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Abstract 

Vernal pools are small, ephemeral wetlands that become inundated each spring and 

provide many ecosystem services to the surrounding upland forests. They also provide 

critical habitat for amphibians and invertebrates, as their temporary nature keeps them 

free of fish and reduces predator populations. As part of a mapping project, we collected 

baseline field data on vernal pool characteristics throughout five Great Lakes National 

Parks: Pictured Rocks National Lakeshore, Sleeping Bear Dunes National Lakeshore, 

Apostle Islands National Lakeshore, Isle Royale National Park, and Voyagers National 

Parks. Our goals were to characterize and assess how vernal pools vary within and across 

the five national parks, and determine which characteristics are most correlated with the 

presence of vernal pool indicator species. We sampled 139 pools during spring of 2021 

and 2022 where we collected data on pool characteristics related to hydrology, soils, 

vegetation, geomorphology, and indicator species. This baseline data shows that vernal 

pool characteristics do vary between the different parks. Many vernal pool qualities are 

driven by the type of substrate they occur on and overstory canopy species and amount of 

cover. The vegetation and canopy species present reflect the dominant vegetation of each 

park. We also created a classification system that describes which characteristics were 

most highly correlated to indicator species presence, resulting in a three-class system 

based on overstory species composition: Deciduous (>50% deciduous canopy), 

Coniferous (<50% deciduous canopy), and Open (<30% canopy cover). Indicator species 

were more likely to occur in pools with either a deciduous or open canopy than pools 

with a coniferous canopy. This information can be used to inform land managers within 
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the Great Lakes of vernal pool characteristics they can expect, and which pools are 

hotspots for indicator species. 



1 

1 Introduction 
 

Vernal pools are small, temporary wetlands that are hydrologically isolated and can 

be found throughout the forests of the Upper Midwest and Northeastern United States. 

Most vernal pools fill up with water each spring to form pools that a variety of 

amphibians and invertebrates depend on for habitat and reproduction (Karraker and 

Gibbs 2009; Thomas et al. 2010). The temporary nature of vernal pools keeps them free 

of fish and reduces the populations of other predators, providing feeding and resting 

places for amphibians and allowing them to breed with greater success (Calhoun and 

deMaynadier 2008; Calhoun et al. 2017; Rothenberger and Baranovic 2021; Hofmeister 

et al. 2022 

Vernal pools also contribute many ecosystem services to the surrounding forests, 

including increasing biodiversity of both plants and animals (Paton 2005; Flinn et al. 

2008; Mitchell et al. 2008; Schrank et al. 2015, Dixneuf et al. 2021), influencing nutrient 

cycling (Davic and Welsh 2004; Capps et al. 2015; Fritz and Whiles 2018; Atkinson et al. 

2021), and improving water quality and storage (Leibowitz 2003; Cohen et al. 2016). 

There are several wildlife species that rely exclusively on vernal pools for habitat and 

reproduction and are rarely found in other bodies of water, called vernal pool obligates or 

“indicator species”. The vernal pool indicator species most widely used in the Northeast 

and Midwestern United States includes the wood frog (Lithobates sylvaticus), spotted 

salamander (Ambystoma maculatum), blue-spotted salamander (Ambystoma laterale), 

fairy shrimp (Eubranchipus spp.) and fingernail clam (Sphaeriidae) (MVPP 2021, 

Calhoun et al. 2003, Thomas et al. 2010). These organisms rely on vernal pools for 
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habitat as well as serving their own important functions in the ecosystem such as nutrient 

translocation and role in the food web. For example, wood frogs have been found to 

disperse 19 kg C, 5.5 kg N, and 1.6 kg P annually from vernal pools into the surrounding 

forests (Capps et al. 2015). While they are not vernal pool obligates, other wildlife such 

as turtles, snakes, birds, and mammals also use vernal pools as a source of water, refuge, 

or food, but their presence is more difficult to document and measure (Silveira 1998; 

Mitchell et al. 2008; Eakin et al. 2018). Water storage is also improved as surface water 

is allowed to seep into the surrounding soil and into the deeper groundwater system when 

not restricted by clays. This allows for better water retention within the forest instead of 

losing water to the regional drainage system (Leibowitz 2003).  

Although vernal pools are vital to forests and wildlife, management and conservation 

of these features is lacking due to their cryptic nature, small size, and the extent to which 

they are integrated into the forest matrix (Calhoun et al. 2003). The wide inter-annual 

variability in hydrologic conditions also makes it difficult to locate them, as pools may 

not always be inundated in spring, especially during dry years and they are typically dry 

in the summer (Calhoun et al. 2017). In terms of legislation, vernal pools remain 

unprotected at the federal level because they are temporary, isolated, and too small to 

meet the criteria of the Clean Water Act (Burne and Griffin 2005; Christie and Hausmann 

2003). National parks and other large, protected areas are especially effective 

conservation tools because their continuous forests and lack of extractive industries 

means that pools do not need to be managed individually to remain intact. Considering 

the forest surrounding vernal pools as well as the pools themselves is equally important in 

maintaining functional vernal pools, as amphibians and other vernal pool users spend 
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most of their life in the upland leaf litter after mating, and canopy cover helps vernal 

pools persist longer into the summer by reducing evaporation rates (Richter et al. 2013; 

Gibbons 2003). Without proper protection, vernal pools are vulnerable to land use 

changes, climate change, forestry and agricultural operations, and urbanization. 

