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Abstract: This study investigated the effects of supplemental feeding on the wintering
spatial behavior of Whooper Swans (Cygnus cygnus) in South Korea by analyzing five
spatial indicators: home range extent, spatial concentration, residence time, daily move-
ment distance, and habitat use diversity. Using high-resolution Global Navigation Satellite
System (GNSS) tracking data from two major sites—the Nakdong River Estuary (fed)
and Junam Reservoir (unfed)—we examined how artificial feeding interacts with habitat
structure and individual movement strategies. Contrary to the expectation that feeding
reduces movement and increases site fidelity, swans in the fed estuary exhibited larger
home ranges and shorter daily distances, but significantly lower habitat diversity. These
results suggest that supplemental feeding improves energy efficiency while potentially
promoting spatial fixation and ecological dependency, particularly in complex landscapes.
The fed group showed fewer land cover types and lower Shannon diversity indices,
indicating narrower habitat use and increased vulnerability to environmental changes
or disease outbreaks. These findings emphasize the dual effects of feeding intervention
and habitat heterogeneity on spatial behavior in migratory waterbirds. The results high-
light the need for balanced wintering site management that accounts for both the
energetic benefits and potential ecological risks of artificial feeding, with implications
for conservation and disease prevention along the East Asian Flyway.

Keywords: Global navigation satellite system (GNSS) tracking, Home range extent,
Movement ecology, Supplemental feeding

Introduction

The Whooper Swan (Cygnus cygnus) is a large migratory waterbird that breeds
across the tundra regions of northern Eurasia and winters in parts of East Asia,
Europe, and the Middle East [1]. In South Korea, the species is legally protected
as Natural Monument No. 201 and designated as a Class II endangered wildlife spe-
cies [2]. Major wintering sites in Korea include the Nakdong River Estuary, Junam
Reservoir, and Upo Wetlands. The national wintering population, which was around
5,590 individuals in the 1990s, increased to approximately 39,000 in the early 2000s

and has since remained relatively stable or shown a slight decline [3,4].
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Among these sites, the Nakdong River Estuary is one of the most critical habitats, hosting approximately 20-26% of the
national wintering population. Its complex landscape of river channels, mudflats, and freshwater wetlands provides key resources
for foraging, roosting, and preparation for spring migration [5,6]. However, since the 1980s, rapid urban development and the
construction of hydraulic infrastructure have significantly reduced natural habitats and food availability in the area [7]. In re-
sponse, the local government began an artificial feeding program in 2008, providing approximately 50,000 kg of grains (primarily
corn and sweet potatoes) each winter (November to February) at several sites, including the Eulsukdo Migratory Bird Park and
Maekdo Ecological Park.

Although supplemental feeding is generally known to enhance winter survival and increase site fidelity, its ecological effects
on home range, habitat dependence, and spatial behavior remain insufficiently understood [8]. Moreover, increased local density
near feeding stations can elevate the risk of infectious disease transmission, such as highly pathogenic avian influenza (HPAI)
[9]. Recent studies have shown that artificial feeding not only affects energy dynamics but also alters behavior and increases
inter-individual contact, which may elevate the risk of disease transmission in birds [10,11]. Despite these concerns, few studies
in Korea have quantitatively compared spatial behavior between fed and unfed Whooper Swan populations.

Understanding the spatial ecology of migratory birds is essential for species conservation, habitat management, disease control,
and biodiversity policy development. Advances in GNSS-based telemetry now allow for high-resolution tracking at the individual
level, leading to more detailed assessments of movement ecology and home range [12,13]. However, empirical evidence on the
effects of artificial feeding on spatial behavior remains limited, particularly for large-bodied waterfowl such as the Whooper Swan.

This study aims to quantify the effects of supplemental feeding on the wintering home range and spatial use patterns of
Whooper Swans, by comparing individuals from a feeding site (Nakdong Estuary) and a non-feeding site (Junam Reservoir).
Using GNSS-based tracking data, we analyzed five spatial ecological indicators—home range size, spatial concentration, time spent
near feeding areas, daily movement distance, and habitat use diversity. The results provide empirical insights into how feeding
practices influence swan behavior and contribute to science-based winter habitat management and conservation planning for
migratory waterbirds.

