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Abstract

In closed-canopy forests, gap formation and closure are thought to be major drivers of forest

dynamics. Crown defoliation by insects, however, may also influence understory resource

levels and thus forest dynamics. We evaluate the effect of a forest tent caterpillar outbreak

on understory light availability, soil nutrient levels and tree seedling height growth in six sites

with contrasting levels of canopy defoliation in a hardwood forest in northern lower Michigan.

We compared resource levels and seedling growth of six hardwood species before, during

and in the three years after the outbreak (2008–2012). Canopy openness increased strongly

during the forest tent caterpillar outbreak in the four moderately and severely defoliated

sites, but not in lightly defoliated sites. Total inorganic soil nitrogen concentrations increased

in response to the outbreak in moderately and severely defoliated sites. The increase in

total inorganic soil nitrogen was driven by a strong increase in soil nitrate, and tended to

become stronger with increasing site defoliation. Seedling height growth increased for all

species in the moderately and severely defoliated sites, but not in lightly defoliated sites,

either during the outbreak year or in the year after the outbreak. Growth increases did not

become stronger with increasing site defoliation, but were strongest in a moderately defoli-

ated site with high soil nutrient levels. Growth increases tended to be strongest for the

shade intolerant species Fraxinus americana and Prunus serotina, and the shade tolerant

species Ostrya virginiana. The strong growth response of F. americana and P. serotina sug-

gests that recurring forest tent caterpillar outbreaks may facilitate the persistence of shade

intolerant species in the understory in the absence of canopy gaps. Overall, our results sug-

gest that recurrent canopy defoliation resulting from cyclical forest insect outbreaks may be

an additional driver of dynamics in temperate closed-canopy forests.

Introduction

In temperate closed-canopy forests, gap formation and closure are thought to be major drivers

of forest dynamics. When a large tree dies and a canopy gap forms, light and soil nutrient levels
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in the understory increase [1] and release growth of tree seedlings and saplings. After 9–40

years [2,3], canopy gaps close through height growth of saplings or increased branch growth of

adjacent canopy trees [4]. Multiple gap events are needed for successful canopy regeneration

for most tree species (e.g., [5,6]), but the chance of gap formation in closed-canopy forests is

small due to low mature tree mortality rates, with an average gap formation return interval of

~50–200 years [7]. Shade intolerant species benefit most from large canopy gap formation, as

these species grow fast in high-light conditions at the expense of low survival in shade, while

shade-tolerant species have high survival in shade, but do not grow fast in high light ([8], but

see [9]). These differential responses to resource levels across tree species can play an impor-

tant role in driving long-term patterns in forest dynamics [10,11].

Crown defoliation by insects may also influence understory resource levels and thus forest

dynamics in closed-canopy forests, especially if insect outbreaks occur frequently and at a

large spatial scale. Forest tent caterpillar (Malacosoma disstria), for example, has an outbreak

periodicity of approximately ten years [12] in northern hardwood forests in the USA. During

the typically 2 to 5-year outbreaks, forest tent caterpillar defoliates most northern hardwood

species, except for Acer rubrum, early in the growing season [12]. Trees refoliate within a few

weeks after defoliation during an insect outbreak, although leaves remain smaller than in non-

outbreak years [13]. Canopy defoliation increases understory light availability and sometimes

soil water [14] and nutrient levels [15], as a result of reduced water uptake and input of nutri-

ents from insect frass and green leaf fragments to the litter layer [16].

Increased resource levels resulting from canopy defoliation could increase seedling growth

during the outbreak or in the subsequent year (e.g., [17,18–21]). A lagged growth response

could arise from determinate growth [22,23], i.e., growth in the subsequent year depends on

environmental conditions and resource levels in the previous year [24], a pattern exhibited by

many northern hardwood tree species. We expect that the strength of seedling growth

responses to increased resource levels will differ across tree species, with the strongest

responses for shade intolerant early-successional species [25,26].

In this study, we evaluate the effect of a forest tent caterpillar outbreak in 2009 on under-

story light availability, soil nutrient levels and seedling height growth for six tree species in a

hardwood forest in northern lower Michigan, USA. Specifically, we test the following hypothe-

ses: 1) light availability and soil nutrient levels increase during the outbreak; 2) seedling growth

increases during the outbreak and subsequent years in response to enhanced resource levels;

and 3) growth responses to the forest tent caterpillar outbreak will be stronger for shade intol-

erant than shade tolerant species.

Materials and Methods

Ethics Statement

Permission for field work was given by the U.S. Forest Service through a Special Use Permit,

issued by the Cadillac/Manistee Ranger District of the Manistee National Forest.

Study sites and species

Field work was conducted in the Manistee National Forest (44˚12’ N, 85˚45’ W), in northern

lower Michigan in 12 mixed hardwood stands across a soil-fertility gradient in a glacial land-

scape [27]. Soil nutrient availability increased from glacial outwash sites, to ice-contact sites, to

moraine deposits [27,28], and tree species composition changed across these glacial land forms

([27,29], Table 1). The forest stands were all between 80 and 100 years old and the minimum

and maximum distance between two sites was 1.6 and 40 km, respectively. Six sites were

affected by a forest tent caterpillar (Malacosoma disstria) outbreak from 2008 to 2010 [30]. The
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minimum and maximum distance between two defoliated sites was 3 and 30 km, respectively.

