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RESEARCH NOTE: 
COMPARISION OF GROWTH AMONG DIFFERENT AGE CLASSES OF LARGEMOUTH BASS 

(MICROPTERUS SALMOIDES) POPULATIONS IN TWO IMPOUNDENTS IN NORTHWEST 
PENNSYLVANIA1

MICHAEL ENRIGHT2, FRED J. BRENNER3, LARISSA CASSANO4, 
 AND KATHERINE R. BEYER-KRAMER5

Biology Department, Grove City College, Grove City, PA 16127

ABSTRACT

The length of largemouth bass (Micropterus salmoides), 
as determined from scale samples, was calculated based 
on the formula Ln = (Sn/S)L. Ln is length in the nth 
year, Sn is the length of the annulus in the nth year, S 
is the total scale length and L is the total length of the 
fish at capture. These values were compared for two 
impoundments, Lake Latonka and Lake Wilhelm in 
northwestern Pennsylvania. The weight (Wo) of fish at 
capture was compared with the estimated weight (We) 
based on a regression equation We = aln and the length-
weight relationship We = ln. Fish in both Lake Latonka 
and Lake Wilhelm exhibited a significant length-
weight correlation, except for the 0+ age class in Lake 
Latonka. There was a significant correlation between the 
expected and observed weight in both impoundments. 
During the first year, largemouth bass in Lake Latonka, 
exceeded the growth of largemouth bass in Lake 
Wilhelm, but in succeeding years the growth of fish in 
Lake Wilhelm exceeded that of fish in Lake Latonka. 
This difference may be the result of food availability.
[ J PA Acad Sci  89(2): 43-47, 2015 ]

INTRODUCTION

For over five decades, scale annuli have been used to 
determine the age and growth of a variety of fish species. 
Although other methods (i.e. otholiths, scales, and vertebrae) 
(Gunn et al., 2008) have been used to determine the age and 

growth of fish species, scale annuli are least invasive. Scale 
annuli form annually during the life of the fish. The distance 
from the center of the annulus and scale length is proportional 
to the length of the fish at the time of annulus formation. This 
allows for the determination of the length of fish at the time 
the annulus was formed. Because the weight (W) of a fish is 
a function of the cube length (L3), it is possible to predict the 
weight of the fish at a given age based on their length when 
each annulus was formed. However, environmental factors, 
including temperature, food availability, spawning and other 
stresses may affect annuli development and growth.

The survival of 0+ year class is dependent on the growth 
of the fry during the early life stages of the species. Food 
availability, temperature and other environmental factors 
play an integral role in the growth rate, but the effect of 
these factors may vary among species (Shoup et al., 2007). 
Although food is relatively abundant during the summer 
months, predation is a significant source of mortality in the 
0+ age class (Garvey et al., 2004). Since survival is dependent 
on growth, fish with higher growth rates are more likely to 
survive to the next year class when predators are present 
(Garvey et al., 2004). During the winter months, mortality 
is dependent not only on body size, but also energy content, 
energy density, and mass specific metabolism (Fullerton et 
al., 2000, Garvey et al., 2004).

In addition to food availability, population density 
(Vollestad and Olsen, 2008) is also an important factor 
in the growth of fish, especially during the first year. 
According to Slaughter and coworkers (2008) for the 0+ 
age class, prey availability and population density are 
the most important factors for the growth of largemouth 
bass transplanted from northern or southern populations. 
Some authors have suggested that food availability is a 
major factor in fish growth. Amoah and coworkers (2008) 
reported that carbohydrate availability directly impacted 
the growth rate of largemouth bass. The largemouth bass 
in their study experienced a more rapid growth and more 
efficient metabolism when carbohydrates were maintained at 
< 20% of their diet. Copeland and coworkers (2008) reported 
that the growth rate of four fish species in two different 
impoundments was related to food intake. Energy storage 

1Accepted for publication April 2015.
2Current address: Conservation Manager, Five Rivers Metroparks, 
409 E. Monument Ave, Dayton, Ohio 45402.

3Corresponding Author
4Current address: Mercer County Conservation District, Court 
House, Mercer, PA 16137

5Current Address: 13 Woodmont Drive, Delmar, New York 12054
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was positively correlated with the relative weight of all four 
species, including the largemouth bass. Fish species may, 
however, exhibit different responses to population density. 
The objective of the current study was to compare the growth 
rate of largemouth bass populations in two impoundments in 
northwest Pennsylvania.

STUDY AREAS

Lake Latonka

Lake Latonka is located in rural residential development 
consisting of 650 homes constructed on 513 hectares 
surrounding a 110 hectare lake. The lake was created by 
damming Coolspring Creek in the 1960s. Lake Latonka is 
located 3 km north of US Route 62 and 3 km west of Interstate 
79 in central Mercer County in northwest Pennsylvania. 
This development comprises approximately 14.2% of the 
approximately 4,400 hectare watershed. Family farms 
comprise 47% (2,068 ha) of the land use and of that, 50% 
are Amish homesteads that are continuing to increase within 
the watershed (Brenner et al., 1987; Brenner and Mondok, 
1995). Woodlots (880 ha) and abandoned agricultural 
lands (1,452 ha) comprise 20% and 30 % of the watershed, 
respectively.

Since agriculture is the major land use in the watershed, 
it has an important impact on water quality and nutrient 
enrichment of Lake Latonka. In 1997, the Trophic State 
Indices (TSI) were 61.13 for total phosphorus and 66.43 and 
59.76 for chlorophyll a and Secchi disc reading the TSI index 
was 66.43 and 59.76, respectively. Likewise in 2011 the TSI 
for total phosphorus was 65.31 and TSI for chlorophyll a 
58.84 and 43.38 for the Secchi disc. In 2013 and 2014 the 
TSIs averaged 54.57 and 45.7 and 52.9, respectively. Based 
on these Trophic State Indices, Lake Latonka would be 
classified as eutrophic (nutrient enriched) and there has 
been little change in these Trophic State Indices over the 
last 17 years. An earlier study by Steiner and coworkers 
(1985) reported that phosphorus concentrations in tributary 
streams in the Lake Latonka watershed were significantly 
correlated with rainfall events. Croplands and pastures are 
interwoven throughout the watershed on the majority of the 
farms, livestock having free access to streams and wetlands. 
Dairy cattle and beef cattle comprise approximately 50% 
and 25%, of the animal units, respectively. Application 
of manure on both croplands and pastures is the primary 
method of manure management within the watershed. 
Manure application is practiced on the majority of the farms 
without adequate riparian buffers to filter pollutants from 
entering adjacent waterways. Corn is the principal row 
crop on over 34% (703 ha) of the agricultural lands and the 
majority of farms lack crop rotation or grassland strips of 
nitrogen fixing legumes. Therefore, crop fields often require 

commercial fertilizer applications in addition to manure 
which may increase nutrient loading to receiving streams 
that discharge into Lake Latonka. The remaining 1365 
hectares are comprised of approximately 341 ha (25%) for 
pastures and 683 ha (50%) for hay production and 341 ha 
(25%) being planted with small grains, soybeans, alfalfa and 
vegetables (Brenner and Mondok, 1995)

Lake Wilhelm

Lake Wilhelm is located in northeastern Mercer County, 
Pennsylvania within the Sandy Creek watershed. It was 
constructed as a flood control reservoir under the auspices 
of the U.S. Department of Agriculture Soil Conservation 
Service (SCS), now known as the Natural Resource 
Conservation Service (NRCS). Construction was initiated 
on January 22, 1969 and completed in May, 1970. The gates 
were closed on March 10, 1971 and it reached a normal 
pool of 158 billion liters by June 14, 1971. Lake Wilhelm 
is the fourth largest lake managed by the Pennsylvania 
Department of Conservation and Natural Resources and 
is one of the 12 largest lakes in Pennsylvania. Agriculture 
is the primary land use within the watershed, comprising 
approximately 64% of the 146.3 km2 (56.5 mi.2) of Lake 
Wilhelm watershed. As previously described for Lake 
Latonka, agricultural discharges impact the water quality. 
Phosphorous and nitrogen loading occurs from 11 streams 
that discharge into Lake Wilhelm. Based on a report prepared 
by Pennsylvania Department of Environmental Protection 
(PADEP) Bureau of Watershed Management (Fair 2008), the 
Carlson’s Trophic State Index (TSI) for total phosphorous 
was 61.48 and for Secchi disc and Chlorophyll a was 63.37 
and 67.81, respectively. Lake Wilhelm is classified as being 
eutrophic or hypereutrophic due to the influx of nutrients 
from the agriculture. The majority of watershed consists of 
family farms, including Amish homesteads, and the farming 
practices are similar to those described for the Lake Latonka 
watershed.

Approximately 30% of the area consists of a mixed oak 
(Quercus spp.) and maple (Acer spp.) forest. The area of the 
lake itself comprises approximately 7.3 km2 (2.8 mi.2) or 5% 
of the watershed with the remaining 1% consisting of rural 
communities, including the Borough of Sheakleyville.

METHODS

Scale samples were collected from largemouth bass during 
the summer months at Lake Latonka and Lake Wilhelm in 
northwestern Pennsylvania. The standard length (mm) and 
weight (g) of each fish was recorded on site using a fish 
measuring board and spring digital scale, respectively. All 
fish under the state size limit were returned to the lake. Legal 
size fish were either retained by the fisherman or returned to 
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the lake. Once the scales were removed, they were placed in 
an envelope and the standard length (mm), weight (g) and 
date of capture was recorded on each scale envelope.

Scales were analyzed using a Bausch and Lomb projecting 
microscope with a 10X objective. Each scale was rehydrated 
in tap water for approximately 10 minutes, placed on a 
microscope slide, projected onto a screen, and the distance 
between each of the annuli was recorded in cm. The distance 
in cm was converted into actual distance between annuli 
using the following equation: 7.62 cm observed = 1 mm 
scale distance. The length at the end of each growing season 
was estimated using the following equation: Ln=(Sn/S)L , 
where Ln is length in the nth year of life, Sn is the length 
of the annulus in the nth year, S is total scale length and L 
is total length of the fish at capture. The annual growth for 
each year class (0-1, 1-2, 2-3). The year class was determined 
by subtracting the length of the fish at the end of that year 
from the length of the fish at the end of the previous year. 
Using a least squared regression and correlation analysis, 
the expected weight (We) was calculated for each fish. The 
expected weight for each fish was also calculated according 
to a length weight relationship We = ln where We is expected 
weight based on a known length raised to nth power 
(Carlander, 1977; Lagler, 1956). The calculated and observed 
lengths and weights were compared using a t-distribution 
analysis.

RESULTS AND DISCUSSION

There was a significant difference in both the observed 
average length (t = 19.1, P < 0.001 and the observed (t = 62.1, 
P < 0.001) and expected weights (P < 0.001) based on length 
of the largemouth bass in Lake Latonka compared to those 
in Lake Wilhelm (Table 1), as well as among the different 
estimated weights between the two lakes. In Lake Latonka, 
no significant difference was noted between the observed 
weight and different expected weights based on length 
(Table 1). For the largemouth bass from Lake Wilhelm, there 
was a significant difference between the observed weights 
(Wo) and expected weights (We) (t= 7.30, P < 0.001), as well 
as between the observed weight (Wo) and estimated weight 
(Woln ) (t = 4.4, P < 0.05). There was no difference in the 
estimated body weights (P > 0.5) (Table 1). Largemouth bass 
in Lake Latonka achieved between 89.4 and 99.1% of their 
expected weight compared with 95.7 and 96.8% in Lake 
Wilhelm This difference between bass from the two lakes 
may be due to fish in Lake Wilhelm being larger per unit 
length (3.2 g/mm) than those in Lake Latonka (1.9 g/mm).

A comparison of the mean length (189.0 ± 9.1 mm) 
weight (284.2 ± 9.1 g) of largemouth bass in the 0-l age 
class were significantly larger in Lake Latonka in both 
length (152.5 ± 9.0 mm) (t = 8.59, P < 0.001) and weight 
(131.3 ± 34.0 g) (t = 5.99, P < 0.001) than in Lake Wilhelm. 
Except for the comparison of the observed weight (Wo) and 
expected weight based on length (Woln) (t = 0.35, P >  .5), there 

Table 1. Comparison of the length and observed weights of largemouth bass (Micropterus salmoides) at Lake Latonka and Lake Wilhelm, 
Mercer County, Pennsylvania

Lake Latonka (N=24) Lake Wilhelm (N=23)
Parameter Mean SE Mean SE t value P
Length (mm) 370.8 10.7 463.9 13.1 19.1 <0.001
Weight (Wo)(gm) 712.6 53.7 1526.1 116.4 62.6 <0.001
We = aln 721.1 64 1460.9 66.8 11.4 <0.001
n 2.1 3
Woln 713.3 64.9 1458 115 64.4 <0.001
n 1.9 0.14 3.1 0.15
Weln 705.2 49.7 1467 101.1 60.4 <0.001
n 1.9 0.045 3.1 0.06
Wo/We x 100 98.8 8.5 96.8 4.1
Wo/Wolnx 100 98/1 14.1 97 4.1
Wo/Welnx 100 99.1 3.7 95.7 0.19
Woln/Welnx 100 89.4 6 96.8 3.7  

Wo = observed weight, We = expected weight based on length, 
Latonka: Wo vs We t = 0.79, P >0.5, Wo vs Woln t = 0.64, P> 0.50, Wo vs Weln t = 0.66, P >0.50 We vs Woln t = 1.93, P > 0.10, Woln vs Weln 
t = 0.75. P > 0.50 

Wilhelm: Wo vs We t = 7.4, P < 0.05, Wo vs Woln t = 4.4, P < 0.05, Wo vs Weln = 0.47, P > 0.50, We vs Woln t = 0.21. P > 0.50, Woln vs Weln 
t= 0.61, P > 0.50
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was a significant difference among observed and estimated 
weights of 0-1 age class of largemouth bass in Lake Latonka, 
but not among the observed and estimated weights of fish 
in Lake Wilhelm. Likewise, in the 1-2 year old age class, 
there was a significant difference in the mean length (318.0 
± 9.0 mm) (t = 5.75, P < 0.001) and weight (471.7 ± 3.8 g) 
(t = 6.1, P < .001) of largemouth in Lake Latonka compared 
with the mean length (273.9 ± 49.3 mm) and weight 
(537.9 ± 34.0 g) of fish in Lake Wilhelm (Tables 2 and 3). 
Although there were not significant differences among the 
observed weights and expected weights of largemouth bass, 
Lake Latonka, there were significant differences among the 
observed and expected weights of largemouth bass in Lake 
Wilhelm (Table 3). In the 2-3 year old age class, there was 
a significant difference between the estimated weights We 

and Weln (t = 2.67, P >0.05). Among the observed and other 
expected weights of largemouth bass in Lake Latonka, there 
were significant differences between the expected weights 
We and Weln (t = 3.1, P < 0.05) and Woln and Weln of fish in 
Lake Wilhelm (Table 3). However, the 0 -1 year class only 
achieved between 65.8 and 67.8 percent of their expected 
weights in Lake Latonka compared to between 89 and 113 
percent of their expected weights in Lake Wilhelm (Table 2). 
But the 1-2 and 2-3 year classes achieved between 99.2 
and 110.4 percent and 89 and 113 percent of their expected 
weights in Lake Latonka and Lake Wilhelm, respectively.

The larger size of the fish in Lake Latonka during the 
first year may be attributed to abundant phytoplankton 
and zooplankton communities during the spring and early 
summer months. As the fish increased in size and began to 

Table 2. Comparison of length (mm) and weight (gm) of different year classes of largemouth bass (Micropterus salmoides) between Lake 
Latonka and Lake Wilhelm, Mercer County, Pennsylvania.

