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Abstract Invasions of European earthworms into

the forests of northern North America are causing

dramatic changes in forest floor structure, vegetation

communities, biogeochemical cycling, and site

hydrology. However, long-term studies on the effects

of invasive earthworms are limited because little data

exist on the timing and rate of earthworm invasion at

specific sites. We successfully used tree rings to

identify the timing of earthworm invasions and the

effects of earthworm activity on the Acer saccharum

overstory of two recently invaded sites in northern

Minnesota, thereby establishing a method to date

earthworm invasions at other sites. In addition to

identifying a tree-ring signature related to earthworm

invasion, we found trees growing in invaded condi-

tions were more sensitive to drought than trees

growing in earthworm-free conditions. Increased

drought sensitivity by A. saccharum has important

implications for possible range shifts under climate

change scenarios that include increasing drought

frequency and severity.
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Introduction

The ecological effects of invasive species on native

ecosystems are of paramount concern among conser-

vation biologists and ecologists and pose one of the

greatest challenges faced by land managers today.

European earthworms have only recently been rec-

ognized as an exotic threat for the deciduous forests

of northern North America, yet the changes wrought

by these ecosystem engineers have likely been taking

place for decades and are fundamentally altering the

structure and function of these systems.
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Prior to a decade ago, relatively little attention was

given to the role of exotic earthworms in forest

ecosystems, with most earthworm-related research

focused on their roles in nutrient cycling and the

benefits of having viable earthworm populations in

agricultural settings (Lee 1985). The focus of earth-

worm research began to change following observa-

tions of dramatic declines in forest floor thickness in

deciduous forests of northern Minnesota that were

eventually linked to the invasion of these forests by

European earthworms (Alban and Berry 1994). Soon

after this, exotic earthworm invasions into forested

communities were documented in Alberta, Canada

(Scheu and Parkinson 1994b) and New York State,

USA (Burtelow et al. 1998), and eventually through-

out the Great Lakes Region (Frelich et al. 2006;

Tiunov et al. 2006). In most cases, the invasion of

earthworms into previously earthworm-free forest

environments resulted in a clear line moving through

the forest, in front of which the forest floor appeared

relatively unchanged, but behind which the litter

layer was eliminated and the abundance and diversity

of understory vegetation was diminished (Gundale

2002; Bohlen et al. 2004a; Bohlen et al. 2004c; Hale

et al. 2005b, 2006; Frelich et al. 2006). The longer-

term effects of these changes in ecosystem function

and on the overstory vegetation community, however,

are largely unknown (Bohlen et al. 2004b). A broader

temporal perspective is required to observe the

effects of earthworms on the vegetation communities

of northern forests and to explore the implications

that these changes hold for land management.

The potential for studying the long-term ecological

effects of European earthworms on northern decidu-

ous forests is currently limited by a lack of data

describing the timing of invasions at specific sites, the

rates at which invasion fronts advance across the

landscape, and the environmental factors that affect

these processes. Understanding these aspects of

earthworm invasions will be critical to develop

long-term strategies and management plans for North

American forest ecosystems in the presence of

European earthworms (Bohlen et al. 2004c). A

method is needed to identify the location and timing

of past invasion fronts across the landscape (Frelich

et al. 2006; Holdsworth et al. 2007). Our research

examined the effects of known earthworm invasions

on the overstory vegetation of two deciduous forest

stands in northern Minnesota to identify and describe

an earthworm-related tree-ring signature that could be

used to determine the date of earthworm invasions at

other sites. Simultaneously, this work documented the

impacts of earthworm colonization on the growth of

mature trees in invaded stands.

Methods

Study area

The study area lies along the north shore of Leech Lake

in north-central Minnesota (Fig. 1a). Our sites were

located in sugar maple (Acer saccharum, Marshall)-

basswood (Tilia americana, Linnaeus) forests with

clear, active earthworm invasion fronts (Hale et al.

2005a, b, 2006). Additional canopy tree species

present included yellow birch (Betula alleghaniensis,

Britton) and paper birch (Betula papyrifera, Marshall).

