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Abstract 

 

Many New England forests today are fragmented, or divided into unconnected groups. This 

fragmentation has affected the structure of forests by the inevitable creation of forest edges and 

gaps in the forest canopy. Forest edges have been previously studied for their possible effect in 

fragment degradation and influence on adjacent forest lands. The objective of this study is to 

understand the influence of gaps and forest edges on the survival of two common gymnosperm 

seedling species, the Eastern White Pine, a shade-intolerant species, and the Eastern Hemlock, a 

shade-tolerant species, of a New England temperate forest.  This study examines if light, distance 

from the edge of gap, canopy cover above seedlings, and species are predictor variables of 

seedling survival in a gap-to-forest habitat gradient. Seedlings and variables from	four transects 

next to an experimental large gap (ELG) in the Yale-Myers Experimental Forest in Connecticut 

were analyzed using Kaplan-Meier survival curve estimates and the Cox Proportional Hazards 

model.  Results suggest that hemlock seedlings are not affected by any measured predictor 

variable and survival is constant within the forest. Interestingly, pine seedlings survival is not 

significantly affected by light available to seedlings, as hypothesized, but by distance from the 

gap edge. This proposes the possibility of below-ground variables affecting the survival of fast-

growing shade-intolerant tree species within the forest. 
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Introduction 

Deforestation has become a growing concern in recent years. Historically, forested land 

has been steadily decreasing for years and growing human expansion has led to an increase 

demand for timber, farm lands, and communal space worldwide leading to the further destruction 

of forests. It has been estimated that more than half of the forests that once covered the planet 

have been destroyed (Nielsen 2006). In southern New England, the relatively small percentage of 

forest land that persists is fragmented, or divided into unconnected stands (U.S. Department of 

Agriculture 2002). And this, of course, is not limited to New England. Today most forest is 

found in fragmented landscapes. This fragmentation leads to the creation of forest edges and 

gaps in the canopy of the forest that affect the adjacent forest lands. Approximately 62% of 

forest lands are located within 150 m of forest edge (Riiters 2002) and forest fragments are often 

too small to sustain a typical interior forest environment vital to some forest species, further 

disturbing the ecology of the forest (Chen & Franklin 1992). With most forests experiencing this 

type of disturbance, the impact of forest edges is of major concern in conservation biology. 

Forest edges have been extensively studied for their complex influence on forest life and 

their possible role on forest fragment degradation (Harper et al. 2005). Creating an edge 

essentially makes an artificial ecotone between non-forested and forested lands, changing 

temporarily or permanently the dynamics of the community. Fragmentation of forest lands 

increases the number of ecological niches and changes the availability of resources to the 

remaining forest life.  Similarly, gaps in the canopy of the forest temporarily affect the 

availability of resources. Soils in gaps can have a higher temperature, moisture, and a higher 

concentration of nutrients and minerals essential to plant life (Ashton and Larson 1996, Denslow 

et al 1998, Scharenbroch & Bockheim 2007). The new opening in the canopy also leads to a 
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drastic change in distribution of light to understory trees. In the northern hemisphere, 

specifically, the combination of solar paths and gap geometry within the forest leads to a gradient 

of increasing light from the southern edge of the gap to the northern part of a gap into the 

understory of the forest. After a gap is formed, the northern edge of the gap experiences an 

instantaneous increase in light creating a favorable opportunity to surrounding trees (Canham 

1989 and Fig. 1). Changes in radiation could also have detrimental effects on the surrounding 

biota, however. Increased invertebrate and parasite activity, plant species isolation, destabilized 

ecological relationships, and changes in vegetation growth and phenology, indirectly affecting 

fauna have been recorded in tropical and temperate forests ecosystems (Saunders et al. 1990). 

	

Figure	1	Solar	radiation	penetrates	deeper	into	the	northern	edge	of	a	gap	in	the	northern	
hemisphere. 

