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Abstract. While several studies have explored how short-term ecological responses to
disturbance vary among ecosystems, experimental studies of how contrasting ecosystems
recover from disturbance in the longer term are few. We performed a simple long-term
experiment on each of 30 contrasting forested islands in northern Sweden that vary in size; as
size decreases, time since fire increases, soil fertility and ecosystem productivity declines, and
plant species diversity increases. We predicted that resilience of understory plant community
properties would be greatest on the larger, more productive islands, and that this would be
paralleled by greater resilience of soil biotic and abiotic properties. For each island, we applied
three disturbance treatments of increasing intensity to the forest understory once in 1998, i.e.,
light trimming, heavy trimming, and burning; a fourth treatment was an undisturbed control.
We measured recovery of the understory vascular plant community annually over the
following 14 years, and at that time also assessed recovery of mosses and several belowground
variables. Consistent with our predictions, vascular plant whole-community variables (total
cover, species richness, diversity [Shannon’s H0], and community composition) recovered
significantly more slowly on the smaller (least fertile) than the larger islands, but this difference
was not substantial, and only noticeable in the most severely disturbed treatment. When an
index of resilience was used, we were unable to detect effects of island size on the recovery of
any property. We found that mosses and one shrub species (Empetrum hermaphroditum)
recovered particularly slowly, and the higher abundance of this shrub on small islands was
sufficient to explain any slower recovery of whole-ecosystem variables on those islands.
Further, several belowground variables had not fully recovered from the most intense
disturbance after 14 yr, and counter to our predictions, the degree of their recovery was never
influenced by island size. While several studies have shown large variation among plant
communities in their short-term response (notably resistance) to environmental perturbations,
our results reveal that when perturbations are applied equally to highly contrasting
ecosystems, differences in resilience among them in the longer term can be relatively minor,
regardless of the severity of disturbance.

Key words: aboveground–belowground linkages; disturbance; ecosystem; Empetrum hermaphroditum;
microbial community; nitrogen; resilience; stability.

INTRODUCTION

All natural ecosystems are subject to disturbance

regimes, which impact organisms, communities, and

ecosystem processes (Pickett and White 1985). Further-

more, ecosystems can differ greatly in how they respond

to disturbance, both in terms of their resistance (i.e., the

degree to which they remain unchanged by disturbance)

and resilience (i.e., their capacity to return to a reference

state over time following a perturbation; Holling 1973,

Pimm 1991, Grimm and Wissel 1997). Differences

among ecosystems in how they are impacted by

disturbance are driven by both abiotic and biotic

factors. Abiotic factors that cause varying responses

among ecosystems include climate (Vicente-Serrano et
al. 2013), soil fertility (Gendron and Wilson 2007), and

stage of ecosystem development (Orwin et al. 2006).

With regard to biotic factors, many studies have focused

on how responses to disturbance are mediated by
particular community-level attributes. As such, it is well

recognized that differences among ecosystems in their

responses are driven by the growth characteristics of the

dominant plant species (Roovers et al. 2004) and the
functional trait spectra of the plant community (McGil-

livray et al. 1995, Bernhardt-Römermann et al. 2011,

Mouillot et al. 2013). Furthermore, there is a consider-

able body of literature on whether and how plant

communities differing in diversity (primarily at the
species level) stabilize ecosystem properties in terms of

both their resistance and resilience to disturbance (Ives

and Carpenter 2007, Cardinale et al. 2012).

Although the issue of community and ecosystem

responses to disturbance has attracted considerable
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attention, we still have a limited understanding of how

ecosystems differing in factors believed to influence

effects of disturbance recover relative to each other over

time. Several studies have explored aspects of this issue

experimentally, by comparing the ecological response to

disturbance treatments of communities differing in

functional trait properties (McGillivray et al. 1995,

Chillo et al. 2011), species diversity (Sankaran and

McNaughton 1999, Pfisterer and Schmid 2002), and

biogeographic location (Bernhardt-Römermann et al.

2011). However, one drawback of most of these studies

is that they are inherently short-term, and have

monitored responses to disturbance for only a year or

two after the disturbance was applied. While such

studies can accurately inform on an ecosystem’s

resistance to disturbance, they have limitations in

understanding resilience, because communities can take

at least several years, and often decades, centuries, or

even millennia to fully recover (Walker and Reddell

2007). Other studies have explored the responses to

disturbance observationally, by monitoring the recovery

of communities after catastrophic natural disturbance

events, sometimes over the order of decades (e.g., Batista

and Platt 2003, Tanner and Bellingham 2006). While

such studies have considerable value in understanding

long-term community dynamics, they pose difficulties

for assessing long-term resilience, because catastrophic

disturbances usually do not occur randomly in the

landscape. This makes it challenging or impossible to

find appropriate undisturbed controls, and therefore to

determine when the ecosystem has returned to the

reference state.

All ecosystems consist of above- and belowground

components, and interactions and feedbacks between

them drive ecosystem processes such as biomass

production, decomposition, and nutrient cycling (War-

dle 2002, Freschet et al. 2013). While many experimental

studies have explored how either the aboveground or

belowground components respond to disturbance in

isolation (Wardle 2002), surprisingly few have consid-

ered the response of both components within the same

study or experiment (e.g., Wardle et al. 2000, Sørensen

et al. 2008). Furthermore, those studies that have

explored how both components respond to experimental

disturbances have considered only short-term responses

(typically a year or less), which limits comparisons of

how the aboveground and belowground subsystems

recover from disturbance over time. Hence, our under-

standing is limited of whether recovery following

disturbance of the aboveground and belowground

subsystems over time is coupled, or whether coupling

of responses varies among ecosystems that differ in

factors believed to influence recovery from disturbance.

In the present study, we focused on a group of 30 well-

studied forested lake islands in northern Sweden, each of

which operates as an independent replicate ecosystem

(Wardle et al. 1997, 2012). These islands differ greatly in

size, with larger islands being struck by lightning more

often and therefore burning more frequently. As such,

the larger islands have greater soil fertility, are more
productive, are dominated more by plants with traits

associated with resource acquisition (as opposed to
resource conservation), and have lower plant species

diversity, when compared with the smaller islands
(Wardle et al. 2012). In 1998 we imposed three separate
disturbance treatments of increasing intensity on the

forest understory of each island (along with a corre-
sponding undisturbed control), and monitored plant

community changes each year over the following 14 yr.
We also measured the extent to which a suite of abiotic

and biotic soil properties recovered from the disturbance
treatments after 14 yr. This design enabled us to study

long-term resilience of aboveground and belowground
properties among contrasting ecosystems, i.e., the extent

to which they recovered over 14 yr following the
perturbation.

