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Quantitative analysis of self-
organized patterns in ombrotrophic 
peatlands
Chloé Béguin1,2, Maura Brunetti  1,2 & Jérôme Kasparian  1,2

We numerically investigate a diffusion-reaction model of an ombrotrophic peatland implementing a 
turing instability relying on nutrient accumulation. We propose a systematic and quantitative sorting 
of the vegetation patterns, based on the statistical analysis of the numbers and filling factor of clusters 
of both Sphagnum mosses and vascular plants. In particular, we define the transition from Sphagnum-
percolating to vascular plant-percolating patterns as the nutrient availability is increased. our pattern 
sorting allows us to characterize the peatland pattern stability under climate stress, including strong 
drought.

Peatlands are humid ecosystems, poor in O2 and often in nutrients, with over 65% of organic contents over dry soil 
mass1. Covering around 4000000 km2 worldwide, they constitute an essential carbon well storing 270 to 550 PgC2, 
an amount comparable to that of carbon released into the atmosphere since 17503. Besides their contribution to 
the carbon cycle, the stratified accumulation of organic matter in a relatively preserved environment constitutes 
remarkable archives of past climate. Their dynamics is mainly governed by their hydrology1,4. Ombrotrophic 
peatlands, that are isolated from surface and subsurface water flows, primary rely on precipitations5.

First attempts to model peatlands primarily aimed at describing peat formation, with a focus on the vertical 
dimension6–9. However, like many ecosystems10,11, peatlands display self-organized spatial patterning, that is gen-
erally considered stable although it may slowly evolve in time12. The peatland patterns are believed to be resilient 
against climate changes4,13–15. Based on two-dimensional modelling, several processes have been proposed to 
create or influence these patterns, including peat accumulation, water ponding, and nutrient accumulation9,16,17. 
In the following, we shall focus on the latter, based on numerical16 and empirical18 arguments. Nutrient accu-
mulation can be described as a reaction-diffusion process, in a two-dimensional model. The active transport of 
nutrients towards spots of vascular plant like Carex, results in their accumulation at specific locations where the 
subsequent development of vascular plants is favored, and in their depletion elsewhere19. This model was refined 
by considering the competition between vascular plants and Sphagnum mosses20, leading to sharper and more 
stable patterns.

Here, we analyze the biomass-nutrient interaction in terms of a Turing instability21–23, relying on the strong 
discrepancy between the fast and slow diffusion of nutrients and vascular plant, respectively. We further build 
on this class of two-dimensional reaction-diffusion model to systematically analyze and classify the resulting 
patterns, based on statistics of the number and filling factor of clusters of vascular plants and Sphagnum. We 
also investigate the equivalent phase transition from Sphagnum and vascular plant cluster percolation, and char-
acterize the associated scaling law. Finally, we apply our classification to describe the peatland pattern stability 
especially under climate stress, including strong prolonged drought.

Peatland Model Description
Our work is based on Eppinga et al.’s two-dimensional reaction-diffusion model20, which describes the inter-
actions between vascular plants, Sphagnum, nutrient availability and hydraulic head (Fig. 1). The heart of the 
interaction is nutrient accumulation due to water draining by vascular plants, via transpiration. Vascular plants 
also promote water loss by their transpiration and compete for space with Sphagnum.

More specifically, the model relies on four partial differential equations describing the temporal evolution of 
the following spatial variables: vascular plant and Sphagnum mosses biomass per unit surface B x y t( , , ) and 
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S x y t( , , ), hydraulic head H x y t( , , ), and nutrient availability N x y t( , , ), the latter being linked to the nutrient 
concentration per unit surface N x y t( , , )c  (both in g/m2) by

θ=N N H (1)c

where θ describes the soil porosity. The vascular plant biomass density evolves as:
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where the first term is the growth of the plants, rB being a growth parameter and the water-stress function f(H) 
defines water availability (f(H) = 0 if the water level is below the vascular plant root depth, 1 if above a threshold 
level h1 + z, and evolves linearly in-between). The second term encodes the vascular losses through death (d) and 
other causes (b). The third and fourth terms represent local environmental modifications due to the presence of 
Sphagnum mosses, as detailed in20. The last term accounts for diffusion. Table 1 summarises the meaning and 
default value of each variable.

The growth of vascular plants is regulated by their access to nutrients. In an ombrotrophic peatland, the nutri-
ent external input Nin mostly originates from the atmosphere, via precipitation1,24. The nutrient availability N is 
then governed by losses through the uptake by the vascular plants (with u the uptake parameter), the release of 
nutrients by dying vascular biomass, other losses characterised by the parameter r, and nutrient transport allow-
ing the vascular plants to harvest nutrients from their neighbourhood. This transport occurs both by diffusion 
according to Fick’s law and through advection with the groundwater. The latter is described by the Darcy flow, 
which expresses fluid flows at Reynolds numbers below 1–10, i.e. the regime where inertial effects are negligible, 
so that the flow occurs along the pressure gradient. This regime is typical of geophysical flows, including the dif-
fusion of water through porous materials. Thus, the nutrient availability evolves as
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where k is the hydraulic conductivity. The vascular plant access to nutrients is modulated by the access to water. 
The hydraulic head H evolves under the influence of the precipitations p (with soil porosity parameter θ), the 
evaporation parameter e, and the transpiration parameter tv:
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Note that the transpiration only depends on the vascular plant biomass B, as Sphagnum mosses have no vas-
cular system and do not transpire. The last term is the Darcy Flow. Finally, vascular plants compete for space with 
Sphagnum mosses, the biomass S of which is given by
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where the first term describes a logistic growth, while the second one corresponds to competition with vascular 
plants, and the last one is diffusion. All parameters driving the model are spatially homogeneous and constant. 
They are defined as mean annual values, without seasonal nor daily variability. The numerical implementation is 
detailed in the Methods section below.