Previous work on forest edges have focused on edge effect on adult tree response, 

fragmenting effect on the forest, biodiversity, and tree mortality (reviewed by Harper 2005, and 
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Saunders et  al. 1990). Currently, research on the effect of gaps on seedling mortality is limited 

and most studies have been focused on tropical forests seedlings. The question remains as how 

gap formation affects the regeneration of forests. The overall objective of this study is to 

understand the influence of gaps and forest edges on the seedling survival of two common 

gymnosperm species, the eastern white pine (Pinus strobus) and the eastern hemlock (Tsuga 

canadensis) in a southern New England temperate forest.  This study considers the effect of 

light, distance from the edge of the forest, canopy cover above seedlings, and species as possible 

predictor variables of survival along a gap-to-forest gradient. Understanding how various factors 

affect the survival of the seedlings will give insight into how they respond to fragmentation and 

disturbance, which could be useful in managing and preserving southern New England forests. 

While previous work has contributed to our understanding of gap dynamics and forest response 

to disturbance, there is no synthesis theory to predict seedling responses following fragmentation 

and gap creation (Coates 2000, Harper et al. 2005).  

Pinus strobus, commonly referred to as Eastern White pine, is one of the most valuable 

and common tress of Eastern North America. Its native range extends from eastern to central 

Canada to New Jersey and parts of northern Georgia and South Carolina. This tree species is 

very hardy, able to develop quickly and to prosper even in nutrient poor soils. However, it 

requires a high transmittance of light critical to the survival of the tree past the seedling stage 

making this species “shade intolerant” in its natural habitat. At light intensities less than 10% to 

13% of full sunlight, white pine survival is uniformly poor; at least 20% of full sunlight appears 

to be essential to keep seedlings alive (Wendel & Smith 1990). As light intensity increases above 

this point, growth increases proportionately up to full sunlight unless some other resource 

becomes limiting (Wilson 1965).  Tsuga Canadensis, the eastern hemlock, is a slow-growing 
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long-lived tree that can grow under a closed canopy as seedlings. Juveniles of this shade-tolerant 

species grow slowly but consistently in the absence of canopy gaps by exploiting small 

ephemeral gaps in the canopy for its light requirements (Canham 1989). Its range extends from 

northeastern Minnesota to southern Quebec, covering most of the northern east coast including 

southern New England. The Eastern hemlock fares well in many New England habitats. 

However, it is prone to moisture stress and will predominantly settle in cooler soils that can 

retain proper moisture levels for growth. Eastern hemlock seedlings rarely become established in 

open areas where temperatures greatly fluctuate diurnally (Godmanr  & Lancaste 1990).  

I hypothesized that statistical analysis of survival times would show that seedlings in or 

closer to the gap would have a higher survival probability as compared to seedlings that are deep 

in the forest. In addition, seedlings exposed to a high percent transmittance of light and under 

low canopy cover would have a higher probability of survival over time than seedlings deep in 

the interior of the forest because higher light microsites, like those in the gap and along the edge, 

may increase survival of seedling both species (Walters et al. 2000, Chacon 2005). However, 

based on the natural history of the two species, I predicted that the white pine seedlings were 

expected to have a higher survival time when percent transmittance is higher and distance from 

the gap and canopy cover are low. The eastern hemlock was expected to have relatively high 

survival probabilities as compared to pine and fairly constant survival functions across all 

distances from the gap, percent transmittance of light, and canopy cover. 
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Methods 

Study site and transect layout 

The Yale-Myers Experimental forest is a 7,800-acre forest located in northeastern 

Connecticut in the town of Eastford (4 1° 56’N, 72°7’W, elevation 200 m). This remote forest is 

comprised of mixed hardwoods with a large component of hemlock, several scattered white pine 

stands and occasional red pine (Yale school forests). In the winter of 1999-2000, the Yale 

university forestry staff created two 20 m x 100 m experimental large gaps (ELGs) oriented east-

west by removing all above-ground trees, shrubs and seedlings.  The gaps were then permitted to 

regenerate naturally. The study site for this research is Tree Heaven, the north experimental large 

gap. In 2009, four 40 m X 10 m transects were set up randomly along the northern edge of the 

gap running perpendicular (north-south) to the edge into the forest, methods comparable to those 

used by McDonald & Urban (2004).Transects run from -10 m inside the gap, 0 m as the gap-

forest edge, to 30 m inside the forest (see Fig. 1 & 2). No two transects were less than 10 m from 

each other. Along each transect the following data was collected from growing seedlings: 

1. Pine and hemlock seedlings were tagged, numbered, and tallied by species, measured 

(height and diameter), and their distance to the edge was recorded.  

