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			ABSTRACT

		

		
			Following the flush of spring growth of primary production (the “green wave” hypothesis) has been applied as a universal explanation for spring migration timing of avian herbivores. However, studies of the green wave hypothesis have focused on species feeding intensively on above-ground primary production. To test whether a facultative grazer strictly follows the green wave, we used 16 complete tracks in time and space of spring migrating tundra bean geese (Anser serrirostris) fitted with telemetry devices from two flyways between Yangtze River Floodplain winter areas and Anadyr (Russia)/Central Arctic breeding grounds. We combined these with high spatial resolution MODIS satellite-derived plant production data to relate the timing of spring migration to that of the green wave index (GWI) at different staging regions and on breeding areas. Results showed that, at stopovers south of 52°N, eastern tundra bean geese fed mainly on cropland and arrived at stopover sites ahead of 50% GWI. At all subsequent stopover sites in Russia, eastern tundra bean geese fed exclusively on natural forage land, and followed GWI northwards, finally overtaking GWI to arrive at the breeding sites in advance of these dates. These data show that satellite-derived GWI are generally poor predictors of the arrival dates of spring migrating eastern tundra bean geese, but that deviations related to differential habitat use along the flyway and the need to arrive on the breeding areas ahead of snowmelt to coincide subsequent hatching of goslings with optimal food availability.
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			INTRODUCTION

			Long-distance migratory wildfowl exploit patterns of seasonal resource availability in time and space throughout their annual cycle (Newton, 2008). Spring migration is very critical process especially for adult geese ready to breeding, as geese are assumed to be partial capital breeder, accumulating body store for breeding during spring migration (Drent et al., 2006). Therefore, selecting high-quality foraging sites during spring migration is critically important not only for successful migration and maximising lifetime fitness, but is the basis of reproductive success (Drent et al., 2006, Destin et al., 2009).

			The green wave hypothesis assumes that following the flush of growth in above-ground primary production is considered to be a universal explanation for the timing of spring migration among avian herbivores (Van der Graaf et al., 2006; Shariatinajafabadi et al., 2014; Thorup et al., 2017). Satellite-derived MODIS normalized difference vegetation index (NDVI) offers a remote sensing means of measuring plant biomass, which can be used as a proxy of forage quality for herbivores (Skidmore and Ferwerda, 2008; Rivrud et al., 2016). Satellite-derived green wave index (GWI) transforms NDVI time series within each pixel into value between 0 and 100% to reflect changes in levels between the minimum and maximum NDVI measurements (Beck et al., 2008). Recent studies have indicated that GWI can accurately predict the timing of geese migration, since geese trade-off between forage quality and quantity to arrive at stopover sites close to the date of 50% GWI (i.e. at the assumed date of peak nitrogen concentration, Shariati Najafabadi et al., 2015). 

			Generally, studies of herbivore responses to the green wave have focused on species which specialise on feeding on net above-ground primary production, such as giant pandas (Ailuropoda melanoleuca) (Beck et al., 2008), mule deer (Odocoileus hemionus) (Merkle et al., 2016), barnacle geese (Branta leucopsis) (Shariatinajafabadi et al., 2014). In recent years, many migratory geese populations have shifted to feeding on agricultural surpluses left after the autumn harvest, which remain as field residues as profitable forage in the spring. Geese feeding on plant stems and farmland waste have no need to follow the green wave while gaining energetic benefits from exploiting such artificial resources, but to do so may lead to a mismatch between the timing of migration and the spring progress of the green wave.

			To test whether a facultative grazer strictly follows the green wave, we utilize relatively high spatial resolution MODIS satellite-derived production data combined with spring detailed migration data from individually telemetry-tracked eastern tundra bean goose (Anser serrirostris). Arctic-nesting tundra bean goose intensively use cropland at stopover sites in China during spring migration (Si et al., 2018). In contrast, during subsequent staging at uninhabited areas in Russia, they feed almost exclusively on natural habitats, unaffected by human land use change, where they likely subsist on above-ground primary production, where their timing of migration wold be expected to coincide with green up of vegetation. As a result, the eastern tundra bean goose is an ideal species to test the green wave hypothesis at different stages of its spring migration while staging in different regions and exploiting different habitats. We predict that the spring availability of residue corn in Northeast China remaining in snow free fields will enable eastern tundra bean geese to migrate to these areas to acquire body stores for onward migration before such fields are ploughed and drilled between the end of April and early May (Zhang and Hu, 2018), well ahead of the green wave. We predict that they will later catch the peak of forage quality in Russia where they utilize mainly natural habitats to accumulate sufficient body stores, but that ultimately they will jump ahead of the green wave to arrive at ultimate breeding areas in advance of primary production to coincide their breeding with optimal timing for gosling foraging.

