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Summary

Knowledge of species-specific spatial ecology is critical for applying appropriate management
strategies to maximise conservation outcomes. We used radio-telemetry to describe spatial behav-
iour of the critically endangered, island-endemic Mariana Crow Corous kubaryi. To determine
whether management strategies should reflect life stage, we measured the home ranges and daily
movements of 22 Mariana Crows. Fledgling mobility was low during the first 31 days post-fledging
and effects of age (fledgling or sub-adult) and time (months post-fledging or post-dispersal) were
often driven entirely by this period. After controlling for reduced fledgling mobility, cumulative
home range size increased over time for both age classes and was, on average, more than twice the
area for sub-adults than fledglings. Sub-adults also tended to make longer daily movements than
fledglings. Non-cumulative, monthly home range areas did not increase over time but the average
overlap in home range area between consecutive months was only 63 %, suggesting large shifts
in space use each month. These results highlight the dynamic nature of Mariana Crow home
ranges and suggest that large-scale management efforts are critical for protecting both breeding
and non-breeding individuals. The application of the traditional home range concept to Mariana
Crows and other wide-ranging passerine birds may result in sub-optimal management strategies.
Instead, we recommend that the spatial and temporal scale of conservation efforts be informed by
species-specific spatial behaviour across all relevant life stages.

Introduction

Designating effective management areas for threatened species requires knowledge of the factors
influencing animals’ spatial ecology (e.g. Chalfoun and Martin 2007, Xu et al. 2009, Gerber et al.
2012). Animals that routinely move outside managed areas may be at higher risk than animals
whose space use is contained within a protected area (Sutherland 1998, Woodroffe and Ginsberg
1998, Afonso et al. 2011). While the size of management areas is limited by financial and logistical
concerns, wildlife managers should balance feasibility with knowledge of species-specific spatial
ecology to implement conservation programmes at an optimal spatial scale.

Although measurement of home range area is important for understanding species’ habitat
needs, the home range concept has suffered recent criticism due to the assumption that space use is
static (Borger et al. 2008, Powell and Mitchell 2012). For this reason, some authors question the use
of the home range asymptote as a neutral model for home range analysis (Gautestad and Mysterud
1995) and instead predict more dynamic space use resulting from the complex interplay between
individual characteristics and environmental conditions (Wang and Grimm 2007, Tao et al. 2016).
While the restriction of activities to a home range can facilitate the exploitation of resources, such as
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food and nesting areas, nomadic movement patterns may be advantageous when resources are wide-
spread or highly unpredictable (Borger et al. 2008). For many species, this may result in variable
space use among life stages and across the annual cycle as the costs and benefits of maintaining a
home range shift. Relationships between spatial behaviour and habitat variables, breeding status,
conspecific density, age, sex, and social status (Sanderson 1966, Maher and Lott 2000, McLoughlin
and Ferguson 2000, Jetz et al. 2004, Kjellander et al. 2004, Mitchell and Powell 2004, Lopez-Bao
et al. 2014) highlight the complexity of intraspecific variation in home range and movements.

Careful examination of intraspecific variation in space use over time is lacking for many endan-
gered species (Rechetelo et al. 2016). Understanding how spatial behaviour reflects life history is
imperative, especially for animals that face high mortality at specific life stages, such as the post-
fledging period of altricial birds (Cox et al. 2014, Naef-Daenzer and Griiebler 2016). Following
natal dispersal, space use becomes more extensive and less predictable for many avian species
(Mitchell et al. 2010, Penteriani et al. 2011, Small et al. 2015). In some cases, this coincides with
increased mortality risk (Davies and Restani 2006, Weins et al. 2006, Sim et al. 2013), suggesting
that managers should account for the habitat needs and vulnerabilities of dispersing sub-adults.
Particularly for species with prolonged juvenile periods (e.g. corvids; Webb et al. 2009) or high
adult mortality rates, the stability of sub-adult populations is important to consider given the
direct impact on breeding populations (Penteriani et al. 2011).

The Mariana Crow Corvus kubaryi is a critically endangered forest bird that faces a high risk
of extinction due to elevated adult and juvenile mortality (Ha et al. 2010). While habitat occu-
pancy of Mariana Crows has been broadly delineated (Morton et al. 1999, Zarones et al. 2015,
Faegre et al. 2016, Kroner and Ha 2017), little is known about the home range and movement
patterns of the species, and intraspecific differences in home range have never been studied.
After natal dispersal, and prior to recruiting into the breeding population, sub-adults (average
8-24 months post-fledging) are rarely seen and their behaviour has never been described. Since
mitigation of Mariana Crow pre-breeding mortality risk is a conservation priority (Ha et al. 2010),
knowledge of juvenile space use may influence population management.