2. Hemispherical “fisheye” canopy photos were taken and analyzed above each seedling using 

the software GLA® to calculate canopy cover for each seedling, expressed as percent open 

sky. 

3. Measurements of photosynthetically active radiation (PAR) were taken with a Li-Cor® 

quantum sensor with a synchronous PAR measurement above each seedling and made in an 
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open field with another quantum sensor. Percent transmittance of light is calculated 

as:𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 % = !""#$%&' !"#
!"#$% !"#

 𝑋 100%. 

The above data was collected again twice a year for five years (total study length= 60 months). 

Any seedling found dead was recorded as such so survival time for all seedlings is the time from 

the beginning of the study in 2009 to the time it was found dead.  

	

Figure	2	Transect	layout	in	the	Yale-Myers	experimental	forest	Tree	Heaven	experimental	large	gap	(ELG).	
Seedlings	within	each	transects	were	recorded	and	data	was	used	for	the	survival	analysis.	Figure	credit:	R.	de	
Gouvenain 

Data Analysis 

All data were analyzed using the IBM SPSS© statistical package. Kaplan-Meier survival 

estimate analysis was used to compare the survival times of grouped seedlings. Obtaining 

survival probabilities using this model provides critical summary information from survival data. 
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The goal of this analysis was to assess whether the survival curves obtained for different groups 

of seedlings differed. Seedlings of pine and hemlock were grouped according to their distance 

from the edge in the forest. Seedlings 10 m to 0 m away from the edge in the gap were Group 1. 

Seedlings located 0 m to 10 m away from the gap edge in the forest is Group 2. Seedlings then 

located between 10 m to 20 m and 20 m to 30 m away from the gap edge in the forest are Groups 

3 and 4, respectively. This analysis considered the possible differences (1) between: species and 

(2) within species stratified by distance groups. Differences in survival distribution between two 

samples were tested with a Log-Rank test. 

To analyze the effects of predictor variables on seedling survival I used an extension of 

the Cox Proportional Hazards regression model to allow for time-dependent variables as 

predictors. Using this model, estimations can be made using fixed terms and terms that vary with 

time to predict change in a seedling’s hazard at a certain time for given values of the predictor 

variables. The baseline hazard, also referred to as the failure or risk probability, gives the 

instantaneous conditional probability for a seedlings to die at a given time, given that the 

individual has survived up to that time. Relative to the baseline hazard, we can quantify how a 

covariate in the predictive model affects the hazard rate. I used the forward stepwise logistic 

regression (LR) method to evaluate what variables affected the hazard rate of seedlings. The 

Wald parametric test will then test for significance of the variables entered in the model. 

Regression coefficients from the model revealed the magnitude of the effect of a variable. The 

extended Cox model is as follows: ℎ(𝑡,𝑋(𝑡)) = ℎ!(𝑡)exp [ 𝛽!𝑋!
!!
!!! + 𝛿!𝑋!

!!
!!! 𝑡 ] where t= 

time, X(t) is the vector of predictors that are modeled at time t, ho = the baseline hazard, and the 

exponential term includes both time independent covariates (Xi) and time-dependent covariates 

(Xj (t)). Because light and canopy cover over each seedling changes primarily because of internal 



Nunez	10	
	

characteristics of the forest, both were considered as time-dependent covariates. This 

consideration allowed for all measurements of percent transmittance and canopy cover to be 

recognized and included as one term in the model. 

