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Summary

1. We studied vascular plant and soil-dwelling testate amoeba communities in deglaciated sites

across a range of substrate ages in Kenai Fjords, Alaska, USA to test four hypotheses. (i) Patterns

of community assembly are similar for vascular plants and testate amoebae. (ii) Vascular plant and

testate amoeba communities are more strongly correlated to abiotic variables than to each other,

since these communities are not directly linked trophically. (iii) Plant community structure becomes

less associated with abiotic condition in succession relative to testate amoebae, as species replace-

ment is believed to be more common for plants than testate amoebae. (iv) Above- and below-

ground communities become more strongly linked over the succession, due a shift from predomi-

nantly allogenic to autogenic forces.

2. We assessed relationships among biotic communities and abiotic site variables across the

chronosequence using multiple factor analysis, redundancy analysis (RDA) and a moving-window

analysis.

3. The diversity patterns and the communities’ response to site and soil variables differed between

groups. The composition of both communities was significantly explained by bedrock type and

moisture regime. The vascular plant community, however, was more influenced by distance from

the glacier.

4. Testate amoeba and vascular plant community patterns were significantly linked to each other

and to location and physical conditions. The moving-window RDA indicates the variation

explained by the physical and chemical environment tended to slightly decrease through the chrono-

sequence for testate amoebae, while a bell-shape response was evidenced for vascular plants. The

variation of the microbial community explained by the plant community was very low in the early

stages of the succession and became higher than the variation explained by the environmental vari-

ables later in the chronosequence.

5. Synthesis.These results suggest that vascular plants and testate amoebae are as linked ormore in

ecosystem development than either community is to changes in site condition. Furthermore, the

strength of interactions varies along the succession. Thus, ecological links may be more important

than macro-scale abiotic site condition is to community development, even between communities

without direct trophic interactions.
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Introduction

Understanding interactions among communities is a major

challenge in ecology (Wardle 2002) and studies of community

patterning across spatial environmental gradients or temporal

successional series are useful in suggesting possible mecha-

nisms and interactions (Cutler, Belyea & Dugmore 2008;

Mahaming,Mills &Adl 2009).Diversity patterns of organisms

are usually well correlated over short ecological gradients, but

such correlations often break down when studies are extended

across broader gradients of space or time (Prendergast et al.

1993; Scheu & Schulz 1996; De Deyn & Van der Putten 2005;

Kardol et al. 2005; Kardol, Bezemer & van der Putten 2006).

Broad inter-taxon or inter-functional group diversity correla-

tions are thought to exist (i) if one group directly controls the

status of the other group, (ii) if one group indirectly controls

the status of the other group through relationships with other

biota, or (iii) if both groups are dependent on the same abiotic

control (e.g. climate). Traditional community ecological the-

ory proposes that abiotic conditions drive species diversity

(Odum 1971; Gough et al. 2000). Correlations between species

groups, observed in studies of environmental gradients or suc-

cession, therefore, should be traceable to underlying abiotic

control factors. However, there is little consensus as to what

this underlying control factor might be (Huston & Smith

1987). The failure to develop a unifying theory of determinate

and predictable plant succession turned attention to stochastic

and neutral models (Connor & Simberloff 1979; Fastie 1995;

Hubbell 2001) and, more recently, to biotic interactions

between above-ground and below-ground communities as

important community assembly and ecosystem development

structuring mechanisms (DeDeyn et al. 2003;Wardle, Walker

&Bardgett 2004;Kardol, Bezemer& van der Putten 2006).

Terrestrial plants and soil organisms are physically linked

through the soil medium and functionally linked through their

mutual and bidirectional effects on soil fertility (Wardle,

Walker & Bardgett 2004). Plant communities contribute

resources through litterfall and rhizodeposition (root exfoliates

and exudates) to below-ground organisms. Below-ground

organisms promote plant growth by converting the minerals

immobilized in plant biomass and soil organicmatter to chemi-

cal forms that plant roots are able to assimilate (Clarholm

1985; Bonkowski 2004). Plant diversity theoretically controls

the diversity of decomposer organisms through biomass inputs

that vary in quantity, quality and structure (Ledeganck, Nijs &

Beyens 2003); conversely the diversity of the decomposer com-

munity controls plant diversity by providing a variety of min-

eralized nutrients that are differentially useful to, and thus

partitioned among, the plant community (Hooper et al. 2000;

Reynolds et al. 2003; Harrison, Bol & Bardgett 2007). Thus,

the mechanistic link between plants and much of the soil biota

is expected to be indirect. The nature of these linkages is

thought to drive succession. For example, negative feedback,

where the activity of a plant species creates an environment

increasingly adverse to its growth and reproduction would

facilitate species replacements, thereby promoting below-

ground species turnover (Wardle 2002). Alternatively, positive

feedback, where the activity of a plant species creates an envi-

ronment that benefits its growth and reproduction would

retard successional processes by prolonging the residence of

dominant plant species (De Deyn et al. 2003; Bardgett et al.

2005) and below-ground biota associated with that environ-

ment.

Community assembly in early succession depends on the

inherent size of the species pool (Weiher & Keddy 1999) and

the dispersal potential of the organisms, which varies among

taxonomic and functional groups. Microorganisms are gener-

ally assumed to not be limited by dispersal because of their

small individual size and huge population size (but see Foissner

2007). The assembly of soil protozoa communities in early pri-

mary succession has been shown to follow a pattern of succes-

sive addition, rather than species replacement (Wanner et al.

