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INTRODUCTION

Avian incubation is generally defined as regulating egg tem-
peratures so that developing embryos are maintained within 
thermal neutral zones (i.e., the range of temperatures required 
for successful development; Carey 1980, White & Kinney 
1974). For most birds, incubation results in adults transferring 
body heat to eggs to maintain egg temperatures greater than 
surrounding ambient temperatures (White & Kinney 1974). 
However, some species, including Snowy Plover Charadrius 
nivosus, nest in areas with little to no cover and high ambient 
air temperatures (>40°C), creating a hot, thermally stressful 
nesting environment (Page et al. 1985, Purdue 1976a, 1976b, 
Warriner et al. 1986). As eggs are more susceptible to heat 
than cold, with many studies reporting lethal egg temperatures 
for avian species occurring at >40°C (e.g., 45.6°C in House 
Wren Troglodytes aedon: Baldwin & Kendeigh 1932, 43°C 

in Heermann’s Gull Larus heermanni: Bennett & Dawson 
1979, 46°C in Western Gull Larus occidentalis: Bennett et al. 
1981, 47.7°C in Black-necked Stilt Himantopus mexicanus: 
Grant 1982), these species must cool eggs during incubation 
for them to remain viable. 

Maintaining eggs within the thermal neutral zone must 
be achieved through incubation strategies that allow adults 
to acquire sufficient nutrients (White & Kinney 1974), avoid 
predation of themselves and nests, and cope with heat stress 
and energy demands (Hinsley & Ferns 1994). Within Char-
adriidae, several adaptive behaviors have developed to allow 
incubating parents, eggs, and chicks to cope with extremely 
high temperatures. For example, in Snowy and Kentish Plo-
vers Charadrius alexandrinus, biparental incubation, shading 
nests, belly soaking, standing in water, panting, and gular 
fluttering may singularly or synergistically alleviate heat 
stress (Amat & Masero 2004a, Kainady & Al-Dabbagh 1976, 
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hatching synchronization during early morning hours (i.e., before noon). Thermal extremes experienced by 
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are declining within regional saline lakes that support nesting Snowy Plovers. Therefore, conservation within 
this region should focus on conserving freshwater springs discharging into saline lakes, the Ogallala aquifer, 
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Maclean 1975, Purdue 1976a, 1976b). However, adaptive 
behaviors to alleviate heat stress are physiologically costly 
(i.e., increased energy expenditure; Hinsley & Ferns 1994) 
and could increase predation risks for adults and nests (Amat 
& Masero 2004b), as adults performing these behaviors tend 
to be more conspicuous. However, in many thermally stress-
ful nesting environments temperatures often fluctuate daily 
and throughout the nesting season. Therefore, to incur the 
least amount of thermal stress, individuals should synchronize 
egg-laying during periods of lower ambient temperatures. 
For example, in the Southern High Plains (SHP) of Texas, 
temperatures are often lower earlier (i.e., May) in the nesting 
season as compared to later (i.e., July). Thus, synchroniza-
tion of egg-laying should occur early in the nesting season, 
as individuals nesting at this time will incur less thermal 
stress to both themselves and their eggs and initiate adaptive 
behaviors to alleviate heat stress less often, potentially result-
ing in greater nest success. However, if females are unable to 
acquire necessary food and nutrients for egg formation, they 
may be unable to breed at the most opportune time (Perrins 
1996), potentially resulting in increased heat stress, predation 
rates, and nest failures. 

Along with alleviation of heat stress, nesting within ther-
mally stressful environments may pose additional challenges 
for nesting birds such as synchronization of hatching from 
multi-egg clutches. In some avian species, synchronized 
hatching is thought to be achieved by delaying incubation 
until the last egg is laid (Kendeigh 1952). However, in several 
precocial species delayed incubation has not been observed, 
with effective incubation occurring prior to the last egg being 
laid (Loos & Rohwer 2004, Norton 1972). This may be more 
important in species that nest within thermally stressful envi-
ronments where delaying incubation until the entire clutch is 
laid may not be feasible, as eggs must be incubated or shaded 
at least part of the time during egg laying to remain viable 
(Grant 1982). For example, at the Salton Sea, California, 
eggs must be incubated or shaded ≥10 hrs a day to prevent 
overheating in ground nesting species (Grant 1982). There-
fore, several alternate mechanisms have been hypothesized to 
explain hatching synchronization, such as increased metabolic 
rates in later laid eggs (MacCluskie et al. 1997, Nicolai et 
al. 2004) and vocalization by chicks within earlier laid eggs 
stimulating later laid eggs to accelerate development (Free-
man & Vince 1974, Persson & Andersson 1999). It has also 
been suggested that synchronization of hatching could be the 
result of parental behavior (MacCluskie et al. 1997, Norton 
1972). Despite these hypotheses, no mechanism has been 
determined to explain hatching synchronization in species 
that nest in thermally stressful environments.