Evidence from a radio-telemetry study suggests that predation by feral cats Felis catus is one
cause of fledgling and sub-adult Mariana Crow mortality (Table 1; S. Faegre and R. Ha unpubl. data).
A poorly understood inflammatory disease of unknown cause is also responsible for a large
number of deaths of immature birds (T. Work unpubl. data). Habitat management practices for
the Mariana Crow population have been focused on removing feral cats within ~ 350 m of active
nests. However, a better understanding of Mariana Crow home ranges and movement patterns
during the non-nesting period will help determine if this management strategy is sufficient or
if there are larger habitat requirements critical to family groups, and to the survival of young
non-breeders. In this study, we: 1) compare home range size and daily movements between radio-
tagged fledglings and sub-adults to identify different susceptibilities and habitat requirements
between age classes, 2) evaluate the stability of Mariana Crow home ranges and 3) provide an
assessment of current Mariana Crow management strategies in light of our results.

Methods
Study system

The single remaining population of Mariana Crows is confined to the island of Rota, Commonwealth
of the Northern Mariana Islands, and consists of fewer than 200 individuals (Zarones et al. 2015,
Kroner and Ha 2017). Mariana Crows were extirpated from the island of Guam in the 1990s due
to predation by the brown tree snake Boiga irregularis (Savidge 1987, Wiles et al. 2003), an introduced
species that does not occur on Rota. Mariana Crows breed as pairs that defend territories around active
nests and exclude all conspecifics, including offspring from prior years.

Rota is the second most southerly island after Guam in the Mariana Islands, Western Micronesia
(14°09'N, 145°12’E). The 85-km? island is volcanic in origin with uplifted limestone terraces.
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Table 1. Description of the 22 Mariana Crows radio-tagged to study spatial behavior.

Tracked as:
Bird ID Sex Initial age Fledgling (n = 17) Sub-adult (n=10) Fate® Days tracked
84477242 M Fledgling X 1 290
99403007 M Fledgling X 2 349
84477234 M Fledgling X 2 234
84477240 M Fledgling X 4 220
99403013 F Fledgling X 2 192
84477233 F Fledgling X 1 143
84477219 M Fledgling X 1 51
84477232 F Fledgling X 2 92
99404780 M Fledgling> X 1 178
99404787 F Fledgling> X 1 147
99404756 M Fledgling? X 1 208
84477248 M Fledgling X 5 222
84477247 M Fledgling X X 1 314
84477235 M Fledgling X X 1 543
84477249 F Fledgling X X 1 400
84477244 F Fledgling X X 1 361
84477239 M Fledgling X X 1 299
84477238 F Fledgling? X 2 313
84477246 M Fledgling? X 1 419
99403008 F Sub-adult+ X 1 406
99404746 M Sub-adult+ X 1 334
99404747 M Sub-adult+ X 3 85

*Status at last location: 1 = survived duration of tracking (i.e. tag’s battery life), 2 = Suspected feral cat predation,
3= inflammatory disease, 4 = Cause of death unknown, 5 = Taken into captivity due to injury

>Tracked opportunistically due to having radio-tagged parents

5Excluded from fledgling period analysis due to having a tagged sibling

4Captured as a sub-adult of unknown age (not included in models of home range size, overlap, or daily
movement)

The climate is tropical, with high humidity. Wet and dry seasons are typically July-November (wet)
and January—May (dry) with rainfall measuring from a minimum of 93.7 mm/month (3.69 inches)
in March to a maximum of 339.6 mm/month (13.37 inches) in September (Lander and Guard 2003).
Rota is located within the Western Pacific typhoon belt and experiences typhoons periodically.

Approximately 60% of Rota is forested and Mariana Crows are distributed widely throughout
secondary and mature limestone and ravine forests (Plentovich et al. 2005). In 2016, an estimated
4,377 ha of Mariana Crow habitat remained on Rota (based on the exclusion of small, isolated
forest fragments from 4,477 ha of forest cover identified from forest service landcover maps;
F. Amidon unpubl. data).