 LATONKA WILHELM
0-1 age Class 1-2 age Class 2-3 age Class 0-1 age Class 1-2 age Class 2-3 age Class

Parameter Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
Length 189.0 9.1 318.0 9.6 391.1 16.1 152.5 9.0 273.9 49.3 404.6 16.2
Weight (Wo) 284.2 1.8 471.7 3.8 496.5 5.4 131.3 34.0 537.9 34.0 1016.0 5.6
We = a + n1 (We) 427.3 3.1 472.2 3.4 496.8 5.4 123.6 28.4 566.8 28.4 1002.7 47.3
n 2.1 3.4 3.4 3.1 3.5 3.3
Wo = 1n 283.2 4.8 470.1 2.9 489.7 19.1 148.1 28.6 538.9 33.1 1016.3 41.6
n 1.5 0.1 1.5 0.0 1.4 0.0 0.9 0.06 2.1 0.07 2.4 0.03
We = 1n 416.4 1.5 472.5 3.7 493.9 0.3 160.9 47.3 563.4 0.97 973.6 39.0
n 2.0 0.1 1.5 0.0 1.3 0.0 1.0 0.06 2.0 0.2 2.3 0.03
Wo/We x 100 65.8 10.0 100.1 0.2 100.0 0.0 93.6 4.2 94.0 0.94 96.0 1.27
Wo/Wolnx 100 100.3 0.3 100.4 0.7 114.3 0.8 95.1 4.2 94.9 1.46 100.3 0.79
Wo/Welnx 100 67.1 2.3 99.9 1.1 100.1 0.9 89.0 3.0 93.0 1.41 99.2 0.76
Woln/Weln x 100 66.8 1.6 99.2 0.6 99.1 0.2 113.0 8.9 92.1 2.86 98.7 0.4

Wo = observed weight, We = expected weight based on length

Table 3. Comparison of observed weight (Wo) and expected weight (We) based on length (mm)

 Latonka Wilhelm
0-1 age Class 1-2 age Class 2-3 age Class 0-1 age Class 1-2 age Class 2-3 age Class

Parameter t P t P t P t P t P t P
Wo vs We 29.2 P <0.001 0.2 P >0.50 0.09 P >0.50 1 P >0.50 3.6 P <0.01 1.8 P >0.10
Wo vs Woln 0.35 P >0.50 0.6 P >0.50 1.37 P >0.10 2.1 P >0.1 0.1 P >0.50 0.4 P >0.50
Wo vs Wel 40 P <0.001 0.3 P >0.50 1.7 P >0.10 3.2 P <0.05 4.4 P <0.01 0.6 P >0.50
We vs Woln 51.5 P <0.001 0.8 P >0.50 2.67 P <0.05 1.1 P >0.10 4.2 P >0.01 1.4 P >0.10
We vs Weln 5.51 P <0.05 0.1 P >0.50 1.13 P>0.10 1.5 P >0.10 0.5 P >0.50 3.1 P <0.05
Woln vs Weln 4.4 P <0.05 0.7 P >0.50 0.84 P >0.50 4.2 P <0.001 0.9 P >0.50 4.8 P <0.01
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feed on larger prey, there may have been insufficient forage 
fish to support the size of the largemouth bass population. 
In Lake Wilhelm there was an abundance of forage fish 
to support the largemouth bass and walleye (Stizostedion 
vitreum) populations. In 2004, 11 gizzard shad (Dorosoma 
cepedianum) were captured in trap nets during a survey by 
the Pennsylvania Fish and Boat Commission (PFBC) and 10 
years later over 1900 gizzard shad were captured in trap nets 
by personnel of the PFBC. In response to the rapid increase 
in gizzard shad, largemouth bass, and walleye fry and 
fingerlings were introduced into Lake Wilhelm to increase 
the predator populations. The impact of gizzard shad or 
the potential increase in predators will have on the growth 
and size of the largemouth bass populations is not known 
at this time, but over the last several years, there has been 
sizable winter kills of gizzard shad. It would be advisable 
to do a follow up study to evaluate the potential impact of 
gizzard shad and the increase of predators on the growth of 
both largemouth bass and walleye. But based on the results 
of this study that was completed when both largemouth bass 
and walleye were the top predators in Lake Wilhelm, there 
did not appear that walleyes impacted the growth of 1-2 and 
2-3 age classes of largemouth bass. Although walleye were 
released in Lake Latonka, they did not become established 
and, therefore, they did not compete with largemouth bass 
for available forage fish.
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ABSTRACT

Nearly half of the amphibian species in northeastern 
North America rely on vernal pools as their primary 
breeding habitat. The problem is that, because 
vernal pools are small and isolated, they are often left 
unmonitored and unprotected. A primary threat to 
both amphibians and vernal pools is habitat destruction 
and fragmentation, but our knowledge of the species-
specific impacts of habitat loss and fragmentation on all 
phases of the amphibian life cycle are still rudimentary. 
The wood frog (Lithobates sylvaticus) was the focus of 
this research because it is considered the most common 
vernal pool indicator in Pennsylvania. The objectives 
of this study were to investigate the effect of road 
proximity on vernal pool hydrology and water chemistry, 
reproductive effort of wood frogs (i.e., numbers of egg 
masses deposited), and upland movement patterns of 
wood frogs. These parameters were compared between 
three isolated pools (> 1000 m from the nearest road) 
and two pools in a fragmented habitat (< 100 m from 
two roads) within a Pennsylvania state park. This study 
indicates that, although road proximity did not have a 
significant effect on vernal pool water chemistry and 
egg mass abundance was greater in the fragmented 
location, habitat fragmentation by roads did have a 
significant effect on the movement patterns of wood frogs 
in surrounding terrestrial habitat. At the isolated site 
where there were no barriers to movement, wood frogs 
were distributed randomly around the pools. However, 
wood frogs in the fragmented location were trapped at 
a lower frequency near roads than expected by chance, 
indicating that the presence of roads may reduce the 
amount of upland habitat utilized by adult wood frogs. 
Although this was a small and localized study, the 
results indicate the challenging nature of conserving 
species with complex life cycles in human dominated 

landscapes and highlight the importance of considering 
life-cycle and species-specific habitat requirements 
when designing vernal pool conservation plans.
[ J PA Acad Sci  89(2): 48-56, 2015 ]

INTRODUCTION

Vernal pools are seasonally flooded depressional wetlands 
that are primarily filled by precipitation but may also receive 
input from surface runoff and groundwater exchange (Mitsch 
and Gosselink 2007). In northeastern North America, these 
habitats are associated with forested landscapes and are 
characterized by absence of fish, lack of flowing water, 
small size, shallow depth, and presence of plants and 
animals that can withstand a period of drought (Calhoun 
and deMaynadier 2008). Because of these characteristics, 
vernal pools provide the primary breeding habitat for wood 
frogs (Lithobates sylvaticus), spadefoot toads (Scaphiopus 
holbrookii), ambystomatid salamanders and a variety of 
invertebrate taxa (Semlitsch and Skelly 2008). In fact, 
approximately 45% of the amphibian species that populate 
northeastern North America rely on vernal pools as their 
primary breeding habitat (Semlitsch and Skelly 2008).

Although vernal pools are recognized by scientists as 
valuable ecosystems that support high species richness, 
function as stepping stones for dispersing organisms, and 
export substantial secondary production in the form of 
amphibian and insect biomass (Comer et al. 2005, Hunter 
2008, Semlitsch and Skelly 2008), vernal pools are often not 
afforded protection under wetland protection guidelines and 
regulations (Preisser et al. 2000, Calhoun et al. 2003).  These 
small, temporary, isolated habitats are often overlooked 
as monitoring sites, and conservation of vernal pools has 
been hampered by a lack of consistent local knowledge 
concerning the function and value of vernal pools. As a 
result, vernal pools and the upland forests that buffer and link 
isolated wetlands used by pool-breeding species continue to 
be degraded and destroyed by human land use (Semlitsch 
and Bodie 2003, Mahaney and Klemens 2008). Vernal pools 
are now among the most threatened of freshwater wetlands 
globally (Range 2003).

1Accepted for publication June 2015.
2Corresponding author: Lafayette College Biology Department, 
705 Sullivan Road, Easton, PA 18042, rothenbm@lafayette.edu, 
(610)330-5459.
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Studies of vernal pool amphibians over the past two 
decades provide strong evidence that conservation of these 
species depends not only on the presence of breeding 
pools but also on the terrestrial landscape composition 
surrounding vernal pools. Although pool-breeding species 
are easiest to document and monitor during breeding season 
in vernal pools, these amphibians spend the majority of their 
lives foraging, resting, and hibernating in the terrestrial 
habitat surrounding vernal pools (Berven and Grudzien 
1990, Semlitsch 1998). In addition, juvenile amphibians 
can disperse as far as 1000 m from their birth site and can 
select pools other than their birthplace for breeding (Berven 
and Grudzien 1990, Reh and Seitz 1990). As a result, 
landscape conversion that results in fragmentation, loss of 
connectivity, or degradation can result in disappearance 
of some amphibians from an area even when vernal pools 
remain (Semlitsch and Skelly 2008).

Roads represent one type of landscape conversion that 
alters and degrades the terrestrial landscape surrounding 
vernal pools. Studies have demonstrated that roads not only 
act as important barriers to the movements of amphibians 
(Reh and Seitz 1990, Gibbs 1998, deMaynadier and Hunter 
2000) but also contribute to direct mortality (Fahrig et 
al. 1995, Hels and Bushwald 2001) and to degradation of 
vernal pool water quality as a result of the application of 
road deicing salt in winter (Forman and Deblinger 2000, 
Karraker et al. 2008). Anthropogenic activities also tend to 
reduce canopy cover, threatening pool-breeding specialists 
that perform well under shaded conditions. For example, 
wood frogs are declining in developing areas, especially in 
regions where upland forest cover has been reduced by 50% 
or greater (Baldwin et al. 2006).

Although some generalizations can be made about the 
impact of habitat loss and fragmentation on amphibian 
populations, each species will respond to landscape 
conversion in its environment uniquely (Cushman 2006, 
Semlitsch and Skelly 2008). Knowledge about the population-
level implications of habitat area, edge, isolation, and road 
mortality relationships is still rudimentary (Cushman 
2006), and it is therefore important that vernal pool 
monitoring studies include species-specific characterization 
of the habitat. In addition, many studies simply examine 
correlations between organism abundance and the area 
of various land cover types within a certain distance of a 
breeding pond (Cushman 2006). However, the survival of 
amphibian populations in fragmented landscapes depends on 
the interaction of multiple factors, including the distribution 
and quality of breeding pools, population sizes in those 
pools, proximity of roads, and land cover types surrounding 
the pools. As a result, this study attempts to address 
some of these research needs by analyzing the impact of 
fragmentation by roads on multiple environmental attributes 
and on a single obligate vernal pool indicator species, the 
wood frog, at various life cycle phases within a Pennsylvania 
state park. The specific objectives of this research were to 

compare specific physiochemical parameters, wood frog 
reproductive effort (i.e., numbers of egg masses deposited), 
and wood frog movement patterns between three isolated 
pools (> 1000 m from the nearest road) and two pools in a 
fragmented habitat (< 100 m from two roads).

STUDY AREA

Jacobsburg Environmental Education Center is a 473-ha 
state park located approximately 11 km northwest of Easton, 
PA in Northampton County (Fig. 1). The 12 species of 
amphibians known to inhabit this area include salamanders 
in the families Ambistomatidae and Salamandridae, and 
frogs in the families Hylidae and Ranidae. The study area was 
entirely within the boundaries of the state park and included 
five vernal pools in two locations (Fig. 1). The first location, 
considered isolated, is > 1000 m from the nearest paved road 
and includes one natural (pool 1) and two constructed (pools 
2 and 3, both are unlined) vernal pools. The constructed 
pools were created in 2008 and 2011. These three pools are 
within 100 m of one another with no barriers separating the 
pools. The terrestrial environment surrounding the pools is 
comprised of white oak (Quercus alba), red oak (Quercus 
rubra), and maple (Acer saccharum) and an understory 
dominated by spicebush (Lindera benzoin) and the invasive 
multiflora rose (Rosa multiflora).

The second location, considered fragmented, is adjacent 
to a residential community, and the pools are ≤ 100 m 
from two paved roads. The fragmented location includes 
one constructed pool (pool 4, lined with a synthetic liner) 
and one natural pool (pool 5). The constructed pool was 
created in 2008, and these two pools are within 200 m of one 
another. However, a road dissects the habitat between them, 
and a second road dissects that habitat to the east of pool 5 
(Fig. 1). The terrestrial environment surrounding these pools 
is dominated by shagbark hickory (Carya ovata), red oak 
(Quercus rubra), white pine (Pinus strobus), tulip poplar 
(Liriodendron tulipifera), chestnut oak (Quercus prinus), 
and spicebush (Lindera benzoin).

MATERIALS AND METHODS

Hydrology and Physiochemistry

Physical and chemical data were collected from vernal 
pools on a weekly basis from late March until the pools were 
dry in mid- to late July of 2014 and 2015. Physical data were 
collected on pool depth (free water above pool substrate), area 
(width and length measured to water level and calculated for 
area of an oval), and pool type (i.e., natural or constructed). 
The area and depth of each pool were used to calculate 
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volume throughout the season (i.e., volume (m3) = area (m2) x 
maximum depth (m)) and hydroperiod (i.e., duration of time 
that a pool holds water). A YSI 6820 V2 multiparameter meter 
was used to determine water temperature, conductivity, and 
dissolved oxygen (DO). Data were gathered approximately 
1 m from the shoreline and at mid-depth (i.e., between the 
substrate and water surface) at each pool. Local precipitation 
data were acquired from the National Weather Service for 
the Lehigh Valley International Airport station, which is the 
nearest municipal area (i.e., 25 km southwest of the study 
area). Monthly temperature and precipitation averages were 
compared to historical averages (Fig. 2).

Amphibians

Wood frog egg masses were counted at the same time that 
physical and chemical data were collected in spring 2014 and 
2015. Wood frogs are known to be explosive breeders that 
typically oviposit in large communal aggregates over a 5- to 
8-day period (Crouch and Paton 2000). In order to capture 

the period immediately after the eggs were deposited and 
ensure that sampling encompassed the entire potential egg-
laying period (i.e., microclimate conditions and cold weather 
can extend the period of egg deposition to 17 days or more, 
Crouch and Paton 2000), egg mass counting was initiated 
approximately one week following the first report of wood 
frog choruses in Jacobsburg state park (i.e., 28 March 2014 
and 27 March 2015) and continued on a weekly basis until 
all the eggs hatched and decomposed. Egg mass counts were 
conducted using the methods described in Crouch and Paton 
(2000).

Wood frog abundance and movement patterns were 
monitored from September to November 2014 using drift 
fences and pitfall traps. Trapping arrays were oriented in each 
of the four cardinal directions, at 60 m and 120 m, from pools 
1 (isolated and natural), 4 (fragmented and constructed), and 
5 (fragmented and natural, Fig. 1). The more distant trapping 
arrays to the east of pool 4 and west of pool 5 were placed 
adjacent to Gold Mill Road at approximately 100 m from the 
vernal pools (Fig. 1). Drift fences consisted of 1-m lengths 
of polyethylene plastic suspended between two stakes and 

Fig.1. Map of the five vernal pools within Jacobsburg Environmental Education Center in Northampton County, PA.  Pools 1-3 are at an isolated 
location > 1000 m from the nearest paved road.  Pool 4 is 114 m from Gold Mill Road and 212 m from Jacobsburg Road, and Pool 5 is 105 m 
from Gold Mill Road and 90 m from Jacobsburg Road.  Only pools 4 and 5 are used for educational purposes by park staff, but there are no 
official trails leading to these pools.  Pool 3 is located 10 m from an official trail used for walking and biking.
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buried 5 cm deep for support. Pitfall traps (n = 4 per fence, 
one each direction) were 4.6-L cans with holes drilled in 

the bottom for drainage sunk flush to the ground. All of 
the drift fences and pitfall traps were located in a shaded 
environment, and a synthetic sponge and ground material 
from the site were placed in each trap and dampened at 
each visit to reduce probability of amphibian desiccation. 
Perforated bowls were placed over top of each trap to prevent 
amphibian escape (Gibbs 1998), and a stick was placed in 
each trap to allow small mammals to climb out. The trapping 
arrays were opened monthly for a three-day period and 
checked each morning between 0800 and 1200. Wood frogs 
were counted and immediately released. Coyote urine was 
used around each trapping array to repel potential amphibian 
predators from the traps, and traps were closed in between 
sampling periods. The methods for amphibian trapping and 
releasing were approved by the Institutional Animal Care 
and Use Committee (IACUC) of Lafayette College.

Statistical Analyses

To compare water quality and egg mass counts between 
isolated pools (i.e., n = 6, three pools x two years) and pools 
near roads (i.e., n=4, two pools x two years), a mixed-model 
approach to repeated-measures ANOVA was used with road 
proximity and year as independent variables and maximum 
depth, maximum volume, hydroperiod, mean conductivity, 
and maximum egg mass count as dependent variables. A 
separate model was run for each of the dependent variables, 
and pool was included as a random effect to account for 
samples within the same pools in two different years. A 
combination of chi-square analysis and three-way repeated 
measures ANOVA was used to compare wood frog 
movement between isolated and fragmented locations and 
to determine the significance of those movement patterns. 
First, the null hypothesis that wood frogs were uniformly 
abundant around the vernal pools was tested using chi-
square tests of homogeneity of proportions (i.e., n = 72 per 

Table 1. Comparison of hydrologic parameters and egg mass counts between three isolated pools (i.e., > 1000 m from the nearest road) and 
two pools in habitat fragmented by roads (i.e., < 100 m from two roads). Parameters were measured on a weekly basis from late March until 
the pools were dry in mid- to late July in both 2014 and 2015. Values are means (SEs; N = 6 for isolated and N = 4 for fragmented locations). A 
separate repeated-measures ANOVA (i.e., with pool included as a random effect to account for samples within the same pools in two different 
years) was used to determine the significance of differences between pools in the two locations. ANOVA F-statistics and P-values are shown 
for each comparison.

Parameter Isolated Fragmented F P
Maximum Depth (m) 0.44 (0.05) 0.86 (0.05) 25.9 < 0.001
Maximum Volume (m3) 75.1 (42.2) 245.1 (48.9) 6.0 0.04
Hydroperiod (weeks) 11.2 (1.8) 14.5 (0.9) 2.3 0.17
Temperature (ºC) 17.0 (4.0) 16.2 (5.1) 2.0 0.10
Dissolved Oxygen (mg L-1) 3.8 (1.4) 2.7 (1.3) 1.8 0.08
Conductivity (µS/cm) 55.7 (9.1) 69 (7.9) 1.2 0.31
Maximum Egg Mass Count 10.5 (4.0) 103.8 (30.9) 12.6 < 0.01

Fig.2. Monthly precipitation (a) and temperature (b) averages for 
the study period (March to November 2014 and March to June 
2015) and historical averages for the same months (1922-2015).  
Data were acquired from the National Weather Service Forecast 
Office for the Lehigh Valley International Airport station (i.e., the 
nearest municipal area).
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pool, eight traps x three sample dates x three months). The 
proportions of observed captures were compared to equal 
expected values across directions. For this analysis, data 
for all wood frogs were combined at a given vernal pool 
(i.e., 1, 4 or 5) and one test was conducted for each pond 
in September, October, and November. Rejection of the null 
hypothesis was interpreted as evidence of significant non-
uniform orientation in movement in one or more directions. 
Vector plots were used to depict the proportion of wood 
frog captures in September, October, and November in each 
of the four directions around pools. Finally, a three-way 

repeated measures ANOVA was used (i.e., n = 72 per pool) 
to examine the three-way interaction effect of trap distance 
from pool, trap orientation in relation to a road (i.e., away or 
toward a road), and month on frog abundance within traps. 
All analyses, figures, and tests of normality and homogeneity 
of variances were completed using R version 3.2.1.

