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Abstract. Spatial patterning of ecosystems can be explained by several mechanisms. One
approach to disentangling the influence of these mechanisms is to study a patterned ecosystem
along a gradient of environmental conditions. This study focused on hummock–hollow
patterning of peatlands. Previous models predicted that patterning in drainage-dominated
peatlands is driven by a peat-accumulation mechanism, reflected by higher nutrient
availability in hollows relative to hummocks. Alternatively, patterning in evapotranspiration
(ET)-dominated peatlands may be driven by a nutrient-accumulation mechanism, reflected by
reversed nutrient distribution, namely, higher nutrient availability in hummocks relative to
hollows. Here, we tested these predictions by comparing nutrient distributions among
patterned peatlands in maritime (Scotland), humid temperate (Sweden), and humid
continental (Siberia) climates. The areas comprise a climatic gradient from very wet and
drainage-dominated (Scotland) to less wet and ET-dominated (Siberia) peatlands. Nutrient
distribution was quantified as resource contrast, a measure for hummock–hollow difference in
nutrient availability. We tested the hypothesis that the climatic gradient shows a trend in the
resource contrast; from negative (highest nutrient availability in hollows) in Scotland to
positive (highest nutrient availability in hummocks) in Siberia. The resource contrasts as
measured in vegetation indeed showed a trend along the climatic gradient: contrasts were
negative to slightly positive in Scotland, positive in Sweden, and strongly positive in Siberia.
This finding corroborates the main prediction of previous models. Our results, however, also
provided indications for further model development. The low concentrations of nutrients in
the water suggest that existing models could be improved by considering both the dissolved
and adsorbed phase and explicit inclusion of both nutrient-uptake and nutrient-storage
processes. Our study suggests that future climate change may affect the ecosystem functioning
of patterned peatlands by altering the contribution of pattern-forming mechanisms to
redistribution of water and nutrients within these systems.

Key words: empirical test; evapotranspiration; hummock–hollow pattern; model predictions; patterned
peatlands; resource contrast; Scotland; Siberia; spatial patterns; Sweden.

INTRODUCTION

A key challenge in ecology is to explain large-scale

patterns that emerge from small-scale mechanisms

(Levin 1992, Solé and Bascompte 2006). Spatial patterns

of sessile biota that are regular or otherwise coherent are

among the most striking large-scale patterns and have

been observed in a variety of ecosystems (Rietkerk and

Van de Koppel 2008). This large-scale patterning is an

important determinant of ecosystem functioning (Van

de Koppel et al. 2008) and biodiversity (Solé and

Bascompte 2006). To predict how patterned ecosystems

respond to changes in external forcing, such as climate

change, identification of smaller-scale mechanisms may

be essential (Rietkerk et al. 2004a, Belyea and Baird

2006). One common small-scale mechanism that can

explain ecosystem patterning is concentration of limiting

resources by sessile biota (Rietkerk et al. 2004a, Shachak

et al. 2008). A classical problem, however, is that several

mechanisms may be capable of explaining the same

ecosystem pattern (Levin 1992, Rietkerk and Van de

Koppel 2008) and which of these mechanisms drives

pattern formation in reality may change with changing

environmental conditions (Eppinga et al. 2009a, b). An

approach to disentangling the influence of several

mechanisms is to study a particular type of patterned

ecosystem along a gradient of environmental conditions,

when it can be expected that the contribution of the

underlying mechanisms to the observed ecosystem

pattern will change along this gradient.
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In peatland ecosystems, spatial surface and vegetation

patterning with a characteristic spatial scale of 10–100 m

is frequently observed (e.g., Sjörs 1961). This pattern

consists of elevated, relatively dry and densely vegetated

patches (hummocks or ridges), alternating with lower

and less densely vegetated patches (lawns) or sparsely

vegetated wet depressions (hollows). Peatland patterns

of hummocks/ridges with lawns and hollows occur in

various spatial arrangements, including scattered indi-

vidual hummocks, lawns and hollows (e.g., Belyea and

Clymo 2001), maze-like ridges arranged within a matrix

of hollows (e.g., Rietkerk et al. 2004b) and linear ridge–

hollow patterns along the contours of slopes (e.g., Sjörs

1961).