Sexing

Crows are not sexually dimorphic and thus were sexed on the basis of their DNA. DNA was
extracted from approximately 150 pl of blood taken from the wing vein of each bird. Sex was
determined using a PCR-based assay of the absence (male: ZZ) or presence (female: ZW) of the
W chromosome (Griffiths et al. 1996).

Radio-tracking

Between March 2010 and January 2017, Mariana Crows were radio-tagged and tracked using
Holohil RI-2CT VHF transmitters. Transmitter/harness packages were 3—4% of crow body
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weight and were fitted to individuals using a backpack with a weak link system incorporated,
similar to the design described by Karl and Clout (1987). The average battery lifetime was
12 months.

Nutritional independence of young from the parents, at an average age of eight months post-
fledging (Morton et al. 1999, S. Faegre unpubl. data), generally coincides with dispersal from the
natal territory. Recruitment into the breeding population can occur as early as 16 months after
fledging (R. Ha unpubl. data). Crows were classified as fledglings during the period of nutritional
dependence on their parents, and as sub-adults after reaching independence from their parents
but prior to their first nesting attempt. Due to their movements as family units, fledgling movements
approximated the movements of their parents during this same time period. During daily or
bi-weekly observations, tagged crows were observed and social interactions were recorded.

This study included 22 Mariana Crows (Table 1). Seventeen were either radio-tagged as fledglings
or tracked opportunistically (n = 3) from fledging day through dispersal due to having tagged
parents. Since fledglings were almost always with their radio-tagged parents, the relocation data
from these individuals is equivalent to that of radio-tagged fledglings. Seven birds that were
tagged as fledglings were tracked into the sub-adult period, and three individuals were captured
and tagged as sub-adults of unknown age. Based on the primarily pink mouth/tongue coloration
and the presence of juvenile plumage, these unknown-age individuals were likely less than one
year old at the time of capture (Heinrich and Marzluff 1992, R. Ha unpubl. data). In three cases
sibling pairs were radio-tagged and only one fledgling from the pair was used in each analysis
to avoid pseudoreplication. However, both siblings were included in the sub-adult dataset because
siblings were rarely seen together as sub-adults (S. Faegre unpubl. data).

Home range analyses

We analysed home range data from all crows that were tracked for a minimum of 30 days, with the
exception of one individual which had a non-contiguous home range that could not be accurately
measured using the minimum convex polygon (hereafter ‘MCP’) method. We used the fixed K
local convex hull method (hereafter ‘LoCoH’; Getz and Wilmers 2004) to characterise home
ranges from full data sets (consisting of a minimum of 120 data points), and the MCP method
(Samuel and Fuller 1996) for analyses of data sets over shorter time intervals. While there are
biological and statistical disadvantages to the MCP method when samples are large (Samuel and
Fuller 1996), this method is commonly reported and tends to be more robust with smaller numbers
of relocation points. We chose the LoCoH method over kernel density estimators because the LoCoH
method represents space use more accurately within landscapes characterised by sharp topo-
graphical features and fragmented habitats (Getz and Wilmers 2004, Getz et al. 2007) such as
found on Rota. Furthermore, unlike kernel-based methods, the LoCoH is robust to changes in the
smoothing parameter (Getz et al. 2007), reducing the potential for biased results and improving the
accuracy of inter-individual comparisons. All home ranges were measured at the 100% isopleth.

When possible, we present descriptive statistics for home range size based on complete datasets
for biologically meaningful life stages (e.g. fledgling period, sub-adult period). However, due to
incomplete datasets for the sub-adult period, we used three shortened temporal intervals (30, 60,
and 9o days post-fledging or post-dispersal) when testing for differences in cumulative home
ranges between fledglings and sub-adults. Only known-age sub-adults were included in analyses
comparing fledglings and sub-adults. Sub-adults of unknown age were included for descriptive
purposes in the home range area curves and summary statistics.

We evaluated daily mobility among fledglings and known-age sub-adults using daily movement
distances (i.e. the Euclidian distance between observations on consecutive days). We generated
home range data-area curves in order to better understand the behavioural processes governing
ranging behaviour (Maher and Lott 2000, McLoughlin and Ferguson 2000). Area curves are useful
for determining the number of relocation points needed to fully reveal home ranges and can also
be indicative of home range stability (Haines et al. 2009).
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Statistical analyses

All analyses comparing fledgling (n = 17) and sub-adult (n = 7) spatial behaviour were done using
linear mixed effects models in R (package nlme; Pinheiro et al. 2017). Age (fledgling or sub-adult)
and sex were modelled as fixed effects and individual identity was modelled as a random effect. To
satisfy model assumptions, home range area was square-root transformed whenever it was used
as a dependent variable and daily movement distance was cube-root transformed. Home range
area and overlap were calculated using Reproducible Home Range package in R (Signer and
Balkenhol 2015) and ArcView 10.1 (ESRI 2012).

