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Abstract. We m odeled the relationship  between egg flotation and  age o f  a developing 
embryo fo r 24 species o f shorebirds. F o r  21 species, we used regression analyses to 
estim ate hatching dale by m odeling egg angle and  float height, m easured as continuous 
variables, against em bryo age. F o r eggs early  in incubation , we used linear regression 
analyses to  predict hatching da te  from  logit-transform ed egg angles only. F o r  late 
incubation, we used m ultiple regression analyses to  predict hatch ing  date from  b o th  egg 
angles an d  float, heights. In 30 o f  36 cases, these equations estim ated hatch ing  d a te  to  
within four days o f  the tru e  hatching da te  fo r each species. A fter controlling fo r incubation 
duration  and  egg size, flotation p a tte rns did n o t differ between shorebirds g rouped  by 
mass (> 1 0 0  g o r < 100  g) o r  taxonom y (Scolopacidae versus C haradriidae). F lo ta tio n  
progressed m ore rapidly in species in w hich bo th  adu lts incubate the  clutch versus species 
in which only one adu lt incubates the  clutch, a lthough this did no t affect prediction 
accuracy. We also pooled all con tinuous d a ta  and  created a  generalized regression 
equation  th a t can  be applied to  all shorebird  species. F o r the  rem aining th ree  species, we 
estim ated hatching d a te  using five float categories. Estim ates o f  hatch ing  da te  using 
categorical d a ta  were, overall, less accurate  th an  those generated using con tinuous d a ta  
(by 3%~5% o f  a  given incubation period). O ur equations were less accurate th an  results 
reported  in sim ilar studies; d a ta  collected by m ultiple observers an d  a t  m ultiple sites, as 
well as low sam ple sizes fo r some species, likely increased m easurem ent error. T o  minimize 
flo ta tion  m ethod  prediction  error, we recom m end sam pling in early incubation , collecting 
both  egg angle and  float height d a ta  in late  incubation , and  developing site- a n d  species- 
specific regression m odels where possible.
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E v aluac ión  del D esa rro llo  d e  Ios H uevos d e  A ves P layeras U san d o  el M é to d o  de F lo tac ión : 
M odelos de R egresión  E specie-Específicos y G enera lizados

Resumen. M odelam os la relación en tre  la  flotación del huevo y la edad de un em brión 
en desarro llo  p a ra  24 especies de aves playeras. P ara  21 especies, usam os análisis de
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regresión pa ra  estim ar la fecha de eclosión m odelando  el ángulo del h u ev o  y la a ltu ra  de 
flotación, m edidos com o variables continuas, co n tra  la  edad  del em b rión . P ara  huevos al 
inicio del período de incubación, usam os análisis de  regresión lineal p a ra  predecir la fecha 
de eclosión sólo a p a rtir  de  la transform ación logit de  Ios ángulos de Io s  huevos. P a ra  la 
pa rte  final del período de incubación, usam os análisis de regresión m últip le  pa ra  predecir 
la fecha de eclosión a  p a rtir  de Ios ángulos de Ios huevos y de la a ltu ra  d e  flotación. En 30 
de Ios 36 casos, estas ecuaciones estim aron la fecha de eclosión con u n a  exactitud de 
cu atro  dias alrededor de la verdadera fecha de eclosión p a ra  cada u n a  de las especies 
consideradas. Luego de a justa r Ios m odelos considerando  la duración  d e  la  incubación y el 
tam año  del huevo, Ios patrones de flotación n o  difirieron  entre las aves p lay eras  agrupadas 
p o r peso (> 100 g ó < 100  g) o  taxonom ía (Scolopacidae versus C h arad riidae). La 
flotación avanzó m ás rápidam ente en las especies en las cuales am bos a d u lto s  incuban la 
n idada, que en las que sólo un adulto  incubó la  n id ad a , aunque esto no  afec tó  la exactitud 
de la predicción. T am bién com binam os todos Ios d a to s  con tinuos y c ream o s u n a  ecuación 
de regresión generalizada que puede ser aplicada a  to d as las especies de  aves playeras. Para 
las tres especies restantes, estim am os la fecha de  eclosión usando  c inco  categorías de 
flotación. En térm inos generales, las estim aciones de la fecha de eclosión  u san d o  da tos 
categóricos fueron m enos exactas que aquellas generadas usando d a to s con tinuos (de 3% 
a  5% pa ra  un  período de incubación dado). N uestras ecuaciones fueron m en o s exactas que 
Ios resultados presentados p o r o tro s estudios. Los d a to s reco lectados p o r m últiples 
observadores y en  m últiples sitios, y el tam año  de m uestra  reducido p a ra  algunas especies, 
p robablem ente  increm entaron el e rro r de m edición. P a ra  m inim izar el e r ro r  de predicción 
del m étodo de flotación, recom endam os m uestrear en el período tem p ran o  de incubación, 
recolectar da tos del ángulo del huevo y de la  a ltu ra  de flotación al final d e  la  incubación y 
desarro llar m odelos de  regresión específicos p a ra  Ios sitios y  las especies cuando  sea 
posible.

IN T R O D U C T IO N

D eterm ining the stage o f incubation o f  eggs in 
active nests is an  im portan t com ponent in m any 
avian studies where nest, initiation or hatching 
dates are of interest. Knowledge o f such dates 
can  im prove the accuracy o f nest survival 
estimates, help to  ascertain nest fate, and reduce 
the need for frequent nest visits. M inimizing 
disturbance to  incubating adults can reduce the 
chance o f observer-related nest failure. Esti­
m ates o f  em bryo age are also useful in  deciding 
when to  capture incubating adults and nestlings 
(especially nidifugous young o f shorebirds), 
establishing em bryo age in toxicological and 
egg-sw apping experim ents, an d  scheduling 
m anagem ent actions (e.g., m ow ing or tilling of 
fields) to  avoid harm  to  nesting birds (G ran t 
1996, B ina and  M achin 2000).

F o r m ore than ha lf a century, biologists have 
used a variety o f  techniques to  determ ine the 
age o f developing em bryos in eggs. M ost o f 
these m ethods rely on the fact tha t eggs tend to 
lose mass a t a  relatively constant rate  during 
incubation , to  evaporative w ater loss and 
respiration  by the developing em bryo (W ester- 
skov 1950, A r and  R ahn  1980). In  addition, 
evaporation rates per un it of egg surface are 
sim ilar across different species with disparate 
egg sizes (D ren t 1970). In  some cases, variable 
environm ental or biotic conditions m ay in­

fluence em bryo developm ent, m aking estimates 
o f em bryo age difficult (N ol and Blokpoel 
1983). In  general, how ever, rates o f loss of egg 
m ass are highly correlated  w ith the develop­
m ental stage o f the em bryo.