RESULTS

Hydrology and Physiochemisty

Compared to historical means, the 2014 sampling year 
had comparable temperatures but considerably different 
precipitation totals (Fig. 2). Mean precipitation was higher 
in early spring 2014 and lower in autumn compared with 
historical data. In contrast, average temperature was much 
higher and precipitation was lower in spring 2015 compared 
with historical averages (Fig. 2). The vernal pools included 
in this study ranged in size from 23 to 377 m2 with the 
natural pool being approximately ten times larger than the 
constructed pools in the isolated habitat and two times larger 
than the constructed pool in the fragmented habitat. Vernal 
pools were generally shallow, with a mean maximum depth 
of 0.60 ± 0.11 m in 2014 (range = 0.34 to 0.88 m) and 0.62 ± 
0.11 m in 2015 (range = 0.35 to 0.97 m). In 2014, maximum 
volume of vernal pools occurred between the first and 
second week of April and ranged from 7.82 to 329 m3 (Fig. 
3a). Pool volume decreased gradually in all of the pools, but 
pool 2, which is the newest unlined constructed pool (i.e., 
constructed in 2011), was dry by the second week of May. 
The other pools retained water until the end of July (Fig. 3a). 
In 2015, maximum volume of vernal pools occurred slightly 
earlier between the last week of March and first week 
of April and ranged from 8.4 to 330 m3 in 2015 (Fig. 3b). 
Pool volume decreased more rapidly in 2015, and all of the 

Table 2. Results of the chi-square tests of homogeneity of 
proportions (i.e., n = 72 per pool), which were used to test the null 
hypothesis that wood frogs were uniformly abundant around all the 
vernal pools. Pool 1 is isolated from roads (i.e., > 1000 m from the 
nearest road), and pools 4 and 5 are located in habitat fragmented 
by roads (i.e., < 100 m from two roads). Rejection of the null 
hypothesis was interpreted as evidence of significant non-uniform 
orientation in movement in one or more directions.

 X2 df P
September
Pool 1 4.6 3 0.20
Pool 4 11.4 3 < 0.01
Pool 5 19.1 3 < 0.001
October
Pool 1 0.4 3 0.95
Pool 4 20.7 3 < 0.001
Pool 5 22.4 3 < 0.001
November
Pool 1 0.8 3 0.85
Pool 4 21.1 3 < 0.001
Pool 5 15.1 3 < 0.01

Source df Number of frogs
MS F P

Distance (D) 1 91.5 13.6 <0.001
Orientation (O) 1 469.3 69.9 <0.001
Month (M) 2 291.7 43.5 <0.001
D*O 1 0.0 0.001 0.97
D*M 1 0.1 0.01 0.92
O*M 1 23.5 3.6 0.06
D*O*M 1 13.8 2.1 0.15
Residual 60 6.5

Table 3. Results of the three-way repeated measures ANOVA (i.e., n = 72 per pool) to examine the three-way interaction effect of trap distance 
from pool, trap orientation in relation to a road (i.e., away or toward a road), and month on frog abundance within traps.
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pools were dry by the first week of July (Fig. 3b). The mean 
hydroperiod for vernal pools was 13.6 weeks in 2014 (range = 
6 to16 weeks) and 11.4 weeks in 2015 (range = 6 to 13 weeks, 
Fig.3). Maximum depth and volume of the fragmented pools 
were significantly larger than that of the isolated pools, but 
hydroperiod, temperature (range = 9 ˚C to 25 ˚C), dissolved 
oxygen (range = 0.8 mg L-1 to 5.5 mg L-1), and conductivity 
(range = 35 to175 µS cm-1) were not significantly different 
between pools in the two locations (Table 1).

Amphibians

A total of 478 wood frog egg masses were counted over the 
two-year monitoring period, and egg masses were detected 
in all five vernal pools in both years. Initial egg masses were 
deposited at most vernal pools during the last week of March, 
although deposition was not initiated at pool 1 until the first 
week of April in 2014 (Fig.4). The deposition period ranged 
from 7 to 22 days, and the majority of wood frog clutches 
were deposited in the vernal pools between the first and third 
weeks of April (Fig. 4). Egg mass chronologies appear to be 
comparable between pools in the two locations, and all the 
eggs were hatched by the first week of May in both years. 

However, maximum number of egg masses per pool ranged 
from 2 to 180, and significantly more egg masses were 
detected in the vernal pools located in habitat fragmented by 
roads (Table 1).

A total of 474 adult wood frogs were captured in trapping 
arrays. On average, a greater number of frogs were captured 
at the isolated site (mean = 66 frogs) than at the fragmented 
site (mean = 46 frogs, Fig. 5). Results of the chi-square 
analysis (Table 2 and Fig. 5) indicate that the presence of 
roads at the fragmented location may be influencing the 
movements of adult frogs in the habitat surrounding the 
pools. Wood frogs at the isolated location were uniformly 
abundant in traps around the vernal pools in all three months 
(i.e., null hypothesis accepted, Table 2 and Fig. 5). However, 
there was evidence of significant non-uniform orientation 
in wood frog movement at the pools in the fragmented 
site (i.e., null hypothesis rejected, Table 2). Comparison of 
observed and expected values for frog abundance across 
directions shows that significantly more frogs than expected 
were found in traps located away from the roads (Fig. 5). 
Three-way repeated measures ANOVA also indicated that 
significantly more frogs were caught in traps within 60 m 
from pools than in traps 120 m from pools and that there 
was a significant decline in overall frog abundance from 
September to November (Table 3 and Fig. 6).

Fig.3. Volume and hydroperiod (i.e., duration of time that a pool 
holds water) of the five vernal pools included in this study in 2014 
(a) and 2015 (b).

Fig.4. Chronology of wood frog egg-mass deposition at five vernal 
pools in 2014 (a) and 2015 (b).
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DISCUSSION

Vernal pool volume and hydroperiod was influenced by 
climatic conditions in all of the pools regardless of road 
proximity. Hydroperiod, which is determined primarily 
by the balance of precipitation, evapotranspiration and 
groundwater input during late spring (Brooks 2004, Bauder 
2005), was longer for both natural and constructed pools in 
both habitats in 2014 when temperatures were near average 
and precipitation was greater than historical averages. 
Examination of physical attributes also shows that the 
pools in the fragmented habitat are significantly larger and 
generally retained water longer than pools in the isolated 
habitat. The larger size and longer hydroperiod of the two 
pools in fragmented habitat most likely contributed to the 
significantly larger number of egg masses deposited in those 
pools. Other studies that have evaluated factors affecting 
vernal pool species distributions and reproduction also 
indicate that pool depth and volume tend to be positively 
correlated with amphibian species richness and egg mass 
abundance (Egan and Paton 2004, Werner 2007, Semlitsch 
and Skelly 2008, Korfel et al. 2009). Larger pools often have 

more open canopies, which is in turn associated with higher 
water temperatures, increased productivity, and higher rates 
of growth and development for many amphibian species 
(Semlitsch and Skelly 2008). However, one other interesting 
finding is that pool 1 had substantially lower maximum egg 
mass counts in both 2014 and 2015 (i.e., 2 and 20 respectively) 
than pool 4 (i.e., 180 and 39 respectively) even though pool 
4 is comparable in size and volume to pool 1. This finding 
suggests that other factors such as canopy cover, within-
pond woody vegetation, and the lining covering the bottom 
of pool 4 may be influencing the reproductive effort of 
wood frogs in this area. Therefore, future directions for this 
research will include a more thorough investigation of the 
relationship between within-pond parameters and wood frog 
oviposition.

Although physical attributes and egg mass counts differed 
between pools in isolated and fragmented habitats, water 
quality conditions were similar between the two locations 
and comparable to those reported for other pools in the 
northeast (Calhoun and deMaynadier 2008; Korfel et al. 
2009). Although previous research indicates that roads 
can contribute to degradation of vernal pool water quality 
(Forman and Deblinger 2000, Karraker et al. 2008), road 
proximity did not seem to have a significant effect on 
temperature, dissolved oxygen, or conductivity in this study. 

Fig.5. Vector plots depicting expected (i.e., gray arrows calculated 
as total sample size/4 cardinal directions) and observed (i.e., black 
arrows are actual frog abundance in traps) wood frog captures 
in September, October, and November around pools at isolated 
(pool 1) and fragmented (pools 4 and 5) sites.  Chi-square tests of 
homogeneity of proportions were used to test the null hypothesis 
that wood frogs were uniformly abundant around the vernal pools.  
Table 2 provides a complete summary of the chi-square tests.

Fig.6. Boxplots depicting the direction and magnitude of 
relationships between wood frog abundance and distance from 
pool (a), road orientation (b), and month (c; September (S), October 
(O), and November (N)).  A three-way repeated measures ANOVA 
was used to test significance of patterns, and Table 3 provides a 
complete summary of the statistical results.  Different letters above 
boxplots indicate significant differences (P < 0.05).
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In particular, all of the pools included in this study had an 
initial conductivity below 100 µS, which is five times lower 
than the conductivities reported to reduce embryonic and 
larval survival rates in wood frogs (Karraker et al. 2008).

Although road proximity does not appear to have a 
significant effect on vernal pool physiochemistry, the 
proximity of roads in this study did have a significant effect 
on the movement patterns of wood frogs in surrounding 
terrestrial habitat. At the isolated site where there were no 
barriers to wood frog movement in any direction, there 
was no significant difference in the abundance of wood 
frogs among the cardinal directions. The wood frogs were 
distributed randomly around the pools. However, wood 
frogs in the fragmented location were significantly more 
abundant in traps further away from roads, indicating that 
the presence of roads may be reducing the amount of upland 
habitat utilized by adult wood frogs. The edge effects, or 
microclimate changes in light, temperature, wind, and 
humidity, may be having a repelling effect on this shade 
dependent species (Rothermel and Semlitsch 2002, Primack 
2014). In order to gain a better understanding of amphibian 
movements in relation to forest edges and roads, it would 
be valuable to expand from site-specific inquiries like the 
study described here to larger-scale correlative studies of 
amphibian distribution in relation to habitat composition.

Habitat fragmentation by roads also isolates amphibian 
populations, decreasing dispersal and genetic diversity 
(Cushman 2006). Because wood frogs travel between 
adjacent vernal pools before overwintering, a lack of 
pool connectivity can lead to wood frog extirpation in an 
area (Semlitsch and Skelly 2008). Even within connected 
landscapes, amphibian populations are often at risk of 
local extinction. As a result, the maintenance of regional 
populations is dependent on migration of amphibian species 
from populated pools to pools with populations at risk of 
local extinction (Cushman 2006). Future studies on interpond 
dispersal rates and distances using marked populations 
would provide a measure of the genetic population structure 
of the wood frog in Jacobsburg State Park.

Over the past decade, terrestrial habitats surrounding vernal 
pools have been coming under increased developmental 
pressure (Regosin et al. 2003). Upland forests surrounding 
and linking isolated wetlands like vernal pools are rapidly 
degraded and destroyed for human land use (Baldwin et 
al. 2006). Very few states provide specific protection for 
vernal pools and their surrounding habitat, and the habitat 
surrounding vernal pools can be destroyed even when the 
pool itself remains (Lichko and Calhoun 2003). Although 
this was a small and localized study, these data indicate 
that habitat fragmentation caused by roads may not reduce 
wood frog larval productivity but can negatively impact 
the movements of adults in the habitat surrounding vernal 
pools. As a result, it is important that plans for vernal pool 
conservation and restoration consider life-cycle and species-
specific effects of local and landscape-level disturbances 

such as road proximity on amphibians.
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ABSTRACT

The aim of this study was to determine the optimal 
conditions for culturing coelomocytes (leukocyte-
like cells) from the annelid Eisenia hortensis. It was of 
particular interest to determine if CO2 could be omitted 
to permit more wide-spread use of earthworms in 
cell biology curricula using standard incubators. Two 
different types of media, DMEM and SFX-Insect Media, 
were used at varying conditions including: temperature, 
serum concentration, antimycotic concentration, CO2, 
and time. Cell viability was measured using propidium 
iodide and flow cytometry in addition to analysis of 
forward and side light scatter properties. It was found 
that the coelomocytes of E. hortensis exhibit the highest 
level of cell viability when cultured with DMEM 
supplemented with 10% newborn calf serum at 25 °C. 
Longer incubations showed lower cell death when CO2 was 
provided, but CO2 could be omitted for shorter periods of 
culture without significant loss of cell viability providing 
10 mM HEPES was included in the culture medium. It 
was also observed that SFX-Insect Medium was a suitable 
alternative to DMEM and was used without the need 
for 5% CO2, but a minimum of 5% serum needed to be 
included. The toxicity of amphotericin B was tested and 
0.875 µg/ml in DMEM and SFX-Insect Medium did not 
compromise cell viability. This information shows that 
earthworms can be cultured easily without the need for 
a CO2 incubator, thus simplifying laboratory conditions 
and minimizing costs associated with using earthworms 
for cell biology curricula and research purposes.
[ J PA Acad Sci  89(2): 57-68, 2015

INTRODUCTION

Culturing mammalian cells in vitro has benefited from the 
development of various media and supplements that permit 
the growth and maintenance of a variety of cell types. This 
has enabled the investigation of molecular and cellular 
events associated with a vast array of biochemical and 
disease processes. Insect cells are also able to be cultured 
with ease for the purpose of synthesizing and purifying 
recombinant proteins using media that have been developed 
specifically for that purpose. The culturing of coelomocytes 
from earthworm species has relied heavily on the use of 
culture media that were developed for other cell systems 
and has necessitated an empirical approach to establish ideal 
culturing conditions. Researchers have used a variety of 
media to culture earthworm coelomocytes (leukocyte-like 
cells in the coelomic cavity) from Eisenia spp. For example, 
coelomocytes of E. fetida have been cultured in Roswell 
Park Memorial Institute (RPMI) 1640 medium (Cossarizza 
et al. 1996; Sherifa et al.  2005) and Dulbecco’s Modified 
Eagle Medium (DMEM) (Engelmann et al. 2004; Yanqin 
et al. 2007; Gupta et al. 2014), while coelomocytes of E. 
hortensis have been cultured in DMEM (Fuller-Espie et al.  
2010) and BaculoGoldTM insect medium (Cook et al. 2015). 
Furthermore, the concentration of bovine serum varies when 
culturing coelomocytes from these species ranging from 5% 
(Sherifa et al. 2005) to 10% (Engelmann et al. 2004; Cook et 
al. 2015). Although a long-standing earthworm coelomocyte 
buffer known as Lumbricus balanced salt solution (LBSS) has 
been described in the literature (Belmeskine et al. 2011), this 
medium is not commercially available and its preparation is 
therefore more labor-intensive than commericially available 
formulations such as RPMI, DMEM and insect media. It is 
of interest to note that modified culture conditions have been 
reported in ecotoxicological studies testing heavy metal 
toxicity in earthworms (Hayashi et al. 2012; Irizar et al. 
2014).

Because of the ease of isolating coelomocytes from 
earthworms, and the fact that earthworm research does 
not require the need for an Institutional Animal Care and 
Use Committee (IACUC), this animal lends itself as an 
excellent model for teaching cell biology and microscopy 
techniques to undergraduate students in colleges and 
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in advanced placement (AP) courses in high schools as 
evidence-based modules. Earthworms have been utilized in 
a variety of college-level courses (Howard and Miskowski 
2005; Melear and Lunsford 2007; Fuller-Espie 2010; Kladt 
et al. 2010; Shannon et al. 2014) and have much potential 
for teaching students important cellular mechanisms 
such as neurophysiology, phagocytosis, natural killer-like 
activity, the various aspects associated with apoptosis, 
and chemotaxis, to name a few. It was of interest to us to 
optimize in vitro culturing conditions for coelomocytes 
of E. hortensis and to determine if CO2 could be omitted 
so that institutions that lack the capacity to invest in and 
maintain CO2 incubators might be attracted to incorporating 
earthworms into their cell biology curricula using non-CO2 
laboratory incubators. This was established by using two 
different types of media, DMEM and SFX-Insect Media, 
culturing with and without 5% CO2, and measuring cell 
viability after 24 h and 48 h using propidium iodide (PI) and 
flow cytometry.

In this study the effects of temperature on cell viability 
were also investigated. Temperatures of 25 °C, 29 °C and 
37 °C were tested. We also sought to determine the optimum 
serum requirements for culturing coelomocytes in vitro by 
employing serial dilutions from 10% to 1.25%. To minimize 
costs, we used heat-inactivated newborn calf serum 
instead of heat-inactivated fetal calf serum, another factor 
that educators consider when implementing laboratory 
techniques into science curricula. We also tested viability 
in serum-free conditions. In addition, because we often 
experience problems with fungal contamination in culture 
periods exceeding 24 h, even in the presence of 0.25 µg/mL 
of amphotericin B and 50 µg/mL nystatin, we increased the 
concentration of the antifungal reagent amphotericin B and 
tested its toxicity over a range of concentrations from 0.25 
µg/mL to 2.75 µg/mL in order to determine the maximum 
concentration for culturing earthworm coelomocytes 
without compromising cell viability.

This study shows that coelomocytes experience optimum 
survival when cultured in 10% newborn calf serum with no 
higher than 1.75 µg/mL amphotericin B added to complete 
medium. Serum depletion not only causes higher levels of 
cell death but also changes in cell morphology. Our results 
show that cell viability is not affected by removing CO2 
during the culture period when using complete medium 
supplemented with 10 mM HEPES. This information 
is particularly relevant to educators who are seeking an 
inexpensive and IACUC-independent animal model for cell 
biology-based laboratory courses in laboratories that are not 
equipped with CO2 incubators.

MATERIALS AND METHODS

Animal Husbandry

Eisenia hortensis earthworms (Vermitechnology 
Unlimited, USDA Permit #52262) were maintained as short-
term habitats in the dark and changed every 3-4 days. The 
habitats consisted of plastic boxes containing lids with HEPA 
filters, moistened (sterile H2O) and autoclaved pine chips 
(Petco) and corn cob pellets (1/8 in, Harlan Teklad) as bottom 
bedding, and a top layer of shredded, autoclaved paper towels 
to maintain humidity. Nutrients included autoclaved slurries 
of Single Grain Rice Cereal or Oatmeal Banana Cereal 
(Gerber) and autoclaved whole oats (Quaker). A controlled 
temperature of 20 °C was maintained throughout the study. 
Euthanasia by freezing followed extrusion of coelomocytes.

Cell Culture Reagents

Phosphate buffered saline without calcium and magnesium 
(PBS, Hyclone), Classical Dulbecco’s Modified Eagle 
Medium (DMEM, Hyclone), and SFX-Insect Medium 
with glutamine (Hyclone) were used for cell suspension 
and culturing. Unless otherwise indicated, media were 
supplemented with 10 µg/mL kanamycin (Shelton 
Scientific), 1X penicillin, streptomycin, amphotericin B 
(Gibco; amphotericin B final concentration at 0.25 µg/
mL), 100 µg/mL ampicillin (Fisher BioReagents), 5 µg/mL 
chloramphenicol (Fluka Biochemika), 10 µg/mL tetracycline 
(Invitrogen), 50 µg/mL nystatin (Fisher Bioreagents), 1X 
non-essential amino acids (Gibco), 1X L-glutamine (Gibco), 
10 mM HEPES buffer (Hyclone), and 10% heat-inactivated 
newborn calf serum (Sigma Aldrich, N4637) (complete 
media). Additional amphotericin B (Fisher BioReagents) 
was added as specified.