We tested five a priori hypotheses regarding how supplemental feeding alters winter spatial behavior: (H1) feeding reduces
the overall home range extent (MCP, KDE 95/KDE 50); (H2) feeding increases spatial concentration within core areas (KDE
50/KDE 95); (H3) feeding increases residence time near feeding centers; (H4) feeding reduces movement distance; and (H5)
feeding reduces habitat-use diversity (number of land-cover types and Shannon diversity). Details of the corresponding indicators

and statistical tests are summarized in Table 1 (See the hypothesis-based analytical framework).

Table 1. Summary of hypotheses, predicted patterns, and key metrics used to evaluate the effects of supplemental feeding on the
wintering spatial behavior of Whooper Swans (Cygnus cygnus)

Predicted pattern in the feeding group

Hypothesis Description [NakdonglRiver Key analytical metrics
H1 5“pp'eme”;a' feeding reduces overall Smaller MCP and KDE 95/50 areas. MCP (100%), KDE (95%, 50%)
ome range size.
H2 Supplemental feeding increases spatial Higher KDES0/KDE95 ratio. KDES0/KDE95 ratio
concentration.
H3 Supplemental feeding increases time Longer duration within 300m radius of Residence time within 300m
spent near feeding centers. feeding center. (in hours)
H4 Supplemental feedlng reduces daily Shorter average daily travel distance. Daily movement distance (m/day)
movement distance.
Supplemental feeding reduces habitat Fewer land cover types and lower Number of land cover types,
H5 - . : S . o
use diversity. Shannon diversity index. Shannon diversity index

Note: Mann-Whitney U tests were applied for all statistical comparisons between the fed (Nakdong) and unfed (Junam) groups.
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Table 2. Summary of Supplemental Feeding Protocols in the Nakdong River Estuary

Feeding Site Coordinates Feeding Time  Frequency Feed Type An;g:(rj‘litnser Feeding Period
Eulsukdo Artificial Bird Habitat 1325;?553,;‘90;\]5 09:00 AM Daily 5";2?3;"2‘:“ 300 kg N‘;‘;ebr::f;?; 22%22‘; -
Eulsukdo Artificial Roost 13 2580955;.267863;% 09:30 AM Daily Sli;g?atsovg:et 200 kg Nc;\;el:)r:Jk;er; 22%22‘; N
Maekdo Ecological Park 13 25;958;?3383;.’,\:5 02:00 PM S_GW;Z:%/ S“;:?ati)vt\;iet 200 kg Nc;\;etnl;?; 22%2245 B

Results

Home range size (H1)

This result corresponds to Hypothesis 1 (H1) described in Table 2, which predicted that supplemental feeding reduces the
overall home range extent of Whooper Swans. The total home range area (KDE 95%) and core area (KDE 50%) were significantly
smaller in the Nakdong Estuary group (fed) than in the Junam Reservoir group (unfed). The average KDE 95% area was 2.82
km? for Nakdong and 6.48 km? for Junam, while the KDE 50% area averaged 0.62 km?® and 1.87 km?, respectively. Similarly,
the MCP area showed a significant difference, with the Nakdong group averaging 5.43 km” and the Junam group 15.83 km®
(Fig. 1 and 2). These results suggest that supplemental feeding is associated with smaller spatial ranges during the wintering

period. All differences were statistically significant (Mann-Whitney U test, p<0.05).

Spatial concentration (H2)

Contrary to Hypothesis 2 (H2) in Table 1, spatial concentration within core areas (KDE 50/KDE 95) was lower at the fed

site than at the unfed site (Nakdong: mean = 0.22; Junam: mean = 0.32; Fig. 3), and the difference was not statistically significant
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Fig. 1. Comparison of KDE 95%, KDE 50%, and MCP home range extents for Whooper Swans in the Nakdong Estuary (fed group) and
Junam Reservoir (unfed group).