Figure 1. Main interactions between the four sub-systems of the peatland model.
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It should also be pointed out that the model primarily aims at characterizing the self-organized patterns, but 
does not seek perfect realism. In particular, the model is restricted to two types of plants, namely mosses and 
a generic vascular plant, not distinguishing between, e.g., trees, shrubs, and sedges1. The evolution of the soil, 
including peat formation, decomposition, and loss25 and the associated deviation of the peatland surface from 
a planar one is also disregarded, preventing the model from realistically describing the differential soil porosity 
and conductivity to water26–28. Finally, the periodic boundary conditions and the flat topography exclude any net 
water flow through and into the simulation area5, and restrict water input to precipitations17.

The effect of climatic stress was investigated by plugging the data from the 2 × CO2 scenario of the Canadian 
Climate Center Second generation General Circulation Model (GCMII)29. We selected the simulation results 
from a peatland-rich area in Siberia (grid point of 3.75° × 3.75° size centred on 90° East, 61.23° North) and we 
used the yearly averages of the precipitation, as well as the evaporation and transpiration parameters from the 
GCM as inputs for our simulations. Conversely, the dependence with the climate scenarios of the nutrient input 
rate Nin was not considered in the present work.

Results and Discussion
pattern analysis. Figure 2 illustrates the variety of peatland patterns in the framework of the nutrient con-
centration-limited model, as already pointed out by Rietkerk et al.19. It displays the patterns observed after 400 
years, once a stable regime is reached. Initial conditions are described in the Methods below and parameters 
in Table 1. Six qualitatively distinct patterns can be distinguished, for increasing external nutrient input Nin:  

Symbol Interpretation Unit Default value

Variables

  B Vascular plant piomass gB m−2 Variable

  S Sphagnum biomass gS m−2 Variable

  H Hydraulic head m Variable

  N Nutrient availability gN m−2 Variable

  Nc Nutrient concentration gN m−3 Variable

water-stress function: = − −
−

f H( ) H z h
h h

2
1 2  for h1 ≥ H − z ≥ h2, f(H ≤ h2 + z) = 0, f(H ≥ h1 + z) = 1

  h Pressure head m Variable

  h1 Pressure head below which soil water stress occurs m 0

  h2 Root depth m −0.5

  z Elevation head m 1

Vascular biomass equation

  rB Vascular plant growth parameter m3 −g N
1 yr−1 0.2

  d Vascular plant recycling parameter yr−1 0.1

  b Vascular plant loss parameter yr−1 0.2

  DB Vascular plant diffusion parameter m2 yr−1 2

  cBS Sphagnum inhibiting coefficient on vascular biomass gB
−g S

1yr−1 0.1

  kBS Feedback coefficient for vascular plants gB
−g S

1 yr−1 0.5

  HB Half-saturation density for vascular plants gB m−2 800

Sphagnum biomass equation

  rS Sphagnum growth parameter yr−1 0.2

  Smax Maximum density of Sphagnum mosses gSm−2 800

  kSB Feedback coefficient for Sphagnum gS
−g B

1 yr−1 0.1

  HS Half-saturation density for vascular plants gS m−2 300

  DS Diffusion coefficient for Sphagnum m2 yr−1 0.2

Hydraulic head equation

  p Precipitation m yr−1 0.5*

  tv Transpiration parameter m3 −g B
1 yr−1 0.005*

  e Evaporation parameter m yr−1 0.3*

  k Hydraulic conductivity m yr−1 500

  θ Soil porosity Dimensionless 0.7

Nutrient availability equation

  Nin Nutrient input gN m−2 yr−1 0–5

  u Vascular plant uptake parameter m3 −g B
1 yr−1 0.002

  r Nutrient loss parameter yr−1 0.1

  DN Diffusion coefficient for nutrients m2 yr−1 10

Table 1. Parameter and variables symbols, units and default values10,20. *Denotes values affected by climate. gB, 
gS, and gN respectively denote grams of vascular biomass, Sphagnum biomass, and nutrients.
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(1) full Sphagnum coverage; (2) sparse quasi-circular spots of vascular plants; (3) lines and spots of vascular 
plants, interleaved with a percolating Sphagnum network; (4) percolating network of vascular plants; (5) dom-
inance of vascular plants with isolated Sphagnum spots; and (6) full vascular plant coverage. Note that, in this 
work, we define percolation as the existence of at least one cluster continuously connecting two opposite sides 
of the simulation area. Although patterns form much earlier in the simulations (See Supplementary Movie 1), 
they keep evolving for long times and only stabilise after about 400years. Although we do not explore it here, the 
evolution of peatland over shorter time duration is also of interest (see for example Morris et al.17 for evolution 
over a decadal range).