In the SHP of Texas, Snowy Plovers nest within a semi-
arid, thermally stressful saline lake environment, where 
incubation temperatures and mechanisms to alleviate thermal 
stress are unknown. No work in North America has quanti-
fied the heat stress intensity experienced by Snowy Plovers 
nesting in these habitats. Within the SHP of Texas, habitat 
features (i.e., water from freshwater springs) necessary for 
mitigating heat stress and thermoregulation are declining 
within regional saline lakes that support nesting Snowy Plo-
vers. Because  saline lakes within this semi-arid region are 
discharge wetlands containing springs fed by the Ogallala 
aquifer, historically, many provided reliable freshwater dur-
ing the breeding season (Brune 2002). However, declining 
spring flow due to decreasing water table levels of the aqui-
fer has occurred since the 1950s (Brune 2002), resulting in 
shortened hydroperiods and greater salinity, making many of 
them unsuitable for migrating (Andrei et al. 2008) and nesting 

shorebirds. Because of this, understanding the importance of 
heat stress mitigation for Snowy Plover nests may provide 
insight for developing enhanced regional habitat conserva-
tion guidelines. Therefore, the objectives of this study were 
to measure incubation temperatures of Snowy Plover nests on 
saline lakes within the SHP in relation to ambient substrate 
(i.e., control) temperatures, month, nest success, and time 
during incubation. 

METHODS

Study area

The SHP is an approximately 80,000 km2 region occurring in 
the western Texas panhandle, south to Midland, Texas, and 
into New Mexico (Osterkamp & Wood 1987). Within this 
region, approximately 40 saline lakes (i.e., primary regional 
nesting locations for Snowy Plovers; Conway et al. 2005) 
occur (Reeves & Temple 1986). Saline lakes are discharge 
wetlands containing freshwater springs fed by the Ogallala 
aquifer (Brune 2002), but having an overall saline water 
chemistry (often >200g/L of dissolved solids; Osterkamp 
& Wood 1987). Three previously identified important (i.e., 
having consistent surface water throughout the nesting season 
and containing the majority of regional nesting Snowy Plo-
vers) saline lakes ranging in size from ~270 to 600 ha were 
used as study sites in 2008 and 2009 (Conway et al. 2005). 
Each study site lake contained two to six fresh to slightly 
saline springs distributed along its margins (Brune 2002). The 
primary land-use practice immediately surrounding study site 
lakes was pasture/grassland with some held within the U.S. 
Department of Agriculture Conservation Reserve Program. 
Other land-use practices occurring within surrounding areas 
included row-crop agriculture production (i.e., mostly cot-
ton Gossypium spp.), mineral excavation (e.g., caliche), and 
development (i.e., mostly small home/ranch developments).

Weather conditions were similar between 2008 and 2009, 
with Apr–Jul temperatures in the city of Tahoka (Lynn County, 
Texas), the closest city to all three study site lakes (<40 km), 
ranging from 1.1 to 39.4°C in 2008 and –2.8 to 40°C in 2009 
(National Climate Data Center; cdo.ncdc.noaa.gov). Cumula-
tive rainfall in the city of Tahoka during Apr–Jul in 2008 and 
2009 was 19.7 cm and 19.1 cm, respectively, with the greatest 
amount of precipitation occurring in May in 2008 (11.3 cm) 
and in July in 2009 (8.8 cm; National Climate Data Center; 
cdo.ncdc.noaa.gov). Drought conditions were present in both 
years of this study, with cumulative rainfall in the city of 
 Tahoka during Jan–Jul 2008 and 2009 estimated at 10.5 cm 
and 19.9 cm below the long-term average, respectively 
 (National Climate Data Center; cdo.ncdc.noaa.gov).

