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 25 

Raised peatlands, or bogs, are gently mounded landforms that are composed 26 

entirely of organic matter1–4 and store the most carbon per area of any terrestrial 27 

ecosystem5. The shapes of bogs are critically important because their domed 28 

morphology4,6,7 accounts for much of the carbon that bogs store, and determines how 29 

they will respond to interventions8,9 to stop greenhouse gas emissions and fires after 30 

anthropogenic drainage10–13. However, a general theory to infer the morphology of bogs 31 



is still lacking4,6,7. Here we show that an equation based on the processes universal to 32 

bogs explains their morphology across biomes, from Alaska, through the tropics, to New 33 

Zealand. In contrast to earlier models of bog morphology that attempted only to 34 

describe long-term equilibrium shapes4,6,7, and were therefore inapplicable to most 35 

bogs14–16, our approach makes no such assumption, and makes it possible to infer full 36 

shapes of bogs from a sample of elevations, such as a single elevation transect. Our 37 

findings provide a foundation for quantitative inference about the morphology, 38 

hydrology, and carbon storage of bogs through Earth’s history, as well as a basis for 39 

planning natural climate solutions by rewetting damaged bogs around the world. 40 

 41 

Main text 42 

Bogs develop over thousands of years into distinctive mounded shapes where 43 

waterlogged organic matter, or peat, decomposes more slowly than it is produced by bog 44 

vegetation2–4,17,18. In every bog, peat is only preserved where it is waterlogged by rain and 45 

flowing water19; where peat rises too high, it cannot remain waterlogged and will decompose. 46 

This mechanism constrains the height and shape of a bog2–4,18. Bogs around the world differ 47 

in age, environmental conditions, and organic matter composition—from the well-known 48 

Sphagnum peat bogs of northern latitudes, to the hardwood and palm swamp peat domes of 49 

the tropics, to the restiad bogs of New Zealand17,18,20–22. Because of these differences, as well 50 

as their irregular boundaries, each bog has a shape that is unique. Yet because of the physical 51 

processes constraining their growth, the shapes of all bogs are somehow fundamentally 52 

similar, opening them to systematic analysis. 53 

The morphologies of bogs are important because peat is built from sequestered carbon: 54 

extant peatlands have removed hundreds of gigatonnes of carbon dioxide from the 55 



atmosphere over the last 10,000 years23,24, cooling Earth’s climate25,26. However, the 56 

mounded shape of bogs also makes this carbon vulnerable, because peat that is above the 57 

level of streams and rivers can be drained easily by ditches and canals27, exposing it to 58 

decomposition and fire. Artificial drainage of peatlands now causes the emission of over 59 

1.5 Pg CO2e annually12,13, and enables catastrophic fires and smoke that have caused 60 

hundreds of thousands of premature deaths10,11. Rewetting of peatlands could stop these 61 

greenhouse gas emissions and fires13,19,28, and has been identified as one of the most 62 

promising nature-based strategies for meeting global climate targets set by the 2015 United 63 

Nations Framework Convention on Climate Change (UNFCCC) Paris Agreement13,29,30. 64 

However, mitigation by rewetting cannot be planned effectively without understanding 65 

peatland morphology and water flow patterns. 66 

The morphology and flow patterns of bogs are difficult to measure directly because 67 

elevation gradients are small compared to local microtopography and vegetation7,20,31. 68 

Peatland elevation gradients can be resolved by methods such as airborne lidar31, but these 69 

methods are expensive32 and the global area of peatlands is vast23,33. Thus, an understanding 70 

of the morphology of bogs is important both for evaluating their role in the Earth system 71 

through time, and also for planning climate mitigation measures in raised peatlands. Although 72 

models exist for some restricted conditions, no general, quantitative theory has been available 73 

to infer raised bog morphology and flow patterns from limited data. 74 

Here we show that because all raised peatlands are governed by the same essential 75 

processes, there is a common pattern in bog morphologies that holds irrespective of many 76 

site- and ecosystem-dependent factors (Figs. 1 and 2). Because of this pattern, the 77 

complexities created by the irregular geometry of bog boundaries can be accounted for in a 78 

unified way across all bogs, while the site- and ecosystem-specific aspects are described by a 79 

single site-specific function. The separate treatment of geometric and site-specific factors is 80 



an approximation; however, we show by analysis and eight examples of bogs from boreal, 81 

temperate, and tropical regions that it is accurate in a wide range of cases. This approach 82 

makes it feasible to characterise, from limited data, the overall morphology and hydrology of 83 

bogs thousands of hectares in size. As an example, we show that the full shape of bogs can be 84 

estimated with high accuracy from a single elevation transect. Our analysis greatly amplifies 85 

the range of inference that can be made from measurements in raised bogs and opens the way 86 

for interpretation of sparse data on bogs from Earth’s deep history34–36, as well as many 87 

extant bogs in remote parts of the Amazon Basin, New Guinea, and the Congo Basin that are 88 

already threatened by development but remain poorly known scientifically33,37,38. 89 

We derive our equation for the morphology of bogs by observing that the similarity in 90 

their shapes across biomes arises from the constraint that peat must be waterlogged to be 91 

preserved, and therefore bog morphology is governed indirectly by the physics controlling 92 

the water table4,6,7,39. Bog water tables are controlled by the balance between net precipitation 93 

and discharge by lateral flow; lateral flow is controlled by the gradient in the water table 94 

times the efficiency of this flow, or transmissivity, which arises from the hydraulic properties 95 

of the peat39. The hydraulic properties of peat vary strongly with depth but tend to be uniform 96 

at a large scale across a bog4,40–42. These observations suggest that bog surface elevation, 97 

mean water table elevation, and transmissivity are related to one another in similar ways 98 

across a bog. In that case, analysis (Methods) shows that the relationships among these 99 

variables define a bog-specific monotonic function p(ϕ) that generates the bog morphology 100 

p(x,y) from a solution to Poisson’s equation −∇²ϕ = k where k is a constant (defined for 101 

convenience as 8π km−2; Methods).  While the dimensionless Poisson “elevation” ϕ(x,y) 102 

represents an abstract reference morphology for the bog, the bog-function p(ϕ) summarises 103 

the climate- and ecosystem-specific relationship between surface elevation, mean water table 104 

elevation, and transmissivity that transforms the abstract reference morphology ϕ(x,y) into 105 



actual bog surface elevations p. This formulation splits the complex morphology of raised 106 

peatlands into (1) what is universal to all bogs: the existence of a monotonic relationship 107 

between bog surface elevation and the solution to Poisson’s equation inside each bog’s 108 

boundary; and (2) what is specific to a bog: the shape of the bog’s boundary in three-109 

dimensional space and a one-dimensional bog-function. 110 

Elevation data from sites around the world are consistent with this theory. Applying 111 

this analysis to eight bogs from boreal, temperate, and tropical latitudes (Fig. 2)—at Hamilton 112 

Bay (Alaska, USA), Milot (Quebec, Canada), Great Cranberry Island (Maine, USA), 113 

Valgeraba (Estonia), Mendaram (Brunei Darussalam), Kopuatai (New Zealand), Reksuo 114 

(Finland), and Lost River (Minnesota, USA)—we find strong rank-correlation between 115 

Poisson elevations ϕ and lidar-derived elevations covering the whole surface of each bog (ρ ≥ 116 

