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Abstract

Peatlands are spatially heterogeneous ecosystems that develop due to a complex set of
autogenic physical and biogeochemical processes and allogenic factors such as the climate
and topography. They are significant stocks of global soil carbon, and therefore predicting
the depth of peatlands is an important part of establishing an accurate assessment of their
magnitude. Yet there have been few attempts to account for both internal and external pro-
cesses when predicting the depth of peatlands. Using blanket peatlands in Great Britain as
a case study, we compare a linear and geostatistical (spatial) model and several sets of
covariates applicable for peatlands around the world that have developed over hilly or undu-
lating terrain. We hypothesized that the spatial model would act as a proxy for the autogenic
processes in peatlands that can mediate the accumulation of peat on plateaus or shallow
slopes. Our findings show that the spatial model performs better than the linear model in all
cases—root mean square errors (RMSE) are lower, and 95% prediction intervals are nar-
rower. In support of our hypothesis, the spatial model also better predicts the deeper areas
of peat, and we show that its predictive performance in areas of deep peat is dependent on
depth observations being spatially autocorrelated. Where they are not, the spatial model
performs only slightly better than the linear model. As a result, we recommend that practi-
tioners carrying out depth surveys fully account for the variation of topographic features in
prediction locations, and that sampling approach adopted enables observations to be spa-
tially autocorrelated.

Introduction

Peatlands are globally significant stores of soil carbon, are important for biodiversity, and pro-
vide many important ecosystem services such as water regulation, and the provision of food,
fibre, and fuel [1,2]. Peatlands develop due to the complex interactions between external forc-
ing and internal biogeochemical processes [3,4] when poorly decomposed plant litter accumu-
lates over millennia in waterlogged conditions. Although external factors such as climate,
geomorphology, and the influence of humans play important roles in the initiation, expansion,
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and fate of peatland carbon (C) [5], their impact can be mediated by internal negative feedback
mechanisms [6,7]. This combination of allogenic factors and autogenic feedbacks results in
heterogeneous peat accumulation across a peatland [8,9] which make it challenging to assess
peat depth over large areas [10]. Blanket peatlands are hyperoceanic ombrotrophic bogs that
develop over hilly or undulating terrain covering large areas including all but the steepest
slopes. They are found in Europe (Great Britain, Iceland, Ireland, Norway), North America
(Labrador, Newfoundland, Alaska), South America (Falkland Islands, Patagonia, Ecuador,
Columbia), Asia (e.g. Kamchatka), and Australasia (Tasmania, New Zealand). Similar peatland
types (condensation mires), occur in the European Alps and Ruwenzori Mountains in Uganda
[11] Because the accumulation of peat in blanket peatlands can occur over varying terrain,
allogenic, particularly topographic factors, are perhaps more influential on peat accumulation
than on any other peatland type [12,13].

Since the shift in perception that recognizes the wide range of ecosystem services that peat-
lands provide to societies as a whole rather than just environments of production [14] and the
concern that climate change may further destabilize peatland carbon stores [11,15] there has
been a widespread drive to conserve and restore peatlands. This drive has been encompassed
by global programs, such as Natura 2000 in Europe, which aim to improve biodiversity and
ecosystem service provision by restoring 15% of degraded ecosystems by 2020 [16]. Therefore,
in order to make decisions about restoration at national, landscape, and catchment scales, pol-
icy makers, scientists, and land managers need accurate maps of peatland extent and depth,
and ready access to models for predicting peat depth. As a result, improving the large-scale
assessment of peat depth is a high priority.

At present manual probing with metal rods or geophysical techniques (airborne and
ground based) are used to measure peat depth. However, the spatial resolution, sampling strat-
egy, and quality of the data produced varies considerably between techniques and their appli-
cation [17]. Manual probing is cheap, technically simple, and due to its portability is able to
provide depth measurements at a landscape scale: however, it is time consuming and labour
intensive (often the job of volunteers). Conversely, geophysical measurements require special-
ist equipment and technical ability, and provide depth measurements at a high resolution
across small areas [18]. Although geophysical surveys can provide a useful insight into peat-
land morphology, most peat depth data are gathered using manually probed depth measure-
ments due to the need for a catchment to landscape scale understanding of peat depth
variability [18]. However, due to the discrete nature and low spatial resolution of manual prob-
ing measurements interpolation must be used to produce maps of peat depth and morphology.
As with all digital soil mapping (DSM) challenges, selecting an appropriate interpolation meth-
odology and sampling approach is vital in order to ensure the data gathered can be used effec-
tively and to ensure that representative maps of peat depth are produced [19-23].