Most of the incoming precipitation in peatlands is lost

through either evapotranspiration (ET) or drainage

(Ingram 1983). The proportion of precipitation lost

through ET (hereafter referred to as the ‘‘ET:Prec

ratio’’) is constrained by peatland slope and climate

(Reeve et al. 2000, Belyea and Malmer 2004, Belyea

2007). Hence, the ET:Prec ratio differs along climatic

gradients. If the climate imposes a low ET:Prec ratio,

water losses are dominated by drainage over ET

(hereafter referred to as ‘‘drainage-dominated’’). If the

climate imposes a high ET:Prec ratio, water losses are

dominated by ET over drainage (referred to from here as

ET-dominated). Under the latter conditions, ET may

influence advection of peatland water during relatively

dry (summer) periods (Eppinga et al. 2008), and thereby

be an important mechanism to redistribute nutrients

(Rietkerk et al. 2004b, Wetzel et al. 2005).

Model studies suggest that in ET-dominated peat-

lands, patterning is driven by a resource-concentration

mechanism (Rietkerk et al. 2004b). The presence of

vascular plants (in particular trees and shrubs) on

hummocks may induce higher ET rates relative to

hollows (Wetzel et al. 2005). Hence, water and dissolved

nutrients flow from hollows to hummocks. Subsequent-

ly, nutrients become trapped on hummocks through

uptake by vascular plants. Thus, during their life span,

vascular plants that grow on hummocks accumulate

nutrients originating from outside the hummocks.

Nutrients become available again through mineraliza-

tion of vascular plant litter, but this increases nutrient

availability only locally (within the hummock). Models

predict that this local recycling effect outweighs the

effect of nutrient uptake, meaning that nutrient concen-

trations in peatland water under hummocks also

increase (Rietkerk et al. 2004b, Eppinga et al. 2008).

This resource-concentration mechanism was named the

nutrient-accumulation mechanism (Rietkerk et al. 2004b).

In a previous study, field data from an ET-dominated

patterned peatland (Siberia) corroborated the presence

of a nutrient-accumulation mechanism; nutrient avail-

ability (in water and vegetation shoots) was higher in

hummocks than in hollows (Eppinga et al. 2008).

Peatland patterning, however, also occurs in regions

with a low ET:Prec ratio. It is unlikely that patterning in

these regions is driven by the nutrient-accumulation

mechanism. A recent model study (Eppinga et al. 2009a)

revealed that peatland patterning could also be driven

by a positive feedback between acrotelm thickness and

net rate of peat formation (Belyea and Clymo 2001,

Larsen et al. 2007). This peat-accumulation mechanism is

expected to be the most important driver of patterning

in drainage-dominated peatlands (Eppinga et al. 2009a).

Water losses through drainage and overland flow are

highest from hollows (Foster et al. 1983, Quinton and

Roulet 1998, Belyea and Malmer 2004). Hummocks

may form due to the peat-accumulation mechanism, but

in drainage-dominated systems these hummocks may

survive only if they can partially drain excess water

toward neighboring hollows (Belyea and Clymo 2001,

Eppinga et al. 2009a). In this case, a net transport of

water from hummocks to hollows is required. Because

transport of water implies transport of dissolved

nutrients as well, this would lead to lower nutrient

concentrations in hummocks relative to hollows (Ep-

pinga et al. 2009a).

Hence, these model results predict that the mechanism

of pattern formation differs between drainage-dominat-

ed peatlands and ET-dominated peatlands, and that this

difference in mechanisms is reflected in the nutrient

distribution (Eppinga et al. 2009a). The aim of our

present study was to test this hypothesis by performing

the same kind of measurements as previously conducted

in Siberia (measurements of nutrient availability in

peatland water and vegetation shoots, Eppinga et al.

2008) in patterned peatlands with lower ET:Prec ratios.

More specifically, we compared the nutrient distribution

as previously observed in a humid continental climate

(Siberia) with new observations in maritime (Scotland)

and humid temperate (Sweden) climates. The lowest

ET:Prec ratio is found in the Scottish site (Table 1).

Previous research suggests the absence of the nutrient-

accumulation mechanism in this area (Belyea 2007).

Together with the Swedish study area (intermediate

ET:Prec ratio, Table 1), the three study areas comprise a

gradient in the ET:Prec ratio, mainly through their

difference in annual precipitation (Table 1).