It has been predicted that ecosystems that have a
higher productivity are more stable when they are more

productive, and that more productive ecosystems can
recover faster from extrinsic disturbances (Hooper et al.

2005, Ives and Carpenter 2007). There is also a
considerable body of literature on the relationship

between species diversity and ecosystem stability (in-
cluding resilience), with several studies suggesting that
diversity enhances ecosystem stability (Tilman et al.

2006, Cardinale et al. 2012). In the present study, we
sought to test two hypotheses. Our first hypothesis

relates to the plant community data, for which we had
14 yr of post-disturbance measurements. Here, we

hypothesized that resilience to disturbance of dominant
plant species and community-level properties are great-

est for large islands, because they are more fertile and
productive. An opposing hypothesis would be that small

islands are more resilient because they have greater plant
diversity. Our second hypothesis relates to data for

belowground properties, which we measured once in
each plot after 14 yr. There are often important

feedbacks between the aboveground and belowground
subsystems in terms of carbon and nutrient processes, as

well as community composition (Wardle 2002). There-
fore, we hypothesized that after 14 yr, belowground
properties of disturbed plots would have shown a

greater recovery on the larger, more productive islands,
because they would parallel the recovery patterns

predicted for aboveground community properties. Ad-
dressing these hypotheses in combination is expected to

aid understanding of how contrasting ecosystems
recover, both aboveground and belowground, following

ecological disturbances.

MATERIALS AND METHODS

Study system and experimental setup

The study system consists of 30 islands in lakes
Hornavan and Uddjaure in northern Sweden (658550 N

to 668090 N, 178430 E to 178550 E; see Plate 1). The mean
annual precipitation is 750 mm, and the mean temper-
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ature is 138C in July and �148C in January. All islands

were formed following the retreat of land ice about 9000

yr ago. The only major extrinsic factor that varies

among islands is the history of lightning-ignited wildfire,

with larger islands having burned more frequently than

smaller islands because of their larger area to intercept

lightning (Wardle et al. 1997, 2003). Previous studies on

these islands have shown that as they become smaller

and time since fire increases, they enter a state of

ecosystem retrogression (Peltzer et al. 2010), in which

there is a reduction in soil fertility (notably a reduced

availability of plant-available nitrogen and phosphorus),

plant biomass, and ecosystem productivity, and an

increase in plant species diversity (Wardle et al. 2003,

2004, 2012; Appendix A).

The islands were divided into three size classes with 10

islands per class: large (.1.0 ha), medium (0.1–1.0 ha),

and small (,0.1 ha), with a mean time since last major

fire of 585, 2180, and 3250 yr, respectively (Wardle et al.

2003). The use of size classes in this way enables simple

statistical testing of interactive effects of island size with

other factors, such as experimental treatments (e.g.,

Wardle and Zackrisson 2005, Gundale et al. 2010). All

islands burned at least 60 yr ago (and up to 5350 yr ago),

and so have not been subjected to differing fire

disturbance regimes for several decades prior to the

present study. The overstory vegetation of the island

system is dominated by Pinus sylvestris, Betula pubes-

cens, and Picea abies, which achieve their greatest

relative biomass on large, medium, and small islands

respectively. The ground layer vascular vegetation is

dense and dominated by the dwarf shrubs Vaccinium

myrtillus, V. vitis-idaea, and Empetrum hermaphroditum

(which achieve their greatest relative biomass on large,

medium, and small islands, respectively), and the feather

mosses Hylocomium splendens and Pleurozium schreberi

(which are abundant in all island size classes).

The present study was focused on the dwarf shrub and

moss layer in the forest understory; this layer is

responsible for over half of total net primary produc-

tivity in all island size classes (Wardle et al. 2012). On

each of the 30 islands, we established four square plots

on understory vegetation characteristic of that island in

August 1998. These plots were always at least 80 3 80

cm, but only the inner 50 3 50 cm was ever measured.

One of these plots was randomly assigned to each of

four disturbance treatments.

Treatments consisted of (1) control, i.e., left intact; (2)

light trimming (low disturbance), where all dwarf shrubs

were trimmed down to the top of the live feather moss

layer and removed; (3) heavy trimming (medium

disturbance), where all dwarf shrubs and mosses were

trimmed down to the interface between the live and dead

parts of the feather moss layer and removed; and (4)

burning (high disturbance), where a butane flamethrow-

er was used to burn an area of approximately 1.5 3 1.5

m down to the upper surface of the humus layer

(Schimmel and Granström 1996, Norberg et al. 1997).

Larger plots were used for this last treatment because it

is impossible to reliably burn smaller plots using this

approach. For two weeks prior to burning, plots were

covered with small plastic tents so that they all burned

equally well, regardless of weather conditions (Schimmel

and Granström 1996).

Trimming disturbances were imposed over 1–12

August 1998, and burning treatments over 13–17 August

1998. Other than these single disturbances, no other

disturbances were implemented at any time. The

disturbances were applied equally to all islands regard-

less of size, and are of comparable intensity to those that

can be caused by both biotic and abiotic disturbances.

As such, our shrub trimming treatments created similar

conditions at the patch scale as defoliation or death of

ground layer ericaceous vegetation caused by distur-

bance agents such as foliar herbivory, pathogens, or

extreme climatic events in northern Sweden (Bokhorst et

al. 2009, Nordin et al. 2009). Further, the burning

treatment consumed shrub and moss vegetation down to

the humus layer in much the same way as occurs

through wildfire in this region (Schimmel and Gran-

ström 1996). We performed this study adjacent to plots

used by Wardle et al. (2003); plots were always located

at similar distances from the shore regardless of island

size to prevent edge and microclimatic effects from

confounding the results (Wardle et al. 1997, 2003).

Measurements

For all measurements, we utilized only the inner 0.53

0.5 m of the disturbed plot area, consistent with other

plot-scale investigations performed on these islands

(e.g., Wardle and Zackrisson 2005, Gundale et al.