2008). This contrasts with vascular plant primary successional

patterns for which species turnover characterizes community

assembly (Reiners, Worley & Lawrence 1971; Matthews &

Whittaker 1987). This is in part due to differential space limita-

tions on plants and soil microorganisms. Plants occupy planar

space, whereas soil microorganisms occupy a complex three-

dimensional space that allows greater species packing. Unlike

microorganisms, dispersal of vascular plants is expected to

vary considerably by species at the scale of tens to hundreds of

meters. Seed dispersal is a function of the number and distribu-

tion of reproductive individuals, their fecundity and seed shad-

ows (Nathan & Muller-Landau 2000), which clearly vary by

species. While most species have colonization rates of only a

few metres per year, some early colonizing species are capable

of much greater dispersal distances (cf. Cain, Milligan &

Strand 2000 and references therein). Another difference

between the two groups of organisms is their sensitivity to

drought: while the establishment of vascular plants in early

succession stages is partly limited by drought stress (Jones &

del Moral 2009), many microorganisms (e.g. testate amoebae)

are able to survive unfavourable conditions by encysting. It fol-

lows that plants may be expected to be controlled primarily by

abiotic factors and dispersal limitations in early developmental

stages and increasingly by biotic interactions in later stages,

while for soil microbes the influence of abiotic conditions and

biotic interactions on community structure may be expected to

only become apparent when communities saturate with respect

to species abundance and diversity.

Our aims were to describe the nature of above-ground and

below-groundcommunity change inprimary succession in rela-

tion to site variables along a proglacial chronosequence in

south-central Alaska, USA. Specifically, we tested four predic-

tions, based on successional ecological theory, but focused on

above-ground–below-ground interactions. Because of the

strong changes in ecosystem characteristics, including changes

in both abiotic (e.g. micro-climate) and biotic (e.g. food-web

complexity) factors, we predict that (i) the patterns of species

richness, evenness, diversity and community assembly are simi-

lar for plants and soil microbes (specifically the protozoa,

testate amoebae). Because plants and soil protozoa are not

directly linked trophically,we expect that (ii) vascular plant and

soil protozoan communities are less correlated to each other
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than they are to abiotic variables. We predict that (iii) corre-

lations between soil protozoan communities and abiotic site

conditionswill increase in succession; due to the additive assem-

bly pattern of soil protozoa, early communities are more likely

to be random assemblages and when the full potential diversity

of the community has been reached in the later stages, relation-

ships are more likely to be detectible. (iv) Correlations between

abiotic site conditions and plant community structure are

expected to decline during succession. This decline is predicted

because of the successive assembly pattern of vascular plants:

as the vegetation cover increases, species turnover, and thus

biotic interactions, increase, thus reducing the relative influence

of abiotic factors. Because of direct or indirect interactions or

because both plant and soil protozoan communities are influ-

enced in a similar way by changing abiotic factors (even if these

factors play a decreasing role in plant communities), we antici-

pate that (v) the correlation between above- and below-ground

communitieswill increase across the chronosequence.

We selected testate amoebae, a group of soil protozoa, as a

proxy for below-ground biota over other soil organism groups

because they: (i) characterize the overall microbial community

due to their relatively high trophic position, (ii) represent an

important part of the biomass of soil organisms, (iii) are func-

tionally important, (iv) ecologically sensitive, (v) ubiquitous

and (vi) relatively easy to sample and identify (Mitchell, Char-

man&Warner 2008). Soil protozoa aremuch less studied than

other microbial groups such as bacteria, fungi and nematodes

despite their recognized importance to terrestrial ecosystems

both in terms of biomass and nutrient cycling (Clarholm 2005;

Adl & Gupta 2006; Wilkinson 2008). Among the different

groups of soil protozoa, testate amoebae stand out as being

functionally important for C, N and Si cycling (Schönborn

1992; Schröter, Wolters & De Ruiter 2003; Aoki, Hoshino &

Matsubara 2007). Testate amoebae respond strongly to soil

type, moisture regime and water chemistry causing their den-

sity and community structure to change clearly across spatial

and temporal ecological gradients (Bonnet 1961, 1964; Lousier

1974; Foissner 1987; Mitchell, Charman & Warner 2008).

Unlike other soil protozoa, testate amoebae produce a shell

(test) that allows identification to species level using non-

molecular methods. Testate amoeba and plant communities

are expected to interact indirectly through the soil microbial

loop and in response to similar abiotic factors. This combina-

tion of characteristics makes testate amoebae a useful model

group for studies on soil ecology and of above-ground–below-

ground relationships.

Materials and methods

STUDY AREA

Kenai Fjords is a dynamic glacial landscape located in the maritime–

boreal ecoregion of south-central Alaska, USA. In the period

postdating the Little Ice Age maximum (c. 1850 ad) most tidewater

glaciers in Kenai Fjords receded (Wiles & Calkin 1994). The most

impressive example of this glacial recession is the 20-km retreat of the

McCarty Glacier over a 55-year period (Wiles & Calkin 1993). The

terrains exposed by the recession of the McCarty Glacier comprise a

proglacial chronosequence with good chronological control across

which patterns of primary succession can be investigated.

