marsh & Water <6400 m

Wood Duck

-0.63
(-0.92, -0.35)
-0.35
(-0.59, -0.12)
-1.15
(-1.33, -0.97)
-2.46
(-3.09, -1.82)

-1.88
(-2.14, -1.61)
-4.27
(-5.36, -3.17)

-1.54
(-1.71, -1.36)
-2.55
(-3.20, -1.90)

-1.20
(-1.39, -1.01)
-2.43
(-3.03, -1.83)

(Fig. 3). In contrast, occupancy by 3/5 waterfowl species was
positively related to agricultural cover (Mallard, Ring-necked
Duck, Canada Goose). At the final model stage, agricultural land
cover was only retained for Ring-necked Duck (Table 4).
As a univariate predictor, grass and shrub land cover helped
explain occupancy by 3/5 species of marsh bird (Pied-billed
Grebe, American Bittern, Black Tern) and 2/5 species of
waterfowl (Ring-necked Duck, Canada Goose; Fig. 3). There was
no clear pattern by guild, with all effects being positive at the 6400
m spatial scale except for Black Tern, which showed a negative
effect within 800 m. Species with positive effects of grass and
shrub cover at the univariate stage all retained this variable at the
final model stage (Table 4). Ring-necked Duck had larger effect
sizes for agricultural cover than for grass and shrub cover, while
Canada Goose and Pied-billed Grebe showed the largest effect
sizes for grass and shrub cover.

-0.91
(-1.10, -0.72)
-4.76
(-5.84, -3.67)

-1.93
(-2.10, -1.76)
-0.44
(-0.98, 0.10)

-2.14
(-2.34, -1.94)
0.46
(-0.01, 0.94)

-1.08
(-1.21, -0.96)
-2.61
(-3.18, -2.04)

-1.57
(-1.74, -1.39)
-4.53
(-5.70, -3.36)

-1.36
(-1.60, -1.12)
-5.43
(-6.72, -4.13)

Dry forest cover
As a univariate predictor, dry forest cover was a negative predictor
of occupancy for Sora and Mallard, and a positive predictor of
occupancy for Ring-necked Duck (Fig. 3). Only the negative
relationships were retained at the final model stage (Table 4).
There was no clear difference between guilds.

Marsh type
As a univariate predictor, marsh type was important for all species
except American Black Duck and Black Tern, for which the
univariate 85% CIs overlapped zero (Table 6). Most species were
more likely to occur at inland, freshwater marsh sites than at
coastal marsh sites, except for Canada Goose. Marsh type was
retained in the best occupancy models of three marsh birds (Sora,
Pied-billed Grebe, Virginia Rail) and two waterfowl (Mallard,
Wood Duck; Table 4). In general, the positive association with
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Table 5. Final occupancy model assessment for marsh-obligate and priority waterfowl species, as observed at 338 study sites in the
Maritime Provinces of Canada, 2015-2018. Model fit was examined using MacKenzie and Bailey goodness-of-fit test with 1000
bootstrap samples. There is no reason to consider poor model fit if p-value is close to 0.1 (at least > 0.05). Estimated c-hat close to 1
indicates no overdispersion. The final model selected for each species was that with lowest ∆AICc for which all covariates had 85%
confidence intervals (CIs) not overlapping zero. Species with naive occupancy < 15% indicated by †.
Species
Sora
Pied-billed Grebe
American Bittern
Virginia Rail
†
Black Tern
Canada Goose
American Black Duck
Mallard
Ring-necked Duck
Wood Duck

χ Statistic

p-value

Estimated c-hat

Fit Assessment

No. Top Models
(∆AICc < 2)

No. Top Models with
Acceptable CIs

7557.03
33463.33
5215.06
2463.53
27573.93
4727.98
1988.43
7782.84
5829.09
2224.23

0.11
0.01
0.07
0.43
0.00
0.09
0.37
0.07
0.06
0.21

1.82
10.92
1.68
0.50
11.58
0.85
0.40
1.89
1.86
0.59

acceptable
poor
acceptable
acceptable
poor
acceptable
acceptable
acceptable
acceptable
acceptable