To determine the average length of time it took fledglings to reach full mobility, we calculated
the mean number of days it took fledglings to reach their own mean post-fledging daily move-
ment distance, using only fledglings that were tracked from fledging day through to natal disper-
sal. For all analyses, we ran one model with all data included and a second with the period of
limited fledgling mobility removed, to understand the effects of age class both with and without
the physical limitations of the early fledgling period.

We created home range area curves using the program BIOTAS 2.0a 3.8 (Ecological Software
Solutions 2004). We examined area curves visually (Laver and Kelly 2008) to determine whether
cumulative areas appeared to approach asymptotes over time.

Results

Home range estimates were 86 % larger when using the MCP method, as compared to the LoCoH
method (Table 2). Despite the shorter radio-tracking periods for most sub-adults, the home ranges
of known-age sub-adults were 78% and 58% larger than fledglings with the MCP and LoCoH
methods, respectively (Table 2). There was a high degree of home range overlap between neigh-
bours and sibling pairs (Table 3). It took an average of 31.4 days (SD = 9.13, n = 14) for fledglings
to reach their own mean daily movement distance during the fledgling period.

Over go-day periods, cumulative home range area was larger for sub-adults than for fledglings
(F (1, 21) = 31.42, P < 0.001; Figure 1), but was not different between males and females (F (1, 21) =
0.47, P = 0.50). Home ranges also increased in area over time, (F (1, 44) = 120.00, P < 0.001, Figure 1),
suggesting that either home ranges were shifting over smaller time intervals, or that movements
were increasing over time such that birds were using larger areas. After excluding the first 31 days
post-fledging, significant effects of age (F (1, 20) = 14.78, P = 0.001) and time (F (1, 28) = 36.32,
P < 0.001) remained, suggesting that these effects were not driven by limited mobility during the
early fledgling period.

Non-cumulative home range area was larger in sub-adults than fledglings (F (1, 21) = 13.40,
P = 0.002), did not differ by sex (F (1, 21) = 1.39, P = 0.25), but did increase over time (F (1, 99) =
22.28, P < 0.001, Figure 2). After removing the first 31 days post-fledging and re-analysing the
data, the effect of age remained (F (1, 20) = 6.65, P = 0.018), but the effect of time was no longer
significant (F (1, 84) = 1.50, P = 0.22). Therefore, after the initial month post-fledging, birds used

Table 2. Home Range area (ha) of Mariana Crows radio-tracked for their full fledgling period (116-316 days)
and sub-adults tracked for variable periods (62—404 days).

Mean (ha) Range SD % of forest cover’ n
100% MCP Fledgling 76.47 35.83-162.15 38.04 1.7 17
100% LoCoH Fledgling 52.65 27.43-115.01 2335 1.2 17
100% MCP Known-age Sub-adults 136.10 48.94-379.23  113.65 3.1 7
100% LoCoH Known-age Sub-adults 83.23 23.6-237.93 72.0 1.9 7
100% MCP Unknown-age Sub-adults ~ 744.76 333.95-1410.01  281.4  16.6 3
100% LoCoH Unknown-age Sub-adults ~ 274.55 92.19-558.92  249.53 6.1 3

*The percentage of forested areas on Rota (4,477 ha) covered by each mean home range estimate
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Table 3. Percentage of home range overlap between Mariana Crow neighbouring family groups and siblings.

Mean (%) Range SD n
Neighbours 41.99 21.6-85.11 19.48 18
Siblings (Fledgling) 78.83 54.05-100.0 18.87 4
Siblings (Sub-adult) 59.15 45.43-80.8 15.16 4

similar amounts of space each month, although they used new areas, thus increasing their cumu-
lative home range.