Ironwood (Ostrya virginiana, K. Koch), American elm

(Ulmus americana, Linnaeus), and red oak (Quercus

rubra, Linnaeus) were also present in the subcanopy

and sapling layers. The area was selectively logged

during the late 1800s and early 1900s. The soil is a

deep, well-drained and light-colored Eutroboralf

(Warba series) associated with the Guthrie Till Plain

(USDA 1997). Where earthworms have not yet

invaded, the forest floor is intact and on average

10 cm thick with Oi, Oe, and Oa layers. The O horizon

has been eliminated where earthworms are present

(Hale et al. 2005a). Mean annual precipitation is

65.2 cm, mean annual temperature is 4.3� C and mean

monthly temperature ranges from 19.9�C in July to

-14.5�C in January at the nearby Leech Lake Dam

climate station (Easterling et al. 1996).

Five species of European earthworms were present

in the study area: Dendrobaena octaedra, Aporrec-

todea spp., Lumbricus rubellus, and Lumbricus

terrestris were found at both sites, while Octolasion

tyrtaeum was present only at Section 19 (Fig. 1a, b;

Hale et al. 2005a). Each species of earthworm has a

specific set of foraging and burrowing behaviors that

result in differential effects on the structure of the

forest floor and litter layer. The overall similarity

between the earthworm assemblages at these sites

suggests that the effects of invasion should be similar

in both forests. For a comprehensive description of

the earthworm assemblages at these sites see Hale

et al. (2005a).
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Field and laboratory methods

A permanent transect of 45 plots was placed perpen-

dicularly to the earthworm invasion front at both sites

in 1998 by Hale et al. (2005a). For this study, we

collected increment core samples from maple trees at

three points along this transect: ahead of the location

of the earthworm invasion front in 1998 (earthworm-

free conditions); along the 1998 invasion front (mid-

point conditions); and behind the location of the

invasion front in 1998 (earthworm-invaded condi-

tions; Fig. 1c). Our search areas included the three

plots at each point along the permanent transect and

extended ca. 20 m beyond the outer plots for total

search areas ranging from 700–1,000 m2 at each

point along the transect (Fig. 1c). This effectively

provided us with tree-ring data from two control areas

(the earthworm-free and mid-point conditions) and

one test area (the earthworm-invaded conditions) at

each site. In each collection area we identified living

canopy maple trees to sample that showed no

evidence of recent canopy disturbances. This was

done to avoid the potential ‘‘noise’’ that could be

introduced to the tree-ring sequences by growth
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Fig. 1 The a study site locations and relative earthworm

biomass, b earthworm biomass (ash-free dry g/m2, Hale et al.

2004) relative to the earthworm invasion front, and c sample

tree search areas relative to the visible leading edge of

earthworm invasion at each site in the Chippewa National

Forest in north central Minnesota, USA. Pie charts show the

relative mean earthworm biomass for the species group present

at each site in year 2000 and are sized in proportional to mean

total earthworm biomass. Numbers in the Section 19 pie chart

correspond to the numbers listed by each species in panel b.

The vertical dashed lines in b indicate the position of the

leading edge (point where the forest floor had been completely

eliminated) for each site in year 2000. The c search areas for

trees growing in earthworm-invaded conditions, mid-point

conditions, and earthworm-free conditions were delineated

with respect to the permanent plots (indicated by the grid of

circles) set up at each site by Hale et al. (2005a) in 1998
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releases or suppressions related to canopy distur-

bances (Lorimer and Frelich 1989) and that could

mask the effects of earthworms on patterns of tree

growth. Single increment cores were collected from

maple trees growing in the earthworm-free and

earthworm-invaded sites at Ottertail for a pilot study

in 2004, and two increment cores were collected from

each tree at the mid-point of Ottertail and at all three

areas of Section 19 in 2006.

The cores were dried, glued into core mounts, and

prepared for analysis using a razor blade to obtain a

preliminary surface and progressively finer grit sand

paper to finish the surface of each core to a high

polish (Stokes and Smiley 1996). The rings of each

core were counted and visually crossdated using a list

of marker rings (i.e., conspicuously narrow rings)

common to multiple trees at the site (Yamaguchi

1990). Cores that could not be satisfactorily dated

were excluded from subsequent analyses. The rings

of all dated cores were measured to the nearest

0.001 mm using a Velmex slide micrometer inter-

faced with measure J2X software (Voortech Consult-

ing 2005). We assessed our crossdating accuracy

using the computer program COFECHA v6.06P

(Holmes 1983; Grissino-Mayer 2001), and where

necessary, made corrections to the measurement

series using the program EDRM v6.0P (Holmes

1999).