A straightforward quantification of the nutrient

distribution in a patterned ecosystem is the resource

contrast (Shachak et al. 2008, Van der Valk and Warner

2009). For peatlands, resource contrast refers to the

difference in nutrient availability between hummocks

and hollows. If patterning is driven by the nutrient-

accumulation mechanism, this is reflected by a positive

resource contrast (nutrient availability is higher in

hummocks than in hollows). If patterning is driven by

the peat-accumulation mechanism, this is reflected by a

negative resource contrast (nutrient availability is lower

in hummocks than in hollows). Based on previous

theory, we hypothesized that the resource contrast

changes along the gradient in ET:Prec ratio, from

negative in Scotland to positive in Siberia (Table 1).
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MATERIAL AND METHODS

Field measurements and laboratory analyses

We sampled patterned peatlands in three study areas

(Fig. 1; Table 1): Inverewe (Scotland), Degerö Stormyr

(Sweden), and the Great Vasyugan Bog (Siberia).

Descriptions of these study areas are given in Appendix

A. In Siberia we sampled a pattern on a relatively flat

terrain. In Scotland and Sweden, we sampled patterns

on both relatively flat terrain and slopes. Thus, in total

we sampled five pattern-localities. The term ‘‘pattern-

locality’’ refers to a combination of pattern (‘‘flat

ground’’ or ‘‘slope’’) and study area (Scotland, Sweden

or Siberia). Within pattern-localities on flat ground, field

measurements were taken along transect sets, each set

consisting of two orthogonal transects crossing at their

midpoints. For the pattern in Siberia, a transect

consisted of the halves of two ridges and the hollow in

between. We selected three measurement points on each

ridge, and five points in each hollow. In the Swedish and

Scottish pattern-localities, each microform had one

measurement point. For the pattern on flat ground in

Sweden, we sampled three transect sets. Here, the

pattern consisted of an irregular two-phase mosaic of

hummocks and lawns, and therefore we sampled these

microforms alternately along each transect. In Scotland,

we sampled two transect sets. Here, the pattern consisted

of an irregular three-phase mosaic of hummocks, lawns,

and hollows, and therefore there was no regular order of

sampling microforms. In both Scotland and Sweden, the

orientation of the first transect of a set was selected at

random.

For pattern-localities on slopes (only in Scotland and

Sweden) we sampled transects oriented along the slope

of a linear pattern. These patterns consisted of two-

phase mosaics, and therefore we sampled ridges and

wetter microforms (lawn or hollow) alternately along

each transect. In total, the sampling design comprised

403 measurement points (Appendix A).

At each measurement point we measured pH,

electrical conductivity (EC), temperature directly in the

peatland water, and alkalinity by titration (Aquamerck

alkalinity field set; Merck Chemicals, Darmstadt,

Germany). Further, a water sample was taken from

within 5 cm of the water table. Samples were acidified

within 8 hours and later analyzed in the laboratory for

the concentrations of constituents using an inductively

coupled plasma technique (ICP-OES) as described in

Eppinga et al. (2008). The only methodological differ-

ence for the analysis for different localities was that

water samples from Scotland and Sweden were filtered

(0.2-lm nylon filter; mdi, Ambala Cantt, India) within 8

hours of collection whereas those from Siberia were

centrifuged in the laboratory. This difference, however,

did not affect the results of our study (see Appendix B

for details).

Around each measurement point we harvested 10

vegetation shoots. We selected healthy-looking newly

grown shoots (i.e., from the current growing season), to

avoid effects of nutrient resorption processes (Jonasson

and Shaver 1999). Unfortunately there was no single

species that was present in all study areas. Instead, we

sampled in each study area a species from the sedge

family (Cyperaceae) that was present on all microforms

of that area. We sampled Rhynchospora alba in Scot-

land, Eriophorum vaginatum in Sweden, and Carex

lasiocarpa in Siberia. Vegetation samples were dried

for one week at 708C. Then the concentrations of the

macronutrients nitrogen (N), phosphorus (P), and

potassium (K) were determined. The tissue concentra-

tion of N was determined with a dynamic flash

combustion technique. Tissue concentrations of P and

K were determined with ICP-OES, after a digestion

procedure that is described in Eppinga et al. (2008). The

type of nutrient limitation was determined based on

thresholds in the N:P, N:K, and K:P ratios in the tissue

(Olde Venterink et al. 2003, Wassen et al. 2005). The

N:P ratio in aboveground vascular plant biomass is

considered to be a reliable indicator of nutrient

TABLE 1. Overview of the study sites, which comprise a gradient with respect to the importance of evapotranspiration in the water
balance.

