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Abstract: Woodland vernal pools occur commonly throughout northeastern North America. These pools 
provide preferred breeding habitat for mole salamanders (Ambystoma spp.) and wood frogs (Rana sylvatica) 
and support an abundant and diverse macroinvertebrate fauna. Vernal pool hydrology, and especially hydro- 
period or duration of the wet phase, affects the composition and productivity of pool fauna. The hydrology 
of ephemeral wetlands is dominated by local weather conditions. In this paper, I report a ten-year record of 
the relationships between precipitation and evapotranspiration and water-level change and hydroperiod in 
four typical southern New England vernal pools. Long-term average precipitation is evenly distributed 
throughout the year in the Northeast; potential evapotranspiration peaks in the summer months and exceeds 
precipitation from mid-June through mid-September. This period of water deficit causes the period of max- 
imum vernal pool drying. Vernal pool hydroperiods were shorter and pools dried earlier in those years with 
larger cumulative water deficits, especially when early spring ground-water resources were below long-term 
means and late winter snowpack was reduced or absent. Weekly water-level change in vernal pools was 
significantly related to precipitation and potential evapotranspiration, with precipitation having 2-5 times 
greater effect than evapotranspiration. Under climate-change predictions of more episodic precipitation and 
increased evapotranspiration, vernal pools would dry earlier in the year and remain dry longer. These changes 
would adversely affect the successful reproduction of pool-breeding amphibians and isolate the remaining 
productive pools. 
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INTRODUCTION 

Woodland vernal pools (Tiner et al. 2002) occur 
commonly throughout the eastern temperate forests of 
North America (Brooks et al. 1998, Burne 2001, Palik 
et al. 2001). In the northeastern United States, the hy- 
drologic cycle of most vernal pools is that of seasonal 
water bodies of autumnal origin. The vernacular term 
"vernal" is used to facilitate communications. The 
pools fill at least partially in the fall, are filled to ca- 
pacity with spring rains on snow pack, and then dry 
by early to mid-summer. Vernal pools support a rich 
and diverse invertebrate community that is adapted to 
the annual drying of the pools (Kenk 1949, Wiggins 
et al. 1980, Brooks 2000). The composition and di- 
versity of the faunal community of ephemeral wet- 
lands are strongly affected by the duration of the wet 
phase or hydroperiod of the wetland (Wiggins et al. 
1980, Semlitsch et  al. 1996, Schneider 1999). As hy- 
droperiod increases, invertebrate richness generally in- 
creases, but the relationship is complex, as biotic fac- 

tors, especially predation, also increase in importance 
with increasing hydroperiod, affecting community or- 
ganization (Schneider 1999). 

Vernal pools are considered preferred breeding hab- 
itat for mole salamanders (Ambystoma spp.) and wood 
frogs (Rana sylvatica Le Conte) (DeGraaf and Ya- 
masaki 2001). Wood frogs and most mole salamander 
species migrate to vernal pools in early spring (circa 
April 1 depending on latitude) to mate and lay eggs. 
The period of time between egg laying and develop- 
ment to metamorphosis and emergence from pools 
ranges between 8 and 19 weeks for wood frogs and 
13 to 24 weeks for spotted salamanders (A.  maculatum 
Shaw) (DeGraaf and Y amasaki 200 1). Therefore, the 
continuation of the hydrope r iod  of vernal pools 
through egg laying and metamorphosis (e.g., April 
through July) is critical to the annual production and 
fitness of pool-breeding amphibians. Annual faunal 
production is affected by inter-annual variation in hy- 
droperiod, with both the richness and abundance of 
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amphibian metamorphs increasing with hydroperiod 
(Semlitsch et al. 1996). Additionally, amphibian meta- 
morphosis occurs later in longer hydroperiod pools, 
and metamorphs are larger, with implications for fit- 
ness and survival (Semlitsch et al. 1988). 

While not fully understood, the long-term hydrology 
and hydroperiod of small, isolated, ephemeral wet- 
lands are influenced by the physical properties of the 
site, the size of the wetland, the connection of the wet- 
land to local and regional ground-water resources, and 
to long-term climatic conditions (Larson 1995, Lent et 
al. 1997, Kirkman et al. 1999, Hayashi and Rosenbemy 
2001, Winter et al. 2001, Brooks and Hayashi 2002). 
Annual variation in pool hydroperiod is presumed to 
reflect the variation in weather, especially precipitation 
(Winter et al. 2001). In studies in South Carolina (Lide 
et al. 1995, Kennamer 2001), Minnesota (Palik et al. 
2001), Maine (Joyal et al. 2001), and Florida (Mansell 
et al. 2000), the hydrology of temporary ponds was 
controlled by precipitation and evapotranspiration. 
These relationships between precipitation and evapo- 
transpiration and the hydrology of ephemeral wetlands 
found in other regions should be applicable to wood- 
land vernal pools in the northeastern United States. 