Comparing the patterns for Sphagnum and Vascular plant biomasses illustrates the mutual exclusion between 
the two species, which also explains the sharpness of the patterns. The anti-correlation between the vascular 
plant biomass and the hydraulic head is due to the water depletion by the vascular plant evapotranspiration. 
The nutrient availability pattern is slightly more complex. Nutrient maxima at the vascular plant hot spots are 
surrounded by a nutrient-depleted region, as is especially visible in the second panel of the first row. Due to this 
structure, vascular plant regions are self-attracting at short distance and self-repulsive at medium range, over 
a distance governed by the nutrient harvesting efficiency of the vascular plants. This distance governs both the 
size of the vascular plant clusters (either diameter, or line width), and the distance between them, i.e., the system 
quasi-periodicity. Furthermore, Regimes 1 and 6, 2 and 5, and 3 and 4, respectively, correspond to each other by 
exchanging the roles of vascular plants and Sphagnum. The variety of the patterns is typical of a Turing instability 
driven by a reaction-diffusion model with mutual retroactions and differential diffusion speeds21–23. Here, the 
fast diffusion of water and nutrients as compared to that of biomass provides the adequate contrast for generating 
dots, lines, branched structures and percolating clusters from the same species, depending on a single control 
parameter, Nin.

Beyond the qualitative description of the patterns and the understanding of the interactions between the 
model constituents, our aim is to provide a quantitative characterization and systematic sorting of the clusters 
of Sphagnum and of vascular plants, respectively. To this end, we plotted the number of clusters of both vascu-
lar plants and Sphagnum as a function of Nin (Fig. 3). In the low-nutrient regime (Regime 1) neither vascular 
plant clusters, nor non-percolating Sphagnum clusters are observed. The jump into Regime 2 corresponds to the 
point where nutrients are sufficient to allow the long-term survival of sparse vascular plant clusters, the num-
ber of which increases with the nutrient input Nin. Simultaneously, their biomass density increases and their 
nearest-neighbour distance decreases, allowing interactions between neighbouring clusters. They start merging 
into linear clusters, defining a second threshold above which the number of vascular plant clusters starts decreas-
ing. Progressively, these linear clusters branch and tend to isolate Sphagnum regions, allowing the appearance of 
non-percolating Sphagnum clusters in increasing numbers.

The transition from Sphagnum percolation to vascular plant percolation defines the transition from Regimes 3 
to 4. Although the percolation threshold is characterised independently from the cluster number (See Methods), 

Figure 2. Simulated peatland patterns after 400 years stabilization. Initial conditions and parameters are as 
specified in the Methods section and in Table 1. From top to bottom: nutrient availability distribution, water 
level, Sphagnum biomass, and vascular plant biomass. Columns 1–6 correspond to nutrient inputs Nin = 0.25, 
1.25, 2.25, 3, 3.875, and 4.5 g/m2/yr, respectively, as specified above each column. Each panel represents a square 
256-meters wide area, with 2 m resolution. See Supplementary Movie 1 for the pattern build-up from random 
initial conditions for Nin = 2.5 g/m2/yr.
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it approximately corresponds to the crossing between the decaying number of vascular plant clusters, and the 
rising number of Sphagnum clusters.

The initially disconnected vascular plant clusters then progressively merge into the percolating one. 
Simultaneously, the number of Sphagnum clusters increases, as the Sphagnum domains divide into smaller enti-
ties in reaction to the emerging connexions between the vascular plant clusters. This number reaches a maximum 
where the Sphagnum clusters have their minimum stable size. In Regime 5 this number decreases again because 
the vascular plants diffuse faster and spread at the expense of Sphagnum clusters. When the latter are below their 
minimum stable size, they finally vanish. Note that during this process, the Sphagnum biomass density per unit 
surface where it is present is stable and close to its maximum value Smax, so that the Sphagnum decay mainly 
occurs via the reduction of the surface it covers. Finally, in Regime 6, Sphagnum has fully disappeared under the 
pressure of the vascular plants.

We characterized the percolation transition by determining the scaling law and the associated critical expo-
nent near to it. We fitted the mean cluster area  (excluding the percolating cluster) of both vascular plant and 
Sphagnum, as a power law of the filling factor p, i.e., the fraction of the surface covered by the considered species 
(Fig. 3b) in the vicinity of the transition. This transition occurs at the critical filling factor pc (pc,V = 0.37 and 
pc,S = 0.63 for binarization thresholds of 500 and 200 g/m2 for vascular and Sphagnum biomass, respectively):

∝ − γ−p p (6)c

We obtain γ = . ± .0 83 0 08V  and γ = . ± .0 71 0 15S  for the vascular plant and Sphanum biomass, respectively 
(Fig. 4). Although the filling factors depend on the binarization threshold, the latter has little influence on the 
critical exponents within the ranges discussed in the Methods below. These values are much lower than observed 
in other experimental percolating systems30 as well as the theoretical prediction of ≈ .43/18 2 34 for 
two-dimensional uncorrelated percolation. This smoother transition to percolation in our model expectedly 
stems from local correlations due to the plant growth and expansion dynamics, as well as the various feedbacks 
between the biomass, hydraulic head and nutrient concentration.