The six defoliated stands were located on nutrient-rich moraine deposits, but differed slightly

in soil nutrient content ([27], Table 1). Peak defoliation took place in 2009. Two of the in-

cluded sites were severely defoliated (complete defoliation of nearly all canopy trees), two were

moderately defoliated (about half of the trees/canopy defoliated), and two sites were lightly

defoliated by forest tent caterpillar (some leaf area removal, but trees were not completely

defoliated; Table 1). In 2008, sites were lightly defoliated by forest tent caterpillar. In 2010, site

8 and 9 were lightly defoliated by forest tent caterpillar and in site 7 Quercus rubra was lightly

defoliated by gypsy moth (D.M.A. Rozendaal, personal observation). Seedlings of six tree spe-

cies with varying shade tolerance were included in this study: the very shade tolerant species

Acer saccharum and Fagus grandifolia, the shade tolerant species A. rubrum and Ostrya virgini-
ana, and the shade intolerant species Fraxinus americana and Prunus serotina [31].

Canopy openness

To assess how light availability in the understory responded to the forest tent caterpillar out-

break, and to quantify defoliation levels in each of the six defoliated sites, we measured canopy

openness using hemispherical canopy photos. Photos were taken in June 2009, during peak

outbreak conditions, and subsequently in June 2010 and June 2011 in overcast conditions or

during twilight every 10 m along a 200 m × 1 m transect, consisting of 200 1-m2 quadrats. Pho-

tos were taken with a digital camera (EOS 5D Mark II, Canon, USA) and a fish-eye lens (15

mm F2.8 EX DG, Sigma, Ronkonkoma, NY, USA), at 50 cm height in the centre of a 1-m2

quadrat. The photos taken in June 2009 were unintentionally overexposed, especially in the

sites with light canopy defoliation. Thus, for the two lightly defoliated sites, site 8 and site 9, we

used canopy photos taken in September 2009, assuming that no refoliation took place in these

sites, which is consistent with our field observations. For the two moderately defoliated sites,

site 10 and site 12, canopy openness in June 2009 may be slightly overestimated. Canopy open-

ness during peak outbreak may be underestimated in site 11, as Tilia americana trees had

already refoliated when photos were taken [32]. Canopy openness was calculated using Gap

Table 1. Description of the six defoliated study sites and species for which seedlings were included. Land form, location, estimated defoliation level

(in 2009), dominant species in the overstory (the three most abundant species based on stems� 10 cm diameter at breast height; Baribault et al. [27]), and

species for which seedlings were included are indicated. Site numbers generally correspond to the numbering in Baribault et al. [27], except for sites 12 and

13, which were merged into one site (site 12). acru = Acer rubrum; acsa = Acer saccharum; fagr = Fagus grandifolia; fram = Fraxinus americana; osvi = Ostrya

virginiana; piba = Pinus banksiana; pogr = Populus grandidentata; prse = Prunus serotina; qual = Quercus alba; quru = Quercus rubra; quve = Quercus velu-

tina; tiam = Tilia americana.

Site Land form / soil type Location Defoliation (2009) Dominant species (overstory) Included species (seedlings)

1 outwash 44˚14’N, 85˚56’W none qual, quve, piba -

2 outwash 44˚14’N, 85˚57’W none qual, quve, quru -

3 ice contact 44˚16’N, 85˚53’W none quve, quru, acru -

4 ice contact 44˚17’N, 85˚53’W none quru, acru, pogr -

5 mesic ice contact 44˚19’N, 85˚52’W none quru, quve, acru -

6 mesic ice contact 44˚12’N, 85˚48’W none quru, pogr, acru -

7 poor moraine 44˚20’N, 85˚29’W severe acsa, quru, acru acsa

8 poor moraine 44˚22’N, 85˚49’W light acsa, fagr, acru acsa, fram, osvi

9 intermediate moraine 44˚15’N, 85˚45’W light acsa, fagr, quru acru, acsa, fagr

10 moraine 44˚13’N, 85˚40’W moderate acsa, fagr, tiam acsa, fagr, osvi, prse

11 moraine 44˚13’N, 85˚45’W severe acsa, fagr, tiam acsa, fram

12 moraine 44˚13’N, 85˚45’W moderate acsa, tiam, quru acru, acsa, fram, osvi, prse

doi:10.1371/journal.pone.0167139.t001
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Light Analyzer software [33]. Percent canopy openness is a good predictor of seedling/sapling

growth [34].

Soil nutrients

We measured concentrations of soil nutrients in all twelve sites during the outbreak in 2009

and in the two subsequent years. Soil cores were collected in July 2009, June/July 2010 and in

September 2011. Per site, soil samples were taken every 10 m along a 200 m × 1 m transect

(200 1-m2 quadrats). Three cores of 15 cm length, excluding the thin leaf litter layer (~2–3 cm

in summer), were collected, composited and air-dried per sampled 1-m2 quadrat. Total inor-

ganic nitrogen was extracted in 2 M KCl solution. Concentrations of nitrate and ammonium

were determined with a colorimetric assay using an absorbance microplate reader (ELx808

Absorbance Microplate Reader, BioTek Instruments Inc., Winooski, VT, USA). An ammo-

nium salicylate and ammonium cyanurate colorimetric method was used for ammonium [35]

and vanadium (III), sulfanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride for

nitrate [36]. Calcium, potassium and magnesium were extracted in Mehlich III solution [37]

and concentrations of total extractable calcium, potassium and magnesium were determined

with ICP spectrometry (Optima 2100DV ICP Optical Emission Spectrometer, Perkin-Elmer,

Shelton, CT, USA). Instrument detection limits were wavelengths of 393.366 nm for calcium,

766.490 nm for potassium and 285.213 nm for magnesium. We included both soil nitrate and

ammonium, as well as their sum (total inorganic N) in the analyses.