Long-term precipitation in the northeastern United 
States is evenly distributed throughout the year, with 
small peaks in late fall and late spring (Figure 1A). 
Little to no evapotranspiration occurs during the colder 
months when the vegetation is senescent andlor the 
pools are ice-covered; evapotranspiration peaks in 
mid-summer and exceeds precipitation during the 
months of June, July, and August. The general pattern 
and timing of vernal pool filling and drying parallels 
these long-term patterns of precipitation and evapo- 
transpiration (Figure 1A). The annual water regime of 
vernal pools follows an October-to-September water 
year. Pools are typically dry at the beginning of the 
wateryear andbegin to refill with fat1 rains,-as evapo; 
transpiration demands decrease and after soil-water 
content and ground water have been recharged and/or 
after the ground freezes. Pools fill to their maximum 
size with spring snowmelt and rains. As temperatures 
warm and as the adjacent forest reaches full foliage, 
increasing evapotranspiration results in pools drying in 
the absence of regular and substantial precipitation. 
Smaller (i.e., lesser depth, surface area, and/or volume) 
pools dry more quickly than larger pools (Brooks and 
Hayashi 2002). 

Multi-year observations of water level-change in 
four woodland vernal pools were analyzed using a 
simple climate-water balance equation (Lide et al. 
1995): 

ASW = PPT - PET +_ GW 

where: 

A. Current Ppt and PET (cm) Monthly average pool depth (cm) 
16 

B. ProjocM Ppt and PET (cm) 
16 1 

J 
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Figure 1. Current (A) and projected (B) thirty-year average 
monthly precipitation (Ppt) and potential evapotranspiration 
(PET), and (A) monthly average depth of pool 1710 (1994- 
97), by month, Quabbin Reservation, Massachusetts. 

ASW = weekly change in pool surface water depth 
(cm> 
PPT = weekly precipitation (cm) 
PET = weekly potential evapotranspiration (cm) 
GW = ground-water contribution 

Surface flow to and from woodland vernal pools is 
minimal or non-existent; surface flow may occur in 
some pools for very brief times during spring snow- 
melt or extreme precipitation events. Ground-water ex- 
change was not considered in this study, except indi- 
rectly through transpiration demand from basin and 
adjacent catchment vegetation. 

The long-term goal of this work is to model vernal 
pool hydrology, to be able to predict the potential ef- 
fects of timber harvesting in pool catchments and of 
climate change on vernal pool hydrology (e.g., Poiani 
and Johnson 1993a, Poiani et al. 1996, Sun et al. 
1998a, 1998b, Mansell et al. 2000). In this paper, I 
report on the relationships between precipitation and 
potential evapotranspiration and water-level change in 
four vernal pools in central Massachusetts, USA. I 
then discuss how these relationships relate to annual 
variation in pool hydroperiod and explore possible im- 
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Ipacts of projected climate change on the hydrology of 
these small, isolated, but important systems. 

I STUDY SITES AND METHODS 

Four woodland vernal pools were selected in the 
early 1990s for the study of pool fauna (Brooks 2000, 
Brooks and Doyle 200 1, Milam and Melvin 200 1 ) and 
vernal pool hydrology (Gay 1998). All pools are lo- 
cated on the Prescott Peninsula of the Quabbin Res- 
ervation in central Massachusetts (72" 21' W; 42" 25' 
N). The pools are located in two pairs, and the pairs 
are located approximately 15 lun apart in a north-south 
direction. Pools at the northern location (identified as 
17 10, 17 1 1) occur on glacial till underlain by gabbro, 
while those at the southern location (numbered 503, 
504) are on till over gneiss bedrock (Gay 1998). A 
preliminary study of the hydrology of the pools deter- 
mined that water input to all pools was principally 
from precipitation, with a greater influence of ground 
water at the northern pools (Gay 1998). When full, the 
maximum depth of the pools is about 0.5 m, except 
for pool 171 1, which has a small deeper hole with a 
maximum depth of 1.15 m. All pools are less than 
1000 m2 in surface area when at maximum capacity; 
pools 503 and 504 are smaller than pools 1710 and 
17 1 1. The overstory vegetation of the catchments of 
the northern pools is dominated by white pine (Pinus 
strobus L.), red maple (Acer rubrum L.), and oaks 
(Quercus spp.), that of the southern pools by red maple 
and oaks. 

Pool water levels have been monitored on a regular 
basis since 1992. Water levels were monitored weekly 
during the spring and early summer of 1992 and 1993 
and during the ice-free periods for the years 1994 
through 2002. Water levels were recorded from a staff 
gauge located in the deepest point of each pool. 