We developed standardized ring-width chronolo-

gies for each of the three sampling locations at both

sites for a total of six chronologies. Our standardi-

zation process began by visually inspecting each

individual tree ring-width series to determine the

forest conditions under which the tree likely estab-

lished (e.g., in full light under a gap or in shaded

understory conditions) and the timing of its canopy

ascension (Lorimer et al. 1988). To minimize the

effects of growth suppressions and releases due to

gap dynamics, we truncated all of our series to the

period after which all trees included had attained a

canopy position. Truncating the ring-width series also

effectively removed growth trends related to juvenile

growth, thereby eliminating the necessity of using

negative exponential curves or linear regressions as

commonly used in the standardization process (Fritts

1976). We considered standardizing our ring-width

data using a model developed for closed-canopy ring-

width analyses (e.g., cubic splines, Cook and Peters

1981), but decided that the effects of earthworm

invasion on tree ring-width patterns could be similar

to the expressions of interior deciduous forest

dynamics and removed from the final chronologies

using this approach. We therefore chose the more

conservative approach of standardizing each ring-

width series by dividing the measurement of each

year by the mean of the series. The ring-width index

(RWI) of all series at each site were averaged by year

to create standardized RWI chronologies for each

site. We used the computer program ARSTAN to

conduct our standardizations (Cook 1985).

Identification of an earthworm invasion

tree-ring signature

The primary goal of this study was to identify

patterns in ring width related to the known invasion

of our sites by European earthworms, but tree growth

in mature deciduous forests is commonly affected by

other factors, particularly gap dynamics (e.g., Runkle

1981; Foster 1988; Lorimer and Frelich 1989). We

therefore assessed the growth patterns exhibited by

each tree (based on the mean of the two ring-width

series for each tree) for release events that would

likely be associated with canopy disturbances. We

defined a release event as the first year of a 15-year

window in the ring-width series that showed a 200%

increase in mean ring width relative to the previous

15 years of mean ring width (Lorimer and Frelich

1989; Frelich 2002). We then summed the number of

release events by decade for each of the six sites to

determine if any stand-level disturbances had

occurred that could obscure an earthworm-related

tree-ring signature.

To isolate the earthworm-related ring-width signa-

ture, we first plotted and inspected the annual RWI

chronologies and the RWI chronologies filtered using

a 10-year smoothing spline to highlight decadal-scale

trends. We supplemented our visual analyses by

conducting two-tailed Student’s t-tests on 15-year

sliding windows of the annual RWI chronologies from

each site to test our null hypothesis that there would be

no difference in growth rates between trees growing in

earthworm-free and earthworm-invaded conditions.

The result of each t test was reported for year 8 of the

15-year window. While this approach ordinarily

would call for a one-tailed test, the use of the two-

tailed test allows for the identification of significant

differences that did not match our expected growth

E. R. Larson et al.
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patterns. This was particularly useful since our

primary aim was to determine if an earthworm signal

could be detected in tree-ring chronologies, regardless

of sign. Additionally, given the large number of t-tests

that would be required (62 15-year windows for each

comparison), it would be expected that by chance

alone at least some 15-year periods would be signif-

icantly different from one another. To examine the

likelihood of chance significant relationships we

created random time series equal in length to the

chronologies under consideration and with similar

means, standard deviations, and autocorrelation struc-

tures. While these artificial time series did not reflect

an underlying age-structure such as in our tree-ring

chronologies, the overall similar characteristics of the

artificial and real time series provided a reasonable

data set to test for the potential effects of multiplicity

on our analysis. T-tests were performed as above with

the number of significantly different windows calcu-

lated. This was repeated 1,000 times, noting the

number of significant windows at each iteration.

Other than the presence of earthworms, the envi-

ronmental conditions within each site were similar.