2010). During 1–12 August 1998 (i.e., prior to the

implementation of the disturbance treatments), and

during the first two weeks of August each year from

1999 to 2012 inclusive, we measured vascular plant

vegetation on each plot by using the point intercept

method used by Wardle and Zackrisson (2005). For

each plot, we recorded the total number of times each

species present was intercepted by a total of 100

downwardly projected points located throughout the

plot. This provides a measure of cover density of each

species, and within species is strongly correlated with

standing biomass (Wardle et al. 2003). The total amount

of intercepts of all species gave a measure of total cover

of that plot, which can exceed 100% if individual points

intercept multiple leaves or stems. We also used these

data to estimate vegetation diversity of the plot by

calculating the Shannon diversity index (hereafter

Shannon’s H0). In addition, total species richness in

each plot was determined visually.

At the end of the experiment (2–14 August 2012),

several additional measurements were made for each

plot to determine the extent to which key community

and ecosystem properties had recovered 14 yr post-

disturbance. First, we estimated biomass of each of the

two dominant moss species in each plot (H. splendens
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and P. schreberi ) using the approach of Lagerström et

al. (2007), which involved measuring the depth of the

live moss layer of each species at each of 15 random

points throughout the plot, and converting mean depth

to biomass using previously established calibration

equations. Furthermore, within each plot we collected

approximately 30 randomly located soil cores beneath

the litter layer (each 2.5 cm in diameter 3 10 cm deep;

cores consisted entirely of humus) and bulked them into

a single sample for abiotic and biotic measurements.

Upon collection, soils were sieved to 4 mm and stored at

48C until further use.

Abiotic soil properties measured on a subsample of

each soil sample included gravimetric moisture, pH, and

(following extraction with 1 mol/L KCl) ammonium,

nitrate, and phosphate by colorimetery on an Auto-

Analyzer III (Omni Process, Solna, Sweden). Total C

and N were measured by combustion and thermal

conductivity detection using a Flash 1112 Elemental

Analyzer (Thermo Scientific, Waltham, Massachusetts,

USA). Total P was measured by combustion and

dissolution of ash in 1 mol/L H2SO4, followed by

phosphate detection using automated molybdate color-

imetry on a Lachat Quikchem 8500 analyzer (Milwau-

kee, Wisconsin, USA). These data were used to calculate

the ratios of C to P, C to N, N to P, mineral N

(ammonium þ nitrate) to total N, and mineral (phos-

phate) P to total P.

For a subsample of each soil sample, we also

quantified soil microbial properties. We measured

substrate-induced respiration (SIR; a relative measure

of active microbial biomass) as described by Anderson

and Domsch (1978) and modified by Wardle (1993).

Briefly, a 3-g (dry mass) subsample of soil was amended

to 150% moisture content (dry mass basis), amended

with 30 mg glucose, placed in a 130-mL airtight vessel,

and incubated at 228C. Evolution of CO2 between 1 h

and 4 h was then determined by injecting 1-mL

subsamples of headspace gas into an ADC 2250 Gas

Analyzer (ADC BioScientific, Hoddesdon, UK), and

used as a measure of SIR. We also measured the

composition of microbial phospholipid fatty acids

(PLFAs) for assessing the microbial community by

using the method of Bligh and Dyer (1959) as modified

by White et al. (1979); different PLFAs represent

different subsets of the soil microflora. For each soil,

the abundance of each fatty acid extracted was expressed

as relative nmol/g of dry soil using standard nomencla-

ture. The PLFAs i15:0, a15:0, i16:0, 16:1x9, 16:1x7t,
16:1x7c, i17:0, a17:0, cy17:0, 18:1x7, and cy19:0 were

used to indicate relative bacterial biomass, the PLFA

18:2x6 was used as to indicate relative fungal biomass

(Frostegård and Bååth 1996), and the PLFAs 10Me17:0

and 10Me18:0 were used to indicate relative actinomy-

cete biomass (Kroppenstedt 1985). The PLFAs used for

calculation of total branched PLFAs (i.e., gram positive

bacteria) were i-15:0, a-15:0, i-16:0, and i-17:0, while

PLATE 1. Islands in the study system in Lake Uddjaure, Sweden. Photo credit: M. Jonsson.
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those used to determine total cyclic PLFAs were cyc-

17:0 and cyc-19:0. The PLFA chosen to represent fungi

and the sum of the PLFAs chosen to represent bacteria

were used to calculate the fungal to bacterial ratio

(Frostegård and Bååth 1996) for each plot.

To assess soil decomposer activity, four litter bags

were placed in each plot during 1–14 August 2011, and

harvested 1 yr later during 1–14 August 2012. All bags

were made of 0.3-mm mesh and enclosed 3 g (dry mass)

of V. myrtillus litter; this litter had N and P concentra-

tions of 0.58% and 0.13%, respectively. Two of these

bags were placed on the ground surface among the live

moss layer and two were buried at 5 cm depth in the

humus. Following harvest, the litter in the two bags at

each depth was combined, and determinations made of

the remaining dry mass (608C, 48 h); litter decomposi-

tion rate was determined as the percentage of mass lost.

Data analysis

We used the vascular plant data to test the first

hypothesis, i.e., that larger islands were more resilient to

disturbance. We used principal components analysis

(PCA) to summarize the full vascular plant species cover

data set across all years for all plots into fewer variables,

so that treatment effects on community composition

could be directly assessed over time (see Wardle et al.

2013). Before PCA was performed, all data were

converted to proportions. For each community-level

response variable that we measured (including the

primary and secondary principal components from the

PCA, i.e., PC1 and PC2), and for total cover for each of

the three most abundant species (V. myrtillus, V. viti-

sidaea, and E. hermaphroditum), data were analyzed by

repeated measures split-plot ANOVA, with island size as

the main plot factor and disturbance treatment as the

within-plot factor. For all data analysis, variables were

transformed as necessary to satisfy ANOVA assump-

tions. A significant interactive effect of disturbance

treatment 3 island size meant that responses to

disturbance varied with island size; a significant three-

way interactive effect of these two factors and time

meant that responses to disturbances over time varied

with island size. A significant three-way interaction did

not necessarily mean that the first hypothesis was

supported, but a nonsignificant interaction meant that

it could not be supported.