We regarded soil nutrient levels in 2011, two years after the outbreak, as representative of

non-outbreak values. To evaluate the effect of the forest tent caterpillar outbreak on soil nutri-

ent levels, we compared non-outbreak levels with levels in 2009 and 2010 in the six defoliated

sites. Per sampling point, the change across years in 2009 and 2010 was expressed relative to

the average change in the six non-defoliated sites over the same years (ΔDEFt):

DDEFt ¼
DEFt=DEF2011

ð
P
ðNDEFt=NDEF2011ÞÞ=n

ð1Þ

where DEFt indicates a soil nutrient level in a defoliated site in year t, while NDEFt indicates a

soil nutrient level in a non-defoliated site in year t. Thus, a relative change > 1 indicates an

increase in a soil nutrient compared to non-outbreak conditions. As such, we accounted for

possible differences in soil nutrients as a consequence of the variation in timing of soil sam-

pling and climatic fluctuations across years.

Seedling growth measurements

In late August-October 2009, after terminal buds had been set, we selected seedlings for each

of the six species, distributed across the sites where that species occurred. In each site, seedling

establishment and mortality have been monitored in a 200 m × 1 m transect, thus in 200 1-m2

quadrats, since 1998. To evaluate pre-outbreak growth, we included only seedlings that were at

least 1 year old (ranging from 1–6 years) in 2008, based on previous seedling censuses. We

minimized effects of seed reserves on growth by excluding the first year of height growth. In

total, we randomly selected a maximum of 450 seedlings per species, but for species with low

abundance all seedlings were selected. We measured height growth (leader extension growth)

and total height (length of the leader) to the nearest mm, and estimated and recorded the level

of defoliation and dieback for each seedling. For 2010–2012, we repeated the same measure-

ments, after terminal buds had been set. For 2008, we reconstructed annual height growth

using terminal bud scars on the leader. Only seedlings that were still alive in 2011 were

Seedling Growth Responses to Canopy Defoliation
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included in the analyses, leading to a sample size of 32–212 seedlings for the six species. Any

height growth interval in which dieback of the leader occurred was excluded from analysis.

Statistical analysis

We compared canopy openness between 2009, 2010 and 2011, using a linear mixed-effects

model. Site and year were included as fixed effects, and we included a random intercept for

each 1-m2 quadrat in which canopy photos were taken. We compared five models that differed

in their fixed effects, using maximum likelihood estimation: (1) site, year and their interaction

as fixed effects; (2) site and year; (3) year; (4) site; and (5) just the intercept. Models were com-

pared based on Akaike’s Information Criterion (AICc), adjusted for small sample size. We con-

sidered models that were within less than two AICc units from the minimum AICc as equally

supported [38]. Canopy openness was log10-transformed prior to analysis.

To assess whether soil nutrient levels increased in response to the forest tent caterpillar out-

break, we compared the mean relative change in a soil nutrient from non-outbreak conditions

(2011) to peak outbreak (2009) and to one year post-outbreak (2010) across the six defoliated sites

(ΔDEFt) using maximum likelihood estimation. Site-level means and their two-unit support inter-

vals were estimated for all models using a global optimization approach through simulated

annealing [39]. Two-unit support intervals are roughly equivalent to 95%-confidence intervals

[40]. Relative changes in soil nutrients were log10-transformed prior to analysis to enhance nor-

mality and homoscedasticity. Thus, if two-unit support intervals included zero, the relative change

in soil nutrient levels resulting from the forest tent caterpillar outbreak was not significant.

To assess whether seedling height growth (in mm yr-1) changed in response to the forest

tent caterpillar outbreak, we compared height growth across years and sites for each species,

using linear mixed-effects models. We included site and year as fixed effects, as well as seedling

height at the start of the growing season to account for increasing seedling growth with seed-

ling height [41,42], and we included a random intercept for each seedling. Per species, we com-

pared 17 models varying in fixed-effect structures, ranging from a full model with site, year,

initial seedling height and all two-way interactions, to an intercept-only model. We calculated

the marginal R2, the variance explained by just the fixed effects, and the conditional R2, which

indicates the variance explained by both fixed and random effects [43]. By fitting species-spe-

cific models we did not statistically test for differences in growth responses across species or

functional groups (shade tolerance).

We were unable to assess which resource(s) drove growth responses to the forest tent caterpil-

lar outbreak, as canopy openness during the outbreak was strongly correlated with pre-outbreak

(baseline) levels of calcium and total organic nitrogen, across all seedlings of five of the six species

(Pearson’s r = 0.55–0.83). Thus, it was not possible to model height growth in 2009, and 2010, as

a function of a combination of non-outbreak resource levels, and/or changes in resource levels.

All analyses were performed in R version 3.0.3 [44]. Linear mixed-effects models were performed

in the ‘lme4’ package [45]. We used the simulated annealing algorithm implemented in the ‘like-

lihood’ R package for estimating parameters and two-unit support intervals [46].

Results

Changes in canopy openness and soil resources

Canopy openness changed across years, as a model with both site and year, and their interac-

tion, performed best. Canopy openness increased strongly during the forest tent caterpillar

outbreak in 2009, from 1–2% in a non-outbreak year to over 20% in the moderately defoliated

sites 10 and 12, and to over 30% in the severely defoliated sites 7 and 11 (Fig 1). In site 11, can-

opy openness during peak outbreak in 2009 was likely underestimated, as most Tilia

Seedling Growth Responses to Canopy Defoliation
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americana trees had (partly) refoliated when canopy photos were taken. During the minimal

outbreak in 2010, canopy openness was also slightly higher than during non-outbreak condi-

tions (2011) in four of the six sites (Fig 1).