Therefore, if the changes induced in the environment

by earthworm invasion did not affect tree growth then

the patterns in the three RWI chronologies from each

site should be similar and our null hypothesis would

stand. If earthworm activity did affect tree growth we

could expect to see different growth patterns in

chronologies developed from trees growing in earth-

worm-invaded conditions than the patterns exhibited

by chronologies developed from trees growing at the

mid-point and in earthworm-free conditions, thus

rejecting our null hypothesis. Additional support for

these analyses would be provided if the patterns of

difference were similar between the two earthworm-

invaded sites. Following this logic we identified the

potential dates of earthworm invasion at each site and

stratified the RWI chronologies based on these dates.

We used Pearson’s correlation analyses to compare

patterns in tree growth across each site before and

after earthworm invasion and Fisher r-to-z transfor-

mations to test for differences among the correlation

coefficients.

Climate-tree growth analyses

We examined the climate-tree growth relationship

recorded in the RWI chronologies at each site to

explore potential climatic mechanisms influencing

the different ring-width patterns exhibited by trees

growing in earthworm-invaded conditions relative to

those growing in earthworm-free conditions. We

obtained precipitation data and mean, maximum, and

minimum monthly temperature data from 1929–2005

for the climate station at Leech Lake dam (Easterling

et al. 1996), and Palmer Drought Severity Index

(PDSI) data from 1929–2005 for Minnesota State

Climate Division 2 (Kalnay et al. 1996). The PDSI is

a measure of soil moisture availability, with positive

values indicating more moisture available and neg-

ative values indicating less moisture available (Alley

1984). We calculated seasonal values for each of

these variables as follows: winter (previous year

December–current year February), spring (March–

May), summer (June–August), and fall (September–

November). Because tree growth is affected by the

climate of both the current and previous years (Fritts

1976), we used Pearson’s correlation analyses to

construct a correlation matrix between the six RWI

chronologies and all of the variables by individual

month and season for the current and the previous

year. We identified the variables that showed the

strongest relationship to tree-growth over the entire

1930–2005 period and conducted additional correla-

tion analyses between these variables and the RWI

chronologies stratified by the timing of earthworm

invasion at each site. We tested for differences in the

correlation coefficients among the three chronologies

from each site for the two time periods using Fisher’s

r-to-z transformations.

Results

Tree-ring chronology development

We collected 126 core samples from 81 maple trees

that showed no evidence of recent canopy distur-

bances at the six sites. Of these, we successfully

crossdated 117 cores from 76 trees. The growth

patterns of the 76 dated samples indicated that all of

the trees had attained a canopy position by 1930, and

the sample depth for each chronology was relatively

constant over the period 1930–2005 (Fig. 2). The

samples crossdated well over the entire record and the

series inter-correlations were relatively high over

the period of analysis for RWI chronologies
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developed from trees growing in closed-canopy

conditions (Table 1). We identified 18 release events

across all six RWI chronologies from 1930–2005,

with no more than three trees at a site recording

releases in any one decade (Fig. 2).

Identification of an earthworm invasion

tree-ring signature

The annual RWI chronology plots showed similarly

timed periods of low growth among all six chronol-

ogies, such as the late 1930s, the mid 1950s, and the

early 1980s, but of greater interest to this study were

the differences identified between the chronologies

developed from earthworm-free areas and earthworm-

invaded areas at both sites (Fig. 3). At both Ottertail

and Section 19, the chronologies from the earthworm-

invaded areas diverged from the earthworm-free

chronologies (Point 1 in Fig. 3a, b) during a period

of narrower RWI for ca. 20 years at Ottertail and ca.

30 years at Section 19. After that period the

earthworm-invaded area RWI chronologies increased

relative to the earthworm-free RWI chronologies

(Point 2 in Fig. 3a, b). These patterns were more

evident in the smoothed RWI chronologies (lower

panels in Fig. 3a, b). The t tests identified several

periods where the annual RWI chronologies from the

earthworm-invaded areas at both Ottertail and Sec-

tion 19 were significantly different than the earth-

worm-free RWI chronologies (bold lines in top panels

of Fig. 3). Both sites showed short periods of con-

trasting differences early in the period considered (ca.