With all data included, percentage overlap between an individual’s ranges across months was
not different between sub-adults and fledglings (F (1, 19) = 0.002, P = 0.96, Figure 3) or between
males and females (F (1, 19) = 1.12, P = 0.30). Percentage overlap increased over time (F (1, 75) =
33.93, P < 0.001, Figure 3) and the effect of time remained after removing the first 31 days post-
fledging (F (1, 60) = 6.54, P = 0.013). This suggests that fledglings, travelling with family groups,
as well as sub-adults, have dynamic, shifting home ranges that lack stable boundaries. The effect of
time suggests that initial shifts in home range once fledglings gained mobility were larger than
shifts over subsequent months (Figure 3).

Visual examination of home range area curves also suggest that Mariana Crows have dynamic
home ranges (Figure 4). Most fledglings and sub-adults continued to expand into new areas over
the study period, resulting in cumulative home range areas that increased over time (Figure 4A).
This prevented a meaningful analysis on the minimum number of points needed to accurately
estimate home range size. Anecdotally, the three individuals that were tagged as sub-adults of
unknown age had home ranges that were larger and increased more rapidly over time than the
known-age sub-adults, (dotted lines in Figure 4), suggesting that we might have seen dramatic
increases in the home ranges of some of the known-age sub-adults in our study, had we been able
to track them longer.

With all fledgling data included, daily movement distances were longer for sub-adults than
for fledglings (F (1, 16) = 20.80, P < 0.001), but did not differ by sex (F (1, 16) = 0.027, P = 0.87).

Fledgling Sub-adult
150 A

100 A

50 1

Cumulative home range area (ha)

30 60 90 30 60 90
Time (days)

Figure 1. Increase in cumulative 100% MCP home range area measured over three sequential

30-day intervals (days post-fledging for fledglings or days post-dispersal for sub-adults). Error
bars show + SE.
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Figure 2. Non-cumulative 100% MCP home range areas over sequential 30-day intervals (days
post-fledging for fledglings or days post-dispersal for sub-adults). Error bars show + SE.

Daily movement distances increased over time (F (1, 437) = 190.20, P < 0.001; Figure 5) and age
and time interacted (F (1, 437) = 6.51, P < 0.011). After removing the first 31 days post-fledging,
the effects of age (F (1, 16) = 5.97, P = 0.027) and time (F (1, 394) = 48.89, P < 0.001) remained.
However, the interaction (F (1, 394) = 0.825, P =0.36) was not significant, suggesting that fledg-
ling and sub-adult daily movements increase over time at similar rates.

Fledgling Sub-adult

D 2]
S S
—eo—
F—e—
—e—

Percent home range overlap
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60 120 180 240 60 120 180 240
Time (days)

Figure 3. Percentage overlap of within-individual 100% MCP home range area over sequential
30-day intervals (days post-fledging for fledglings or days post-dispersal for sub-adults). Error
bars show + SE.
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Figure 4. A. Change in 100% MCP home range area over the number of relocation points for each
individual. Relocation point o represents fledging day (fledglings, solid lines), natal dispersal day
(known-age sub-adults, dashed lines), or the day the bird was captured (unknown-age sub-adults,
dotted lines). Numbers in parentheses above x-axes indicate the number of days since fledging,
dispersal or capture for individuals that were not located daily. Note the variable x- and y-axis
scales. B. All individuals shown on the same x-axis scale (days after fledging, dispersal or capture)
to highlight differences in the rate of area accumulation between age classes. Note that the y-axis
is truncated in order to show area curves clearly for the majority of individuals.

Discussion

Mariana Crows have dynamically shifting home ranges that did not reach area asymptotes
(Figures 1-4). When measured cumulatively, Mariana Crow home range size increased over time.
However, when non-cumulative home range areas were measured in 30-day intervals for each
bird, they did not increase over time. This suggests that monthly shifts in home range caused an
increase in cumulative home range areas while area-use on a monthly scale did not increase.
While dynamic home ranges were expected for dispersing sub-adults, the lack of stable boundaries
in home ranges of fledglings (travelling with their family groups) indicates that, while pairs
defend the ever-shifting space around their fledgling(s) from conspecifics, the species does not
maintain territories during the non-nesting period. Similar spatial ecology has been reported
in other corvids (Rowley 1973, Rolando et al. 1995, Rolando and Carisio 1999, A. Clarke pers.
comm.), suggesting that dynamic home range behaviour may be common among wide-ranging,
omnivorous birds. For Mariana Crows, the dynamic spatial behaviour of sub-adults and fledglings
may be a function of their foraging strategy in a habitat where prey is widespread but where there
are also benefits of remaining near a seasonally defended nest area. Dynamic space use during the
non-breeding season could indicate that Mariana Crows are relatively flexible and tolerant of
non-nesting habitat loss when adjacent habitat is available. However, the lack of stable home
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Figure 5. Average daily movement distance over time in weeks post-fledging (fledglings) or post-
dispersal (sub-adults). Error bars show + SE.

ranges in fledglings and sub-adults also highlights the need for large scale management, since
improving juvenile survival is critical to species recovery (Ha et al. 2010).