Vernal pools in the Great Lakes region are largely understudied, with few inventory 

resources for land managers despite the expansive forests that provide many 

opportunities for vernal pools to occur (Hofmeister et al. 2022; Calhoun et al. 2017). In 

actuality, vernal pools are abundant on the landscape and occur in at least three states in 

the western Great Lakes (Hofmeister et al. 2022). This study aims to provide descriptive 

baseline data for vernal pool charactieristcs in this region and how those characteristics 

change in response to differing landforms and forest types.  

Remote sensing is becoming more widely used in vernal pool identification and 

significantly reduces the amount of time and money it takes to locate vernal pools 

(Bourgeau-Chavez et al. 2016). With this tool, land managers inside and outside 

protected areas will be able to determine the location of vernal pools within their parcels 

without doing intensive land-based surveys, making it easier for them to consider these 

small forest features. Mapping methods are currently being developed and honed to 

create accurate and reliable maps (Leonard et al. 2012; Wu et al. 2014; Bourgeau-Chavez 

et al. 2016; Varin et al. 2021). With growing mapping capabilities, understanding 

differences in vernal pool characteristics and determining whether certain pools should be 

given higher conservation priority is critical to utilizing mapping efforts effectively. By 

examining vernal pool characteristics and their relationship with indicator species 
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occurrence, more detailed maps can be created, and land managers will be more likely to 

be able to use remote sensing products to aid conservation efforts (Campbell Grant 2005). 

Our goals were to 1) characterize vernal pools in five national parks across the Great 

Lakes region, 2) assess how vernal pools vary within and across the five national parks, 

and 3) determine which characteristics are most correlated with the presence of vernal 

pool indicator species. We hypothesized that canopy species, pool morphology, and soil 

organic matter would be significantly correlated with indicator species presence, with 

indicators occurring more frequently in pools with deciduous tree species, classic pool 

shape, and greater soil organic matter. These data will be utilized to improve ongoing 

vernal pool mapping efforts across these national parks and inform future remote sensing 

with a classification system describing characteristics correlated with indicator species 

presence.  
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2 Methods 

2.1     Study Area 

Five national parks were mapped and surveyed, including Apostle Islands National 

Lakeshore, Isle Royale National Park, Pictured Rocks National Lakeshore, Sleeping Bear 

Dunes National Lakeshore, and Voyageurs National Park. These parks occur within the 

Laurentian Great Lakes region of the United States and are located in Michigan, 

Wisconsin, and Minnesota (Figure 2.1). The parks vary in size, from Sleeping Bear at 

28,813 ha to Isle Royale at 231,395 ha. Voyageurs, Isle Royale, and the Apostle Islands 

are located on the Canadian Shield and have thin soils on top of the early Precambrian 

granite that makes up the continental crust underlying much of North America (Kurmis et 

al. 1986; Magnuson et al. 1997). Pictured Rocks lies on Cambrian bedrock which is 

predominantly sandstone and has abundant natural outcrops along the Lake Superior 

shoreline (VanderMeer et al. 2020). Sleeping Bear lies on sandy dune deposits overlying 

glacial sediment on the shore of Lake Michigan (Barnhardt et al. 2002). All the parks are 

strongly influenced by glaciation and have abundant post-glacial landforms. The climate 

throughout this region is mid-continental with warm summers, cold snowy winters, and a 

mean annual temperature between 1.4 and 5.8 °C (Magnuson et al. 1997). The average 

annual precipitation is between 784 and 1033 mm (Magnuson et al. 1997). Forests 

throughout the parks are representative of the dominant vegetation of their region. Boreal 

forests can be found in Isle Royale and Voyageurs, while beech-maple forest is present in 

Sleeping Bear and Pictured Rocks (Kurmis et al. 1986; Paulson et al. 2016). Northern 
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hardwood forests are most common in Pictured Rocks and the Apostle Islands, but they 

can be found in every park (Paulson et al. 2016).  

 
Figure 2.1. Map of the five national parks mapped and surveyed, all of which occur in the 

Great Lakes regions of the US.  

2.2     Field Data Collection 

A subset of potential vernal pools (PVPs) was selected from preliminary vernal 

pool maps for ground truthing and data collection at all five parks. Between 36-52 PVPs 

were chosen from each park. Parameters on PVP pool selection included being within the 

park boundary and within 600 m from a trail or lake edge to make it feasible to reach all 

PVPs in a timely manner. At Voyageurs National Park, pools were also selected based on 

accessibility due to record parkwide flooding in May of 2022. Sampling took place in the 
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spring of 2021 and 2022 between April 25 and June 10. Pictured Rocks, Apostle Islands, 

and Sleeping Bear were visited in 2021 and Isle Royale and Voyageurs were visited in 

2022. Visiting in the spring allowed for data collection during the period of pool 

inundation when the environment was most relevant to amphibian reproductive habitat.  

At each PVP that was visited we confirmed if it was a vernal pool by using the 

following definition: “Vernal pools are small (less than 1 ha), temporarily flooded 

wetlands located in confined depressions with no continuously flowing inlets or outlets or 

fish populations. They may be connected to other wetlands or as part of a larger wetland 

complex as long as those wetlands are confined, and in most years, they must dry up or 

draw down to expose all or most (i.e., >50%) of the pool bottom” (MVPP 2018). A wide 

variety of pool characteristics were recorded addressing pool morphology, hydrology, 

substrate, vegetation, and indicator species following protocols from the Michigan Vernal 

Pools Partnership (MVPP 2021).  

   Measurements of pool morphology included pool width, length, depth, and shape. 