Bars represent group means; error bars indicate standard deviations.

https://doi.org/10.5338/KJEA.2025.44.32

31 https//www.korseaj.org Agric. Environ. Sci. 2025, 44, 309-321




Article

Whooper Swan
Junam Reservoir

0 ko s
3 KDE 934
3 w1

Whooper Swan
Nakdong River

) KDF 508
[ Kbw psts
2 P 0

Feeding Jite
3 Eulsukde : chennel
2 Fulsuldo : mudfla

@ Mackda
Eeologival Purk

Fig. 2. Boxplots showing KDE 95%, KDE 50%, and MCP values for Whooper Swans by wintering site.

Each box represents the interquartile range (IQR), the line inside the box indicates the median, and whiskers denote minimum and
maximum values excluding outliers.

(Mann-Whitney U test, p=0.0747). This pattern suggests a broader dispersion of core-area use at the fed site rather than stronger
aggregation around feeding centers. Accordingly, we found no statistical support for H2 at the current sample size and spatial

resolution.

Duration of stay (H3)

Duration of Stay (H3). Contrary to Hypothesis (H3) in Table 1, residence time at the wintering site was longer at the unfed
site than at the fed site (Junam: mean = 186 days; Nakdong: mean = 86 days; Fig. 4). the between-site difference was statistically
significant (Mann-Whitney U test, p=0.0025). Accordingly, H3 was not supported under the present sampling regime; instead,
the unfed population exhibited greater site fidelity during the wintering season.
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Fig. 3. Comparison of core area concentration (KDE 50 / KDE 95) between Whooper Swans in the Nakdong River Estuary (feeding site)
and Junam Reservoir (non-feeding site).

Lower values indicate higher spatial concentration. Each point represents an individual swan.
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Fig. 4. Comparison of mean stay duration of Whooper Swans wintering in the Nakdong River and Junam Reservoir.

Bars represent means and error bars indicate standard deviations.

Daily movement distance (H4)

Daily Movement Distance (H4). Consistent with Hypothesis 4 (H4) in Table 1, daily movement distance was lower at the
fed site than at the unfed site (Nakdong: mean = 1.47 km; Junam: mean = 3.25 kmj; Fig. 5), and the between-site difference
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Fig. 5. Comparison of mean daily movement distances for Whooper Swans in the Nakdong Estuary (fed group) and Junam Reservoir
(unfed group).

Bars represent group means; error bars indicate standard deviations.

was statistically significant (Mann-Whitney U test, p=0.0263). This patterns indicates that concentrated provisioning at the fed

estuary reduced the need for daily travel during winter.

Habitat use diversity (H5)

Habitat-Use Diversity (H5). Consistent with Hypothesis 5 (H5) in Table 1, habitat-use diversity was lower at the fed site
than at the unfed site. The unfed group (Junam) used more land-cover classes on average than the fed froup (Nakdong) (Junam:
6.6 vs Nakdong: 4.4), and this difference was statistically significant (Mann-Whitney U test, p=0.0039; Fig. 6). Similarly, the
Shannon diversity index was higher in the unfed group (1.19 vs 0.79), with a significant difference (p=0.0034; Fig. 7). In this
context, higher numbers of land-cover classes and higher Shannon values indicate broader habitat use and greater ecological niche
breadth, whereas lower values indicate spatial restriction and homogenization. Take together, these results support H5, showing

reduces habitat-use diversity in the fed population during winter.

Discussion

This study quantitatively evaluated the effects of supplemental feeding on the spatial behavior of wintering Whooper Swans
(C. cygnus) by testing five a priori hypotheses across five key spatial dimensions-home range extent, spatial concentration, residence
time, daily movement distance, and habitat-use diversity. Our results show that feeding effects are context dependent, varying
with habitat structure, hydrological density, and site connectivity rather than exerting a uniform influence across sites [8,14].
Consistent with H4 and H5, feeding reduced daily movement distance and habitat-use diversity, whereas H2 (greater core-area
concentration at the fed site) was not supported and H3 (longer residence time near feeding centers) was contradicted. Our inter-
pretations explicitly integrate measurement choice (MCP vs KDE), hydrological structure, and site-specific habitat connectivity
to avoid over-attributing effects to feeding alone.