Sites for vegetation and testate amoeba surveywere selected to cap-

ture differently aged terrains and their associated biotic communities.

Terrains closest to the glacier are barren or sparsely vegetated. With

increasing distance from the glacier the plant community transitions

from Alnus viridis ssp. sinuata and Alnus viridis ssp. sinuata–Salix

sitchensis shrublands to Picea sitchensis and Tsuga mertensiana for-

ests, to peatlands (Fig. 1 and see Flagstad 2007). Initially 16 sites were

selected; 15 of which are located along the length of McCarty Fjord.

An additional site was added from the adjacent Northwestern Fjord

(similar spatial-orographic orientation and bedrock type) so that one

of the oldest common plant community types in the landscape, a

Carex–Sphagnum-dominated peatland, could be represented.

Descriptions of primary characteristics of the sites are given in

Table 1. All fieldwork was conducted in summer 2005.

Fig. 1. Three representative sites along theMcCarty Fjord chronosequence. Left: barren close to the glacier front (c. 5 years since deglaciation);

centre: low alder scrub (c. 25 years); right: young coniferous forest (c. 50 years).
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Distances from the glacier to sampling locations were measured

using ArcMap (Environmental Systems Research Institute Inc 2006).

The distance measurements for sites 1–15 are taken from the year

2000 terminus of the McCarty Fjord Glacier. Bedrock type was

inferred from the geologic maps of the Seldovia, Seward and Blying

SoundQuadrangles (Tysdal &Case 1979; Bradley et al. 1999).

SOIL DESCRIPT ION AND ANALYSES

The soil profile, including depth of the organic horizon, was described

to a depth of 30 cm at each site. Soil samples (0–10 cm depth) were

collected to survey testate amoeba survey and for physical and chemi-

cal analysis at each site. Soil samples were aggregated from three

subsamples (> 2 m apart) that were located within the dominant

groundcover. The percentage dry weight of coarse (> 0.075 mm

minimum diameter) and fine (< 0.075 mmminimum diameter) frac-

tion of each soil sample was determined. The fine fraction was analy-

sed for pH from a 1:1 slurry preparation, total organic C and total N

were determined using combustion analysis of the fine fraction, and

available nitrogen (NH4
+, NO3

)), Na, Mg, P, K, Ca, Mn, Fe, Cu

and Zn were determined by inductively coupled plasma emission

spectroscopy at theUniversity ofAlaska Fairbanks, Palmer Research

Center Soils Laboratory.

VEGETATION SURVEYS

At each site all vascular plant species growing in a 10 · 10 m

plot were identified. Non-vascular plants were also recorded, but

because not all taxa were identified to species or generic levels at

all sites, we do not include these data in our analysis. Percentage

cover for each plant species and type of unvegetated groundcover

(e.g. rock, sand, litter, wood) were estimated for each plot. The

few vascular plants not identifiable to species level were identified

by genus. At two sites, a non-reproductive forb and a grass were

not identifiable to genus and were identified by life-form. See

Appendix S1 in Supporting Information for a complete descrip-

tion of plant community types; additional information can be

found in Flagstad (2007).

TESTATE AMOEBA ANALYSES

Samples were prepared for the testate amoeba survey following a

modification of the stepwise filtrationmethod ofHendon&Charman

(1997). Air-dried samples were shaken with 40 mL of deionized water

for 1 min. Slides were surveyed for testate amoebae in grid fashion

using light microscopy at 400· magnification under phase contrast.

One or more slides were systematically scanned for a standardized

total of 6 h of survey effort per sample. Numbers of all species were

recorded. Appendix S2 gives a complete description of testate

amoeba community types; see Flagstad (2007) for more information.

NUMERICAL ANALYSIS

The site nearest to the glacier was excluded from the analysis because

no testate amoebae were recorded. We first compared the patterns of

species richness, evenness and Shannon’s diversity of vascular plant

and testate amoeba communities along the chronosequence. Even-

ness was calculated as theHill’s ratio of Shannon’s diversity to species

richness (Hill 1973). To assess monotonic relationships, the

Spearman’s rank correlation between diversity indices of the two

communities was tested, as well as between these indices and the

distance to the glacier and the age class.

Table 1. Summary of characteristics for sites sampled in Kenai Fjords, Alaska, USA. Distances from the glacier were measured using the digital

measurement tool in ArcMap (Environmental Systems Research Institute Inc 2006). The distance measurements for sites 1–15 are taken from

the year 2000 terminus of the McCarty Fjord glacier. Terrains were dated by a combination of bathymetry (Post 1980), historic aerial

photography (Crowell & Mann 1995; Environmental Systems Research Institute Inc 1998; National Park Service 2002) and dendrochronology

(Flagstad 2007). Substrate types were taken from the geological map authored by Bradley et al. (1999). Plant and testate amoebae communities

were defined by cluster analysis using PC-ORD

Site

number

Distance

from

glacier (km)