Coelomocyte Extrusion by Non-invasive Method

One day prior to coelomocyte extrusion, earthworms 
were transferred into Petri dishes without food containing 
paper towel strips saturated with 2.5 µg/mL Fungizone 
(Fischer Scientific). This process served to eliminate surface 
contamination and facilitate expulsion of gut contents 
prior to extrusion. Earthworms were placed individually 
into sterile troughs containing 3 mL of BD FACSFlow 
sheath fluid (BD Biosciences), the extrusion buffer which 
stimulated release of coelomocytes through the dorsal pores. 
The cell suspension was incubated 5 min with 0.5 mL of 
Accumax™ (Innovative Cell Technologies, Inc.) at room 
temperature to obtain single cell suspensions and reduce 
cell aggregation. After diluting samples with 5 mL of PBS, 
cells were collected by centrifugation (150 x g, 5 min, 4 °C) 
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and resuspended in 0.5 mL of PBS. Cell concentration was 
determined using a hemacytometer (Fisher Scientific) and 
phase-contrast microscopy. Samples containing the highest 
cell count and lowest proportion of autofluorescent eleocytes 
(easily identified by their large, granular appearance), and 
highest proportion of amoebocytes (smaller and less granular 
than eleocytes) were batched together in preparation for each 
assay. Typically 0.5 – 2 x 106 amoebocytes per earthworm 
were obtained.

Staining Coelomocytes with Propidium Iodide

After incubating coelomocytes according to the 
experimental condition of the assay, they were transferred to 
flow cytometry tubes and collected by centrifugation (150 x 
g, 5 min, 4 °C). After decanting the supernatant fraction, the 
cell pellets were resuspended in 200 µl of propidium iodide 
(PI, Molecular Probes) (2 µg/ml in PBS), a commonly used 
viability dye, placed on ice in the dark, and run immediately 
on the flow cytometer. Live cells did not take up PI, and 
were therefore not be detected by the FL-2 detector in the 
flow cytometer, while dead cells did take up PI, and were 
therefore FL-2 positive.

Coelomocyte Number, Plasticware and Post-treatment 
Collection

Fifty-thousand coelomocytes were cultured in 96-well, 
V-bottom, tissue culture-treated plates in 200 µl. Collection 
of coelomocytes after specified time period occurred in the 
plates following centrifugation (150 x g, 5 min). For all other 
experiments 60,000 to 150,000 coelomocytes (depending 
on cell yield) were cultured in 24-well tissue culture-treated 
plates in 2.5 mL with collection of coelomocytes after 
culturing period involving first the transfer of contents of 
wells to flow cytometry tubes, and then centrifuging as 
above.

Data Acquisition – Flow Cytometry List Mode Files

Data acquisition used a FACSCalibur flow cytometer 
equipped with an argon laser (488 nm) and Cell Quest Pro 
software (BD Biosciences). Voltage adjustments during 
instrument setup for forward scatter (FSC) which measured 
cell size, side scatter (SSC) which measured internal cell 
complexity and granularity, and FL-2, which detected the 
red fluorescence of PI (excitation/emission maxima of 
493/636 nm), were determined by previewing the negative 
control samples on set-up mode. FSC threshold value (175) 
was adjusted to eliminate cellular debris from list mode data 
files. For each sample, 5,000 - 10,000 events were collected 
as list mode files.

Post-acquisition Data Analysis

For the analysis of post-acquisition list mode files, a 
region (R1) was placed around the area corresponding to 
the amoebocyte population on a two-dimensional histogram 
portraying FSC versus SSC, based on knowledge of 
expected size and granularity of relevant amoebocyte cells 
of E. hortensis. This region permitted the exclusion of highly 
auto-fluorescent eleocytes which would otherwise interfere 
with interpretation of PI-uptake by non-viable amoebocytes. 
A histogram of the baseline control gated on the R1 
subpopulation was created, showing relative fluorescence 
intensity detected in FL-2 in log scale (abscissa) versus 
the cell count (ordinate). A marker (M1) was positioned 
to permit the discrimination of PI-negative (live) from PI-
positive (dead) cells. The percent of gated cells that were PI-
positive was determined for graphing and statistical analysis. 
Figure 1 depicts the gating and marker strategy used for data 
analysis.

Statistical Analysis

In Microsoft Excel 2010, the t-test: paired two-sample for 
means was used to determine statistical significance of the 
data obtained. In all assays, the percent PI positive for each 
triplicate set of treatments was compared to the baseline 
control wells as indicated. The average and standard 
deviation of each triplicate set of samples was determined 
and recorded. Statistical significance was granted to resulting 
p-values that were less than or equal to 0.05, indicating a 
95% confidence interval. 

RESULTS

Cell Viability at 24 h in DMEM or SFX-Insect Medium With 
and Without 10% Serum and the Effect of CO2

The effect of culturing coelomocytes in either DMEM 
or SFX-Insect Medium, in the presence or absence of 10% 
serum with and without 5% CO2 after 24 h at 25 °C is 
shown in Figures 2 and 3, respectively. Two separate assays 
performed on two different days were conducted with all 
samples run in triplicate. The graphs depict the increase in 
the percentage of cell death in paired treatments as indicated 
by brackets. The values shown represent the increase in 
cell death after the triplicate average of baseline (time zero) 
values was subtracted. When DMEM was used (Figure 2), 
there was a significantly higher level of cell death when cells 
were grown in the absence versus the presence of 10% serum 
but only when CO2 was present; no significant difference 
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was observed when CO2 was not provided (black brackets).  
When comparing the effect of CO2 in the presence of 10% 
serum, there was no significant difference in either assay 
in the presence or absence of CO2 (gray brackets). When 
SFX-Insect Medium was used (Figure 3), the deprivation of 
serum had a significant effect on cell viability whether or not 
CO2 was provided (black brackets). Similar to DMEM, when 
10% serum was provided, the presence or absence of CO2 
made no significant difference in cell death (gray brackets).

Cell Viability at 48 h in DMEM or SFX-Insect Medium With 
and Without 10% Serum and the effect of CO2

A longer incubation period was also employed for DMEM 
and SFX-Insect Medium as a continuation of Assay B depicted 
in Figures 2B and 3B to measure the effect on cell death 
after 48 h in culture in order to determine optimum growth 
conditions for longer-term needs. Longer incubations may 
be desirable in studies employing timecourse experiments 
related to immunological or ecotoxicological processes as 
opposed to more immediate responses that require only short 
incubation periods, e.g. phagocytosis. Figure 4 depicts the 

Figure 1. Representative flow cytometric analysis set-up for determination of cell viability. (A) Dot plot of forward scatter (FSC) (abscissa) 
versus side scatter (SSC) (ordinate) of all events collected. A region (R1) was set around the amoebocyte population to exclude auto-fluorescent 
eleocytes, and a high FSC threshold (175) was set to exclude cellular debris in final analysis. (B) Histogram gated on R1 of coelomocytes at 
time zero without the addition of propidium iodide (PI) depicting the relative fluorescence intensity (RFI) measured by the FL-2 detector 
(abscissa) in log scale versus cell count (ordinate). A marker (M1) was placed to facilitate the determination of the % non-viable (dead) cells 
in the gated amoebocyte population. Events falling within M1 correlate with PI-positive amoebocytes. (C) Histogram gated on R1 of baseline 
control sample at time zero plus PI. (D) Histogram gated on R1 of saponin-treated sample plus PI providing a positive control for cell death. 
The % PI-positive (dead) amoebocytes for (B-D) is indicated in the upper right corner of the histograms.
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results at 48 h at 25 °C. Figure 4A shows that when CO2 was 
not provided, there was no significant increase in cell death 
if serum was present or absent (black bracket, left side) when 
using DMEM. Likewise, when CO2 was provided, there was 

no significant increase in cell death with or without serum 
(black bracket, right side). The level of cell death was lower, 
however, when CO2 was provided. Figure 4A does show 

Figure 2. Cell viability in DMEM with and without 10% serum 
and the effect of CO2 after 24 h. Two separate assays (A and B) 
were conducted at 25 °C. Culture conditions are indicated beneath 
the bar graphs. Percent increase in cell death after subtracting 
baseline average is shown. Statistical significance between paired 
treatments is indicated with brackets (* = p ≤ 0.05; ** = p ≤ 0.005). 
(DMEM = Dulbecco’s Modified Eagle Medium)

Figure 3. Cell viability in SFX-Insect Medium with and without 
10% serum and the effect of CO2 after 24 h. Two assays (A and B) 
were conducted at 25 °C. Culture conditions are indicated beneath 
the bar graphs. Percent increase in cell death after subtracting 
baseline average is shown. Statistical significance between paired 
treatments is indicated with brackets (* = p ≤ 0.05; ** = p ≤ 0.005; 
*** = p ≤ 0.0005; **** = p ≤ 0.00005). (SFX-IM = SFX-Insect 
Medium)
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significant differences when comparing the absence versus 
the presence of CO2 when serum was present; much lower 
levels of cell death above baseline occurred when both serum 
and CO2 were provided (gray bracket). This difference was 
not observed at 24 h.

When SFX-Insect Medium was used (Figure 4B) the 

absence of serum had a very significant effect on cell viability 
whether or not CO2 was provided (black brackets). When 
serum was present, there was no significant change in cell 
viability whether or not CO2 was provided (gray bracket).

Table 1 compares the results of 24 h with 48 h using the 
same batch of earthworm coelomocytes and shows that the 
most dramatic increases in cell death at 48 h were observed 
using SFX-Insect Medium +/- CO2 with serum deprivation 
where increases in cell death above baseline exceeded 50%, 
approximately twice that observed with SFX-Insect Medium 
+/- CO2 plus serum. In all cases the levels of cell death at 
48 h were significantly higher compared to 24 h.

Coelomocytes Exhibit Higher Cell Death at Temperatures 
of 29 °C and 37 °C compared to 25 °C

The effect of temperature above 25 °C (baseline) was 
investigated after 24 h of culture. Two assays were conducted 
on two separate days with all treatments in triplicate. Either 
DMEM or SFX-Insect Medium containing 10% serum 
was used plus or minus 5% CO2. Figure 5 demonstrates 
that in every case except one, the increase in cell death 
was statistically significant in both assays at 29 °C (black 
brackets) and 37 °C (gray brackets) compared to baseline 
with or without CO2. The exception was SFX-Insect Medium 
at 29 °C without CO2 where significance was observed in 
only one of the two assays.

Titration of Serum Reveals Increased Cell Death and 
Changes in Cellular Morphology

The effect of reducing serum concentration from 10% to 
1.25% in two-fold serial dilutions was investigated after 24 h 
of culture at 25 °C to determine if serum reduction decreased 
cell viability. Only two conditions were used: DMEM 
plus CO2, and SFX-Insect Medium minus CO2 (Figure 
6). Treatments were performed in triplicate. Significant 
increases in cell death were observed when DMEM 
was used at 2.5% and 1.25% serum, but not at 5% serum 
compared to 10% (baseline). In contrast, when SFX-Insect 
Medium was used, no significant increases in cell death were 
observed at 5%, 2.5% or 1.25% serum compared to 10%. 
Interestingly, flow cytometric analysis revealed changes in 
cell morphology following serum reduction. Figure 7 shows 
that when DMEM was used, there was a significant decrease 
in the geometric mean of forward light scatter (a measure 
of cell size, X axis) at serum concentrations of 2.5% serum 
compared to baseline (p = 0.0043). Significant decreases in 
forward light scatter were also observed when 5% serum (p 
= 0.0039) and 1.25% serum (p = 0.0019) were used compared 
to baseline (data not shown). When SFX-Insect Medium was 
used, decreases in forward light scatter were not observed, 
however, there was a significant decrease in the geometric 

Figure 4. Cell viability in DMEM and SFX-Insect Medium with 
and without 10% serum and the effect of CO2 after 48 h. Assays 
were conducted at 25 °C in DMEM (A) or SFX-Insect Medium (B). 
Culture conditions are indicated beneath the bar graphs. Percent 
increase in cell death after subtracting baseline average is shown. 
Statistical significance between paired treatments is indicated with 
brackets (* = p ≤ 0.05; ** = p ≤ 0.005).
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Table 1. Comparison of cell viability at 24 h and 48 h at 25 °C. Percent increase in cell death above baseline at 24 h and 48 h in DMEM or 
SFX-Insect Medium, without and with 10% serum in the absence or presence of CO2 is noted ± standard deviation. Statistical significance 
comparing 24 h with 48 h is depicted (* = p ≤ 0.05; ** = p ≤ 0.005; *** = p ≤ 0.0005). (DMEM = Dulbecco’s Modified Eagle Medium; SFX-IM 
= SFX-Insect Medium; Sf = serum-free).

Medium Condition % ↑ Death 24h % ↑ Death 48h Significance

DMEM

Sf -CO2 21.53 (±2.3) 36.75 (±3.24) *
+Serum –CO2 17.84 (±2.08) 39.04 (±2.8) **
Sf +CO2 21.47 (±2.78) 22.92 (±3.15) *
+Serum +CO2 15.32 (±0.12) 22.99 (±1.4) **

SFX-IM

Sf -CO2 48.11 (±0.80) 50.82 (±0.86) *
+Serum –CO2 14.91 (±1.04) 26.15 (±1.14) **
Sf +CO2 46.39 (±3.28) 56.41 (±3.02) ***
+Serum +CO2 15.03 (±0.74) 24.59 (±0.93) **

Figure 5. Temperatures exceeding 25 °C compromise cell viability. Two assays were conducted with DMEM (A and B) and SFX-Insect 
Medium (C and D). In all cases 10% serum was included. Culture conditions are indicated beneath the bar graphs. Percent cell death is shown. 
Statistical significance between paired treatments is indicated with brackets (black brackets compare 25 °C to 29 °C; gray brackets compare 
25 °C to 37 °C). (* = p ≤ 0.05; ** = p ≤ 0.005; *** = p ≤ 0.0005; **** = p ≤ 0.00005).
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mean of side light scatter (a measure of cell granularity, Y 
axis) at serum concentrations of 2.5% compared to baseline 
(p = 0.0209). Significant decreases in side light scatter were 
also observed when 1.25% serum (p = 0.0452), but not 5% 
serum (p = 0.0561), were used compared to baseline (data 
not shown).

Amphotericin B Toxicity

Because fungal contamination is often a complication 
when attempting to culture coelomocytes long-term, the 
effects of increasing the concentration of amphotericin 
B, an antimycotic agent, above baseline (0.25 µg/mL, see 

Methods) was tested. Figure 8 illustrates that amphotericin 
B in DMEM at 25 °C causes significant increases in cell 
death at 2.75 µg/mL, but not at lower concentrations. In SFX-
Insect Medium, toxicity was observed at both 2.75 µg/mL 
and 1.5 µg/mL but not at lower concentrations.

DISCUSSION

Our results demonstrate that coelomocytes of E. hortensis 
exhibit the highest level of cell viability when cultured in 
DMEM or SFX-Insect Medium supplemented with 10% 
newborn calf serum at 25 °C. Serum contains a complex 
array of substances that are important for chelating water-
insoluble or labile nutrients, binding to and neutralizing toxic 
compounds, and transporting nutrients into cells. Serum 
also provides protease inhibitors, hormones, growth factors, 
amino acids, proteins, vitamins, lipids, carbohydrates, 
minerals and trace elements (Arora 2013).

The absence of CO2 did not significantly compromise 
viability at 24 h when 10% serum was present whether 
DMEM or SFX-Insect Medium was used. This observation 
is most likely attributed to the fact that complete medium 
is supplemented with 10 mM HEPES (see Materials and 
Methods), a zwitterion which buffers well in the pH range of 
7.2 – 7.4 without the need for a gaseous atmosphere (Shipman 
1969). The provision of a HEPES-buffered medium would 
have been particularly important for stabilizing the pH in 
DMEM which contains 3.7g/L NaHCO3 (versus 0.35g/L 
NaHCO3 in SFX-Insect Medium) which requires artificial 
levels of CO2 to maintain the required pH (Arora 2013). 
It is also notable that although the difference for DMEM 
+ serum without or with CO2 wasn’t largely different at 
24 h, it was significantly different at 48 h. The same batch 
of coelomocytes were used for the extended time study.  
Specifically, in Assay 2 values of 17.84% versus 15.32% 
were observed for DMEM + serum without or with CO2, 
respectively (Figure 2B, gray brackets). These values 
increased considerably and significantly after 48 h (39.04% 
versus 22.99%) (Table 1 and Figure 4A, gray brackets). It is 
interesting to speculate that perhaps the buffering capacity 
of HEPES in DMEM is adequate at 24 h in the absence of 
CO2, but after 48 h its ability to maintain the necessary pH 
for coelomocyte survival is overwhelmed due to metabolic 
byproduct accumulation during the cell culture period 
and the high NaHCO3 concentration in DMEM, thereby 
necessitating CO2 as the backup buffering system. This 
would account for the ~13% reduction in cell death when 
CO2 was present.

Temperatures of both 29 °C and 37 °C showed significant 
increases in cell death compared to 25 °C. This was 
particularly striking at 37 °C where an increase of more 
than 50% compared to baseline was noted. These results are 
consistent with those reported by Tumminello and Fuller-
Espie (2013) who used DMEM/10% serum/5% CO2 medium 

Figure 6. Effect of serum titration on cell viability. Coelomocytes 
were cultured 24 h in either DMEM + 5% CO2 (A) or SFX-Insect 
Medium without CO2 (B) at serum concentrations as indicated. 
Assays were conducted at 25 °C. Percent cell death is shown. 
Statistical significance compared to baseline (10% serum) is 
indicated. (* = p ≤ 0.05).
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and employed a much wider range of temperatures from 
4 °C to 44 °C. In that earlier study, which also employed E. 
hortensis, production of reactive oxygen species (ROS) and 
H2AX histone phosphorylation were also investigated in 
response to heat stress. That study showed that as temperature 
increased, both ROS and histone phosphorylation increased 
above baseline temperatures of 20 °C or 25 °C. The use 
of SFX-Insect Medium was not included in that study, so 
our data provides new information regarding the effects of 
heat stress when culturing coelomocytes in this alternative 
medium that does not require the presence of 5% CO2.