Figure 3. (a) Number of clusters as a function of nutrient input. Insets: typical patterns of vascular plant 
biomass in each range, for Nin = 0.25, 1.25, 2.25, 3, 3.875, and 4.5 g/m2/yr. The vertical dotted lines at Nin = 0.31, 
1.58, 2.63, 3.35, and 4.41 g/m2/yr correspond to the transitions between regimes. (b) Filling factor (with a 
binarization threshold at 500 and 200 g/m2 for vascular plant and Sphagnum biomass, respectively) as a function 
of the nutrient input. See Table 1 and Methods for parameter values and initial conditions.
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Effect of climate on peatland patterning. The above-described sorting of self-organized patterns and 
characterization of the transitions between them allows to investigate the pattern changes and therefore their 
stability more quantitatively. Here, we illustrate this ability in the case of climate change.

The model parameters that may be expected to be sensitive to climate change are the ones related to the 
hydrological fluxes: precipitations, evaporation, and transpiration. The latter two strongly depend on tempera-
ture. For example, the evapotranspiration is usually expressed by the Penman-Monteith equation31. Moreover, 
the evaporation and transpiration terms of Equation (4) display similar trends when atmospheric conditions 
change. Experimental studies showed that both are mainly governed by the water availability in the soil, i.e., the 
water-stress function f(H). In particular, the transpiration parameter tv is quite insensitive to changes in temper-
ature: in hot conditions transpiration cooling tends to compensate the reduced evaporation related to photosyn-
thesis32,33. Climate change is therefore implemented into the model by changing the precipitation level as well as 
by multiplying the evapotranspiration term by a Penman-Monteith factor that is directly provided by the GCMII.

We first performed a single-parameter sensitivity analysis to estimate the model response to a change in the 
climatic variables. As displayed in Fig. 5a,b, the transitions between the six regimes depend little on precipita-
tion and evaporation, within a wide range of realistic values. These parameters therefore have little impact, if 
any, on the peatland patterns in the framework of the model. Beyond the visual observation of similar patterns, 
our approach is more quantitative and supports an interpretation in terms of nutrient accumulation of previous 
assumptions that peatlands are robust to climate change13–15. This stability also illustrates the fact that within our 
peatland model, changes in net water supply are not critical, while the parameter primarily governing the pattern 
formation in this system is nutrient availability and its local accumulation by vascular plants. In contrast, strongly 
decreasing the vascular plant transpiration parameter tends to restrict the range of nutrient input over which the 
transitions occur (Fig. 5c). This can be understood by considering that a reduced vascular plant transpiration will 
reduce the hydraulic head gradients and the associated nutrient transport via the groundwater flow (see last term 
in Equation (3)). At low external nutrient input Nin, the reduced nutrient flow towards vascular plants limits their 
ability to harvest nutrients. Therefore, the threshold for their survival increases. At higher nutrient input, vascular 
plants can develop, but the less efficient transport of nutrients limits the inhomogeneities in their concentration, 
hence also in the vascular plant distribution. The latter therefore spread more, so that the thresholds for their 
domination over Sphagnum is lower. However, the transpiration parameter tv depends mostly on the plant species 
and the water-stress function f(H), rather than on atmospheric temperature and humidity. In particular, Kim 
and Verma32 showed little deviation between the measured and potential evaporation. Furthermore, Drake et al.  
observed in Eucalyptus that a simulated heat wave induces a simultaneous decrease of photosynthesis and 
increase of transpiration cooling, with a conserved total water flux, governed by the water availability33. Therefore, 
a significant change in evapotranspiration would require a change in the vascular plant species, which is beyond 
the scope of the present study.

To further investigate the stability of peatland patterning under climate stress beyond the variation of individ-
ual parameters, we simulated a change in the climate. After stabilizing the patterns over 400 years, we switched the 
precipitation and evapotranspiration rates to follow those from the 2 × CO2 scenario of the GCMII. As expected 
from the stability of the thresholds against changes in individual parameters, the patterns remain very stable in 
response to the climate change (See the behavior before year 415 and after year 424, i.e., outside of the drought 
time, in Supplementary Movie 2). This is observed over a wide range of nutrient input, namely from 0.25 to 
4.75 g m−2 yr−1. The system equilibrates by adapting the vascular plant biomass (Fig. 6a,b) to the available water, 
stabilizing the hydraulic head gradient and level by increasing the water losses by transpiration to compensate the 
precipitation level changes (Fig. 6c,d). This feedback is faster (at the year-scale) for high nutrient availability 
( ≥ . − −N 0 75 g m yrin

2 1), and slows down when the input nutrient flux is lower (see Fig. 6). There are two thresh-
olds in the response. The first one corresponds to the resilience of vascular biomass (i.e., the transition from 
Regimes 1 to 2, see Figs 2 and 3). Without vascular biomass (Regime 1), evapotranspiration corresponds to evap-
oration alone and the total water flux is not balanced. From Regime 2 on, the system responds (Fig. 6a,c) with a 
certain time-lag. For ≥ . − −N 0 75 g m yrin

2 1, there is enough vascular biomass in the system to respond rapidly 

Figure 4. Power scaling of the average cluster area  in the vicinity of the percolation transition. The filling 
factor is calculated by binarizing the patterns at 500 and 200 g/m2 for vascular plant and Sphagnum biomass, 
respectively.
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(yearly time scale) to variations in precipitation (Fig. 6b,d). This feedback ensures the resilience of the system. By 
influencing the density of vascular biomass, it will also expectedly influence the efficiency of carbon storage in the 
peatland.