Width and length were measured at the widest part of the pool using a hypsometer 

(Nikon Forestry Pro II). Depth was measured by wading into the pool and estimating 

depth using the observer’s leg as a measuring tool and bins of 0-30 cm, 30-60 cm, and 

60+ cm based on how far up their leg the water came. Pool shape was categorized into 

“classic” vernal pools and vernal pool “complexes” based on the shape of the basin and 

the complexity of the pool boundary (Schrank et al. 2015). Hydrologic characteristics 

included pH, how full the pool basin was, and whether or not the pool was isolated. 

Water level, or how full the pool basin was on the day of data collection, was measured 
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by estimating how much of the basin was filled with water using bins from 0-25%, 25-

50%, 50-75%, and 75-100%. The area surrounding the pool was inspected for inlets or 

outlets. If any were located, it was recorded whether they were temporary or permanent. 

The pH was measured using an EcoSense pH100A handheld meter placed into a section 

of the pool 30 cm deep if available.   

        Soil substrate under the pool was determined by collecting a 40 cm long soil core. 

The soil core was taken from a location one third of the way into the pool if the pool was 

shallow enough, and where the water reached 20 cm depth when the water got deep 

quickly. The substrate was then classified as fines (clay or silt), sand, peat, or bedrock 

based on its texture (Thein 1979). The thickness of the dark organic soil on top of the 

substrate was measured. Soil was determined to be organic and not mineral soil based on 

its dark color and its texture. A soil sample was collected from 0-10 cm and placed in 

whirl-pak-bags to be brought back to Michigan Technological University and analyzed 

for soil organic matter using the loss on ignition technique (Salehi et al. 2011, Konen et 

al. 2002).  

  Vernal pool vegetation examined in this study included canopy species and canopy 

cover. Canopy species was determined to be either deciduous (+50% deciduous trees) or 

coniferous (+50% coniferous trees). The percent canopy cover over the pool basin during 

leaf out was visually estimated using bins of 0%, 1-9%, 10-25%, 26-50%, 51-75%, and 

+75%. The canopy type of the pool was classified as closed (+30% tree cover) or open (-

30% tree cover). Based on the existing literature that indicator species presence is most 

highly correlated with canopy species (Degraaf and Rudis 1990; Sugalski and Claussen 
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1997; Harper and Guynn 1999; Renaldo et al. 2011), we developed a canopy class 

consisting of deciduous, open, and coniferous pools, with deciduous pools having >50% 

deciduous tree cover, coniferous pools having >50% coniferous tree cover, and open 

pools having <30% of any canopy cover (Figure 2). A checklist of the in-pool cover 

present was recorded, including shrubs, branches, sphagnum, algae, leaf litter, logs, 

submergent vegetation, and emergent vegetation.  

 

Figure 2.2. Examples of vernal pools with combinations of canopy species and cover, 

including deciduous closed (a), deciduous open (b), coniferous closed (c), and coniferous 

open (d). Closed canopies have tree limbs shading the entirety of the pool, although it is 

clear that closed deciduous canopies still allow abundant light into the pool in the spring 

during leaf-off. Open canopies have a permanent opening in the canopy that allows light 

into the pool year-round, often due to the size of the pool. Open pools were treated as a 

single category in analysis. 
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      Indicator species surveys were simple and meant to reflect the main users of each 

pool, not to be exhaustive in which organisms were present. Surveys were conducted by 

searching within the pool for egg masses, fairy shrimp, and fingernail clams at the 

beginning of sampling, and searching the surrounding 7 meters of forest for adult 

amphibians for 10 minutes at the end of pool sampling. The vernal pool indicator species 

most widely used in the Northeast and Midwestern United States includes the wood frog 

(Lithobates sylvaticus), spotted salamander (Ambystoma maculatum), blue-spotted 

salamander (Ambystoma laterale), fairy shrimp (Eubranchipus spp.) and fingernail clam 

(Sphaeriidae) (MVPP 2021, Calhoun et al. 2003, Thomas et al. 2010). To search for 

amphibian egg-masses, the perimeter and center of the pool were traversed, and twigs, 

logs, and emergent vegetation were examined for egg masses. A white frisbee was used 

to look for fairy shrimp and amphibian juveniles (tadpoles and salamander larvae) by 

dipping the frisbee in the water at several locations around the pool and examining its 

contents. The frisbee was also used to search for fingernail clams by scraping the edge of 

the frisbee into the leaf litter in the shallow edges of the pool and then taking a scoop of 

water and searching for the clams. Adult amphibians were searched for by turning over 

logs surrounding the pool basin. Photographs of indicator species were taken, and any 

other amphibian species found that were not indicators were photographed and recorded. 

Macroinvertebrate surveys were not included in this study. 
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Figure 2.3. Indicator species used in this study including the a) wood frog (Lithobates 

sylvaticus), b) spotted salamander (Ambystoma maculatum), c) fairy shrimp 

(Eubranchipus spp.), d) blue-spotted salamander (Ambystoma laterale), e) and fingernail 

clam (Sphaeriidae). 

2.3     Statistical Analyses 

    Differences in continuous vernal pool characteristics among the different national 

parks, including pool width, length, depth, spring water level, pH, soil organic matter, 

organic matter depth, and canopy cover, were evaluated using a general linear model 

(Minitab version 20.4, 2021). Tests were run on the mean values obtained for each 

characteristic, with park as the factor. Prior to running the general linear model, each 

characteristic was log transformed to better meet the assumption of normality of error 

terms (Rawlings et al. 1998). A Tukey HSD post-hoc test was performed on each 

significant model to investigate pairwise comparisons. Similar analyses were performed 

examining the differences between continuous characteristics among the three 

classification types, but with classification type as the factor instead of park.  
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     Pearson chi-squared tests were used to determine if there were significant differences 

in the proportions of pool shape, substrate, and canopy species among the five parks 

visited. This test was also used to determine correlations between pool shape and canopy 

species among the substrate types. For analyses including substrate, peat and bedrock 

were combined into an “other” category due to few occurrences, resulting in three 

substrate categories: sand, fines, and other.  