Total inorganic soil nitrogen significantly increased in 2009, during the forest tent caterpil-

lar outbreak, in the moderately defoliated site 10 and the severely defoliated site 11, but

decreased in the severely defoliated site 7 (Fig 2A). The increase in total inorganic nitrogen

was largely driven by a strong increase in soil nitrate, which significantly increased in the mod-

erately defoliated sites 10 and 11, and in the severely defoliated site 12 (Fig 2B). Soil ammo-

nium did not change, or decreased in 2009 compared to non-outbreak levels (Fig 2C). In 2010,

one year after peak defoliation, total inorganic soil nitrogen significantly increased in the mod-

erately defoliated sites 10 and 12, as well as in the severely defoliated sites 7 and 11 (Fig 2D).

Similarly, the increase in total inorganic nitrogen was largely accounted for by a strong

increase in soil nitrate (Fig 2E), while ammonium levels did not increase (Fig 2F). In both

2009 and 2010, the increase in total inorganic nitrogen tended to become stronger with

increasing defoliation of the sites (Fig 2A and 2D). Soil calcium, potassium, magnesium levels

did not increase in response to the forest tent caterpillar outbreak (results not shown).

Seedling height growth responses to the forest tent caterpillar outbreak

For all six species, height growth increased in response to the outbreak in the peak outbreak

year, 2009, and/or in the following year, 2010, in some of the sites (Fig 3, Table 2). Acer rubrum

Fig 1. Back-transformed mean canopy openness (± SD) from 2009 to 2011 for six sites that were defoliated by forest

tent caterpillar in order of increasing defoliation (n = 20 per site, per year). Canopy openness in 2011 was regarded as

representative of non-outbreak conditions.

doi:10.1371/journal.pone.0167139.g001
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increased growth in the moderately defoliated site 12 in 2010 only, but did not change growth

in the lightly defoliated site 9 (Fig 3A). Acer saccharum increased growth in site 12 and in the

severely defoliated site 11 in 2010, but did not respond in any of the other sites (Fig 3B). Fagus
grandifolia increased growth in the moderately defoliated site 10 in 2010, but not in the lightly

defoliated site 9 (Fig 3C); growth in 2011 did increase in the lightly defoliated site 9. Fraxinus
americana strongly increased growth in 2009 in both site 12 and in site 11, and growth

remained high in 2010 in site 11, but growth did not change in the lightly defoliated site 8 (Fig

3D). Ostrya virginiana increased growth in the moderately defoliated sites 10 and 12 in 2009

and 2010, but not so in the lightly defoliated site 8 (Fig 3E). Prunus serotina increased growth

in both 2009 and 2010 in site 12, but did not respond in the moderately defoliated site 10 (Fig

3F). Thus, growth responses varied across species. Results of species-specific models indicated

that (absolute) growth increases tended to be strongest for the shade intolerant species F. amer-
icana, P. serotina and the shade tolerant species O. virginiana (Fig 3). Growth only increased in

moderately and severely defoliated sites, but growth increases did not become stronger with

increasing site defoliation. Instead, growth responses were strongest in site 12 for the five spe-

cies represented in that site (which had a moderate increase in light availability, but high base-

Fig 2. Predicted log10 relative change in total inorganic soil N, soil nitrate (NO3
-) and soil ammonium (NH4

+) levels with two-unit support intervals

in the peak outbreak year (2009) and the year after the outbreak (2010) relative to the non-outbreak year (2011). Sites are ordered by increasing level

of defoliation. Changes were standardized by the average change observed in the six non-defoliated sites to account for annual climatic and other

differences. Significant changes across years are indicated by deviations from zero: filled symbols indicate significant changes, open symbols indicate non-

significant changes. A-C) Log10 relative change from non-outbreak conditions to 2009 (n = 11–19, per site); D-F) Log10 relative change from non-outbreak

conditions to 2010 (n = 17–21, per site).

doi:10.1371/journal.pone.0167139.g002
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line soil nutrient levels). Overall, seedlings (particularly of the shade intolerant species) in the

moderately and severely defoliated sites generally attained a larger height in 2012 than seed-

lings in sites that were lightly defoliated (Fig 4). Seedlings attained the greatest (or equally

greatest) height in site 12 (Fig 4).

Fig 3. Predicted seedling height growth for seedlings of six northern hardwood species in response to a forest tent

caterpillar outbreak. Back-transformed mean (± SE) predicted height growth per site, per year, while holding seedling height

constant at a species-specific average across all sites and years. The outbreak occurred in 2009. Note the different scales on the y-

axis. A) acru = Acer rubrum (n = 22–32, per site); B) acsa = Acer saccharum (n = 16–59, per site); C) fagr = Fagus grandifolia (n = 34–

53, per site); D) fram = Fraxinus americana (n = 9–62, per site); E) osvi = Ostrya virginiana (n = 9–13, per site); F) prse = Prunus

serotina (n = 13–21, per site).

doi:10.1371/journal.pone.0167139.g003
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Discussion

Changes in canopy openness and soil resources

Not surprisingly, canopy openness strongly increased in response to forest tent caterpillar

defoliation, consistent with hypothesis 1. Soil nitrogen (nitrate, ammonium and total inor-

ganic nitrogen) also increased more strongly in sites with higher defoliation, consistent with

hypothesis 1, and some previous studies (e.g., [15]). In contrast, Christenson et al. [47] and

Frost and Hunter [48] found no change in soil total inorganic nitrogen concentration, perhaps

because nitrogen from insect frass may become immobilized through microbial activity [49].

Nevertheless, some insect frass nitrogen can be directly incorporated into leaves in the same

growing season [48]. In any case, the enhanced nutrient availability that we observed could

influence seedling growth during an outbreak or in the subsequent year. Increased soil nitro-

gen concentrations may have important implications for water quality, as nitrate leakage from

the system may be strong during, and after, an insect outbreak [50,51].