Sacrificing eggs so th a t em bryos can be 
viewed is clearly the m ost accurate m ethod of 
determ in ing  in cu b a tio n  stage (F a n t 1957), 
although this is n o t a  practical alternative when 
studying threatened an d  endangered species or 
when there is a desire to  estim ate natu ra l levels 
o f hatching success. E stim ating egg density can 
also be used to age em bryos, although this 
technique requires very accurate m easurem ent 
o f weight, which can  be difficult under field 
conditions (O’M alley and  Evans 1980, G ran t 
1996, M orrison and H obson 2004). A  th ird  
m ethod  o f aging eggs is to  shine a strong light 
th rough  the shell an d  observe the contents. 
W ith  this m ethod, the developm ent o f the 
em bryo and  the size o f the air cell indicate 
em bryo  age (H a n so n  1954, W eller 1956). 
H ow ever, this candling technique does no t 
w ork well for aging em bryos in all stages of 
developm ent, or for observing contents when 
eggs are darkly colored, m ottled, o r thick- 
shelled (W ooler and  D unlop 1980, B rua and 
M achi n 2000).

F lo tation  o f eggs, one of the m ost com m on 
m ethods em ployed fo r estim ating em bryo de-
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velopm ent, relies on  the fact tha t as an  em bryo 
develops, the specific gravity o f the egg changes 
from  greater than  to  less than  tha t o f water (i.e.,
1 g/1 ml). Newly laid eggs sink to  the bottom  o f 
a  colum n of w ater and , as the em bryos develop, 
eggs tip  upw ard and  eventually float on the 
surface. One can quantify  this developm ent by 
m easuring: (1) the angle between the horizontal 
p lane and  the longitudinal axis o f the egg, 
(2) the location o f  the egg within the w ater 
colum n, and (3), if  the egg breaks the surface, 
the height a t which it. floats. O f all the m ethods 
o f aging eggs, flo ta tion  has been the m ost 
widely employed, w ith inform ation available 
for a t least seven families o f  birds (Hays and 
LeCroy 1971, D u n n  et al. 1979, Carroll 1988, 
F isher and Swengel 1991, C uster et al. 1992, 
Sandercock 1998, Brua and M achin 2000).

W ithin the shorebirds (Suborder Charadrii), 
egg flotation d a ta  have been published for 
relatively few species (van Paassen et al. 1984, 
Sandercock 1998, M abee e t al. 2006). Because 
o f this paucity o f  inform ation in the literature, 
we were m otivated to  com bine our existing, 
individual flotation d a ta  sets to conduct com ­
prehensive analyses th a t would no t only p ro ­
vide em bryo  age estim ates fo r add itiona l 
shorebird  species, bu t also evaluate the overall 
efficacy o f this m ethod in accurately determ in­
ing hatching date. In this paper, we present 
species-specific an d  generalized equations th a t 
describe the relationship between embryo de­
velopm ent and egg flotation by collating data 
from  24 shorebird species collected a t 17 study 
sites. These equations can be used to  predict 
nest initiation o r hatching date based on the 
float characteristics o f an  egg.

O ur specific objectives were to: (1) develop 
regression equations for estim ating em bryo 
developm ent in eggs o f  a variety of shorebird 
species using th e  egg f lo ta tio n  technique, 
(2) com pare em bryo developm ent am ong spe­
cies with different taxonom y, incubation d u ra ­
tions, and  parental care, and (3) summarize the 
erro r associated w ith  estim ating hatching date 
using the flo ta tion  technique and  recommend 
m ethods to  minimize this error.

M ETH O D S 

ST U D Y  SITES

We present, egg flo tation  d a ta  from  24 shore­
bird species collected a t 17 study sites located

throughout the northern  hem isphere (Fig. 1). 
Latitude and  longitude coordinates for each 
study site are given in an Appendix published 
on line a t <  http ://w w w . w cs.org/m edia/file / 
Liebezeitetal2007_A ppendix.pdf>. M ost sites 
(13 o f  17) were located in  arctic o r subarctic 
tu n d ra  in h a b ita ts  rang ing  from  low land 
m arshes to  drier uplands. The rem aining sites 
were a t tem perate latitudes and consisted of 
rocky in te rtidal shorelines, p rairie uplands, 
shallow alkaline wetlands, o r m udflats.

F IE L D  M E T H O D S

We determ ined the float characteristics o f eggs 
by individually immersing them  in w ater in 
a  transparen t, w ide-m outhed container. We 
used lukew arm  w ater from a therm os or water 
taken directly from  ponds or lakes. We usually 
floated two or m ore eggs from  each clutch, and 
we floated som e clutches several tim es through­
o u t the breeding season. Generally, observers 
used a  p ro trac to r to  m easure the angle between 
the horizontal plane o f the w ater and the 
longitudinal axis o f the egg (hereafter “egg 
angle” ; typically m easured to  w ithin ±5°), 
although a  few experienced observers estimated 
this angle visually. W'e also  m easured the 
vertical d istance an  egg floated  above the 
surface o f  the w ater (hereafter “ float height” ; 
typically m easured to  ±1 m m ) using a  clear 
plastic ruler. F o r  m ost species, egg angle and 
float, height were measured as continuous data. 
However, fo r three species, observers classified 
egg f lo ta tio n  param ete rs in to  categories 
(Fig. 2). F o r eight species, egg angle m easure­
m ents were collected as continuous data  while 
float height m easurem ents were collected as 
categorical data . We did no t uniquely identify 
eggs or exam ine changes in flo tation  scores of 
individual eggs over time.

IN D IV ID U A L  SPEC IES A N A LY SES

T o determ ine the  relationship between egg 
flo tation  characteristics and em bryo age, we 
used da ta  from  nests where the date of clutch 
com pletion o r hatching was know n. Nests were 
presum ed to  have hatched on the date when 
newly hatched chicks were observed either in or 
w ithin a  few m eters o f the nest, o r within 24- 
72 hr after star-cracked and  pipped eggs were 
observed in the nest (exact num ber o f  hours 
based on shell-breaking and emergence times 
reported in  Poole e t al. [2003]). F o r nests with

http://www
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F IG U R E  ]. G eograph ic  locations o f study sites where shorebird  egg n o ta tio n  d a ta  were collected between 
1993 and  2006. A  =  K u p aru k  Oilfield, A laska, USA; B =  T eshekpuk Lake, A laska, U SA; C, D  =  Prudhoe 
Bay, A laska, USA ; E  =  B arrow , A laska, U SA; F  =  P i. T hom son, A laska, USA ; G  =  A rctic  N ational W ildlife 
Refuge, A laska, USA ; H =  M edusa Bay, T aim yr Peninsula, Siberia, R ussia; 1 =  Z ackenberg , G reenland; J =  
Big Quill, Saskatchew an, C anada; K  =  Honey Lake, C alifornia, U SA ; L =  K enai F jo rd  N ational Park, 
A laska, USA; M  =  B rooks, A lberta , C anada; N  -  Cape E spenberg, A laska, U SA; O =  Y u k o n  Delta 
N ational W ildlife Refuge, A laska, USA; P =  N E  Enontekio, F in land ; Q -  G re a t P lain, W est Baffin Is., 
C anada. Latitude an d  longitude coordinates for each study site a re  available at < http://w ww.wcs.org/m edia/
file/Liebezeitetal2007_A ppendix.pdf > .