Contrary to previous reports that feeding typically reduces winter home range extent and increases site fidelity [8,14],
Whooper Swans at the Nakdong River Estuary exhibited greater home range extent (MCP 100%) and more dispersed core areas
(KDE 95 and KDE 50) than those at Junam Reseovoir. We attribute this discrepancy to the heterogeneous and highly connected
habitat matrix of the Nakdong River Estuary, including diverse wetlands, tidal flats, and ecological parks such as Eulsukdo and

Maekdo [15-17]. In particular, high hydrological density and spatial connectivity likely promoted broad-area exploration, which
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Fig. 6. Comparison of home range core areas (KDE 50%) of Whooper Swans in the Nakdong River Estuary (left panel) and Junam
Reservoir (right panel).

can offset feeding-induced anchoring. Moreover, MCP estimates are sensitive to irregular excursions and outliers [18,19]. For
instance, individuals such as ke2404 and ke2410, although centered around feeding sites, occasionally exhibited long-range
excursions. By contrast, the relatively confined freshwater setting and lower hydrological complexity at Junam appeared to con-
strain movement naturally [6]. Taken together, these observations indicate that feeding effects on home range extent must be
interpreted in conjunction with habit structure, connectivity, and environmental constraints [8,14].

Spatial concentration, measured as KDE 50/KDE 95, was lower at the fed site (Nakdong) than at the unfed site (Junam),
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Fig. 7. Comparison of regional diversity of space use in Whooper Swans between fed (Nakdong) and unfed (Junam) groups.

and the difference was not statistically significant. Although higher concentration at feeding site has been reported elsewhere
[8,14,15], our non-significant pattern likely reflects landscape openness, hydrological heterogeneity, and population-level move-
ment tendencies that diffuse core use [5,16,20], Thus, spatial concentration is not driven by feeding alone, but also by the physical
layout and ecological variability of wintering grounds.

Residence time was significantly longer at Junam Reservior than at the Nakdong River Estuary, contradicting H3 and challeng-
ing the expectation that feeding prolongs site use [8,14]. We infer that spatial confinement and habitat simplicity at Juman encour-
age longer stays, whereas the extensive, well-connected estuarine mosaic at Nakdong facilitates mobility even when provisioning
is present [6,7,13]. This underscores that residence patterns can be more strongly governed by habitat characteristics than by
feeding perse [21].

Daily movement distances were significantly shorter in the Nakdong population, consistent with H4 and with the interpretation
that concentrated resources reduce foraging travel [8,14]. This effect is likely reinforced by the dense, patchy wetland structure
at Nakdong, which enables localized movements while maintaining resource access [20]. Conversely, the lack of feeding and lower
ecological complexity at Junam likely forced broader exploration to secure resources, thereby increasing daily range [13].

Regarding habitat-use diversity, the fed population at Nakdong used fewer land-cover classes (mean =~ 4.4) and had a lower
Shannon index (= 0.79) than the unfed population at Junam (= 6.6 classes; Shannon = 1.19), with significant differences for
both metrics. These results support H5, indicating that provisioning can narrow niche breadth and homogenize space use [10,11].
while reduces diversity may enhance short-term foraging efficiency, it can also elevate ecological risk by increasing exposure to
localized threats and dampening behavioral flexibility [9,22].

Given ethical and permitting constraints on capture and tagging, our individual-level inferences should be interpreted with
appropriate caution; nevertheless, consistent effect directions across multiple indicators and sites provide convergent evidence for
context-dependent feeding effects.

Inter-metric correlations (Table S1) clarify how changes in home range extent co-vary with core-area concentration, daily
distances, and habitat-use diversity, reinforcing a landscape-informed view of effects.