The strength of these feedbacks even allows the patterns predicted by our model to promptly recover after an 
extreme drought. Figure 7 displays the effect on the spatial mean of vascular biomass and nutrients of a 10-years 
long drought reducing the precipitations from a mean value of 800 mm/year to 50 mm/year. The pattern structure 
is not affected by this severe drought (See years 415–424 in Supplementary Movie 2), but the level of biomass 
strongly decreases, with a drop by 67% after 10years. Correspondingly, the nutrient intake by vascular plants 
is reduced, so that nutrients accumulate in the soil during the drought (Fig. 7b). These extra nutrients allow an 
efficient recovery of the vascular plant biomass at the end of the drought, resulting in a 4-years-long overshoot of 
up to 35% above the steady-state vascular biomass density observed before the drought. Finally, once the stored 
nutrients are consumed, the system recovers to its initial state within 12 years of the end of the drought.

Similar behaviours are observed for various magnitudes and durations of the drought, as well as over a wide 
range of nutrient inputs (0.25–4.75 g m−2 yr−1, corresponding to the Regimes 2–6 displayed in Figs 2 and 3). 
The magnitude of the peatland response to a drought depends on the duration and the precipitation level of the 
drought, as well as on the nutrient input. On the other hand, the recovery time appears to be essentially independ-
ent from both the hydrology and nutrient input.

It should however be kept in mind that the model we use in this work is simplified. In particular, the hydrology 
is reduced to a homogeneous water table level. Hence, the impact of water shortage is handled via the water-stress 
function f in the evolution of the vascular plants, but the model does not allow for a full depletion of the water 
table and therefore does not describe the decay of the Sphagnum mosses biomass under dry conditions (see 
Equation (5)). Considering Sphagnum decay would expectedly result in a decrease of the pattern contrast18, but 
without major influence on the rest of the model as the only coupling considered here is via the competition for 
space with vascular plants. Due to these limitations, the model outcome as described above cannot be expected 
to provide quantitative predictions, but rather indications about trends like the robustness of the nutrient accu-
mulation mechanism, and a testbed for interpreting empirical observations. Biologically and ecologically realistic 
predictions would require a much more detailed and complex model, as discussed above.

Figure 5. Thresholds of the self-patterning regimes as a function of (a) precipitation, (b) evaporation parameter 
e, and (c) transpiration parameter tv. See Table 1 and Methods section for parameter values and initial 
conditions.
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Conclusion
As a conclusion, based on a diffusion-reaction model of an ombrotrophic peatland, we have proposed a detailed 
analysis of vegetation pattern, with a quantitative description of the pattern transitions and a systematic sorting of 
the self-organized patterns. We characterized the transition from Sphagnum to vascular plant cluster percolation 
when the nutrient availability is increased, as well as the associated scaling laws close to the transition. Such classi-
fication and characterization is not specific to the model of Eppinga et al.20, but can straightforwardly be extended 
to any system displaying Turing instabilities, e.g., reaction-diffusion models with differential spatial mobilities. 
This covers many ecosystems10,22, including non-ombrotrophic peatlands34, mussel banks11, coral reefs35, dry-
lands36, or savanna37.

Applying our pattern classification to the self-organized patterns generated by a peatland model based on 
nutrient accumulation to a situation of climate stress, including strong prolonged drought, we evidenced its high 
resilience. This finding may help understand the empirically observed high peatland stability and resilience4,13–15.

Methods
Numerical implementation. Simulations were performed in Matlab on a 128 × 128 pixel grid with peri-
odic (toroidal) boundary conditions, covering 256 × 256 m, using a Newton (Euler) numerical scheme with a 
temporal step dt = 10−4 year. We started from an initial random distribution of spots bearing 200 g m−2 biomass 
of either vascular plants or Sphagnum mosses, each covering 12.5% of the grid elements. We checked that the 
results are independent from the particular initial random pattern. The initial hydraulic head and nutrients are 
homogeneously set to their plantless equilibrium level H0 = p/e and N0 = Nin/r, respectively19. The system required 
about 150 yr to reach a quasi-steady-state pattern, as displayed in Supplementary Movie 1.

pattern analysis. The pattern analysis was performed on vascular plant and Sphagnum biomass data, to 
infer “ridge” and “hollow” components of the landscape. The patterns were binarized, with a threshold at 500 and 
200 gm−2 for vascular plants and Sphagnum, respectively. The patterns, the nutrient inputs ensuring the transi-
tions between pattern types, and the critical exponents close to the percolation transition are quite insensitive 
to these thresholds, over a wide range of values (100–1400 g m−2 and 50–600 g m−2, respectively for vascular 
plants and Sphagnum). In contrast, the absolute values of the filling factors varied with these thresholds. We then 
detected each cluster of the considered species as a connected component using the Matlab function bwconn-
comp and determined their characteristics (size, surface, shape, etc.) using the Matlab function regionprops. The 
number of clusters of both vascular plants and Sphagnum, displayed as a function of nutrient input Nin, was fitted 
with Gaussian functions. As detailed in the Results section above, the peak of each Gaussian function defines the 
transition from approximately circular to elongated clusters.