DSM incorporates (1) soil, environmental, and spatial inputs; (2) the models that couple
the soil attribute of interest and covarying environmental or other soil attributes; and (3) maps
of the predicted attribute and its associated uncertainties (see [20] for a review of DSM). As a
branch of soil science, DSM studies have demonstrated that topographic variables, spatial posi-
tion, co-located and neighbouring soil parameters, and environmental covariates can be used
to predict the spatial distribution of a soil attribute of interest [19,21]. And although there are
important differences between the formation of peat and that of other soils (such as the weath-
ering of parent material in the case of mineral soils), many of the same factors apply (e.g. cli-
mate, organisms, spatial position, and relief).

Whilst DSM has been used widely to predict the attributes of mineral soils [20,21], there
have been few studies that employ DSM to predict the spatial distribution of peat attributes.
Mapping studies of peatlands often predict peat depth as the sole objective or they incorporate
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peat depth and/or other attributes to estimate soil organic carbon (SOC) stocks [24]. Several of
these have used geostatistical methods without covariates, e.g. [25-27], to take into account the
spatial dependence of depth measurements, and others have used linear models that do not
account for the spatial structure in their data but incorporate environmental covariates (e.g.
slope, elevation, and vegetation), e.g. [10,28]. More recently, [29] combined geostatistics with-
out covariates to predict peat depth and multiple linear regression to predict the distribution
of other peat attributes such as bulk density and SOC; an updated peat depth map of the Neth-
erlands was produced by [30] by using geostatistics with covarying environmental parameters
in a two-step process; and, [31-33] compared machine learning algorithms that coupled field
and laboratory measurements with covarying remotely sensed environmental datasets to pre-
dict peat depth and/or SOC.

The more recent studies noted above been carried out on raised bogs or permafrost peat-
lands [31-33]. However, in these peatland types, topographic variables such as slope do not
drive the accumulation of peat to the same extent in blanket peatlands. Both [10,28] showed
that statistically significant regression relationships exist between peat depth, slope, and eleva-
tion. The effect of slope on peat accumulation in blanket peatlands can be seen in field-based
observational studies, e.g. [9]. Whereas [31] found that slope did not usefully covary with peat
depth in a tropical raised bog. Previous studies on blanket peatlands have either used linear
models with covariates [10,28] or geostatistical methods without covariates [27]: the reported
performance of these two approaches suggests that improvement should be possible. There
have not been any attempts to use geostatistical models with covariates to predict depth in
blanket peatlands, or to compare them with identically configured linear models so that the
effect of spatial dependence in the observed data can be assessed. Whereas environmental
covariates represent the allogenic drivers of peat accumulation, geostatistical models can be
seen as a simplified way of representing the autogenic, or internally regulated, drivers without
the need to use process-based peatland development models, e.g. [34].

Because blanket peatlands are characterised by both slopes and plateaus, they are well suited
to provide a useful insight into combining allogenic and autogenic drivers in an interpolation
approach for peat depth mapping. Blanket peatlands in Great Britain and Ireland are the most
common peatland type [35] but many have been degraded because of natural processes such
as gully erosion [36] the indirect impact of industrialization, and through management for for-
estry, fuel, agriculture, and game [17] which has deepened water tables and altered vegetation
composition [14,17]. Consequently, there is a strong drive by conservationists and peatland
managers to develop accurate maps of peat depth at appropriate spatial scales to inform resto-
ration programs in these areas.

Opver the past decade land managers and peat restoration projects in the UK and Ireland
have invested a considerable amount of resource into gathering blanket peat depth datasets.
But although the sampling approach used is known to effect model performance [21-23], a
design based on a grid is often used, an approach that has been widely used in the mapping of
other soil types [37]. As with all spatially referenced data, peat depth measurements are likely
to be spatially autocorrelated (see [38]), meaning that the closer two depth measurements are,
the more similar they are likely to be. A proportion of this spatial correlation (smoothness)
will be explained by the available covariate factors, but due to the presence of unknown or
unmeasured factors that themselves are spatially smooth, some of this correlation will manifest
itself in the residuals from any linear model. Therefore, the independent errors assumption
underpinning simple linear models is inappropriate, resulting in poorer predictive perfor-
mance and uncertainty quantification [39]. In this study we build upon previous approaches
for modelling blanket peatland depth by fitting and comprehensively evaluating a geostatistical
(spatial) modelling approach that, (1) represents both autogenic mechanisms and allogenic
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drivers of peat accumulation, and (2) accounts for unmeasured spatial autocorrelation. We
assess the effect of two sampling approaches on our model predictions and provide recom-
mendations for future peat depth surveys.