a  known hatching date, we estim ated em bryo 
age a t the tim e the  eggs were floated by back- 
calculating from  the date o f  hatching (labelled 
as “days until hatch ing” in all Figures). F o r 
nests with a  know n clutch com pletion date 
only, we estim ated the days until hatching using 
site-specific incubation  durations if available, or 
m ore generic incubation  durations provided in 
the literature (Poole et al. 2003). W e determ ined 
clutch com pletion dates fo r nests discovered 
during laying by revisiting them  daily until 
clutches were com plete, o r by assuming birds 
laid one egg per day until the standard  clutch 
size for tha t species was reached (typically four 
eggs). W e defined the first day o f incubation as 
the date the final egg o f the clutch was laid. 
W hen more than  one egg per clutch was floated 
on a  given visit, we used the average angle and 
height as the sam ple unit. W e did no t use egg

angle da ta  from  nests w ith fewer than  three 
eggs, as these nests could represent incomplete 
o r partially  depredated  nests and thus bias our 
analyses. W e discarded d a ta  from  individual 
eggs w ithin a  clutch th a t h ad  abnorm al scores 
relative to  the rest o f the clutch (<1%  of 
observations), in  m ost cases, these eggs were 
either infertile o r had  a  dead em bryo inside.

We developed species-specific equations to 
predict em bryo developm ent and thus antici­
pate the day eggs w ould hatch. To do this, we 
first pooled d a ta  from  different study popula­
tions for a given species; two study populations 
were pooled  fo r three species, and  between 
three and seven populations were pooled for 
nine species. The rem aining 12 species had data 
from  only one site (Appendix). Second, we 
pooled data, across years (range; 2-13 years) for 
all species. F o r our analyses, we used float data

http://www.wcs.org/media/
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F IG U R E  2. Egg angle (solid line) and  float height (dashed line) regressions using con tinuous d a ta  pooled 
from  21 (egg angle) and  20 (float height) shoreb ird  species. Illustrations o f  how the position  o f  an  egg in a float 
con ta iner changes through tim e are p resented  above the graph. The num bers a t  the top  o f  th e  figure refer to 
th e  five combined egg ang le-floa t height categories.

from  a  single nest on. a given day as our sample 
un it. Consequently, we did n o t restrict ou r data 
to  a  single observation per clutch per season. 
W e accepted a low level o f pseudoreplication 
because sample sizes o f nests were sometimes 
sm all, an d  we w an ted  to  exp lo re general 
p atterns in egg flo tation across a large range 
o f species.

Continuous data. W e analyzed the da ta  for 
early (i.e., sinking eggs) and late (i.e., floating 
eggs) incubation separately. W hen individual 
eggs in the same clutch bo th  sank and  floated, 
we classified the nest as being in  late incubation. 
A s we were interested in predicting hatching 
date (a measure o f em bryo developm ent, or 
age), ou r models are based on regressions of 
em bryo developm ent on  float characteristics, 
i.e., we treated em bryo age as the dependent 
variable and float characteristics as the in­
dependent variables. A lthough  this m ethod 
essentially requires ro ta ting  the axes by 90°, 
the resulting regression param eters have stan ­
d ard  errors describing variance in hatching date 
as opposed to  flo tation  characteristics. M ore­

over, this avoids under- o r overestim ating the 
ra te  o f developm ent for individual nests in 
a  data  set where developm ent m ay progress 
differently am ong nests (as seen in aging studies 
using m olt scores; P im m  1976, G inn  and  
Melville 1983).

W e employed linear regression w ith logit- 
transform ed egg angles to  cap ture the relation­
ship between em bryo developm ent and  egg 
angle. We could n o t use logistic regression in 
these analyses because the relationship between 
variables was no t sigmoidal when considering 
em bryo age as the independent variable. Be­
cause o f their pyriform  profile, unincubated 
shorebird eggs lie a t the bo ttom  o f the water 
container a t a  minim um  angle o f  20°. Similarly, 
an  egg can only ro tate  to  a vertical position, or 
90°, as the em bryo develops. T hus, 20° and  90° 
were the lowest and  highest egg angles that 
could be m easured during our study. T o  trans­
form  the egg angle m easurem ents to  logits, we 
first converted them  to proportions (P) by- 
assigning a  value o f  0 and 1 to  20° and  90°, 
respectively, and in terpolating the values for
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interm ediate angles. Eggs w ith observed angles 
o f  20° and 90° were first adjusted to  21° and 89° 
to  avoid proportional angles o f exactly 0 and  1, 
which cannot be logit-transform ed. P ropo rtion ­
a l angles were transform ed to  logits using the 
form ula:

logit P =  In[P /( 1 -  P)].

W e then employed linear regression to  predict 
the  num ber o f days to hatching using these 
transform ed egg angles.

F o r eggs in late incubation (i.e., eggs th a t 
floated  above the w ater surface), we used 
m ultiple regression to  predict the num ber of 
days to  hatching using tw o factors, egg angle 
and  float height. F o r these analyses we used 
untransform ed data, as there was no evidence 
o f a nonlinear relationship between em bryo age 
and  either egg angle or float height during the 
la tte r h a lf o f incubation . Six species were 
excluded from the late-incubation single species 
analyses because o f low sam ple sizes (n < 1 0 ;  
Appendix).

Categorical data. F or species for which float 
d a ta  w ere collected categorically , we first 
standardized the data into five egg angle and 
float height categories as described in Alberico 
(1995; Fig. 2). W e related float category to 
em bryo age graphically, and  generated a  m ean 
age for each float category to  be used in 
predictions.

G R O U P  C O M PA R ISO N S

T o  com bine d a ta  across species, we firs t 
generated a m ean egg angle o r float height per 
species per “ day” (based on  days until hatching). 
U sing m ean values reduced the influence o f 
m easuring the same nest m ore than  once w ithout 
restricting our coverage o f the incubation period. 
Because incubation duration  varies widely w ith­
in  and am ong species due to  factors such as egg 
size, breeding l ocale, and parental behavior (No! 
1986, Schamel and Tracy 1987), we standardized 
incubation duration  by expressing em bryo age as 
p roportion  of the incubation period completed. 
This allowed us to  com pare relative differences 
in  the rate o f em bryonic developm ent between 
groups o f species tha t had  different life history 
characteristics. W e also attem pted to  standard ­
ize float height scores across species by dividing 
the float height o f a  given egg by th a t species' 
average egg dimensions (i.e., length -f width/2;

species values reported  by Schönw etter [1967], 
Schekkerman et al. [2004]). W e found th a t this 
did n o t improve m odel fit, and consequently 
report only the results fo r the untransform ed 
float heights.