1944 at Ottertail and 1937 at Section 19), followed by

periods of different timing and length but of the same

general pattern of significantly narrower RWI initially

followed by a shift to significantly wider RWI. Only

one 6-year period was identified where either one of

the mid-point RWI chronologies was significantly

different from the earthworm-free RWI chronology,

and of the 1000 randomized time series and associated

t tests, none showed significant differences for any of

the 62 windows tested (or over approximately 62,000

trials). Our observations during previous research of

the general rate at which earthworm invasion fronts

advanced across these sites (ca. 10 m/year) indicated
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observed in the ring-width series of the trees sampled for the

six chronologies. Numbers above the bars indicate the number

of trees recording a release event in each decade

Table 1 Descriptions of the tree-ring chronologies developed

from sugar maple trees growing in earthworm-free and earth-

worm-invaded conditions at two sites

Site Years No. trees

(series)

Series inter-

correlationa

Entire

record

1930–2006

Ottertail

Worm-free

site

1884–2006 19 (19) 0.297 0.336

Mid-point site 1843–2006 12 (24) 0.590 0.587

Worm-invaded

site

1900–2006 15 (15) 0.336 0.333

Section 19

Worm-free

site

1818–2006 12 (24) 0.474 0.512

Mid-point

site

1828–2006 9 (17) 0.446 0.392

Worm-invaded

site

1873–2006 9 (18) 0.430 0.499

a Series inter-correlation is calculated as the average Pearson’s

correlation of each ring-width series with a master tree-ring

chronology derived from all other individual series at a site. All

correlations are significant at P B 0.05
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that the earliest dates most likely precluded the arrival

of earthworms to either site. We therefore estimated

that the earthworm invasion at Ottertail began some-

time during the 1970s and at Section 19 sometime

during the late 1950s to early 1960s.

Using the dates obtained from our visual analyses

and t tests to stratify the RWI chronologies resulted in

striking patterns of correlation between the chronol-

ogies over different time periods that appeared to

pivot most strongly on the years 1970 at Ottertail and

1960 at Section 19. At both Ottertail and Section 19

correlations between all chronologies were highly

significant prior to earthworm invasion, yet after that

time the correlations between the earthworm-free and

earthworm-invaded RWI chronologies deteriorated

while the correlations between the earthworm-free

and mid-point RWI chronologies, which were earth-

worm-free until ca. 1998, remained strong (Fig. 4).

Correlations between the earthworm-free and earth-

worm-invaded RWI chronologies following invasion

were significantly different (Z [ 2, P \ 0.05) from

the correlations between all of the RWI chronologies

during the earlier earthworm-free period and the

earthworm-free and mid-point RWI chronologies

following earthworm invasion (Fig. 4). Iteratively

examining these patterns using different potential

invasion dates consistently showed that the strongest

and most consistent differences in tree-ring growth

pivoted on the early 1970s at Ottertail and the 1960s at

Section 19, thus solidifying these as the approximate

dates of invasion.

Climate-tree growth analyses

In general the RWI chronologies developed at

Section 19 were more sensitive to climate than those

from Ottertail, yet similar patterns emerged in the

overall climate-tree growth relationships among all of

the chronologies and how earthworm invasion

changed these relationships. While not significant in

some cases, the climate variables that showed the

strongest and most consistent relationship across the

six RWI chronologies were mean monthly maximum

temperature and mean summer PDSI for the current
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Fig. 3 Annual and

smoothed ring-width index

(RWI) chronologies

developed from trees

growing in earthworm-free

and earthworm-invaded

conditions. Differences

between the RWI

chronologies were tested for

using Student’s t tests on

sliding 15-year windows

with significance set at

P B 0.05. The circled
numbers in the lower panels
indicate (1) the timing of

earthworm-invasion at that

site indicated by the initial

departure of the earthworm-

invaded RWI chronologies

from the reference

chronologies and (2) a

period of recovery by the

trees growing at the invaded

sites
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year and total annual precipitation and mean monthly