Weekly_ precipitation - - - - (Ppt) amounts were collected 
~ ~ N A D P  (National ~tmosph&iz De?oSitiKP%@a%J 
site MA08 using a Belfort rain gage; the site is cen- 
;rally located between the pool locations. Monthly po- 
~ential evapotranspiration (PET) was calculated using 
:he Thornthwaite equations (Dunne and Leopold 
1978): 

PET = 1.6 [10T/IIa 

/ where: 

PET = potential evapotranspiration in cmfmo 

T = mean monthly air temperature (T) 

I = annual heat index = [T/5]1.5 

a = 0.49 + 0.01791 - 0.000077112 

+ 0.00000067513 

PET was first estimated using mean monthly temper- 
atures provided by the Metropolitan District Commis- 
sion (MDC), collected at their administrative head- 
quarters approximately 12 km south and at the same 
elevation as the study sites. Weekly PET values were 
calculated using the coefficients I and a from monthly 
PET calculations and average weekly temperatures 
from the MDC. Estimates were then adjusted for day 
length at 42" N latitude. This process allocates month- 
ly-calculated PET to 52 weekly values. The average 
absolute difference between annual totals of monthly- 
and weekly-calculated PET was 1.03 cm. There was 
no significant difference between the two sums (i.e., 
monthly, weekly) of annual PET (paired-t = 0.564, n 
= 9, p = 0.586). Average monthly and weekly tem- 
peratures were calculated as the means of daily aver- 
age temperatures, collected and reported by the Met- 
ropolitan District Commission at a weather station lo- 
cated approximately 9.5 km south of the southern pool 
location. The MDC also provided late winter snow- 
pack data, in cm snow-water equivalent, collected at 
six stations around the Quabbin Reservation. 

Thirty-year (1 96 1-90) average monthly precipita- 
tion and PET were estimated for the Quabbin Reser- 
vation using published weather station statistics from 
Amherst, Barre Falls, East Brimfield, and Tully Lake, 
Massachusetts (Climatological Data: New England, 
National Climatic Data Center, Asheville, NC). Station 
precipitation amounts and temperatures were spatially 
averaged, weighted by the inverse of the distance of 
the station from the Quabbin Reservation. To explore 
the potential effects of climate change on vernal pool 
hydrology, average monthly Ppt and PET were esti- 
mated for the 30-year periods 2000-2029,2035-2064, 
and 2070-2099. Monthly precipitation and minimum 
and maximum temperatures for 30-year intervals were 
estimated using both the Canadian and Hadley General 
Circulation Models (Stephen Hale, Complex Systems 
-Resgarc kcenter, University_of_New-Ham_psh@,Dur- 
ham). The results from both models were then aver- 
aged, and the temperature data were used to estimate 
PET using the Thorthwaite equations. 

Relationships between precipitation and potential 
evapotranspiration and pool water-level change were 
explored using correlation coefficients and multiple 
linear regression. The regression models were of the 
form: 

Pool water-level change = b, + b,(Ppt) + b,(PET) + E 

where E is the error term and includes the ground- 
water component of the Lide et al. (1995) water-bal- 
ance equation and is the change in surface-water stor- 
age that is unexplained by either Ppt or PET. This 
model is a simplification of the climate-water budget 
equation of Lide et al. (1995), with the effects of 
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Table 1. Total precipitation (Ppt) and potential evapotranspiration 
(PET) by water year (1 October-30 September) and for 1 April- 
30 September, Quabbin Reservation, Massachusetts, water years 
1992-200 1 and 30-year averages for 196 1- 1990, 2000-2029, 
2035-2064, and 2070-2099. 

Water Full water year 1 April-30 September 

yearb) P P ~  PET P P ~  PET 
-----.-----.--------------------.---- cm --------.-----.----------.-----.----. 

1992 101.2 62.5 47.8 57.5 
1993 145.3 63.2 70.3 57.4 
1994 98.1 67.1 46.0 57.6 
1995 172.2 62.3 87.2 55.7 
1996 125.8 60.4 52.8 53.8 
1997 117.3 66.8 56.7 60.4 
1998 124.6 66.6 63.1 58.9 
1999 135.0 63.4 8 1.8 54.5 
2000 108.5 65.5 54.0 60.4 
200 1 92.2 67.5 56.4 58.6 
Mean 122.0 64.5 61.6 57.5 

1961-1990 109.0 63.1 56.6 57.0 
2000-2029 111.9 62.7 62.3 56.8 
2035-2064 117.2 64.5 66.2 57.9 
2070-2099 120.8 69.9 65.3 61.7 

ground-water exchange included in the intercept and 
error terms. The relative strengths of these relations 
for each pool were examined using standard partial 
regression coefficients from multiple linear regression 
analysis (Zar 1974:261-262, Darnon and Harvey 1987: 
236). Standard partial regression coefficients are unit- 
less, calculated when all variables are expressed in 
standard measure, and eliminate the effect of differ- 
ences in measurement scale among the independent 
variables (Sokal and Rohlf l995:6 14). This relation- 
ship was analyzed for both the full water-year (1 Oc- 
tober-30 September) and for the second-half of the 
water year ($l April-30 Septembcr)r the critical period 
when the amphibian eggs and larvae are developing. 
The pool regression models were compared, using the 
test recommended by Zar (1974:273), to see if there 
could be common pool models. 