0.92; Fig. 1). Rank-correlation means that, despite scatter caused by measurement error and 117 

small-scale deviations in elevation, surface elevation increases monotonically with Poisson 118 

elevation, as hypothesised. Transforming the Poisson solution through a monotonic function 119 

p(ϕ) (Methods) then closely reproduces the lidar morphology, with high coefficients of 120 

determination (elevation R² ≥ 0.84), root-mean-square differences comparable to the noise in 121 

the lidar terrain data (RMSE ≤ 27.6 cm), and small biases (≤ 0.1 mm). This agreement 122 

between theory- and lidar-derived surface elevations shows that the one-dimensional bog-123 

function, in combination with the shape of the bog boundary, effectively describes the full 124 

three-dimensional shape of each bog (Fig. 1 and Extended Data Fig. 1). 125 

Our equation subsumes and extends existing models describing bog morphology4,6,7. 126 

Each of these models effectively assumes a particular fixed relationship between water level, 127 

transmissivity, and peat surface elevation, resulting in a particular form of the bog-function, 128 

and therefore our approach includes them as special cases.  In the model presented by Ivanov 129 

and later Ingram,4,6 the transmissivity at any point in a bog is proportional to the peat surface 130 



elevation above a flat surface, whereas the model of Cobb et al. (2017)7 assumes that flow 131 

occurs predominantly near the surface and that time-averaged transmissivity is uniform. The 132 

applicability of these models is limited to computing equilibrium morphologies in which a 133 

bog is neither gaining nor losing peat with time, whereas radiocarbon and carbon flux 134 

measurements show that most bogs are either actively losing or sequestering carbon,14–16 135 

which results in more complex bog-functions (Extended Data Fig. 2). Nonetheless, our 136 

approach accommodates either of these equilibrium models or anything in between, as we 137 

illustrate by calculating the morphology of an arbitrarily shaped bog with a transmissivity 138 

that starts at a constant and increases towards the bog interior, where mean water table 139 

elevations are higher (Fig. 3). As this example demonstrates, besides describing the shape of 140 

real bogs, our approach can also generate morphologies conforming to existing or more 141 

general models. We next show that by combining these capabilities, we can infer the 142 

morphology of bogs from limited data. 143 

To show how our equation can support inference about bog morphology, we evaluated 144 

our method’s ability to recover the full shape of a bog from a single elevation transect. Our 145 

analysis implies that the function p(ϕ) that transforms Poisson elevations to bog surface 146 

elevations is the same throughout the bog, and thus that the full bog morphology can be 147 

estimated from a sample of elevations, such as a single elevation transect. We sampled 148 

elevations along the same transects shown in Fig. 1—used there to illustrate goodness-of-149 

fit—to determine bog-functions and full bog morphologies. For each bog, we solved 150 

Poisson’s equation within the bog boundary, sampled elevations along the transect, and used 151 

the function relating the two to transform Poisson elevations to an overall bog morphology. 152 

This approach predicted surface elevations and flow patterns in parts of the bog that were not 153 

sampled at all, and resulted in remarkable fidelity to overall bog morphology. Thus, one 154 



important application of our analysis is to estimate the overall morphology of a raised bog 155 

from the shape of its boundary and a single transect of surface elevations (Fig. 4). 156 

By enabling the estimation of bog morphologies from limited data, the bog-function 157 

approach also enables estimation of the spatially concentrated and climate-action-critical5,43 158 

irrecoverable carbon stored in bogs. Irrecoverable carbon is defined as carbon that is 159 

vulnerable to loss in a typical land-use change event and that cannot be recovered by 160 

restoration efforts on timescales relevant for climate action (by mid-century).30,43 Raised bogs 161 

are typically drained for agriculture by a grid of ditches or subsurface drains8,20,27,44–46 that are 162 

progressively deepened as peat is lost to decomposition or fire20,47 until the bog is no longer 163 

drainable by this approach and the bog surface is no longer raised. Subtracting this limiting 164 

horizon of passive drainability from the bog surface morphology (Methods) yields the 165 

volume of peat that is vulnerable to this type of land-use change event. This peat volume, 166 

multiplied by an appropriate carbon density (Methods), yields the vulnerable peat carbon in 167 

the bog. In this way the bog-function approach makes it possible to estimate the irrecoverable 168 

carbon held by a bog using elevations from the bog boundary and a single elevation transect 169 

(Fig. 4). 170 

Our equation is based on the approximation that bog surface elevation, water level, and 171 

transmissivity have a consistent relationship across a bog (Methods). The most important 172 

reason these links might vary within a bog is because of recent changes to the drainage 173 

network or the peat surface by land use, for example by peat mining8. Thus, more work will 174 

be required to explore the application of our analysis in recently altered bogs. For example, in 175 

bogs cut by ditches, the bog may need to be split into two or more domains and our method 176 

applied independently in each (e.g., Lost River, Extended Data Fig. 1). However, the peat 177 

surface and the water table will tend to converge back towards one another with time. 178 

Therefore, if the alteration was made some time ago our analysis can still be highly accurate: 179 



the bogs we analysed at Lost River, Reksuo, Valgeraba, Mendaram and Kopuatai are all 180 

affected by drainage at their margins (Figs. 1, 4, Extended Data Figs. 1 and 3) but still fit our 181 

theory, with coefficients of determination of at least 84% (Figs. 1, 4 and Extended Data Fig. 182 

1). 183 

This scheme for inference about bog morphology and hydrology has applications and 184 

benefits across a range of fields. As just demonstrated, it provides a morphological theory for 185 

extant peatlands that can be used to infer the shape of bogs from limited data, and thus to 186 

quantify the carbon at risk of being released if a bog is drained, or carbon dioxide emissions 187 

that will be avoided if it is protected. From elevation transects we were able to estimate the 188 

irrecoverable carbon stored in bogs ranging in mass from 1.45 Gg C (Hamilton Bay, 0.06 189 

km²) to 3.07 Pg C (Mendaram, 24.5 km²) with errors of less than 6% (Fig. 4k). When total 190 

peat volume, including peat safely sequestered below the drainability horizon, is desired, bog 191 

surface topography can be combined with a sample of peat depths to yield total peat volume 192 

due to a widely observed empirical correlation between peat surface elevation and peat 193 

thickness48 (Methods). Inferred bog shapes also provide maps of gradients in the peat surface 194 

elevation, as required for optimal dam placement when rewetting peatlands for climate 195 

mitigation9,49. Maps of bog elevations and gradients are needed as well for prediction of peat 196 

saturation and flooding after rewetting, both to forecast methane emissions, which can 197 

counteract carbon dioxide emission reductions19, and to plan revegetation with sensitive 198 

wetland species8,50. Our approach can also be used to determine contributing areas and model 199 

flow in undergauged catchments, relevant in settings where peatlands contribute significantly 200 

to drinking water supplies51 or flood risk52. Finally, by relating bog morphology to 201 

hydrological processes, our theory enables previously impossible palaeohydrological and 202 

palaeoecological interpretation of buried and fossil peatlands34–36,53, such as the vast coal 203 

fields of the Eastern Interior Basin in North America54. 204 



Our analysis provides a unifying framework for inference about raised peatland 205 

morphology and hydrological processes that applies to raised bogs globally, from boreal, to 206 

tropical, and further to southern temperate regions. The equation we derive handles the 207 

complexity arising from the irregular boundaries of bogs in a uniform way, while accounting 208 

for the diversity of processes in bogs by a site-specific function, capturing both how all bogs 209 

are similar, and how they are different. It thus provides a foundation for understanding 210 

landforms that have been a major part of the Earth system since the Carboniferous34, and now 211 

have immediate practical importance because of large greenhouse gas and smoke emissions 212 

from drained peatlands10–13,19 that, if reversed, could make global climate goals 213 

achievable13,29,30. 214 
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Main figure legends 355 

Fig. 1. Monotonic relationship between bog morphology and solution to Poisson’s 356 

equation in global peatlands. (a) Bog name, location, and major peat-forming vegetation. 357 