Seedling growth responses to the forest tent caterpillar outbreak

Seedling growth strongly increased in 2009 in moderately (and severely) defoliated sites for

two out of six species and in 2010 for all six species, supporting hypothesis 2. Thus, our results

suggest that seedling growth increased in response to enhanced availability of light and soil

resources. This is consistent with results of previous studies that found that seedling or sapling

growth responds to light availability [52–55], soil resources [56] or to both light and soil

resources [17,18,57]. It remains unclear whether the increase in canopy openness, the increase

in soil nitrogen or both drove the increase in seedling growth, as 2009 and 2010 canopy open-

ness and soil nitrogen levels were strongly correlated.

Other studies reported similar growth responses to defoliation. Acer rubrum saplings

increased growth in plots defoliated by gypsy moth, but not in non-defoliated plots, in a hard-

wood forest in Connecticut [58]. In boreal forests, forest tent caterpillar outbreaks coincided

with growth releases [59]. While we observed growth increases at defoliated sites, growth

responses did not become stronger with the level of defoliation at a site. Growth responses

under the highest canopy defoliation levels may have been constrained by defoliation of seed-

lings of some species or by nutrient limitation. Growth responses were most pronounced in

the moderately defoliated, high-nutrient site 12. Thus, our results suggest that high soil

Table 2. Linear mixed-effects model results of seedling height growth as a function of site, year and seedling height at the start of the growing sea-

son for six northern hardwood species. Per species, only models within two AICc (Akaike’s Information Criterion) units from the best model are included.

The deviation from the best model in AICc units (ΔAICc) is indicated. n indicates the number of included seedlings per species. The marginal (m) R2 (fixed

effects only), and the conditional (c) R2 (both fixed and random effects) are indicated. acru = Acer rubrum; acsa = Acer saccharum; fagr = Fagus grandifolia;

fram = Fraxinus americana; osvi = Ostrya virginiana; prse = Prunus serotina.

Species n ΔAICc R2(m) R2(c) Main effects Interactions

acru 54 0.00 0.34 0.56 site, year, height site × year

acru 54 0.57 0.35 0.55 site, year, height site × year, site × height

acru 54 0.67 0.34 0.53 site, year site × year

acru 54 1.98 0.36 0.54 site, year, height site × year, year × height

acsa 212 0.00 0.30 0.40 site, year, height site × year, year × height

fagr 87 0.00 0.28 0.48 site, year, height site × year

fagr 87 1.44 0.29 0.48 site, year, height site × year, site × height

fram 93 0.00 0.40 0.45 site, year, height site × year, year × height

osvi 32 0.00 0.59 0.67 site, year, height site × year, year × height

prse 34 0.00 0.27 0.33 site, year, height

doi:10.1371/journal.pone.0167139.t002
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nutrient levels facilitate a strong growth response to an increase in light, consistent with the

idea that seedling growth responds more strongly to soil nutrients under high light

[18,20,60,61].

There was a one-year lag in growth responses to forest tent caterpillar defoliation for four

species. A lagged growth response could arise from determinate growth, i.e., environmental

signals are set in the leaf primordia in the year prior to leaf out. Resource levels also remained

Fig 4. Average seedling height (± SE) per site, at the start of each year, for seedlings of six northern hardwood species.

The outbreak occurred in 2009. Note the different scales on the y-axis. A) acru = Acer rubrum (n = 22–32, per site); B) acsa = Acer

saccharum (n = 16–59, per site); C) fagr = Fagus grandifolia (n = 34–53, per site); D) fram = Fraxinus americana (n = 9–62, per site);

E) osvi = Ostrya virginiana (n = 9–13, per site); F) prse = Prunus serotina (n = 13–21, per site).

doi:10.1371/journal.pone.0167139.g004
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higher in the year after the outbreak. We observed slightly higher canopy openness in 2010

than in non-outbreak conditions (2011), consistent with lower leaf area of defoliated trees the

year after defoliation than in typical non-outbreak years [13], as well as higher soil nitrogen

levels. Slight forest tent caterpillar defoliation in some sites in 2010 may have contributed to

higher resource levels. In response to higher light, seedlings also shift allocation towards root

growth [62] and non-structural carbohydrate storage [21], which may have resulted in a lagged

growth response due to later mobilization of stored non-structural carbohydrates [21].

The strength of the growth response to the forest tent caterpillar outbreak varied strongly

among species, with the strongest increase in the shade intolerant species F. americana and P.

serotina, and in the shade tolerant species O. virginiana. These results are partly in agreement

with hypothesis 3 that shade intolerant species respond more strongly to variation in light and

nutrient availability than shade tolerant species [26,54,63]. The weak growth response in A.

saccharum may be due to defoliation by forest tent caterpillar of part of the A. saccharum seed-

lings, and shading by seedlings of other species. In the severely defoliated site 11, the high den-

sity of larger F. americana seedlings decreased light availability to the smaller A. saccharum
seedlings, and likely led to decreased A. saccharum growth during the outbreak [64]. The

dense F. americana seedling layer may also explain the weaker growth increase of F. americana
in site 11, as compared to site 12, despite the severe canopy defoliation in site 11.

Insect outbreaks as a driver of forest dynamics

The forest tent caterpillar outbreak strongly increased light levels in the understory, soil nitro-

gen concentration and seedling growth. Shade intolerant species responded strongly to the

outbreak: for these species recurring forest tent caterpillar outbreaks may facilitate understory

persistence in the absence of canopy gaps. Fast early growth may increase the chance for seed-

lings to survive [8,65], and to eventually attain the forest canopy [66]. In addition, seedlings

might be less susceptible to herbivory under the high-light conditions during the forest tent

caterpillar outbreak through well-defended leaves [67]. Although not directly addressed in this

study, insect outbreaks may also further facilitate regeneration of shade intolerant species by

accelerating gap dynamics through elevated mature tree mortality of host species [68–70].