RESULTS 

Estimated thirty-year (1 96 1-1 990) average annual 
precipitation (Ppt) for the Quabbin Reservation was 
109 cm, and average annual potential evapotranspira- 
tion (PET) was 63.1 cm; over the past decade (1992- 
2002), the averages were 122 and 64.5 cm, respec- 
tively (Table 1). Long-term average monthly precipi- 
tation ranged between a low of 7.7 cm (February) and 
a maximum of 10.2 cm (November), while monthly 
potential evapotranspiration was zero between Decem- 
ber and February and peaked at 13 cm in July (Figure 

1A). Over the water years 1992 to 2001, annual pre- 
cipitation exceeded potential evapotranspiration by an 
average of 575 mm (Table I). In the driest year (2001- 
2002), annual Ppt was only 1.4 times PET, while for 
the wet year (1995-1996), annual Ppt was 2.7 times 
PET. 

Fall and winter precipitation typically result in the 
recharge of soil- and ground-water resources, so that 
spring snowmelt and overland flow generally fill ver- 
nal pools to capacity (Figure 1A). In some years, 1995, 
1999, and 2002 for example, late winter snowpack and 
spring ground-water levels were below normal (Table 
2). During those years, snow-pack levels were the low- 
est of the nine-year record, and regional ground-water 
levels were about 30 cm below the long-term mean 
and generally below the lower quartile, indicating 
drought conditions. Dry early spring conditions fre- 
quently foreshadow early pool drying. 

Negative water balances or water deficits (i.e., Ppt 
< PET) typically occurred between the months of June 
and August. Between April and September, average 
Ppt was only 41 mm greater than average PET for the 
ten years of the study. In six years, total PET exceeded 
total Ppt for the six months (Table 1). During the sec- 
ond half of the water year, the cumulative weekly wa- 
ter balance (i.e., Ppt-PET) was generally positive un- 
til early July (week 40, Figure 2). In extremely dry 
years (e.g., 1999), the water balance was negative ear- 
ly in the period (week 36), while in wet years (e.g., 
2000), the balance remained positive through the end 
of the water year. These periods of excessive moisture 
or drought strongly affected vernal pool hydroperiods. 
The vernal pools dried almost every year, but they 
typically dried earlier in dry years (e.g., 1995, 1999) 
and later or not at all in wet years (Table 3). Pool 504 
was the most ephemeral, drying earliest, followed re- 
spectively by pools 503, 1710, and 171 1. In two of 
the reriyears, pool 17 r0 neverdiied; 17 11 held surface 
water through three of nine years. In the dry year 1999, 
as water deficits accrued, the pools dried rapidly (Fig- 
ure 3A). Pool 504 was dry by the second week of April 
(week 28), briefly held water during two weeks in May 
following heavy precipitation, and then dried for the 
year. Pool 503 dried in early June (week 36), followed 
by 17 10 in mid-June (week 38) and 17 1 1 in midJuly 
(week 42). The water balance remained positive 
throughout the second half of the following year, 2000 
(Figure 3B). The pools retained surface water much 
later into 2000, with pools 17 10 and 17 11 holding sur- 
face water through September 30. 

Water-level changes in vernal pools were strongly 
correlated with weather attributes (Table 4). Weekly 
water-level change in all pools was positively corre- 
lated with Ppt in the current week but was not corre- 
lated with the preceding week's Ppt, except in pool 
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Table 2. Multi-year mean, lower quartile (Q25), annual April ground-water levels, and average deviation from the multi-year mean for 
U.S. Geological Survey wells adjacent to the Quabbin Reservation by well and year and late winter MDC snowpack (cm snow-water 
equivalent) by calendar year, 1993-2002. 

April ground-water level: U.S. Geological Survey well1 MDC 
Year Hardwick 1 Hardwick 3 1 Orange 63 Pelham 24 Petersham 16 Ware 43 Deviation Snowpack 

(meters below ground level) (cm) 

Mean 
425 

1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
200 1 
2002 

I Data at http://ma.water.usgs.gov/water~.htm. 
NO snow pack. 

17 1 1. Conversely, pool water-level change was nega- 
tively correlated with PET, although the relationships 
were only significant for pools 17 10 and 17 1 1 (p 5 

0.05; Table 4). The weekly water balance includes the 
net effect of both weather attributes and was more 
strongly correlated with water-level change in the ver- 
nal pools than either individual attribute. The same 
patterns of relationships occurred for the period be- 
tween 1 April and 30 September, as occurred for the 
full water year; however, PET was significant only for 
pool 171 1 for this subset of weeks (Table 4). 