See Fig. 2 for map of bog locations. (b) Irrecoverable carbon30 in the bog: carbon that would 358 

be vulnerable to loss in a typical land-use change event and cannot be recovered on climate-359 

relevant timescales (Methods). (c) Boundary used when approximating bog morphology in 360 

(f). Satellite images: CNES / Airbus, Google, Landsat / Copernicus, Maxar Technologies, 361 

TerraMetrics. (d) Map of peat surface elevations measured by lidar, in metres above sea level 362 

(light grey lines: contours; white arrows: flowlines). (e) All surface elevations from (d) 363 

plotted against the value of the solution to Poisson’s equation at the same location within the 364 

bog (blue points), showing Spearman’s rank correlation coefficient ρ. The bog-function 365 

(black line) was obtained by rank regression (Methods). (f) Approximate surface elevations 366 

from transforming the solution to Poisson’s equation using the bog-function shown in (e). 367 

The correspondence with measured elevations (d) is shown by the coefficient of 368 

determination R². (g) Surface elevations from lidar (d; blue points) and from our theory (f; 369 

black curves) along the transect shown as a dashed line in (f). 370 

Fig. 2. Distribution of bog sites in geographic and climate space. (a) Site locations, mean 371 

annual temperature55, and global peatland distribution (brown, ref.56). (b) Sites, literature 372 

peatland sites (brown, ref.36), and global land surface (grey) in “climate space” of mean 373 

annual temperature and precipitation; permafrost areas (light blue) are not considered in this 374 

study. 375 

Fig. 3. The bog-function approach subsumes existing models of bog morphology. 376 

Besides describing natural bogs (Fig. 1), our approach can also generate equilibrium 377 

morphologies for bogs according to the existing models of Ivanov / Ingram4,6 or Cobb et al. 378 



(2017),7 because these correspond to particular forms for the bog-function. (a) Hybrid 379 

example intermediate between the models of Ivanov and Ingram4,6 and of Cobb et al. (2017).7 380 

Gaussian noise has been added to the peat surface elevation to mimic microtopographic 381 

features typical in peatlands. (b) Cross-section of generated morphology. (c) In this example, 382 

time-averaged hydraulic transmissivity is set to a constant at the bog margin and then 383 

increases linearly with average water table elevation: this is a mixture of the equilibrium 384 

models of Ivanov and Ingram,4,6 wherein transmissivity increases linearly from zero at the 385 

bog margin, and Cobb et al. (2017)7 wherein time-averaged transmissivity is approximately 386 

uniform. (d) We include a trend in water level relative to the peat surface towards the bog 387 

interior, which is not accommodated by these earlier models. (e) Bog-function arising from 388 

the transmissivity (c) and water level functions (d), which transforms the Poisson “elevation” 389 

ϕ (f) to peat surface elevation p (g). This bog-function is intermediate between models of 390 

Ivanov / Ingram (square-root bog-function) and Cobb et al. (2017) (linear bog-function). 391 

Fig. 4. Estimating whole-bog morphology and irrecoverable carbon stocks from a single 392 

elevation transect. (a) Reksuo, a raised bog in Finland. Satellite image: Google, Landsat / 393 

Copernicus. (b) Lidar-derived elevations from the bog boundary and a transect provide a 394 

sample of the bog-function describing the relationship between the solution to Poisson’s 395 

equation ϕ(x,y) and surface elevations p. By transforming the solution to Poisson’s equation 396 

(c) using this approximate relationship (d), the bog morphology can be estimated with high 397 

accuracy in unsurveyed parts of the bog (e vs. f; root-mean-squared error 18.5 cm, bias −0.81 398 

cm). Subtracting a horizon that represents the limit of drainability using a grid of ditches (g; 399 

Methods) from the inferred morphology yields a map of the drainable thickness of peat (h), 400 

which closely matches estimates based on the complete surface morphology from lidar (i). (j) 401 

Cross-section along transect in (a), showing peat surface from the lidar transect (b, blue dots), 402 

approximate surface from bog-function (d, black line), drainability horizon (g), and the 403 



underlying clay substrate.57 (k) Vulnerable carbon stock in gigagrams (Gg) of each bog 404 

shown in Figs. 1 and 4 and Extended Data Fig. 1 based on its shape inferred from an 405 

elevation transect (a–i), vs. vulnerable carbon stock computed from its lidar-measured 406 

volume.  407 



Methods 408 

We first discuss the conditions that cause raised bog morphology to be rank-correlated 409 

with a solution to Poisson’s equation. We show that under these conditions a change of 410 

variables transforms nonlinear equations for the shape of the average water table and peat 411 

surface into Poisson’s equation. We then show how this approach can be used to estimate the 412 

morphology and the irrecoverable carbon stored by bogs around the world. Finally, we 413 

describe how we obtained lidar-based digital terrain maps and tested our approach. 414 

Observations underlying the bog-function approach  415 

We begin from four observations about raised bogs: 416 

Observation 1. The water table resides near the surface everywhere in a bog20, because where 417 

it does not, peat tends to accumulate or decompose towards an elevation near the mean water 418 

table.7 Where the water level—defined as the elevation of the water table minus the elevation 419 

of the peat surface—is higher, peat is protected from oxidation, and accumulates. Where the 420 

water level is lower, peat is exposed and decomposes.19 421 

Observation 2. Water levels at different locations across a bog move up and down in a similar 422 

way, so that the overall shape of the water table remains nearly steady as it is shifted up and 423 

down by rainfall, groundwater flow and evapotranspiration4,41,58,59. 424 

Observation 3. Peat structure and hydraulic properties show steep gradients in vertical 425 

profile60 but average properties vary little over horizontal distances of tens to hundreds of 426 

metres4,40–42. 427 

Observation 4. To the extent that water level and hydraulic properties vary, they both tend to 428 

have weak trends with distance from the bog margin61, possibly linked to an ecotone at the 429 

bog margin (the lagg20) or concentric zones of plant communities18,62,63, and are thus 430 

correlated with peat surface elevation. 431 



Assumptions based on observations 432 

From these general observations we reach the following four assumptions, which we use 433 

to derive an equation that implicitly describes bog morphology: 434 

Assumption 1. The water table elevation increases monotonically with peat surface elevation, 435 

i.e., where the peat surface elevation 𝑝 is higher, the water table 𝐻 is higher and vice versa, 436 

based on observations 1 and 2. 437 

Assumption 2. The water table gradient at any location is approximately constant with time, 438 

as implied by observation 2. Because the water table moves up and down uniformly, its 439 

gradient remains approximately the same, and equal to the gradient of the time-averaged 440 

water table. 441 

Assumption 3. Transmissivity, or the depth-integrated flow rate produced by a given water 442 

table gradient, is a function of the peat surface elevation p and the water level relative to the 443 

surface H – p. This assumption generalizes approximations commonly used in peatland 444 

hydrology that transmissivity is a function of water level and / or peat thickness above a flat 445 

substrate),4,6,7,41 while allowing for weak spatial trends in hydraulic properties correlated with 446 

peat surface elevation (observations 3 and 4). 447 

Assumption 4. Average net precipitation (precipitation P minus evapotranspiration ET) is 448 

spatially uniform. 449 

Change-of-variables linking bog morphology to Poisson’s equation 450 

We now demonstrate that a change of variables, under the assumptions above, links the 451 

water table and bog morphology to Poisson’s equation. We are interested in time-averaged 452 

behaviour over years, the timescales over which bog morphology develops. Therefore, we 453 

derive results for time-averages, denoted by angle brackets 〈〉, on a fixed time interval over 454 

which net precipitation is nonzero, and net changes in water storage and the peat surface 455 

elevation are small; to simplify our explanation, we consider the averaging interval to be a 456 



year. We start from Boussinesq’s equation for approximately horizontal groundwater flow457 