PDSI for the previous year. During the earthworm-

free period, all six RWI chronologies were negatively

correlated with the current year’s mean monthly

maximum temperature, and positively correlated with

the current year’s mean summer PDSI, the previous

year’s total precipitation, and previous years mean

monthly PDSI (Fig. 5). After earthworm invasion,

the RWI chronologies from the earthworm-free and

mid-point areas showed negative or neutral correla-

tions with all of these climate variables, while in

contrast, the earthworm-invaded sites showed posi-

tive correlations with all of these climate variables,

including significantly different correlations (Z [ 2,

P \ 0.05) with the current year’s mean summer PDSI

and the previous year’s total precipitation at both

Ottertail and Section 19 (Fig. 5a, b). The shifting

correlations between the chronologies developed

from trees growing in the earthworm-free and mid-

point areas and climate likely reflected the generally

different climate conditions during these periods,

with cooler, drier conditions during the 1930s to

1950s and warmer, wetter conditions prevailing

during the 1960s up to the 2000s (Fig. 5c). Plotting

the correlation coefficients between the RWI chro-

nologies and the temperature and precipitation vari-

ables illustrates the contrasting directional changes in

climate-tree growth relationships between the earth-

worm-free and earthworm-invaded sites (Fig. 6).

Discussion

Synthesizing the evidence of an earthworm-

related tree-ring signature

The use of tree rings to study the dynamics and

ecological effects of biotic disturbances in forested

ecosystems has a well-developed history. Researchers

have analyzed patterns in tree-ring width to identify

past outbreaks of defoliating insects (e.g., Blais 1958;

Morin et al. 1993; Swetnam and Lynch 1993; Asshof

et al. 1999; Speer et al. 2001) and have used stand age

structure or non-host species growth releases to

identify outbreaks of pests that commonly lead to

the mortality of mature trees (e.g., Baker and Veblen

1990; Veblen et al. 1991; Perkins and Swetnam 1996;

Bergeron 2000; Fraver and White 2005). Most of

these studies have focused on pests that directly

affect the foliage or cambium of their host trees, and

only a few have investigated the effects of pest

species on below-ground biomass and function of

trees (e.g., Koenig and Liebhold 2003). Our research

builds on this rich literature by developing a novel

application of tree-ring width information to recon-

struct the timing of past invasions by European

earthworms into previously earthworm-free forests

and to examine the effects that these ecosystem
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engineers have on the relationship between tree

growth and climate.

The relatively high series inter-correlations of the

RWI chronologies, the significant correlations among

the RWI chronologies at each site, and the similar

relationships between the RWI chronologies and

climate variables from the earthworm-free and earth-

worm-invaded areas over the early periods at Ottertail

and Section 19 indicate that the trees growing at these

sites before earthworm invasion were responding to

the same stand-scale, and perhaps regional, environ-

mental conditions (Fritts 1976; Schweingruber 1996).

Additionally, the lack of widespread release events at

any of the sites suggests that no stand-wide distur-

bance events occurred over our period of analysis that

would influence our results. Therefore, our compar-

isons between the RWI chronologies developed from

trees growing in earthworm-free conditions to those
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developed from trees growing in earthworm-invaded

conditions is effectively using a host/non-host

approach common in dendroecology studies (cf. Fritts

and Swetnam 1989; Kipfmueller and Swetnam 2001).

The tree-ring signature of earthworm invasion, as

identified in this study, includes three components:

(1) a period of 20–30 years of reduced radial growth

rates in trees growing in newly invaded areas relative

to trees growing in the same stand but in earthworm-

free conditions; (2) a subsequent period of increased

growth by the trees in the earthworm-invaded areas

relative to trees in the same stand growing in

earthworm-free conditions; (3) the deterioration of

the common ring-width signal between trees growing

in earthworm-free and earthworm-invaded areas. It is

important to note that this signature was identified

through a series of complementary analyses. Taken

alone, each analysis would likely be unable to

identify the arrival of earthworms into these stands,

yet when used in conjunction with one another they

provide a clear illustration of the earthworm-related

tree-ring signature and the date when earthworms first

entered these sites. It should also be noted that while

the results of some of our analyses are contingent on

the dates of invasion estimated from the initial visual

examination of the tree-ring chronologies, iterative

testing of other dates consistently showed our

selected dates of invasion as the point that distin-

guished the strongest most consistent differences

between the earthworm-free and earthworm-invaded

sites. Additionally, the persistent patterns of deviation

identified by the t test approach using the real time

series, in contrast with the lack of significant

differences found in the randomized trial, improves

our confidence that these differences are indeed real.

The sampling design attempted to control for climate

(sites are similar), disturbance, and other factors that

may have led to differences suggesting that the

differences between chronologies are indeed evi-

dence of the effects of invading earthworms.