Estimated

terrain

age (years) Substrate type Plant community type

Testate amoeba community

type

1 0.2 0–5 Metasedimentary Depauperate Depauperate

2 0.6 0–5 Metasedimentary Open Alder Corythion dubium

3 0.8 0–5 Metasedimentary Open Alder Centropyxis aerophila-Trinema

complanatum

4 3.5 56–64 Metasedimentary Closed Tall Alder-Willow Corythion dubium

5 5.7 56–64 Metasedimentary Closed Tall Alder-Willow Centropyxis aerophila-Trinema

complanatum

6 8.3 56–64 Metasedimentary Open Alder Corythion dubium

7 8.4 56–64 Metasedimentary Closed Tall Alder-Willow Corythion dubium

8 11.0 56–64 Metasedimentary Closed Tall Alder-Willow Corythion dubium

9 11.2 56–64 Metasedimentary Closed Tall Alder-Willow Corythion dubium

10 12.9 56–64 Metasedimentary Closed Tall Alder-Willow Corythion dubium

11 21.8 80–146 Metasedimentary Closed Spruce Corythion dubium

12 22.3 80–146 Metasedimentary Closed Spruce Centropyxis aerophila-Trinema

complanatum

13 30.4 >146 Granitic Open Hemlock Quadrulella symmetrica

14 30.5 >146 Granitic Wetland Quadrulella symmetrica

15 30.6 >146 Granitic Open Hemlock Centropyxis aerophila-Trinema

complanatum

16 NA >146 Granitic Wetland Quadrulella symmetrica
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Multiple factor analysis (MFA) was used to symmetrically link five

groups of descriptors: the two Hellinger-transformed community

data sets (vascular plants and testate amoebae) and three groups of

abiotic variables describing site location (distance from glacier, age

class, bedrock type, elevation, slope and aspect), physical (percentage

cover of litter, wood, sand and rock, moisture regime, percentage dry

weight of fine material, thickness of the organic horizon) and chemi-

cal soil conditions (pH, NH4, NO3, total C, N, P, K, Ca,Mg, Na, Cu,

Zn, Mn, Fe). Multiple factor analysis was chosen among the variety

of symmetric ordination methods that are available for linking eco-

logical data tables (Dray, Chessel & Thioulouse 2003) because it

allows the simultaneous coupling of several groups or subsets of vari-

ables defined on the same objects (Escofier & Pagès 1994). Multiple

factor analysis is a simple variant of co-inertia analysis, which seeks

the common structures present in all or some of these subsets. As this

method, mainly used in sensory evaluation and chemistry so far, with

the exception of one ecological study (Lamentowicz et al. 2010), is

not familiar to ecologists, we provide a brief summary of its princi-

ples.

If all variables are numerical, then MFA is basically a principal

component analysis (PCA) applied to the whole set of variables in

which each subset is weighted. The use of weights balances inertia

between the different groups and thus balances their influences. Mul-

tiple factor analysis is performed in two steps. First, a PCA is per-

formed on each subset, which is then normalized by dividing all its

elements by the first eigenvalue obtained from its PCA. Secondly, the

normalized subsets are merged to form a unique matrix and a global

PCA is performed on this matrix. The individual subsets are then pro-

jected onto the global analysis to analyse communalities and discrep-

ancies. The similarity between the geometrical representations

derived from each group of variables is measured by the RV coeffi-

cient, ranging from 0 to 1 (Robert & Escoufier 1976). RV coefficients

can be tested by permutations (Josse, Pagès & Husson 2008). Euclid-

ean distances between site scores in the MFA were used to perform a

cluster analysis with the Ward method. This allows discovering the

main discontinuities in the structure of the data described by all biotic

and abiotic subsets of variables.

The ordination patterns of vascular plant and testate amoeba com-

munities and their causal relationships to environmental variables

were assessed using redundancy analysis (RDA) after Hellinger trans-

formation of each community data set. Hellinger transformation is

one of the pre-transformation of species data proposed by Legendre

&Gallagher (2001) to allow usingRDAwithout considering the com-

mon absence of the species as a resemblance between communities. It

is computed as the square root of the relative abundance per site. A

forward selection of explanatory variables among the whole set of site

and soil variables was computed for each community data set using

the ‘ordistep’ function available in the vegan R package (Oksanen

et al. 2010). This function achieves automatic stepwise model build-

ing for constrained ordination methods, using AIC and permutation

tests.

To evaluate change in the causal relationships between biotic com-

munities and soil variables across the chronosequence a moving-win-

dow analysis was performed. Moving-window techniques allow the

analysis of multivariate data across a gradient (Legendre & Legendre

1998) and are particularly useful for the detection of sharp transitions

in species composition (Kent et al. 1997). Moving-window analysis

was computed from a reduced sample of 10 consecutive sites. The 10-

sample window was advanced across the chronosequence one sample

at a time to quantify and to test the variation of each community

matrix explained by soil variables over successional time. Redun-

dancy analyses, adjustedR2 and permutation tests were used to assess

the relationships (Legendre, Borcard & Peres-Neto 2005). The

response matrices were the two Hellinger-transformed community

matrices, and the explanatory matrices contained a selection of stan-

dardized physical and chemical variables (location variables were

excluded). The computation of adjusted R2 from RDA after a for-

ward selection of explanatory variables within each windowwould be

likely to give inconsistent results because the identity and number of

selected explanatory variables may be different along the sequence.

Therefore, we used the same regression model for physical–chemical

environment within every window, based on a preliminary forward

selection of explanatory variables for the whole sequence. Addition-

ally, we tested the indirect causal relationship between the microbial

community and the plant community. We used the first three princi-

pal components of separate PCAs as explanatory variables in the vas-

cular plant species data set due to the high numbers of species.