  458 
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which describes the rise or fall of the water table H (elevation above sea level) in response to 460 

net precipitation P – ET and the divergence of groundwater flow ∇⋅(T∇H). This equation is 461 

strongly nonlinear41 because the depth-integrated groundwater flow T∇H is controlled by the 462 

transmissivity T, and the transmissivity T(H, p) is itself a function of the water level and the 463 

peat surface elevation (assumption 3). Based on approximate water balance / 0yS H t   , 464 

the year’s net precipitation is balanced by the time-averaged divergence of horizontal flow 465 
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 466 

When water table fluctuations are uniform (assumption 2), the instantaneous gradient in the 467 

water table is equal to its time average ∇H(t) = ∇〈H〉, and thus the average horizontal flow 468 

〈T∇H〉 anywhere in the peatland is equal to the average water table gradient ∇〈H〉 times the 469 

average transmissivity at that location, 〈T∇H〉 = 〈T〉∇〈H〉, yielding 470 

 
 P ET .T H     

 (1) 471 

Note that although average net precipitation 〈P − ET〉 is spatially uniform 472 

(assumption 4), the average water table 〈H〉(x,y) and hence the average transmissivity 〈T〉(x,y) 473 

vary across the bog. Also, the time-averaged transmissivity 〈T〉(x,y) is not generally equal to 474 

the transmissivity at the average water table T(〈H〉(x,y), p(x,y)) because transmissivity is 475 

typically a strongly nonlinear function of the water level.41 Therefore, it is difficult to gain 476 

general insights from equation (1). However, as we will now show, because of the special 477 

characteristics of bogs (assumptions 1–4) the average transmissivity 〈T〉 can be written as a 478 

function of the average water table 〈H〉 and therefore it is possible to transform this nonlinear 479 

equation (1) into Poisson’s equation, enabling our general analysis. 480 



To proceed, we first show that under assumptions 1 and 3 the time averaged 481 

transmissivity 〈T〉 at any location is uniquely determined by the time averaged water table 482 

〈H〉 there. By assumption 1, the water table H increases monotonically with the peat surface 483 

elevation p. Consequently, any two distinct surface elevations p correspond at any time to 484 

two distinct water table elevations H, and two distinct annual average water table elevations 485 

〈H〉. By assumption 3, transmissivity T is determined by the surface elevation p and the water 486 

level H − p, but the water table elevation H at any time is uniquely identified by the surface 487 

elevation and therefore the surface elevation p also identifies the transmissivity T.  Because 488 

the average water table 〈H〉 identifies the surface elevation p, and the surface elevation p 489 

identifies the instantaneous transmissivity, it follows that, in a given year, the average 490 

water table 〈H〉 at a location also uniquely identifies the time-averaged transmissivity there 491 

〈T〉. Therefore we can define a function f (specific to the year) that transforms the average 492 

water table elevation at any location in the bog to the average transmissivity 493 

  494 

    ⟨𝑇⟩(𝑥, 𝑦) = 𝑓[⟨𝐻⟩(𝑥, 𝑦)]⟨P − ET⟩    (2) 495 

 496 

where we have normalised by net precipitation, which is spatially uniform by assumption 4. 497 

This normalisation reduces the effect of the averaging interval on f (see Example with 498 

dynamic water tables, below). Substituting this equation (2) for time-averaged transmissivity 499 

〈T〉 into the time-averaged water balance equation (1) and cancelling net precipitation, we 500 

have 501 

    −1 = ∇ ⋅ [𝑓(⟨𝐻⟩)∇⟨𝐻⟩].     (3) 502 

If we could define a scalar field ϕ(x,y) that had a gradient proportional to the contents of the 503 

brackets [] in this equation (3), we would have Poisson’s equation. 504 

We now define the Poisson “elevation”   as the integral of the function f  in equation 505 

(2) 506 
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scaled by a constant k chosen to make ϕ dimensionless.  Taking the gradient of equation (4) 508 

and applying the fundamental theorem of calculus gives ∇ϕ = k[f(〈H〉)∇〈H〉]. Substituting this 509 

result for the square brackets [] in equation (3), and using  the definition of the Laplacian 510 

operator ∇² = ∇⋅∇, equation (1) for the average water table can be expressed equivalently as 511 

Poisson’s equation in the Poisson “elevation”   512 

 2 .k    (5) 513 

This Poisson “elevation” ϕ is convertible to the surface elevation p through a two-step 514 

transformation. Inverting equation (4) transforms the Poisson elevation ϕ(x,y) to the mean 515 

water table 〈H〉(x,y) (the function is invertible because transmissivity is strictly positive); and 516 

the mean water table elevation 〈H〉 determines the peat surface elevation p(x,y) because the 517 

peat surface elevation is monotonically related to the mean water table elevation (assumption 518 

1). The bog-function p(ϕ), which converts Poisson “elevations” ϕ to actual bog surface 519 

elevations p, is the composition of these two transformations. An example of the two-step 520 

process is given below (Example: Hybrid between existing steady-state models); a later 521 

section (Solving Poisson’s equation and determining the bog-function) describes how we 522 

determined bog-functions empirically for the bogs in Fig. 1.  523 

The constant k can be thought of as a representative curvature for raised bogs, divided 524 

by a reference height scale. In our analysis, we took a perfectly round 1 km2 bog with a mean 525 

thickness of 1 m and uniform curvature as our reference64, giving k = 8π km−2. Using a 526 

universal value for the constant k allows us to see how the potential for peat accumulation is 527 

controlled by the size and shape of the bog boundary across sites (Fig. 1e). 528 

The bog-function p(ϕ) 529 



The bog-function p(ϕ) and the dimensionless Poisson “elevation” ϕ describe different 530 

aspects of a bog’s morphology. The dimensionless Poisson “elevation” ϕ represents an 531 

abstract reference morphology implied by the geometry of the bog boundary, independent of 532 

climate and ecosystem. In contrast, the bog-function p(ϕ), which produces the peat surface 533 

morphology p(x,y) from the Poisson “elevation” (Fig. 1), encapsulates the ecosystem 534 

processes that determine how the average transmissivity, normalised by net precipitation, 535 

varies with mean water table elevation in a particular bog in a specific climate regime. A 536 

steeper bog-function can be expected under conditions that are known to favour bog 537 

convexity, including an older bog, a wetter climate, faster organic matter production, and 538 

slower decomposition,3,4,6,7 though a full exploration of the effects of these factors on the 539 

bog-function awaits further study.  540 

The bog-function is approximately constant across year-to-year climate variability 541 

because the peat surface is quasi-steady and the solution to the Poisson equation (3) is 542 

uniquely determined by its boundary conditions. Although the functions f(〈H〉) and ϕ(〈H〉) 543 

that relate the mean water table to the mean transmissivity and Poisson “elevation” may vary 544 

from year to year and may also be infeasible to measure or compute, whenever our 545 

assumptions (1–4) are satisfied, these functions exist, and the relationship between Poisson 546 

“elevation” ϕ and surface elevation p holds (see also Example with dynamic water tables, 547 

below). 548 

Link between the Poisson “elevation” ϕ and the Girinsky potential 549 

Similar changes of variables are a standard strategy for solving nonlinear variants of 550 

Poisson’s equation like equation (1)65,66. A related change-of-variables has been used to 551 

derive the shape of the water table in groundwater flow problems, using a variable called the 552 

Girinsky potential67,68. The Girinsky potential is written as the integral of hydraulic 553 

conductivity K weighted by depth below the water table 554 
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Because the integral of conductivity with respect to depth is the transmissivity 𝑇 =556 

