
AnimAl migrAtion

31

9LZLHYJO�(Y[PJSL���+60!���������HTP�������������(40������������¶��

* E-mail: emilymck@yorku.ca

0U[YVK\J[PVU

;YHJRPUN�TPNYH[PVU�VM�ZTHSS��#��N��ZVUNIPYKZ�OHZ�ILLU�SPTP[LK�[V�

MVSSV^PUN� ZTHSS�ZJHSL�TV]LTLU[Z� \ZPUN� YHKPV�[LSLTL[Y`� BL�N���1] 

VY� YHYL� YLJV]LYPLZ�VM�IHUKLK�IPYKZ� BL�N����D��;OL� YLJLU[�Z\YNL� PU�

[OL�\ZL�VM�TPUPH[\YPaLK�SPNO[�SL]LS�NLVSVJH[VYZ�OHZ�WYV]PKLK�UV]LS�

PUMVYTH[PVU� VU� `LHY�YV\UK� TV]LTLU[Z� VM� ZTHSS�� SVUN�KPZ[HUJL�

TPNYH[VY`�IPYKZ�B3�13D��.LVSVJH[VYZ�KL[LJ[�HUK�HYJOP]L�SPNO[�SL]LSZ�

JVU[PU\HSS`�YLSH[P]L�[V�HU�PU[LYUHS�JSVJR"�[O\Z��KH`�SLUN[O�HUK�UVVU�

TPKUPNO[� [PTLZ� JHU� IL� LZ[PTH[LK� \WVU� YL[YPL]HS� [V� KL[LYTPUL�

HWWYV_PTH[L�SH[P[\KL�HUK�SVUNP[\KL��.LVNYHWOPJ�HZZPNUTLU[Z�MYVT�

NLVSVJH[VYZ�HYL� PU]HS\HISL�MVY�KL[LYTPUPUN�WH[[LYUZ�VM�TPNYH[VY`�

JVUULJ[P]P[`� IL[^LLU� IYLLKPUN� HUK� ^PU[LYPUN� WVW\SH[PVUZ�

[OV\ZHUKZ�VM� RPSVTL[YLZ� HWHY[� B��D�� PKLU[PM`PUN� Z[VWV]LY� YLNPVUZ�

B15D�� HUK� PUMVYTPUN� LMMLJ[P]L� JVUZLY]H[PVU� HUK� THUHNLTLU[�

HJYVZZ�IYVHK�ZWH[PHS�HUK�[LTWVYHS�ZJHSLZ�B16���D��

+PMMLYLUJLZ� PU� ]LNL[H[PVU� [`WL�� [VWVNYHWO �̀� HUK� KHPS`�

HUK� ZLHZVUHS� ^LH[OLY� JH\ZL� ]HYPHUJL� PU� [OL� HTIPLU[� SPNO[�

,Z[PTH[PUN�NLVSVJH[VY�HJJ\YHJ`�MVY�H�TPNYH[VY`�ZVUNIPYK�
\ZPUN�SP]L�NYV\UK�[Y\[OPUN�PU�[YVWPJHS�MVYLZ[

1Dept. of Biology, York University,
 4700 Keele St., Toronto, Ontario,
 Canada, M3J 1P3

2Smithsonian Conservation Biology Institute,
 Migratory Bird Center, National Zoological
 Park, Washington, D.C., USA, 20008

3ARC Centre of Excellence for  Environmental
 Decisions, the NERP Environmental
 Decisions Hub, Centre for Biodiversity
 & Conservation  Science,
 University of Queensland,
 Brisbane, Queensland 4072

Emily A. McKinnon1*, 
Calandra Q. Stanley1, 
Kevin C. Fraser1, 
Maggie M. MacPherson1, 
Garth Casbourn1, 