Sub-adult spatial behaviour

The cumulative home ranges of sub-adults were more than twice the area of family groups (Table 2).
Sub-adults may be using large areas after dispersing from their natal territories for a number of
reasons, including a need to roam more widely to find resources without intruding on areas occu-
pied by breeding individuals, or to find unpaired conspecifics or vacant nesting habitat. Sub-adults
of at least six other Corvus species are also known to range more widely than conspecific adults
(Rowley 1973, Heinrich 1988, Webb et al. 2012) and, given the tendency for non-territorial roam-
ing in sub-adult birds (Penteriani et al. 2011), this is likely true of other species as well.

While sub-adults of other non-cooperatively breeding Corvus species are frequently observed
in large aggregations, particularly at rich, ephemeral food sources (Rowley 1973, Heinrich 1988,
Webb et al. 2009, Holzhaider et al. 2011), our observations suggest that sub-adult Mariana Crows
may actively avoid conspecifics. Social aggregation of non-breeding individuals may be advantageous
in habitats with defendable, patchy resources (Heinrich 1988, 2014). In contrast, the frequency of
space use is not related to prey availability within home ranges of Mariana Crow family groups
(Faegre 2017). Since Mariana Crows forage primarily on widely occurring insects and small
animal prey (Jenkins 1983, Tomback 1986, Faegre 2017), it may be less advantageous to compete
directly with conspecifics for food. Indeed, sub-adult Mariana Crows were most often observed
foraging and roosting alone and they vocalised infrequently when conspecifics were nearby
(R. Ha unpubl. data). While juveniles often appeared reluctant to move away from their parents,
they did not appear to be strongly attracted to non-parent conspecifics during the first several
months post-dispersal (S. Faegre pers. obs.). For example, in this study, two pairs of siblings that
were observed together during 75% and 69% of fledgling observations, were observed together
during 4% and 0% of post-dispersal (sub-adult) observations, respectively. Interestingly, home
range overlap of these same sibling pairs only decreased from an average of 79% to 59%, between
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the fledgling and sub-adult periods (Table 3), suggesting that changes in behaviour, rather
than loss of home range overlap, explain the low frequency of post-dispersal association between
siblings.

The low density of conspecific non-breeders may also be a factor in the lack of sub-adult aggre-
gations among Mariana Crows. Temporary aggregations of 5—15 Mariana Crows were common
on Rota during the 1980s (Wiles 1998) when the crow population was approximately 1,350 indi-
viduals (Engbring et al. 1986), however, such aggregations have rarely been seen since 2007, when
the population dropped below 200 individuals (Zarones et al. 2015, R. Ha unpubl. data). A similar
loss of observed aggregations occurred in Common Ravens Corvus corax in the area around Ithaca,
New York, during a period of low population density (1990—2010), and aggregations became more
common as the population slowly reestablished itself (A. Clark pers. comm.). Such observations
suggest that there may be an Allee effect (Courchamp et al. 2008), if a selection benefit is con-
ferred on sub-adults that are able to associate in groups due to higher conspecific density. While
sibling pairs of Mariana Crows in this study made the apparent choice to spend time alone despite
ranges that overlapped one another, solitary behaviour could have occurred due to a lack of
sufficient additional individuals to gain the benefits of spending time in groups, such as increased
vigilance or reduced aggression from territorial individuals. The potential for Allee effects to
contribute to decreased sub-adult survival in the dwindling population of Mariana Crows is
important to consider.

Family group spatial behaviour

The home range estimates for Mariana Crow family groups tracked for the entire pre-dispersal
period (76 and 53 ha for MCP and LoCoH respectively; Table 1) were similar to previous estimates
of 64 ha (Morton et al. 1999). Our MCP and LoCoH home range estimates likely differed from
each other because MCP estimates often included large areas of non-habitat, while the LoCoH
method more accurately represented the space actually used by Mariana Crows. However, we
report MCP home range estimates to be consistent with the majority of the animal home range
literature (Laver and Kelly 2008). The mean MCP and LoCoH home range estimates for various
Mariana Crow age classes range from 1.2 to 16.6 % of the island’s total forest cover (Table 2).
These observations suggest that cumulatively, Mariana Crow home ranges probably cover most
forested areas of Rota.