∫ 𝐾
𝐻

𝑧=0
(𝑧) 𝑑𝑧, the Girinsky potential can also be written as an integral of the transmissivity: 557 

splitting terms and integrating by parts, 558 
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Thus, the Poisson “elevation” ϕ defined here is similar to the Girinsky potential, with the 560 

addition of time-averaging to cope with fluctuating water tables (equation 1) and 561 

normalisation by the constant k and net precipitation (equations 2–4). 562 

Example: Uniform conductivity, steady-state model of Ivanov 563 

As an example, we consider the case of steady flow through peat with a uniform 564 

conductivity above an impermeable substrate at the drainage elevation, discussed in one 565 

dimension by Ivanov4 and Ingram6 and since applied widely, with varying results69. If the 566 

uniform conductivity model is extended above the minimum water table, it implies large, 567 

non-uniform water table fluctuations, which are not observed. Ivanov and Ingram did not 568 

consider water table fluctuations with rainfall in their derivation and we assume that they 569 

envisioned such fluctuations being suppressed by a highly permeable layer near the peat 570 

surface or by overland flow. If steady flow occurs through peat with uniform conductivity, 571 

the transmissivity T = KH is the product of the conductivity K and the water table elevation 572 

above the substrate H, leading to a steady-state water table equation 573 
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    with 2 /k K  for this example and substituting, we 575 

obtain Poisson’s equation (3), or, rearranging, 576 
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 577 

By solving Poisson’s equation and taking the square root of the result, we obtain the steady 578 

water table elevation. If, as assumed by Ivanov4 and Ingram6, the water level relative to the 579 

surface ζ (water table minus surface elevation, ζ = H − p) is uniform, the peat surface 580 

elevation is obtained easily from the water table as p = H − ζ. 581 

Example: Hybrid between existing steady-state models 582 

For the hybrid example shown in Fig. 3, we extended the above simple uniform-583 

conductivity model as follows.  We first chose a linear function for time-averaged 584 

transmissivity T   vs. time-averaged water table H   585 

 ,oT T K H       (6) 586 

which is a generalisation of the steady-state uniform-conductivity model of Ivanov4 and 587 

Ingram6 and the stationary uniform-transmissivity model of Cobb et al.7. This equation (6) is 588 

a specific instance of equation (2) for time-averaged transmissivity 〈T〉 as a function of time-589 

averaged water table elevation 〈H〉. We then chose a function for the mean water level 590 

〈ζ〉(〈H〉) relative to the peat surface in terms of the water table elevation 591 

 o c H     
 592 

and set its parameters arbitrarily to o  = −0.1 m and c = 0.005. 593 

Recalling that peat surface elevation p = 〈H〉 − 〈ζ〉, we integrated equation (2) to 594 

compute the Poisson “elevation”  595 
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where b = 〈P − ET〉/k. By solving the quadratic, we then recovered the mean water table 597 

elevation 〈H〉 with non-zero catotelm conductivity K ≠ 0 as 598 
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or, for negligible catotelm conductivity K = 0, / oH b T    .  The smooth or ideal surface p 600 

is obtained easily from the mean water table elevation 〈H〉 as 601 
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 602 

and thence the simulated surface p  is obtained by adding noise ε 603 

 ( , ).p p x y   604 

Example with dynamic water tables 605 

To illustrate how this simple approximation for the quasi-steady form of the peat surface 606 

and average water table is compatible with highly dynamic water tables, we re-analysed a 607 

flowtube simulation of water table dynamics in the Mendaram bog presented in ref.7 608 

(Extended Data Fig. 2). The simulation models the 3000-year development of the Mendaram 609 

bog using a flowtube hydrological and peat accumulation model; in this analysis, we examine 610 

the portion of the simulation in the recent past, when the simulation closely approximates the 611 

modern peat surface as determined by lidar7. The simulation satisfies the assumptions behind 612 

our approach, because flow is driven by uniform net precipitation and the flow domain is a 613 

one-dimensional flowtube bounded by fixed flowlines (Extended Data Fig. 2a), so there is, 614 

trivially, a unique water table height H for each distinct surface elevation p; and the 615 

transmissivity T in the simulation is a function of the water level ζ. 616 

As the example demonstrates, with varying rainfall, the dynamics of the water table and 617 

their instantaneous effect on transmissivity may be complex. Simulated water level 618 

fluctuations in the bog margin and interior are similar (Extended Data Fig. 2b), but subtly 619 

different, leading to higher mean water levels in the bog interior (Extended Data Figs. 2c and 620 

d). In these simulations, transmissivity is a strongly nonlinear function of the water level 621 

(Extended Data Fig. 2e), so that differing distributions of water level across years and 622 



locations lead to different mean transmissivities, even at the same mean water level 623 

(Extended Data Fig. 2f). 624 

Nonetheless, the fundamental constraint imposed by approximate water balance over 625 

annual time scales leads to a monotonic and stable relationship between peat surface 626 

elevation and the Poisson “elevation” ϕ. Because mean water table gradients are similar from 627 

year to year, and changes in net storage over each year are small, most of the variation in net 628 

precipitation across years must be compensated by changes in mean transmissivity (equation 629 

(1)). Thus, mean transmissivity normalised by net recharge is essentially independent of the 630 

year considered (Extended Data Fig. 2g). Minor inter-annual differences in the function f 631 

relating mean water table elevation to recharge-normalised transmissivity are compensated by 632 

changes in mean water level 〈ζ〉, so that the bog-function p(ϕ) is the same across years 633 

(Extended Data Fig. 2h). This compatibility with highly dynamic water tables enables the 634 

application of the bog-function approach to real bogs from all climate settings without 635 

permafrost, from northern to tropical to southern latitudes. 636 

Digital terrain models from lidar data 637 

We derived digital terrain models (DTMs) from lidar data for each of the eight bogs we 638 

analysed, at Hamilton Bay (Alaska, USA), Milot (Quebec, Canada), Great Cranberry Island 639 

(Maine, USA), Valgeraba (Estonia), Mendaram (Brunei Darussalam), Kopuatai (New 640 

Zealand), Reksuo (Finland), and Lost River (Minnesota, USA). For Valgeraba and Milot, we 641 

downloaded freely available lidar-derived DTMs provided by the Estonian Topographic 642 

Database (10 m resolution; https://geoportaal.maaamet.ee/) and the Natural Resources of 643 

Canada HRDEM project (1 m resolution; http://open.canada.ca/en/open-maps). For the other 644 

six sites, we obtained lidar point cloud data from these portals: Hamilton Bay: USGS 645 

National Map, product LPC AK POW P2 2018 (https://nationalmap.gov); Lost River: 646 

Minnesota Geospatial Information Office (https://www.mngeo.state.mn.us/); Great Cranberry 647 

https://geoportaal.maaamet.ee/
http://open.canada.ca/en/open-maps
https://nationalmap.gov/
https://www.mngeo.state.mn.us/


Island: USGS National Map, product LPC ARRA-LFTNE MAINE 2010 648 

(https://nationalmap.gov); Reksuo: National Land Survey of Finland 649 

(https://tiedostopalvelu.maanmittauslaitos.fi/tp/kartta?lang=en); Mendaram: Brunei 650 

Darussalam Survey Department (purchased; https://survey.gov.bn); Kopuatai: 651 

OpenTopography (collection Huntly, Waikato, New Zealand 2015-2019, 652 

https://portal.opentopography.org). 653 

For Valgeraba and Milot, we downsampled the available 10 m and 1 m lidar-derived 654 