Peter P. Marra2, 
Colin E. Studds3, 
Nora Diggs2, 
Bridget J. M. Stutchbury1

Received 03 November 2012
Accepted 28 December 2012

Abstract
Miniaturized light-level geolocators allow year-round tracking of small 
migratory birds, but most studies use calibration only at breeding sites to 
estimate geographic positions.  Ground-truthing of positions in tropical 
habitat is needed to determine how accurate breeding site calibrations (i.e. 
sun elevations) are for estimating location of winter sites. We tested the 
accuracy of geographic assignments using geolocator data collected from 
Wood Thrushes (Hylocichla mustelina) in Central America. For a given light 
threshold, sun elevation angle was higher in the tropics than at breeding 
ZP[LZ�HUK�HSZV�]HYPLK�ZPNUPÄJHU[S`�H[�[YVWPJHS�^PU[LY�ZP[LZ�IL[^LLU�^L[��6J[�
Dec) and dry (Jan-Mar) seasons. However, estimation of Wood Thrush 
[LYYP[VY`� SH[P[\KL�KPK�UV[�KPMMLY�ZPNUPÄJHU[S`�^OLU�\ZPUN�IYLLKPUN�VY� [YVWPJHS�
dry season sun elevation. Average error in assignment to tropical sites was 
365 ± 97 km (0.2-4.4°) in latitude. To obtain the best latitude estimates in 
the tropics with geolocators, we recommend using locations during the 
dry season where sun elevations are closer to those measured at breeding 
sites. We emphasize the importance of longitude in assigning forest birds 
to unknown sites; longitude estimates for Wood Thrushes in the tropics 
were, on average, within 66 ± 13 km (0-0.6°) of actual longitude. Latitude 
estimates were more accurate (180 ± 48 km) when assigning birds to 
breeding sites using deployments of geolocators in the tropics. Studies of 
species that are territorial in winter could collect more accurate migratory 
connectivity data by deploying geolocators at tropical wintering sites.
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Figure 1.  >P[OPU�ZLHZVU�]HYPH[PVU�PU�Z\U�LSL]H[PVU�HUNSLZ�H[�RUV^U�SVJH[PVUZ�PU�H��LHZ[LYU�5VY[O�(TLYPJH��ZLL�;HISL���MVY�SVJH[PVU�JVVYKPUH[LZ��HUK�I��
*LU[YHS�(TLYPJH��*VZ[H�9PJH�HUK�)LSPaL���(YYP]HS�$������4H`��U�$����PUKP]PK\HSZ���IYLLKPUN�$���1\U������1\S��U�$������TV\S[�$����(\N�¶����:LW[�
�U�$������+Y`�ZLHZVU�$�1HU�4HY��U�$������YHPU`�ZLHZVU�$�6J[�+LJ��U�$������4LHU�PZ�PUKPJH[LK�I`�H�KHYR�SPUL��HUK�IV_LZ�L_[LUK�[V���th�HUK���th 
X\HY[PSLZ��^P[O�^OPZRLYZ�L_[LUKPUN�[V�TH_PT\T�HUK�TPUPT\T�]HS\LZ��HUK�V\[SPLYZ�PUKPJH[LK�I`�VWLU�JPYJSLZ�

9PJH�� NLVSVJH[VY� LYYVY� PU� SH[P[\KL� ^HZ� ZPTPSHY� \ZPUN� IYLLKPUN�

�1\U�1\S��HUK�̂ PU[LY�KY`�ZLHZVU�Z\U�LSL]H[PVUZ��t $�������KM$�����

P�$��������-PN\YL°�H��-PN\YL°3���;HISL�����;OL�IYLLKPUN�Z\U�LSL]H[PVU�

H]LYHNLK�HJYVZZ�ZP[LZ���������YLZ\S[LK�PU�SH[P[\KL�LZ[PTH[LZ�PU�[OL�

[YVWPJZ�̂ P[OPU������HUK������VM�HJ[\HS�SH[P[\KL�MVY�)LSPaL�HUK�*VZ[H�

9PJH��YLZWLJ[P]LS`��;HISL�����>PU[LY�Z\U�LSL]H[PVU�JHSJ\SH[LK�MYVT�

[OL�KY`�ZLHZVU���������YLZ\S[LK�PU�SH[P[\KL�LZ[PTH[LZ�[OH[�KPMMLYLK�

VU�H]LYHNL� MYVT�HJ[\HS� SVJH[PVUZ�I`������ PU�)LSPaL�HUK������ PU�

*VZ[H� 9PJH�� 3VUNP[\KL� LZ[PTH[LZ� ^LYL� OPNOS`� HJJ\YH[L� K\YPUN�

[OL�KY`�ZLHZVU�MVY�IV[O�^PU[LYPUN�ZP[LZ��H]LYHNL�KPZ[HUJL�LYYVY�

��°RT������"�;HISL����-PN\YL°3���

4PNYH[VY`�JVUULJ[P]P[`�THWWPUN�JHU�HSZV�IL�HJJVTWSPZOLK�

I`� KLWSV`PUN� NLVSVJH[VYZ� VU� [OL� ^PU[LYPUN� NYV\UKZ� HUK�

LZ[PTH[PUN�IYLLKPUN� SVJH[PVU��.LVSVJH[VYZ�^LYL�TVYL�HJJ\YH[L�

MVY� LZ[PTH[PUN� IYLLKPUN� ZP[L� SVJH[PVU� ^OLU� [OL� IYLLKPUN� Z\U�

LSL]H[PVU�� YH[OLY� [OHU� [OL� ^PU[LY� KY`� ZLHZVU� Z\U� LSL]H[PVU��

^HZ� \ZLK�� -VY� [OL� 7LUUZ`S]HUPH� WVW\SH[PVU�� [OL� IYLLKPUN� Z\U�

LSL]H[PVU���������YLZ\S[LK�PU�HU�H]LYHNL�SH[P[\KL������UVY[O�VM�[OL�

HJ[\HS�IYLLKPUN�ZP[L��;HISL����-PN\YL°3���/V^L]LY��\ZL�VM�^PU[LY�

KY`�ZLHZVU�Z\U�LSL]H[PVU� MYVT�)LSPaL�HUK�*VZ[H�9PJH�KV\ISLK�

[OL� SH[P[\KL� LYYVY� HUK� V]LY�LZ[PTH[LK� IYLLKPUN� SH[P[\KL� MVY� [OL�

7LUUZ`S]HUPH� WVW\SH[PVU� I`� HU� H]LYHNL� VM� ����� �-PN\YL°3�� HUK�

YLZ\S[LK�PU�H�ZPNUPÄJHU[S`�SHYNLY�H]LYHNL�KPZ[HUJL�LYYVY��t�$�������

KM�$�������P�$���������-PN\YL°�I���

9LNHYKSLZZ�VM�Z\U�LSL]H[PVU�HUNSL�\ZLK�� SH[P[\KL�LYYVY�^HZ�

OPNOLY� H[� *LU[YHS� (TLYPJHU� ZP[LZ� YLSH[P]L� [V� 5VY[O� (TLYPJHU�

ZP[LZ��0U�JVU[YHZ[�[V�SH[P[\KL��SVUNP[\KL�OHK�SV^LY�LYYVY�H[�*LU[YHS�

(TLYPJHU�ZP[LZ��;HISL�����

+PZJ\ZZPVU

;OL�\ZL�VM�TPUPH[\YPaLK�NLVSVJH[VYZ�PZ�WYV]PKPUN�YLTHYRHISL�UL^�

PUZPNO[Z�PU[V�TPNYH[VY`�JVUULJ[P]P[ �̀�TPNYH[PVU�YV\[LZ��HUK�̂ P[OPU�

ZLHZVU�TV]LTLU[Z�VM�ZVUNIPYKZ�B3����15D��4VZ[�Z[\KPLZ�[V�KH[L�

OH]L�\ZLK�IYLLKPUN�ZP[L�JHSPIYH[LK�Z\U�LSL]H[PVUZ�H[�KLWSV`TLU[�

ZP[LZ�[V�LZ[PTH[L�SH[P[\KL�H[�\URUV^U�SVJH[PVUZ�K\YPUN�[OL�UVU�

IYLLKPUN�ZLHZVU��6\Y�YLZ\S[Z�ZOV^�[OH[�KH[H� MYVT�NLVSVJH[VYZ�

JV\SK�IL�\ZLK�^P[O�IYLLKPUN�NYV\UK�Z\U�LSL]H[PVU�JHSPIYH[PVU�[V�

HZZPNU�H�MVYLZ[�ZVUNIPYK�[V�^PU[LY�ZP[LZ�PU�*LU[YHS�(TLYPJH�^P[O�

NVVK� HJJ\YHJ`� �MVY� >VVK� ;OY\ZOLZ�� ^P[OPU� ��������� VM� HJ[\HS�

SH[P[\KL��HUK�^P[OPU���������VM�HJ[\HS�SVUNP[\KL��VU�H]LYHNL���

6I[HPUPUN�NYV\UK�[Y\[OLK�NLVSVJH[VY�KH[H� PU� [OL� [YVWPJZ� PZ�

SVNPZ[PJHSS`�PTWYHJ[PJHS�MVY�THU`�ZWLJPLZ��WHY[PJ\SHYS`�[OVZL�[OH[�

HYL�UV[�[LYYP[VYPHS� PU�^PU[LY�VY� [OVZL� PUOHIP[PUN�YLSH[P]LS`�YLTV[L�

YLNPVUZ��(UV[OLY�WYVWVZLK�TL[OVK�MVY�JHSPIYH[PUN�Z\U�LSL]H[PVU�

HUNSLZ�^P[OV\[�OH]PUN�NYV\UK�[Y\[OPUN�KH[H� PZ� [OL�/PSS�,RZ[YVT�

JHSPIYH[PVU� B��D�� ;OPZ� TL[OVK� YLSPLZ� VU� [OL� MHJ[� [OH[� SH[P[\KL�

LZ[PTH[LZ� KL]PH[L� TVYL� MYVT� [Y\L� SH[P[\KL� HZ� [OL� LX\PUV_LZ�

HWWYVHJO�� HUK� I`� WSV[[PUN� SH[P[\KL� V]LY� [PTL� \ZPUN� ZL]LYHS�

KPMMLYLU[� Z\U� LSL]H[PVU� HUNSLZ�� [OL� Z\U� LSL]H[PVU� [OH[� JH\ZLZ�

[OL�ZTHSSLZ[�KL]PH[PVU�PU�SH[P[\KL�PZ�HWWHYLU[��/V^L]LY��H�THQVY�

HZZ\TW[PVU�VM�[OPZ�TL[OVK��V\[SPULK�I`�B��D��PZ�[OH[�ZOHKPUN�T\Z[�

IL�LX\HS�[OYV\NOV\[�[OL�Z[H[PVUHY`�WLYPVK�VM�[OL�IPYK��6\Y�YLZ\S[Z�

ZOV^� [OH[�Z\U�LSL]H[PVU�HUNSLZ�KPMMLY�^P[OPU�Z[H[PVUHY`�WLYPVKZ�

H[� IV[O� IYLLKPUN� HUK�^PU[LYPUN� ZP[LZ� �-PN\YL°1��� :\U� LSL]H[PVU�

^HZ�ZPNUPÄJHU[S`�OPNOLY�PU�[OL�^L[�ZLHZVU�[OHU�[OL�KY`�ZLHZVU�

PU�[OL�5LV[YVWPJZ��-PN\YL°1I���/LH]`�HUK�MYLX\LU[�YHPUMHSS�K\YPUN�
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-PN\YL���  3H[P[\KL�LYYVY�PU�RT�MYVT�Z\U�LSL]H[PVUZ�KLYP]LK�MYVT�IYLLKPUN�OHIP[H[���������U�$���ZP[LZ��HUK�KY`�ZLHZVU�^PU[LYPUN�OHIP[H[���������MVY�>VVK�
;OY\ZOLZ�H[�RUV^U�SVJH[PVUZ�PU�H��*LU[YHS�(TLYPJHU�[YVWPJHS�SV^SHUK�MVYLZ[��U�$������HUK�I��LHZ[LYU�5VY[O�(TLYPJHU�KLJPK\V\Z�MVYLZ[��U�$������
4LHU�PZ�PUKPJH[LK�I`�H�KHYR�SPUL��HUK�IV_LZ�L_[LUK�[V���th�HUK���th�X\HY[PSLZ��^P[O�^OPZRLYZ�L_[LUKPUN�[V�TH_PT\T�HUK�TPUPT\T�]HS\LZ��HUK�
outliers indicated by open circles.
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Methods for light analysis for geolocators on Wood Thrushes

Figure S1.  Typical example of a single day of light data from a) stationary geolocator in an open area; and b) and c), a Wood Thrush inhabiting tropical 
moist forest during the dry season Belize, Central America, shown as screenshots from the light analysis program TransEdit2 (British 
(U[HYJ[PJ�:\Y]L`���,HJO�NYLLU�SPUL�PUKPJH[LZ�HU�PUJYLHZL�PU�SPNO[�SL]LSZ�[OH[�Z\YWHZZLZ�[OL�[OYLZOVSK�MVY�KLÄUPUN�Z\UYPZL��HUK�LHJO�YLK�SPUL�
indicates light passing the same threshold, indicating sunset. Stationary geolocators record a single sunrise and sunset (panel a) while 
geolocators deployed on Wood Thrushes record many false sunrises and sets throughout the day (panel b shows 32 false transitions). These 
sunrises and sunsets are manually deleted to produce one sunrise and sunset per day, as shown in panel c).
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Figure S2.  Examples of high and low quality sunrise transitions. Light levels are indicated by white lines; sunrise is indicated by a vertical green line. 
Panel a) shows a high-quality sunrise transition from static calibration, with inset photo showing geolocators on a table in an open area 
with full sun exposure; b)  shows sunrise transitions from ‘live’ data downloaded from geolocator deployed on a Wood Thrush in Belize; 
inset photo shows Wood Thrush with geolocator and attached cables for downloading data without removing geolocator. In the ‘low 
quality’ transition in b), a small light peak is present at ca. 12:15 GMT before the threshold for sunrise is reached at ca. 12:50 GMT, about 
��°TPU\[LZ�SH[LY��;OPZ�PUKPJH[LZ�[OH[�Z\UYPZL�T\Z[�OH]L�VJJ\YYLK�LHYSPLY�[OHU�^OLU�[OL�[OYLZOVSK�^HZ�YLHJOLK��0U�[OL�OPNO�X\HSP[`�[YHUZP[PVU�
for the same bird a few days earlier (c): the sunrise is ca. 12:15 GMT. Low quality transitions were not used in location analyses. Note that the 
time of sunrise even in the high quality live download is later than in the static deployment (a; ca. 12:05 GMT), which is why sun elevations 
calculated from data collected from birds in their natural environment are much higher (i.e. sun must be higher on the horizon to achieve the 
same light threshold) than those calculated from stationary, open-habitat geolocators. 
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