3
3
6
3
2
5
5
6
12
5

3
1
3
2
0
2
2
2
3
4

2

Fig. 6. Probability of occupancy as a function of percent urban
and built land cover for marsh-obligate and priority waterfowl
species at sample sites in the Maritime Provinces, Canada. For
each species, the spatial scale indicated was the best supported
scale by AICc. Only species for which a given covariate was
retained in the final occupancy model are shown. Additional
covariates present in each final model were held constant to
generate these predictive plots, using the mean value for
continuous covariates and ‘Inland’, ‘Water control’, and
‘Protected’ for categorical covariates. Note that x-axis scales
differ among covariates. Shading indicates 95% confidence
intervals.

Table 6. Categorical site covariates where univariate 85%
confidence intervals did not overlap zero and were included in the
global model as predictors of marsh birds or priority waterfowl
species in the Maritime Provinces, Canada.

Sora
Pied-billed Grebe
American Bittern
Virginia Rail
Black Tern
Canada Goose
American Black Duck
Mallard
Ring-necked Duck
Wood Duck

Marsh Type

Water Control

Protection

x
x
x
x

x

x

x

x
x
x
x
x
x

x
x
x

x

x
x

x

x
x
x

Fig. 7. Probability of occupancy as a function of wetland
water-level modification for marsh-obligate and priority
waterfowl species at sample sites in the Maritime Provinces,
Canada. Only species for which water-level control was retained
in the final occupancy model are shown. Additional covariates
present in each final model were held constant to generate these
predictive plots, using the mean value for continuous covariates
and ‘Inland’ and ‘Protected’ for categorical covariates. Error
bars indicate 95% confidence intervals.
inland, freshwater marshes was strong (effect size > 1, except
Sora), with no clear difference between species groups.

Water level control
Water level control was beneficial for both marsh birds and
waterfowl but may be more important for marsh birds. As a
univariate predictor, water-level control was important for 3/5
species from each guild, with the univariate 85% CI overlapping
zero for Pied-billed Grebe, Black Tern, American Black Duck,
and Ring-necked Duck (Table 6). However, at the final model
stage the presence of a water control structure was retained for
all three marsh birds, but only for Wood Duck from the waterfowl
group (Table 4; Fig. 7). Water control was particularly important
(effect sizes > 1) for Sora and Wood Duck.
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Protection
Site protection status was beneficial for both marsh birds and
waterfowl. As a univariate predictor, site protection was
important for all species except American Black Duck, where the
univariate 85% CI overlapped zero (Table 6). All other species
were more likely to occur at sites overlapping protected areas than
at unprotected sites. Site protection was retained in the best overall
model for 4/5 species in each guild with large effect sizes (Table
4). Effect sizes for marsh birds were slightly larger on average. Site
protection was especially important for Pied-billed Grebe and
Ring-necked Duck.