			Materials and methods

			GPS tracking

			We caught 48 tundra bean geese in Poyang from the Yangtze River Floodplain, Jiangxi Province, China (29.1°N, 115.9°E), and Anhui lakes (30.9°N, 117.6°E) during October 2016 and January 2017, using method described by Yu et al. (2017). We deployed GPS-GSM (Global Positioning System-Global System for Mobile Communications), solar-powered collar transmitters (Supplementary Table I) on captured individuals, ensuring that the weight of transmitter accounted for less than 2% of the bird body weight to minimize the effect of transmitter on birds (Demers et al., 2003). These waterproofed devices collected transmitter ID, geographical coordinates (i.e. longitude, latitude (shown to have a horizontal accuracy of 9.6 ± 5.6 m SE in field tests)), velocity and timestamp of the GPS location. Finally, we acquired 16 completed spring tracks from 16 individuals, 4 of them migrate to Anadyr river (Russia) while 12 of them arrive to Central Arctic area (Fig. 1).
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			Fig. 1. Stopover sites, breeding areas and wintering areas from 16 migration tracks of bean geese. Different colours indicate different stay duration.

			For each track we identified the stopover sites following the method of Wang et al. (2018). This method recognizes the changes in the movement pattern according to first passage time (FPT), a secondary signal of movement tracks (Edelhoff et al., 2016). FPT estimates the minimum crossing duration of an organism for a given radius along its path, which will be high when it resides within a restricted area, and low when it is travelling. We defined stopover sites as those where the geese stayed for at least two days (Drent et al., 2006; Kölzsch et al., 2015). Spring migration was defined from the time the geese left the last wintering site and reached breeding/prospecting site (Kölzsch et al., 2016).

			Satellite-derived green wave index (GWI) 

			MODIS/Terra Vegetation Indices 16-Day 1 km products MOD13A2 Collection 6 (downloaded from https://lpdaac.usgs.gov) in 2017 were used to derive NDVI data used in the following analyses. To reduce the noise, we applied an adaptive Savitzky-Golay filter to produce smooth time series following the method of (Si et al., 2015). To obtain daily NDVI data, the 23 images obtained each year were linearly interpolated to daily images (Si et al., 2015; Shariati-Najafabadi et al., 2016). We calculated daily GWI for each pixel following the method of White et al. (1997) and Shariatinajafabadi et al. (2014):

			GWIt = (NDVIt-NDVImin)/(NDVImax-NDVImin)× 100%

			Where NDVImin and NDVImax are annual minimum and maximum NDVI values, while NDVIt and GWIt are the NDVI and green wave index on date t. 0% GWI indicates the annual minimum NDVI and 100% GWI expresses the annual maximum NDVI. GWI data for stopover sites were extract from within united buffers of 10km around each fixed geese location. We masked water, forest, urban and built-up area, snow and ice, barren and sparsely vegetated, and unclassified areas from GWI map according to yearly global land cover products (MCD12Q1) downloaded from http://e4ftl01.cr.usgs.gov/MOLT/ (Si et al., 2015). 

			Habitat use

			We first selected all possible feeding locations during the daytime (Zhang et al., 2018), and from these rejected positions assumed to be in flight (i.e. if the velocity >4m/s, Bengtsson et al., 2014). In the next step, we overlaid the feeding locations on GPS layers containing Finer Resolution Observation and Mornitoring-global land cover map 2017 with 30×30m resolution (Gong et al., 2019) to assign each location to a specific land cover type. The categories in the map are: “Cropland”, “Forest”, “Grassland”, “Shrubland”, “Wetland”, “Water”, “Tundra”, “Impervious surface”, “Bareland”, “Snow/Ice”. For the purpose of this analysis, we combined “Wetland”, “Grassland”, and “Tundra” as “Natural forage land”, “Cropland” as “Cropland”. For each staging region, we calculated the total percentage of position fixes within each category (Yu et al., 2017). 