Nest surveys

We conducted surveys at least once per week at each lake dur-
ing the breeding season (i.e., early Apr to mid Aug; Conway 
et al. 2005, Saalfeld 2010) in 2008 and 2009 to locate new 
nests or monitor known nests until nest fate was determined. 
We located nests by observing adult Snowy Plovers incubat-
ing nests, flushing from or returning to nests, and searching 
appropriate habitat (Conway et al. 2005). If a nest was dis-
covered with one egg, we assumed that the nest was initiated 
the day of discovery; however if nests were discovered with 
two eggs, we assumed that the nest was initiated the day prior 
to discovery. In some instances only two egg clutches were 
laid. If no third egg was laid within 2–3 days of discovery or 
if nests were located after all three eggs (modal clutch size) 
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were laid, we floated eggs to determine incubation stage 
(Hays & LeCroy 1971). 

We defined a successful nest as a nest in which at least one 
egg hatched (Mayfield 1975). Evidence of hatching included 
visually locating chicks in or near the nest, breeding pair 
displaying distraction displays, and/or presence of egg shell 
fragments indicative of hatching (i.e., <1 mm shell fragments 
found in scrape and/or top or bottom of egg shell located 
<10 m from nest with membrane detached; Mabee 1997). 
We considered nests failed when 1) eggs were absent prior 
to estimated hatching date, 2) presence of signs of predation 
or trampling, 3) evidence suggested nests were destroyed by 
weather (i.e., hail, wind, flooding, etc.), or 4) evidence sug-
gested abandonment (i.e., eggs were present one week after 
estimated hatching date or when one egg was moved such 
that the smaller end pointed up and remained so for >24 hrs). 
If nest fate did not match these definitions, we classified its 
fate as unknown (Manolis et al. 2000). 

Nest temperature determination

We placed Thermochron iButtons (Model DS1922L; Maxim 
Integrated Products, Inc., Sunnyvale, CA) within a random 
subset of nests on discovery. To estimate ambient substrate 
temperatures, we placed an equal number of iButtons at 
control sites, each <10 m from a nest and in a location with 
similar microhabitat to the nest (e.g., substrate type, vegeta-
tive cover, etc.). Similar to Schneider & McWilliams (2007), 
we attached iButtons to galvanized nails with Velcro to deter 
removal by adults. We placed all iButtons just beneath (i.e., 
<2 cm) the substrate in the nest (adjacent to or underneath the 
eggs) or control location to eliminate any potential negative 
effects (i.e., predator detection, heat conductance, or distur-
bance to incubating birds) of iButtons being visible on the 
surface. We programmed iButtons to record temperatures at 
≤1-hour intervals; however, to remain consistent among nests, 
we only included 1-hour intervals in analyses. To determine 
the potential effects of placing iButtons below the substrate 
surface, we placed two iButtons within 5 cm of each other 
at a random location within a saline lake, and recorded tem-
peratures for 96 hrs in late June in 2008. 

Statistical analyses

To include only nest temperature data during which parental 
incubation was known to occur, we truncated nest temperature 
data to 07h00 on the last observed active day for nests that 
failed or to 07h00 on the morning nests hatched. We classified 
temperature data as day (07h00–20h59) or night (21h00–
06h59), placed into 30-day periods during the breeding season 
(i.e., 1–31 May, 1–30 Jun, or 1–31 Jul), and 10-day periods 
based on time during incubation (i.e., early: 1–10 days, mid: 
11–20 days, and late: 21–30 days), where the first day of 
incubation corresponded with the day the first egg was laid. 
We calculated the effect of incubation/adult attendance on 
nest temperatures by subtracting paired control temperatures 
from nest temperatures (hereafter referred to as incubation 
value). We examined differences in day and night tempera-
tures between control and nest temperatures using repeated 
measures analysis of variance (ANOVA), repeated among 
temperature readings for paired nest and control temperatures 
with a compound symmetric covariance structure (PROC 
MIXED; SAS Institute 2002). We also examined differences 
in 1) day nest temperatures, 2) night nest temperatures, 3) day 
control temperatures, 4) night control temperatures, 5) day 
incubation values, and 6) night incubation values between 

or among time during season (1–31 May, 1–30 June, or 
1–31 July), time during incubation (i.e., 1–10 days, 11–20 
days, or 21–30 days), and nest fate (i.e., success or failure) 
 using repeated measures ANOVA as described above (PROC 
MIXED; SAS Institute 2002). 