          To determine which characteristics were most correlated with indicator species 

presence, binary logistic regression was used with indicator presence (1) or absence (0) as 

the response variable and vernal pool characteristics as the explanatory variable, with 

Park as a random effect. Explanatory variables used included pool width (m), pool depth 

(cm), water temperature (°C), pH, soil organic matter (%), substrate type (sand, fines 

(clay and silt), other (peat and bedrock)), pool shape (classic or complex), and canopy 

classification (deciduous, coniferous, open). Univariate regressions were run on each 

pool characteristics so effect size could be determined individually. Each characteristic 

was run against three response variables: any of the five indicator species, any amphibian 

species (wood frog (Lithobates sylvaticus), spotted salamander (Ambystoma maculatum), 

blue-spotted salamander (Ambystoma laterale)), and either fairy shrimp (Eubranchipus 

spp.) or fingernail clam (Sphaeriidae). Finally, a global model was run with all 

explanatory variables included and any indicator species presence as the response 

variable to investigate characteristic significance in conjunction with one another. The 

logistic regression was carried out in R Statistical Software (v4.2.1; R Core Team 2021) 

using the lme4 R package (v1.1.31; Bates et al. 2015) with binomial distribution and the 

logit link function.  
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3 Results 

3.1     Vernal Pool Characteristics 

Throughout the two field seasons, we sampled 139 confirmed vernal pools across 

the five national parks (Table 1; Figure 3). Pools are on average 30 m wide and 36 cm 

deep, although they can be as small as 7 m wide and 8 cm deep or as large as 100 m wide 

and 122 cm deep (Table 2). Apostle islands had the smallest vernal pools on average 

(18.8 ± 2.3 m) while Isle Royale had the largest pools (38.9 ± 2.9 m; Table 2). Voyageurs 

and Sleeping Bear Dunes had the shallowest pools (24.1 ± 2.3 cm) and deepest pools 

(47.2 ± 7.3 cm), respectively (Table 2). Among pool geomorphologic types, classic pools 

were more common, occuring 60% of the time, while vernal pool complexes occurred 

40% of the time (Table 1). Classic pools were more common at Isle Royale, Pictured 

Rocks, and Sleeping Bear, while vernal pool complexes were more common at Apostle 

Islands and Voyageurs (X2 (4, N = 139) = 19.60, p=0.0009). Most of the pool basins were 

only partially full at the time they were visited, resulting in a mean water level percent of 

70 ± 2.1% (Table 2). The average pH of the pools was 6.1 ± 0.1, and was significantly 

higher at Apostle Islands and lower at all of the other parks (Table 2).  
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Figure 3.1. Sampled vernal pools at each of the five National Parks, color coded based on 

their classification type; red dots for Open pools, blue dots for Deciduous pools, yellow 

dots for Coniferous pools. Some pools hidden due to close proximity.  

Sand was the most common substrate, closely followed by fines (clay + silt), with 

peat and bedrock occuring much less frequently (Table 1). Fine substrates were more 

common at Apostle Islands and Voyageurs, while sand was more common at Pictured 

Rocks and Sleeping Bear (X2 (8, N = 139) = 35.45, p < 0.0001). Isle Royale had a fairly 

even distribution of sand and fine substrate types (Table 1). The mean soil organic matter 

content across all the parks was 27.9 ± 1.9% with a range of 2.3 to 94.4% (Table 2). Pool 

shape was correlated with substrate (X2 (2, N = 139) = 16.60, p=0.0002), with sandy 

substrates correlating with classic pools while fine substrates were more commonly 

associated with complex pools. Deciduous pools were equally likely to occur on fine and 

sandy substrates, but conifers were more common among the “other” substrates (peat and 

bedrock) collectively (X2 (2, N = 128) = 10.15, P=0.0063).  
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Summer canopy cover was 54.1 ± 2.5% on average (Table 2). Sleeping Bear had 

significantly less summer canopy cover  than the other parks, while Apostle Islands had 

the greatest canopy cover (Table 2). Deciduous canopies were more common across all 

the parks (X2 (4, N = 139) = 11.305, p=0.0233), with Isle Royale and Sleeping Bear being 

the only parks to have over 10% of the pools be coniferous (Table 1).  

Indicator species were found at 100 of the 139 vernal pools sampled (Table 1). 

Very few other species besides indicators were found during sampling, with only few 

occurences of eastern red-backed salamanders (Plethodon cinereus) and green frog 

(Lithobates clamitans). Across all the parks, fingernail clams were found 45% of the time 

and were the most common indicator species found, followed by blue-spotted 

salamanders (33%), wood frogs (25%), and fairy shrimp (16%), with spotted salamanders 

being the least common (9%; Table 1). Isle Royale had the greatest occurrence of 

indicator species overall, while Pictured Rocks had the greatest diversity of indicators 

with all five of the indicator species present (Table 1). Conversely, Voyageurs and 

Apostle Islands had the lowest variety of indicators present and Voyageurs had the fewest 

indicators overall.   
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Table 3.1. Percent occurrence for categorical pool characteristics for each park sampled. 

Parks include Apostle Islands National Lakeshore (APIS), Isle Royale National Park 

(ISRO), Pictured Rocks National Lakeshore (PIRO), Sleeping Bear Dunes National 

Lakeshore (SLBE), Voyageurs National Park (VOYA), and all of the parks combined. 