To further test the first hypothesis for each vascular

plant response variable (except for ordination score

values, see below), we determined the extent to which

that variable had recovered from disturbance for each

disturbed plot on each island, or its post-disturbance

resilience (V ), for each of the years 1999 to 2012

inclusive. This involved calculation of the following

metric (Wardle 1995)

V ¼ ð2 3 DÞ=ðDþ CÞ � 1

where D is the value for the disturbed plot and C is the

value for the corresponding undisturbed (control) plot

on the same island. This index varies between�1 andþ1,
and is negative or positive depending on whether the
value in the disturbed plot is smaller or larger than in the

control plot; a value of 0 indicates that values for both
plots are the same, and that the disturbed plot has

therefore fully recovered. This index is conceptually
based on the resilience index of Orwin and Wardle
(2004), except that the point of reference against which

the disturbed plot was compared was the corresponding
control plot measured at the same time, rather than the

disturbed plot measured prior to the disturbance, which
is preferable as the control plot may itself change over

time. For each variable within each year, we tested
whether responses to the three disturbed treatments

differed among island size classes, by analyzing values of
V with a split-plot ANOVA with island size as the main

plot factor and disturbance treatment as the subplot
factor; when effects of factors were significant at P ¼
0.05, post-hoc comparison of means was performed
using Tukey’s test. Furthermore, for each disturbance

treatment within each island size class for each year,
confidence intervals (with n ¼ 10 replicate islands) were

used to determine whether V was significantly different
to 0 at P ¼ 0.05, 0.01, or 0.001. For the ordination
scores, it was not possible to calculate V because these

scores can be either positive or negative, so we instead
subtracted the score of each disturbed plot from that of

the corresponding control plot from the same island
(because these scores are already standardized) for that

year, and values for these differences were subjected to
the same data analyses as described above for the values

for V.
We used the data collected in 2012 to test the second

hypothesis, i.e., that after 14 yr, recovery belowground
would be coupled to recovery aboveground. To do this,

each variable measured only in 2012 (i.e., all abiotic and
biotic soil variables, and moss data), was analyzed using

a two-way ANOVA, with island size as the main plot
factor and disturbance treatment (including control) as

the subplot factor. Prior to this analysis, we summarized
the microbial PLFA data into fewer variables using

PCA exactly as described for the vascular plant data. A
significant interaction term between island size and
disturbance treatment did not necessarily mean that the

second hypothesis was supported, but a nonsignificant
interaction meant that it was unsupported. To further

explore the second hypothesis, we calculated V for each
disturbed plot on each island (except for PCA scores of

the PLFA data, for which differences between disturbed
and control plots were used), and analyzed this data

exactly as described for the vascular plant data. All data
were analyzed by Statistix 8.1 (Tallahassee, Florida,

USA).

RESULTS

Aboveground measurements

For vascular plants, all variables except species
richness and PC2 responded to the interactive effect of

DAVID A. WARDLE AND MICAEL JONSSON1840 Ecology, Vol. 95, No. 7



island size, time, and disturbance (though the response

for species richness was almost significant; Appendix B),

a condition that must be fulfilled for the first hypothesis

to be supported. For all variables, the burned treatment

recovered more slowly than did the two trimmed

treatments, and the slowest recovery from burning

occurred on the small islands for all variables, while

the fastest recovery occurred on the medium islands for

species richness and PC1 (Fig. 1) and for Shannon’s H0

(data not presented), in line with the first hypothesis.

There were no clear effects of island size on the recovery

of any community variable from trimming, which is

inconsistent with the first hypothesis, except that species

richness in the heavily trimmed treatment appeared to

recover fastest on small islands (Fig. 1). For vascular

plants, four of the five whole-community measures (i.e.,

total cover, species richness, PC1, PC2, but not

Shannon’s H 0) were directly influenced by island size,

and all responded to the island size 3 time interactive

effect (Appendix B). As such, overall total cover was

least and species richness was greatest on the small

islands (Fig. 1).

Calculation of the index V (three representative years

of which are shown in Table 1) revealed that resilience

was unaffected by island size or its interaction with

disturbance treatment for any whole-community vari-

able, which is inconsistent with the first hypothesis. This

index also showed that whole-community variables

recovered more slowly in the burning than the trimming

treatments, with total cover and species richness in the

burning treatment having still not fully recovered after

14 yr (Table 1).

The three dominant vascular plant species, which

comprise .95% of the total vascular plant cover in this

study, responded to the interactive effect of disturbance,

time, and island size (Appendix B), consistent with the

first hypothesis. As such, V. myrtillus took the most time

to recover on large islands, while V. vitis-idaea took the

FIG. 1. Community level variables, i.e., total cover (numbers of total vegetation intercepts by 100 points), species richness, and
scores for the principal ordination axis (PC1), for vascular plants in plots differing in a single disturbance applied in 1998, on small,
medium, and large islands over a 14-yr period. Red circles indicate no disturbance (control); orange squares indicate disturbance by
light trimming; blue diamonds indicate disturbance by heavy trimming; and green triangles indicate disturbance by burning.
Symbols placed directly on the y-axis represent cover immediately before the disturbance was initiated, after which cover and
species richness for the light trimming, heavy trimming, and burning treatments was zero. Vertical bars represent standard errors.
ANOVA results are shown in Appendix C.
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least time to recover on large islands, especially for the

trimming treatments (Fig. 2). The recovery of E.

hermaphroditum to all disturbance treatments was slow

for all size classes, and was negligible in the burned

treatment, even after 14 yr (Fig. 2). The index V revealed

that neither island size nor its interactive effect with

disturbance influenced the resilience of any species

measured in any year. However, for V. vitis-idaea and

E. hermaphroditum, resilience did vary among distur-

bance treatments through being least in the burned

treatment, and having not fully recovered in that

treatment even after 14 yr (Table 1).

Fourteen years after treatments were imposed, bio-

mass of each of the two moss species (P. schreberi and

H. splendens) and total moss biomass were all unre-

sponsive to the interactive effects of island size with

TABLE 1. Impact of disturbance applied in 1998 on vascular plant response variables for three representative years after
disturbance, i.e., 2000 (year 2), 2004 (year 6), and 2012 (year 14), and moss variables at 2012 (year 14).