All computations were performed with r 2.10.1 (R Development

Core Team 2009) using vegan (Oksanen et al. 2010) and FactoMineR

(Lê, Josse &Husson 2008; Husson et al. 2009) packages.

Results

PATTERNS OF VASCULAR PLANT AND TESTATE

AMOEBA SPECIES RICHNESS, EVENNESS AND

SHANNON DIVERSITY

Patterns of vascular plant and testate amoeba species richness,

evenness and Shannon diversity differ along the McCarty

Fjord chronosequence (Figs 2 and 3). No significant mono-

tonic relationship was found with distance to the glacier or site

age (Table 2).

Vascular plant species richness is highest (c. 30 taxa) in the

oldest sites, while for testate amoebae the pattern suggests an

early increase to maximum levels (c. 15 taxa) followed by a

slight decline to about 10 taxa. High testate amoeba species

richness is, however, also observed in the oldest (peatland) site.

Vascular plant evenness increases sharply from young to

intermediate-aged sites then declines again in older sites. The

pattern is different for testate amoebae with evenness values

ranging between 0.6 and 0.9 across the chronosequence with

no detectable trend.

Vascular plant Shannon diversity increases sharply from

early to intermediate-ages sites as for species richness, but

in contrast to species richness, highest values are reached

in intermediate-aged and not the oldest sites. The pattern

observed for testate amoebae was very similar to that of

vascular plants, but the correlation between the two was

nevertheless not significant when a Holm correction was

applied (Table 2).

RELATIONSHIPS BETWEEN BIOTIC COMMUNIT IES AND

SITE VARIABLES

The separate RDAs show somewhat contrasting species–envi-

ronment relationships for vascular plants and testate amoebae

(Fig. 4). In both analyses, the first two axes were significant.

For vascular plants (Fig. 4a) four explanatory variables were

selected, which explain 45.9% of the variance (adjusted R2).

For testate amoebae (Fig. 4b) the best model includes four
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explanatory variables with only 26.8% of explained variation.

The testate amoeba and vascular plant data sets are both

related to bedrock type and moisture regime. In addition, vas-

cular plants are also related to distance to the glacier and per-

centage cover of bare soil, while testate amoebae are also

related to soil zinc content and percentage cover of rock.

The vascular plant and testate amoeba RDAs also differ

with respect to the relative position of sites in the ordination

space. Two groups emerge for vascular plants (Fig. 4a): a well-

defined group composed of the early to intermediate aged sites

(2–10) and a second, looser group composed of older sites (11–

16) (or two sub-groups with mid-seral forested sites 11 and 12,

separate from late-seral forests and peatlands along axis 2).

For testate amoebae (Fig. 4b), another pattern emerges, in

which early and late-successional sites are not as clearly sepa-

rated. Nevertheless, taken together in theMFA, the two biotic

and three environmental data sets suggest a division of sites

into two groups corresponding to the early sites (2–10) and late

sites (11–16) (Fig. 5). TheMFA ordination shows that the first

group is more heterogeneous than the second, mainly because

of the position of site 3.

The patterns of species–environment relationships are

further illustrated by the RV coefficients (Table 3). The

composition of testate amoeba and vascular plant commu-

nities is significantly linked to location and physical condi-

tions, but not to chemical variables. Vascular plants and

testate amoebae are also significantly linked. Among abi-

(a)

(b)

(c)

Fig. 2. Comparison of vascular plant (solid triangles) and testate

amoeba (open squares) species richness (a), species evenness (b) and

Shannon’s diversity (c) along the McCarty Fjord chronosequence,

Kenai Fjords, Alaska, USA.

(a)

(b)

(c)

Fig. 3. Relationship between vascular plant and testate amoeba spe-

cies richness (a), species evenness (b) and Shannon’s diversity (c) in

theMcCarty Fjord chronosequence, Kenai Fjords, Alaska, USA.
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otic variables, location and chemical variables are both

only linked to the physical variables, but not to each

other. Contrary to expectations (hypothesis 2), plant and

testate amoeba patterns display a much tighter relationship

to each other than they do to the patterns describing phys-

ical and chemical soil condition.

CAUSAL RELATIONSHIPS AMONG VEGETATION,

TESTATE AMOEBAE AND SOIL VARIABLES ALONG THE

CHRONOSEQUENCE: MOVING-WINDOW ANALYSIS

Three variables were retained by stepwise selection to build the

two species–environment regression models used in the mov-

ing-window analysis: moisture regime, soil zinc content and

percentage cover of rock for the testate amoeba community

and depth of soil organics, soil pH and percentage cover of

bare soil for the vascular plant community. To test the

response of testate amoebae to vegetation, we selected the

same number of explanatory variables, i.e. the weighted-aver-

age site scores along the three-first axes of the PCA of the Hel-

linger-transformed vegetation table.

Interestingly, and contrary to our third hypothesis, the mov-

ing-window analysis shows that the dependence of the testate

amoeba community to soil condition tends to decline after the

early successional stages, while a bell-shape response, peaking

across the mid-successional stages is evidenced for the vascular

plant community (Fig. 6). Furthermore, in agreement with

hypothesis 4, the variation of the microbial community

explained by the plant community was very low in the early

stages of the succession and became higher than the variation

explained by the environmental variables later in the chronose-

quence.