Ppt and PET were good descriptors of the weekly 

Cumulative water balance (cm) 

1 . .  I . 1 . 1 . 1 . 1  I I / I , ,  

Apr May Jun Jul ~ u g  S ~ P  
Month and week 

Figure 2. Cumulative difference in weekly precipitation 
and potential evapotranspiration (water balance), Quabbin 
Reservation, 1 April-30 September, 1993 through 2002. 

change in pool water levels, explaining between 40- 
70% of the variability in water-level change (Table 5). 
The intercept values for all models were negative, in- 
dicating a loss of pool water additional to that from 
PET, likely to ground water. As anticipated, the co- 
efficients for Ppt were all positive, and those for PET 
were consistently negative. Individual pool regressions 
differed significantly among pools for the full water 
year and for the April-September period, implying in- 
dividual pool responses to Ppt and PET and precluding 
the development of a single, common model. Paired- 
pool comparisons revealed that the difference among 
pool models for the full water year were due to dif- 
ferences between pool 1710 and the other three pools. 

Table 3. Latest date that a vernal pool held surface water, by 
pool and year, Quabbin Reservation, calendar year 1993-2002. 

Vernal ~ o o l  

Year 503 504 1710 171 1 

1993 Jun 15 May 11 Jun 23 n/at 
1994 Jun 14 May 31 Not dry2 Not dry 
1995 Jun 20 Apr 25 Jui 3 Jul 25 
1996 Aug 6 May 28 Aug 28 Not dry 
1997 Jun 10 May 27 Jul 15 Jul 29 
1998 Jul 14 May 20 Aug 4 Aug 25 
1999 Jun 1 Apr 6 Jun 15 Jul 13 
2000 Jul 3 Jun 27 Not dry Not dry 
2001 Jun 26 May 1 Aug 21 Sep 4 
2002 Jul 9 Jun 4 Jul 16 Aug 13 

Pool not monitored through end of water year. 
Po01 held surface water through the end of the water year. 
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Figure 3. Cumulative difference in weekly precipitation 
and potential evapotranspiration (water balance) and water 
depths for four vernal pools, Quabbin Reservation, 1 April- 
30 September, 1999 (top) and 2000 (bottom). 

Paired-pool comparisons for the April-September pe- 
riod showed that all four individual pool models were 
unique (i.e., significantly different). The absolute val- 
ues of the standard partial regression coefficients for 
Ppt were two to six times those for PET (Table 5), 
showing the greater importance of Ppt in explaining 
pool water-level change. 

Precipitation is projected to increase over the 2lSt 
century, with 30-year, full water-year averages ex- 
ceeding the 1961-1990 period but less than the recent 
ten-year average (Table 1). Precipitation between 1 
April-30 September is also projected to increase, with 
future long-term averages exceeding the 1960-1990 
period and also the more recent 1992-2002 average. 
Due to increased projected temperatures, projected po- 
tential evapotranspiration exceeds the 1960-1990 and 
1992-2002 periods for both the full water year and the 
1 April-30 September period but only after 2050. Pro- 
jected increases in PET would result in water deficits 
occurring earlier in the year, lasting later in the year, 
and of greater magnitude (Figure 1B). 

DISCUSSION 

The hydroperiod of ephemeral wetlands is the most 
important abiotic factor affecting faunal composition 
and productivity (Semlitsch et al. 1996, Schneider 
1999). The long-term hydroperiod of small, isolated, 
ephemeral wetlands, such as woodland vernal pools, 
is affected by site, morphological, and climatic factors 
(Hayashi and Rosenberry 2001, Winter et al. 2001, 
Brooks and Hayashi 2002). Annual variation in hydro- 

Table 4. Pearson correlation coefficients between weekly water-level change in four vernal pools and weekly weather attributes for the 
full water year and for the 1 April-30 September period, Quabbin Reservation, 1992-2002. 

Vernal pools 

Weather attribute 503 504 1710 1711 

Full water year 
Precipitation (Ppt) 0.714**" 0.576** 0.779** 0.691** 
1 -week-lag Ppt -0.042 -0.101 0.045 0.203* 

Pot. Evapotranspiration (PET) 
1-week-lag PET 

Water balance (Ppt-PET) 
1-week-lag water balance 

1 April-30 September 
Precipitation (Ppt) 0.772** 0.613** 0.828** 0.725** 
I-week-lag Ppt -0.040 -0.075 0.043 0.234* 

Pot. Evapotranspiration (PET) 
1-week-lag PET 

Water balance (Ppt-PET) 0.795** 0.656** 0.832** 0.766** 
1-week-lag water balance -0.002 -0.062 0.078 0.305** 

a * indicates Bonfemni-corrected p 5 0.05; ** p 5 0.001. 
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Table 5. Results of the multiple regression analysis of weekly water-level change in four vernal pools and concurrent weekly precipitation 
(Ppt) and potential evapotranspiration (PET) for the full water year and for the 1 April-30 September period, Quabbin Reservation, water 
years 1992-2000. Standard partial regression coefficients are reported in parenthesis. 