Methods
Study site and observation datasets

We used depth measurements made in blanket peat soils which were a subset of those data
reported in [10] from Dartmoor National Park, south-west England (Fig 1a; n = 425; http://dx.
doi.org/10.5525/gla.researchdata.604). Two blanket peat soil series—Crowdy and Winter Hill
(National Soil Research Institute (NSRI))—cover an area of 122 km?, and formed our study
site. Dartmoor receives frequent frontal systems with orographic uplift and a high average
annual rainfall of 1974 mm [40], this combined with an underlying geology of impermeable
granite, has led to the development of an extensive area of hyper-oceanic blanket peatland.
The factors controlling blanket peatland development on Dartmoor are similar to other blan-
ket peatlands [41]. The field data used in this study were obtained with permission from
National Trust and from Dartmoor National Park Authority.

All peat depth measurements were recorded using an extendable metal peat depth probe,
and five replicates were taken at each sampling point. Points were located in the field using a
Trimble Geo XS differential GPS, accurate to 30 cm. A detailed description of the sampling
methodology used can be found in [10]. Data within this subset were obtained using two dis-
tinct sampling strategies, stratified (ST) and gridded (GR) (Fig 1b and 1c). Dataset ST (Table 1,
Fig 2, and S1 Fig) was obtained from both north and south Dartmoor (Fig 1b) and was
designed to ensure representative sampling of both slope and elevation [10]. In this dataset,
[10] defined a series of spatial units known as ‘carbon unit areas’ which were based on groups
of similar soil series and their associated vegetation types. Peat depth was measured at 15-30
m increases in elevation (m asl), and the slope (°) related to each sampling point was derived
from a NEXTMap (www.intermap.com) 5 m DEM. Dataset GR (Table 1, Fig 2, and S1 Fig)
was the validation dataset used by [10] sampled on a regular grid of 250 m intervals in the
south of Dartmoor (Fig 1¢). Both datasets included the same vegetation classes (heather moor-
land, fragmented heather moorland, and grass moorland) and the blanket peat soil associa-
tions noted above. We combined datasets ST and GR to create dataset CMB in order to
investigate the effect of aggregating different sampling approaches on model predictions.
There were 28 locations where peat depth was recorded as 0 cm. We chose to remove these val-
ues as they represented measurements taken on mineral soil in gullies or in streams.

Statistical models

We applied two different statistical models to predict peat depth. The first was a linear model
that assumes peat depth measurements are independent after covariate adjustment and is the
common modelling approach in this context, e.g. [10]. Because there were no clear non-linear
relationships between our depth observations and the selected covariates we chose a linear
model for our prediction comparisons. The second was a geostatistical model (hereafter
referred to as the spatial model) that allows for the residual (after covariate adjustment) spatial
autocorrelation in the data, and thus does not make the unrealistic assumption of indepen-
dence between spatially close observations [39]. Although geostatistical approaches such as the
one used here have been used successfully in the prediction of mineral soil attributes [37], the
use of this latter model with covariates to estimate peat depth in blanket peatlands is one of the
novel contributions of this paper and we discuss its performance in the next section via a
cross-validation approach.
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Fig 1. Site and sample locations. (a) Location of Dartmoor National Park (black) in the south west of Great Britain [42,43]. Location of peat depth
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measurements using (b) stratified sampling observations made at 15-30 m increases in elevation (m asl), and areas of detail for observations in the north and
south of the Dartmoor National Park, and (c) a regular grid sampling approach with area of detail. The green shading in areas of detail is blanket peat [44].

https://doi.org/10.1371/journal.pone.0202691.9001

Table 1. Summary statistics for blanket peat depth datasets.

Observation dataset Data points Peat depth (cm)* Elevation (m asl) Slope (°)
Median Min Max Min Max Min Max
ST 319 53.0 5 330 299 601 0.86 22.59
GR 106 46.0 16 330 315 488 1.36 11.64
CMB 425 52.0 5 330 299 601 0.86 22.59
Prediction dataset DEM nodes Elevation (m asl) Slope (°)
Min Max Min Max
PR 526655 - - - 219 492 0.00 29.17

ST = stratified, GR = gridded, CMB = ST and GR combined, PR = prediction dataset (DEM nodes obtained from a 5 m grid).