DISCUSSION
Waterfowl are one of the few avian guilds showing population
increases over the past few decades, a fact rightfully attributed, at
least in part, to international wetland conservation efforts and
good waterfowl and hunting management (NAWCA - North
American Wetlands Conservation Act, NAWMP, Joint Ventures).
Favorable precipitation in key regions since the 1990s, particularly
in the Prairies, has also helped boost productivity, and in turn,
populations of many waterfowl species (US Fish & Wildlife
Service 2020). By contrast, population trends and range for many
marsh birds are declining (Correll et al. 2016, Tozer 2016, Stevens
and Conway 2020, McGowan et al. 2020), prompting the question
of why wetland conservation efforts have not had an equally
positive impact on all wetland-dependent birds. The answer likely
lies in differences in key habitat associations between these guilds.
Using detections of marsh-obligate birds and priority waterfowl
sampled concurrently in a suite of wetlands in eastern Canada,
we found that differences in land cover preferences at a broad
range of spatial scales may be important factors contributing to
these inconsistent conservation outcomes.
We found that protected wetlands and those with water-level
control structures were more likely to be occupied by the species
in our study. While wetland protection seemed to benefit marsh
birds and waterfowl equally, water-level control was more strongly
associated with increased occupancy by marsh birds. This is likely
because hydrologic stability is important to marsh birds during
the breeding season, leading to increased structural complexity
in emergent vegetation and water depths (Bradshaw et al. 2020).
Extreme fluctuations in wetland water levels during the breeding
season occur in the St. John River floodplains of New Brunswick,
and there is evidence impoundments may be particularly
beneficial to marsh birds in this region (Connor and Gabor 2006).
Although water-level control structures generally had weaker
effects on the occupancy of priority waterfowl, there may be
stronger effects within this guild at other times of year (staging,
wintering).
One of the most notable differences we observed in the habitat
associations of the marsh birds and waterfowl we analyzed was
that the marsh birds were influenced by wetland cover at a much
broader range of spatial scales, and a larger average spatial scale,
than the waterfowl. Positive associations between marsh birds and
wetland cover occurred within 800 to 6400 m while those for
waterfowl occurred within 400 m. Our results are similar to those
for marsh birds in the Great Lakes region, where some marsh
birds were also associated with wetland cover at broad scales (e.
g., Saunders et al. 2019, Tozer et al. 2020). In comparing types of