			Relating satellite-derived green wave index to bean geese migration

			We here assume that the timing of 50% GWI indicates the peak food availability for geese (Doiron et al., 2013) and defined the date when the GWI value most closely approximated to 50% GWI as the predicted arrival date of tundra bean geese. We calculated root-mean-square-deviation (RMSD) to assess the level of fitness between observed arrival date and predicted arrival date (i.e. date of 50% GWI), defining RMSD < 10 as good fitness, 10-15 as moderate, and >15 as poor, following Destin et al. (2009). The difference between the predicted and observed arrival date at stopover sites within different regions were tested using student t-tests. In addition, we fit linear model to assess the relationship between geese arrival date and predicted arrival date within the specific region.

			Results and discussion

			At stopover sites south of 52°N, the arrival date of Bean Geese was far earlier than the date of 50% GWI both for Anadyr (Russia) and Central Arctic geese (Supplementary Table II, Fig. 2). There were poor fits between predicted arrival date and observed arrival date. At stopover sites north of 52°N, the relationship between observed and predicted arrival date was strong for Central Arctic geese (slope = 0.67, R2 = 0.49, p-value < 0.001). There were good fits between predicted and observed arrival date for Central Arctic geese. Only one Anadyr geese staged in Russia (for 7 days) and its arrival date was in advance of the date of 50% GWI (Supplementary Table II, Fig. 2). Both Anadyr and Central Arctic Geese arrived at breeding areas much earlier than the date of 50% GWI. The fit between predicted and observed arrival date of Central Arctic geese was better than that for Anadyr geese.
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			Fig. 2. The relationship between date of 50% GWI and observed arrival date at stopover sites during spring migration of Central Arctic (upper) and Anadyr (below) migration route. Different colors denote different regions.

			Central Arctic geese used 37% of cropland at stopover sites south of 44°N and 34% croplands between 44° and 52°N (Fig. 3). Anadyr geese used 47% of cropland at stopover sites south of 44°N and 73% between 44° and 52°N, respectively (Fig. 3). In contrast, Central and Anadyr geese almost exclusively used natural forage habitats within Russia. GWI levels at stopover sites north of 52°N when geese stayed there was below 50%, compared to above 50% at stopover sites south of 52°N for Central Arctic geese (Fig. 3).
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			Fig. 3. Percentage of habitat use of tundra bean geese in three different spring staging regions of Anadyr geese (upper) and Central Arctic geese (below).

			Using relatively high spatiotemporal resolution satellite imagery combined with tracking data, we tested the green wave hypothesis along two flyways of Arctic nesting eastern tundra bean geese sympatrically wintering in China. Our results suggested that satellite-derived green wave index (GWI) could only partially predict the arrival date of eastern tundra bean geese during spring migration (Fig. 4) and it seems the deviations from the GWI were related to land use on the most southerly staging areas and the ultimate leap ahead of the GWI to arrive at breeding areas before the onset of plant growth. In stopovers within Russia, where geese almost exclusively exploited natural habitats, timing was more related to the GWI. South of 52°N, eastern tundra bean geese fed mainly on croplands and arrived at stopover sites far ahead of date of 50% GWI.
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			Fig. 4. Time line of GWI, arrival date (red stars) at staging regions visited by spring migratory tundra bean geese Anser serrirostris en route to the breeding areas in Anadyr (n = 4) and the Central Eurasian Arctic (n = 12).

			Tundra bean geese did not follow the green wave at stopover sites south of 52°N (i.e. mainly in Northeast China) during spring migration. Northeast China is a key area of commercial grain production in China (Yang et al., 2007). Zhang et al. (2018) showed that tundra bean geese preferred croplands in China during spring migration, which is consistent with our findings (Figs. 3, Supplementary Fig. 1). Geese feed on crop residues left after machine harvesting, which enhances energy intake rates compared to natural foods and enables geese to accumulate energy more efficiently for migration and ultimately for breeding (Fox and Abraham, 2017). At the timing of geese staging in these areas, air temperatures are well below freezing point, as such primary production does not occur in such croplands when geese are present, hence crop waste is the only source of food and unrelated to the local GWI. The cultivation season in Northeast China is between end of April and early May (Zhang and Hu, 2018) while geese leave Northeast by early May, before the growth period of net above-ground primary production, which seems to result in a GWI below 50% when geese stay in stopover sites south of 52°N (Fig. 3) so that geese have no chance to pursue the 50% GWI. Although Central Arctic geese use more than 40% of natural forage land at staging sites between 44°and 52°N, the growth period in Inner Mongolia plateau is between May and October (Jin et al., 2009), after the geese leave, which also causes the low level of GWI when geese stay there (Supplementary Fig. 2) and later date of peak of food availability (Supplementary Fig. 2). 