Serum deprivation at concentrations 2.5% or lower in 
DMEM significantly affected increases in cell death, but this 
effect was not seen with SFX-Insect Medium as detected 
by PI uptake. Changes in cell morphology, however, were 
observed when serum concentrations were reduced to 5% 
or lower for DMEM and to 2.5% or lower for SFX-Insect 
medium; coelomocytes exhibited significant decreases in 
forward side scatter in DMEM and side scatter in SFX-
Insect Medium. Therefore, measuring changes in the light 

scatter properties of coelomocytes by flow cytometry, and 
not relying solely on PI uptake, revealed deleterious effects of 
serum starvation that would have otherwise been overlooked. 
Changes in light scatter properties associated with necrotic 
and apoptotic processes have been well documented (Swat et 
al. 1981; Ormerod et al. 1995; Darzynkiewicz and Li 1996).

Although nystatin and amphotericin B are both included 
in complete media (see Material and Methods), there are 
sometimes problems with fungal contamination in our lab 
using assays that extend beyond 24 h incubation. Presumably 
the source is from the earthworms that, despite all attempts 
to sterilize the habitats and food of the animals, are not 
completely microbial free and bacteria and fungi do populate 
the coelomic cavity. The availability of different types of 
antimycotic agents is very limiting for cell culture purposes. 
This prompted a second look at whether the amphotericin 
B concentration that was being used in the complete media 
(0.25 µg/mL) could be increased in order to eliminate issues 
with fungal outgrowth in cultures incubated for extended 
time periods. Suppliers of antibiotics and antimycotics often 

Figure 7. Analysis of light scatter by flow cytometry reveals cell morphology changes during serum deprivation. Coelomocytes were cultured 
24 h in either DMEM + 5% CO2 (A and B) or SFX-Insect Medium without CO2 (C and D) at 25 °C. Figures are representative of samples run 
in triplicate. A and C represent 10% serum. B and D represent 2.5% serum. Significant decreases in forward light scatter (FSC) or side light 
scatter (SSC) were observed for DMEM and SFX-Insect Medium, respectively. p values indicate statistical significance based on average of 
triplicate data comparing 10% serum (baseline) to 2.5% serum (* = p ≤ 0.05; ** = p ≤ 0.00).
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recommend that these drugs, especially amphotericin B, be 
tested for their toxicity depending on the particular cell line 
that is being used (e.g. refer to Life Technologies website 
at http://www.lifetechnologies.com/us/en/home/references/
gibco-cell-culture-basics/cell-culture-protocols/use-of-
antibiotics-and-antimycotics.html). Working with mouse 
osteoblast and fibroblast cell lines, Harmsen et al. (2011) 
show clearly the need to establish the level of sensitivity 
to amphotericin B when conducting in vitro investigations. 
Amphotericin B was toxic to coelomocytes at 2.75 µg/mL 

in the two experimental conditions studied compared to 
0.25 µg/mL (baseline control). These conditions included: 
1) DMEM/10% serum plus 5% CO2 at 25 °C; and 2) SFX-
Insect Medium/10% serum minus CO2 at 25 °C. Toxicity 
was also observed at 1.5 µg/mL with SFX-Insect Medium, 
but not with DMEM. Importantly, no significant increase in 
cell death was observed at 0.875 µ/mL compared to 0.25 µg/
mL (baseline control), indicating that the complete medium 
we use routinely could be further supplemented with a higher 
concentration of amphotericin B in order to inhibit fungal 
contaminants when longer culture periods are needed. 
There were no notable differences in forward or side scatter 
properties in the amphotericin trials as were observed with 
the temperature trials (data not shown). Therefore, this study 
demonstrates clearly that toxic effects are observed with 
this antimycotic agent when used at high concentrations. 
This reagent should be used at concentrations that are not 
toxic when conducting in vitro experiments with earthworm 
coelomocytes. There may be species disparities, e.g. 
differences in toxicity between E. fetida versus E. hortensis 
so researchers should determine appropriate ranges 
empirically with different species of earthworms.

Although this study employed a relatively sophisticated 
method to determine cell viability involving instrumentation 
that most undergraduate teaching labs would not use, it 
should be mentioned that trypan blue exclusion is an excellent 
alternative for measuring cell viability (Strober 2001), and 
this technique could be readily adopted by educators and 
researchers planning to use earthworm coelomocytes as 
indicators of toxicity by environmental xenobiotics such as 
polycyclic aromatic hydrocarbons and heavy metals which 
have been tested previously for their inhibitory effect on 
immune responses in E. fetida and E. hortensis (Patel et al.  
007; Fuller-Espie et al. 2011).

CONCLUSION

In summary, we conclude that the coelomocytes of E. 
hortensis exhibit the highest level of cell viability when 
cultured with 10% newborn calf serum at 25 °C in both 
DMEM and SFX-Insect Medium. Lowering this to 5% with 
SFX-Insect Medium poses not observable detrimental effects 
at measured by PI-uptake or side light scatter analyses, 
but decreases in forward light scatter were noted at this 
concentration with DMEM. We did not test fetal calf serum 
(FCS) in this study in an effort to reduce costs for educators 
interested in using earthworms in their cell biology labs, but 
using FCS should not pose any problems and may actually 
improve culturing conditions. If DMEM is used, then 
CO2 should be provided if planning to culture more than 
24 h, but this can be omitted for shorter periods of culture 
providing HEPES is included in the culture medium. SFX-
Insect Medium can be used an alternative to DMEM without 
CO2, but a minimum of 5% serum should be included. To 

Figure 8. Effects of amphotericin B titration on cell viability. 
Coelomocytes were cultured 24 h in either DMEM + 5% CO2 
(A) or SFX-Insect Medium without CO2 (B) at concentrations of 
amphotericin B as indicated. Assays were conducted at 25 °C. 
Percent cell death is shown. Statistical significance above baseline 
(0.25 µg/mL) is indicated. (* = p ≤ 0.05).
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help minimize fungal contamination during longer-term 
culturing needs, nystatin (50 µg/ml) and amphotericin B 
(0.875 µg/ml) should be included in the culture medium. 
This information shows that coelomocytes of earthworms 
can be cultured easily for research and teaching purposes 
without the need for a CO2 incubator which will be helpful 
for institutions that lack this capacity.
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ABSTRACT

The health of a watershed can be assessed by 
evaluating the benthic macroinvertebrates that are 
present in the waterways. Benthic chironomid larvae 
(Diptera: Chironomidae) are often used as a biological 
indicator of ecological health. The chironomid larvae are 
particularly tolerant to contaminants, with different taxa 
exhibiting different levels of tolerance. Thus, evaluation 
of the abundance and diversity of chironomids within 
a watershed can be an assessment tool for the biotic 
health of the watershed. Although several studies of 
Pennsylvania watersheds have identified the presence of 
Chironomidae, our study aimed to further understand 
chironomid diversity by assessing them to the subfamily 
and genus level. We surveyed eight sites over Little 
Paint Creek and three tributaries within the Little 
Paint Creek watershed in southwestern Pennsylvania. 
By comparing the chironomid abundance and diversity 
to previously published EPT data for the watershed, 
our data suggests that water quality of tributary UNT 
45234 is better than previously predicted and may be 
better than that of tributary UNT 45242. The limited 
number of less tolerant subfamilies of chironomids 
in the Little Paint Creek samples suggests that this 
stream may have reduced water quality. We established 
a baseline of chironomid abundance and diversity 
within the Little Paint Creek watershed. Our future 
goal for the project will be to continue to monitor the 
chironomids at these sites and to compare our findings 
to areas within the watershed which have been reported 
to have higher rates of contaminants due to acid mine 
drainage and Marcellus shale drilling, to determine 
their effect on aquatic macroinvertebrate diversity.
[ J PA Acad Sci  89(2): 69-79, 2015 ]

INTRODUCTION

Many studies assess aquatic organismal diversity to 
evaluate the quality of the water within a watershed, and 
to determine the biotic health of the waterways (Burger, 
1997; Byrne et al., 2013; Fore et al., 1996; Hart et al., 
2014; Jun et al., 2012; Lu et al., 2013; Meng et al., 2009). 
Benthic macroinvertebrate community diversity, expressed 
as the Index of Biotic Integrity (IBI), is commonly used to 
determine the quality of a particular stream. The IBI is used 
to determine the health of the watershed and is an accepted 
determinant for designating the usage of streams (Fore et 
al., 1996). The Pennsylvania Department of Environmental 
Protection assigns levels of stream protection based on many 
determinants, one of which is the IBI (Pennsylvania and 
Water Quality Standards, 2012). Higher organism diversity 
results in a high IBI value, which in turn provides a potentially 
greater level of protection for the stream (Pennsylvania and 
Water Quality Standards, 2012). Waterways with the most 
diversity are protected and labeled as Exceptional Value or 
High Quality streams. 

Another commonly used assessment for stream health 
is the EPT index, which reports the number of different 
Ephemeroptera, Plecoptera, and Trichoptera taxa in a 
particular waterway. However, this index does not include 
the potentially useful information that could be gained from 
looking at other taxa, such as benthic Chironomidae. In 
most studies, benthic chironomid larvae are only identified 
to the order Diptera and family Chironomidae and are listed 
as supporting data, along with the reported EPT indices, 
as the EPT+C index (Abhijna et al., 2013; El-Khayat et 
al., 2011; Ferreira et al., 2011; Jun et al., 2012; Panas et al., 
2014; Reckner, 2011; Relyea et al., 2012). Currently, EPT + 
Chironomidae index is used along with total taxa richness, 
diversity and evenness in the rapid bioassessment of a 
watershed.

However, chironomids, as a group, are generally more 
tolerant of pollutants in the water than many organisms 
within the EPT taxa (Abhijna et al., 2013; Al-Shami et al., 
2010; Mousavi et al., 2003; Tripole et al., 2006). Trichoptera 
species, for example, have a range of tolerances. However, 
overall, Trichoptera are more sensitive to environmental 
disturbances than Chironomidae. An increase in the 
proportion of Chironomidae relative to EPT should 
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be considered as an indicator of environmental stress 
(Mandaville, 2002). Chironomidae larvae are not typically 
identified further than family, because it requires extensive 
analyses of multiple microscopic morphological structures, 
and are not further distinguished in the IBI. By assessing the 
diversity and abundance within the Chironomidae family, an 
evaluation of streams can be conducted to support and verify 
the EPT data, providing further insight into the health of the 
water. We suggest that when EPT + Chironomidae index 
is low that the chironomids should be further identified to 
subfamily and genus to help understand the health of the 
stream.

Chironomidae have adapted to virtually every aquatic 
environment and are important bioindicators of aqueous 
ecosystem health. These holometabolous organisms spend 
their embryonic and larval stages in the water and underlying 
sediment, where they can burrow in and exist for two weeks 
to several years before emerging from the pupal case on the 
surface of the water to become a flying insect (Armitage et 
al., 1995). Due to their life cycle, changes in both the water 
and the sediment can affect the presence of Chironomidae. 
Globally, different genera of Chironomidae larvae have been 
found in moderate and extreme temperatures (Bouchard et al., 
2006; Carrillo et al., 2004; Hayford et al., 1995), at a range of 
altitudes (Hayford and Ferrington Jr, 2006; Koshima, 1984), 
on every continent, and in both clean and contaminated 
waters (Bode, 1990; Bode et al., 1996; Mandaville, 2002). 
Distinct taxa of chironomids have differing levels of 
tolerance to pollution; therefore chironomid diversity is 
positively correlated to water quality (Bode, 1990; Bode 
et al., 1996; Mandaville, 2002). Hilsenhoff generated a 
tolerance index for the subfamilies of Chironomidae, based 
on abundance and diversity of chironomids in relationship 
to the water quality, that can be used to evaluate different 
watersheds (Hilsenhoff, 1988; Mandaville, 2002). Streams 
containing chironomid genera most sensitive to pollution are 
considered of better quality than those which contain only 
tolerant genera.

Chironomid diversity within the eastern part of the 
United States has been reported for Ohio, North and South 
Carolina, Florida, Georgia and New York (Bolton, 2012; 
Caldwell, 1984; Epler, 2001; Simpson and Bode, 1980). 
Within the order Diptera, the family Chironomidae includes 
11 subfamilies, 339 genera and over 4,000 identified species 
(Ferrington Jr, 2008). In Ohio, for example, six of the 
subfamilies and multiple genera and species, totaling 510 
Chironomidae taxa, have been identified (Bolton, 2012). 
Although a checklist of Ohio chironomid larvae has recently 
been published, to our knowledge there has been no similar 
statewide survey of chironomids completed in Pennsylvania 
in clean or contaminated waters (Bolton, 2012). A study in 
2011 of the middle Penns Creek Watershed (located in central 
Pennsylvania) established baseline conditions of the streams 
within the watershed to assess the stream’s health (Panas et 
al., 2014). This study did not identify chironomids beyond 

family. Additionally, studies conducted on waterways in 
the Little Paint Creek (LPC) Watershed, in Southwestern 
Pennsylvania, have only classified chironomids (and other 
benthic macroinvertebrates) to family (Dillon and Lee, 
2002; Reckner, 2011). It is unknown whether the subfamilies 
and genera distribution patterns within surrounding states 
extend into Pennsylvania. While we predict that many 
of the subfamilies and genera are the same as in other 
states, with similar predominant subfamilies, this has not 
been evaluated previously. Within the Little Paint Creek 
Watershed specifically, there are sites of acid mine drainage 
and Marcellus shale wells (Reckner, 2011). The previous 
work within the watershed began to evaluate the health of 
the watershed, by assessing the EPT and fish within the 
watershed at known historical monitoring sites where little 
was known about the diversity of the macroinvertebrates 
(Reckner, 2011).

This study is devoted to cataloguing the abundance and 
diversity of chironomid larvae classified to subfamily and 
genus, at clean sites within the Little Paint Creek Watershed, 
in order to evaluate the relative health of the waterways. 
Sites with more diverse genera of chironomids and those 
with more sensitive chironomid subfamilies are considered 
to be healthier than those with reduced diversity and only 
more tolerant subfamilies. We assessed the total number 
and types of subfamilies and genera at each of eight sites, 
from Little Paint Creek and three of its tributaries. We 
calculated the Shannon diversity index (H), and genus 
richness values (DMn), and we used the Hilsenhoff tolerance 
values, to determine the health of the LPC watershed based 
on chironomid data. We compare our data to the EPT data 
published previously in the Little Paint Creek Watershed 
Conservation Plan (Reckner, 2011). Our study begins to 
establish a baseline assessment of chironomids from which 
further studies within the watershed can be compared. 
By analyzing benthic macroinvertebrates in differing 
environments, environmental stressors can be further 
understood.

MATERIAL AND METHODS

Study Sites

The Little Paint Creek (LPC) watershed is located 
in Cambria and Somerset counties in Southwestern 
Pennsylvania and consists of 13 square miles. LPC is a third 
order stream (second order tributary to Paint Creek) (Fig 1A)
(Reckner, 2011). Chironomidae larvae were collected from 
a total of eight clean sample sites located on LPC and three 
of its tributaries (Fig 1B). One of the sample sites is on LPC 
at Route 160. One site was chosen on the tributary known 
as UNT 45242 (also known as Fox’s Run). Six sites on the 
Pitt-Johnstown campus were also selected for sampling: 
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three were chosen on UNT 45234 and three on an Unnamed 
Tributary at Pitt-Johnstown (UNT UPJ), which is an 
ephemeral tributary and does not have a stream designation 
according to USGS data. On these two tributaries, site 1 is 
the furthest from LPC and the three sites were chosen to 
be relatively equidistant apart, covering the length of the 
tributary. All sites chosen for this study were not located in 
or near areas known to be contaminated due to acid mine 
drainage or Marcellus Shale drilling (Reckner, 2011). The 
sites on LPC at route 160 and on UNT 45242, as well as 
site number 3 on UNT 45234, coincide with the sites chosen 
for evaluation in the previous study of the watershed. These 
sites were initially chosen because they were historical 
monitoring sites on larger tributaries with no published 
records (Reckner, 2011). The UNT# represents the USGS 
stream code. Collections were made from May 20 through 

September 1, 2014, with the vast majority of the collections 
completed by June 16.

Extensive water chemistry assessment for the Little 
Paint Creek Watershed was reported in the LPC Coldwater 
Conservation Plan (2011). The plan reports the pH, alkalinity, 
and conductivity, as tested every three months for a total of 
five years (Reckner, 2011).

Chironomidae Sampling

At each site, three 3 m2 areas, which included two riffles 
and one pool when available, were sampled by kick net. 
Samples were sieved, rinsed and transferred to a collection 
jar. The initial sorting of Chironomidae from the other 
benthic macroinvertebrates collected was carried out with 
a dissecting microscope. Larvae were preserved in 95% 
ethanol. Each larval head capsule was dissected, cleared 
using 10% KOH for 3 to 24 hours, and mounted in Hoyer’s 
mounting medium or Aqua-Poly/Mount (Polysciences, 
Inc.) for examination under a compound microscope. 
Morphological analysis of the head included assessment of 
the mentum, mandibles and antennae. The structure of the 
abdominal tubules was observed in the terminal abdominal 
segments. Head and abdominal sections were used to identify 
the subfamily and genus for each larva using a dichotomous 
key of larval morphology (Coffman and Ferrington Jr., 1996), 
and were independently verified by an expert in the field.

Data Analysis

Chironomid abundance, number of subfamilies and 
genera, genus richness (using the Menhinick’s diversity 
index, DMn), and genus and subfamily diversity (using the 
Shannon-Wiener diversity index, H) were calculated for 
each site and for each tributary. The Menhinick’s diversity 
index is used in ecological studies to represent the number of 
different genera found within a site. The Shannon diversity 
index, which is the most common measure of diversity, is 
used to assess the abundance of each subfamily and genus 
and whether one is predominant at a site. If the larvae are 
distributed between the subfamilies, or genera, the H value 
is higher than if there is an abundance of one genus, or 
subfamily. The data were also compared between riffle and 
pools within a single site.