Response variable
and year

ANOVA results Response to disturbance (mean 6 SE)

Island
size (I )

Disturbance
treatment (D) I 3 D Light trimming Heavy trimming Burning

Total vascular plant
cover

2000 0.8 (0.488) 67.8 (,0.001) 1.2 (0.383) �0.304a 6 0.022*** �0.329a 6 0.025*** �0.561b 6 0.022***
2004 0.3 (0.769) 22.6 (,0.001) 0.7 (0.598) �0.056a 6 0.031 �0.056a 6 0.031 �0.227b 6 0.037***
2012 2.2 (0.167) 5.4 (0.008) 0.3 (0.887) �0.037a 6 0.019 �0.029a 6 0.021 �0.104b 6 0.023**

Vascular plant species
richness

2000 0.4 (0.677) 10.7 (,0.001) 1.2 (0.383) �0.501a 6 0.032 �0.117a 6 0.031** �0.209b 6 0.029***
2004 1.3 (0.300) 18.3 (,0.001) 1.5 (0.228) �0.015a 6 0.033 �0.050a 6 0.028 �0.187b 6 0.028***
2012 1.7 (0.208) 6.1 (0.004) 2.4 (0.061) �0.031a 6 0.028 �0.054a 6 0.033 �0.135b 6 0.037*

Scores for vascular
plant PC1

2000 0.0 (0.980) 8.8 (,0.001) 0.3 (0.893) �0.076a 6 0.225 �0.438a 6 0.207 �0.925b 6 0.235***
2004 0.4 (0.685) 6.8 (0.002) 0.1 (0.977) �0.205a,b 6 0.207 0.218a 6 0.188 �0.534b 6 0.218*
2012 0.0 (0.972) 0.1 (0.898) 0.6 (0.672) �0.260 6 0.268 �0.204 6 0.284 �0.297 6 0.248

Vaccinium myrtillus
cover

2000 0.2 (0.828) 1.2 (0.315) 1.2 (0.337) �0.137 6 0.091 �0.198 6 0.084 �0.260 6 0.073
2004 1.1 (0.365) 1.3 (0.276) 0.5 (0.713) 0.067 6 0.087 0.002 6 0.083 �0.041 6 0.086
2012 0.4 (0.699) 0.1 (0.907) 1.1 (0.379) 0.054 6 0.096 0.044 6 0.097 0.025 6 0.085

Vaccinium vitis-idaea
cover

2000 0.9 (0.434) 42.6 (,0.001) 0.8 (0.513) �0.293a 6 0.040*** �0.336a 6 0.036*** �0.658b 6 0.034***
2004 0.1 (0.889) 14.5 (,0.001) 0.6 (0.658) 0.230a 6 0.054 �0.048a 6 0.050 �0.281b 6 0.072***
2012 0.8 (0.477) 0.3 (0.720) 0.3 (0.905) �0.097 6 0.062 �0.039 6 0.024 �0.143 6 0.065*

Empetrum
hermaphroditum
cover

2000 1.2 (0.323) 8.0 (,0.001) 1.0 (0.399) �0.696a 6 0.067*** �0.758a,b 6 0.069*** �0.833b 6 0.069***
2004 1.3 (0.304) 21.7 (,0.001) 1.1 (0.360) �0.419a 6 0.024*** �0.474a 6 0.092*** �0.892b 6 0.055***
2012 1.3 (0.300) 12.0 (,0.001) 1.4 (0.247) �0.279a 6 0.098 �0.155a 6 0.102 �0.692b 6 0.081***

Total moss biomass

2012 1.6 (0.236) 14.4 (,0.001) 0.8 (0.513) �0.285a 6 0.108* �0.645b 6 0.063*** �0.786b 6 0.069***

Hylocomium splendens
biomass

2012 1.0 (0.387) 3.9 (0.025) 0.7 (0.566) �0.436a 6 0.121** �0.590a,b 6 0.108*** �0.880b 6 0.072***

Pleurozium schreberi
biomass

2012 2.8 (0.084) 5.8 (0.005) 1.5 (0.265) �0.284a 6 0.134* �0.598a 6 0.092*** �0.660b 6 0.109***

Notes: PC1 stands for first principal component, as derived from ordination analysis. For all variables except PC1, values are for
index V, which provides a measure for the response to disturbance and ranges from�1 toþ1; it is negative or positive depending on
whether the value in the disturbed plot is less or greater than the value in the corresponding control plot (see Methods). For PC1,
each value is the ordination score of the disturbed plot minus that of the control plot. ANOVA results are F ratios, with P values in
parentheses. Degrees of freedom are 2, 18 for I; 2, 54 for D; and 4, 54 for I 3 D. F and P values are statistically significant at P¼
0.05. Numbers in the same row followed by the same letter do not differ at P¼ 0.05 (Tukey’s test). Significant differences between
disturbed treatment and undisturbed control are indicated by asterisks.

* P ¼ 0.05; ** P¼ 0.01; *** P ¼ 0.001.
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disturbance (in contradiction to the predictions of the

first hypothesis), but did differ among disturbance

treatments (Appendix B). As such, biomass of both

species was significantly less in all disturbance treat-

ments than in the control, with the lowest biomass in the
burned treatment (Table 2). This was confirmed by the

index V (Table 1), which showed that mosses had not

fully recovered by year 14 in any disturbance treatment,

and with the burned treatment showing the lowest

resilience. Values of index V, and therefore resilience for

the mosses, were unaffected by island size (Table 1).

Belowground measurements

For all soil abiotic properties, effects of disturbance
were always independent of effects of island size, as

there was no interactive effect among these two factors

(Appendix C); this is inconsistent with the predictions of

the second hypothesis. Furthermore, while island size

FIG. 2. Total cover (i.e., numbers of total vegetation intercepts by 100 points) for Vaccinium myrtillus, Vaccinium vitis idaea,
and Empetrum hermaphroditum in plots differing in a single disturbance applied in 1998, on small, medium, and large islands over a
14-yr period. Red circles indicate no disturbance (control); orange squares indicate disturbance by light trimming; blue diamonds
indicate disturbance by heavy trimming; and green triangles indicate disturbance by burning. Symbols placed directly on the y-axis
represent cover immediately before the disturbance was initiated, after which cover for the light trimming, heavy trimming, and
burning treatments was zero. The vertical scale spacing is constant within species but differs between species. Vertical bars represent
standard errors. ANOVA results are shown in Appendix 3.

TABLE 2. Biomass of mosses (mean 6 SE) in response to disturbance treatments in 2012, 14 yr after disturbance treatments were
applied.