In summary, supplemental feeding had measurable effects across multiple spatial dimensions, but these effects were modulated
by ecological context especially hydrological structure, habitat diversity, and connectivity. Accordingly, management should move
beyond a simple feeding-non-feeding dichotomy and adopt a landscape-based approach that integrates regional ecological charac-
teristics, population health, and disease preparedness [14,21,22]. This is particularly pertinent given evidence that provisioning
can increase inter-individual contact and alter movement strategies in way that affect both energy dynamics and disease trans-

mission [10,11].
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Materials and Methods

Study area

The primary study site was the Nakdong River Estuary, located in southeastern South Korea, encompassing approximately
87.28 km®. Recognized as one of the largest and most ecologically important wintering grounds for migratory waterbirds in the
country, the estuary was designated as Natural Monument No. 179 in 1966 [23], registered under the East Asian-Australasian
Flyway Partnership (EAAFP) in 2009, and acknowledged as an Important Bird and Biodiversity Area (IBA) by BirdLife Inter-
national.

During the wintering period (November to February), supplemental feeding is carried out at three designated locations within
the estuary: Eulsukdo Migratory Bird Park, the southern tidal flat of Eulsukdo, and Maekdo Ecological Park. At these sites, sweet
potato strips are provided at fixed times and frequencies, with a total annual supply volume of approximately 50,000 kg. For
reproducibility, operational details of the feeding stations-including precise coordinates, feeding times and frequencies, feed type,
and per-event amounts-are summarized in Table 2 (locations illustrated in Fig. 8). These feeding practices primarily target Whooper
Swans (C. cygnus), although other waterfowl species such as ducks and geese also forage at the same locations.

The sex of the GPS-tagged swans was not determined, as sexing procedures were intentionally excluded to minimize handling
time and stress during transmitter deployment, in line with ethical standards for wildlife research.

As a control site, Junam Reservoir in Changwon, southeastern Korea, is a natural freshwater wetland of approximately 6.02
km?® area. Shallow water and rich aquatic vegetation support wintering swans and other waterbirds, with winter counts showing
between 12,000-14,000 individuals representing 60-65 species [24]. In contrast to the Nakdong Estuary, Junam receives no artificial
feeding and thus represents a baseline condition of natural foraging and movement. Its shallow water and diverse aquatic vegeta-

tion provide suitable habitats for wintering swans and other waterbirds [25] (Fig. 8 and 9).

GNSS tracking and data collection

From December 2024 to March 2025, Global Navigation Satellite System (GNSS)-based tracking was conducted on 12 Whooper
Swans at the Nakdong River Estuary (supplemental feeding site) and 5 individuals at the Junam Reservoir (non-feeding control
site). On 17 December 2024, twelve adult swans were captured near Eulsukdo using a cannon net. Each bird was fitted with
a GNSS transmitter (WT-300, KoEco, Republic of Korea; approximately 65 g, less than 1% of body weight) using a backpack
harness. The tagging procedure followed the protocol of [26] and was completed within five minutes to minimize handling stress.
All individuals were immediately released at the capture site.

Location data were recorded at one-hour intervals and transmitted twice daily (09:00 and 16:00) to a remote server via cellular
networks. To ensure data accuracy, location points with a Dilution of Precision (DOP) value greater than 5 were excluded from
the dataset [27]. Additional filtering removed coordinates with biologically implausible values, such as instantaneous speeds ex-
ceeding 100 km/h. Erroneous points with positional errors exceeding 100 m or abrupt long-distance displacements (>30 km)
were also removed during preprocessing.

Sample sizes were constrained by ethical considerations and permitting requirements for capturing a nationally protected spe-
cies (Permit No. 2025-30), as well as the need to minimize handling time and device load. Although modest, our sample sizes
fall within the range waterbirds and adequate for hypothesis-driving comparisons when interpreted with appropriate caution

[12,13,19,26].

Home range and spatial analysis

We analyzed the winter home ranges and pre-migratory inland shifts of Whooper Swans using GNSS tracking data. Spatial

analyses were conducted using QGIS (version 3.34.x) and R (version 4.x) to evaluate individual movement extents, core-use
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Fig. 9. Artificial feeding sites in the Nakdong River Estuary (a-c) and the non-feeding control site at Junam Reservoir (d).
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areas, inland dispersal prior to northward migration, and stopover-site use [28]. All computations used the quality-controlled
hourly fixes described in GNSS tracking and data collection section.