Results 

Figure 3 shows the 60-month average measurements of canopy cover and percent 

transmittance for each seedling as a function 

of distance. Canopy cover is essentially the 

same for all seedlings at any distance. This is 

contrary to my initial belief that canopy 

cover would be low in the gap and at the 

edge and would increase as a function of 

distance finally reaching a plateau at some 

distance into the forest where canopy would 

stay constant.  However, percent 

transmittance gives a more accurate depiction 

of the light that is reaching each seedling. 

Because canopy cover was essentially 

constant and therefore not a useful index of 

light, I removed our measurements of canopy 

cover as a predictor variable from the Cox 

model and from any further analysis. 

Kaplan-Meier Survival Curves 

Figure	3	

A)	

B)	

Figure	3	(A)	percent	of	open	canopy	over	above	each	seedling	as	a	
function	of	distance	from	the	gap	edge	(B)	percent	transmittance	
of	light	above	each	seedling	as	a	function	of	distance	from	the	gap	
edge. 
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Table	1.	Pairwise	comparison	of	hemlock	seedlings	in	distance	groups:	Group	1	(-10-0	m)	Group	2	(0-10	m)	Group	3	(10-20	
m)	Group	4	(20-30	m). 

 Kaplan-Meir Analysis of hemlock seedling stratified in distance group revealed no 

significant difference in the cumulative survival probabilities of hemlock seedlings pairwise 

between distance groups (Fig. 2, Table 1). This shows all Eastern hemlock seedlings have the 

same survival probability regardless of distance grouping. Overall comparisons of Kaplan-Meier 

survival curve of all pine and 

hemlock seedlings show no 

significant difference among 

species (Table 3).  

Comparing species within 

Table	2.	Summarizes	data	of	the	hemlock	seedling	
sample,	including	sample	size	(N)	and	number	of	recorded	
deaths. 

Figure	4	Kaplan-Meier	survival	curves	of	hemlock	seedlings	in	distance	groups.	Table	3	Comparison	of	Kaplan-Meier	survival	curves	of	all	pine	
and	hemlock	seedlings 
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distance groups resulted in no significant difference between the survival distributions of 

seedlings within a given distance groups 

(Figure 5, Table 2).  
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Figure	5	Kaplan-Meier	survival	curves	of	pine	and	hemlock	seedlings 

Table	4.	Comparisons	of	pine	and	hemlock	seedlings	in	a	given	distance	
group.	

Figure	6	Kaplan-Meier	survival	curves	for	pine	seedlings	in	distance	groups 
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Kaplan- Meier survival curve analysis showed a significant difference between the survival 

distributions of the groups of pine seedlings. A pairwise comparison amongst groups revealed 

that there was a difference in the survival only between groups 2 and 4 (p=0.006) (Fig 6, Table. 

5). No other pairwise comparison of pine resulted in any significant difference. 

 

 

 

 

 

 

 

 

                  

 

Cox model 

 After disqualifying canopy cover as a possible predictor variable to model survival, we 

proceeded to include only distance from the edge and percent transmittance as terms in the 

model. We also created and entered an interaction term between distance and percent 

transmittance into the model. Outcomes resulted in all covariates being removed from the Cox 

model. This signifies that all covariates and all combinations of the covariates do not 

significantly affect the hazard rate or survival of the hemlock seedlings.  

Table	6.	Summarizes	data	of	the	pine	seedling	sample,	including	
sample	size	(N)	and	number	of	recorded	deaths. 

Table	5.	Pairwise	comparison	of	pine	seedlings	in	distance	groups:	Group	1	(-10-0	m)	Group	2	(0-10	m)	Group	3	(10-20	
m)	Group	4	(20-30	m). 
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Modeling the Cox regression using the pine seedling data, we found that only the 

covariate distance significantly affected to hazard rate of the seedlings. Figure 5, Table 1 shows 

the Wald statistics score, significance value of the covariate, and regression coefficient (Exp(B)) 

with 95% confidence intervals. The value of Exp(B) for distance means that the hazard is 

increased by 4.9% for every meter that a seedling is away from the edge. For example if a pine 

seedling is 10 meters away from the edge in the forest, its hazard rate is increased by (100% x 

1.04910)- 100% = 61.34 %. At any time (t,), then, the hazard rate is predicted to increase by 

61.34%. The hazard rate at (t) is plotted in figure 5 for distance values in the gap (-10 m), at the 

edge (0 m) and deep in the forest (30 m). Hazard rate increases significantly as a function of 

distance. 