W e developed a n d  com pared  regression 
m odels fo r species g ro u p e d  by taxonom y 
(Scolopacidae vs. C haradriidae ; after Thom as 
et al. [2004]), by w hether both  adults share 
incubation or only one adu lt incubates the eggs 
(hereafter “ biparental”  vs. “ uniparen tal”  spe­
cies; after Larsen et al. [1996]), and  by adult 
body mass (large vs. small). W e categorized 
“ sm all”  shorebirds a s  < 100  g an d  “ large” 
shorebirds as a  100 g because the m ean mass 
of shorebirds is roughly  99 g (Larsen e t al. 
1996). W e tested fo r  significant differences 
am ong these regression m odels by determ ining 
w hether the 95% confidence intervals o f the 
regression coefficients overlapped.

P R E D IC T IV E  A B IL IT Y  A N D  E R R O R  

W e estim ated the pred ic tive ability o f ou r 
regression equations b y  subtracting  the actual 
em bryo age from  the pred ic ted  age for each nest 
on a  given day. W e generated the predicted 
days un til hatching fo r  each nest by inserting 
the transform ed egg ang le o r float height data 
into the appropriate regression models. Because 
the regression equations represent an average o f 
all data, there were a  few instances w here the 
predicted hatching d a te  fo r nests were past 
hatching (i.e., days un til hatching were - 1 ) .  
This occurred rarely a n d  only when eggs floated 
unusually high. In  these  cases, we set the days 
until hatching as 0. F o r  the categorical data , we 
assigned the predicted age o f an egg in  a given 
category as the average o f all known-age eggs 
th a t were classified in th a t same category. Then, 
as w ith the continuous data , we subtracted the 
actual age from the predicted  age to  generate 
estim ates o f bias.

F o r bo th  the continuous and  categorical da ta  
sets, we generated the absolute m ean deviation 
±  SE as a  descriptive sta tistic  for the error. The 
absolute value reflects the am ount o f uncer­
ta in ty  (i.e., b o th  under- and overestim ation) 
researchers will have to  consider when deciding 
how  confident they should  be in using flotation 
scores. Similarly to  (van Paassen et al. 1984), we 
report 90th percentiles o f error to  gauge the 
accuracy o f our samples in age prediction. If 
our sam ples are representative o f  the to tal
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T A B L E  1. Sam ple size and  coefficients for linear regressions ( r 2) o f  em bryo age versus egg angle (early 
incubation: age — a +  ¿>*logit o f  p roportional egg angle) and  m ultiple regressions (R 2) o f  em bryo age versus 
egg angle and  float height (late incubation: age =  a + h*float height in m m  + c*egg angle in °) fo r 21 shorebird 
species fo r which con tin u o u s da ta  were collected. E m bryo age is m easured as “ days until ha tching,” which 
refers to  the absolute num ber o f days fo r single species analyses, and  the  p roportion  o f  the incubation  period 
for all species com bined.

Early incubation (sinking eggs) Late incubation (floating eggs)

Species Ha r 2 a b n* R l a b c

Black-bellied Plover 15 0.76 -2 0 .4 7 1.43 17 0.66 4.60 2.25 -0 .1 3
{Pluvialis squatarola) 

Am erican G olden-Plover 38 0.75 -2 0 .1 7 1.41 51 0.69 10.61 1.42 -0 .0 4
(.Pluvialis dominica) 

Pacific G olden-Plover 11 0.79 -2 0 .6 0 1.17 1
(.Pluvialis fu lv a ?  

C om m on R inged Plover 14 0.51 -2 0 .4 4 0.83 5
(Charadrius hiaticula)h 

Piping Plover (Charadrius 67 0.71 -2 2 .4 7 1.13 0 » . _
melodus circumcinctus)b 

W illet {Tringa semipalmata 44 0.72 -1 9 .2 6 1.36 6 _
inornatus?  

M arbled G odw ii 19 0.68 -1 8 .7 8 1.13 2
{Limosa fedoa  fe d o a ?  

R uddy  T urnstone  {Arenaria 14 0.73 -1 6 .1 7 1.25 27 0.71 -1 6 .4 5 3.36 0.03
interpres interpres) 

Sanderling (Calidris alba) 17 0.80 -1 8 .1 8 0.79 12 0.87 -1 5 .6 9 3.64 0.01
Sem ipalm ated Sandpiper 69 0.59 -1 6 .5 0 0.84 187 0.63 -5 .2 2 1.47 -0 .0 8

{Calidris pusilla) 
W estern Sandpiper 24 0.77 -1 7 .2 7 0.92 23 0.81 8.31 1.70 -0 .2 7

{Calidris mauri)
Little S tin t {Calidris minuta) 50 0.49 -1 8 .2 9 0.74 52 0.68 -1 4 .2 2 2.39 c
T em m inck 's Stint 42 0.59 -1 6 .4 2 0.84 10 0.16 16.50 -3 1 .5 0 -0 .3 6

{Calidris temminckii) 
Pectoral Sandpiper 57 0.44 -1 7 .4 7 0.82 92 0.41 -7 .2 9 1.23 -0 .0 6

(Calidris melanotos) 
D unlin  {Calidris alpina) 141 0.66 -1 7 .5 0 0.88 45 0.56 0.28 1.32 -0 .1 5
C urlew  Sandpiper 32 0.42 -1 5 .7 7 1.06 6 ~ - -

( Calidris ferrug inea?  
S tilt Sandpiper 10 0.50 -1 6 .1 5 0.55 13 0.75 -6 .1 6 1.19 -0 .0 7

(Calidris himantopus) 
B uff-breasted Sandpiper 14 0.69 -1 9 .9 6 1.68 32 0.80 -7 .8 7 2.02 -0 .0 8

(:Tryngites subruficollis) 
Long-billed D ow itcher 36 0.61 -1 7 .1 5 1.44 22 0.53 -4 .6 6 1.06 -0 .0 8

{Limnodromus scolopaceus) 
R ed-necked Phalarope 76 0.59 -1 6 .61 1.08 44 0.50 -1 2 .9 9 2.51 0.02

{Phalaropus lobatus) 
R ed Phalarope 53 0.36 -1 5 .2 9 0.73 54 0.56 -3 .0 3 1.41 -0 .1 0

{Phalaropus fulicaria) 
All species 265 0.70 0.21 0.05 214 0.65 0.79 0.07 0.00

a F o r single species analyses, n equals the  num ber o f  float values across all nests and days. A  float value for 
each nest on  a given day  w'as ob tained  by calculating an  average score fo r  all eggs floated. All eggs in a  nest, 
however, could be floated  and  scored on m ultiple occasions. F o r  the “ all species” group, n is the num ber of 
float values a fter generating  a m ean value fo r each day  (day un til hatching) fo r each species. 

b E quations were n o t developed for these species during  late  incubation  because o f  inadequate  sam ple sizes. 
c E quation  fo r th is species included only float height da ta , as egg angle inform ation  was n o t recorded.

population , researchers can  expect 90% o f their 
nests to  be aged w ith  e rro r less than or equal to 
the reported  values. F o r categorical data, we 
generated separate estim ates o f error for each of 
the five float categories.