			Another reason causing the mismatch between spring migration and green wave may be human disturbance. Geese suffer from wide-scale hunting and poisoning by poachers in China (Roller MaMing, 2012), which confined five wintering geese into natural wetland, avoiding human activity. Tundra bean geese fly directly from Yangtze river to Northeast China during spring migration with no stopover (Fig. 1). They seem to avoid high population density region (which often means high human activity), according to the spatial pattern of population density from Sun et al. (2016). They may also miss the chance to follow the green wave because of the long-distance jump. Geese in Europe migrated in short legs than geese in China (Wang et al., 2018), they may have higher flexibility to adapt their migration to green wave.

			This study supports that geese arrive at breeding area before the peak of food availability. Geese from both flyways arrive at breeding area before 50% GWI, which enable gosling to benefit from the longer period of high food quality (Drent et al., 2006, Xu and Si, 2019). Moreover, early arrival in the breeding area can enable them to reduce competition by occupying territory with advantage (Kokko, 1999).

			Although we should be prudent about concluding so much from so few tracked individuals within only one season, the similar pattern between arrival date and the date of 50% GWI from two flyways is further confirmation that the green wave hypothesis is not the universal explanation for the timing of migratory movements in herbivorous wildfowl. The use of habitat, and in particular the shifts between crop waste and above ground primary production, is likely the most important factor that determines whether organisms follow the peak in quality of primary production along the spring migration corridor. This study also indicates that the management of cropland is critically important for the conservation of herbivorous wildfowl, because these geese now rely upon the availability of crop waste to acquire energy and nutrient stores to fuel onward migration over inhospitable terrain (Wang et al., 2018). These stores also bridge the resource shortage experienced by the Anadyr nesting geese, which migrate from Northeast China to breeding area without stopover (Fig. 1). Geese from two flyways both use high rate of cropland, and show a mismatch with the peak of food availability that would potentially occur if they were reliant on above ground green growth. Because the geese have modified their migration in time and space to become reliant upon an artificial source of food in Northeast China, they are now vulnerable to changes in land use in these areas. Future conservation plans to safeguard these migratory waterbird populations therefore need to take account of such changes in habitat use if they are to maintain these populations for future generations.

			Acknowledgement

			We gratefully acknowledge the contribution of fieldwork teams (Lei Fang, Dehai Gu) and the catching teams for their contributions. We also thank Anthony David Fox for improving the manuscript. The study was supported by the National Key Research and Development Programme of China (Grant No. 2016YFC0500406), the Chinese Academy of Sciences Key Strategic Programme, Water Ecological Security Assessment, Major Research Strategy for Middle and Lower Yangtze River (Grant No. ZDRW-ZS-2017-3-3), International Cooperation and Exchange project NSFC (Grant No. 31661143027), National Natural Science Foundation of China (Grant No. 31670424) and China Biodiversity Observation Networks (Sino BON). We declare no conflicts of interest. 

			Supplementary material

			There is supplementary material associated with this article. Access the material online at: https://dx.doi.org/10.17582/journal.pjz/20190502130556

			Statement of conflict of interest

			The author declares that they have no conflict of interests.

			Reference

			Beck, P.S.A., Wang, T.J., Skidmore, A.K. and Liu, X.H., 2008. Displaying remotely sensed vegetation dynamics along natural gradients for ecological studies. Int. J. Remote Sens., 29: 4277-4283. https://doi.org/10.1080/01431160802104942

			Bengtsson, D., Avril, A., Gunnarsson, G., Elmberg, J., Soderquist, P. and Norevik, G., 2014. Movements, home-range size and habitat selection of mallards during autumn migration. PLoS One, 9: e100764. https://doi.org/10.1371/journal.pone.0100764

			Demers, F., Giroux, J.F., Gauthier, G. and Bêty, J., 2003. Effects of collar-attached transmitters on behaviour, pair bond and breeding success of snow geese Anser Caerulescens Atlanticus. Wildl. Biol., 9: 161-170. https://doi.org/10.2981/wlb.2003.047