DTMs to a 20 m resolution DTM using a geospatial translator library70. For Hamilton Bay, 655 

Lost River, Great Cranberry Island, Reksuo, Mendaram, and Kopuatai, we created DTMs 656 

from the lidar data as follows. We first filtered point cloud data to last-return points (using 657 

libLAS version 1.8.1, http://liblas.org, and PDAL version 2.4.3, https://pdal.io/). We then 658 

removed outliers among last-return points using two methods: (1) within each cell of a 659 

Cartesian grid, we removed outliers more than 3 times the interquartile range below the lower 660 

quartile (Tukey’s fence) and recorded the value and location of the lowest among the 661 

remaining points; and (2) we removed points with deviations of more than 2 m (Hamilton 662 

Bay) or 3 m (all other sites) from a bicubic spline surface through the points [using 663 

v.outlier71].  Note that this surface was used only to identify outliers, and not to create the 664 

elevation rasters. The remaining local minima were used to construct a gridded DTM for each 665 

of these sites by inverse-distance weighted interpolation using a geospatial translator 666 

library70. The Cartesian grid sizes used for the sites were 10 m for Hamilton Bay and Milot; 667 

20 m for Great Cranberry Island, Reksuo, Valgeraba, and Mendaram; and 30 m for Lost 668 

River and Kopuatai. 669 

These unsmoothed elevation rasters were used for all calculations except for drawing 670 

flowlines (Figs. 1, 4 and Extended Data Fig. 1), for which local minima in the raw elevation 671 

rasters sometimes prevented assembly of complete flowlines. For drawing flowlines in 672 
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figures, and for this purpose only, we gridded lidar-derived points using inverse-distance 673 

weighted interpolation with smoothing (using gdal_grid70). 674 

Drawing bog boundaries 675 

We drew a boundary for each bog with a Geographic Information System (QGIS, 676 

https://qgis.org), using visual imagery (Google Tile Map Service) to identify bog edges based 677 

on shifts in vegetation and with reference to maps and descriptions in literature sources for 678 

Hamilton Bay72, Lost River73, Milot74, Great Cranberry Island75, Reksuo76, Valgeraba77,78, 679 

Mendaram79, and Kopuatai80–83. Because the extended Poisson equation (5) is satisfied in any 680 

portion of a bog where assumptions 1–4 are valid (see Assumptions based on observations), 681 

the bog-function approach does not require that a bog is bounded by channels (cf. refs.6,7). 682 

Thus, our approach is applicable to bogs embedded in large peatland complexes, such as 683 

those covering thousands to millions of hectares in areas of North America, Peru, Ireland, 684 

Scandinavia, and Siberia62,84–87, where water may flow out of a bog into marginal fens, or 685 

may discharge into mineral soils without breaching the surface62,84. Indeed, one can draw a 686 

boundary along any closed curve inside the bog, and solve the Poisson equation inside that 687 

curve as if it were the boundary of the bog. This feature made our approach applicable at 688 

Hamilton Bay, Lost River, Milot, and Reksuo, where we drew boundaries to exclude patches 689 

and fringes of dense vegetation that could reduce the accuracy of lidar ground elevations. 690 

Lost River and Kopuatai are both mire complexes with multiple raised bogs. At Lost 691 

River, we chose the largest raised bog in the complex because we expected that it would have 692 

the highest relief, and thus the greatest signal-to-noise ratio relative to error in the lidar data. 693 

The Lost River area was ditched in the early 20th century88,89, and we drew the boundary to 694 

exclude an east-west ditch north of the bog crest. In addition, we drew a second boundary 695 

ignoring the ditch to show the effects on our analysis if its assumptions are not well satisfied 696 

(top row of Extended Data Fig. 1). At Kopuatai, we drew a boundary around the raised bog in 697 
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the northern part of the mire complex, as it appeared less affected by lidar artefacts from 698 

dense vegetation, as discussed later (see Comparing measured and modelled bog 699 

morphologies). 700 

At two bogs, Milot and Mendaram, elevation data coverage of the bog area was 701 

incomplete. In these cases, we adjusted the boundary conditions to use the available data 702 

(Extended Data Fig. 3). At Milot, elevation data were unavailable for the south-eastern corner 703 

of the bog (Extended Data Fig. 3a). Because the edge of available data lay close to the bog 704 

margin, we drew the boundary to exclude the area of missing data and applied fixed-elevation 705 

(Dirichlet) boundary conditions. At Mendaram, the available data end at a national border, 706 

which passes near the dome crest. In this case, we estimated the location of the bog crest 707 

based on the topographic setting of the bog on an interfluve between two rivers (Extended 708 

Data Fig. 3b) and drew a no-throughflow (Neumann) boundary comprising the groundwater 709 

divide and estimated flowlines extending to the Agas and Pendaruan Rivers (Extended Data 710 

Fig. 3b–d); these rivers are obscured by floating vegetation but are visible in high-resolution 711 

images (Extended Data Fig. 3c). 712 

Solving Poisson’s equation and determining the bog-function 713 

Provided our assumptions are satisfied, there is a bog-function p(ϕ) that relates the bog 714 

surface morphology p(x,y) to the solution to Poisson’s equation ϕ(x,y). Although our analysis 715 

begins with known surface elevations p along the boundary, solving Poisson’s equation 716 

requires the specification of boundary conditions in terms of ϕ. Therefore, in general, the 717 

solution of Poisson’s equation ϕ(x,y) and the determination of the bog-function p(ϕ) must be 718 

done together. 719 

To jointly approximate the solution to Poisson’s equation ϕ(x,y) and the bog-function 720 

p(ϕ), we used a simple linear correction to accommodate non-flat boundaries, as we explain 721 

now. Suppose that the bog morphology is described by a linear bog-function p = mϕ + b up to 722 



some elevation contour 𝑝∗ which lies above the highest point on the boundary. Then on the 723 

part of the bog with surface elevations below 𝑝∗, the surface elevation p(x,y) itself satisfies 724 

Poisson’s equation, like ϕ(x,y), but with a different right-hand-side −∇²p = mk. We 725 

decompose the surface elevations below 𝑝∗ into two components 𝑝 = 𝑝0 + 𝑝ℓ, where 𝑝0 is 726 

the solution to the Poisson equation −∇2𝑝0 = 𝑚𝑘 with a zero boundary, and 𝑝ℓ is the 727 

solution to the Poisson equation with the actual boundary elevations and a zero right-hand-728 

side −∇2𝑝ℓ = 0. (On the boundary, 𝑝0 = 0 so 𝑝 = 𝑝ℓ; and on the interior, ∇2𝑝ℓ = 0 so 729 

−∇2𝑝 = −∇2𝑝0 = 𝑚𝑘, as required.) We have the boundary elevations, so we can solve the 730 

Poisson equation with zero right-hand-side to obtain 𝑝ℓ, and then obtain values for 𝑝0 = 𝑝 −731 

𝑝ℓ by subtraction. But in the part of the bog where 𝑝 ≤ 𝑝∗, 𝑝0 also satisfies the Poisson 732 

equation −∇2𝑝0 = 𝑚𝑘 with a zero boundary. Therefore, if we define a variable 𝜙0 that 733 

solves the Poisson equation −∇2𝜙0 = 𝑘 with a zero boundary, we can obtain estimates of m 734 

and b by linear regression of 𝑝0 against 𝜙0. We can then use the linear approximation p ≈ mϕ 735 

+ b to convert the elevations p into values for ϕ on the boundary, and solve for Poisson 736 