 

Table 3.2. Mean values for continuous pool characteristics for each park along with their 

mean standard error. Parks include Apostle Islands National Lakeshore (APIS), Isle 

Royale National Park (ISRO), Pictured Rocks National Lakeshore (PIRO), Sleeping Bear 

Dunes National Lakeshore (SLBE), Voyageurs National Park (VOYA), and all of the 

parks combined. Superscripts with different letters denote significant differences to the 

0.05 level. 
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3.2     Indicator Species Correlations 

Based on univariate logistic regression models, the presence of any indicator species 

was most strongly correlated with canopy class (deciduous, coniferous, and open) (Table 

3). Indicator species presence was equally common between deciduous and coniferous 

open pools (X2 (1, N = 36) =1.403, p=0.236) while deciduous and coniferous closed pools 

had singificantly different counts of indicator species presence (X2 (1, N = 103) = 19.189, 

p<0.0001). This resulted in combining both deciduous and coniferous open pools into a 

single category, “Open” pools, while leaving closed canopy pools separate based on their 

canopy species, “Deciuous” or “Coniferous”. Deciduous and open pools were much more 

likely to contain indicator species than coniferous pools (X2 (2, N = 139) = 20.063, 

p<0.0001), with deciduous and open pools having nearly the same proportions of 

indicator species (Figure 4, Table 5). Pool width was also correlated with indicator 

presence but to a lesser extent, with indicators being more likely to occur in larger pools 

(Table 3). Regression models for amphibian and either fairy shrimp or fingernail clam 

presence followed a similar pattern to models including any of the five indicators, 

differing only in that amphibians were correlated with deeper vernal pools instead of 

larger pools (Table 3). The stepwise multivariate logistic regression included pool width, 

pool depth, and the classification system in the final model (Table 4). Within the stepwise 

model, deciduous and open pools were highly significant predictors of any indicator 

species being present, followed by pool depth to a lesser extent. Deciduous pools were 

the most common pool type and coniferous pools were the least common at every park 

(Table 1, Figure 3). Open pools occurred on sandy soils most frequently and were deeper 
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than deciduous or coniferous pools (Table 5). Deciduous and coniferous pools occurred 

on all soil types and tended to be shallower (Table 5).  

 
Figure 3.2. Percent occurrence for each indicator species (wood frog (Lithobates 

sylvaticus), spotted salamander (Ambystoma maculatum), blue-spotted salamander 

(Ambystoma laterale), fairy shrimp (Eubranchipus spp.) and fingernail clam 

(Sphaeriidae)) by classification type; Deciduous, Coniferous, and Open. 

 
Figure 3.3. Probability of indicator species presence for each class based on binary 

logistic regression model. 
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Table 3.3. Results from logistic regression models predicting occurrence of indicator 

species in vernal pools. Variables grouped by response variable, examining occurrence of 

any indicator species, only amphibian species (wood frog (Lithobates sylvaticus), spotted 

salamander (Ambystoma maculatum), blue-spotted salamander (Ambystoma laterale)) 

and either fairy shrimp (Eubranchipus spp.) or fingernail clams (Sphaeriidae). 
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Table 3.4. Results from global multivariate logistic regression model with all explanatory 

variables included, correlating explanatory variables with any of the five indicator species 

in vernal pools.  

 

Table 3.5. Number of occurrences for each location, pool depressional type, and soil type 

for each classification type: Deciduous, Coniferous, and Open. Percent occurrence of 

each indicator species and mean and standard deviation for several characteristic for each 

class. Superscripts with different letters denote significant differences to the 0.05 level. 

    Deciduous Coniferous Open 

Percent Occurrence 

Total 65% 10% 24% 

Sand 29% 4% 19% 

Fines 33% 4% 4% 

Peat 4% 2% 0% 

Bedrock 0% 1% 1% 

Any 79% 21% 74% 

Wood frog 24% 14% 32% 

Spotted salamander 7% 0% 18% 

Blue-spotted salamander 34% 7% 41% 

Fairy shrimp 16% 0% 21% 

Fingernail clam 53% 7% 38% 

None 21% 79% 26% 

Mean and Std Error 

Width (m) 
Mean ± SE 29.5 ± 1.9A 31.5 ± 7.7A 29.8 ± 2.9A 

Range 7-100 10-100 10-65 

Depth (cm) 
Mean ± SE 30.5 ± 2.1A 28.6 ± 3.6A 56.3 ± 5.4B 

Range 0-91 8-61 12-122 

pH  
Mean ± SE 6.3 ± 0.1A 6.0 ± 0.3A 6.0 ± 0.2A 

Range 4.0-7.6 3.8-7.6 3.8-7.6 

Soil organic matter 
(%) 

Mean ± SE 27.5 ± 2.4A 40.0 ± 7.1A 23.9 ± 3.3A 

Range 2.3-94.4 9.8-89.7 2.5-72.2 

Summer canopy 
cover (%) 

Mean ± SE 66.4 ± 2.3C 51.2 ± 7.1B 21.7 ± 2.7A 

Range 11-90 12-100 4.5-71 
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4 Discussion 

4.1    Pool Characteristics 

While there is a broad body of work regarding vernal pools in the Northeastern 

US, there is little information about vernal pools in the Great Lakes region. We found 

that vernal pools were abundant within five National Parks across the Great Lakes region 

and generally resembled vernal pools in the northeastern United States (Calhoun 2003; 