RESULTS

Among the eight sites sampled from the three tributaries 
and LPC in the Little Paint Creek watershed, over 1,000 
Chironomidae larvae were evaluated. Five subfamilies and 
31 genera were identified within the watershed (Appendix 1). 
The most predominant subfamilies across all sites were 

Figure 1. Map of the Little Paint Creek Watershed. LPC watershed 
is located in Southwest Pennsylvania and is adjacent to the Paint 
Creek Watershed (Reckner, 2011) (A). Collection sites on four 
streams in the watershed are marked in black. On the two streams 
with multiple collection sites, the site furthest from LPC is site 1 
(B).
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Orthocladiinae, Chironominae and Diamesinae, (Fig 2A, B). 
Across the sites sampled, the subfamilies Tanypodinae and 
Prodiamesinae were either not present or only found in very 
limited numbers. Interestingly in all three tributaries, but not 
in Little Paint Creek, we identified larvae near the unique 
genus Rheocricotopus.

UNT 45234

From tributary UNT 45234, five subfamilies 
(Chironominae, Diamesinae, Orthocladiinae, Tanypodinae, 
and Prodiamesinae) and 23 genera were identified (Appendix 
1) among over 400 larvae examined (most from site 1 with 
323 larvae). On sites 2 and 3, each had 54 larvae collected 
for analysis. The predominant larvae were within the 
subfamilies: Chironominae (44%), Orthocladiinae (38%), 
and Diamesinae (14%) (Fig 2A, B), with the subfamily 
Shannon index of diversity value of 1.08 (Fig 3A, black), 
which is the highest among the tributaries and LPC. Among 
the subfamily Chironominae, the sites within tributaries 
UNT 45234 and UNT 45242 had the most genera (Appendix 
1). Eight genera were identified within UNT 45234 and six 
genera within UNT 45242.

Of the eight sites sampled within the watershed, site one 
of UNT 45234 had the most genera (Appendix 1). For the 
three sites on UNT 45234, the genus richness values (DMn) 
were 0.95, 0.95, and 1.22 (Fig 3B, black), and the Shannon 
diversity index values (H) for the genera were 1.73, 2.08, and 
2.14 (Fig 3B, black), contributing to a richness value DMn of 

1.15 (Fig 3A, black) and a diversity value H of 2.06 (Fig 3A, 
black) for the tributary.

There is variability among the values for genus richness 
(DMn), and Shannon diversity index (H) for the genera 
and the subfamilies, when comparing the three sites on 
the tributary (Fig 3B). As stated in the Methods section, 
we collected kick-net samples from three kicks for each 
site. There was no apparent trend in the data from the riffle 
samples as compared to the pool samples of the tributary 
(Appendix 1).

UNT UPJ

Within the sites on UNT UPJ, over 400 larvae were 
assessed, with 88, 90 and 264 larvae from the three sites. 
An average of 140 larvae per site for UNT UPJ, is similar 
to that of UNT 45234. The majority (72%) of the larvae 
were identified as Diamesinae (Fig2A), and of those 92.5% 
were the genus Diamesa (Appendix 1). Sites 1 and 3 had a 
predominant Diamesinae presence. Of the four subfamilies 
identified from the tributary, Orthocladiinae was the other 
subfamily that was prevalent within this tributary, 27% 
(Fig 2A) and the subfamily Shannon diversity index of the 
tributary was 0.66 (Fig 3A, light gray). Each of the sites of 
tributary UNT UPJ had genus richness values, DMn, (0.75, 
0.95, 0.55) that were equal to or lower than the genus richness 
at any of the other sites sampled in the LPC watershed 
(Fig 3B, light gray). This tributary had the least subfamily 
diversity, with a Shannon diversity index (H) of 0.65 (Fig 

Figure 2. Tributary specific and site specific proportions of each observed Chironomidae subfamily. The average percentage of each subfamily 
among Little Paint Creek and the three tributaries sampled (A). Variation in subfamily abundance across the eight sites sampled within the 
LPC watershed (B).



73

3A), however site 2 had one of the highest genera Shannon 
diversity values of 2.12, comparable to site 3 from UNT 
45234 (Fig 3B, light gray).

The multiple sites on UNT UPJ had similar habitats, but 
had variable genus richness (DMn) values and extensive 
variability for the genera Shannon diversity index (H). 
Within each site sampled, there was no apparent difference 
in overall abundance, type of subfamilies, or type of genera, 
between kick-net samples from pools or riffles. 

LPC 160

The subfamily Chironominae was most abundant at the 
LPC 160 site, although the site also contained larvae from the 
subfamilies Diamesinae, Orthocladiinae and Prodiamesinae, 
60%, 5%, 30%, and 5% respectively (Fig 2A). The overall 
abundance of chironomids at this site was less than at any 
of the other sites, with 20 larvae; however, even though 
the number of larvae was low, the subfamily Shannon 
diversity index (H) was 0.97 (Fig 3A,B, dark gray) and 
the genus richness was 1.12 (Fig 3A,B, dark gray), which 
are comparable to that of UNT 45234 (Fig 3B, black). The 
genera Shannon diversity index was 1.52 (Fig 3A,B, dark 
gray), lower than that of UNT 45234. 

UNT 45242

Unlike many of the other sites sampled within the LPC 
watershed, the subfamily Orthocladiinae was predominant 
in the site on UNT 45242, comprising approximately 73% 
of the collection of 156 larvae (Fig 2B). Six genera within 
the Orthocladiinae subfamily were detected within this 
tributary (Appendix 1). The diversity of genera within the 
subfamily Orthocladiinae was more extensive than any other 
subfamily among the sites sampled within the watershed 
(Appendix 1). In addition to the six genera in UNT 45242, 
there were eight identified genera in UNT 45234, eight 
genera in UNT UPJ, and two genera in LPC 160. As in UNT 
45234 and LPC160, Chironominae larvae were among the 
most abundant subfamilies, 20% (Fig 2A). Unlike the sites 
on UNT UPJ, there were no Diamesinae larvae within the 
UNT 45242 site. The tributary had a genus richness of 1.04 
(Fig 3A,B, white) and a genera Shannon diversity index of 
2.02 (Fig 3A,B, white), values that are comparable to UNT 
45234 and UNT UPJ.

Chironomids are present in LPC and all three tributaries 
tested in this study.  The specifics of the number and presence 
of different genera can be seen in Appendix 1.

DISCUSSION

The LPC Coldwater Conservation plan, published in 2011, 
evaluated the quality of the water in the LPC watershed and 
proposed a conservation plan to maintain or improve the 
water quality for aquatic inhabitants and for recreational 

Figure 3. Comparison of Richness (DMn), Genus diversity (H) and Subfamily diversity (H) of Chironomidae sampled in the LPC watershed. 
The genus richness and genus and subfamily diversity among Little Paint Creek and the three tributaries sampled (A). The genus richness and 
genus and subfamily diversity across the eight sites sampled within the LPC watershed (B).
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use (Reckner, 2011). Within this study, the authors reported 
the EPT index for multiple sites within the watershed, 
and listed the number of Chironomidae. We assessed the 
chironomid diversity in the Little Paint Creek Watershed by 
identifying chironomids to subfamily and genus for eight 
sites on Little Paint Creek and three tributaries, to support 
and verify the findings of the water quality in conservation 
plan, to evaluate the water quality of previously untested 
tributaries, and to establish a baseline understanding of 
chironomids for use in further studies. The sites chosen 
for this study were not located in or near areas known to 
be contaminated due to acid mine drainage or Marcellus 
Shale drilling (Reckner, 2011), and three of which were 
sites evaluated in the conservation plan (Reckner, 2011). By 
comparing the presence of different subfamilies, which vary 
in their tolerance to pollutants, we were able to determine 
the relative health of some of the water in the watershed - 
the presence of more sensitive subfamilies indicating higher 
quality water. The number of different genera, represented 
as the genus richness (Menhinick’s diversity index, DMn), 
and the distribution of the larvae among the different genera 
(Shannon diversity index, H), further support our subfamily 
analysis, as a decrease in genus diversity is associated with 
the presence of a stressor in the environment. 

UNT 45234

Based on its location within the watershed and previous 
water chemistry data, UNT 45234 is not expected to contain 
acid mine drainage or Marcellus Shale contaminants 
(Reckner, 2011). However, the LPC conservation plan 
noted that based on sampling at a single site on tributary 
UNT 45234, there were a limited number of fish species 
and reduced EPT diversity, uneven distribution or evenness 
of species, and variability in species richness (number of 
different species present). These data suggest that UNT 
45234 may be impaired as a result of the urbanization of the 
area and the consequential industrial pollutants in the water, 
as supported by the water chemistry data (Reckner, 2011). 
Evidence of human disturbance was observed during our 
collections, in the form of abandoned tires and pipes near 
the water.

Through the collection of five subsamples using Surber 
Sampling, Reckner did not collect any chironomids from 
UNT 45234 (our site 3) in 2010, and collected 84 larvae 
when sampled in 2011 (Reckner, 2011). We collected and 
identified 54 larvae from this same location, which included 
larvae from five subfamilies and 23 genera (Appendix 1). 
Collections from site 1 on this tributary resulted in the most 
chironomid larvae; however the average number of larvae 
among most of the tributaries sampled (UNT 45234, UNT 
UPJ and UNT 45242) was within the same approximate 
range.

While the overall abundance of chironomid larvae was 

variable among the eight sites along the four tributaries 
in our study, we found the most larvae and the highest 
diversity of genera within the family Chironominae within 
one site in UNT 45234. The presence of Chironominae 
was expected based on assessment in similar watersheds 
in the northeastern portion of the United States (Bode, 
1990; Bode et al., 1996). However, the richness of the 
Chironomidae genera was approximately equal between 
the sites on UNT 45234, LPC 160 and UNT 45242. Thus, 
it appears as though the richness data for the genera of 
Chironominae do not follow the expected trend of other 
benthic macroinvertebrates established by the published 
EPT data for UNT 45234 (Reckner, 2011). The similarity of 
Chironomidae genera richness between the sites suggests 
that despite the diminished water quality as assessed by the 
water chemistry, UNT 45234 water quality is similar to that 
of other tributaries within LPC watershed.

As demonstrated by the Hilsenhoff tolerance values, 
Chironomidae subfamilies vary in the degree of tolerance 
to water pollutants. Tanypodinae and Prodiamesinae are 
the subfamilies of Chironomidae most tolerant of pollutants 
in the environment, each with a tolerance value of 7. 
Orthocladiinae and Chironominae each have tolerance values 
of 6, Diamesinae tolerance is 2, and Podonominae tolerance 
is 1 (Bode et al., 1996; Hilsenhoff, 1988; Mandaville, 2002). 
Some of the most tolerant and least tolerant subfamilies, 
Tanypodinae and Diamesinae, respectively, were identified 
within the samples from UNT 45234. The presence of some 
of the least tolerant chironomids within this tributary further 
suggests that the quality of the water in UNT 45234 may not 
be as poor as previously thought.

UNT UPJ

UNT 45234 and UNT UPJ had similar averages of 140 
chironomid larvae per site. However, UNT UPJ has lower 
levels of diversity for both subfamilies and genera and a 
lower genus richness value, as compared to all the other 
sites evaluated. This is the first published evaluation of any 
of the benthic macroinvertebrates within this tributary. In 
accordance with previous data on chironomid distribution, 
Orthocladiinae larvae were present in the waters where 
Diamesinae larvae were identified (Bode, 1990). Unlike the 
other tributaries assessed within the LPC watershed, this 
tributary had the highest proportion of larvae within the 
rare, less tolerant subfamily, Diamesinae. The lower values 
for most of the indices evaluated initially suggests that this 
tributary has diminished water quality as compared to the 
other tributaries and to LPC. However, this speculation is 
confounded by the presence of the less tolerant Diamesinae. 
Additional evaluation of other locations on the tributary, as 
well as EPT and water chemistry data, will be needed to gain 
a full understanding of the water quality for UNT UPJ. 
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LPC 160

We evaluated the same site on Little Paint Creek, the third 
order stream, as was assessed in the LPC conservation plan 
(Reckner, 2011). Like the high levels of species richness 
for EPT measured by Reckner, we also found a high level 
of genus richness for chironomids at this site. However, 
unlike the more evenly distributed EPT communities, 
using the Shannon diversity index, we found lower genus 
distribution as compared to UNT 45234 and UNT 45242. In 
addition, there were disproportionately more of the tolerant 
subfamilies, Chironominae and Orthocladiinae. However, 
there were a few Diamesinae larvae identified in our study. 
Our findings of reduced genus distribution and more tolerant 
subfamilies indicate that this site on LPC may be of slightly 
lesser quality than originally predicted by the EPT data 
(Reckner, 2011).

UNT 45242

In contrast to UNT 45234, UNT 45242 has been 
listed as a High Quality stream as a function of the 
macroinvertebrate diversity and abundance assessment, 
with a higher proportion of EPT than the relative proportion 
of Chironomidae (Reckner, 2011). Only two chironomids 
were identified in samples taken in 2010, while 14 were 
identified in 2011 (Reckner, 2011). In 2014, we assessed 156 
larvae, with genus richness similar to that from tributary 
UNT 45234 and LPC 160, and Shannon diversity index 
for genera similar to that of UNT 45234, indicating similar 
diversity in the number of genera and an evenness in the 
abundance of the different genera. The total number of 
larvae within the site on UNT 45242 is similar on average 
to the number of larvae from single sites on UNT 45234 
and UNT UPJ. These data suggest that upon evaluation of 
the chironomids, the water quality within UNT 45234 and 
UNT 45242 is relatively comparable. Interestingly, mostly 
highly tolerant subfamilies of chironomids, Orthocladiinae 
and Chironominae, were identified in UNT 45242. The lack 
of Diamesinae, less tolerant larvae, in UNT 45242, indicates 
that UNT 45242 may have slightly poorer water quality than 
UNT 45234. This conflicts with the EPT assessment from 
2011, which suggested that the water quality in UNT 45242 
was better than UNT 45234.

We have now generated a catalog of chironomids that 
were present during monitoring within the Little Paint 
Creek watershed. In North America, the subfamilies 
Chironominae, Orthocladiinae, and Tanypodinae are the 
most prevalent (Coffman and Ferrington Jr., 1996; Williams 
and Feltmate, 1992). The more rare subfamilies Diamesinae, 
Prodiamesinae, and Podonominae are normally found 
in environments in which Orthocladiinae are also found 
(Bode, 1990). Like previous studies in other states, we 
found Chironominae, Orthocladiinae, and Tanypodinae 

subfamilies to be the most predominant.
The presence of chironomid larvae, more and less tolerant 

subfamilies, and a diverse collection of genera, along with 
the data from the LPC watershed conservation plan, suggest 
that Little Paint Creek and the tributaries tested within the 
LPC watershed have good water quality (Reckner, 2011). 
Our data suggest that evaluation of the chironomids within 
the water allows for further assessment of water quality. At 
some sites sampled, the chironomid assessment indicated 
that the water quality within the watershed was different 
than what was originally concluded. Because of differences 
between the conclusions made from the IBI and EPT indices 
and our chironomid data, we suggest that both the EPT and 
chironomid diversity data be used to evaluate water quality.

To gain better insight into the overall health of the 
watershed, we would like to analyze the abundance and 
diversity of chironomid larvae, along with an evaluation of 
the EPT in tributaries that have reported poor water quality, 
in close proximity to acid mine drainage and Marcellus 
shale wells. These data will allow us to determine if the 
sites of acid mine drainage and Marcellus shale drilling 
have impacted the quality of the water within the watershed. 
Our current data create a baseline for the abundance and 
diversity of Chironomidae with the LPC watershed. Long-
term monitoring will be necessary to determine the impact 
of pollutants on the health of the LPC watershed.
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ABSTRACT

Previously, we developed statistical models for the 
densities of 36 breeding bird species occurring in 176 
woodlots in eastern Pennsylvania, USA. Here, we present 
a re-analysis of the same data after eliminating many 
highly correlated variables (|r| > 0.5), decreasing our 
number of candidate models from thousands to 12, and 
correcting a statistical error that we had made previously. 
Our distance-to-edge variable was a measure of depth 
in the woodlot that depended on distances to 4 woodlot 
edges. We could not use our area variable because of its 
very high correlation with our distance-to-edge variable. 
Our isolation variable was not highly correlated with 
either our distance-to-edge or area variable. Two other 
key variables related to buildings at the woodlot edges. 
As previously, our models were nonlinear, and we used 
bootstrapped data sets to help ascertain the best model 
for each species. We determined that 3 species were forest-
interior species, and 2 of these also responded negatively 
to increasing isolation. We found 3 edge species, plus 2 
modified edge species that occurred only at suburban 
or urban edges; both of the latter are known to nest on 
buildings. Our results agreed well but were conservative 
compared to an extensive literature. However, they did 
not agree well with our previous analysis. In particular, 
we were not able to confirm our previous conclusion that 
buildings near the edges of woodlots were important 
to many bird species in eastern Pennsylvania, USA.
[ J PA Acad Sci  89(2): 80-87, 2015 ]

INTRODUCTION

Previously, we developed statistical models for densities 
of 36 breeding bird species occurring in 176 woodlots in 
eastern Pennsylvania, USA (Mancke and Gavin 2000). We 
focused especially on the effect of “depth” in the woodlot, 
where depth was a modified distance-to-edge variable 

that incorporated the shortest distance to edge and also 
distances to edges in 3 other directions. We also investigated 
different types of edges, including measures of the numbers 
of buildings near edges. Furthermore, we explored the 
effects of woodlot isolation and some local variables such 
as slope, aspect, elevation, openness of canopy, and forest 
age. We did not use woodlot area as a variable. Our models 
were nonlinear, and we used bootstrapped data sets to help 
ascertain the best model for each species. After our study 
was published, we gradually realized that our analysis was 
flawed. First, some of our variables were “highly correlated” 
(defined here to mean |r| > 0.5). Second, our model selection 
process was difficult and poorly done, primarily due to too 
many candidate models, which numbered in the thousands. 
And third, we made a statistical error to be explained 
below. Here, we made the appropriate modifications and 
re-analyzed our original data, and important changes in 
conclusions ensued.