			Destin, A., Nolet, B.A., Klaassen, M., Duriez, O., Bauer, S., Madsen, J. and Stillman, R.A., 2009. What decision rules might pink-footed geese use to depart on migration? An individual-based model. Behav. Ecol., 20: 560-569. https://doi.org/10.1093/beheco/arp032

			Doiron, M., Legagneux, P., Gauthier, G. and Lévesque, E., 2013. Broad-scale satellite Normalized Difference Vegetation Index data predict plant biomass and peak date of nitrogen concentration in Arctic tundra vegetation. Appl. Veget. Sci., 16: 343-351. https://doi.org/10.1111/j.1654-109X.2012.01219.x

			Drent, R.H., Fox, A.D. and Stahl, J., 2006. Travelling to breed. J. Ornithol., 147: 122-134. https://doi.org/10.1007/s10336-006-0066-4

			Edelhoff, H., Signer, J. and Balkenhol, N., 2016. Path segmentation for beginners: an overview of current methods for detecting changes in animal movement patterns. Movem. Ecol., 4: 21. https://doi.org/10.1186/s40462-016-0086-5

			Fox, A.D. and Abraham, K.F., 2017. Why geese benefit from the transition from natural vegetation to agriculture? Ambio, 46: 188-197. https://doi.org/10.1007/s13280-016-0879-1

			Gong, P., Liu, H., Zhang, M., Li, C., Wang, J., Huang, H., Clinton, N., Ji, L., Li, W., Bai, Y., Chen, B., Xu, B., Zhu, Z., Yuan, C., Ping Suen, H., Guo, J., Xu, N., Li, W., Zhao, Y., Yang, J., Yu, C., Wang, X., Fu, H., Yu, L., Dronova, I., Hui, F., Cheng, X., Shi, X., Xiao, F., Liu, Q. and Song, L., 2019. Stable classification with limited sample: transferring a 30-m resolution sample set collected in 2015 to mapping 10-m resolution global land cover in 2017. Sci. Bull., 64: 370-373. https://doi.org/10.1016/j.scib.2019.03.002

			Jin, Z., Qi, Y., Yunshe, D. and Domroes, M., 2009. Seasonal patterns of soil respiration in three types of communities along grass-desert shrub transition in Inner Mongolia, China. Adv. Atmosph. Sci., 26: 503-512. https://doi.org/10.1007/s00376-009-0503-4

			Kokko, H., 1999. Competition for early arrival in migratory birds. J. Anim. Ecol., 68: 940–950. https://doi.org/10.1046/j.1365-2656.1999.00343.x

			Kölzsch, A., Bauer, S., de Boer, R., Griffin, L., Cabot, D., Exo, K.M., van der Jeugd, H.P. and Nolet, B.A., 2015. Forecasting spring from afar? Timing of migration and predictability of phenology along different migration routes of an avian herbivore. J. Anim. Ecol., 84: 272-283. https://doi.org/10.1111/1365-2656.12281

			Kölzsch, A., Müskens, G.J.D.M., Kruckenberg, H., Glazov, P., Weinzierl, R., Nolet, B.A. and Wikelski, M., 2016. Towards a new understanding of migration timing: slower spring than autumn migration in geese reflects different decision rules for stopover use and departure. Oikos, 125: 1496-1507. https://doi.org/10.1111/oik.03121

			Merkle, J.A., Monteith, K.L., Aikens, E.O., Hayes, M.M., Hersey, K.R., Middleton, A.D., Oates, B.A., Sawyer, H., Scurlock, B.M. and Kauffman, M.J., 2016. Large herbivores surf waves of green-up during spring. Proc. Biol. Sci., 283: 20160456. https://doi.org/10.1098/rspb.2016.0456

			Newton, I., 2008. The migration ecology of birds. Oxford: Academic Press.

			Rivrud, I.M., Heurich, M., Krupczynski, P., Müller, J. and Mysterud, A., 2016. Green wave tracking by large herbivores: an experimental approach. Ecology, 97: 3547-3553. https://doi.org/10.1002/ecy.1596

			Roller MaMing, T.Z., David, B., Peng, D. and Xumao, Z., 2012. Geese and ducks killed by poison and analysis of poaching cases in China. Goose Bull., 15: 2-11.