RESULTS

We placed iButtons in 104 nests and control sites (20 in 2008 
and 84 in 2009) between 12 Jun and 26 Jul 2008 and between 
1 May and 5 Aug 2009, and recorded 15,312 hrs of tem-
perature data over 142 days. Although temperatures recorded 
beneath the substrate surface were similar to temperatures 
recorded above the surface, day temperatures were 3.8°C 
warmer above the surface as compared to below (likely due 
to heat conductance of the metal iButton), while night tem-
peratures were 1.2°C cooler above the surface as compared 
to below. Therefore, temperatures measured in this study are 
likely to be a conservative estimate of heat stress experienced 
by nesting Snowy Plovers in this region. However, we did 
not measure actual egg temperatures; therefore, we do not 
know how substrate temperature may differ from actual egg 
temperatures in this study. 

Placement of iButtons within nests did not negatively 
influence nest success, as nests with iButtons had slightly 
greater nest success (34% hatched) than nests without (22% 
hatched). 

Nest temperatures ranged from 12.2 to 47.2°C (12.2–
47.2°C during day, 12.7–39.2°C during night), while control 
temperatures ranged from 6.7 to 54.0°C (6.7–54.0°C during 
day and 7.2–38.6°C during night). Nest temperatures fol-
lowed the same daily trends as control temperatures, but did 
not exhibit the extreme amplitude between high (day) and 
low (night) temperatures as controls (Fig. 1). In fact, nest 
temperatures were greater (P < 0.01) at night and lower (P < 
0.01) during day than control sites (Table 1).

As expected, both day and night nest and control tempera-
tures increased over time within the nesting season (P < 0.01), 
where lower temperatures were recorded in May than June 
and July (Table 2). Lower temperatures earlier in the season 
corresponded with increased incubation effects (i.e., greater 
difference between nest and control temperatures) at night but 
decreased incubation effects during day. For instance, greater 

Fig. 1.  Day and night temperatures measured using iButtons on 
17–18 Jun 2009 at a Snowy Plover nest and control site located on a 
saline lake within the Southern High Plains of Texas, USA. These data 
are representative of a typical relationship between nest temperatures 
and control temperatures for a 24-hour period. 
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differences (P < 0.01) between nest and control temperatures 
were observed during night in May and July as compared 
to June, but during day, greater differences (P = 0.01) were 
observed in June and July as compared to May (Table 2). 
Despite a greater difference between nest and control tem-
peratures earlier in the season during night and later in the 
season during day, nest temperatures remained lower earlier 
in the season as compared to later. 

Regardless of month, day and night nest and control 
temperatures generally increased as incubation progressed 
(P < 0.05), with the first 10 days of incubation having lower 
temperatures than the next two incubation periods, and the 
last 10 days of incubation having greater temperatures than 
the first two periods (Table 3). Greater nest temperatures 
closer to hatching generally corresponded with increased 
incubation effects during night, but decreased incubation 
 effects during day. For instance, differences between nest 
and control temperatures generally increased during night, 
but decreased during day as incubation progressed, regardless 
of month (Table 3). 

Overall, successful and unsuccessful nests generally had 
similar day and night nest and control temperatures as well 
as day and night incubation values (Table 4). However, suc-
cessful nests had a greater (P = 0.01) difference between night 
nest and control temperatures than unsuccessful nests in June, 
and in July successful nests had greater (P = 0.02) night nest 
temperatures than unsuccessful nests (Table 4). Additionally, 
ranges of nest temperatures for successful and unsuccessful 
nests were similar (successful: 12.7–47.1°C; unsuccessful: 
12.2–46.1°C). 