Study site Prec. (mm) ET (mm) ET:Prec. ratio
Expected main

driving mechanism
Expected resource

contrasts

Scotland 17001 380�1 0.15–0.22 peat accumulation1,2 negative§2

250�1

Sweden 5203 227–3374 0.25–0.62 (no data) intermediate
546–9364

Siberia 5005 300–5005 0.60–1.00 nutrient accumulation#2,6,7 positive}2,6,7

Notes: Study sites were Inverewe (Scotland), Degerö Stormyr (Sweden), and the Great Vasyugan Bog (Siberia). Key to
abbreviations: Prec., precipation; ET, evapotranspiration. The ET:Prec. ratio indicates the importance of evapotranspiration.
Hypotheses were based on data available from previous studies (indicated by superscript numbers).

Sources: 1, Belyea (2007); 2, Eppinga et al. (2009a); 3, Granberg et al. (2001); 4: Sagerfors (2007); 5, Semenova and Lapshina
(2001); 6, Eppinga et al. (2008); 7, Eppinga et al. (2009b).

� Hollows.
� Hummocks/ridges.
§ Meaning lower nutrient availability in hummocks than in hollows.
# Together with peat-accumulation mechanism.
}Meaning higher nutrient availability in hummocks than in hollows.
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FIG. 1. (A) Satellite image showing the study areas. Three different study areas were sampled: (1) Inverewe, Scotland (578460 N,
58340 W), (2) Degerö Stormyr, Sweden (648110 N, 198330 E), and (3) The Great Vasyugan Bog, Siberia (568180 N, 818280 E). The sites
comprise a gradient with respect to the importance of evapotranspiration (ET) for water loss, expressed as the ratio between
evapotranspiration and precipitation (the ET:Prec ratio). The ET:Prec ratio is relatively small in the maritime climate of Scotland, and
relatively large in the humid continental climate of Siberia. In Scotland and Sweden we sampled two types of patterns: a hummock–
hollow pattern on flat ground (B, D) and a linear hummock–hollow pattern on slopes (C, E). In Siberia, we sampled a maze pattern of
hummocks and hollows onflat ground (F,G). (Panel Awas derived fromGoogle Earth; panels B–Gphotoswere taken byM. Eppinga.)
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limitation in wetlands (Güsewell and Koerselman 2002).

The method, however, is most suitable for total
vascular-plant biomass samples rather than single
species samples (Güsewell and Koerselman 2002).

Therefore, we also determined the N:P ratios in a small
number of total nonwoody vascular plant biomass
harvests on 40 3 40 cm plots in the Scottish (n ¼ 10)

and Swedish (n ¼ 7) pattern-localities.

Comparisons and statistical treatment

For nutrient concentrations in the peatland water and
for nutrient concentrations and nutrient ratios in the

plant tissue, we tested for differences between micro-
forms within each of the five pattern-localities. For the

pattern on flat ground in Scotland we aggregated the
measurements of lawns and hollows into one ‘‘hollow’’
group. Whether these two groups were lumped or not

had no effect on the conclusions of this study, but it
eased presentation of the results, because all pattern-
localities then consisted of two microform groups.

Statistical analyses were done with the software SPSS
(version 14.0; SPSS 2001). For all comparisons, homo-

geneity of variances between groups was tested with the
Levene test statistic. If variances were homoscedastic at
the a ¼ 0.05 significance level, differences were tested

with one-way ANOVA. Otherwise we used the non-
parametric Mann-Whitney U test.
Further, we tested for differences in the hummock : hol-

low resource contrasts between the five pattern-localities
with respect to nutrients. For these differences in resource

contrast, we could not perform a standard factorial
ANOVA approach, for three reasons. First, our study
design was unbalanced, because we did not sample a

pattern on peatland slopes in Siberia. Second, a factorial
ANOVA does not correct for differences in nutrient

availability between sites. Third, a factorial ANOVA
would require replicate paired measurements of hum-
mock–hollow pairs, which was not our sampling design.