However, it is not known whether the seedlings that benefited from the forest tent caterpillar

defoliation in our study, particularly the shade intolerant species, will persist in the understory

until the next disturbance and resource enhancement. Seedling mortality resulting from low

light, physical damage or herbivory [64] may still occur. Deer browsing, for example, may

strongly reduce seedling survival [71], and therefore preclude longer-term growth and survival

advantages of forest tent caterpillar defoliation. Increased canopy openness as a result of cycli-

cal canopy defoliation by forest tent caterpillar may also be beneficial for other taxa. For exam-

ple, higher abundance and/or species richness of invertebrates like butterflies [72–74] and

spiders [75–77] is generally associated with a more open canopy. Thus, persistence of such

invertebrate species in closed-canopy forests might also be facilitated by insect outbreaks.

Overall, our results suggest that recurrent canopy defoliation resulting from cyclical forest

insect outbreaks may be an additional driver of temperate forest dynamics, particularly in for-

ests with a closed canopy.

Supporting Information

S1 File. Canopy openness data. Percent canopy openness for each of the six defoliated sites

from 2009 to 2011. Quadrat indicates the number of the 1-m2 quadrat in the 200 m × 1 m tran-

sect.

(XLSX)
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S2 File. Soil resource data. Changes in soil soil nitrate (NO3), ammonium (NH4), and total

inorganic nitrogen (TOTN) levels for each of the six defoliated sites from 2009 to 2011. The

average change (from 2011 to either 2009 or 2010) in nondefoliated sites is indicated for each

of the soil nutrients, as well as the change from 2011 to either 2009 or 2010 in the defoliated

site itself. Quadrat indicates the number of the 1-m2 quadrat in the 200 m × 1 m transect.

(XLSX)

S3 File. Seedling growth data. Seedling height growth, and seedling height at the start of the

growing season, in the six defoliated sites from 2008 to 2012 for six northern hardwood spe-

cies. Tag refers to the tag number of an individual seedling.

(XLSX)

Acknowledgments

We are grateful to Max Erickson, Michael Cook, Andrea Maguire, Beverly Bell, Megan

Edwards and Amber Townes for help with field work. We thank Thomas Baribault and Ellen

Holste for contributing soil nutrient data. We thank Benjamin Schram, Michelle Sandler and

Ellen Holste for help with laboratory work. This study was funded by the National Science

Foundation under DEB 0958943.

Author Contributions

Conceptualization: DMAR RKK.

Formal analysis: DMAR.

Investigation: DMAR RKK.

Writing – original draft: DMAR.

Writing – review & editing: DMAR RKK.

References
1. Prescott CE. The influence of the forest canopy on nutrient cycling. Tree Physiol. 2002; 22: 1193–1200.

PMID: 12414379

2. Runkle JR. Gap regeneration in some old-growth forests of the eastern United States. Ecology. 1981;

62: 1041–1051.

3. Valverde T, Silvertown J. Canopy closure rate and forest structure. Ecology. 1997; 78: 1555–1562.

4. Hibbs DE. Gap dynamics in a hemlock hardwood forest. Can J For Res. 1982; 12: 522–7.

5. Canham CD. Suppression and release during canopy recruitment in Acer saccharum. Bull Torrey Bot

Club. 1985; 112: 134–145.

6. Canham CD. Suppression and release during canopy recruitment in Fagus grandifolia. Bull Torrey Bot

Club. 1990; 117: 1–7.

7. Runkle JR. Disturbance regimes in temperate forests. In: Pickett STA, White PS, editors. The ecology

of natural disturbance and patch dynamics: Academic Press; 1985. pp. 17–33.

8. Kobe RK, Pacala SW, Silander JA, Canham CD. Juvenile tree survivorship as a component of shade

tolerance. Ecol Appl. 1995; 5: 517–532.

9. Clark JS, Mohan J, Dietze M, Ibañez I. Coexistence: How to identify trophic trade-offs. Ecology. 2003;

84: 17–31.

10. Pacala SW, Canham CD, Saponara J, Silander JA, Kobe RK, Ribbens E. Forest models defined by

field measurements: Estimation, error analysis and dynamics. Ecol Monogr. 1996; 66: 1–43.

11. Kobe RK. Intraspecific variation in sapling mortality and growth predicts geographic variation in forest

composition. Ecol Monogr. 1996; 66: 181–201.

12. Fitzgerald TD. The tent caterpillars. New York: Cornell University Press; 1995.

Seedling Growth Responses to Canopy Defoliation

PLOS ONE | DOI:10.1371/journal.pone.0167139 November 21, 2016 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167139.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167139.s003
http://www.ncbi.nlm.nih.gov/pubmed/12414379


13. Wargo PM. Defoliation and tree growth. In: Doane CC, McManus ML, editors. The gypsy moth:

Research towards integrated pest management. Washington: U.S. Forest Service, Technical Bulletin

No. 1584; 1981.

14. Stephens GR, Turner NC, Deroo HC. Some effects of defoliation by gypsy moth (Porthetria dispar L)

and elm spanworm (Ennomos subsignarius Hbn) on water balance and growth of deciduous forest

trees. For Sci. 1972; 18: 326–330.

15. Frost CJ, Hunter MD. Insect canopy herbivory and frass deposition affect soil nutrient dynamics and

export in oak mesocosms. Ecology. 2004; 85: 3335–3347.