DISCUSSION

Nesting Snowy Plovers in the SHP of Texas are exposed to 
high ambient temperatures during the day (i.e., maximum 
air temperatures >40°C and maximum control temperatures 
>50°C), creating a very hot, thermally stressful nesting 
environment that necessitates incubating parents to cool 
eggs during daylight hours. Despite many studies reporting 
lethal egg temperatures >40°C (Baldwin & Kendeigh 1932, 

Table 1.  Means (x–), standard errors (SE), least squares (LS) estimates and SE, and F and P-values resulting from repeated measures 
analysis of variance of Snowy Plover day and night nest and control temperatures on saline lakes within the Southern High Plains of Texas, 
USA, 2008–2009.

Nest Control

x– (LS) SE (LS) x– (LS) SE (LS) F P

Day temperature (°C) 30.6 (30.8) 0.0 (0.3) 32.2 (32.4) 0.1 (0.3) 385.16 <0.01

Night temperature (°C) 26.2 (26.2) 0.0 (0.2) 23.4 (23.4) 0.0 (0.2) 4263.67 <0.01

Table 2.  Means (x–), standard errors (SE), least squares (LS) estimates and SE, and F and P-values resulting from repeated measures analysis 
of variance of Snowy Plover day and night nest temperatures, control temperatures, and incubation values (difference between paired nest 
and control temperature) among months on saline lakes within the Southern High Plains of Texas, USA, 2008–2009.

May June July

x– (LS) SE (LS) x– (LS) SE (LS) x– (LS) SE (LS) F P

Day nest temperature (°C) 29.2 (29.7) aa 0.1 (0.2) 31.2 (31.5) b 0.1 (0.2) 31.3 (31.5) b 0.1 (0.2) 43.93 <0.01

Night nest temperature (°C) 24.5 (25.4) a 0.1 (0.2) 26.6 (26.9) b 0.0 (0.2) 27.4 (26.6) c 0.1 (0.2) 55.69 <0.01

Day control temperature (°C) 30.5 (30.7) a 0.1 (0.3) 33.0 (33.1) b 0.1 (0.3) 32.9 (33.1) b 0.1 (0.3) 33.89 <0.01

Night control temperature (°C) 20.7 (22.3) a 0.1 (0.2) 24.2 (24.1) b 0.1 (0.2) 25.0 (23.6) c 0.1 (0.2) 75.21 <0.01

Day incubation value (°C) –1.2 (–1.1) a 0.1 (0.2) –1.8 (–1.6) b 0.0 (0.2) –1.6 (–1.6) b 0.1 (0.2) 4.97 0.01

Night incubation value (°C) 3.8 (3.1) a 0.0 (0.1) 2.4 (2.8) b 0.0 (0.1) 2.5 (3.1) a 0.0 (0.1) 32.85 <0.01
a Least squares means with the same letter within a row are not different (P > 0.05).

Bennett & Dawson 1979, Bennett et al. 1981, Grant 1982), 
in this study, nests reached temperatures >47°C and still 
successfully hatched. Although we did not measure actual 
egg temperature, this suggests that Snowy Plover embryos 
are able to survive greater temperature extremes than some 
other species, at least for short periods of time (i.e., eggs were 
exposed to these extreme temperatures for <30 min). Similar 
extreme temperatures were observed in Wilson’s Plovers 
Charadrius wilsonia where substrate temperatures beneath 
eggs reached 48.5°C; however, viability of the eggs was not 
reported (Bergstrom 1989). 

In contrast to high ambient temperatures during day, low 
ambient temperatures were commonly recorded at night 
(minimum air temperatures <10°C and minimum control 
temperatures <8°C), with nests dropping to temperatures 
(i.e., <13°C) well below the thermally moderate range (i.e., 
31–40°C; Purdue 1976b), but likely still within non-lethal 
zones (e.g., embryo mortality occurred <10°C in Western 
Gulls; Bennett et al. 1981). Wide ranging temperatures be-
tween day and night forces Snowy Plovers to be relatively 
plastic in incubation techniques, from heat application during 
night to egg cooling during day. Such incubation strategies 
have been observed in other species nesting in similar cli-
mates, including Killdeer Charadrius vociferus (Bergstrom 
1989), Wilson’s Plover (Bergstrom 1989), Crowned Plover 
Vanellus coronatus (Downs & Ward 1997), Black-bellied 
Sandgrouse Pterocles orientalis (Hinsley & Ferns 1994), and 
Pin-tailed Sandgrouse P. alchata (Hinsley & Ferns 1994). 
Plasticity in incubation techniques may allow these species 
to exist in environments with dramatic thermal fluctuations, 
potentially providing additional habitat that may not be avail-
able to less plastic species. For example, few species (e.g., 
Killdeer, Black-necked Stilt, American Avocet Recurvirostra 
americana, and Snowy Plover; Conway et al. 2005) success-
fully nest within saline lakes in the SHP of Texas, potentially 
due to the inability of others to compensate with fluctuating 
temperatures and thermal extremes. 