Therefore, we calculated for each pattern-locality a
resource contrast, which represents a relative measure
of the hummock–hollow difference in nutrient availabil-

ity. Because the resource contrast is a relative measure, it
corrects for differences in overall nutrient availability

between pattern-localities. The resource contrast (RC)
for a resource X within a pattern-locality was calculated
as

RCX ¼
ðXhummock � XhollowÞ
Xhummock þ Xhollow

ð1Þ

where RCX is a dimensionless unit for the contrast in
resource X in a pattern-locality, and overbars indicate
averages. The value of RCX can range between�1 (which
means no resources in the hummocks) and 1 (which
means no resources in the hollows). Differences in
resource contrast between two pattern-localities can be

tested by comparing the RC values and their standard
deviations. We used a bootstrap technique to estimate the

RC and its standard deviation (Efron and Tibshirani

1993). The mean and the standard deviation of the RC of

each pattern-locality depend on the pair-wise coupling of
hummocks and hollows (indicated by the overbar in the

numerator of Eq. 1). In our study, however, hummocks
and hollows were not paired. Hence, we constructed

bootstrap replicates by sampling hummock–hollow pairs
(with replacement) from the original data (Efron and
Tibshirani 1993), using the random permutation function

as implemented in MATLAB (version 7.7.0; MathWorks
2008). We generated 100 000 bootstrap replicates, be-

cause at this point the average RC and the average
standard deviation had stabilized to the fourth significant

digit. We could then test for significant differences
between sites using a t test for two populations. Because

multiple comparisons were made (10 pairwise compari-
sons between five pattern-localities) we subsequently

performed a Bonferroni adjustment.

RESULTS

Type of nutrient limitation

In all five pattern-localities, the majority of measure-
ment points (84%) indicated phosphorus (P) limitation

(Fig. 2). Co-limitation by nitrogen (N), however, did
also occur (12.5% of measurement points, Fig. 2).

Vegetation on the hummocks in the Siberian pattern
was on average co-limited by N and P, vegetation on all

other microforms in all other pattern-localities was on
average P-limited. In all pattern-localities, N:P ratios in

plants growing on hummocks were significantly lower as
compared to hollows (data not shown), suggesting that

hollows were more strongly limited by P. The N:P ratios
in total vascular plant biomass harvested from 40 3 40

cm plots in the Scottish and Swedish pattern-localities
also indicated P limitation (Scotland, mean N:P of 27.2;

Sweden, mean N:P of 21.3). It can be concluded that P is
most limiting for plant growth.

Resource contrast

P concentrations in water were very low in the

pattern-localities in Sweden (62% of the measurement
points below the detection limit of 0.03 mg P/L) and

Scotland (89% below the detection limit). In general,
nutrient concentrations were highest in water under

hummocks (Fig. 3). Further, vegetation growing on
hummocks had a higher tissue P concentration as

compared to hollows, but out of all pattern-
localities, N and K were significantly higher in

hummock vegetation only in the Siberian pattern-
locality (Fig. 3).

There were no trends in the resource contrast for the
nutrients in peatland water (Fig. 4A–C). For P, both the

smallest and largest resource contrasts occurred in
Scotland (Fig. 4A), suggesting that the gradient in

ET:Prec ratio had little influence on the contrast in
peatland water P concentration. Trends were also absent
for peatland water concentrations of N and K (Fig.

4B, C). However, there were trends in the resource
contrasts for nutrient concentration in vegetation (Fig.

MAARTEN B. EPPINGA ET AL.2348 Ecology, Vol. 91, No. 8



4D–F). In general, resource contrasts changed from

negative to positive along the gradient in ET:Prec ratio,

ranging from low in Scotland to high in Siberia (Fig.

4D–F). Resource contrasts were negative (i.e., lower

nutrient concentrations in hummocks than in hollows)

or slightly positive in Scotland, positive (i.e., higher

nutrient concentrations in hummocks than in hollows)

in Sweden, and strongly positive in Siberia (Fig. 4D–F).