Partial and standard partial regression coefficients 

Pool Na Adj. R2 F Intercept P P P ~  P PET P 

Full water year 

503 152 0.589 109.3 -5.233 (na) <0.001 3.657 (0.745) <0.001 -3.741 (-0.274) <0.001 
504 74 0.398 25.1 -6.747 (na) 0.014 3.460 (0.616) <0.001 -4.288 (-0.257) 0.006 

1710 229 0.685 248.4 -3.553 (na) <0.001 2.138 (0.797) <0.001 -1.773 (-0.251) <0.001 
1711 233 0.583 163.5 -3.466 (na) 0.002 3.063 (0.7) <0.001 -3.512 (-0.313) <0.001 

1 April-30 September 
503 120 0.627 101.1 -6.962(na) <0.001 3.811(0.796) <0.001 -3.221(-0.196) 0.001 
504 57 0.414 20.8 -5.459 (na) 0.159 3.466 (0.639) <0.001 -4.96 (-0.246) 0.020 

1710 173 0.702 203.5 -5.162 (na) <0.001 2.182 (0.837) <0.001 -1.206 (-0.143) 0.001 
171 1 178 0.582 124.0 -4.122 (na) 0.009 2.908 (0.731) <0.001 -3.141 (-0.245) <0.001 

a Includes only those weeks when a pool held surface water throughout the week. 

period is thought to be an expression of year-to-year 
changes in weather patterns, especially precipitation 
(Winter et al. 2001). This study assessed the influence 
of precipitation and evapotranspiration on weekly wa- 
ter-level change and on annual hydroperiod in four 
vernal pools over a 10-year period. 

Vernal pools in the northeastern United States typ- 
ically have an annual hydrologic cycle that coincides 
with annual patterns in precipitation (Ppt) and poten- 
tial evapotranspiration (PET) (Figure 1A). In this 
study, the rate of weekly water-level change in vernal 
pools and the timing of pool drying were clearly af- 
fected by Ppt and PET. Precipitation was positively 
correlated with weekly water-level change in all four 
pools, over both the full water year and the April- 
September period (Table 4). The relationship between 
-PEF m&peo& water-kveLckange, while lessstrong, 
was consistently negative, reflecting the loss of pool 
water from direct surface evaporation and transpiration 
by pool and adjacent upland vegetation. 

The relationships between weekly water-level 
change in vernal pools and weather effects were highly 
significant in all pools, and weather effects explained 
greater than 50% of the variability in water-level 
change in three of the four pools (Table 5). The sig- 
nificant difference among the individual pool models 
implies that each pool responds uniquely to Ppt and 
PET. This suggests that a common vernal pool- 
weather model would be less precise than individual 
pool models. It also means, if there are no common 
responses among pools, that the investigation of vernal 
pool-weather relations and vernal pool hydrology 
will be more difficult. 

Based on a comparison of standard regression co- 
efficients, Ppt had a much greater effect on pool water- 
level change than did PET. The greater importance of 

Ppt is likely due to Ppt inputs occurring over a longer 
portion of the year than do the more seasonal PET- 
driven losses. Additionally, there is likely some highly 
ephemeral surface runoff of Ppt from adjacent uplands 
or exposed pool basins that concentrates and enhances 
Ppt effects on pool-water levels. Solving the regression 
equations, when setting the pool water-level change to 
zero, showed that rainfall of 1 to 2 cm per week, ad- 
ditional to that needed to replace PET losses, would 
be required to maintain constant pool levels during the 
critical spring-summer period of larval amphibian de- 
velopment and metamorphosis. Increasing PET during 
this period would require additional, regular rainfall to 
maintain pool water levels or reduce the rate of water- 
level decrease. 

The large unaccounted loss of water in the regres- 
_sionmdels_, r q ~ s e n t e d  - - - -  by the negative intercept term 

- - - -  

(Table 3, could be attributed to early spring overflow 
from the pools, infiltration to root-zone soil moisture, 
an underestimate of actual evapotranspiration-associ- 
ated water loss (AET) (Lide et al. 1995), and/or an 
inaccurate estimate of precipitation. Water overflow 
from the vernal pools was negligible, occurring briefly, 
if at all, immediately following snowmelt. Shallow 
ground-water-exchange rates at the pools are un- 
known, but a preliminary study suggested that the 
northern pools were more influenced by ground water 
than were the southern pools (Gay 1998). As the pools 
occur on impervious soil horizons or bedrock (Gay 
1998), pool water is assumed to flow laterally to ad- 
jacent uplands, mostly to replace water lost to tran- 
spiration by forest vegetation (Hayashi et al. 1998, van 
der Kamp and Hayashi 1998). Pool-specific estimates 
of precipitation were likely inaccurate. Weekly precip- 
itation inputs to all pools were derived from a single, 
centrally located site. Spatial variation in precipitation 
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would result in inaccurate estimates of precipitation at 
the individual pool locations. 