Tiner 2003). This allows for research and knowledge about Northeast vernal pools to be 

applied to pools in the Great Lakes. Great Lakes vernal pools that we sampled ranged 

between 20 to 6000 m2 in surface area, with depths between 8 and 122 cm, which is 

similar to northeastern vernal pools that vary in size from 50 to 3000 m2 in surface area 

and 10 to 150 cm in depth (Brooks and Hayashi 2002; Calhoun et al. 2003). Great Lakes 

vernal pools also occur in forested settings surrounded by uplands or as part of larger 

forested wetlands (Tiner 2003). Northeastern forests are similar to forests in the Great 

Lakes region, as they are dominated by northern hardwoods and mixed conifer forests 

with common species such as maples, spruce, and fir (Calhoun et al. 2003). Pools in both 

regions also exhibit similar hydrology, with inundation occuring in the spring and 

potentially in the fall, and experiencing high variability of surface water duration 

depending on the timing and volume of precipitation each year (Brooks and Hayaski 

2002; Calhoun et al. 2003). Differences between northeastern and Great Lakes region 

vernal pools can be found in the substrate they occur on. While it is common to find 

vernal pools in both regions on fine and sandy substrates, the granite outcrops of the 
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Canadian Shield and the sand dunes found along the shore of the Great Lakes are 

different than landforms of the northeast (Tiner 2003; Reinhardt and Hollands 2008).  

When comparing pools within the Great Lakes region, broad trends in pool 

characteristics were evident. Many vernal pool charcteristics were driven by the type of 

substrate they occur on, their overstory canopy species, and the amount of canopy cover, 

which varied from park to park based on the soils and vegetation present in each area.  

All parks visited occur on glacially deposited or altered soil, but the types of 

landforms left by the glaciers differ across the region. Soils within Voyageurs and the 

eastern two thirds of Isle Royale are thin, largely fine textured, and have abundant 

exposed bedrock in the area (Huber 1973; Magnuson et al. 1997). Isle Royale is unique in 

that the soils on the east and west sides of the island differ substantially. The western 

third of the island has much deeper soils consisting of loamy sand (Huber 1973). Fine 

soils were also more abundant at Apostle Islands, due to its position on the southern edge 

of the Canadian Shield (Table 1; Magnuson et al. 1997). Pictured Rocks and Sleeping 

Bear had much deeper soils, almost entirely made up of sandy substrate, as they are 

located on sandstone and dunes formed by Lake Superior and Lake Michigan, 

respectively (Table 1; Barnhardt et al. 2002; VanderMeer et al. 2020). 

The soils that vernal pools occur on are important because different soil types 

drive many of the differences in pool morphology and vegetation. Generally, we found 

that fine substrates (clay and silt) correlated with a complex pool morphology and sandy 

substrates correlated with classic pool morphology. Complex pools were shallower, made 

up of several smaller, interconnected pools, and had closed canopies while classic pools 
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had a single larger depression that was typically deeper and has a mixture of closed and 

open canopies, depending on the size of the pool. Substrate and pool morphology are 

related because of the varying ability of soil particles to retain water based on particle 

size (Evans and Freeland 2001; Liebowitz and Brooks 2007). Sandy soils drain more 

readily than clay soils, frequently resulting in larger and deeper pool sizes than on fine 

soils where water is more easily retained, even in shallow depressions. We saw that 

Voyageurs had the shallowest pools on average, and it was most common to find pools 

that were large, shallow complexes. Sleeping Bear had the deepest pools on average, 

which were commonly classic pools that resembled small ponds. The other three parks 

followed this pattern as well based on the substrate most common in each area.  

Different soil types can also impact the type of vegetation that is present. Soils are 

one of the many environmental factors that influence forest type, with moisture and 

nutreint availability varying based on soil traits (Braun 1935; Boerner 2006). While not a 

difinitive rule, species such as oaks, pines, and other conifers gererally occur more 

frequently on sandy soils, and northern hardwoods such as maples tend to be found on 

more loamy soils (Pastor and Broschart 1990; Pakil et al. 2007). When examining vernal 

pool vegetation, we focused on overstory functional groups (deciduous and coniferous) 

and canopy cover and did not examine vegetation to the species level. Although we did 

not measure it, it is known that vernal pool vegetation does differ at the species level 

from pool to pool based on hydrology and geomorphology, particularly at the functional 

group level of shrub, emergent, and forested vernal pools (Palik et al. 2007; Flinn et al. 

2008). However, there are no specific vegetation species that are vernal pool obligates. 

Many species that are found in vernal pools can also be found in other wetland types or in 
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the surruonding upland habitat, depending on the hydrology of the pool (Cutko and 

Rawinski 2008; Flinn et al. 2008). Within our data, which examined functional groups in 

overstory trees, differences in vegetation composition between the parks was not as 

evident as with differences in soils. Deciduous tree species were more common overall, 

with few conifer pools and occasional open pools (Table 1). All five parks are located 

within the same climatic zone, and although some extend into the hemi-boreal zone, they 

all occur within range of nothern hardwood forests (Magnuson et al. 1997). Any 

differences in overstory species or functional group will reflect the dominant vegetation 

within each park (Kurmis et al. 1986; Paulson et al. 2016).  