Response variable

Disturbance treatment

Control Light trimming Heavy trimming Burning

Total moss biomass (g/m2) 228.4a 6 34.5 133.7b 6 26.7 63.0b,c 6 13.1 20.0c 6 5.1
Hylocomium splendens biomass (g/m2) 71.2a 6 18.2 40.1a,b 6 12.1 23.9b 6 8.1 4.7b 6 1.7
Pleurozium schreberi biomass (g/m2) 157.1a 6 33.9 93.6a,b 6 25.1 39.1b,c 6 9.8 15.3c 6 4.7

Notes: Within each row, numbers followed by the same letter are not significantly different at P¼ 0.05 (Tukey’s test following
ANOVA). ANOVA results are shown in Appendix A.
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influenced soil abiotic properties positively (i.e., pH,

total C, C to N ratio, mineral N, phosphate, and the

ratios of mineral to total N and mineral to total P) or

negatively (i.e., total N, N to P ratio), after 14 yr, the

disturbance treatments had significant effects on only

four properties, i.e., C to N ratio, N to P ratio,

phosphate, and the ratio of mineral to total P (Appendix

C, Fig. 3). Of these four variables, values were least in

the burned treatment for the N to P ratio and greatest in

that treatment for the other three (Fig. 3). Further,

measures of the index V revealed no effect of island size

or its interactive effect with disturbance on the resilience

of any soil abiotic variable (Table 3), inconsistent with
the second hypothesis. However, values of V for soil C

to N and N to P ratios varied significantly among
disturbance treatments, through being most different

from 0 in the burned treatment. For both these
variables, and for phosphate and the mineral to total
P ratio, values of V differed significantly from 0 after 14

yr in the burned treatment. Further, values differed
significantly from 0 for phosphate in both trimmed

treatments, and for the mineral to total P ratio in the
heavy trimming treatment (Table 3).

There were no interactive effects between island size
and disturbance on any soil biotic variable (Appendix

D), meaning that the second hypothesis was unsupport-
ed. Only two soil biotic properties varied with island

size, SIR and the decomposition rate of surface placed
litter bags (Appendix D); both were greater on large

islands (data not presented). These variables were
unaffected by disturbance treatment. However, distur-

bance significantly influenced all variables derived from
the PLFA measurements, except for cyclic PLFAs and

PC2 scores for the PLFA data (Appendix D). As such,
fungal PLFAs were greatest in the burned treatment,

while bacterial, branched, and actinomycete PLFAs,
and the bacterial to fungal PLFA ratio, were lowest in
that treatment (Fig. 4). Furthermore, PC1 scores for the

PLFAs differed significantly between the burned treat-
ment and the other three (Fig. 4). Measures of the index

V showed that the resilience for all soil biotic properties
was unaffected by island size and its interaction with

disturbance treatment, but did differ significantly among
disturbance treatments for five variables and almost

significantly for a sixth (Table 3). As such, for each of
the PLFA variables, resilience was least in the burned

treatment, and after 14 yr had still not fully recovered in
that treatment (Table 3).

DISCUSSION

Aboveground variables

Several short-term experiments provide evidence that

plant communities can vary considerably in their initial
response to disturbances, as a consequence of differences

in both abiotic and biotic properties (e.g., McGillivray et
al. 1995, Sankaran and McNaughton 1999, Gendron

and Wilson 2007). In comparison, our results showed
that for a long-term experiment involving disturbances

of varying intensity on contrasting islands (Appendix
A), recovery of plant community properties varied, but

not greatly, across ecosystems that differed in soil
fertility and productivity. All community-level variables

recovered from the most severe disturbance (burning)
more slowly on smaller than on larger, more fertile

islands, but not substantially so (Fig. 1), which provided
only weak support for our first hypothesis. Further,
community recovery from the other disturbance (i.e.,

trimming) treatments was not significantly affected by
island size. We also found that the significantly slower

FIG. 3. Selected soil nutrient variables in response to island
size and disturbance treatments in 2012, 14 yr after disturbance
treatments were applied. Within each panel, bars topped with
the same letter are not significantly different at P ¼ 0.05
(Tukey’s test following ANOVA). Vertical bars represent
standard errors. ANOVA results are shown in Appendix D.
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recovery of the burning treatment on the small islands

was insufficient to influence resilience index measures

(Appendix A). This is possibly in part because these

measures involved a less powerful analysis (each index is

based on a ratio of two variables that each contains

variance), but nevertheless highlights the fact that

differences among island size classes in recovery to even

severe disturbance was not large. Our results also

highlight the need for long-term experiments to under-

stand recovery patterns of communities and ecosystems

to disturbance; our data on the recovery of the

vegetation in the first two or so years post-disturbance

(i.e.,. comparable to the duration of most previous

studies) provided an incomplete picture either of

recovery over a decadal timeframe, or how this recovery

may have varied among contrasting ecosystems. How-

ever, even with our study, we caution that our response

variables had not fully recovered from our most severe

perturbations (i.e., burning) after 14 yr, and that studies

of longer duration are necessary to more fully under-

stand how the understory vegetation in ecosystems

recover from intense disturbances, such as fire, in our

system.

These plant community results have two further

implications, relating to understanding the response

and role of plant community diversity. First, while our

study involved disturbance treatments varying greatly in

severity, there was no evidence of any disturbance

having promoted plant diversity relative to the control.

This contrasts with classical theories predicting that

intermediate disturbance promotes diversity (Grime

1973, Connell 1978), but is consistent with much

empirical data (Mackey and Currie 2001, Hughes et al.

2007), and suggests that reduced competition from loss

of dominants did not lead to a more diverse community.

It is, however, possible that the small size of the species

pool in our study system limited the potential for

responses of community diversity to disturbance, which

may have worked against intermediate disturbances

promoting diversity. Second, we did not find greater

resilience on smaller, more floristically diverse islands.

While at the 0.25-m2 plot scale used in this study species

richness was significantly but not substantially greater

on the small islands, at larger scales (i.e., the 314-m2 plot

scale) species richness was considerably greater on the

small islands (Appendix A). Despite many studies

suggesting that greater diversity has stabilizing effects

(Cardinale et al. 2012), our results show that the effects

of the greater vegetation diversity on the small islands

were of insufficient strength to be detectable against the

background of other driving factors.

We found that of the three dominant vascular plant

species in our study (comprising 95% of vascular plant

biomass), E. hermaphroditum, which is most abundant

on small islands, showed the slowest recovery to

disturbance, while V. myrtillus, which dominates on

large islands, showed the fastest recovery, both inde-

pendently of island size. These three species vary in their

functional traits (Appendix E), with V. myrtillus having

traits more associated with resource acquisition (versus

conservation) relative to the other two. Significantly, E.

hermaphroditum is less productive than the other species

and shows a lower rate of biomass turnover (Wardle and

Zackrisson 2005; Appendix E), in part because it

allocates a substantial amount of its fixed C into

secondary compounds rather than new biomass (Nilsson

and Wardle 2005). It also has a poor capacity to

reestablish by seeds once it has been lost from the plant

community (Baskin et al. 2002). Consistent with these

attributes, we found the recovery of E. hermaphroditum

TABLE 3. Impact of disturbance applied in 1998 on selected belowground properties in 2012 (year 14).