This trend was qualitatively the same for tissue P, N,

and K concentration. The only exception occurred for

tissue P concentration in the Scottish pattern on flat

ground, for which the contrast was similar to the

Swedish pattern-localities (but smaller than the Siberian

pattern; Fig. 4D).

Interestingly, the effect of topography (flat ground vs.

slope) differed between the Scottish and Swedish

pattern-localities (Fig. 4). Resource contrasts in vegeta-

tion in Scotland tended to be lower on slopes, whereas

the contrasts in Sweden tended to be lower on flat

ground (Fig. 4).

DISCUSSION

Comparison of field data with previous model results

Our results indicated that resource contrasts in the

vegetation of hummock–hollow patterned peatlands

changed from negative to positive along a climatic

gradient from low to high evapotranspiration : precipi-

tation (ET:Prec) ratio (Table 1; Fig. 4D–F). At the lower

end of this gradient, vegetation growing in hollows had

equal or higher tissue nutrient concentration as com-

pared to hummocks, whereas at the upper end of the

gradient, tissue nutrient concentration was much higher

in vegetation growing on hummocks (Fig. 4D–F). These

results are in line with the hypothesis that, in ET-

dominated peatlands, patterning may be driven by a

nutrient-accumulation mechanism (Wetzel et al. 2005).

Theoretical studies have shown that such a resource-

concentration mechanism can induce patterning in

several ecosystems (Rietkerk and Van de Koppel

2008), which should be reflected in the resource contrast

FIG. 2. Nutrient ratios within the tissue of plants growing on hummocks (solid symbols) and hollows (open symbols) in
different types of patterned peatlands. Rhynchospora alba was sampled in Scotland, Eriophorum vaginatum in Sweden, and Carex
lasiocarpa in Siberia. The dotted gray lines separate regions with different kinds of nutrient limitation (based on Olde Venterink et
al. [2003] and Wassen et al. [2005]). The prevalence of nutrient limitation by nitrogen (N), phosphorus (P), or potassium (K) is
given in parentheses; more than one nutrient indicates co-limitation. On average, all three study areas were P limited. Further,
lawns and hollows were more strongly limited by P than were hummocks/ridges.
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(Shachak et al. 2008, Van der Valk and Warner 2009).

Our present study is the first comparison of resource

contrasts in patterned ecosystems along an environmen-

tal gradient.

The data from the Scottish and Swedish sites revealed

nutrient-poor circumstances; the P concentrations in

peatland water were mostly below the detection limit.

Nutrient availability is therefore determined by the

nutrient replenishment rate rather than the actual size

of the dissolved nutrient pool (Binkley and Hart 1989).

As a result, annual nutrient uptake by plants may be

orders of magnitude larger than the dissolved-nutrient

pool (Bridgham et al. 2001). Under such circumstances,

the most reliable indicator of nutrient availability is the

tissue nutrient concentration in annual vegetation shoots

(Wassen et al. 1995, Güsewell and Koerselman 2002). In

other words, the measured resource contrasts in peatland

water may reflect transient events, whereas the measured

resource contrasts in the vegetation may reflect the effect

of longer term ecosystem processes. Therefore, the

resource contrasts in vegetation are most useful in

identifying dominant feedback mechanisms. Our results

support the notion that the mechanisms of peatland

pattern formation may change with climatic conditions,

and that this change is reflected in the resource contrast

in the vegetation of patterned peatlands.

The main purpose of confronting model predictions

with field data, as we performed in this study, is model

rejection or refinement. Although the most reliable

indicator (resource contrast in the vegetation) corrobo-

FIG. 3. Nutrient concentrations in peatland water (left-hand panels, A–C) and vegetation (right-hand panels, D–F) as
measured on hummocks and hollows in patterned peatlands in Scotland, Sweden, and Siberia. Solid bars represent hummocks, and
open bars represent hollows; error bars indicate 6SE. The broken horizontal black lines indicate the detection limits for P (0.03 mg/
L) and inorganic N (0.08 mg/L) concentrations in the peatland water. Asterisks indicate significant differences between hummocks
and hollows.
* P , 0.05; ** P , 0.01; *** P , 0.001; n.s., nonsignificant.
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rated model predictions, the data also provide clear

suggestions for model improvement. Contrary to our

hypothesis, there were no trends in the contrasts in

peatland water nutrient concentrations along the gradi-

ent in ET:Prec ratio (Fig. 4A–C). The model that was

used to derive our hypotheses assumed continuous plant

uptake of nutrients and continuous availability of the

dissolved nutrient pool (Eppinga et al. 2009a). Although

measurements of peatland water P concentration in

Siberia corroborated these assumptions (Eppinga et al.