METHODS

We used the same data as before (see Table 2 of Mancke and 
Gavin (2000)). One of us (RM) censused birds in 387 sample 
plots (circles of 50 m radius) in 176 woodlots in eastern 
Pennsylvania, USA. Woodlots were in four locations in 
Berks and Lehigh Counties that varied from a rural to urban 
context and in distance to a woodlot larger than 5000 ha. We 
chose woodlots that were neither open woods (too open for a 
full canopy), nor second-growth woods (too young for a full 
canopy), nor floodplain woods, in order not to complicate 
our analysis further. Sample plots were situated randomly 
in the woodlots, except not within 50 m of an edge. We 
had two kinds of predictor variables – landscape variables, 
which involved distances or areas extending beyond the 
sample plots, and local variables, which were measured 
completely within the sample plots. Predictor variables 
are discussed below. The response variable was ln(1 + p), 
where p was the number of individuals of the species (except 
fledglings) detected in the sample plot. Both p and ln(1 + p) 
were measures of bird density, because the sample plot had 
a fixed area.

Our candidate models were a priori models based on our 
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field experience, knowledge of the literature, and personal 
judgment. The first candidate model was for a forest species 
with uniform density in all the sample plots: ln(1 + p) = B, 
where B was a constant parameter. Candidate model 2 was 
for a forest-interior species, i.e., a forest species that avoided 
the woodlot edges: ln(1 + p) = B*exp(-K1/D2), where D 
was depth, measured in meters, B and K1 were constant 
parameters, and K1, measured in m2, was positive. This 
model is an S-shaped curve that increases from zero at small 
depths to B at large depths. D was defined for a sample plot 
by the empirical equation: 1/D2 = 1/d12 + 1/d22 + 1/d32 + 1/
d42, where d1 was the shortest distance from the center of the 
sample plot to the woodlot edge, and d2 to d4 were distances 
to edges in three other directions. If d2, d3, and d4 were very 
large relative to d1, their terms dropped out and D = d1. If 
d2, d3, and d4 were smaller, D < d1, until D = d1/2 where d1= 
d2 = d3 = d4. In effect, the sample plot was more edge-like 
if more edges were nearby. D ranged from 5.8 to 1620 m. 
Candidate model 3 was for a forest species with uniform 
density throughout each individual woodlot, but density 
decreased with increasing isolation, defined as the shortest 
distance, in kilometers, from the woodlot to a woodlot larger 
than 5000 ha (and previously called dbw). The model was 
ln(1 + p) = B*exp( isolation/I), where B and I were constant 
parameters, and I, measured in km, was positive. Variable 
isolation ranged from 0 to 40 km.

Our basic distance-to-edge predictor variable for a sample 
plot was 1/D2, which we used above in model 2 for a forest-
interior species. We developed other models for modified 
forest-interior species that avoided some, but not all, of 
the woodlot edges. For example, consider a possible forest 
species that avoided only suburban or urban edges. Consider 
also, for example, a sample plot where the only suburban or 
urban edge was at the end of line d3. In this case, the only 
pertinent term in the equation for 1/D2 was 1/d32. Let us re-
write 1/d32 as [(1/d32)/(1/d12 + 1/d22 + 1/d32+ 1/d42)]*(1/D2). 
The ratio in brackets had good qualities: 1) it was a simple 
fraction that varied from 0 to 1 depending on how many 
of the 4 edges were suburban or urban edges; and 2) it had 
no units and was independent of scale. We called this ratio 
suburb (previously it was typesu). Term suburb/D2 was a 
modified distance-to-edge predictor variable for the sample 
plot. We could now write candidate model 4 for a modified 
forest-interior species that avoided only the suburban or 
urban edges: ln(1 + p) = B*exp(-K2*suburb/D2), where B 
and K2 were constant parameters, and K2, measured in m2, 
was positive. For a species that avoided only edges that 
were not suburban or urban, the appropriate variable was 
(1-suburb)/D2.

In Table 2 of Mancke and Gavin (2000), there are 10 fractions 
like suburb, from which we could create 10 pairs of modified 
distance-to-edge predictor variables such as suburb/D2 and 
(1 suburb)/D2. We rejected 6 of these 20 variables that occur 
only once or zero times in Table 3 of Mancke and Gavin 
(2000). Then we noted that 11 of the remaining 14 variables 

correlated highly with 1/D2 (i.e., |r| > 0.5, except 0.492 in 
one case). Two other variables correlated highly only with 
each other. If we were to create a model like model 4 for 
each of these variables, the regression coefficient for the 
variable in a fitted model would be affected by the correlated 
independent variables not included in the model (Neter et 
al. 1990, 411). In effect, we would not be able to tell which 
variable the species was responding to. These variables were 
all constructed similarly, and all would be used similarly to 
investigate the effects of different possible biotic interactions 
(predators, brood parasites, competitors, and food resources) 
at the different types of woodlot edges (Ambuel and Temple 
1983). Therefore, we used the same rule, based on |r| > 0.5, 
to eliminate one of each pair of these highly correlated 
variables. For each of the 11 high correlations mentioned 
above, we retained 1/D2 and eliminated our new variable. 
We trusted the historical importance of our basic distance-
to-edge variable relative to a new, untested variable. For the 
other 2 highly correlated variables, we retained the one that 
occurs more often in Table 3 of Mancke and Gavin (2000). 
We were left with variables suburb/D2 and none2/D2, which 
latter was a measure of how many of the 4 edge points had 
no buildings within 200 m (none2 was previously called 
Ic200). We have already used suburb/D2 in model 4. We did 
not create an analogous model with none2/D2 because no 
forest species would be expected to avoid only edges with 
no buildings within 200 m. This variable will be important 
below. The range of suburb/D2 was 0 to 0.012 m-2, and the 
range of none2/D2 was 0 to 0.011 m-2.

Edge birds were also present in our sample plots. Candidate 
model 5 was an edge bird model for a species present only at 
forest edges: ln(1 + p) = A*[1 - exp(-K1A/D2)], where A and 
K1A were constant parameters, and K1A, measured in m2, 
was positive. For a species present only at suburban or urban 
edges, candidate model 6 was a modified edge bird model: 
ln(1 + p) = A*[1 - exp(-K2A*suburb/D2)]. For a species 
present only at edge points with no buildings within 200 m, 
candidate model 7 was another modified edge bird model: 
ln(1 + p) = A*[1 - exp(-K3A*none2/D2)]. K2A and K3A, both 
measured in m2, were constant, positive parameters. Species 
could also respond to more than one landscape variable, so we 
created candidate combination models 8-12 by multiplying 
models 2 and 4-7 by exp(-isolation/I). Note that model 3 is 
the same as model 1 times exp(-isolation/I). Therefore our 
12 candidate models were symmetrical in this respect. There 
were no other candidate combination models because we 
used only one distance-to-edge variable per model.

We also wanted to incorporate local variables into our 
models – measures of slope, aspect, elevation, openness of 
canopy, and forest age defined in Table 2 of Mancke and 
Gavin (2000). For example, consider variable Islope, which 
= 1 if the slope in the sample plot was 30% or greater, and = 
0 otherwise. We wanted to create 12 new candidate models 
by multiplying each of the above 12 landscape models by 
[B(or A) + E*Islope], where E was a constant parameter 
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that could be positive or negative – i.e., we believed that the 
effect of each local variable would be multiplicative rather 
than additive. However, we would be effectively introducing 
new product variables – Islope/D2, Islope*isolation, 
Islope*suburb/D2, and Islope*none2/D2). When we 
investigated correlations between these new variables and 
the previous variables, we found several high correlations. 
The same was true for the other 4 local variables. We 
concluded that we could not incorporate local variables into 
our models as we had wanted.

In summary, we had 4 landscape variables and no local 
variables. The highest correlation was between 1/D2 and 
suburb/D2 (r = 0.32). We had 12 candidate models, compared 
to thousands in Mancke and Gavin (2000). This decrease 
helped us greatly in determining the best model for each 
species (see below).

Next, we wanted the best-fitting, “final” model for each 
species, and we wanted it to be robust to the kinds of data 
variations that are inherent in field work. We accomplished 
this using bootstrapped data sets (Hjorth 1994), which 
we created using SPSS (SPSS for Windows, Version 16.0, 
Chicago, SPSS Inc., through IBM SPSS Statistics for 
Windows, Version 22.0, Armonk, New York, IBM Corp.) 
by randomly choosing 387 sample plots with replacement 
after each choice. Bootstrapped data sets introduce nothing 
extraneous; data are varied using the data itself (Hjorth 1994) 
(see Mancke and Gavin (2000) for more discussion about 
this). For each species, we fitted the 12 candidate models to 
each of 50 bootstrapped data sets, creating 600 fitted models. 
We used different bootstrapped data sets for each species. 
Dr. H. Lawrence Hotchkiss, a computer consultant at the 
University of Delaware, wrote an SPSS script that collected 
all of the important information from the 600 fitted models 
into one table. We then rejected every fitted model that did 
not satisfy two requirements: 1) the P value of the best-fit 
value of every parameter associated with a variable (i.e., 
every parameter except B or A) was less than 0.05; and 2) 
the best-fit value of every parameter in an exponent was 
positive. The 50 bootstrapped data sets were more than the 
10 that we had used previously. This was feasible due to our 
many fewer candidate models.

We also corrected a statistical error that we had made 
previously. Many of our models had K/D2 in the exponents. 
In Mancke and Gavin (2000), we had written these with T2 in 
place of K, where T, measured in meters, had been a constant 
parameter. When fitting these models, we had forgotten that 
the actual parameter to be fitted was T2, and we had asked 
SPSS to fit for the best value of T, not T2. There had been no 
problem with the fitted value of T; it was exactly equal to the 
square root of the fitted value of K. The problem had been 
that the P value of the fitted value of T had been too small. 
Therefore, because we required the fitted parameters to have 
P values less than 0.05, we had incorrectly judged some fitted 
models to be acceptable. In our re-analysis, we corrected this 
problem by using un-squared parameters in these exponents. 

(One might expect that any change in P value would be too 
small to be important. However, when, for example, we re-
fitted the 24 models in Table 3 of Mancke and Gavin (2000) 
with K in place T2, we found that 14 of the 24 K values had 
P values > 0.05, compared to only one T value.)

Let us return to the portion of the 600 fitted models that 
acceptably passed our two requirements. For each of the 
50 bootstrapped data sets, we identified the fitted model 
with the highest r2 as the “winning” fitted model. We 
then counted how many times each candidate model was 
represented in the 50 winning fitted models. The final model 
for the species was selected as the candidate model with the 
most winning fitted models. Because of our bootstrapped 
data sets, our final models were robust to typical field data 
variability, and were therefore the most reliable models that 
we could obtain. In contrast to this straightforward selection 
process, the analogous process in Mancke and Gavin (2000) 
had been inexpert, somewhat ambiguous, and even a bit 
subjective, primarily because of the extremely large number 
of candidate models. Finally, we fitted our 36 final models 
to the data for each species to create Table 1 of statistical 
models that replaced Table 3 of Mancke and Gavin (2000).

RESULTS

We found 3 forest-interior species, i.e., forest species that 
avoided woodlot edges – red-eyed vireo (Vireo olivaceus), 
ovenbird (Seiurus aurocapilla), and scarlet tanager (Piranga 
olivacea) (American Ornithologists’ Union 1998) (see 
Table 1). Two of these also responded negatively to woodlot 
isolation – ovenbird and scarlet tanager. We found 3 edge 
species – American robin (Turdus migratorius), gray catbird 
(Dumetella carolinensis), and northern cardinal (Cardinalis 
cardinalis), and 2 modified edge species found at suburban 
or urban edges – European starling (Sturnus vulgaris) and 
house sparrow (Passer domesticus). No additional species 
responded to woodlot isolation. There were no modified 
forest-interior species that avoided only suburban or urban 
edges, and there were no modified edge species that required 
the absence of buildings within 200 m. For the remaining 
28 species, the final models were the constant model, B (see 
Table 1).

DISCUSSION

We did not use variable area (woodlot area in hectares) 
in either of our analyses. The potential biological effects of 
distance to edge and area are very different. Forest species 
can be affected by distance to edge if predators, brood 
parasites, or competitors enter the woodlots from the edges, 
or if the amount of food varies near the edges (Ambuel 
and Temple 1983). Area can be important if the theory of 



83

MacArthur and Wilson (1963) applies, or because of the basic 
need for territory (Forman et al. 1976). The two variables 
are often highly correlated, because large distances to edges 
can occur only in large woodlots, while only small distances 
to edges can occur in small woodlots. Our distance-to-edge 
predictor variable, 1/D2, was very highly correlated with the 
appropriate area variable, 1/area (r = 0.90). Based on this, for 
our 3 forest-interior species, if we were to replace K1/D2 in 
Table 1 with J/area, where J, measured in ha, was a constant, 
positive parameter, we would expect equivalently good fits. 
This was exactly the case. The replacement models with 
J/area had equally significant parameters and comparable r2 

values. Therefore, we were not able to distinguish between 
the effects of depth or area in our re-analysis, nor in our 
previous analysis in Mancke and Gavin (2000), as pointed 
out by Parker et al. (2005).

Our third basic landscape variable, isolation (the shortest 
distance, in km, from the woodlot to a woodlot > 5000 ha), 
can be important if the theory of MacArthur and Wilson 
(1963) applies, or if predators increase with increasing 
isolation (Donovan et al. 1997). Variable isolation was 

the only one of the 3 basic landscape variables that was 
not highly correlated with the other 2; its correlation with 
1/D2 was r = 0.11, and with 1/area, it was r = 0.09. Nor was 
isolation highly correlated with any of the other variables, 
including those rejected or eliminated above. The highest 
correlation was between isolation and elevation (r = -0.32).

We searched the literature for studies of the effects of 
area (A), distance to edge (D), or isolation (I) on density or 
occurrence of our 36 species. We further asked which of 
these studies is designed such that at least one of its A, D, 
or I variables is not highly correlated with the other 2 (i.e., 
|r| < 0.5). We found 24 such studies. The responses of the 
36 species to the un-correlated variables in these papers are 
listed in Table 2. We compared our I results directly with 
Table 2. We found negative I effects for ovenbird and scarlet 
tanager (see Table 1), but not for the other 34 species. We 
had no model to test for a possible positive I effect, as listed 
in Table 2 for brown-headed cowbird (Molothrus ater). The 
3 positive, 3 negative, and 30 zero D effects that we found 
(see Table 1) were actually “A or D” effects, as explained 
above. Therefore, they must be compared with the combined 

Table 1. Revised statistical models for woodlot densities of 36 species of breeding birds in eastern Pennsylvania, USA

Species Final models Best-fit values of parameters (P values) r²
Forest-interior species and species responding negatively to isolation (3 species)
red-eyed vireo (Vireo olivaceus) B*exp(-K1/D2) B=0.166, K1=603 (0.033) 0.036
ovenbird (Seiurus aurocapilla) B*exp(-K1/D2)*exp(-isolation/I) B=0.524, K1=2165 (0.000), I=44.2 (0.000) 0.287
scarlet tanager (Piranga olivacea) B*exp(-K1/D2)*exp(-isolation/I) B=0.196, K1=318 (0.044), I=36.5 (0.009) 0.055

Edge species (5 species)
American robin (Turdus migratorius) A*[1 - exp(-K1A/D2)] A=0.396, K1A=459 (0.005) 0.129
gray catbird (Dumetella carolinensis) A*[1 - exp(-K1A/D2)] A=0.759, K1A=1233 (0.000) 0.357
European starling (Sturnus vulgaris) A*[1 - exp(-K2A*suburb/D2)] A=0.331, K2A=406 (0.021) 0.189
northern cardinal (Cardinalis cardinalis) A*[1 - exp(-K1A/D2)] A=0.320, K1A=1972 (0.003) 0.120
house sparrow (Passer domesticus) A*[1 - exp(-K2A*suburb/D2)] A=0.331, K2A=1186 (0.005) 0.215

Species not responding to landscape variables (28 species)
red-bellied woodpecker (Melanerpes carolinus) (B=0.062), downy woodpecker (Picoides pubescens) (B=0.060), northern 
flicker (Colaptes auratus) (B=0.033), eastern wood-pewee (Contopus virens) (B=0.039), great crested flycatcher (Myiarchus 
crinitus) (B=0.059), blue jay (Cyanocitta cristata) (B=0.212), American crow (Corvus brachyrhynchos) (B=0.126), black-
capped chickadee (Poecile atricapillus) (B=0.029), tufted titmouse (Baeolophus bicolor) (B=0.154), white-breasted nuthatch 
(Sitta carolinensis) (B=0.032), house wren (Troglodytes aedon) (B=0.066), wood thrush (Hylocichla mustelina) (B=0.183), 
cedar waxwing (Bombycilla cedrorum) (B=0.032), worm-eating warbler (Helmitheros vermivorum) (B=0.019), black-and-
white warbler (Mniotilta varia) (B=0.032), common yellowthroat (Geothlypis trichas) (B=0.037), American redstart (Setophaga 
ruticilla) (B=0.015), eastern towhee (Pipilo erythrophthalmus) (B=0.038), field sparrow (Spizella pusilla) (B=0.013), song 
sparrow (Melospiza melodia) (B=0.038), rose-breasted grosbeak (Pheucticus ludovicianus) (B=0.036), indigo bunting 
(Passerina cyanea) (B=0.068), red-winged blackbird (Agelaius phoeniceus) (B=0.017), common grackle (Quiscalus quiscula) 
(B=0.147), brown-headed cowbird (Molothrus ater) (B=0.056), Baltimore oriole (Icterus galbula) (B=0.066), house finch 
(Haemorhous mexicanus) (B=0.015), American goldfinch (Spinus tristis) (B=0.014)
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Table 2. Responses of density or occurrence of our 36 bird species to area (A), distance-to-edge (D), or isolation (I) variables in studies designed 
such that at least 1 of these 3 variables is not highly correlated with the other two (i.e., |r| < 0.5). Responses to the un-correlated variables are 
listed here.