F o r figures depicting regressions for individ­
ual species, we placed days until hatching on the 
.x-axis fo r ease o f use, even though  the re­
gression equations were calculated w ith embryo 
developm ent as the dependent variable. Be-
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TA B L E  2. E rro r statistics associated with aging eggs by floating  them  d u rin g  early  incubation  for 21 
shorebird species. E stim ates o f  prediction e rro r fo r days un til ha tch ing  are fo r lin ea r regressions o f  em bryo age 
versus the angle an  egg floated in w ater (logit-transform ed).

Species i t '
Range of error 

(days)”
Absolute m ean deviation 

±  SE (days)
90th percentile of absolute 

erro r (days)

Black-bellied P lover 15 - 2 ,  4 1.2 ±  0.3 2.0
A m erican G olden-Plover 38 - 5 ,  3 1.5 ±  0.2 2.6
Pacific G olden-Plover 11 - 3 ,  2 1.2 ±  0.2 1.7
C om m on Ringed Plover 14 - 4 ,  3 1.9 ±  0.2 2.7
Piping Plover 67 - 4 .  5 1.6 ±  0.1 3.4
W illet 44 — 8. 6 2.3 ±  0.3 5.4
M arbled Godw it 19 - 6 ,  4 2.3 ±  0.4 3.7
R uddy  T urnstone 14 —4, 3 1.4 ±  0.3 2.4
Sanderling 17 - 2 ,  2 0.9 ±  0.1 1.5
Sem ipalm ated S andpiper 141 - 7 .  4 1.2 ±  0.1 2.5
W estern Sandpiper 24 - 2 ,  2 1.1 ±  0.1 1.7
L ittle Stint 50 -  6, 5 1.5 ±  0.2 3.1
T em m in ck i Stint 42 —6, 3 1.4 ±  0.2 3.0
Pectoral Sandpiper 57 - 7 ,  6 1.6 ±  0.2 3.7
D unlin 141 - 4 ,  3 1.2 ±  0.1 2.4
Curlew  Sandpiper 32 - 5 ,  4 1.8 ±  1.5 3.8
Stilt Sandpiper 10 - 2 ,  3 1.3 ±  0.3 2.5
Buff-breasted S andp iper 14 - 2 ,  4 1.2 ±  0.3 2.0
Long-billed D ow itcher 36 - 3 ,  6 1.3 ±  0.2 3.1
R ed-necked Phalarope 76 - 5 ,  4 1.9 ±  0.1 3.8
R ed Phalarope 53 - 5 ,  5 1.7 ±  0.2 3.5
All species“ 265 -0 .2 5 , 0.2.6 0.07 ±  0.00 0.15

a F o r single species analyses, n is the num ber o f  float values across all nests a n d  days. A float value fo r  each 
nest w as obtained on  a given day by calculating an  average score fo r  all eggs floated. All eggs in a  nest,
however, could b e  floated  and  scored on m ultiple occasions. F o r  th e  “ all species”  g roup , n  is the num ber o f
float values afte r generating  a  m ean value for each day (day u n til hatching) fo r each  species. 

b A negative va lue  indicates an underestim ate o f  age.
c T he u n it o f  e r ro r  fo r  the “ all species”  group is “ p ro p o rtio n  o f  the incubation  p e rio d .”

cause m ultiple regression equations are difficult 
to  display graphically, we illustrate only the 
relationship between hatching date and float 
heigh t (i.e., egg angle is n o t used). Both 
param eters w ere used, however, in the equa­
tions (Table 1), because doing so increased the 
predictive pow er o f  the  equations in  seven o f  14 
species tha t were analyzed using bo th  methods. 
F o r all figures, the scale o f the x-axis corre­
sponds to  the m axim um  incubation period for 
a given species, based  on m ean literature values 
(Poole e t al. 2003) and  the range o f our data.

SPSS 10.7 (SPSS 1999) was used fo r all 
analyses. R esults are reported as x  ±  SE, and 
P-values <  0.05 were considered significant, 
unless otherwise noted.

RESULTS

IN D IV ID U A L  SPEC IE S: C O N T IN U O U S  D A TA

Early incubation. L inear regressions describing 
the relationship between em bryo development

and logit-transform ed egg angle fo r nests in 
early incubation  were generated for 21 species. 
Regression coefficients (r2) were > 0 .80  for one 
species, between 0.60 and  0.79 for 11 species, 
and below' 0.60 fo r th e  rem aining nine species 
(Table 1). O f the  21 species, three had  90th 
percentile erro r values w ithin ± 2  days, and  all 
other species had  values o f  ± 2 -4  days, except 
the  W ille t ( Tringa sem ipalm ata ; ± 5 .4  days; 
T able 2). W hen  all species were analyzed 
together, the  90lh percentile o f the predictive 
error w as equal to  15% o f the incubation period 
(i.e., w ithin three days o f the actual nest age 
90% o f the tim e if  a  species had  a  20-day 
incubation  period; Table 2).

L a te  incubation. M ultiple regression analyses 
relating em bryo developm ent to  egg angle and 
float heigh t for nests in late incubation were 
generated  for 14 species (Fig. 3). F o r one 
additional species (Little Stint [Calidris min­
uta]), we used linear ra th e r  th a n  m ultip le 
regression to  relate em bryo development to



40 JOSEPH R. LIEBEZEIT e t  a l .

100 Black-bellied Plover

0
25 20 16 10 5 0

2
eu

25 20 15 10 5

10Q Common Rii Plover

8D

80

40

20

0
25 20 15 10 5 0

100

80

80

40

20

0

100

20 15 10 5 0

100
80

80

40

20

0
25 2G 15 10 5 Û

100 I Willet

60 Í

20

25 20  15 10 5 0
100

40

20

Sonderling

_¿L
15 10

1i  8 ~  U.
6
4

2

— 0 
0

: 10Little Stint

25 20 15 10

F IG U R E  3. L inear regressions depicting the relationship  between (1) days to hatching and  logit-transform ed 
proportiona l egg angle fo r nests in early incubation (solid lines), and  (2) days to  hatching and  float height for 
nests in late incubation  (dashed  lines). See Figure 1 fo r study area  locations and  T able 1 fo r regression 
equations for each species.

float height as egg angles were no t collected for 
this species during la te  incubation. R 2 values 
were >0.80 for three species, between 0.60 and 
0.79 for six species, and  below 0.60 for the 
rem aining six (Table 1). O f the 15 species, 10 
had  90th percentile erro r values o f ± 2 -4  days, 
an d  the  rem ain ing  five species exceeded 
± 4  days (up to  6.6 days; Table 3). W hen all 
species were analyzed together, the 90th percen­
tile o f the predictive erro r was equal to  17% of 
the incubation period (i.e., w ithin 3.4 days of 
the actual age 90% o f the tim e if a  species had  
a 20-day incubation period; Table 3).