The earlier invasion at Section 19 is corroborated

by its geographic location and the earthworm biomass

data. A primary source of earthworm invasions in

northern Minnesota is the release of unused fishing bait

and the intentional introduction of earthworms for the

purpose stocking fishing bait (Frelich et al. 2006). The

likely epicenter for the earthworm invasion fronts

moving through Section 19 and Ottertail is a fishing

resort on Leech Lake that was established in the 1950s.

Our site at Section 19 directly borders the resort

property, while the Ottertail site is separated from the

resort by a paved road and several hundred yards

further inland. The earthworm biomass data indicate a

more advanced invasion at Section 19, with a more

complete species assemblage and greater total earth-

worm biomass (Fig. 1a, b).

Interestingly, the mid-point chronologies at both

Ottertail and Section 19 exhibited lower growth rates

relative to the earthworm-free chronologies ca. 1985.

While the visible leading edge of earthworm activity

was at the midpoint of each site in 1998, the earthworm

biomass data indicates that both D. octaedra and

L. rubellus were found in front of this line. These

species, and in particular L. rubellus, may affect site

conditions sufficiently to initiate the early declines in

tree growth that we have identified in the earthworm-

related tree-ring signature. Additional research is

needed to explore the species-specific effects of

earthworm invasions.

Potential mechanisms linking earthworm

activity to a tree-ring signature

The tree-ring signal that we observed at our sites was

not a discrete event typically associated with biotic
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disturbance agents, such as a period of defoliation

(e.g., Duncan and Hodson 1958; Speer et al. 2001),

but instead reflected relatively sudden and long-

lasting changes wrought in the growing environment

of the sampled maple trees following the invasion of

European earthworms into these previously earth-

worm-free sites. The most conspicuous and consis-

tently observed change in forest systems after

invasion by earthworms is the elimination of the O

horizon (Gundale 2002; Bohlen et al. 2004a, c; Hale

et al. 2005b; Frelich et al. 2006). The loss of the O

horizon results in cascading ecological changes that

are likely the primary cause of the tree-ring signature

exhibited by trees growing in earthworm-invaded

conditions.

Earthworms eliminate the O horizon by mixing the

organic material of which it is composed as well as

each annual litter fall material throughout the top

layers of the soil profile (Ponge and Delhaye 1995;

Gundale 2002). This creates an organic rich, homog-

enous A horizon (Burtelow et al. 1998) subject to

increased rates of erosion at the exposed soil surface

and an overall compaction of the soil due to the

higher bulk density of earthworm casts than that of

undisturbed forest soils (Hale et al. 2005b). These

changes, in turn, result in decreased rates of water

infiltration (Francis and Fraser 1998).

The O horizon of an intact northern deciduous

forest floor contains the greatest amount of fine roots

for understory plants, tree seedlings, tree saplings,

and adult trees of the soil profile (Fisk et al. 2004). By

eliminating this layer, earthworm invasions are linked

to reductions in fine root mass (Fisk et al. 2004; Hale

et al. 2005b) and high rates of mortality of plants in

the understory community (Hale et al. 2006). In

addition to the loss of fine roots, the loss of the O

horizon disrupts mycorrhizal communities in sugar

maple forests (Lawrence et al. 2003). The uptake of

several important nutrients, including nitrogen and

phosphorus, occur through the fine root systems of

trees and their associated mycorrhizal communities

(Wood et al. 1984; Nadelhoffer et al. 1985; Marsch-

ner and Dell 1994). The physiological shock that

trees must experience following earthworm invasion

and the loss of their fine root systems is likely the

cause of the initial decrease in growth rates we

identified in the ring-width chronologies developed

from trees growing in earthworm-invaded conditions.

Following this shock, as trees reestablish their fine

roots systems, an ephemeral pulse of phosphorus and

nitrogen released when the O horizon is first mixed

into the soil profile following earthworm invasion

(Scheu and Parkinson 1994a; Hale et al. 2008) would

become available and could explain the increased

growth rates exhibited by trees growing in worm-

invaded conditions. As illustrated at Section 19,

however, these increased growth rates are short-

lived. This likely reflects the accelerated leaching of

nutrients such as nitrogen and phosphorous following

their mineralization and concentration by earthworms

(Steinberg et al. 1997; Bohlen et al. 2004b; Suarez

et al. 2004; Szlavecz et al. 2006).