4.2    Mapping Vernal Pools 

This study collected and analyzed in-situ data on vernal pool characteristics to 

provide verification of vernal pool status and context for maps based on multi-source 

remote sensing. Most vernal pool maps describe only one class: vernal pool. Even 

without additional information about each vernal pool, these maps are incredibly useful 

and effective in locating vernal pools. Providing more information to vernal pool maps 

could further extend their use by assigning context to each pool and expanding what is 

known about vernal pools in a given area. The challenge in assigning context lies in 

determining what information should be considered, and thus which vernal pool 

charactieristics should be included in finished mapped products. It is well established in 

the literature that salamanders and other amphibians use deciduous stands more 

frequently than conifer stands (Degraaf and Rudis 1990; Sugalski and Claussen 1997; 

Harper and Guynn 1999; Skelly et al. 2005; Renaldo et al. 2011). Based on the literature, 
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we developed a three-class system separating vernal pools into deciduous, coniferous, 

and open based on their canopy species and cover. Although three classes are reported in 

the final results of this study, there are four combinations of canopy cover and species 

that can be made: deciduous closed (89 of the 139 sampled pools), deciduous open (22 

pools), coniferous closed (14 pools), and coniferous open (14 pools). Our data supports 

the hypothesis that indicator species are more likely to occur in deciduous or open pools 

than coniferous pools. This does not discount the ecological value of coniferous vernal 

pools, as they still improve water quality and increase biodiversity of vegetation and 

other wildlife species. Instead, it highlights that deciduous pools are particular hotspots of 

biodiversity for indicator species and allows those pools to be located. Whether or not a 

pool has indicator species does not change its identity as a vernal pool, as it is still a 

temporary body of water on the landscape that influences the dynamics of water, 

vegetation, and wildlife. We similarly hypothesized that pool morphology (i.e. classic or 

complex) and soil organic matter would influence indicator species, but our data does not 

support these conclusions.  

Considering this three-canopy class classification system that relies on tree 

functional type and canopy cover, we are able to use remote sensing to map these 

characteristics from Li-DAR and optical-IR data over the parks. Such classified map 

products for each identified potential vernal pool would allow land managers to use this 

classification system on all the mapped pools in a given area, not just ones that have been 

field verified. It also means including this information is low cost in terms of funds and 

labor. The higher likelihood of indicator species occurring in deciduous or open pools is 
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likely due to the lack of leaves shading the pool in the spring, increasing light availability 

and water temperature, and the different chemistry of deciduous leaf litter. 

Increased light availability in the spring months is important to early spring 

vegetation, providing much-needed energy after the winter months. Both emergent 

vegetation and organisms growing in the water such as algae and periphyton benefit from 

increased light levels (Skelly et al. 2002), which in turn benefits amphibians. Emergent 

vegetation serves as a structure to lay eggs on and as cover for both amphibian adults and 

larvae, allowing them to hide from predators. Algae and periphyton are important food 

sources for tadpoles, and increased algal growth increases available resources for 

tadpoles to feed on (Skelly et al. 2002; Schiesari et al 2009; Montana et al. 2019). After 

collecting data in 2021 that pointed towards the importance of canopy species, we 

collected additional data on coniferous and spring canopy cover during the 2022 field 

season. The amount of coniferous canopy cover over a pool had a significant relationship 

with spring canopy cover, with greater conifer cover resulting in greater spring canopy 

cover. While we did not measure light concentrations, it was very apparent that pools 

with less spring canopy cover were brighter.  

In addition to light itself benefiting amphibians, increased light levels likely also 

lead to an increase in spring water temperature. Within the framework of this study, 

increased water temperatures are relative to cold snowmelt and are only beneficial during 

the early spring. During this time, warmer water temperatures are more favorable to 

amphibians, as lower water temperature leads to slower growth, reduced survival, and 

fewer amphibians in pools that are heavily shaded in the spring (Stewart 1956; Newman 
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1998; Skelly et al. 2005). Warmer water is only beneficial to vernal pool indicator species 

within the context of forested pools. All pools in this study occurred with trees above the 

pool or nearby, including open pools which were surrounded by forest and had trees 

growing on or near their edge and were merely open in the center of the pool. When 

summer arrives and leaves come out, most pools become shaded, and evaporation is 

slowed enough for the pool to persist longer into the summer. This is extremely 

important, because without the nearby canopy, these pools would dry too quickly, and 

many amphibian populations would not survive. Nearby trees also provide leaf litter to 

the area surrounding the pool which is important to amphibians’ moisture retention and 

survival after they leave the pool.  

Leaf litter quantity and quality are also important characteristics in habitat quality. 

Deciduous leaf litter is often thicker on the forest floor and more abundant than conifer 

litter and holds moisture more effectively (Degraaf and Rudis 1990; Harper and Guymm 

1999). This is beneficial to amphibians because they lack their own mechanism for 

retaining moisture and instead depend on their environment to fulfill this task (Grover 

1998; Rittenhouse et al. 2004; Homan et al. 2008). Conifer needles are also of “lower 

quality” for dietary purposes than deciduous broad leaves, meaning they have fewer 

available nutrients and more abundant difficult to break down compounds like waxes, 

lignins, and phenolics (Don and Kalbitz 2005; Hart et al. 2013; Joly et al. 2016). Some 

amphibians such as tadpoles use leaf litter and detritus as food sources, meaning pools 

with lower quality conifer litter will have poorer food sources (Scheisari et al. 2009; Fritz 

and Whiles 2018; Montana et al. 2018). This can have negative effects on tadpoles, 

reducing survival rates and affecting tadpole development (Stoler and Relyea 2013). 
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While there are certainly differences in litter chemistry at the species level, differences in 

litter characteristics are more strongly influenced by plant functional type than by 

individual species (Joly et al. 2016). In addition to canopy species directly above the 

pool, the forest type of the habitat surrounding breeding pools or ponds is also likely to 

be important. Salamanders spend most of their lives in the adjacent upland habitat 

surrounding the pools, and having litter that can help them retain moisture and serve as a 

productive food source would be beneficial (Gibbons 2003; Semlitsch and Bodie 2003; 

Rittenhouse and Semlitsch 2007; Harper et al. 2008).  