Figure 6. Influence of the 2 × CO2 scenario of the GCMII on a patterned peatland. (a,b) Evolution of total 
vascular biomass on simulation area; (c,d) Precipitation and spatially-averaged evapotranspiration. Climate 
fluctuations are turned on after stabilising the patterns over 400 years. See also the corresponding pattern 
stability in Supplementary Movie 2.
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We defined percolating clusters as clusters continuously connecting two opposite sides of the simulation grid. 
Due to the periodic boundary conditions, this definition does not exactly match the standard one: percolating 
clusters cover a full turn around either the small or the large diameter of the torus defined by the periodic bound-
ary conditions. The jump from percolating Sphagnum to percolating vascular plants defines a threshold in Nin. As 
for other experimental systems like filamentation patterns in high-power laser beams30 or liquid crystals38, the 
approach of the percolation point was characterized with a critical exponent γ, determined by fitting the average 
cluster size (excluding the percolating cluster) against the filling factor (i.e., the fraction of the surface covered by 
the considered species) with a power law38.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

References
 1. Charman, D. Peatlands and Environmental Change (John Wiley & Sons, 2002).
 2. Quillet, A., Frolking, S., Garneau, M., Talbot, J. & Peng, C. Assessing the role of parameter interactions in the sensitivity analysis of 

a model of peatland dynamics. Ecological Modelling 248, 30–40, http://linkinghub.elsevier.com/retrieve/pii/S0304380012004346 
(2013).

 3. Ciais, P. et al. Carbon and other biogeochemical cycles. In Climate change 2013: the physical science basis. Contribution of Working 
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, 465–570 (Cambridge University Press, 
2014).

 4. Thompson, C., Mendoza, C. A. & Devito, K. J. Potential influence of climate change on ecosystems within the Boreal Plains of 
Alberta. Hydrological Processes 31, 2110–2124, https://doi.org/10.1002/hyp.11183 (2017).

 5. Winter, T. C. The vulnerability of wetlands to climate change: a hydrologic landscape perspective. JAWRA Journal of the American 
Water Resources Association 36, 305–311 (2000).

 6. Clymo, R. S. The limits to peat bog growth. Phil. Trans. R. Soc. Lond. B 303, 605–654, http://rstb.royalsocietypublishing.org/
content/303/1117/605 (1984).

 7. Hilbert, D. W., Roulet, N. & Moore, T. Modelling and analysis of peatlands as dynamical systems. Journal of Ecology 88, 230–242, 
https://doi.org/10.1046/j.1365-2745.2000.00438.x/abstract (2000).

 8. Frolking, S. et al. A new model of Holocene peatland net primary production, decomposition, water balance, and peat accumulation. 
Earth System Dynamics 1, 1–21, http://www.earth-syst-dynam.net/1/1/2010/ (2010).

 9. Baird, A. J., Morris, P. J. & Belyea, L. R. The DigiBog peatland development model 1: rationale, conceptual model, and hydrological 
basis. Ecohydrology 5, 242–255, https://doi.org/10.1002/eco.230/abstract (2012).

 10. Rietkerk, M., Dekker, S. C., Ruiter, P. C. D. & Koppel, J. v. d. Self-Organized Patchiness and Catastrophic Shifts in Ecosystems. 
Science 305, 1926–1929, http://science.sciencemag.org/content/305/5692/1926 (2004).

Figure 7. Peatland response to a 10-years long drought. (a) Temporal evolution of spatial mean of vascular 
biomass and precipitations; (b) Spatial mean of nutrient availability. The initial condition before the drought is 
a peatland stabilized after 400 years under the same conditions as in Fig. 2, with Nin = 1.375 g m−2 yr−1, i.e., in 
Regime 2. Climate conditions are then switched to the 2 × CO2 scenario of the GCMII, except for years 415–
424 where a drought is simulated by reducing precipitation to 50 mm/year. See also Supplementary Movie 2 
illustrating pattern resilience during the drought of years 415–424.

https://doi.org/10.1038/s41598-018-37736-8
http://linkinghub.elsevier.com/retrieve/pii/S0304380012004346
https://doi.org/10.1002/hyp.11183
http://rstb.royalsocietypublishing.org/content/303/1117/605
http://rstb.royalsocietypublishing.org/content/303/1117/605
https://doi.org/10.1046/j.1365-2745.2000.00438.x/abstract
http://www.earth-syst-dynam.net/1/1/2010/
https://doi.org/10.1002/eco.230/abstract
http://science.sciencemag.org/content/305/5692/1926


www.nature.com/scientificreports/

1 0Scientific RepoRts |          (2019) 9:1499  | https://doi.org/10.1038/s41598-018-37736-8

 11. Koppel, J. v. d. et al. Experimental Evidence for Spatial Self-Organization and Its Emergent Effects in Mussel Bed Ecosystems. Science 
322, 739–742, http://science.sciencemag.org/content/322/5902/739 (2008).

