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A B S T R A C T   

Understanding the foraging behavior is essential for investigating seabird ecology and conservation, as well as 
monitoring the well-being of the marine environment. Breeding seabirds adopt diverse foraging strategies to 
maximize energy gains and cope with the intensified challenges of parenting and self-maintenance. Such trade- 
off may stem from the heterogeneity of food resources and the constraints of 
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Individuals are expected to optimize their energy intake and trade 
between self-maintaining and parental care in the demanding breeding 
period (Pyke, 1984; Ricklefs, 1990). Seabird individuals might adopt 
various foraging strategies to cope with these tasks (Baduini and 
Hyrenbach, 2003; Mcnamara and Houston, 2008). Both intrinsic (i.e., 
physiological differences or individual specialization) and extrinsic (i.e., 
environment conditions) factors can drive the variation of foraging 
strategies within geographical populations or even a breeding colony 
(Phillips et al., 2017; Clay et al., 2019a; Jessopp et al., 2020). Empirical 
studies have suggested that the heterogeneity and scale-depended pre
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= 7) and short southwestward trips (n = 41). Duration, maximum dis
tance and direction significantly differed between groups (Wilcoxon 
test, all p value < 0.001). Four Swinhoe’s Storm-petrels exclusively 
performed the southwest short trips. One bird only went to the south
east, and three birds adopted both strategies and went in two directions 
(Table 2). 

The comparison of extrinsic factors on the foraging strategy of 

Swinhoe’s Storm-petrels are shown in Fig. 3. Environmental conditions 
of the two foraging strategies significantly differ in water depth (w =
3530, p = 0.00), distance to coast (w = 790, p = 0.00) and sea surface 
temperature (t = − 4.91, p = 0.00). We did not find the impact of 
chlorophyll concentration (w = 717, p = 0.21) and wind conditions 
(wind support w = 2114, p = 0.76, crosswind t = − 1.21, p = 0.23) on 
foraging strategies. Individuals who were capable of conducting long 
southeastward trips had significantly longer wings (t = 3.76, p = 0.011) 
and tendency of lower wing loading (t = − 2.52, p = 0.06), but were not 
different in body weight (t = − 1.37, p = 0.24), tarsus (w = 6, p = 0.69), 
bill (t = 0.21, p = 0.84) and wing area (t = 0.78, p = 0.47) (see Fig. 4). 

4. Discussion 

In this research, we studied the foraging behavior of a mysterious 
tubenose species, the Swinhoe’s Storm -Petrels, using GPS-VHF telem
etry devices in a highly productive continental shelf of the Northwest 
Pacific during the breeding season. Consistent with our predictions, 
Swinhoe’s Storm-petrels preferred nearshore marine habitats with 
shallow water and adopted mostly short foraging trips during breeding. 
Although foraging trip metrics were not significantly different from 
unimodal distribution separately, diversified foraging strategies 
emerged when considering the combination of foraging direction, 
duration and maximum distance. The infrequent long southeastward 
foraging trips were distinguishable from short southwestward trips and 
were different in bathymetry, distance to the coast and sea surface 
temperature. Foraging strategies were also flexible between individuals, 
which could be explained by wing morphology. 

High marine primary productivity (1.6 ± 0.79 mg/m3) might facil
itate Swinhoe’s Storm-petrels of Dagong island foraging exclusively on 
the continental shelf of Yellow Sea China and travelling a short distance 
from the colony most of the time. In comparison, Leach’s Storm-petrel 
(closely relative species of Swinhoe’s Storm-petrel) foraged long dis
tances (~400–800 km) and mostly on shelf slop with low chlorophyll A 
concentration of less than 0.6 mg/m3 (Hedd et al., 2018). The nearshore 
distribution of Swinhoe’s Storm-petrels that we observed agrees with the 
relationship of Storm-petrels’ plumage and distribution in the Eastern 
Pacific, in which dark plumage Storm-petrel species occurred more in 
the continental shelf and light-rumped Storm-petrels occupied the depth 
pelagic ocean (Spear and Ainley, 2007). The dark rump plumage of 
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Fig. 2. Diversified foraging trips (n = 48) of breeding Swinhoe’s Storm-petrels at Dagong Island, the Yellow Sea, China. Upper panel: windrose plots of direction, 
frequency, and maximum distance to the colony (A) and duration (B). Lower panel: cluster dendrogram of Ward’s hierarchical clustering and mean value of grouped 
foraging trip metrics. The foraging trips of Storm-petrel clustered into two: a few long trips to the southeast direction (group 1, n = 7), and the majority of short trips 
went to the southwest (group 2, n = 41). Trip IDs are shown at the bottom of the dendrogram. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 3. Comparison of environmental features of two groups of foraging trips towards southeast and southwest direction relative to the breeding colony. Environment 
variables include (A) water depth, (B) distance to the coast, (C) sea surface temperature, (D) chlorophyll A concentration, (E) wind support and (F) crosswind. The p 
values of the t-test or Wilcoxon test are shown in each boxplot. 