Response variable

ANOVA results Response to disturbance (mean 6 SE)

Island
size (I )

Disturbance
treatment (D) I 3 D Light trimming Heavy trimming Burning

Soil C to N ratio 1.3 (0.297) 3.2 ( 0.048) 1.1 (0.336) 0.004b 6 0.009 0.016a,b 6 0.012 0.029a 6 0.009**
Soil N to P ratio 1.4 (0.265) 3.3 (0.043) 2.0 (0.110) �0.013a 6 0.013 �0.021a 6 0.015 �0.042b 6 0.014**
Phosphate concentration� 2.8 (0.084) 1.4 (0.255) 0.8 (0.552) 0.044 6 0.017* 0.052 6 0.016* 0.062 6 0.014***
Mineral P to total P ratio� 2.9 (0.071) 2.1 (0.130) 0.5 (0.721) 0.125 6 0.052 0.150 6 0.059* 0.182 6 0.079*
Bacterial PLFAs� 1.7 (0.197) 6.6 (0.003) 0.7 (0.590) 0.003a 6 0.019 �0.014a 6 0.025 �0.167b 6 0.078*
Fungal PLFAs 0.2 (0.854) 2.9 (0.060) 0.8 (0.493) 0.060a,b 6 0.031 0.020b 6 0.035 0.095a 6 0.035*
Branched PLFAs 1.8 (0.198) 6.5 (0.003) 0.8 (0.492) �0.010a 6 0.021 �0.022a 6 0.025 �0.078b 6 0.028*
Actinomycete PLFAs 2.0 (0.169) 3.2 (0.049) 1.6 (0.210) �0.022a,b 6 0.018 �0.016a 6 0.020 �0.066b 6 0.025*
Bacterial to fungal PLFA
ratio

0.5 (0.609) 15.4 (,0.001) 1.4 (0.235) �0.017a 6 0.011 �0.012a 6 0.011 �0.058b 6 0.011***

Scores for PC1 of PLFAs� 0.3 (0.721) 9.6 (,0.001) 1.5 (0.218) 0.930b 6 0.536 0.570b 6 0.053 2.342a 6 0.519***

Notes: PFLA stands for phospholipid fatty acid; PC1 stands for first principal component. ANOVA results are F ratios, with P
values in parentheses. Degrees of freedom are 2, 18 for I; 2, 54 for D, and 4, 54 for I3D. F and P values are statistically significant
at P¼ 0.05. Numbers in the same row followed by the same letter do not differ at P¼ 0.05 (Tukey’s test). For all variables except
PC1, values are for index V, which provides a measure for the response to disturbance and ranges from�1 toþ1; it is negative or
positive depending on whether the value in the disturbed plot is less or greater than the value in the corresponding control plot (see
Methods). For PC1, each value is the ordination score of the disturbed plot minus that of the control plot. Significant differences
between disturbed treatment and undisturbed control are indicated by asterisks.

� Values of V calculated using log-transformed data.
* P¼ 0.05; ** P¼ 0.01; *** P ¼ 0.001.
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on the burned plots to be negligible even 14 yr after

disturbance, long after the other species had mostly or

fully recovered. As E. hermaphroditum is a major

component of total biomass only on small islands, the

slower recovery of total cover following burning on

those islands would appear to have been due largely to

the virtual absence of this species from the plots, and the

inability of the remaining species to have fully compen-

sated for its lost biomass. Furthermore, the lower

recovery of species richness on burned plots for small

islands was largely because E. hermaphroditum failed to

establish on the majority of these plots, which effectively

reduced species richness in these plots by one. In any

case, our results highlight that functional composition of

vegetation serves as a major determinant of community-

level responses to disturbance, not only initially

(McGillivray et al. 1995, Sankaran and McNaughton

1999, Bernhardt-Römermann et al. 2011), but also for
several years after the disturbance.

Feather mosses showed particularly poor recovery

from disturbance even after 14 yr; they not only

recovered little in the burned treatment, but were the

only plants to have not fully or mostly recovered in the
trimming treatments. Significantly, moss biomass was

substantially less in the lightly trimmed plots than in the

control plots after 14 yr, despite this treatment having

involved only the trimming of shrubs. This adverse
affect of trimming the shrubs may have emerged because

dwarf shrubs benefit mosses by protecting them and

holding them in position during disturbance, as previ-

ously shown through shrub removal experiments along
this island gradient (Gundale et al. 2010). We did not

find the effects of disturbance on mosses, or their

resilience, to vary with island size, meaning that the

long-term legacy effects of disturbances on feather

FIG. 4. Microbial PLFA (phospholipid fatty acid) variables in response to disturbance treatments in 2012, 14 yr after
disturbance treatments were applied. Within each panel, bars topped with the same letter are not significantly different at P¼ 0.05
(Tukey’s test following ANOVA). Vertical bars are standard errors. ANOVA results are shown in Appendix E.
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mosses remained invariant across ecosystems that differ

in soil fertility, productivity, and functional composition

of the plant community. Given the multiple ecosystem

roles that feather mosses perform, including supporting

N2-fixing cyanobacteria, slowing nutrient cycling and

decomposition, and buffering soil microclimate (Lindo

and Gonzalez 2010, Turetsky et al. 2012), their low

resilience to even mild disturbances is likely to impact on

ecological processes over the long term in any boreal

forest in which they are otherwise abundant.

Belowground variables

We found that all belowground properties had fully

recovered after 14 yr in the trimmed, but not in the

burned treatments. However, for properties that had not

recovered, there was no difference among island size

classes either in the extent to which the legacy of burning

had influenced them, or in their resilience index values,

leaving our second hypothesis unsupported. This means

that although we found a slower recovery of the plant

community to burning on small islands, this was not

paralleled by an impaired recovery of the belowground

subsystem relative to the large islands, at least by year

14. This highlights that, in contrast to our predictions,

any differences in vegetation recovery among island size

classes were insufficient to have altered belowground

properties. It also indicates some decoupling between

the aboveground and belowground subsystems in the

manner sometimes observed in other ecosystems in this

region supporting similar ground layer vegetation

(Wardle et al. 2013).