IN D IV ID U A L  SPEC IES: C A T E G O R IC A L  D A TA

O f the three species for which categorical data 
were collected, all showed a  strong  positive 
relationship between float category and  days to 
hatching (Fig. 4). O f the three species and five 
float stages, the 90th percentile o f e rro r for all. 
predictions fell within ± 2  days o f the true age 
for four species and  category com binations 
(27%, n =  15; Table 4). All bu t tw o o f the 
rem aining species and category com binations 
had 90% o f their predictions w ithin ± 4  days of 
the true age. There was a  significant difference
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F IG U R E  3. Continued.

am ong the five categories in  the accuracy o f  our 
estim ates (%24 =  16.0, P  = 0.003), w ith the error 
lowest in  float, categories 2 and 3, and highest in 
category 5. C ategory 5 likely had  higher erro r 
because it covered the largest portion  o f  the 
incu b atio n  period . W hen all species were 
analyzed together, the 90th percentile o f the 
predictive erro r w as equal to 20% o f  the 
incubation period (i.e., within 4 days o f the 
actual age 90% o f  the tim e if a species had a  20- 
day incubation period; Table 4).

G R O U P  C O M PA R ISO N S

T here  was overlap between the confidence 
intervals o f linear (i.e., early incubation) or 
m ultiple (i.e., late incubation) regression p a ­
ram eters for “ large” and “ small”  shorebirds 
and  species belonging to  the Scolopacidae and 
C haradriidae families, indicating no significant 
differences between these groups. However, we 
found th a t the slope o f the linear regression of 
em bryo age versus the logit-transform ed egg 
angles was steeper, and  the m ultiple regression

float height coefficient o f  em bryo age versus 
float height and egg angle was higher, for 
uniparental versus b ip a ren ta l species (angle 
coefficient: un iparen ta l — 0.07 ±  0.01; bi­
paren ta l — 0.05 ±  0.00; slope coefficient: 
uniparental =  0.10 ±  0.01; biparental -  0.06 
±  0.01). After standard iz ing  for incubation 
duration , these results suggest tha t bo th  egg 
angle and float height change less rapidly with 
em bryo age in  un iparen ta l versus b iparental 
species. Despite these differences in the  models, 
regression equations specific to  uniparental and 
biparental species reduced the  90th percentiles o f 
prediction error by a  m axim um  of 2% o f the 
incubation period, o r ab o u t 0.4 days.

FA C T O R S A F F E C T IN G  H A T C H IN G  
D A T E  E ST IM A T IO N

Estim ates o f hatching date are affected by 
factors th a t increase m easurem ent e rro r or 
increase the variation in em bryo developm ent. 
In this study, m easurem ent error was likely 
increased by co lla ting  d a ta  from  different
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T A B L E  3. E rro r statistics associated with aging eggs by floating them  durin g  late incubation fo r 15 
shoreb ird  species. E stim ates o f prediction erro r fo r days to  hatching are  for m ultiple regressions o f em bryo age 
versus the height a n d  angle an egg floated.

Species na
Range o f error 

(days)b
Absolute mean 

deviation ±  SE (days)
90,h percentile of 

absolute error (days)

Black-bellied Plover 17 - 5 ,  6 1.9 ±  0.4 4.3
A m erican G olden-Plover 51 - 8 ,  4 1.8 ±  0.2 3.9
R u d d y  T urnstone 27 - 8 ,  5 1.7 ±  0.3 3.2
Sanderling 12 - 3 ,  2 1.1 ±  0.2 2.1
Sem ipaim ated  Sandpiper 187 - 7 ,  6 1.9 ±  0.1 3.8
W estern  Sandpiper 23 - 3 ,  4 1.6 ±  0.2 3.0
L ittle Stint0 52 - 6 ,  4 1.7 ±  0.2 3.3
T em m inck’s Stint 10 —4, 5 2.9 ±  0.5 4.2
Pectoral Sandpiper 92 - 8 ,  9 2.4 ±  0.2 4.6
D unlin 45 - 5 ,  5 1.7 ±  0.2 3.4
Stilt Sandpiper 13 - 2 ,  3 1.2 ±  0.3 2.4
B uff-breasted Sandpiper 32 - 4 ,  4 1.7 ±  0.2 2.8
L ong-billed D ow iteher 22 - 5 ,  3 1.5 ±  0.3 3.1
R ed-necked Phalarope 44 - 6 ,  9 2.4 ±  0.3 4.5
R ed Phalarope 54 - 9 ,  10 3.8 ±  0.3 6.6
All speciesd-e 214 -0 .2 8 , 0.25 0.08 ±  0.00 0.17

a F o r  single species analyses, n is the num ber o f  flo a t values across all nests and  days. A float value fo r each 
nest on a given d ay  was obtained by calculating an  average score for all eggs floated. All eggs in a  nest, 
however, could be floated  and scored on m ultiple occasions. F o r the "‘all species” group, n  is the num ber o f 
float values after generating  a m ean value fo r each day  (day until hatching) for each species. 

b A negative value indicates an underestim ate o f  age.
c T he equation  fo r this species included only float height da ta  as egg angle inform ation  was no t recorded. 
d T he unit o f  e rro r fo r the “ all species” group is “ p ro p o rtio n  o f  the incubation  period .” 
c In  add ition  to  the 15 species listed in the table, th e  “ all species”  group includes d a ta  from  six species for 

w hich sam ple sizes were too sm all to generate individual species regression equations (C om m on Ringed 
Plover, Curlew  Sandpiper, M arbled Godw it, Pacific G olden-Plover, Piping Plover, an d  W illet; see T able  1 and 
the A ppendix [available online a t < http://w w w .w cs.org/m edia/file/L iebezeitetal2007_A ppendix.pdf> ]  for 
sam ple sizes).

locations, as each location had  different ob ­
servers and associated subtle differences in how  
eggs were floated. To assess this influence, we 
com pared prediction erro r values for species 
sam pled a t a  single site and species sam pled a t 
m ultiple sites. D uring  early incubation, we did 
n o t see an  increase in m easurem ent erro r w ith 
the  n u m b er o f  sites sam pled (m ean 90th 
percentile error values weighted by sample size 
were 3.5 vs. 2.9 fo r species sampled a t single vs. 
m ultiple sites, respectively; Table 2, A ppendix). 
H ow ever, in  la te  incubation  the m ean 90th 
percentile error value (weighted by sample size) 
fo r prediction  e rro r  was lower for species 
sam pled a t a  single site (3.1) com pared to  th a t 
o f species sam pled a t five o r more sites (4.3; 
T able 3, A ppendix). Some o f this error m ay be 
attribu ted  to  lower sam ple sizes a t the m ultiple 
sites ( x  ~  12 nests per species per site from  
m ultiple sites vs. —30 nests per species a t single 
sites). N o such com parison is possible fo r the

categorical da ta  because all species were sam ­
pled a t a single site.