 

 

 

 

 

 

 

 

 

Table	7.	Cox	model	results	show	that	Distance	is	the	only	significant	variable	affecting	the	hazard	rate	of	the	
pine	seedlings.	The	beta	(B)	coefficient	and	Wald	test	score	is	shown	with	significance	value.	Exp(B)	is	the	
exponent	of	the	B	coefficient. 

Figure	3	Hazard	function	plotted	at	
(A)	distance	value	-10	(B)	distance	
value	0	and	(C)	distance	value	30.	The	
effect	of	distance	as	a	predictor	
variable	in	the	model	affects	the	
magnitude	of	the	hazard	rate. 

A)	
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Discussion 

Measurements of canopy cover 

demonstrated that it is fairly constant along 

the transects (Figure 3), which is contrary to 

the prediction that canopy cover would be 

low in the gap or near the edge. The 

inconsistency can be attributed to the fact that 

the Tree Heaven ELG was created in the 

winter of 2000-2001, and thus has had time to 

regenerate with fast-growing trees, like beech 

and birch, that cover the seedlings. Hemispherical photos were analyzed using the GLA® 

software that essentially measured the pixels in the photo that represented leaves and those that 

represented open sky. However, the GLA measurements are not representative of the true canopy 

cover that is experienced by the seedlings, since seedlings in the forest are covered by multiple 

layers of photosynthetically active adult trees with multiple branches while those in the gap are 

B)	

C)	
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covered by the leaves of fairly young saplings with only few branches and leaves. Measurements 

of direct percent transmittance is therefore a more accurate and precise measurement of photons 

reaching the seedlings and available for photosynthesis. In figure 3 panel B, average percent 

transmittance is plotted and the gradient of light from the gap to edge and into the forest is 

apparent. 

I initially expected that percent transmittance would be  a strong predictor variable of 

survival, but results suggest that only distance from the gap edge is a significant covariate out of 

the variables in the analysis for pine seedlings. Although this study did not analyze tree growth 

and its effect on survival, a positive link between relative growth rate and survival in juvenile 

Pinus strobus seedlings in shaded forests has been identified (Walters et al. 2000). The gradient 

of light observed from the northern edge of the gap to the interior of the forest may have a 

positive effect on growth rate but my model does not identify this advantage as a variable 

affecting cumulative survival of either species. 

  Furthermore, pine seedlings reportedly need at least 20 % transmittance of light to 

survive (Wendel & Smith 1990). Although this requirement is higher than that of the shade-

tolerant trees, on average seedlings in all transects are receiving this minimum (Figure 3 (B)). 

Since the minimum of light is available for all the pine seedlings, I suspect there is another 

variable correlated to distance from the edge that may be affecting growth or survival. For 

instance, the survival of the pine seedlings is may affected by below-ground effects of canopy 

gaps and gap edges.  

 Compared to early successional habitats, such as the forest gap, nutrient availability for 

young seedlings growing in the forest understory may be generally low. Gap habitats are 

generally warmer and have higher soil moisture but previous studies have researched the 
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availability of limiting resources of trees in fragmented habitats. Nitrogen (N) is the most 

common limiting resource in the forest (Scharenbroch & Bockheim 2007). N availability and 

assimilation is strongly correlated with conifer relative growth rate (Walters 2000). After the 

creation of gaps, N availability is found to be higher in the gap and in the edge. Not only is N 

demand low in the gap but the warmer temperature creates a beneficial environment for nitrogen-

fixing bacteria (Saunders 1990, McKenna 2007, Scharenbroch & Bockheim 2007). This in turn 

creates a greater surplus of nitrogen in gaps. Soils from the Yale-Myers forest ELG were 

analyzed for N levels two years after its creation. It was found that the center of the gap had the 

highest concentrations of N and the edges and the forest had considerably less available nitrogen 

(McKenna 2007). At the start of this study, the ELG had already been regenerating for nine 

years. Since plants have then settled in the gap and have assimilated the available N, it is 

uncertain if the effect still lasts and whether it is affecting the pine and hemlock seedlings in the 

survival analysis. However, it is possible that N concentration or availability may correlate with 

distance from the edge and thus with survival. 