16. Grace JR. The influence of gypsy moth on the composition and nutrient content of litter fall in a Pennsyl-

vania oak forest. For Sci. 1986; 32: 855–870.

17. Bigelow SW, Canham CD. Community organization of tree species along soil gradients in a north-east-

ern USA forest. J Ecol. 2002; 90: 188–200.

18. Kobe RK. Sapling growth as a function of light and landscape-level variation in soil water and foliar nitro-

gen in northern Michigan. Oecologia. 2006; 147: 119–133. doi: 10.1007/s00442-005-0252-8 PMID:

16208492

19. Finzi AC, Canham CD. Sapling growth in response to light and nitrogen availability in a southern New

England forest. For Ecol Manage. 2000; 131: 153–165.

20. Canham CD, Berkowitz AR, Kelly VR, Lovett GM, Ollinger SV, Schnurr J. Biomass allocation and multi-

ple resource limitation in tree seedlings. Can J For Res. 1996; 26: 1521–1530.

21. Kobe RK, Iyer M, Walters MB. Optimal partitioning theory revisited: Nonstructural carbohydrates domi-

nate root mass responses to nitrogen. Ecology. 2010; 91: 166–179. PMID: 20380206

22. Romberger JA. Meristems, growth, and development in woody plants. Washington: U.S. Forest Ser-

vice Technical Bulletin No. 1293; 1963.

23. Marks PL. On the relation between extension growth and successional status of deciduous trees of the

northeastern United States. Bull Torrey Bot Club. 1975; 102: 172–177.

24. Kramer PJ, Kozlowski TT. Physiology of woody plants. New York: Academic Press; 1979.

25. Bazzaz FA. Physiological ecology of plant succession. Annu Rev Ecol Syst. 1979; 10: 351–371.

26. Catovsky S, Kobe RK, Bazzaz FA. Nitrogen-induced changes in seedling regeneration and dynamics of

mixed conifer-broad-leaved forests. Ecol Appl. 2002; 12: 1611–1625.

27. Baribault TW, Kobe RK, Rothstein DE. Soil calcium, nitrogen, and water are correlated with above-

ground net primary production in northern hardwood forests. For Ecol Manage. 2010; 260: 723–733.

28. Zak DR, Host GE, Pregitzer KS. Regional variability in nitrogen mineralization, nitrification, and over-

story biomass in northern lower Michigan. Can J For Res. 1989; 19: 1521–1526.

29. Host GE, Pregitzer KS. Geomorphic influences on ground-flora and overstory composition in upland for-

ests of northwestern lower Michigan. Can J For Res. 1992; 22: 1547–1555.

30. Pugh SA, Pedersen LD, Heym DC, Piva RJ, Woodall CW, Kurtz CM, et al. Michigan’s Forests 2009.

Resource Bulletin NRS-66: US Department of Agriculture, Forest Service, Northern Research Station;

2012.

31. Burns RM, Honkala BH. Silvics of North America: 2. Hardwoods. Agriculture Handbook 654. Washing-

ton: U.S. Department of Agriculture, Forest Service; 1990.

32. Rozendaal DMA, Kobe RK. Competitive balance among tree species altered by forest tent caterpillar

defoliation. For Ecol Manage. 2014; 327: 18–25.

33. Frazer GW, Canham CD, Lertzman KP. Gap light analyzer (GLA). Version 2.0. Bull Ecol Soc Am. 2000;

8: 191–197.

34. Kobe RK, Hogarth LJ. Evaluation of irradiance metrics with respect to predicting sapling growth. Can J

For Res. 2007; 37: 1203–1213.

35. Sinsabaugh RL, Reynolds H, Long TM. Rapid assay for amidohydrolase (urease) activity in environ-

mental samples. Soil Biol Biochem. 2000; 32: 2095–2097.

36. Doane TA, Horwath WR. Spectrophotometric determination of nitrate with a single reagent. Anal Lett.

2003; 36: 2713–2722.

37. Carter MR. Soil sampling and methods of analysis. Boca Raton, FL: CRC Press; 1993.

38. Burnham KP, Anderson DR. Model selection and multimodel inference: a practical information-theoretic

approach. New York: Springer; 2002.

39. Goffe WL, Ferrier GD, Rogers J. Global optimization of statistical functions with simulated annealing. J

Econometrics. 1994; 60: 65–99.

40. Edwards AWF. Likelihood. Baltimore, Maryland, USA: John Hopkins University Press; 1992.

Seedling Growth Responses to Canopy Defoliation

PLOS ONE | DOI:10.1371/journal.pone.0167139 November 21, 2016 13 / 15

http://dx.doi.org/10.1007/s00442-005-0252-8
http://www.ncbi.nlm.nih.gov/pubmed/16208492
http://www.ncbi.nlm.nih.gov/pubmed/20380206


41. Claveau Y, Messier C, Comeau PG, Coates KD. Growth and crown morphological responses of boreal

conifer seedlings and saplings with contrasting shade tolerance to a gradient of light and height. Can J

For Res. 2002; 32: 458–468.

42. Williams H, Messier C, Kneeshaw DD. Effects of light availability and sapling size on the growth and

crown morphology of understory Douglas-fir and lodgepole pine. Can J For Res. 1999; 29: 222–231.

43. Nakagawa S, Schielzeth H. A general and simple method for obtaining R2 from generalized linear

mixed-effects models. Methods Ecol Evol. 2013; 4: 133–142.

44. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. 2014.