* Depth measurements were made to the nearest cm.

https://doi.org/10.1371/journal.pone.0202691.t001
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Fig 2. Distribution of peat depth measurements. ST are the observations collected by stratified sampling, GR by gridded sampling, and CMB is the combined ST
and GR observations. Observations shown in 10 cm intervals.

https://doi.org/10.1371/journal.pone.0202691.9002

Depth measurements were square-root transformed, as the datasets were non-negative and
skewed to the right (Fig 2) and normality was only plausible on this scale. Predictions and
model comparison metrics were back transformed to the original scale for model assessment
and presentation of results. We predicted peat depth using both linear and spatial models for
each dataset (GR, ST, CMB). The models were fitted with six different combinations of the five
covariates, and one with no covariates (spatial model only), making a total of 39 model runs.
The six covariate combinations were made up from elevation, slope, aspect, vegetation type,
and soil (Table 2). To test for the presence of unmeasured spatial autocorrelation, we first fitted
a linear model to the datasets using all covariates and computed a semi-variogram for the
residuals from this model. The semi-variogram indicated that spatial independence was
unlikely, and therefore models that account for spatial autocorrelation should be considered.
The purpose of the variogram analysis was to assess if, after full covariate adjustment, the resid-
uals contained any spatial autocorrelation. If not, then a linear model would have sufficed and
a spatial model could not have been justified (see [45]).

The spatial model extended the simple linear model by allowing for residual spatial autocor-
relation after adjusting for the spatially varying mean, the presence of which was assessed by
computing the empirical semi-variogram and corresponding 95% Monte Carlo envelopes
based on independence. We also considered a number of spatial autocorrelation approaches
including exponential and spherical models [39] and chose the exponential model as it proved
to be the best fit to our data in terms of the model evaluation metrics outlined below. All mod-
els were fitted via maximum likelihood estimation using R statistical software [46]; and spatial
models were implemented using the geoR package [47]. Full details of the models and the soft-
ware can be found in [39].

The predictive performances of the models were compared using a 10-fold cross-validation
approach. Each dataset was split at random into ten subsets of approximately equal size, and
each model was fitted to the data from nine of the ten subsets before being used to predict the
peat depth at the locations in the tenth subset. This was repeated leaving each of the ten subsets
out once, and then the whole process repeated 10 times with different random subsets to
ensure the results were robust to the choice of the random subsets. To assess the models’
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Table 2. Performance metrics for spatial and linear models from 10-fold cross-validation simulations.

Dataset
ST.C1
ST.C2
ST.C3
ST.C4
ST.C5
ST.Cé
ST.C7
GR.C1
GR.C2
GR.C3
GR.C4
GR.C5
GR.C6
GR.C7
CMB.C1
CMB.C2
CMB.C3
CMB.C4
CMB.C5
CMB.C6
CMB.C7

Elevation

X

X

Slope

oM e[ M

X

Covariates RMSE (cm) Coverage Interval width (cm)
Aspect Vegetation Soil LM SM LM SM LM SM

12.10 2.61 0.96 0.93 188.02 37.62

11.14 2.60 0.95 0.93 172.67 35.42

9.22 2.55 0.93 0.93 140.81 35.66

X 8.94 2.54 0.93 0.92 137.78 34.65

X 8.58 2.62 0.92 0.92 132.92 35.30

- - - - 2.58 - 0.93 243.85 37.51

X X X 8.53 2.61 0.93 0.93 130.69 34.61

6.77 5.93 0.95 0.95 106.38 87.90

5.54 5.02 0.95 0.95 86.92 74.11

5.43 5.03 0.95 0.95 86.02 74.46

X 5.57 5.35 0.95 0.93 86.62 73.80

X 5.50 5.28 0.95 0.94 86.43 73.30

- - - - 6.20 - 0.94 121.56 88.03

X X X 5.80 5.76 0.95 0.90 89.81 69.20

10.73 3.57 0.95 0.93 165.82 46.92

10.18 3.34 0.94 0.93 156.65 43.86

8.22 3.40 9.93 0.93 126.54 44.18

X 8.19 3.34 0.93 0.93 125.72 42.73

X 7.96 3.37 0.93 0.93 122.42 43.88

- - - - 3.51 - 0.93 213.40 47.15

X X X 7.95 3.37 0.93 0.93 121.42 43.41

ST—stratified sampling, GR—gridded sampling, CMB—combined stratified and gridded observations. C1 to C7 are the sets of covariates used in the predictions.