2008; Fig. 3A), most measurements of peatland water P

concentration in Scotland and Sweden were below

detection limits. Therefore, nutrient transport through

advection of water and dissolved P may be lower in the

Swedish and Scottish pattern-localities than predicted by

reaction–diffusion models on peatland patterning (Riet-

kerk et al. 2004b, Eppinga et al. 2009a, b). This is in line

with the idea that a nutrient-accumulation mechanism is

absent in the Scottish and Swedish sites, but also

suggests that even in ET-dominated peatlands, nutrient

transport may be limited if most P is quickly adsorbed.

The models could be improved by considering nutrient

dynamics and nutrient transport in more detail, that is

by modeling nutrients in both the dissolved and the

FIG. 4. Hummock–hollow resource contrasts (dimensionless) for nutrient concentrations in (A–C) peatland water and (D–F)
vegetation as measured on hummocks and hollows in patterned peatlands in Scotland, Sweden, and Siberia. In all panels the
importance of evapotranspiration increases from left (Scotland) to right (Siberia). Different lowercase letters above the data bars
indicate significant differences (P , 0.05) between pattern-localities; error bars indicate 6SE.
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adsorbed phase and explicitly considering nutrient

uptake and nutrient storage by plants as separate

processes.

Using nutrient ratios in vegetation as an indicator of

nutrient limitation (Olde Venterink et al. 2003, Wassen

et al. 2005), our results indicated limitation by P rather

than N in all three study areas. In general, N is

considered to be more often the limiting nutrient in

peatlands (e.g., Malmer et al. 1997), and increased plant

growth has been observed in N-addition experiments in

one of our study sites (Wiedermann et al. 2007).

Therefore, we note that there may be interactive effects

between N addition and P availability, for example

through increased phosphatase activity of plants such as

Eriophorum vaginatum (Kroehler and Linkins 1988).

Finally, it is important to note that we sampled a

different plant species in each area, which possibly

confounds the effect of the gradient in ET:Prec ratio on

the resource contrasts. It is difficult to avoid this effect

when comparing peatlands in different climates. How-

ever, we think that there are two reasons why our

approach is robust, despite this potential species effect.

First, greenhouse experiments have shown that, when

focusing on one plant part of one species (as we did in

each study area), the tissue N and P concentration is to a

large extent determined by the amount of N and P

supplied to the plants (Güsewell and Koerselman 2002).

Also, field fertilization experiments have shown that the

effect of fertilizer addition is reflected in N and P

concentrations within the plants, and that for a given

supply of N and P there is relatively little interspecific

variation (Güsewell and Koerselman 2002). These

findings suggest that our sampling design not only

captures the hummock–hollow differences in nutrient

supply within a pattern-locality, but it also suggests that

the observed differences in nutrient supply are not

dependent on the plant species that was sampled.

Second, if the different rooting patterns of the three

plant species had affected the resource contrast, this

would have most likely been a weakening effect rather

than an explanatory factor. More specifically, in Siberia

and Sweden we sampled Carex lasiocarpa and E.

vaginatum, which are characterized by a long vertical

root system (Granberg et al. 2001, Malmer and Wallén

2005), and therefore may be better able to attract

nutrients from deeper layers (and thus smooth out

possible hummock–hollow differences in nutrient avail-

ability) as compared to the more shallow-rooting

Rhynchospora alba (Malmer and Wallén 2005) that

was sampled in the Scottish site.

Although previous research suggests that the resource

contrast in vegetation is a reliable indicator of resource

supply, it is important to note that the resource contrast

is not entirely independent of the ecosystem context.

There may be interactive effects between nutrient supply,

hydrological processes and vegetation. Indications of

such interactions can be found in the different effect of

topography in the Scottish and Swedish pattern-locali-

ties (Fig. 4). In Scotland, the resource contrast was

higher on flat ground than on slopes. Here, Sphagnum

capillifolium and other peat mosses growing on hum-

mocks may be able to hold water and ions within the

microform to some extent (Aravena and Warner 1992),

which could limit nutrient flow from hummocks to

hollows as predicted by previous models (Eppinga et al.