wetland cover (marsh, marsh and water, all wetland types, all
wetlands and water), we found that all wetlands and water was
the best supported covariate for a majority of the waterfowl, while
the best supported covariates for marsh birds included all four
types. Along with variable spatial scale results, this suggests the
marsh bird species we analyzed have specialized wetland cover
preferences within the landscape that cannot readily be
generalized at the guild level. At the final model selection stage,
a positive effect of wetland cover was only retained for one species
of waterfowl compared to three of the five marsh birds, suggesting
that wetland cover in the landscape may be more important for
marsh birds than for waterfowl. This means that in order to
determine or maintain highly preferred sites for the marsh birds
that we analyzed, managers should consider wetland composition
much farther into the surrounding landscape than previously
thought (e.g., up to 6400 m; see also Tozer et al. 2020). The
mechanism(s) behind these patterns remain unclear and would
be a productive area for further research.
The marsh birds and waterfowl in our study also differed in their
response to human development in the landscape. Very generally
speaking, waterfowl were more likely to benefit from agricultural
and urban-built land cover, while marsh birds were less tolerant
of these land cover types. While probability of occupancy for
marsh birds was unrelated or negatively related to increasing
urban and built land cover across a broad range of spatial scales,
occupancy by three of the five waterfowl species was positively
related to this same factor. Only one species, the American Bittern,
retained a negative relationship with urban and built land cover
at the final model stage, with occupancy gradually decreasing as
urban land cover increased within 800 m. Other studies have
documented similar detrimental effects of local-scale urban land
cover, with marsh birds preferring sites with more rural than
urban cover within 1000 m (Smith and Chow-Fraser 2010), and
marsh bird community integrity exhibiting a negative threshold
response to urban cover within 500 m and 1000 m (at 14% and
25% cover respectively, DeLuca et al., 2004). In contrast, only
positive effects of urban land cover at broad spatial scales (1600
m - 6400 m) were retained in the final models for waterfowl,
including those for American Black Duck, Mallard, and Canada
Goose. Occupancy by these species increased with urban and
residential development up to the maximum percent cover present
in our study region (~70% for 1600 m, ~50% for 6400 m). A
positive association between road density and the occurrence of
American Black Duck and Mallard has been found previously in
our study area (Lieske et al. 2012, 2018), providing further support
that differences in habitat preferences exist between the two guilds.
It is likely that road density and urban/suburban land cover are
correlated with other landscape features favored during nesting,
such as soil productivity and associated wetland productivity.
While Canada Geese are known to have a high level of overlap
with human habitation resulting in human-wildlife conflict
(Smith et al. 1999, Fox 2019), some studies have found that
developed land cover was not a significant predictor of occupancy
or abundance in this species (North Carolina, Southern Ontario;
McAlister et al., 2017; Messmer et al., 2015), with the presence
of open water and pasture being the best predictors. Nevertheless,
in the Maritime Provinces, Canada Geese showed a strong
association with urban and built land cover, possibly reflecting
lower development density and agricultural land cover in our
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region which could lead to more attractive urban forage
opportunities.
We observed a similar contrast in the effects of agricultural
development where occupancy by marsh birds was either
positively (Pied-billed Grebe, 1600 m), negatively (Black Tern,
200 m) or unrelated to agricultural cover, whereas occupancy of
three of five waterfowl species were all positively influenced by
increasing agricultural cover at broad spatial scales (maximum
cover ~80% for 1600 m, ~70% for 3200 m). Agricultural cover was
not retained in the final models for marsh birds but was retained
for Ring-necked Duck. A positive association between breeding
waterfowl abundance and increasing agricultural land cover up
to about 50% of the surrounding landscape has been observed
previously for dabbling ducks in the Maritime Provinces, after
which numbers decline (Lieske et al. 2012, 2018). These species
probably benefit by nesting in the vegetation available on low
intensity farms in the region, but once farming becomes more
intensive the costs for species begin to outweigh the benefits
(Lieske et al. 2018). Across Canada, landscape characteristics
(patch density, edge density) of cropland were positively
associated with Mallard and Canada Goose breeding pair
abundance (Adde et al. 2020). Along with our results for urban
land cover, these findings further suggest differences in habitat
use between marsh birds and waterfowl which, in turn, may be
contributing to differences in conservation status for the two
guilds.
There are likely important covariates that predict site occupancy
by these ten species which were not accounted for in our study,
and which may reveal further differences in habitat preferences
among guilds. Our understanding could be improved by
incorporating data on-site hydrology, land cover configuration (e.
g. patch density, edge density, water-vegetation interspersion),
and 100 m "site cover" by various species of plants. The absence
of such covariates may have been a driver of poor model fit for
Pied-billed Grebe and Black Tern in this study; however, poor fit
is not uncommon for marsh bird occupancy models and covariate
selection for these species is likely informative - though unsuitable
for predictive mapping.
While differences in habitat associations by guild were evident in
this study, variability within guilds was also notable for the
majority of land cover types considered. These differences
occurred primarily in the scale of wetland cover effects, the type
of wetland cover, and the nature of urban and agricultural cover
effects, as well as differences in explanatory power (variable
retention in final models). Such within-guild variation suggests
that a species-specific, or at minimum life-history-based,
approach to wetland conservation and landscape management is
best - particularly for marsh birds - rather than applying
generalized strategies. Nonetheless, to aid conservation and
management, we make generalizations that capture the majority
of the effects on occupancy for the marsh bird and waterfowl
species we analyzed. We caution that these generalizations may
not extend well beyond our study area or beyond the species we
analyzed; however, given the prevalence of low marsh bird
occupancy (low numbers of species suitable for robust modelling)
and support for our findings in the literature, we feel such
generalizations will be valuable.
For instance, we suggest that new protected areas intended for
waterfowl can be selected in a way that includes added value for