			Shariati-Najafabadi, M., Darvishzadeh, R., Skidmore, A.K., Kölzsch, A., Exo, K.M., Nolet, B.A., Griffin, L., Stahl, J., Havinga, P.J.M., Meratnia, N. and Toxopeus, A.G., 2016. Environmental parameters linked to the last migratory stage of barnacle geese en route to their breeding sites. Anim. Behav., 118: 81-95. https://doi.org/10.1016/j.anbehav.2016.05.018

			Shariati Najafabadi, M., Darvishzadeh, R., Skidmore, A.K., Kölzsch, A., Vrieling, A., Nolet, B.A., Exo, K.M., Meratnia, N., Havinga, P.J.M., Stahl, J. and Toxopeus, A.G., 2015. Satellite-versus temperature-derived green wave indices for predicting the timing of spring migration of avian herbivores. Ecol. Indicat., 58: 322-331. https://doi.org/10.1016/j.ecolind.2015.06.005

			Shariatinajafabadi, M., Wang, T., Skidmore, A.K., Toxopeus, A.G., Kölzsch, A., Nolet, B.A., Exo, K.M., Griffin, L., Stahl, J. and Cabot, D., 2014. Migratory herbivorous waterfowl track satellite-derived green wave index. PLoS One, 9: e108331. https://doi.org/10.1371/journal.pone.0108331

			Si, Y., Xin, Q., de Boer, W.F., Gong, P., Ydenberg, R.C. and Prins, H.H.T., 2015. Do Arctic breeding geese track or overtake a green wave during spring migration? Scient. Rep., 5: 8749. https://doi.org/10.1038/srep08749

			Si, Y., Xu, Y., Xu, F., Li, X., Zhang, W., Wielstra, B., Wei, J., Liu, G., Luo, H., Takekawa, J., Balachandran, S., Zhang, T., de Boer, W.F., Prins, H.H.T. and Gong, P., 2018. Spring migration patterns, habitat use, and stopover site protection status for two declining waterfowl species wintering in China as revealed by satellite tracking. Ecol. Evolut., 8: 6280-6289. https://doi.org/10.1002/ece3.4174

			Skidmore, A.K. and Ferwerda, J.G., 2008. Resource distribution and dynamics: mapping herbivore resources. Springer Netherlands. Dordrecht, pp. 57-77. https://doi.org/10.1007/978-1-4020-6850-8_6

			Sun, J., Wang, J., Wei, Y., Li, Y. and Liu, M., 2016. The Haze Nightmare Following the Economic Boom in China: Dilemma and Tradeoffs. Int. J. Environ. Res. Pub. Hlth., 13: 402. https://doi.org/10.3390/ijerph13040402

			Thorup, K., Tottrup, A.P., Willemoes, M., Klaassen, R.H.G., Strandberg, R., Vega, M.L., Dasari, H.P., Araujo, M.B., Wikelski, M. and Rahbek, C., 2017. Resource tracking within and across continents in long-distance bird migrants. Sci. Adv., 3: e1601360. https://doi.org/10.1126/sciadv.1601360

			van der Graaf, S., Stahl, J., Klimkowska, A., Bakker, J.P. and Drent, R.H., 2006. Surfing on a green wave - how plant growth drives spring migration in the Barnacle Goose Branta leucopsis. Ardea, 94: 567-577.

			Wang, X., Cao, L., Bysykatova, I., Xu, Z., Rozenfeld, S., Jeong, W., Vangeluwe, D., Zhao, Y., Xie, T., Yi, K. and Fox, A.D., 2018. The Far East taiga forest: unrecognized inhospitable terrain for migrating Arctic-nesting waterbirds? Peer J., 6: e4353. https://doi.org/10.7717/peerj.4353

			White, M.A., Thornton, P.E. and Running, S.W., 1997. A continental phenology model for monitoring vegetation responses to interannual climatic variability. Global Biogeochem. Cycles, 11: 217-234. https://doi.org/10.1029/97GB00330

			Xu, F. and Si, Y., 2019. The frost wave hypothesis: How the environment drives autumn departure of migratory waterfowl. Ecol. Indicat., 101: 1018-1025. https://doi.org/10.1016/j.ecolind.2019.02.024

			Yang, Y., Mohammat, A., Feng, J., Zhou, R. and Fang, J., 2007. Storage, patterns and environmental controls of soil organic carbon in China. Biogeochemistry, 84: 131-141. https://doi.org/10.1007/s10533-007-9109-z