45. Bates D, Maechler M, Bolker B. lme4: Linear mixed-effects models using S4 classes. R package ver-

sion 0.999375–39. 2014. https://CRAN.R-project.org/package=lme4

46. Murphy L. likelihood: Methods for maximum likelihood estimation. R package version 1.5. 2012. https://

CRAN.R-project.org/package=likelihood

47. Christenson LM, Lovett GM, Mitchell MJ, Groffman PM. The fate of nitrogen in gypsy moth frass depos-

ited to an oak forest floor. Oecologia. 2002; 131: 444–452.

48. Frost CJ, Hunter MD. Recycling of nitrogen in herbivore feces: plant recovery, herbivore assimilation,

soil retention, and leaching losses. Oecologia. 2007; 151: 42–53. doi: 10.1007/s00442-006-0579-9

PMID: 17089141

49. Lovett GM, Ruesink AE. Carbon and nitrogen mineralization from decomposing gypsy moth frass.

Oecologia. 1995; 104: 133–138.

50. Eshleman KN, Morgan RP, Webb JR, Deviney FA, Galloway JN. Temporal patterns of nitrogen leakage

from mid-Appalachian forested watersheds: Role of insect defoliation. Water Resour Res. 1998; 34:

2005–2016.

51. Townsend PA, Eshleman KN, Welcker C. Remote sensing of gypsy moth defoliation to assess varia-

tions in stream nitrogen concentrations. Ecol Appl. 2004; 14: 504–516.

52. Pacala SW, Canham CD, Silander JA, Kobe RK. Sapling growth as a function of resources in a north

temperate forest. Can J For Res. 1994; 24: 2172–2183.

53. Beaudet M, Brisson J, Gravel D, Messier C. Effect of a major canopy disturbance on the coexistence of

Acer saccharum and Fagus grandifolia in the understorey of an old-growth forest. J Ecol. 2007; 95:

458–467.

54. Beaudet M, Messier C. Growth and morphological responses of yellow birch, sugar maple, and beech

seedlings growing under a natural light gradient. Can J For Res. 1998; 28: 1007–1015.

55. Marks PL, Gardescu S. A case study of sugar maple (Acer saccharum) as a forest seedling bank spe-

cies. J Torrey Bot Soc. 1998; 125: 287–296.

56. Walters MB, Reich PB. Growth of Acer saccharum seedlings in deeply shaded understories of northern

Wisconsin: Effects of nitrogen and water availability. Can J For Res. 1997; 27: 237–247.

57. Lilles EB, Astrup R. Multiple resource limitation and ontogeny combined: a growth rate comparison of

three co-occurring conifers. Can J For Res. 2012; 42: 99–110.

58. Collins S. Benefits to understory from canopy defoliation by gypsy-moth larvae. Ecology. 1961; 42:

836–838.

59. Reinikainen M, D’Amato AW, Fraver S. Repeated insect outbreaks promote multi-cohort aspen mixed-

wood forests in northern Minnesota, USA. For Ecol Manage. 2012; 266: 148–159.

60. Coomes DA, Grubb PJ. Impacts of root competition in forests and woodlands: A theoretical framework

and review of experiments. Ecol Monogr. 2000; 70: 171–207.

61. Peltzer DA, Wardle DA. Soil fertility effects on tree seedling performance are light-dependent: evidence

from a long-term soil chronosequence. Oikos. 2016; 125: 1121–1133.

62. Claveau Y, Comeau PG, Messier C, Kelly CP. Early above- and below-ground responses of subboreal

conifer seedlings to various levels of deciduous canopy removal. Can J For Res. 2006; 36: 1891–1899.

63. Grubb PJ, Lee WG, Kollmann J, Wilson JB. Interaction of irradiance and soil nutrient supply on growth

of seedlings of ten European tall-shrub species and Fagus sylvatica. J Ecol. 1996; 84: 827–840.

64. George LO, Bazzaz FA. The fern understory as an ecological filter: Growth and survival of canopy-tree

seedlings. Ecology. 1999; 80: 846–856.

65. Dekker M, Sass-Klaassen U, den Ouden J, Goedhart PW. The effect of canopy position on growth and

mortality in mixed sapling communities during self-thinning. Eur J For Res. 2009; 128: 455–466.

66. Landis RM, Peart DR. Early performance predicts canopy attainment across life histories in subalpine

forest trees. Ecology. 2005; 86: 63–72.

Seedling Growth Responses to Canopy Defoliation

PLOS ONE | DOI:10.1371/journal.pone.0167139 November 21, 2016 14 / 15

https://CRAN.R-project.org/package=lme4
https://CRAN.R-project.org/package=likelihood
https://CRAN.R-project.org/package=likelihood
http://dx.doi.org/10.1007/s00442-006-0579-9
http://www.ncbi.nlm.nih.gov/pubmed/17089141


67. Karolewski P, Giertych MJ, Zmuda M, Jagodzinski AM, Oleksyn J. Season and light affect constitutive

defenses of understory shrub species against folivorous insects. Acta Oecol. 2013; 53: 19–32.

68. Campbell RW, Sloan RJ. Forest stand responses to defoliation by gypsy moth. For Sci. 1977: 1–34.

69. Davidson CB, Gottschalk KW, Johnson JE. Tree mortality following defoliation by the European gypsy

moth (Lymantria dispar L.) in the United States: A review. For Sci. 1999; 45: 74–84.

70. Eisenbies MH, Davidson C, Johnson J, Amateis R, Gottschalk K. Tree mortality in mixed pine-hardwood

stands defoliated by the European gypsy moth (Lymantria dispar L.). For Sci. 2007; 53: 683–691.

71. Tripler CE, Canham CD, Inouye RS, Schnurr JL. Competitive hierarchies of temperate tree species:

Interactions between resource availability and white-tailed deer. Écoscience. 2005; 12: 494–505.
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