marsh birds. For the species strongly impacted by wetland cover
(most marsh birds and Wood Duck, for which wetland covariates
were retained in the final model), the "All Wetlands and Water"
covariate type was among the best univariate predictors in the
wetland group (∆AICc < 2). This suggests all wetlands and water
would perform nearly as well in many final models where a
different wetland covariate was ultimately retained. Considering
also the differing spatial scale of effects, managers may be able to
optimize site selection by maximizing percent cover by all
wetlands and open water at both the local scale and the landscape
scale (400 - 6400 m), prioritizing sites with high wetland and water
cover located within large wetland complexes. Similarly, we
recommend selecting sites with minimal urbanization within 800
m, the largest spatial scale within which marsh birds showed
negative effects of such land cover. Waterfowl occupancy was
promoted by urban-built cover well beyond 800 m, making these
opposing habitat preferences potentially compatible. Finally, at
current levels in the region, agricultural cover did not strongly
affect the occurrence of marsh birds (only potential negative effect
within 200 m for Black Tern, covariate absent from all final models
for this guild), thus landscape-scale benefits of agricultural cover
to Ring-necked Duck, and potentially Canada Goose and
Mallard, currently don’t conflict with the habitat needs of marsh
birds. However, we caution that if agricultural cover increases
beyond current intermediate amounts, then these benefits will
likely disappear due to wetland loss and other influences.
Our results are relevant to the selection of new wetland
conservation sites, landscape management surrounding existing
conservation sites, and the identification of wetlands where
management actions for marsh birds would be most beneficial
based on landscape context. We also provide support from eastern
Canada that land cover habitat associations for marsh birds (and
waterfowl) can depend on landscape composition as far as 6400
m from the site of interest. Future analyses should focus on the
effects of site characteristics (hydrology, habitat complexity, food
availability) to more fully understand the potential differences in
habitat requirements of marsh birds and waterfowl. Where
possible, future work should consider wetland size and isolation,
as well as site cover and configuration. Finally, there is an
opportunity to work with conservation partners to experimentally
compare the effects of different management techniques on marsh
birds and waterfowl. By increasing our understanding of habitat
use within and between these two groups of species, we should be
able to better construct sustainable working landscapes that
benefit both birds and people.
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Appendix 1. Supplementary tables.

Appendix Table 1. Crosswalk of land cover definitions used in this study, indicating the Nature Conservancy’s
Northeast Terrestrial Habitat Map macrogroups informing each analysis category, as well as the Maritime
Breeding Bird Atlas landcover dataset definitions used where limited data gaps occurred in the Nature
Conservancy dataset.
Maritime Breeding Bird Atlas
Land Cover Category
Nature Conservancy Macrogroup
Landcover Dataset
Marsh
Emergent Marsh
Open Wetlands
Wet Meadow / Shrub Marsh
Tidal Marsh
Other Wetland

Cold-temperate Wet Forest
Northern Swamp
Boreal Forested Peatland
Northern Peatland
Large River Floodplain

Shrubby Wetlands

Open Water

Water

Open Water

Dry Forest

Boreal Upland Forest
Central Oak-Pine
Cold-temperate Upland Forest
Northern Hardwood _Conifer
Plantation and Ruderal Forest

Mature Coniferous
Mature Deciduous
Mature Pine

Agricultural

Agricultural

NA

Urban/Built

Urban / Suburban Built

Gravel Pits

Grass/Shrub

Coastal Grassland / Shrubland
Ruderal Shrubland / Grassland

Upland Open Country

Young Forest

Appendix Table 2. Parameter estimates (logit scale, with 85% confidence intervals) for covariates in the best supported model explaining detection for ten marsh-obligate and priority waterfowl species,
as observed at 388 study sites in the Maritime Provinces of Canada, 2015-2018.
Parameters
Detection Covariates
Day of year
Day of year2
Minutes from sunrise
Minutes from sunrise2
Temp2
Cloud
Cloud2

Sora

Pied-billed Grebe

American Bittern

Virginia Rail

Black Tern

Canada Goose

-0.55 (-0.69, -0.42)

0.20 (0.07, 0.33)

0.63 (0.46, 0.80)

-1.24 (-1.38, -1.10)

American Black
Duck

Mallard

Ring-necked Duck

Wood Duck

-0.45 (-0.59, -0.31)
-0.36 (-0.53, -0.20)
0.28 (0.14, 0.41)

-0.19 (-0.32, -0.05)
0.10 (0.04, 0.15)
0.16 (0.03, 0.30)
0.30 (0.16, 0.44)

0.45 (0.25, 0.64)