			Yu, H., Wang, X., Cao, L., Zhang, L., Jia, Q., Lee, H., Zhenggang, X., Liu, G., Xu, W., Hu, B. and Fox, A., 2017. Are declining populations of wild geese in China ‘prisoners’ of their natural habitats? Curr. Biol., 27: R376-R377. https://doi.org/10.1016/j.cub.2017.04.037

			Zhang, Q. and Hu, Z., 2018. Assessment of drought during corn growing season in Northeast China. Theoret. appl. Climatol., 133: 1315-1321. https://doi.org/10.1007/s00704-018-2469-6

			Zhang, W., Li, X., Yu, L. and Si, Y., 2018. Multi-scale habitat selection by two declining East Asian waterfowl species at their core spring stopover area. Ecol. Indicat., 87: 127-135. https://doi.org/10.1016/j.ecolind.2017.12.035

		

OEBPS/Images/1558194221_Figure_2.jpg
180

160

140

120

100

80

60

Predicted arrival date (days after 1 January)

40

180

160

140

120

Predicted arrival date (days after 1 January)

© South of 44°N
©Between 44° and 52°N
@ North of 52°N
@Breeding

60 80 100 120 140 160 180
Observed arrival date (days after 1 January)

60 80 100 120 140 160 180
Observed arrival date (days after 1 January)





OEBPS/Images/1558194247_Figure_4.jpg
100%

80%

60%

40%

20%

0%

100%

80%

60%

40%

20%

0%

<44N 44ON-52°N Russia
Cropland @ Natural forage land  ®Others

<44N 44°N-52°N Russia
Cropland  wNatural forage land  ®Others





OEBPS/Images/1558194259_Figure_5.png
1 date (days after 1 January)

va

dual_Arr

Flyway_Indivi

Central_BG16_154
Central_BG15_150
Central_BG12_151
Central_BG11_157
Central_BG10_150
Central_BG09_154
Central_BG07_150
Central_BG0G_150
Central_BGO05_160
Central_BG04_151
Central_BG03_155
Central_BG02_150
Anadyr_BG14_133
Anadyr_BG13_126
Anadyr_BG08_125
Anadyr_BGO1_134
Central_BG16_135
Central_BG15_142
Central_BG12_128
Central_BG11_148
Central_BG10_129
Central_BG09_137
Central_BG07_136
Central_BGO06_134
Central_BG05_143
Central_BG04_134
Central_BG03_136
Central_BG02_132
Anadyr_BG14_125

Central_BG16_090
Central_BG15_069
Central_BG12_088
Central_BG11_091
Central BG10_097
Central_BG09_070
Central_BG07_087
Central_BG06_075
Central_BG04_093
Central_BG03_083
Central BG02 093
Anadyr_BG14_058
Anadyr_BG13_086
Anadyr_BG08_085
Anadyr_BGO1_069

Central_BG16_062
Central_BG12_046
Central_BG11_062
Central_BG10_057
Central_BG09_061
Central_BG07_062
Central_BG06_058
Central_BG05_057
Central_BGO04_057
Central_BG03_060
Central_BG02_057
Anadyr_BG13_062
Anadyr_BG08_066
Anadyr_BGO1_063

*
*

*

||,

-
[
EE— | |0
T
[ ]
-
I | |D
———————
N
I
A
—————
O
e
S - T W

&
N
r— 4
I a0 |3
[r—

o
S T |
e

&
e — R

" z
I
e T 0
T
_—— —_— |,
-_— - ==y
— —— P
— e
— E
— >
— _-— R

N
- oo—— |
— |
_— . e (3
— == — |2
— = e
— —
— - |2
= E
EEE—— |
T - |
—e— - 5
—— |
—re— e
— - 5
—e—— e
e -

o
—rE— TS
T =
—re—— x
—— 1
IS
40 80 120 160

Date (Days after 1 January)

GWI
1.0
0.8
0.6
0.4

l 0.2
0.0





OEBPS/Images/1558194209_Figure_1.jpg
70°N

60° N

50°N

40° N

30°N

90°E

150° E
L

Taimyr peninsula
Centu@l "Arctic

Mongolia

China

0400 800 1,600 Km
Lo bl

Length of stay

2-6 days

7-15 days
15-30 days
>30 days
Wintering area

«>0900

Breeding area
~— Migration route
world major river

90°E

I50I"F.