Species Response to References*
A D I

Forest-interior species and species responding negatively to isolation in our study (3 species)

red-eyed vireo
0 0 – 7

+, +, 0, 0, 0, 0, 0, 0, 0, 0, 0, – 13, 17, 2, 9, 10, 15, 16, 18, 21, 22, 24, 1
0 19

ovenbird
+, +, +, +, +, +, +, +, 0, 0, 0, 0, 0, 0, 0 9, 10, 13, 16, 20, 21, 23, 24, 1, 2, 3, 8, 14, 15, 18

– 19

scarlet tanager
+ 11

+, +, 0, 0, 0, 0, 0, 0 9, 24, 1, 2, 10, 15, 16, 21
Edge species in our study (5 species)
American robin 0, 0, 0, –, –, –, – 2, 10, 18, 9, 13, 21, 24
gray catbird 0, 0, – 2, 24, 9
northern cardinal 0, 0, 0, –, –, –, – 17, 22, 24, 1, 2, 13, 16
European starling –, –, – 9, 13, 24
house sparrow – 9
Species not responding to landscape variables in our study (28 species)
red-bellied woodpecker +, 0, 0, 0, 0 13, 1, 16, 17, 24
downy woodpecker +, 0, 0, 0, 0, 0, 0 13, 2, 9, 16, 18, 21, 24
northern flicker 0, 0, 0, 0, 0, 0, – 1, 2, 9, 18, 21, 24, 13
eastern wood-pewee 0, 0, 0, 0, –, – 1, 9, 13, 24, 2, 22
great crested flycatcher 0, 0, 0, 0, – 2, 9, 13, 24, 22
blue jay 0, 0, 0, 0, 0, 0, 0, 0, 0, – 1, 2, 9, 16, 17, 18, 21, 22, 24, 13
American crow +, 0, –, –, – 1, 2, 9, 13, 24
black-capped chickadee 0, 0, 0, 0, 0 2, 9, 10, 18, 21
tufted titmouse +, 0, 0, 0, 0, 0 13, 1, 16, 17, 22, 24
white-breasted nuthatch +, +, 0, 0, 0, 0, – 17, 24, 2, 9, 16, 21, 1
house wren 0, 0, – 2, 13, 24

wood thrush
+, 0, 0, 0, 0, 0, – 13, 1, 2, 9, 16, 24, 10

0 0 6
– 19

cedar waxwing 0, 0, –, – 2, 18, 9, 21
worm-eating warbler +, + 23, 24
black-and-white warbler +, +, +, 0, 0, 0, 0, – 9, 18, 24, 1, 2, 10, 22, 21
common yellowthroat 0, 0, 0, –, – 2, 21, 24, 9, 13
American redstart +, +, 0, 0, 0, 0, – 9, 24, 2, 10, 15, 18, 21
eastern towhee 0, 0, –, – 2, 24, 1, 16
field sparrow –, –, – 1, 13, 24
song sparrow 0, –, –, – 2, 1, 9, 24

(Continued on next page)
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A and D columns in Table 2. (Our study was unique in this 
respect; none of the analyses in the 24 papers referenced in 
Table 2 resulted in “A or D” effects.) Overall, our non-zero 
D and I effects compared well with Table 2 but appeared 
to be conservative. All 6 species for which we found non-
zero effects were among the 11 most common species in our 
study. This suggests that we would need more data to fully 
test the other 25 species.

Finally, we wanted to compare our previous results in 
Mancke and Gavin (2000) with our re-analysis here. Two 
of the 3 species found to be forest-interior species above 
(red-eyed vireo and ovenbird) had also been categorized 
previously as forest-interior species – i.e., species with the 
multiplicative term exp(-T2/D2) in their models in Table 
3 of Mancke and Gavin (2000). One of the 2 species that 
responded negatively to variable isolation above (ovenbird) 
had also previously responded negatively to variable dbw, 
the previous name for isolation. Five species found to be 
edge species above had been included in the 18 species 
categorized previously as edge species – i.e., species with the 
term [1 - exp(-T2/D2)] in their models in Table 3 of Mancke 
and Gavin (2000). This difference was caused primarily by 
the corrected statistics error discussed above. Finally, the 2 
species found above to be positively affected by buildings at 
the woodlot edges – European starling and house sparrow, 
both of which are known to nest on buildings (Ehrlich et al. 
1988) – were among the 21 species categorized previously 
as being affected by buildings at the woodlot edges – 10 
positively and 11 negatively – as detailed in Table 4 of Mancke 
and Gavin (2000). This large difference resulted primarily 

from our elimination of all but 2 of the many building-related 
variables used previously in Mancke and Gavin (2000). If 
buildings at the edges of woodlots are important to more 
forest bird species in eastern Pennsylvania, USA, it will take 
an experimental design better than ours to uncover it.

We have emphasized proper identification of A, D, and I 
effects in this paper. For example, consider species that may 
respond negatively to I (isolation). If an entire landscape of 
forest fragments becomes too isolated from source areas 
for such species, then they could disappear from that entire 
landscape. Another example is the proper understanding of 
A (area) versus D (distance-to-edge) effects. For species that 
respond positively to D rather than A, i.e., forest-interior 
species, the warning of Temple (1986) still applies today: 
“…management practices that preserved large areas of 
forest, but permitted those areas to have elongated rather 
than compact shapes, indented rather than entire unbroken 
perimeters, or inclusions of open habitat within the fragment 
rather than a solid forest stand, would not benefit forest birds 
sensitive to fragmentation.” Improved experimental designs 
continue to be needed to correctly identify these important 
A, D, and I effects.

Species Response to References*
A D I

rose-breasted grosbeak
0, 0, 0, 0, 0 2, 9, 10, 18, 21

– 19
indigo bunting 0, 0, –, –, – 2, 13, 9, 22, 24
red-winged blackbird –, –, – 2, 9, 17
common grackle 0, –, – 2, 9, 24

brown-headed cowbird
0 + 5

0, –, –, –, –, –, – 2, 1, 4, 9, 12, 22, 24
Baltimore oriole 0, –, – 2, 9, 24
house finch
American goldfinch –, –, –, –, – 1, 2, 9, 13, 24

(Continued from previous page)

* 1 (Anderson et al. 1977), 2 (Austen et al. 2001), 3 (Betts et al. 2006), 4 (Brittingham and Temple 1983), 5 (Donovan et al. 1997), 6 (Driscoll 
and Donovan 2004), 7 (Dunford et al. 2002), 8 (Flaspohler et al. 2001), 9 (Freemark and Merriam 1986), 10 (Germaine et al. 1997), 11 (Hames 
et al. 2001), 12 Howell et al. 2007), 13 (Johnston 1947), 14-15 (King et al. 1996, 1997), 16 (Kroodsma 1984), 17 (Lay 1938), 18 (Morneau et 
al. 1999), 19 (Nol et al. 2005), 20-21 (Ortega and Capen 1999, 2002), 22 (Strelke and Dickson 1980), 23 (Wenny et al. 1993), 24 (Whitcomb 
et al. 1981)
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ABSTRACT

Flight performance data for flying animals are valuable 
for estimating energetic budgets and may be necessary 
for testing hypotheses of optimal foraging, predator-
prey response, and physiological demand. However, 
measuring the flight performance of birds, particularly 
in the field, may be expensive and time consuming. 
Additionally, depending on the level of biological scale 
or the particular research question, apparatuses such as 
laboratory-bound wind tunnels may be inappropriate. 
We offer a see-through tent as an inexpensive alternative 
for certain situations where the goal is simply to 
constrain the flight path of a bird for videography. Data 
on acceleration and morphology were sampled from 
birds in an old-field habitat in central Pennsylvania, 
USA and demonstrate the utility of the apparatus.
[ J PA Acad Sci  89(2): 88-91, 2015 ]

INTRODUCTION

Recent ecological and evolutionary literature suggests 
data linking ecology, behavior, and morphology are at a 
premium (Yong and Moore 1994, Corbin 2008, Corbin et al. 
2013). Typically, gathering ecomorphological performance 
data on birds is expensive and time consuming,often 
involving laboratory-bound wind tunnels or treadmills, 
and long-hours of animal training (Geyer et al. 2013, 
Maina and Jimoh 2013). These apparatuses are beneficial 
in that they provide sophisticated systems that facilitate the 
testing of flight physiology and biomechanics hypotheses in 
highly controllable settings. Also, they are helping to solve 
conservation issues such as window-kills (e.g. the flight tunnel 
at Carnegie Museum’s Powdermill Avian Research Center), 
and wind-farm placement (de Lucas et al. 2012). However, 

depending upon the research goals, these systems may be 
excessive, inappropriate, and/or impractical. For instance, 
transporting a wind tunnel into the field is impractical and 
using such a device to test ecomorphological hypotheses at 
a community scale would require the coordinated effort of 
many researchers and laboratories. While some ecologists 
have begun adapting laboratory materials for field use (see 
Warrick 1998, Matyjasiak 2013), alternative ideas are always 
valuable. We present a relatively inexpensive and mobile 
method for collecting flight performance data in the field.

As part of an ongoing study on avian wing-beat frequency, 
wing morphology, and flight acceleration (KEP and CEC 
in preparation), we needed to capture, measure, and mark 
(USFWS aluminum leg bands) birds in the field and film 
their release. To acquire standardized data on acceleration, 
we needed to direct the birds’ escape along a relatively 
fixed path while limiting the presence of obstacles. Initially, 
we built a convoluted PVC and plastic-mesh rectanguloid 
contraption. Because portability was a top priority, we used 
thin tubes of PVC and bonded only certain joints. This 
structure sagged, became disarticulated easily, and stank 
of toxic fumes. Inspired by children (of CEC), we suggest 
an alternative, simpler design to collect flight acceleration 
data on birds. To demonstrate, we captured, and filmed the 
release of several birds in old-field habitat on property owned 
by Bloomsburg University of Pennsylvania in Bloomsburg, 
PA, USA (~41°01’N, 76°45W).

MATERIALS AND METHODS

The field flight tunnel consists of an “Institutional See-
Thru 9 ft Tunnel” from Pacific Play Tents, Inc. (model 
#20517, length = 274 cm, diameter = 56 cm, Fig. 1), fully 
stretched and pinned to the ground using tent stakes or 
sticks, or positioned so that it would not roll. This play tunnel 
is constructed of a polyester weave with a coil of spring steel 
embedded and padded along its length. A cinching sleeve 
cover attached at one end (stock) functions to hold the tunnel 
in a collapsed state while not in use. Additionally, when 
partially cinched, this cover helps to prevent the backward 
escape by a bird during flight trials. To encourage flight 

1Accepted for publication December 2015.
4Corresponding author. email: ccorbin@bloomu.edu, telephone: 
570-389-4134
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down the tunnel, the opposite open end may (depending on 
species and habitat) be placed near vegetation.

Aspects of acceleration and wing-beat frequency may be 
affected by the launch. Birds can be released from a small 
stand, a hanging perch, or even a small board on the floor of 
the tunnel. We suggest the release of birds be standardized 
for each study. In our work with relatively small birds (e.g. 
passerines, woodpeckers, etc.), we found consistent results 
if birds are placed wings-folded (i.e. in bander’s grip), head 
towards opposite end with feet and belly touching a board on 
the floor immediately inside the tunnel, and then released. 
This ensures birds are all in the same relative position and 
also standardizes the downward (gravitational) component 
of acceleration. For our purposes, an ideal event consists of 
a launch and flight through the tunnel with no contact with 
inside walls.

Collecting data such as wing-beat frequency and 
acceleration are facilitated with the use of the tunnel. To 
demonstrate, we captured, measured, and then filmed the 
release of several birds in old-field habitat on property 
owned by Bloomsburg University in Bloomsburg, PA, USA 
(~41°01’N, 76°45W). The dominant vegetation consists of 
thick stands of ragweed (Ambrosia), goldenrod (Solidago), 
milkweed (Asclepias), rose (Rosa), and olive (Elaeagnus). 
To catch birds, we employed two loop-interdigitated 12 m 
x 2.5 m mist nets (30 mm mesh) stretched along a mowed 
path about 3 m wide during the spring and fall of 2012. Birds 
were weighed (nearest 0.5 g) with Pesola® spring scales, 
positioned inside the tunnel as described above, and released.

The lateral views of the releases were recorded with a 
tripod-mounted Casio EX-ZR100 at 240 fps, positioned 
externally 2.5 m away and 90° to the side of the tunnel. 
Films were imported into Logger Pro 3 (2012) to calculate 
average acceleration. Frame by frame analysis of change 
in x and y directions is possible, but for simplification and 
demonstration purposes, we assume net y-forces (lift and 
gravity) are near zero (Flift ≈Fgravity), or at least minimized 
due to the constraints of the tunnel roof, and net acceleration 
in the x-direction is constant. Hence, the maximum speed 
(x-direction) of the bird in each video was divided by the 

time to reach that speed (frame rate = 240 fps) to get average 
acceleration during that event. Institutional (Bloomsburg 
University) IACUC approval was obtained prior to data 
collection.

RESULTS AND DISCUSSION

Twenty-two birds of various species (see Table 1 and Figure 
2) were captured and released through the tunnel. In almost 
all cases, birds launched and flew directly out the other end 
(changes in y-axis were minor). Generally, it helped to hold 
the bird within the tunnel for a few seconds prior to release. 
We presume this allowed the bird to see the vegetation at 
the other end of the tunnel (Snyder 1946).  Additionally, this 
time was used to adjust recording equipment if necessary.

This tunnel provides a highly mobile means to constrain 
the flight path of birds upon release and facilitate their 
videography. In instances where birds are being captured 
and banded, we feel filming the releases and posting the data 
to a database (e.g. user defined fields in Bandit, Laurent et al. 
2011) could potentially improve our understanding of wing 
morphology and functional ecology with a small increase to 
project budget and minimal extra effort. For example, Table 
1 and Figure 2 are provided to help visualize the sort of data 
which can be facilitated by adding a tunnel and camera to 
banding efforts.

The system also is relatively inexpensive. Cost depends 
heavily on the particular recording system used. While a 
regular handheld stop- or wristwatch will work in many 
instances, actually filming birds increases the utility of 
the event. We used a Casio EX-ZR100 (~US$350-$400), 
because of high frame-rate capabilities and relatively large 
pixel number (12.1 MP). However, less expensive cameras 
are available and suitable. Collecting data such as wingbeat 
frequency and kinematics would require a camera with 
high frame-rate capabilities (e.g. the present camera), while 
collecting data on flight trajectory or acceleration would not. 
The institutional version of the play tunnel is approximately 
US$100. While this may seem expensive, lower quality 
versions may not have padded steel wiring or durable fabrics 
ideal for field conditions. Mobility in this system is excellent.  
The tunnel weighs 4 kg, and the company provides a sturdy 
fabric carry case that can also accommodate banding 
supplies and nets.

We have a few notes on system caveats and suggestions for 
improvement. We did not attempt to immediately recapture 
birds after release. This may be desirable for purposes of 
repeatability and/or experimentation. Simply adding a mist 
net at the end of the tunnel for recapture would be a potential 
strategy. However, we are unsure if a second or third trial 
would yield similar results due to capture sensitivity and/
or stress (see Davis 2005). Additionally, internal lighting 
may present a problem, particularly in systems where high 
speed filming is required. The “see-thru” mesh portion of 

Figure 1. The Institutional See-Thru 9 ft Tunnel” from Pacific Play 
Tents, Inc. Tunnel, model #20517, size is 274 cm length x 56 cm 
diameter.
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our tunnel is a dark blue color. Lighting may be increased 
with battery or solar powered rope or ribbon lights that are 
readily available in hardware stores and online (~ US$15 - 
$40). Also, a strip (or strips) of light colored material (e.g. 
a white sheet) could be affixed to the inside of the far wall 
of the tunnel to increase the contrast between the bird and 
the background. The efficacy of such accessories needs to be 
tested. Synchronized cameras, albeit costly, would allow for 
3-dimensional data collection and turning maneuverability. 
Warrick et al. (2002) elegantly demonstrate an additional 
camera simultaneously triangulating the 3-d location of 
a flying bird and acting as an obstacle to initiate a turning 
maneuver. The tunnel could be adapted easily to include 
such a setup.

Finally, with small adaptations, this system would easily 
suit projects using other flying (e.g. odonates, bats, etc.) or 
even running (e.g. lizards) species; similar systems have been 
used for a long time in dog training. Since the tunnel is not 
rigid, it could be modified to constrain angular, curvilinear, 
and/or vertical flight paths, or vertical take-offs and landings.  
Multiple tunnels could be added and configured to record 
maze-navigating maneuverability (Warrick 1998, Warrick 
and Dial 1998, Matyjasiak 2013). 

In conclusion, we present a simple, inexpensive, and 
highly portable system for capturing some types of flight 
performance data in the field. This system assembles in 
seconds, it is lightweight, durable, washable, harmless 
to birds, and easily added to the release points of banding 
stations. Performance data on volant organisms are at a 
premium (see Norberg 1990, and Provine 1994). Furthermore, 
performance data collected from utilization of such a system 
would be a welcome addition to data sets collected by bird 
banders and researchers.

Figure 2a. Acceleration and log10 transformed mass for 22 
passerine birds, and b. re-plotted using species averages. 

Species (sample size) Acceleration (m/s2) Log10 Mass (g)
American Goldfinch (4) 4.596 1.1
American Robin (2) 6.722 1.96
Brown Thrasher (1) 4.476 1.85
Chipping Sparrow (1) 3.423 1.23
Common Yellowthroat (1) 3.947 1.04
Gray Catbird (7) 3.741 1.59
Northern Cardinal (1) 4.389 1.64
Song Sparrow (2) 3.999 1.31
White-crowned Sparrow (1) 6.95 1.32
Yellow Warbler (1) 4.394 1.00

*AMGO, American Goldfinch (Spinus tristis); AMRO, American Robin (Turdus migratorius); BRTH, Brown Thrasher (Toxostoma rufum); 
CHSP, Chipping Sparrow (Spizella passerina); COYE, Common Yellowthroat (Geothlypis trichas); GRCA, Gray Catbird (Dumatella 
carolinensis); NOCA, Northern Cardinal (Cardinalis cardinalis); SOSP, Song Sparrow (Melospiza melodia); WCSP, White-crowned Sparrow 
(Zonotrichia leucophrys); YEWA, Yellow Warbler (Setophaga petechia).

Table 1. Morphological and performance data of birds flying through the field flight tunnel. Species 4-letter codes used in figure 2 and latin 
binomials are listed below the table*.
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