Nest temperature patterns closely followed ambient tem-
peratures, increasing as the season progressed (from May to 
July). As earlier egg-laying dates frequently result in greater 
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Table 3.  Means (x–), standard errors (SE), least squares (LS) estimates and SE, and F and P-values resulting from repeated measures analysis 
of variance of Snowy Plover day and night nest temperatures, control temperatures, and incubation values (difference between paired nest 
and control temperature) among incubation periods on saline lakes within the Southern High Plains of Texas, USA, 2008–2009.

1–10 days 11–20 days 21–30 days

x– (LS) SE (LS) x– (LS) SE (LS) x– (LS) SE (LS) F P

May 

Day nest temperature (°C) 28.6 (28.6) aa 0.1 (0.4) 29.5 (29.8) b 0.1 (0.4) 29.7 (30.7) c 0.2 (0.4) 19.53 <0.01

Night nest temperature (°C) 23.5 (23.9) a 0.1 (0.3) 25.1 (25.2) b 0.1 (0.3) 24.8 (25.6) c 0.1 (0.3) 38.90 <0.01

Day control temperature (°C) 30.4 (29.5) a 0.2 (0.5) 30.5 (30.6) b 0.2 (0.5) 30.3 (31.3) b 0.3 (0.6) 6.28 <0.01

Night control temperature (°C) 20.6 (20.6) a 0.1 (0.3) 20.9 (21.0) a 0.1 (0.3) 20.3 (20.9) a 0.1 (0.3) 1.74 0.19

Day incubation value (°C) –1.8 (–0.9) a 0.1 (0.3) –1.1 (–0.8) a 0.1 (0.3) –0.7 (–0.8) a 0.1 (0.3) 0.04 0.96

Night incubation value (°C) 3.0 (3.2) a 0.1 (0.2) 4.1 (4.2) b 0.0 (0.2) 4.4 (4.7) c 0.1 (0.2) 138.97 <0.01

June

Day nest temperature (°C) 30.8 (31.3) a 0.1 (0.3) 31.2 (31.4) a 0.1 (0.3) 32.1 (31.7) a 0.2 (0.3) 1.48 0.24

Night nest temperature (°C) 26.4 (26.1) a 0.1 (0.2) 26.7 (26.8) b 0.1 (0.2) 27.0 (27.6) c 0.1 (0.3) 32.84 <0.01

Day control temperature (°C) 32.7 (33.3) a 0.2 (0.4) 33.0 (33.2) a 0.2 (0.4) 33.6 (33.0) a 0.2 (0.4) 0.24 0.79

Night control temperature (°C) 24.4 (23.8) a 0.1 (0.3) 23.9 (24.2) b 0.1 (0.3) 24.3 (25.3) c 0.1 (0.3) 35.55 <0.01

Day incubation value (°C) –1.9 (–2.1) a 0.1 (0.2) –1.8 (–1.8) b 0.1 (0.2) –1.5 (–1.2) c 0.1 (0.2) 12.92 <0.01

Night incubation value (°C) 1.9 (2.4) a 0.0 (0.2) 2.8 (2.6) b 0.0 (0.2) 2.6 (2.2) c 0.0 (0.2) 29.06 <0.01

July

Day nest temperature (°C) 31.8 (30.5) a 0.2 (0.4) 31.3 (31.4) b 0.1 (0.4) 30.9 (31.7) b 0.1 (0.4) 6.79 <0.01

Night nest temperature (°C) 27.5 (26.2) a 0.1 (0.4) 27.4 (27.2) b 0.1 (0.4) 27.4 (27.8) c 0.1 (0.4) 31.31 <0.01