While estimated PET values in this study were sim- 
ilar to other estimates of PET for the northeast using 
the water-balance method (e.g., 50-60 crnfyr, Church 
et al. 1995), the estimates were likely different than 
AET from the vernal pool sites. While appropriate for 
regional-scale characterizations of PET, the Thornth- 
waite methods under-performs at site scales by failing 
to account for the influences of increasing water and 
sediment temperatures as a wetland dries (Poiani and 
Johnson 1993a) and for the structural complexity of 
wetland vegetation (Lott and Hunt 2001). However, in 
regions where there is rarely a moisture deficit, 
Thornthwaite PET closely approximated AET (Yin 
and Brook 1992) and has been shown to provide ad- 
equate estimates of evapotranspiration in temperate, 
humid climates (Hammer and Kalec 1986). The cli- 
mate of the study area matches these conditions, where 
the 30-year average Ppt is 1.8 times PET and Ppt < 
PET only in June, July, and August. A more rigorous 
assessment of evapotranspiration effects on vernal 
pool hydrology would use energy-based calculations 
and account for differences in forest composition and 
structure at each pool. 

The climate of the northeast is projected to warm 
and become wetter over the next century (New Eng- 
land Regional Assessment Group 2001). Both annual 
and seasonal minimum temperatures are predicted to 
increase at a greater rate than maximum temperatures. 
Predicted changes are large relative to the historical 
record. Precipitation is also projected to increase but 
at a lesser rate and with greater uncertainty. The pro- 
jected increases in temperatures would result in an in- 
crease in annual PET from the 30-year (1961-1990) 
average PET by 2050 (Table 1). Under this scenario, 
the balance between Ppt and PET would become neg- 
ative (i-e., Ppt < PET) approximately three weeks ear- 
lier by 2100 (Figure 1B). Water deficits would be of 
greater magnitude during the summer months and 
would also extend later into the year, delaying pool 
reinundation. Evapotranspiration is a component of the 
hydrologic cycle that is difficult to model, but it is the 
most sensitive to climate change and variability (Hob- 
bins et al. 2001). The linkage of climate change fore- 
casts and hydrologic models should be a useful and 
productive method to examine the effects of projected 
climate change on water resources and wetlands (Kletti 
and Stefan 1997, Mortsch 1998), recognizing that im- 
provements in both sets of models need to be made 
(Leavesley 1994). 

Any increase in PET would increase the rate of wa- 
ter loss from vernal pools. An increase in PET and the 
rate of pool water loss over the critical springlearly 
summer period would lead to decreased hydroperiod 

lengths and the more frequent loss of the annual re- 
productive effort of pool-breeding amphibians (Don- 
nelly and Crump 1998). Precipitation is projected to 
increase concurrently with temperature but not at a 
similar rate (New England Regional Assessment 
Group 2001). Additionally, precipitation patterns are 
expected to become more variable or episodic, with a 
greater number of drought periods followed by down- 
pours and fewer low-intensity rain events (Karl et al. 
1995, Moore et al. 1997). This more episodic pattern 
of precipitation would cause pools to dry during the 
intervening drought periods, to be refilled later by 
downpours, but after larval amphibians have died. Ad- 
ditionally, due to the limited maximum volume of 
most pools (< 500 m3, Brooks and Hayashi 2001), 
pools are unable to capture and store additional input 
from low-frequency, high-intensity precipitation events, 
and the excess water is lost to ephemeral overflow. 
Additional focus on projecting changes in precipitation 
patterns (i-e., pattern of precipitation events and length 
of inter-event periods) will be critical to the assess- 
ment of climate change effects on isolated wetlands. 

Poiani and Johnson (1991) and Larson (1995) re- 
ported a similar pattern of effects of climate and cli- 
mate change on the number and distribution of isolated 
wetland basins in the northern prairie region of North 
America. The percentage of basins holding surface wa- 
ter was inversely related to increasing temperature and 
directly related to increasing precipitation. Increasing 
temperatures would increase evapotranspiration and 
potentially extend the growing season of wetland veg- 
etation, which would increase cumulative annual 
evapotranspiration. A simulation of the effects of cli- 
mate change on the hydrology of a single semi-per- 
manent wetland by Poiani and Johnson (1991, 1993b) 
projected drier hydrologic conditions in the wetland 
due to higher temperatures and increased evapotrans- 
piration, despite increased precipitation. Water levels 
were predicted to be lower and pool drying was ex- 
pected to occur more frequently. 