There were 14-yr-old legacy effects of burning on

several abiotic soil variables indicative of increased P

relative to N availability (i.e., enhanced C to N and

reduced N to P ratios, and enhanced phosphate

concentration). These could have arisen from less uptake

of P due to less plant biomass (causing phosphate to

accumulate in the soil), reduced N inputs from fixation

by cyanobacteria associated with the loss of mosses (De

Luca et al. 2002), or conversion of P to more available

forms by the burning itself (Lagerström et al. 2009).

With regard to soil microbial variables, after 14 yr,

burning had a negative legacy effect on bacterial groups

and a positive effect on fungi. This runs counter to those

studies that have pointed to greater bacterial to fungal

ratios following disturbance (Wardle 2002), but is

consistent with bacteria being promoted by superior

soil moisture conditions frequently associated with

greater moss biomass (Jackson et al. 2013), and with

moss biomass having been greatly impaired in the

burned treatment. In any case, the fact that all

belowground legacy effects were invariant across island

size classes suggests that even large differences among

contrasting ecosystems in soil fertility, productivity, and

vegetation composition were insufficient to alter the

extent to which soil chemical and biotic properties had

recovered 14 yr after disturbance.

CONCLUSIONS

Although several studies have explored how contrast-

ing communities and ecosystems respond to disturbance

in the short term, our knowledge of how they recover

over the longer time scales required to assess resilience

remains limited. Our results reveal that even 14 yr after

disturbances were applied to island ecosystems varying

greatly in size (and therefore soil fertility and ecosystem

productivity), the recovery of community and ecosystem

properties showed only a modest response to island size

aboveground, and no detectable response belowground.

These results have several implications. First, they show

that differences in resilience among ecosystems are most

likely driven by differences in the functional character-

istics of the vegetation. In this study, E. hermaphroditum

and the feather mosses recovered much more slowly from

disturbance than did the other plant species present, and

the fact that abundance of E. hermaphroditum varied

with island size was sufficient to explain any variation in

the resilience of whole-community properties observed

among islands. Second, the lack of any detectable effect

of island size on the recovery of any belowground

property at least 14 yr after the disturbance means that

any belowground consequences of island size effects on

vegetation recovery were either transient or nonexistent,

indicative of a possible decoupling of aboveground and

belowground responses to environmental perturbation

(Wardle et al. 2013). Furthermore, while several studies

have shown large variation among plant communities in

their short-term resistance to environmental perturba-

tions (e.g., Sankaran and McNaughton 1999, Bernhardt-

Römermann et al. 2011), our results reveal that when

perturbations are applied equally to highly contrasting

ecosystems, differences in resilience among them in the

longer term can be relatively minor. Although compara-

ble long-term experimental studies from elsewhere are

largely lacking, our results highlight that contrasting

ecosystems can show reasonably similar patterns of

recovery following perturbation, irrespective of the

severity of disturbance imposed.
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Frostegård, Å., and E. Bååth. 1996. The use of phospholipid
analysis to estimate bacterial and fungal biomass in soil.
Biology and Fertility of Soils 22:59–65.

Gendron, F., and S. D. Wilson. 2007. Responses to soil fertility
and disturbance in a low diversity grassland. Plant Ecology
191:199–207.

Grime, J. P. 1973. Competitive exclusion in herbaceous
vegetation. Nature 242:344–347.

Grimm, V., and C. Wissel. 1997. Babel, or the ecological
stability discussions: an inventory and analysis of terminol-
ogy and a guide for avoiding confusion. Oecologia 109:323–
334.

Gundale, M. J., D. A. Wardle, and M. C. Nilsson. 2010.
Vascular plant removal effects on biological N fixation vary
across a boreal forest island gradient. Ecology 91:1704–1714.

Holling, C. S. 1973. Resilience and stability of ecological
systems. Annual Review of Ecology and Systematics 4:1–23.

Hooper, D. U., et al. 2005. Effects of biodiversity on ecosystem
functioning: a consensus of current knowledge and needs for
future research. Ecological Monographs 75:3–35.

Hughes, A. R., J. E. Byrnes, D. L. Kimbro, and J. J.
Stachowicz. 2007. Reciprocal relationships and potential
feedbacks between diversity and disturbance. Ecology Letters
10:849–864.

Ives, A. R., and S. R. Carpenter. 2007. Stability and diversity of
ecosystems. Science 317:58–62.

Jackson, B. G., M. C. Nilsson, and D. A. Wardle. 2013. The
effects of the moss layer on the decomposition of intercepted
vascular plant litter across a post-fire boreal forest chronose-
quence. Plant and Soil 367:199–214.

Kroppenstedt, R. M. 1985. Fatty acid menaquinone analysis of
actinomycetes and related organisms. Pages 173–199 in M.
Goodfellow and D. E. Minnikin, editors. Chemical methods
in bacterial systematics. Academic Press, New York, New
York, USA.

Lagerström, A., C. Esberg, D. A. Wardle, and R. Giesler. 2009.
Soil phosphorus and microbial response to a long-term
wildfire chronosequence in northern Sweden. Biogeochemis-
try 95:199–213.

Lagerström, A., M. C. Nilsson, and D. A. Wardle. 2013.
Decoupled responses of tree and shrub leaf and litter trait
values to ecosystem retrogression across an island area
gradient. Plant and Soil 367:183–197.

Lagerström, A., M. C. Nilsson, O. Zackrisson, and D. A.
Wardle. 2007. Ecosystem input of nitrogen through biolog-
ical fixation in feather mosses during ecosystem retrogres-
sion. Functional Ecology 21:1027–1033.

Lindo, Z., and A. Gonzalez. 2010. The bryosphere: an integral
and influential component of the earth’s biosphere. Ecosys-
tems 13:612–627.

Mackey, R. L., and D. J. Currie. 2001. The diversity–
disturbance relationship: is it generally strong and peaked?
Ecology 82:3479–3492.

McGillivray, C. W., et al. 1995. Testing predictions of the
resistance and resilience of vegetation subjected to extreme
events. Functional Ecology 9:640–649.

Mouillot, D., N. A. J. Graham, S. Villeger, N. H. W. Mason,
and D. R. Bellwood. 2013. A functional approach reveals
community responses to disturbance. Trends in Ecology and
Evolution 28:167–177.

Nilsson, M. C., and D. A. Wardle. 2005. Understory vegetation
as a forest ecosystem driver: evidence from the northern
Swedish boreal forest. Frontiers in Ecology and the
Environment 3:421–428.
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