Discussion

PATTERNS OF PLANT AND TESTATE AMOEBA SPECIES

RICHNESS, D IVERSITY AND EVENNESS

The patterns of increase in plant and testate amoeba species

richness and diversity from newly exposed terrains to those

more than 150 years old (i.e. not affected by the last glacial

Table 2. Rank correlation between vascular plants and testate

amoeba species richness, evenness, Shannon’s diversity, distance

from the glacier and age class in McCarty Fjord chronosequence,

Kenai Fjords, Alaska, USA. Below diagonal (bottom-left half of the

matrix): Spearman’s correlation, above diagonal: Holm-corrected

P-value. Significant correlations appear in bold

Vascular

plants

Testate

amoebae Distance

Age

class

Species richness N0

Vascular plants 1.000 0.734 0.650 0.420

Testate amoebae 0.319 1.000 1.000 1.000

Distance 0.379 )0.100 1.000 <0.001

Age class 0.460 )0.172 0.937 1.000

Species evenness E1 = N1 ⁄N0

Vascular plants 1.000 1.000 1.000 1.000

Testate amoebae )0.079 1.000 1.000 1.000

Distance )0.164 0.239 1.000 <0.001

Age class )0.120 0.291 0.937 1.000

Shannon’s diversity N1

Vascular plants 1.000 0.161 1.000 1.000

Testate amoebae 0.561 1.000 1.000 1.000

Distance 0.179 )0.057 1.000 <0.001

Age class 0.257 )0.126 0.937 1.000

(a)

(b)

Fig. 4. Redundancy analysis plots of vascular plant (a) and testate

amoeba (b) Hellinger-transformed species data constrained by envi-

ronmental soil variables from the McCarty Fjord chronosequence,

Kenai Fjords, Alaska, USA. Environmental variables retained after

model selection are represented by vectors (arrows for quantitative or

semi-quantitative variables) or centroids (asterisk for each level of a

qualitative variable): Moisture: Moisture regime derived from plant

community composition in accordance with Viereck et al. (1992);

Distance: Distance (in km) between the site and the position of the

glacier in 2000; Bedrock: Granitic [Granit] or metasedimentary [Met-

ased] bedrock type inferred from the geologic maps (Tysdal & Case

1979; Bradley et al. 1999); Unveg: Percentage of unvegetated ground

cover; Rock: Percentage cover of mineral material > 2 mm

minimum dimension; Zn: Soil concentration of Zinc [p.p.m.]. Sites

are indicated with a K followed by a number; lower numbers are sites

closer to the glacier.
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advance of c. 1850) shown in this study are consistent with gen-

eral patterns of plant community development from primary

substrates (Reiners, Worley & Lawrence 1971; Matthews &

Whittaker 1987; delMoral &Bliss 1993) and are generally sup-

ported for the primary succession of testate amoebae in progla-

cial (Hodkinson, Coulson & Webb 2004) and other systems

(Wanner & Xylander 2005). However, contrary to our first

prediction, the assembly of the two functionally different com-

munities did not translate into similar patterns of species rich-

ness and evenness. The only significant relationship observed

was between vascular plant and testate amoeba Shannon

diversity, suggesting that the biotic and abiotic factors that

affect the species richness and evenness of the two biotic

groups influence species diversity to a lesser degree.

This pattern suggests that above- and below-ground links

between these two groups are generally not species specific.

Rather, the nature of the plant–testate amoeba link may be

governed by the quantitative and qualitative inputs of soil car-

bon and secondary metabolites produced by vascular plants

that relate more to plant functional types and chemically simi-

lar groups (e.g. N-fixers, ericoids, grasses) than to species num-

ber or identity. The greater influence of plant function relative

to plant identity on soil organisms has been shown in several

field experiments (Tilman, Lehman & Thompson 1997; Lede-

ganck, Nijs & Beyens 2003; Zak et al. 2003; De Deyn et al.

2004b).

While vascular plant and testate amoeba Shannon diversity

patterns are correlated, vascular plant species richness is usu-

ally higher than that of testate amoebae, especially on the older

terrains. The larger species pool of vascular plants with vari-

able dispersal capabilities likely results in a more prolonged

addition of new propagules and thus an increase in species

richness beyond the early seral terrains. Testate amoebae are

able to disperse passively (predominantly by wind or animals)

or actively (by direct migration from adjacent soils) to primary

substrates where they can establish founding populations in

small pockets of organic material (Wanner & Dunger 2001).

This comparatively smaller pool of founders is exposed to a

reduced range of environmental conditions during the foun-

ders’ short lives and they are able to encyst when conditions

exceed their biophysical tolerances (Foissner 1987).

RELATIONSHIPS BETWEEN BIOTIC COMMUNIT IES AND

SITE VARIABLES

The structure of both vascular plant and testate amoeba

communities are principally explained by bedrock type and

Fig. 5. Multiple factor analysis of the five community (vascular

plants and testate amoebae, Hellinger-transformed) and environmen-

tal (location, soil physical and chemical variables, standardized) data

sets from theMcCarty Fjord chronosequence, Kenai Fjords, Alaska,

USA. Projection of the multiple factor analysis (MFA) axes 1 and 2

with the result of a hierarchical agglomerative clustering (grey lines),

obtained by the Ward method on the Euclidean distance matrix

between MFA site scores, showing two main groups of sites (sym-

bols). Sites are indicated with a K followed by a number; lower num-

bers are sites closer to the glacier.