Pool-breeding amphibians are naturally adapted to 
the irregular hydroperiod of vernal pools. Amphibian 
recruitment is often episodic; reproduction fails par- 
tially or fully in most years but is compensated by 
large cohorts in the few favorable years (Marsh 2001). 
Wood frogs and spotted salamanders require between 
52 and 135 days and 92 and 164 days, respectively, 
for the eggs to hatch and for the larvae to metamor- 
phose to terrestrial juveniles (DeGraaf and Yamasaki 
2001). Assuming spring migration to the pools and egg 
laying about April 1 in average years, wood frogs re- 
quire surface water until about July 3 (i.e., 94 days) 
and spotted salamanders until August 6 (128 days). 
Based on the latest date that the pools of this study 
held water (Table 3), the hydroperiod of pool 503 was 
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long enough for wood frog metamorphosis for four 
years out of ten and only one year out of ten for spot- 
ted salamanders. The hydroperiod of pool 504 was 
never sufficient for successful amphibian reproduction. 
The hydroperiod of pool 1710 was adequate seven out 
of ten years for wood frogs and four out of ten for 
spotted salamanders; in pool 17 1 1, hydroperiod in all 
years was sufficient for wood frog reproduction and in 
six out of nine for spotted salamanders. Any shorten- 
ing of pool hydroperiods due to climate change would 
further reduce the occurrence of productive years. De- 
layed reinundation of pools in the fall due to extended 
water deficits would disrupt the breeding of marbled 
salamanders (A. opacurn Gravenhorst). The females of 
the species constructs nests in the autumn in dry pool 
basins and broods her eggs until inundation (Jackson 
et al. 1989). If inundation is delayed, the eggs are in- 
creasingly likely to be abandoned and lost to predation 
or exposure. If vernal pool hydrology and hydroper- 
iods become increasingly irregular as projected, due to 
an increased episodic pattern of Ppt and increased PET 
under climate change, amphibian reproductive capa- 
bilities may be taxed beyond their capacity to adapt, 
especially in smaller, more ephemeral pools. 

Root and Schneider (2002) suggest that animals 
most likely to be affected earliest by climatic change 
are those whose populations are fairly small and are 
limited to isolated habitat islands. Climate-change ef- 
fects have been predicted for montane mammals, as 
their habitats would be displaced upward and reduced 
in area with increasing warming (McDonald and 
Brown 1992). Climate-change effects are also predict- 
ed for depressional wetlands with small catchments 
(McCarthy et al. 2001). Vernal pools are depressional 
wetlands with small catchments and are isolated by 
definition, occurring as aquatic islands in a sea of for- 
est. Individual pools provide breeding habitat for a 
small number of amphibians, organized with animals 
of nearby pools as metapopulations (Sjogren 199 1). If 
smaller, more ephemeral pools were excluded as po- 
tential breeding habitat due to reduced hydroperiods, 
the average "between pool distances" of the remain- 
ing pools would increase. Based on among-pool dis- 
tances from the survey of Quabbin Reservation pools 
(Brooks et al. 1998), eliminating pools smaller than 
0.025 ha would increase the average distance between 
nearest-neighbor pools from 293 to 701 m. Eliminating 
pools less than 0.2 ha would increase average between- 
pool distances to 243 1 m. Increased between-pool dis- 
tances would affect the abilities of juvenile amphibians 
to disperse to new pools (Gibbs 1993, Semlitsch and 
Bodie 1998). This would affect the recolonization of 
pools where breeding populations may have gone ex- 
tinct and the maintenance of genetic diversity of pop- 
ulations in the remaining breeding pools. 

CONCLUSIONS 

Precipitation was shown to have a greater effect on 
water-level change in woodland vernal pools than 
evapotranspiration. The relationships between pool hy- 
drology and precipitation and evapotranspiration differ 
among pools, suggesting that it will be difficult to de- 
velop a single hydrologic model applicable for all ver- 
nal pools. On average, it takes more than 2 cm of rain 
per week to maintain pool water levels during the 
growing season. Projected temperature increases over 
the next century, due to global climate change, will 
increase evapotranspiration losses from pools, result- 
ing in shortened hydroperiods and increased frequency 
of reproductive failures by pool-breeding amphibians. 
While precipitation is also projected to increase, it is 
likely that rainfall will be more variable, characterized 
by less frequent, heavy intensity events, separated by 
longer dry periods. While total precipitation may in- 
crease, this pattern of rainfall will cause isolated pools 
to dry during the drought periods, to be reinundated 
later, but resulting in the death of amphibian eggs or 
larvae. The loss of smaller, more ephemeral pools 
would result in the increased isolation of the remaining 
pools and their amphibian metapopulations. 
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