Most of the stated reasons so far correspond to amphibians, but fairy shrimp and 

fingernail clams are important indicators as well. It is less clear why deciduous pools 

would be favorable to these species, as fairy shrimp and fingernail clams have no life 

history traits of their own that correspond with the characteristics of deciduous pools 

better than coniferous pools (McKee and Mackie 1981; Woodward and Kiesecker 1994). 

However, our data show that these species use deciduous pools more frequently than 

coniferous pools. The most likely scenario is based on their passive dispersal methods 

(i.e. depending on other organisms for dispersal instead of moving themselves). Because 

fairy shrimp and fingernail clams depend mainly on salamanders and birds to transport 

them from one pool to the next (Bohonak and Whiteman 1999; Colburn et al. 2007), it is 

logical that they would mainly occur in pools that suit the needs of their dispersers. Since 

it has been established that fairy shrimp and fingernail clam dispersers use deciduous 

pools more frequently than coniferous pools, these species will also be found primarily in 

these locations.  
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The data found in this study show that deciduous and open vernal pools are 

hotspots of biodiversity, but coniferous vernal pools are also valuable parts of the forest. 

All vernal pools serve important ecosystem services including providing water sources to 

wildlife, improving water storage, and increasing the biodiversity of the landscape 

(Leibowitz 2003; Eakin et al. 2018; Hofmeister 2022). Indicator species are most heavily 

reliant on vernal pools, but many other species benefit from their presence and are simply 

more difficult to document and measure, including birds and mammals. It is also well 

established that it is important to conserve a range of vernal pool characteristics in order 

to improve their resilience to climate change, as well as forest pests and disease (Calhoun 

et al. 2003; Petranka et al. 2007; Karraker and Gibbs 2009). As temperatures warm and 

precipitation patterns change, which water bodies serve as a vernal pool will likely 

change as well, making it increasingly important to protect a wide variety of vernal pool 

characteristics to ensure that vernal pools persist on the landscape. The benefit of 

applying this classification system to maps is not to eliminate certain vernal pools from 

conservation efforts but to highlight areas of increased biodiversity while providing 

relevant information and context to land managers with little added cost or effort. With or 

without indicator species, vernal pools are still biophysically temporary bodies of water 

on the landscape that influence the dynamics of water, vegetation, and wildlife. 

In addition to the classification system developed in this study, landscape 

connectivity of vernal pools may also be influencing where biodiversity hotspots are 

occurring (Rothermel and Semlitsch 2002; Compton et al. 2007; Crawford et al. 2016; 

Allen et al. 2020). Limitations to amphibian dispersal such as human disturbance and 

development or natural barriers such as cliffs, rivers, and large open expanses could 
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isolate certain vernal pools. Amphibians tend to operate as a metapopulation across a 

larger area (Marsh and Trenham 2001; Bertasello et al. 2022), meaning dispersal 

limitations that isolate pools from one another may limit population viability. High intra-

annual variability in vernal pool hydroperiods necessitates occasional recolonization of 

pools after years of drought (Bertasello et al. 2022). Barriers to movement between pools 

would stop recolonization attempts and may explain the absence of amphibians at vernal 

pools that are otherwise excellent habitat. In order to determine landscape connectivity of 

pools within the parks surveyed in this study, further work is needed to create 

connectivity models for each area.  
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5 Conclusion 

In summary, vernal pools are critical habitats for maintaining forest functions and 

increasing biodiversity, and they deserve the attention and action of conservation efforts. 

This study provides descriptive baseline data for the Great Lakes region which will allow 

land managers to have a better understanding of the systems they are working with. We 

found that substrate and vegetation within vernal pools reflects those of the areas they 

inhabit, and that substrate type can have significant impacts on other vernal pool 

characteristics such as size, pool morphology, and vegetation type. Vernal pools 

examined in this study were similar to those found in the Northeastern US and differed 

from other temporary water bodies such as vernal pools from California or Prairie 

potholes, thus outlining what research from other regions can be applied in the Great 

Lakes. Our data also supports the hypothesis that deciduous and open vernal pools are 

more likely to support indicator species populations than coniferous pools, with pool 

width and depth being secondarily important. Even without this added information, 

remote sensing of vernal pools is incredibly useful to land managers and will allow them 

to make land use decisions with the locations of vernal pools in mind. A wide range of 

vernal pool characteristics should be preserved in order to maintain biodiversity and 

forest functions. Utilizing our classification system in tandem with remote sensing efforts 

will provide additional context to vernal pool maps, and increased understanding of 

vernal pool functions empowers land managers to make better land use decisions.  
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Appendix A. Tables and Figures 

 

Figure A.1. All mapped vernal pools at Pictured Rocks National Lakeshore. Different 

colored pools correspond to the number of times the pool was identified using three 

different remote sensing methods.  
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Figure A.2. All mapped vernal pools at Apostle Islands National Lakeshore. Different 

colored pools correspond to the number of times the pool was identified using three 

different remote sensing methods.  
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Figure A.3. All mapped vernal pools at Voyageurs National Park. Different colored pools 

correspond to the number of times the pool was identified using three different remote 

sensing methods.   
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Figure A.4. All mapped vernal pools at Sleeping Bear Dunes National Lakeshore. 

Different colored pools correspond to the number of times the pool was identified using 

three different remote sensing methods. 
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Table A.1. Complete dataset of vernal pools from all five National Parks visited in this study. Continued on next page. 
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Appendix B. Data Sheet 

 

Figure B.1. Page one of the Michigan Vernal Pools Project data sheet, edited for this 

study. 
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Figure B.2. Page two of the Michigan Vernal Pools Project data sheet, edited for this 

study. 
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