The effects of earthworm invasion on climate-tree

growth relationships

Climate-tree growth relationships in northern decid-

uous forests vary over space and time (Graumlich

1993; Tardif et al. 2001). Trees in different canopy

positions also respond to the same climate conditions

differently (Orwig and Abrams 1997). It was there-

fore not surprising to find the strength of the

relationships between the RWI chronologies and the

different climate variables shifted over the period of

our analyses. The inverse correlations with temper-

ature and positive correlations with precipitation and

PDSI of all six RWI chronologies during the early

period indicated that the growth of these trees was

largely related to drought conditions, where cool

moist conditions encouraged wider rings and warm,

dry conditions resulted in narrow rings. The 1930s

and 1950s were very dry in this region (Karl and

Koscielny 1982), and small variations in moisture

and temperature likely had large effects on what may

have been chronically moisture-stressed trees. In

contrast, the 1960s through the early 2000s were

relatively wet (mean PDSI for 1961–2001 = 1.06)

and reduced the sensitivity of trees growing in

earthworm-free conditions to variations in precipita-

tion. At the same time, tree growth in the earthworm-

invaded areas remained significantly and positively

correlated with precipitation, which one would expect

for trees with poorer water status. These contrasting

relationships are perhaps the result of changes in site

hydrology and/or tree fine root systems due to

earthworm invasion.

The O horizon in unaltered forests acts as a buffer

between the soil and the atmosphere by moderating
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the moisture and temperature regimes of the soil

surface (Kimmins 2003). The removal of this buffer

leads to higher evaporation rates and less insulation

from temperature extremes, and when coupled with

the compaction of forest soils by earthworms (Hale

et al. 2005b), results in increased runoff, decreased

rates of moisture infiltration, and increased frequency

and amplitude of drought conditions in the soil

(Francis and Fraser 1998). The loss of the O horizon

in earthworm-invaded sites therefore decreases the

residence time of moisture in the forest following

rainfalls by increasing runoff rates and removing the

buffer provided by the decomposing organic material.

In turn, this likely increases the frequency in

occurrence of drought conditions at earthworm-

invaded areas so that tree growth may be limited by

low moisture availability even during periods where

the average climate conditions are relatively wet, as

shown in our climate-tree growth analysis of trees

growing in earthworm-invaded conditions. In con-

trast, an intact O horizon during generally wetter

climate conditions may in fact prolong saturated soil

conditions (sensu Hook 1984), particularly following

spring melt off and rains (Payette et al. 1996; Tardif

et al. 2001). This could explain the negative corre-

lations between PDSI and tree growth in earthworm-

free sites during the later period of our analyses.

The results of our climate-tree growth analyses

hold potentially important implications for the effects

of earthworm invasion on forests in a changing global

environment. Models predict that the future climate of

the Midwestern US will likely include more frequent

and severe droughts (Tebaldi et al. 2006). The range

of many tree species that are currently found in this

region are expected to change as a result (Auclair et al.

1996), with suitable habitat for sugar maple being

eliminated in Minnesota over the next century (Iver-

son et al. 2008). Increased sensitivity of sugar maple

trees to drought conditions following earthworm

invasion may accentuate and accelerate the loss of

this species from the state and region if droughts do

indeed become more frequent and severe.

Conclusions and implications for future

research

The results of our research indicate that dendrochro-

nology can serve as a viable tool to date past European

earthworm invasions into previously earthworm-free

environments and creates new opportunities to study

the long-term ecological effects of earthworm inva-

sions on North American forests. Our research also

illustrates the effects that earthworm invasions have

on the climate-tree growth relationships in northern

hardwood forests, with important implications for

forest management under changing climate conditions

and drought frequency. Future research should use

both tree-ring widths and chemical evidence con-

tained in tree rings (e.g., biogenic element concentra-

tions, isotopic ratios of nitrogen and/or oxygen) to

explore if these results are consistent among forests

with different stand histories and environmental

settings and address in more detail how the environ-

mental conditions created by earthworms affect the

climate-tree growth relationships of trees growing in

northern deciduous forests.
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