T
180°

70°N

60° N

50°N

40° N

30°N





OEBPS/Images/1.png
Pakistan J. Zool., vol. 54(2), pp 677-683, 2022

Does the Tundra Bean Goose (Anser serrirostris)d 1
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Following the flush of spring growth of primary production (the “green wave

» hypothesis) has been applic 4authors contributed critically to

as a universal explanation for spring migration timing of avian herbivores. However, studies of the greenthe drafts.
wave hypothesis have focused on species feeding intensively on above-ground primary production. To test
whether a facultative grazer strictly follows the green wave, we used 16 complete tracks in time and spaceKey words

of spring migrating tundra bean geese (4dnser serrirostris) fitted with telemetry devices from two flyways
between Yangtze River Floodplain winter areas and Anadyr (Russia)/Central Arctic breeding grounds. We

Anser serrirostris, Eastern tundra

combined these with high spatial resolution MODIS satellite-derived plant production data to relate thebean goose, Spring migration,
timing of spring migration to that of the green wave index (GWI) at different staging regions and on breedingGreen wave, Habitat use
areas. Results showed that, at stopovers south of 52°N, eastern tundra bean geese fed mainly on cropland andDOI. https://dx.doi.org/10.17582/

arrived at stopover sites ahead of 50% GWI. At all subsequent stopover sites in Russia, eastern tundra bean.
geese fed exclusively on natural forage land, and followed GWI northwards, finally overtaking GWI to arrive
at the breeding sites in advance of these dates. These data show that satellite-derived GWI are generally poor*

ournal.pjz/20190502130556
= b hor—fei-

predictors of the arrival dates of spring migrating eastern tundra bean geese, but that deviations related tocag@}rcees.ac.cn
differential habitat use along the flyway and the need to arrive on the breeding areas ahead of snowmelt t00036-9923 /2022/0002-0677 $

coincide subsequent hatching of goslings with optimal food availability.
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INTRODUCTION

Long-distance migratory wildfowl exploit patterns
of seasonal resource availability in time and space
throughout their annual cycle (Newton, 2008). Spring
migration is very critical process especially for adult geese
ready to breeding, as geese are assumed to be partial capital
breeder, accumulating body store for breeding during
spring migration (Drent ef al., 2006). Therefore, selecting
high-quality foraging sites during spring migration is
critically important not only for successful migration and
maximising lifetime fitness, but is the basis of reproductive
success (Drent ef al., 2006, Destin et al., 2009).

The green wave hypothesis assumes that following
the flush of growth in above-ground primary production is
considered to be a universal explanation for the timing of
spring migration among avian herbivores (Van der Graaf
et al., 2006; Shariatinajafabadi et al., 2014; Thorup ef al.,
2017). Satellite-derived MODIS normalized difference
vegetation index (NDVI) offers a remote sensing means
of measuring plant biomass, which can be used as a proxy
of forage quality for herbivores (Skidmore and Ferwerda,
2008; Rivrud et al., 2016). Satellite-derived green wave

Copyright 2022 Zoological Soci-

index (GWI) transfors’ ﬁﬁf\%l%{ﬁ{le series within each
pixel into value between 0 and 100% to reflect changes
in levels between the minimum and maximum NDVI
measurements (Beck er al., 2008). Recent studies have
indicated that GWI can accurately predict the timing of
geese migration, since geese trade-off between forage
quality and quantity to arrive at stopover sites close to the
date of 50% GWI (i.e. at the assumed date of peak nitrogen
concentration, Shariati Najafabadi ef al., 2015).

Generally, studies of herbivore responses to the green
wave have focused on species which specialise on feeding
on net above-ground primary production, such as giant
pandas (diluropoda melanoleuca) (Beck et al., 2008),
mule deer (Odocoileus hemionus) (Merkle ef al., 2016),
barnacle geese (Branta leucopsis) (Shariatinajafabadi
et al., 2014). In recent years, many migratory geese
populations have shifted to feeding on agricultural
surpluses left after the autumn harvest, which remain as
field residues as profitable forage in the spring. Geese
feeding on plant stems and farmland waste have no need
to follow the green wave while gaining energetic benefits
from exploiting such artificial resources, but to do so may
lead to a mismatch between the timing of migration and