Like sub-adults, Mariana Crow family groups appeared to be semi-nomadic due to their shifting
space use (Figure 3), lack of stable home range boundaries (Figure 4) and high levels of overlap
with neighbours (Table 3). Indeed, there were no areas of exclusive use with the home range of
family groups. Family groups in more densely populated areas had up to six neighbours (pairs or
family groups), each of which overlapped their home range by an average of 45% (S. Faegre
unpubl. data). Despite the high levels of overlap from multiple neighbours, neighbouring family
groups were rarely observed together (S. Faegre pers. obs.). When neighbours did come together,
agonistic interactions between adults were common (S. Faegre pers. obs.). This pattern of avoid-
ance despite high levels of spatial overlap among neighbours may occur frequently among corvids
(Rolando et al. 1995, Rolando and Carisio 1999, Holzhaider et al. 2011, Webb et al. 2012, Loretto
et al. 2016).

Home range dynamics vary according to breeding status in many bird species, with the breed-
ing season often characterised by a decrease in home range area due to territorial behaviour in the
vicinity of the nest (Grant and Litchfield 2003, Bosch et al. 2010, Lenz et al. 2015). Importantly,
we measured home ranges during periods when individuals were not nesting. During active nest-
ing, Mariana Crows have high nest area fidelity. The centroid of the nest area in a given season
(i.e. average location of all nest attempts) is located on average 100 m (SD = 112 m) from the
centroid of the previous season’s nest attempts. By contrast, the average distance to the nearest
neighbouring nest area is 687 m (SD = 427 m). This site fidelity is in stark contrast to the dynamic
spatial behaviour we observed and suggests that Mariana Crows maintain stable home ranges
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when they have an active nest. Opportunistic observations of a notable increase in space use in
both Mariana Crows (R. Ha unpubl. data) and American Crows Corvus brachyrhynchos; A. Clark
pers. comm.) immediately following nest failure or fledgling mortality suggest that while there
may be a period of territoriality during active nesting, dynamic space use is the norm for these
and other Corvus spp. (Rowley 1973). Given that effective conservation requires informed man-
agement throughout the annual cycle, we recommend future studies of Mariana Crow spatial
ecology during active nesting.

Management implications

Following natal dispersal, Mariana Crow daily movements increased by an average of 26% and
became more variable with occasional, large movements of up to 1.6 km in a day. The increased
energy expenditure of sub-adults, in addition to their shift to nutritional independence, and the
risk of encounters with hostile adults, interspecific competitors and predators in novel habitats
likely increase the risk of mortality during the first several months following natal dispersal. Low
first-year survival in Mariana Crows is a significant threat to species recovery (Ha et al. 2010),
and the combination of environmental stressors and behavioural changes during natal dispersal
may play a role in first year mortality. The potential for Allee effects to contribute to decreased
sub-adult survival, if aggregating in groups has a survival benefit, should also be considered in
future research. Allee effects could be mitigated through captive propagation, if sub-adult birds
are released in cohorts that are large enough to form aggregations of 5—15 individuals, as was
common historically (Wiles 1998).

Recently, the threat of feral cat predation has been addressed primarily by trapping in the vicin-
ity of active nests (generally within 350 m). Management of threats in nest areas is important,
since a successful nest attempt can take up to four months (from nest building to the time the
fledglings gain full mobility; R. Ha unpubl. data). However, trapping near active nests can cause
disturbance to breeding pairs and may fail to fully protect juvenile Mariana Crows. The five
suspected cat predations of immature birds in the study (Table 1) occurred at 92—349 days post-
fledgling and three of these occurred at distances > 350 m from the nest area (R. Ha and S. Faegre
unpubl. data), likely because family groups shift their space use away from the nest area shortly
after fledglings gain mobility (Figure 3). We recommend future study of spatial and temporal
variation in juvenile mortality risk, combined with evaluation of whether trapping in the nest
area has a detectable effect on the overall feral cat population in crow habitat. Ultimately, high
first year mortality (Ha et al. 2010), much of which occurs 6-12 months post-fledging (Faegre
2017) suggests that larger scale protection measures beyond predator control in nest areas may be
necessary to address some of the principal threats to species recovery.
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