 12. Kettridge, N. et al. Do peatland microforms move through time? Examining the developmental history of a patterned peatland using 
ground-penetrating radar: Do Peatland microforms move? Journal of Geophysical Research: Biogeosciences 117, n/a–n/a, https://doi.
org/10.1029/2011JG001876 (2012).

 13. Kettridge, N. & Waddington, J. M. Towards quantifying the negative feedback regulation of peatland evaporation to drought: 
Quantifying the negative feedback regulation of Peatland evaporation. Hydrological Processes 28, 3728–3740, https://doi.
org/10.1002/hyp.9898 (2014).

 14. Waddington, J. M. et al. Hydrological feedbacks in northern peatlands: Hydrological feedbacks in Northern Peatlands. Ecohydrology 
8, 113–127, https://doi.org/10.1002/eco.1493 (2015).

 15. Schneider, R. R., Devito, K., Kettridge, N. & Bayne, E. Moving beyond bioclimatic envelope models: integrating upland forest and 
peatland processes to predict ecosystem transitions under climate change in the western Canadian boreal plain: Western boreal 
ecosystem transitions under climate change. Ecohydrology 9, 899–908, https://doi.org/10.1002/eco.1707 (2016).

 16. Eppinga, M. B. et al. Regular Surface Patterning of Peatlands: Confronting Theory with Field Data. Ecosystems 11, 520–536, https://
doi.org/10.1007/s10021-008-9138-z (2008).

 17. Morris, P. J., Baird, A. J. & Belyea, L. R. The role of hydrological transience in peatland pattern formation. Earth Surface Dynamics 1, 
29–43, http://www.earth-surf-dynam.net/1/29/2013/ (2013).

 18. Eppinga, M. B., de Ruiter, P. C., Wassen, M. J. & Rietkerk, M. Nutrients and Hydrology Indicate the Driving Mechanisms of Peatland 
Surface Patterning. The American Naturalist 173, 803–818, https://doi.org/10.1086/598487 (2009).

 19. Rietkerk, M., Dekker, S. C., Wassen, M. J., Verkroost, A. W. M. & Bierkens, M. F. P. A Putative Mechanism for Bog Patterning. The 
American Naturalist 163, 699–708, https://doi.org/10.1086/383065 (2004).

 20. Eppinga, M. B., Rietkerk, M., Wassen, M. J. & De Ruiter, P. C. Linking habitat modification to catastrophic shifts and vegetation 
patterns in bogs. Plant Ecology 200, 53–68, https://doi.org/10.1007/s11258-007-9309-6 (2009).

 21. Kukushkin, A. B. & Rantsev-Kartinov, V. A. Self-similarity of plasma networking in a broad range of length scales: From laboratory 
to cosmic plasmas. Review of Scientific Instruments 70, 1387–1391, https://doi.org/10.1063/1.1149576 (1999).

 22. Rietkerk, M. & van de Koppel, J. Regular pattern formation in real ecosystems. Trends in Ecology & Evolution 23, 169–175, http://
linkinghub.elsevier.com/retrieve/pii/S0169534708000281 (2008).

 23. Oppo, G.-L. Formation and control of Turing patterns and phase fronts in photonics and chemistry. Journal of Mathematical 
Chemistry 45, 95–112, https://doi.org/10.1007/s10910-008-9370-y (2009).

 24. Proctor, M. C. F. Regional and Local Variation in the Chemical Composition of Ombrogenous Mire Waters in Britain and Ireland. 
The Journal of Ecology 80, 719, http://www.jstor.org/stable/2260862?origin=crossref (1992).

 25. Tfaily, M. M. et al. Vertical Stratification of Peat Pore Water Dissolved Organic Matter Composition in a Peat Bog in Northern 
Minnesota: Pore Water DOM composition in a peat bog. Journal of Geophysical Research: Biogeosciences 123, 479–494, https://doi.
org/10.1002/2017JG004007 (2018).

 26. Price, J. S. Blanket bog in Newfoundland. Part 2. Hydrological processes. Journal of Hydrology 135, 103–119 (1992).
 27. Eppinga, M. B. Amazing pattern: spatial self-organization in peatlands. PhD Thesis, (Utrecht University, 2009).
 28. Morris, P. J., Baird, A. J., Young, D. M. & Swindles, G. T. Untangling climate signals from autogenic changes in long-term peatland 

development: Untangling Climate Signals In Peat. Geophysical Research Letters 42, 10,788–10,797, https://doi.org/10.1002/2015GL066824 
(2015).

 29. McFarlane, N. A., Boer, G. J., Blanchet, J.-P. & Lazare, M. The Canadian Climate Centre Second-Generation General Circulation 
Model and Its Equilibrium Climate. Journal of Climate 5, 1013–1044, https://doi.org/10.1175/1520-0442(1992)005 (1992).

 30. Ettoumi, W., Kasparian, J. & Wolf, J.-P. Laser Filamentation as a New Phase Transition Universality Class. Physical Review Letters 
114, 063903, https://doi.org/10.1103/PhysRevLett.114.063903 (2015).