“elevations” ϕ(x,y) in the interior. 737 

To apply this strategy and obtain the solution to Poisson’s equation ϕ(x,y) and the bog-738 

function p(ϕ), we first numerically solved Poisson’s equation −∇2𝜙0 = 𝑘 with zero boundary 739 

conditions as described in ref.64. Briefly, we created a quadrilateral mesh within each 740 

boundary90 and solved Poisson’s equation on the mesh with a solver written in Cython 741 

(http://cython.org) using a finite element library (deal.II91,92). We sampled the numerical 742 

solution for each mesh (using VTK Python, http://vtk.org) on a grid matching that of the 743 

bog’s lidar-derived elevation raster. We then solved the Poisson equation again with zero 744 

right-hand-side and boundary elevations from the DTM to obtain 𝑝ℓ. We set a threshold peat 745 

surface elevation 𝑝∗ to at least the highest boundary elevation, but no less than 60 cm above 746 

the lowest point on the boundary, to ensure stable regression results given noise in the DTM 747 
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data. We then extracted all surface elevations below this threshold and obtained the slope m 748 

of the bog-function near the boundary as the slope of 𝑝 − 𝑝ℓ against 𝜙0, and set the arbitrary 749 

offset 𝑏 so that ϕ = 0 at the average elevation of 𝑝ℓ. We used these regression coefficients m, 750 

b for the sole purpose of obtaining boundary conditions in terms of ϕ, and then solved 751 

Poisson’s equation for ϕ(x,y) in the bog interior. 752 

We next obtained the bog-function p(ϕ) for the entire bog using rank regression.93 753 

Regression of ranks R(p) of surface elevations against ranks R(ϕ) of Poisson “elevations” 754 

yielded a slope 𝑚𝑟 and intercept 𝑏𝑟, which we used to compute estimated ranks 𝑅̂(𝑝̂) of 755 

surface elevation from ranks R(ϕ) of Poisson “elevation” 756 

𝑅̂(𝑝̂) = 𝑚𝑟  𝑅̂(𝜙̂) + 𝑏𝑟 . 757 

The estimated surface elevation 𝑝̂ was then determined from its estimated rank 𝑅̂(𝑝̂) by 758 

linear interpolation. The resulting function 𝑝̂(𝜙) is guaranteed to be non-decreasing because 759 

of the properties of rank regression and therefore satisfies the requirements of a bog-function, 760 

and plotting 𝑝̂(𝑥, 𝑦) in space produces a morphology that represents the approximation 761 

resulting from our assumptions. 762 

We note that this strategy for estimating the bog-function does not attempt to optimize 763 

the mean-squared error in the Poisson-derived morphology relative to the measured 764 

morphology, and therefore we believe that even better strategies could be devised. However, 765 

this strategy has the advantages of being simple and noniterative, and yields excellent results 766 

in practice (Figs. 1 and 4, Extended Data Fig. 1). 767 

Comparing measured and modelled bog morphologies 768 

To evaluate rank-correlation between the solution to Poisson’s equation ϕ(x,y) and 769 

lidar-determined DTM elevations p(x,y), we computed Spearman’s rank correlation 770 

coefficient ρ as the correlation between the ranks R(ϕ) of Poisson “elevations” and the ranks 771 

R(p) of the surface elevations.  To evaluate the accuracy of Poisson-derived morphologies, 772 



we computed root-mean-squared differences between lidar and Poisson-derived 773 

morphologies as the square-root of the sum of squared differences between elevations in each 774 

pixel of the lidar and Poisson-derived elevation rasters. We also computed the coefficient of 775 

determination R2 of the Poisson-derived morphologies in the standard way, as one minus the 776 

sum of squared differences divided by the variance in lidar raster elevations. 777 

Whereas Spearman’s rank correlation coefficient ρ quantifies the monotonicity of the 778 

relationship between the Poisson- and lidar-derived elevations, the coefficient of 779 

determination R² quantifies the agreement between our approximation and the lidar surface, 780 

with its accompanying measurement error. Vertical accuracy of lidar DTMs in different 781 

biomes ranges from 12 cm to 195 cm RMSE94. In addition, the hummock-and-hollow surface 782 

patterning typical of peatlands creates local variation in surface elevation, not modelled by 783 

our theory, of up to 50 cm over distances of a few metres7,31,95. 784 

The largest source of error in lidar DTMs in non-mountainous habitats is dense foliage 785 

that prevents the beam from hitting the ground94. The areas most affected by such errors 786 

appeared to be dense conifer stands and patches in northern bogs, and patches in the restiad 787 

bogs at Kopuatai, where interlocking restiad stems can block light penetration96. Conifers in 788 

northern bogs were mostly found in the lagg ecotone at the bog edge, and were avoided by 789 

drawing the boundary accordingly. At Lost River and Kopuatai, patches of conifers and 790 

restiads, respectively, occurred within the bog expanse and could not be excluded; their 791 

effects are visible in the lidar DTMs (Fig. 1 and Extended Data Fig. 1) and help to explain the 792 

lower correlation coefficients for those two bogs. 793 

Estimating overall bog morphology from an elevation transect 794 

We computed transect-derived morphologies in the same way as the Poisson-derived 795 

morphologies, except that the bog-function for transforming Poisson elevations ϕ to 796 

estimated elevations p̂  was created using only lidar and Poisson elevations within 30 m of 797 



the transect, selected using a spatial database (PostGIS, https://postgis.net/). The transects 798 

were drawn through the bog crest to span the range of elevations in the bog and to illustrate 799 

the complexity of elevation profiles that can arise with natural bog boundaries. 800 

Estimating irrecoverable carbon in bogs 801 

Because current interest in peatland carbon stocks is motivated by their potential climate 802 

impact following drainage,12,13,19,26,29,30 we estimated the carbon in each bog that is vulnerable 803 

to emission as carbon dioxide upon land-use conversion, following the definition of 804 

irrecoverable carbon in refs.30,43. Modern land-use conversion of a raised peatland typically 805 

starts with removal of trees and excavation of a uniform rectangular grid of ditches or 806 

subsurface drains discharging at the bog boundary.8,20,27,44–46 As carbon is lost to aerobic 807 

decomposition and fire and the peat surface subsides, ditches are deepened,20,47 until peat is 808 

no longer drainable by this approach. At the limit of drainability, the peat surface will no 809 

longer be raised and will resemble the solution to Laplace’s equation (e.g., Fig. 4g), which 810 

can be pictured as an elastic sheet stretched across the bog boundary. Peat below this surface 811 

is only drainable by careful exploitation of site-specific conditions,97,98 by pumping,27 or the 812 

creation of polders, which is rarely done for new land conversion because it is complex, 813 

expensive, and, in areas of high rainfall, infeasible.27,46,99,100 We therefore estimated each 814 

bog’s irrecoverable carbon stock as the volume of peat above this drainability horizon 815 

multiplied by an appropriate carbon density (see Carbon density, below). To calculate the 816 

drainability horizon for each bog, we drew a second polygon at the edge of the raised part of 817 

the bog, which in some cases lay outside the boundary used for estimating the bog 818 

morphology (see notes under Drawing bog boundaries, above). The calculated drainability 819 

horizons for all bogs are included in the linked dataset.101 820 

Although our focus is on irrecoverable carbon stocks, that is, vulnerable carbon stocks 821 

directly relevant to climate action,30 we note that our approach can be combined with a 822 
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sample of peat thicknesses to estimate total carbon stocks in raised bogs, including both 823 

vulnerable and safe pools. Though the safe carbon pool in bogs is not at risk of release in 824 

typical modern land-use change events, it is still useful to quantify this safe stock as a part of 825 

the biogeochemical cycle of carbon on longer time scales, just as it is valuable to quantify 826 

carbon in peats that are now submerged on continental shelves102,103 or buried under mineral 827 

soils.36 Safe bog carbon is related to bog morphology through a correlation between peat 828 

surface elevation and peat thickness observed within many bogs around the world.48 This 829 

correlation is attributable to the depositional settings in which bogs form. The largest bog 830 

complexes of Southeast Asia, North America, and Siberia formed on emerging coastal plains, 831 

prograding deltas, ancient sedimentary deposits, or the abandoned basins of vast glacial lakes, 832 

where elevation gradients are very small4,32,62,84,85,104–106 (slope of correlation ≈ 1). Smaller, 833 

isolated bogs of North America and Europe typically formed in depressions,62,84 so that the 834 

substrate is concave and the surface is convex48 (slope of correlation > 1). In either case, the 835 

parameters of the correlation between peat surface elevation and thickness are identifiable 836 

from a sample of thicknesses obtained by manual soundings or geophysical methods.48,107–109 837 