2009a). On slopes (i.e., higher hydraulic gradients),

however, advection rates increase, and hence solutes may

get ‘‘washed out’’ of hummocks on slopes more quickly

than those on flat ground. The lower resource contrasts

on slopes might thus be explained by water retention

being unable to overcome advective downslope water

flow. In Sweden, the resource contrast tended to be

higher on slopes. An important difference in that study

area was the occurrence of trees on slopes, which may

have increased ET rates leading to nutrient accumulation

on ridges (see Perspectives . . . , below). These observa-

tions suggest that nutrient supply, water flow, and

vegetation may interactively affect the magnitude of the

resource contrast in patterned peatlands.

Perspectives: the nutrient-accumulation mechanism

and peatland patterning

Our vegetation data revealed that the resource

contrast changed along a gradient in the ET:Prec ratio

(Table 1; Fig. 4D–F). Previous theoretical studies

suggest that a strongly positive resource contrast, as

observed in the Siberian pattern-locality, may reflect the

occurrence of the nutrient-accumulation mechanism.

Further model development and further expansion of

the empirical data set could be used to examine whether

the importance of nutrient accumulation for peatland

patterning can be estimated from data that are already

available at a global scale, such as the annual ET:Prec

ratio based on global climate data (e.g., Meehl et al.

2007). Although more work is clearly needed, our

current study suggests that the Swedish pattern-localities

may be close to the ET:Prec ratio where nutrient

accumulation becomes important, as we will now further

speculate upon. Trees in particular may stimulate ET

rates (Rietkerk et al. 2004b). Resource contrasts for P

and N in vegetation tended to be slightly higher in the

Swedish pattern with trees (slope pattern), but this

difference was not significant (Fig. 4D, E). Our mea-

surement period took place relatively late in the growing

season, when ET rates may be close to the yearly

maximum (Sagerfors et al. 2008). During that period,

ET losses may exceed inputs via precipitation (Sagerfors

2007). We speculate that during this short period, there

might be some nutrient accumulation on hummocks.

However, the resource contrasts in the Swedish pattern-

localities were significantly lower than in the Siberian

pattern-locality (Fig. 4D, E), suggesting that in the

Swedish pattern-localities the nutrient-accumulation

mechanism occurs not long or strongly enough to drive

pattern formation and amplification of resource con-

trasts. This could imply that the Swedish pattern-
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localities are close to the threshold where the nutrient-

accumulation mechanism may become relevant for

peatland pattern formation. Based on this assumption,

we hypothesize that the nutrient-accumulation mecha-

nism may become relevant in peatlands with a consid-

erable tree and shrub cover and with an ET:Prec ratio of

at least ;0.6 (on an annual basis). It should be noted

that an ET:Prec ratio of ;0.6 or higher would be a

rather strong climatic constraint that is not met in most

maritime climates (Fig. 5). However, this threshold

would suggest that the nutrient-accumulation mecha-

nism may be relevant in three of the four largest

peatland regions in the world: the West Siberian basin,

the Pripyat basin, and Glacial Lake Agassiz (Glaser et

al. 2004). It is important to note that data based on

annual means cannot be an exact predictor because they

do not capture the temporal and spatial variability in the

strength of the nutrient-accumulation mechanism. Nev-

ertheless, they may assist in identifying regions where the

mechanism may be important (Fig. 5).

Peatlands worldwide are affected by changing pat-

terns in precipitation and ET (Meehl et al. 2007) and

changes in temperature that may affect the length of the

vascular plant growing season (Eppinga et al. 2009b).

Future theoretical and empirical studies that build upon

the work presented in our present study may provide

better understanding of how these climatic changes may

affect the functioning of patterned peatlands. The work

presented in this study suggests that climate change

alters ecosystem functioning by changing the contribu-

tion of pattern-driving mechanisms to the redistribution

of water and nutrients in peatlands.
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APPENDIX A

Description of the study areas (Ecological Archives E091-167-A1).

APPENDIX B

Details on the processing of water samples (Ecological Archives E091-167-A2).
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