T o indirectly evaluate the effect o f in teran­
nual variation  in environm ental conditions, we 
conducted an  analysis to  determ ine how the 
num ber o f  years that da ta  were collected for 
a species affected our erro r estimates. The 
average 90th percentile error value for species 
sam pled in m ultiple years a t a  single site was 3.1 
for early incubation  and 2.9 for la te incubation. 
Because there was only one species sam pled a t 
a single year and site, we could n o t generate any 
values to  directly com pare these num bers. 
However, these two values are lower than  the 
“all species” 90th percentile errors o f  3.5 and
3.8 days fo r the early and la te  incubation  
periods, respectively (generated using the “ all 
species”  p ropo rtion  errors of 15% and 17%, and 
assum ing  a  m ean in cu b a tio n  leng th  of 
23.7 days fo r species sam pled during early 
incubation  [i.e., sinking eggs] and 22.5 days

http://www.wcs.org/media/file/Liebezeitetal2007_Appendix.pdf
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T A B L E  4. E rro r statistics associated with aging eggs by assigning them  to  five float categories fo r three 
species fo r w hich categorical da ta  were collected. Estim ates o f  prediction  e rro r fo r days to  hatching were 
generated by com paring  the predicted age o f an  em bryo in a  given float category (calculated a s  the average o f 
g,ll known-age nests that were classified in th a t category) w ith the true  age o f  the em bryo  based on nest 
in itia tio n  o r ha tching. See Figure 2 for illustrations o f  an  egg’s position  during  each float category.

Float Range of error Absolute mean 90'h percentile of
Species3 categoiy Kh (days)' deviation ± SE (days) absolute error (days)

Black O ystercatcher 1 7 -2 .0 ,  4.0 1.9 ± 0.5 2.8
(Haematopus bachmani) 2 10 -4 .0 ,  3.0 1.6 ± 0.5 3.1

3 9 -  4.0, 2.0 1.8 ± 0.4 3.2
4 2 -1 .0 ,  1.0 1.0 ± 0.0 1.0
5 10 -1 .5 ,  2.5 1.1 ± 0.2 1.5

All 38 -4 .0 ,  4.0 1.5 ± 0.2 3.0

Black-necked Stilt 1 9 -1 .0 ,  1.0 0.2 ± 0.2 1.0
{Himantopus mexicanus)* 2 6 -2 .0 ,  4.0 1.5 ± 0.6 3.0

3 4 -3 .0 ,  2.0 1.5 ± 0.8 2.7
4 3 - 2 .5 ,  1.5 1.8 ± 0.4 2.3
J

All 22 - 3 .0 ,  4.0 1.0 ± 0.3 2.5

A m erican Avocet 1 42 - 6 .0 ,  2.0 0.8 ± 0.2 2.0
{Recurvirostra americana) 2 58 - 4 .5 ,  6.5 1.5 ± 0.2 4.5

3 37 - 6 .0 ,  3.0 1.5 ± 0.2 3.0
4 18 - 9 .5 ,  5.5 2.5 ± 0.5 4.8
5 5 - 3 .0 ,  3.0 1.8 ± 0.6 3.0

All 160 - 9 .5 ,  6.5 1.4 ± 0.1 3.1

All species 1 58 -0 .2 0 , 0.19 0.08 ± 0.01 0.15
2 74 -0 .2 5 , 0.29 0.07 ± 0.01 0.20
3 50 -0 .3 8 , 0.20 0.11 ± 0.01 0.20
4 23 -0 .3 0 , 0.24 0.11 ± 0.02 0.19
5 15 -0 .1 0 , 0.11 0.04 ± 0.01 0.09

All 220 -0 .3 8 , 0.29 0.08 ± 0.00 0.20

a D ata  are listed as num ber o f  days for each species, and  p ro p o rtio n  o f  the incubation  period  fo r all species 
com bined.

h F o r single species analyses, n is the num ber o f  float values across all nests and  days. A float value fo r each 
nest on a  given day  was obtained by calculating an average score for all eggs floated. All eggs in a nest, 
however, could be floated  and  scored on m ultiple occasions. F o r  th e  m ultispecies analyses, n is an  average o f  
the average float values for each species fo r  each p ro p o rtio n  o f  th e  incubation  period. 

c A negative value indicates an  underestim ate o f age. 
d T here were no  d a ta  available fo r Black-necked Stilt, category  five.

for species sam pled during late incubation [i.e., 
floating eggs]). This suggests tha t variation in 
environm ental conditions am ong years has little 
effect on  estim ates o f  em bryo age.

We also investigated how  the presence of 
subspecies affected  m easurem ent error. We 
sam pled four subspecies o f Dunlin (Calidris 
alpina) and their 90lh percentile error value was 
sim ilar to  th a t o f o ther species with only a  single 
race (early incubation: 2.4 versus an  average of
2,9 for 20 o ther species; late incubation: 3.4 
versus an  average o f  3.7 for 14 other species). 
This suggests th a t potential life history differ­
ences (e.g., incubation  duration) am ong the 
four races o f  D unlin  did no t increase the error 
associated w ith estim ating hatching date.

D ISC U SSIO N

Using continuous and  categorical egg angle and  
float height data, we created species-specific 
flo tation  relationships th a t allowed us to  predict 
days until hatching for early and late stages o f 
incubation fo r 24 species o f shorebirds. These 
rela tionsh ips provided reasonable predictive 
power, w ith the m ost accurate predictions from  
continuous d a ta  for early incubation, followed 
by continuous data for late incubation, and  
finally, categorical data  th roughout incubation. 
O ther studies have also found th a t egg angle 
tends to  be m ore reliable a t predicting hatching 
date during early com pared to  late incubation 
(van Paassen et al. 1984). This greater accuracy
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F IG U R E  4. R ela tionsh ip  between clays to hatching 
a n d  the com bined  egg angle  an d  flo a t height 
categories for three shoreb ird  species. See F igure 1 
for study area loca tions an d  F igure 2 fo r illustration 
o f  the  five float categories.

m ay be due to rap id  changes in  the angle o f  the 
egg that occur early in  incubation. Also, accurate 
float da ta  can be collected m ore easily a t this 
tim e because the egg touches the bottom  o f  the 
float container and  thus does no t move around  
during measurem ent.