Combining these parameters with bog morphology then provides an estimate of mean peat 838 

thickness; the uncertainty can be made arbitrarily small by taking more soundings. In cases 839 

where the correlation is weak, this approach devolves to a full thickness survey, but where 840 

the correlation is strong, availability of bog surface morphology will greatly reduce the effort 841 

required to estimate safe bog carbon stocks, in addition to vulnerable stocks. 842 

To illustrate vulnerable carbon, safe carbon, and the boundary between the two, we 843 

plotted a cross-section through Reksuo bog in Finland (Fig. 4j). To show the profile of the 844 

underlying clay substrate at Reksuo, we digitized contours of clay subsurface elevations from 845 

Fig. 3D of ref. 57. For each intersection between a contour and the profile transect (shown in 846 

Fig. 4a), we recorded the contour elevation and the distance of the intersection from the end 847 



of the transect. These points mark the upper boundary of the clay in the cross-section shown 848 

in Fig. 4j. 849 

Carbon density 850 

Estimates of both vulnerable and safely sequestered carbon require site data on the 851 

carbon density of the peat in a bog. A carbon density for each site was obtained from peat 852 

core data from the bog itself or a nearby bog as follows. For Hamilton Bay, Lost River, and 853 

Milot, we used the mean dry bulk density of cores in ref.74 from Pleasant Island, Red Lake, 854 

and Milot, multiplied by the carbon content of 0.517 used by ref.23, giving carbon densities of 855 

45.7 kg C m−3, 46.8 kg C m−3, and 38.2 kg C m−3, respectively. For Great Cranberry Island, 856 

we obtained a carbon density of 50.4 kg C m−3 from the mean bulk density and carbon 857 

content of the “Sidney Bog” core from Dan Charman in the database of Loisel et al.110. For 858 

Reksuo, we used 25.1 kg C m−3, computed from mean carbon content to a depth of 549 cm in 859 

the Siikaneva core from Paul Mathijssen in the same database110. For Valgeraba, we used 860 

44.7 kg C m−3, computed from tabulated core data from Nigula Raba given in ref.111. For 861 

Mendaram, we computed a value of 39.2 kg C m−3 from mean dry bulk density and carbon 862 

content of a core at that site112. For Kopuatai, we used a value of 25.6 kg C m−3 computed 863 

from mean bulk density81 and carbon content113 of peat samples at the site. 864 

Peatland mean annual temperature and precipitation 865 

To plot the mean annual temperature and precipitation of literature peatland study sites 866 

(Fig. 2b), we sampled WorldClim mean annual temperature and mean annual precipitation 867 

rasters (WorldClim version 2.1; 30 arc-second grid, 1970–200055) using peatland geographic 868 

coordinates provided by ref.36. We added the global land surface to this plot by transforming 869 

the WorldClim rasters to an equal-area projection (Mollweide) and shading each hexagonal 870 

partition of temperature-precipitation climate space containing at least one land pixel. We 871 



obtained mean annual temperature and precipitation for each of the eight bogs analysed here 872 

by sampling at the centroid of its boundary from the same WorldClim rasters. 873 

  874 



Data availability 875 

The lidar and topographic data used in this study are available from the Estonian 876 

Topographic Database, the Natural Resources of Canada HRDEM project, USGS National 877 

Map (products LPC AK POW P2 2018 and LPC ARRA-LFTNE MAINE 2010), Minnesota 878 

Geospatial Information Office, National Land Survey of Finland, the Brunei Darussalam 879 

Survey Department, and OpenTopography (collection Huntly, Waikato, New Zealand 2015-880 

2019). The derived data reported in this paper have been deposited in the PANGAEA open 881 

access data archive, doi:10.1594/PANGAEA.931195.  882 
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Extended Data Figure legends 1063 

Extended Data Fig. 1. Inferring morphology of bogs with ditching. Analysis of a bog cut 1064 

by a ditch in Lost River peatland, Minnesota. Bog boundaries, lidar-derived surface 1065 

elevations, and approximations to bog morphology from transforming the solution to 1066 

Poisson’s equation to bog surface elevations as in Fig. 1. Top: Analysis of peatland boundary, 1067 

ignoring ditch. If the ditch is ignored, the rank-correlation between surface elevations and 1068 

Poisson “elevations” is lower (0.98) because the assumptions underlying our approach are not 1069 

valid in the ditch, where open-channel flow occurs. Bottom: Analysis of a subdomain that 1070 

excludes the ditch, showing excellent agreement with the lidar topography (ρ = 0.99). The 1071 

correlation coefficient is also improved (0.98 vs. 0.96) despite the smaller total relief within 1072 

the subdomain boundary (2.45 m vs. 4.21 m) relative to microtopographic relief (∼0.3 m). 1073 

Satellite images: Google, Landsat / Copernicus. 1074 

Extended Data Fig. 2. Re-analysis of topography, time-averaged water table and 1075 

hydraulic transmissivity in a dynamic model. (a) Location of flowtube on the Mendaram 1076 

bog for simulation shown in Fig. 7 of ref.7. Satellite image: CNES / Airbus, Google, Maxar 1077 

Technologies. (b) Simulated water level, relative to local depressions, in the bog interior and 1078 

at the bog margin, driven by recharge derived from weather station rainfall. The data intervals 1079 

that are shown correspond to calendar years 2001, 2003 and 2007. (c) Minimum and 1080 

maximum water tables within the flowtube for 2001, 2003, and 2007 (2007 overlies other 1081 

years). (d) Distribution of water level for 2001, 2003, and 2007 (same colour scheme as b) 1082 

for bog interior (solid) and margin (dashed); interior and margin time series are plotted in (b) 1083 

but are not distinguishable. (e, f) Hydraulic transmissivity in the model as a function of water 1084 

level (black line), and time-averaged transmissivity and water level along the flowtube 1085 

(coloured points) in the three simulation years. (g) Average transmissivity divided by net 1086 

recharge vs. surface elevation for 2001, 2003 and 2007. (h) Bog surface (black dashed line) 1087 



and time-averaged water table ⟨𝐻⟩ (coloured lines) vs. Poisson “elevation” ϕ for 2001, 2003 1088 

and 2007 (2007 overlies other years). 1089 

Extended Data Fig. 3. Inferring morphology of bogs with incomplete elevation data. (a) 1090 

Milot: available elevation data exclude south-east corner of bog. (b) Mendaram: elevation 1091 

data end at national boundary. (c) Rivers bounding Mendaram bog are obscured by floating 1092 

vegetation, but visible in high-resolution images. (d) Estimated bog crest (groundwater 1093 

divide) and flowlines used as no-flow (Neumann) boundaries. The location of the 1094 

groundwater divide was estimated from available elevation data and the larger topographic 1095 

setting (b). Satellite images: CNES / Airbus, Google, Maxar Technologies. 1096 
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