 31. Allen, R. G., Pereira, L. S., Raes, D. & Smith, M. Crop evapotranspiration-Guidelines for computing crop water requirements-FAO 
Irrigation and drainage paper 56. FAO, Rome 300, D05109 (1998).

 32. Kim, J. & Verma, S. B. Surface exchange of water vapour between an open Sphagnum fen and the atmosphere. Boundary-Layer 
Meteorology 79, 243–264 (1996).

 33. Drake, J. E. et al. Trees tolerate an extreme heatwave via sustained transpirational cooling and increased leaf thermal tolerance. 
Global Change Biology, https://doi.org/10.1111/gcb.14037 (2018).

 34. Ogden, J. C. Everglades ridge and slough conceptual ecological model. Wetlands 25, 810–820, https://doi.org/10.1672/0277-
5212(2005)025 (2005).

 35. Mistr, S. & Bercovici, D. A Theoretical Model of Pattern Formation in Coral Reefs. Ecosystems 6, 0061–0074, https://doi.org/10.1007/
s10021-002-0199-0 (2003).

 36. Klausmeier, C. A. Regular and Irregular Patterns in Semiarid Vegetation. Science 284, 1826–1828, https://doi.org/10.1126/
science.284.5421.1826 (1999).

 37. Callaway, R. M. et al. Positive interactions among alpine plants increase with stress. Nature 417, 844–848, http://www.nature.com/
articles/nature00812 (2002).

 38. Takeuchi, K. A., Kuroda, M., Chaté, H. & Sano, M. Experimental realization of directed percolation criticality in turbulent liquid 
crystals. Physical Review E 80, https://doi.org/10.1103/PhysRevE.80.051116 (2009).

Acknowledgements
This work was supported by the FNS (grants 200021_155970 and 200020_175697). We gratefully acknowledge 
fruitful discussions with S. Goyette, G. Rohat, and technical support by M. Moret. Part of the computations were 
performed at University of Geneva on the Baobab cluster.

Author Contributions
J.K. designed the study; C.B. developed the model and performed the simulations; C.B., M.B. and J.K. analyzed 
the results; All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37736-8.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-018-37736-8
http://science.sciencemag.org/content/322/5902/739
https://doi.org/10.1029/2011JG001876
https://doi.org/10.1029/2011JG001876
https://doi.org/10.1002/hyp.9898
https://doi.org/10.1002/hyp.9898
https://doi.org/10.1002/eco.1493
https://doi.org/10.1002/eco.1707
https://doi.org/10.1007/s10021-008-9138-z
https://doi.org/10.1007/s10021-008-9138-z
http://www.earth-surf-dynam.net/1/29/2013/
https://doi.org/10.1086/598487
https://doi.org/10.1086/383065
https://doi.org/10.1007/s11258-007-9309-6
https://doi.org/10.1063/1.1149576
http://linkinghub.elsevier.com/retrieve/pii/S0169534708000281
http://linkinghub.elsevier.com/retrieve/pii/S0169534708000281
https://doi.org/10.1007/s10910-008-9370-y
http://www.jstor.org/stable/2260862?origin=crossref
https://doi.org/10.1002/2017JG004007
https://doi.org/10.1002/2017JG004007
https://doi.org/10.1002/2015GL066824
https://doi.org/10.1175/1520-0442(1992)005
https://doi.org/10.1103/PhysRevLett.114.063903
https://doi.org/10.1111/gcb.14037
https://doi.org/10.1672/0277-5212(2005)025
https://doi.org/10.1672/0277-5212(2005)025
https://doi.org/10.1007/s10021-002-0199-0
https://doi.org/10.1007/s10021-002-0199-0
https://doi.org/10.1126/science.284.5421.1826
https://doi.org/10.1126/science.284.5421.1826
http://www.nature.com/articles/nature00812
http://www.nature.com/articles/nature00812
https://doi.org/10.1103/PhysRevE.80.051116
https://doi.org/10.1038/s41598-018-37736-8


www.nature.com/scientificreports/

1 1Scientific RepoRts |          (2019) 9:1499  | https://doi.org/10.1038/s41598-018-37736-8

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-018-37736-8
http://creativecommons.org/licenses/by/4.0/

	Quantitative analysis of self-organized patterns in ombrotrophic peatlands

	Peatland Model Description

	Results and Discussion

	Pattern analysis. 
	Effect of climate on peatland patterning. 

	Conclusion

	Methods

	Numerical implementation. 
	Pattern analysis. 

	Acknowledgements

	Figure 1 Main interactions between the four sub-systems of the peatland model.
	Figure 2 Simulated peatland patterns after 400 years stabilization.
	Figure 3 (a) Number of clusters as a function of nutrient input.
	Figure 4 Power scaling of the average cluster area in the vicinity of the percolation transition.
	Figure 5 Thresholds of the self-patterning regimes as a function of (a) precipitation, (b) evaporation parameter e, and (c) transpiration parameter tv.
	Figure 6 Influence of the 2 × CO2 scenario of the GCMII on a patterned peatland.
	Figure 7 Peatland response to a 10-years long drought.
	Table 1 Parameter and variables symbols, units and default values10,20.