W e also showed th a t taxonom y (C haradrii­
dae versus Scolopacidae) and  body mass o f  the 
shorebird  (small versus large) h ad  little effect on 
the  relationship between hatching date and  egg 
angle or float height. However, we did find tha t 
egg angle and  floa t heigh t changed m ore 
rapidly for species w ith biparental incubation 
com pared to  species w ith un iparental incuba­
tio n  after con tro lling  for differences in in­
cubation  du ration . This observation m akes 
in tu itive sense, since b iparen ta l incubation  
typically means th a t eggs are incubated m ore

per unit time (Larsen e t al. 1996). D espite this 
difference, there was little benefit in applying 
separate regression m odels in  term s of pre­
diction accuracy. These results allowed us to 
generate a  standardized equation  to  predict 
hatching date from  egg angle and float height 
m easurem ents th a t can be applied to  alm ost any 
shorebird species. As an  aid to  predicting 
hatching date for shorebird  species n o t included 
in our single-species analyses, an  interactive 
version o f  F igure 2 is available a t <  http:// 
w w w 2.dm u .d k /l_ V id en /2 _ M iljo e-tils tan d /3 _  
natu r/b iobasism anual.asp> . The availability of 
these equations is timely since the need to 
determine the incubation age o f em bryos will 
likely increase as researchers begin including 
em bryo age (or “ nest age”) as a  covariate in 
nest survivorship models (Dinsm ore e t al. 2002, 
Jehle e t al. 2004, N u r et al. 2004).

IN D IV ID U A L  SPEC IES: C O N T IN U O U S  A N D  
C A T E G O R IC A L  D A TA

There were several advantages to  using bo th  
linear and m ultiple regression to  analyze the 
continuous egg angle and float height data. 
First, the approach  allowed us to  predict egg 
angles and float heights for periods o f time 
when no raw  d a ta  were available. This is in 
contrast to  earlier studies th a t classified flota­
tion data into categories or provided a. scatter 
plot of egg angle and float height relative to 
em bryo developm ent (sometimes w ith confi­
dence intervals around  points w ith m ore than 
one observation; D unn  et al. 1979, C uster et aí. 
1992, Brua and M achin 2000). Second, the 
approach provided an  objective m ethod for 
predicting and estim ating erro r around  hatch ­
ing dates; such statistical assessments o f  an 
em bryo aging m ethod have seldom been done 
(but see van Paassen et al. 1984, Sandercock 
1998). Finally, this approach allowed us to  
assess how  well regression equations might 
apply to  o ther species based on the degree of 
overlap o f their respective confidence intervals. 
We believe this is the first attem pt to  test for 
differences am ong species or species groupings 
with regard to  flo ta tion  equations.

The categorical d a ta  provided a  relatively low 
level o f accuracy for estim ating hatching dates 
com pared to  the continuous data. This result is 
n o t surprising, since categorical da ta  divides 
a continuous process into subjective classes 
(W alter an d  R usch 1997). However, in tem per­
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ate and tropical areas, where heat can cause 
asynchronous em bryo  developm ent (G ran t 
1982), estimates o f hatching date from  categor­
ical d a ta  using the flo ta tion  m ethod  may 
provide com parable accuracy to  estim ates using 
continuous da ta  (JA R, unpubl. data). C ategor­
ical data  m ay also be easier to  replicate, 
especially when num erous observers are re­
cording data.

PR E D IC T IV E  PO W ER

O ur hatching date estim ates tended to  be 
som ew hat less accurate than  those o f other 
studies (typically w ithin 2-3 days; van Paassen 
e t al. 1984, Sandercock 1998). The greater 
accuracy of other studies m ight be partially 
explained by the fact th a t these researchers 
collected their d a ta  independently and studied 
incubation  d u ra tio n  a t one study site. As 
suggested above, we suspect tha t d a ta  collected 
from  m ultiple study sites, and  relatively low 
sam ple sizes for som e species, likely increased 
the measurem ent error in this study. However, 
our analyses indicate it is unlikely that our error 
values were inflated by collecting d a ta  over 
m any years (i.e., seasonal variation) o r across 
subspecies. Schamel and T racy (1987) found 
th a t bo th  seasonal v a ria tio n  and  la titude 
affected Red P halarope (Phalaropus fulicaria) 
incubation  d u ra tio n . W e did n o t evaluate  
w hether data collected across large geographi­
cal areas affected prediction  accuracy. H ow ­
ever, the effect o f geography is likely small, 
because inform ation for each study species was 
collated from a  relatively narrow  (<8°) la titu ­
dinal range and we used site-specific incubation 
durations when available.

In  addition to  sam pling variation, species- 
specific sources o f  variation m ay affect pre­
diction accuracy. N o l an d  B lokpoel (1983) 
found flotation m easurem ents to  be highly 
variable for Ring-billed G ulls {Larus delawar­
ensis), whereas o ther researchers have found 
less variability in o ther study species (Carroll 
1988, W alter an d  R usch  1997, B rua and 
M achin 2000). Prediction accuracy m ay also 
be. influenced by: (1) variability  in egg size 
(W esterskov 1950), (2) behavioral differences in 
parental care th a t produce inconsistent incuba­
tion durations (Nol and Blokpoel 1983, Feld- 
heim 1997), (3) physiological factors such as 
differences in egg pore area, shell thickness Al­

and  R a h n  (1980), and  v ariab ility  in gas 
conduc tance (V isser et al. 1995), and  
(4) environm ental factors associated w ith nest 
m icroclim ate (R om anoff 1934). The im pact o f 
these fac to rs  seem s negligible, how ever, 
given our inability to  differentiate flotation 
patterns based on shorebird  body mass or 
taxonom y.

R E C O M M E N D A T IO N S

Researchers wishing to  use the flo tation  m ethod 
may im plem ent additional m easures to  over­
com e som e o f  the inaccuracy  inheren t in 
estim ating  the  age o f  em bryos. F irs t, we 
recom m end using in fo rm ation  on  bo th  egg 
angle and  float height when estim ating hatching 
dates. Together, these m easurem ents quickly 
indicate whether an  egg has recently been laid 
or is near hatching. Second, eggs from  the same 
nest sh o u ld  be f lo a te d  m ultip le  tim es to  
corroborate findings from  the initial m easure­
ment. This will am eliorate the effects o f in­
advertently using m isleading d a ta  from  eggs 
that were no t fertilized or had  em bryos that 
failed to  develop. T h ird , we suggest floating 
eggs when the nest is initially found, as this 
increases the chances of floating eggs during 
early incubation w hen estim ates are generally 
m ore accurate. F o u rth , we advise visiting the 
nest on a  daily basis starting  2 -4  days p rio r to 
the expected hatching date to check fo r signs o f 
hatching (i.e., sta r cracks o r pip holes). This 
conservative approach  will assist in  confirm ing 
nest fates when hatch ing  dates are overesti­
m ated. F ifth , when practical, we advise de­
veloping site-specific float regression equations 
for study species ra th e r  th a n  using our general 
float equations; such  site-specific equations 
remove the inaccuracies inherent in  our data 
caused by m ultiple observers recording da ta  a t 
m ultiple sites, and  account for geographic and 
seasonal variation. F inally , in situations where 
it is im portan t to  m inim ize disturbance time 
(e.g., for colonial b irds where predators m ight 
take eggs after adu lts  have been flushed), we 
advise co llecting  ca teg o rica l d a ta , as th is  
m ethod is quicker and , as we have shown, 
can provide a reasonable level o f predictive 
accuracy.
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