Y. Cheng et al.                                                                                                                                                                                                                                   
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species (Pollet et al., 2014; Neves et al., 2023). The longer trips might 
also be a sex-specific strategy for females to compensate for the energy 
expenditure of eggs (Mauck et al., 2023). Unfortunately, due to the 
various logistic constraints to access the breeding colony, we had no 
information on the breeding stage and the sex of the tracked individuals, 
thus requiring further study to conclude. 

Foraging longer distances is costly both time- and energy-wise for 
seabirds, so we expect longer trips to target highly productive areas and 
potently supported by favorable wind (Clay et al., 2019a; Phillips et al., 
2023). Unexpectedly, we did not find chlorophyll A concentrations and 
wind conditions differ between southeast and southwest trips. One po
tential explanation is the spatial-temporal mismatch between the GPS 
tracking and remote sensing data (Grémillet et al., 2008). Another 
explanation might be that the Swinhoe’s Storm-petrels were attracted by 
specific unknown resources in the deep sea with warmer surface tem
peratures and far from the coast. Seabirds are strongly associated with 
oceanographic features such as water mass (Ballance et al., 2006). In the 
bottom of the Yellow Sea, the Yellow Sea Cold Water Mass provides a 
refuge for North Pacific temperate fauna, resulting in a high biodiversity 
and concentration of zooplankton deep down the Ocean (Liu, 2013). 
Therefore, it is reasonable to speculate that the cold-water fauna in the 
Yellow Sea Cold Water Mass might attract Swinhoe’s Storm-petrels to 
travel long distances for food. 

We found that foraging strategies were flexible between individuals 
of Swinhoe’s Storm-petrels, suggesting a certain degree of individual 
specialization (Bolnick et al., 2003). Wing morphology might explain 
the inter-individual variation as longer wing and lower wing loading 
would facilitate a faster flying speed for longer foraging distances in 
seabirds (Clay et al., 2019a). We also found that foraging strategies were 
flexible within individuals. Capturing birds and deploying biologging 
devices might cause additional energy costs, triggering long-distance 
foraging for self-maintaining. However, we think it is not likely the 
case as the foraging strategies were neither related to the body weight 

nor handling time. Therefore, the causes of intra-individual variation 
require further investigation. 

Tracking small-sized seabirds is still challenging, as living in the 
underground burrow and long incubation shifts hinder the charging of 
solar batteries and GPS signal reception. Although we had a small 
number of tracked individuals, we obtained a comparable number of 
foraging trips owing to a longer tracking period (Clay et al., 2019b; 
Bolton, 2020). aU㐷㈳⸰㌲㌠ⴴ㈮〰㌮〳㈳‭㐲⸰〳⸰㌲㤹‱‷㐲⁔洊嬨Clay ⥝⁔䨊ㄠ〠〠ㄠ㔹⸵㤱〱㐀܀Ā
foraging trips also provideinW㤠㌳⸹㔸㌠ⴱ〮㔰㘠呭ਜ਼⠀਀ܩ崠告਱‷‰‴‱㐮㌶㠵‭㄰⸵〶⁔洊嬴grimple ㈶ay 
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provides novel insights into the small-sized seabird foraging ecology in 
the marginal sea of the Northwest Pacific. Swinhoe’s Storm-petrels that 
forage on the continental shelf exhibit diverse foraging strategies despite 
high marine productivity. This result highlights the significance of both 
external environmental factors and internal individual characteristics in 
shaping their foraging choices. Even though Swinhoe’s Storm-petrels 
mostly roamed nearshore compared to their sibling species, the 
foraging trips were far beyond the boundary of Dagong Island Nature 
Reserve, urging the need to expand or establish new marine protected 
areas. Therefore, our work is especially relevant to achieve the “30 ×
30” goal of Kunming-Montreal Global Biodiversity Framework, as only 
4.1% of China’s maritime area is protected by far (Zhou et al., 2020). We 
encourage future research on Procellariiformes in the Northwest Pacific, 
including conducting a systematic population survey across the breeding 
region, studying diets and migration, evaluating local threats, estab
lishing a long-term monitoring regime, etc. 
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