Additionally, seedlings in the forest are under more competition from adult trees with a 

more developed root system. This below-ground competition could also be involved in the lower 

survival probability observed for pine seedlings deep in the forest (Fig. 6). Space and soil water 

may also play a role in limiting growth and survival of seedlings. Seedlings in the gap are 

relieved from competitive pressure because trees in the gap are younger and there is a possibility 

that resources are more available. However, I did not observe a significant difference between all 

distance groups. For pine I found that only distance groups 2 (0-10 m) and 4 (20-30 m) were 

significantly different. It was expected to find that significant differences would be found 

between the survival of seedlings in the gap (group 1) and the forest (groups 3 and 4). No 
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significant difference was found even though cumulative survival for group 1 is lower than that 

of other groups. This is probably due to loss of statistical power in our test attributed to the fact 

that group 1 had the smallest sample size and out of those seedlings, only one had died.  

 Results suggest that hemlock seedlings have similar survival functions regardless of 

distance from the gap edge. The Cox model demonstrated that no variable significantly affected 

their survival. This is consistent with my initial hypothesis that hemlock survival would not be 

strongly affected by the gradient of light or by distance from the edge. Because hemlock has a 

lower growth rate than pine, its needs for various resources is lower than that of pine, and it can 

survive where they may be limiting factors for pine. No significant difference was found 

between distance groups suggesting the same conclusion as the Cox model namely that distance 

from the gap edge is not affecting the hemlock seedlings. I observed a higher mortality for 

hemlock seedlings in Group 3(10-20 m from the gap edge) but still this difference was not 

significant. Although the mortality of hemlock was expected to be lower than that of pine 

seedlings, no significant difference was found between the species (Fig.5, Table. 3) or, in 

between species in distance groups (Table. 4). I suspect that the discrepancies between sample 

sizes between the two species have reduced the power of the statistical test. In this study, death 

of only one hemlock seedling accounts for bigger percent mortality in the hemlock sample 

compared to the loss of one pine seedling in the pine seedling sample. This affects the percent of 

seedlings still alive and the size of steps in the Kaplan-Meier curves of hemlock. However, with 

further tracking I would still expect to observe a fairly constant survival of hemlock seedlings in 

the forest different than that of the pine seedlings even with the sample used in this study. It is 

also possible, however, that sample size that did not affect the results and there is no actual 

difference between the survival of hemlock and pine seedlings at the time of the study since 
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seedling mortality is inherently high after the establishment period in many species (Collet & 

Moguedec 2007). This would suggest that the trade-off advantage of shade-tolerant seedlings 

does not appear until after several years of development. Kobe et al. (1995), for example, found 

low mortality rates of eastern hemlock saplings among other shade-tolerant and shade-intolerant 

species in low-light. 

 Understanding how seedlings respond to anthropological forest gaps is important to 

model the regeneration of forests. Results suggest that distance negatively affects the survival of 

pine seedlings in the transects. The pine seedlings hazard rate increases as a function of distance 

from the gap edge and they are expected to die at a higher rate than seedlings in the gap or near 

the edge. Based on my results, in terms of forest succession, I expect that future pine seedling 

densities will be low in the interior of the forest. As a pioneering species, white pine is able to 

colonize the gap and fare well in previously disturbed habitats. The combination of increased 

light and early surplus of soil nutrients contributes to its ability to colonize the gap with other 

fast growing tree species. The hemlock seedlings are expected to continue growing within the 

forest and after many years of changes to the gap habitat the hemlock seedlings will colonize the 

gap, grow in understory, and ultimately become part of the climax community in the gap. To 

further our understanding of forest regeneration following gap creation, the below-ground effects 

of gap dynamics warrants further research as does the role of the gaps in forest fragment 

degradation. 
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