Day control temperature (°C) 33.4 (32.5) a 0.3 (0.6) 33.0 (32.8) a 0.2 (0.5) 32.5 (33.1) a 0.2 (0.5) 0.74 0.49

Night control temperature (°C) 25.4 (24.1) a 0.1 (0.4) 24.9 (24.7) b 0.1 (0.4) 24.8 (25.3) c 0.1 (0.4) 15.02 <0.01

Day incubation value (°C) –1.6 (–1.9) a 0.1 (0.3) –1.7 (–1.4) a 0.1 (0.2) –1.6 (–1.4) a 0.1 (0.2) 2.77 0.08

Night incubation value (°C) 2.1 (2.2) a 0.1 (0.2) 2.5 (2.6) b 0.0 (0.2) 2.6 (2.5) b 0.0 (0.2) 17.10 <0.01
a Least squares means with the same letter within a row are not different (P > 0.05).

Table 4.  Means (x–), standard errors (SE), least squares (LS) estimates and SE, and F and P-values resulting from repeated measures analysis 
of variance of Snowy Plover day and night nest temperatures, control temperatures, and incubation values (difference between paired nest 
and control temperature) between nest fate on saline lakes within the Southern High Plains of Texas, USA, 2008–2009.

Successful Unsuccessful

x– (LS) SE (LS) x– (LS) SE (LS) F P

May

Day nest temperature (°C) 29.0 (29.0) 0.1 (0.5) 29.4 (29.6) 0.1 (0.4) 0.93 0.34

Night nest temperature (°C) 24.2 (24.2) 0.1 (0.5) 24.7 (24.9) 0.1 (0.4) 1.21 0.28

Day control temperature (°C) 30.3 (30.3) 0.2 (0.7) 30.6 (30.1) 0.2 (0.5) 0.04 0.84

Night control temperature (°C) 20.3 (20.2) 0.1 (0.4) 21.1 (21.0) 0.1 (0.3) 2.71 0.11

Day incubation value (°C) –1.3 (–1.4) 0.1 (0.4) –1.1 (–0.6) 0.1 (0.3) 2.15 0.15

Night incubation value (°C) 4.0 (4.0) 0.0 (0.4) 3.6 (3.8) 0.0 (0.3) 0.13 0.72

June

Day nest temperature (°C) 31.3 (31.2) 0.1 (0.4) 31.1 (31.5) 0.1 (0.3) 0.27 0.61

Night nest temperature (°C) 26.8 (26.8) 0.1 (0.4) 26.5 (26.6) 0.1 (0.3) 0.19 0.67

Day control temperature (°C) 32.8 (32.6) 0.1 (0.5) 33.2 (33.5) 0.1 (0.4) 1.70 0.20

Night control temperature (°C) 23.9 (23.8) 0.1 (0.4) 24.5 (24.4) 0.1 (0.3) 1.87 0.18

Day incubation value (°C) –1.5 (–1.4) 0.1 (0.3) –2.0 (–2.0) 0.1 (0.2)  3.67 0.06

Night incubation value (°C) 2.9 (3.0) 0.0 (0.3) 2.0 (2.1) 0.0 (0.2) 6.88 0.01

July

Day nest temperature (°C) 31.3 (31.8) 0.1 (0.5) 31.2 (30.8) 0.1(0.5) 2.09 0.16

Night nest temperature (°C) 27.9 (28.1) 0.1 (0.5) 27.0 (26.5) 0.1 (0.4) 6.06 0.02

Day control temperature (°C) 32.7 (33.5) 0.2 (0.7) 33.1 (32.3) 0.2 (0.6) 1.56 0.22

Night control temperature (°C) 24.9 (25.3) 0.1 (0.5) 25.0 (24.3) 0.1 (0.4) 1.97 0.17