Table 3. RV coefficients (below diagonal – bottom-left half of the

matrix) and corresponding P-values (above diagonal) among the five

groups of variables used in the multiple factor analysis of the

McCarty Fjord chronosequence, Kenai Fjords, Alaska, USA.

Significant coefficients appear in bold

Testate

amoebae

Vascular

plants Location Physical Chemical

Testate

amoebae

1.000 <0.001 0.002 0.007 0.071

Vascular

plants

0.705 1.000 <0.001 0.001 0.120

Location 0.585 0.706 1.000 <0.001 0.211

Physical 0.546 0.550 0.588 1.000 0.027

Chemical 0.479 0.395 0.326 0.419 1.000

Fig. 6. Moving-window redundancy analysis of the causal relation-

ships between testate amoebae, vascular plants and soil variables

along the McCarty Fjord chronosequence, Kenai Fjords, Alaska,

USA. Three variables were selected for each biotic group: moisture

regime, soil zinc content and percentage cover of rock for the testate

amoeba community and depth of soil organics, soil pH and percent-

age cover of bare soil for the vascular plant community. The horizon-

tal axis indicates the position of the moving window over which the

explained variation was calculated along the chronosequence: 1: sites

2–11, 2: sites 3–12, … 6: sites 7–16. Significant relationships are

pointed out by solid symbols (P < 0.05).
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moisture regime as well as other site variables (bare soil and

percentage cover of rock, respectively). In addition, the vegeta-

tion data are related to successional variables (i.e. the chrono-

sequence), while the testate amoeba data are also explained by

a soil chemical variable (zinc content).

The vascular plant communities are generally organized in

three groups corresponding to their successional order, with

distance to the glacier almost perfectly correlated to axis 1. By

contrast, for testate amoebae the strongest correlation is with

moisture regime, and the sites are not strictly organized in suc-

cessional order.

Similar to other proglacial chronosequences (Matthews

1992), site age is the strongest single organizing variable for

plant communities. Along the McCarty Fjord chronose-

quence, site age is paralleled by a suite of biological, physical

and chemical soil development attributes. Because this and

other chronosequence studies substitute distance from the gla-

cier for time since deglaciation, the relative influences of time

and soil development are not easily separated.

Moisture regime was not predictably related to site age and

therefore its relative influence on communities can be sepa-

rated from that of the time since deglaciation.Moisture regime

exhibited a strong relationship with testate amoebae, in agree-

ment with its importance in controlling testate amoeba com-

munity structure and density across habitats and with

successional age (Lousier 1974; Mitchell, Charman & Warner

2008). The correlation between moisture regime and vascular

plants was weaker, illustrating that other factors related to suc-

cession play a more important role in shaping plant communi-

ties along the sequence.

Bedrock type emerged as a significant variable explaining

both the vegetation and testate amoeba data. This agrees with

the well-documented effect of bedrock type on soil characteris-

tics, which in turn influences both vegetation composition

(Gobat, Aragno&Matthey 2004) and testate amoeba commu-

nities (Bonnet 1961, 1964).

Zinc is an essential element in the metabolism of all organ-

isms and has been shown to be much less toxic to soil protozoa

than other heavy metals such as lead, cadmium or copper

(Diaz, Martin-Gonzalez & Gutierrez 2006; Nguyen-Viet et al.

2007). Zn concentrations ranged from7 to 212 p.p.m. andwere

highest at sites 12 (112 p.p.m.), 15 and 16 (>150 p.p.m.), while

in all other sites the concentrations were below 75 p.p.m. and

below 10 p.p.m. in the first two sites (2 and 3). At these concen-

trations Zn is unlikely to have any toxicity effect and it is

unclear if Zn concentrations influence testate amoeba species

indirectly through prey composition availability or if this vari-

able is correlatedwith other, unmeasured variables.

COMPARISON OF COMMUNITY STRUCTURES

Recent experimental evidence suggests that biotic interactions

between above-ground and below-ground organisms may

dampen the effect of abiotic factors on plant dominance (De

Deyn, Raaijmakers & Van der Putten 2004a). Our data from a

natural primary succession study supports this idea. In the

MFA, testate amoebae and vascular plants weremore strongly

correlated to each other than to soil physical or chemical vari-

ables, or to location variables. Correlations were lower, yet sig-

nificant, between the physical and location variables in relation

to the biological communities.

Contrary to our third hypothesis, the dependence of the tes-

tate amoeba community on soil conditions tended to decline

slightly after the early successional stages. We expected that

the variance explained in testate amoeba communities due to

soil conditions would increase in succession as a result the

older sites being exposed to all potential colonizing taxa (while

recent sites would be a more random assemblage) and there-

fore community-environmental patterns would be more

detectable. Our resultsmay be explained by high dispersal rates

(Finlay 2002) and fast generation times (Schönborn 1992) in

testate amoebae, where even the recent sites are saturated with

themajority of potential taxa.

The plant community, however, had an increase in variance

explained by the environmental variables at intermediate aged

sites, with a decline in older sites. This pattern may be

explained by early successional plants generally having greater

amplitude in environmental tolerance, while plants from older

successional sites represent an increase in environmental habi-

tat and resource specialization (Bazzaz 1979; Parrish & Bazzaz

1982). These results partially support our prediction of a

decline in plant–environment association later in succession

due to an increase in species turnover as vegetation cover

increases, and associated increase in biotic interactions, which

reduces the relative influence of abiotic factors.