Home range estimation. Home ranges were estimated using the Minimum Convex Polygon (MCP, 100%) and Kernel Density
Estimation (KDE, 95% and 50%) methods. MCP delineated the overall movement extent, whereas KDE 95 represented broadly
used areas and KDE 50 identify core-use areas [19,29]. Seasonal differences in space use and spatial concentration were evaluated
by comparing MCP, KDE 95, and KDE 50 across winter periods.

Spatial indicators. To enable hypothesis-driven comparisons, we defined five spatial indicators that directly map to H1-H5:

(i) home range extent (MCP, KDE 95, and KDE 50);

(ii) spatial concentration (the radio KDE 50/KDE 95, with higher values indicating stronger core-area concentration);

(iii) residence time (total hours from hourly GNSS fixes occurring within the wintering utilization distribution during the
study period);

(iv) daily movement distance (sum of step lengths between consecrutive 1-h fixes after filtering); and

(v) habitat-use diversity (the number of land-cover classes used and the Shannon diversity index, computed from the pro-
portions of fixes in each class).

Stopover definition and metrics. Stopover sites were defined as areas where individuals remained within a 3 km radius for
more than 48 consecutive hours [30,31]. For each stopover event, we calculated the duration of stay, centroid coordinates, and
KDE area.

Pre-migratory inland shifts. Pre-migratory inland shift strategies were categorized following the classification framework pro-
posed by [13], and were interpreted in conjunction with the above spatial indicators to contextualize site-specific movement

behaviors.

Statistical analysis

To examine group differences in key spatial metrics—including home range extent (MCP and KDE), spatial concentration
(KDE 50/KDE 95), residence time, daily movement distance, and habitat-use diversity—we first tested for normality using the
Shapiro-Wilk test and for homogeneity of variance using Levene’s test. Based on these diagnostics, either independent sample
t-tests (Welch’s correction applied when variances were unequal) or Mann-Whitney U tests were conducted. All tests were two-
tailed with the significance level set at a=0.05. Following [32], we controlled the false discovery rate (FDR) and, where multiple
related tests were conducted within an indicator family, p-values were adjusted using the Benjamini-Hochberg procedure [32].

To compare multivariate patterns of space use, we applied Permutational Multivariate Analysis of Variance (PERMANOVA)
using the vegan package in R with 999 permutations. Prior to analysis, variables were z-stanbardized to ensure comparability
across metrics, and Euclidean distance was used as the dissimilarity measure.

In addition, to evaluate inter-metric relationships, we computed Spearman’s rank correlations among key spatial indicators
(MCP, KDE 95, KDE 50. KDE 50/KDE 95, daily movement distance, and Shannon diversity). For these correlations, Benjamini-
Hochberg FDR adjustments were applied to control for multiple testing [32]. Summary statistics (p and adjusted p) are provided
in Table S1 (Supplementary Material).

All statistical analyses were performed using R (version 4.2.0) and QGIS (version 3.28.4).

Hypothesis-based analytical framework

To evaluate the effects of supplemental feeding on the winter home range and spatial use patterns of Whooper Swans, we
developed five specific hypotheses (H1-H5). Each hypothesis was paired with relevant spatial metrics and corresponding statistical
tests. These hypotheses are summarized in Table 1.

Each hypothesis was designed to comprehensively assess a key aspect of spatial use (range size, concentration, duration of
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stay, movement distance, and habitat diversity) in relation to supplemental feeding. Appropriate statistical comparisons, including
t-tests or non-parametric alternatives, were applied to each hypothesis. We acknowledge the limitations posed by the relatively
small sample size and have taken this into account in the interpretation of results.

Summary of Hypotheses, predicted patterns, and key metrics used to evaluate the affects of supplemental feeding on the

wintering spatial behavior of Whooper Swans (C. cygnus).
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