Day incubation value (°C) –1.3 (–1.6) 0.1 (0.3) –1.9 (–1.5) 0.1 (0.3) 0.11 0.74

Night incubation value (°C) 3.0 (2.8) 0.0 (0.2) 2.0 (2.2) 0.0 (0.2) 3.55 0.07
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nest success (Perrins 1996) and daily nest survival rates 
have been shown to decline during the nesting season in this 
population (Saalfeld et al. 2011), Snowy Plovers also benefit 
from nesting earlier (during a less thermally stressful time 
period). However, complete shifts in nest initiation may not 
be feasible and are rarely documented. For example, Grant 
(1982) failed to document any shift in nest initiation dates, 
so that nesting could occur during less thermally stressful 
time periods among species nesting within the Salton Sea, 
California (i.e., Killdeer, Black-necked Stilt, American Avo-
cet, Forster’s Tern Sterna forsteri, Lesser Nighthawk Chor-
deiles acutipennis, Black Skimmer Rynchops niger). As egg 
formation is costly (i.e., energetically and physiologically), 
especially for precocial species, females may be unable to 
acquire necessary food and nutrients for egg formation at 
the most opportune time (i.e., early in the breeding season; 
Perrins 1996). However, if females possess the necessary 
nutrients for egg formation on arrival to the SHP, they should 
have earlier egg laying dates (Perrins 1996). Although ener-
getics and winter-migratory food habits and body condition 
estimates are unknown for Snowy Plovers, individuals in 
better condition tended to initiate egg laying earlier and nests 
laid earlier tended to have greater survival (Saalfeld 2010). 
Therefore, survival and physiological benefits do exist for 
Snowy Plovers to arrive early for both the care-giving adults 
and the eggs they incubate. 

As incubation progressed, incubation routines changed, 
with less incubation by day and more at night, resulting in 
a general increase in nest temperatures. However, increased 
nest temperatures may also reflect increased heat production 
of the embryos as they age (Drent 1970) as well as the general 
increase in ambient temperatures across the breeding season. 
It would seem possible that the incubation behavior of adult 
Snowy Plovers is aimed at increasing nest temperatures of 
clutches near hatching to facilitate hatching synchronization. 
As species that nest within thermally stressful environments 
may not be able to delay incubation (Grant 1982), an alterna-
tive mechanism is needed to synchronize hatching in multi-
egg clutches. As greater incubation temperatures generally 
decrease incubation duration (Yogev et al. 1996), we suggest 
that by increasing nest temperatures closer to hatching, par-
ents may facilitate hatching synchronization by accelerating 
development of later-laid eggs. 

Another potential function of increased nest temperatures 
closer to hatching, especially night temperatures, could be to 
trigger hatching during a particular time (i.e., early morning). 
During this study, most nests were observed to hatch before 
noon (S. Saalfeld pers. obs.). This strategy may be beneficial 
for Snowy Plovers due to lower temperatures during early 
morning hours. By hatching earlier in the day, chicks may 
perform physiologically costly behaviors (i.e., pecking/hatch-
ing) during times when temperatures are low. Once hatched, 
they can then quickly move to more protective, less thermally 
stressful areas (e.g., shallow water areas) before temperatures 
increase throughout the day. Therefore, incubation techniques 
that trigger hatching during early morning hours may provide 
a survival advantage to hatchlings.

This study provides some baseline data on the intensity 
of heat stress experienced by Snowy Plovers in the SHP, 
evidence for survival and physiological benefits for early 
arrival and laying dates, and suggests a potential mechanism 
for hatching synchronization. Snowy Plovers in the SHP nest 
within a hot, thermally stressful environment, necessitating 
incubating parents to cool eggs during daylight hours and 
perform adaptive behaviors to alleviate heat stress (e.g., 

 biparental incubation, shading nests, belly soaking, standing 
in water, panting, and gular fluttering; Amat & Masero 2004a, 
Kainady & Al-Dabbagh 1976, Maclean 1975, Purdue 1976a, 
1976b). However, habitat features necessary for mitigating 
heat stress and thermoregulation (i.e., presence of surface 
water for belly soaking and standing in), as well as energy 
requirements (i.e., freshwater springs that support salt intoler-
ant invertebrate prey; Andrei et al. 2009) are declining in the 
saline lakes that support nesting Snowy Plovers in the SHP 
region. Therefore conservation within this region should 
 focus on conserving freshwater springs discharging into saline 
lakes, as well as the Ogallala aquifer. However, because the 
Ogallala aquifer is recharged from playa wetlands (Bolen et 
al. 1989, Osterkamp & Wood 1987), it also remains important 
to conserve the entire complex of wetlands within the SHP of 
Texas (Andrei et al. 2008, 2009). 
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