In agreement with our fourth hypothesis, the moving-win-

dow analysis revealed an increasingly tight coupling of plant

and testate amoeba community structures over successional

time. This increase in above-ground and below-ground

coupling may relate to a greater frequency and specificity of

plant–testate amoeba interactions at high diversities (Kowal-

chuk et al. 2002) and a transition from allogenic- to autogenic-

driven succession (Matthews 1992). Assuming that the

sites included in this chronosequence represent true primary

succession and that all pertinent site variables were measured,

the strong plant–testate amoeba covariation indicates that

interactions between above-ground and below-ground biota

exert great influence on ecosystem development. Site variables

are secondarily important to above-ground–below-ground

community succession in so far that the breakdown of mineral

material and the accumulation of organic matter over time

produce the environment through which plants, microbes and

testate amoebae interact. A stronger correlation between biotic

groups would have been expected in the case of two clearly

linked groups of organisms such as vascular plants andmycor-

rhizal fungi, but it was not expected for two groups of organ-

isms with no direct trophic link.

The link between testate amoebae and vascular plants may,

however, be stronger than generally acknowledged: experi-

ments testing the links between plant and protozoan communi-

ties suggest the interaction between the groups is reciprocal;

manipulation of one group often produces a response in the

other, and this interaction is mediated by bacteria and fungi

(Clarholm 1985; Jentschke et al. 1995; Ledeganck, Nijs &
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Beyens 2003). Increase in plant functional diversity has been

shown to promote a proportional increase in testate amoeba

species number and abundance (Ledeganck, Nijs & Beyens

2003). Ledeganck, Nijs & Beyens (2003) interpreted this

pattern as an effect of the hypothesized higher biomass or

diversity of bacteria inmore functionally diverse plant commu-

nities. Complementary studies show that increases inmicrobial

functional diversity promote plant uptake of N (Clarholm

1985) and increase root growth and branching (Jentschke et al.

1995) through the grazing activity of protozoa on bacteria and

the subsequent release of mineralized N to plants. Testate

amoebae diversity patterns shown in this study are similar to

those documented for microbes along other plant successional

sequences and thus provide additional support for a relation-

ship between plants and microbes over time (Tscherko et al.

2003;Nemergut et al. 2007).

Microbial heterotrophic producers (i.e. bacteria and fungi

producing biomass from dissolved organic carbon) are present

at all stages of primary succession (Sigler & Zeyer 2002).

Microbe community composition and structure change across

successional gradients (Ohtonen et al. 1999) and provide

mutual influences on the diversity of both plant and protozoan

communities (Ledeganck, Nijs & Beyens 2003). Protozoa are

identified as the ‘missing link’ between plant andmicrobial het-

erotrophicproducers because they connectplants andprotozoa

directly via the microbial loop (Clarholm 1985). We propose

that the succession of plant and testate amoeba communities

along the McCarty Fjord chronosequence is influenced by: (i)

an increasing presence of microbial heterotrophic producers,

(ii) a transition from bacteria-dominated, fast and leaky nutri-

ent cycles to fungal-dominated, slow and conservative nutrient

cycling (Bardgett et al. 2005), and (iii) frequency of interactions

among species of plants,microbes and testate amoebae.

More experimental studies to evaluate the potential mecha-

nisms and relative importance of various ecological interac-

tions (such as variation in carbon quality and secondary plant

metabolites, and microbial-mediated mineralization of soil

nutrients) between vascular plants and protozoa are war-

ranted. Additionally, we recommend combining soil fungal,

protozoan and bacterial communities and soil functions such

as respiration or enzymatic activity in future studies of above-

and below-ground succession (for component studies see:

Kaufmann 2001; Jumpponen, Trappe & Cazares 2002; Sigler

& Zeyer 2002; Hodkinson, Coulson & Webb 2003; Tscherko

et al. 2003; Bardgett & Walker 2004; Hodkinson, Coulson &

Webb 2004; Nemergut et al. 2007). Such comprehensive stud-

ies including all major functional groups of organisms and

including groups with clear trophic linkages and others with

indirect linkages (see: Clarholm 1985; Ledeganck, Nijs & Bey-

ens 2003; Zak et al. 2003; De Deyn et al. 2004b) are invaluable

in understanding how different communities and processes are

interconnected in primary succession.

Conclusion

The relationships between vascular plant and testate amoeba

communities evidenced in this study provide additional sup-

port for the importance of interactions between above-ground

and below-ground biota to ecosystem function. Determining

the mechanism of the above-ground–below-ground linkage

was beyond the scope of this study, but is inferred to be driven

by the quantity and quality of plant carbon inputs, plant sec-

ondary metabolites and the variety of mineralized nutrients

made available by a succession of heterotrophic soil organ-

isms. The most surprising result is that abiotic site variables in

our analyses became less important while other biotic commu-

nities became more important in describing above-ground and

below-ground community structure across the chronose-

quence. Replication of this approach in other successional con-

texts and with greater sampling intensity will be essential in

evaluating how universal the transition in relative importance

from abiotic to biotic variables is in above- and below-ground

community assembly.
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Mitchell, E.A.D. (2010) Contrasting species–environment relationships in

communities of testate amoebae, bryophytes and vascular plants along the

Fen–Bog gradient.Microbial Ecology, 56, 499–510.
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