LM = linear model, SM = spatial model.

https://doi.org/10.1371/journal.pone.0202691.t002

predictive performance, we averaged the cross validation results over all model runs, and then
calculated four metrics. We used; (1) prediction bias and (2) root mean square prediction
error (RMSE) to quantify the accuracy and variation in the predictions compared to the mea-
sured values; (3) coverage probabilities to calculate the appropriateness of the 95% prediction
intervals; (4) the width of the prediction intervals to assess the difference between the upper
and lower estimates of peat depth, and (5) Pearson’s Correlation Coefficient (CC) to determine
the strength of the linear association between observed and predicted values. Prediction bias
quantifies whether on average the predictions are too small or too large (a prediction bias of
zero corresponds to the predictions being the correct magnitude on average): we calculated
prediction bias as the mean of the predicted value minus the observed value over all locations.
And RMSE quantifies the magnitude of the variation between the true and predicted values
(lower values indicating better predictive performance). If the prediction intervals are suitable,
then coverage probabilities, which are the proportion of the 95% prediction intervals that con-
tain the true values, ideally will be close to 95%.

Based on the results of cross validation, we selected the combination of covariates that over
all model runs gave the lowest RMSE, highest CC, and narrowest prediction intervals that had
approximately a 95% coverage probability. For this best performing model, we predicted peat
depth on a grid with 500 thousand nodes (unmeasured locations) within an area in the south
of Dartmoor (Fig 1). The coordinates of unmeasured locations and the values of their covari-
ates were extracted from our 5 m DEM (Table 1; dataset PR). The prediction area contained
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measured points from both GR and ST sampling methods and allowed us to compare the pre-
dictions generated using GR, ST, and CMB datasets.

Results
Model predictive performance: Assessment and selection

All spatial models performed better than the corresponding linear models (Table 2); a result
that agrees with previous predictions of mineral soil attributes, e.g. [45]. Predictions of depth
using the spatial model produced a lower RMSE (the average difference between measured
and predicted peat depth) and higher correlation coefficient than the linear model for the
same set of covariates across all three datasets (Table 2). For fitted predictions based on peat
depths sampled using the stratified method (ST), RMSE varied from 2.54 cm to 2.62 cm for the
spatial model, and from 8.53 cm to 15.70 cm for the linear model. However, when we used the
dataset obtained by the gridded sampling approach (GR) the differences between models were
smaller, which is likely caused by the smaller range of peat depth values (see Fig 2) and the lack
of spatial autocorrelation in this dataset. RMSE for the GR dataset ranged from 5.02 cm to 6.20
cm for the spatial model, and from 5.43 cm to 7.70 cm for the linear model. When the datasets
were combined (CMB), RMSE varied between 3.34 cm to 3.51 cm for the spatial model, and
between 7.95 cm and 13.8 cm for the linear model. The CC for linear models varied between
0.46 to 0.7 for the ST dataset (the CMB dataset results were similar), and 0.34 to 0.54 for the
GR dataset (S1 Table): whereas the CC for the spatial models was > 0.9 for the ST dataset, 0.41
to 0.57 for the GR dataset, and 0.88 to 0.89 for the CMB dataset (S1 Table).

Our simulations also show that the average widths of the prediction intervals (difference
between upper and lower predictions resulting from the cross-validation exercise) were nar-
rower for all datasets when we applied the spatial model. For the linear model, prediction
intervals widths ranged from 130.69 cm to 188.02 cm (ST), 86.02 cm to 121.56 cm (GR), and
121.42 cm to 213.40 cm (CMB). Whilst for the spatial model the prediction intervals were;
34.61 cm to 37.62 cm (ST), 69.20 cm 87.9 cm (GR), and 42.73 cm to 46.92 cm (CMB). Again,
of the spatial models, the model using the GR observations performed poorest. Bias and cover-
age probabilities for linear and spatial models were similar and acceptable. Prediction bias was
approximately zero (S1 Table)) showing that the overall predictions of both models are of the
correct size (i.e. unbiased, being neither too large or too small). Coverage probabilities ranged
from 92% to 96% for the linear model and 92% to 95% for the spatial model (Table 2), identify-
ing that the prediction intervals were of the appropriate width. However, the interval widths
produced by the spatial model were narrower across all datasets, suggesting it produced more
precise estimates than the linear model.

Because our data was collected from different prediction locations, we did not compare
model performance between datasets. The results in Table 2 show that the spatial model per-
forms better than the linear model when applied to each dataset; even if only marginally so for
the gridded dataset. We also compared the mean depth predictions produced by both linear
and spatial models during the cross-validation exercise to their measured locations (i.e. the
mean of 10 predictions for each observation location). For this comparison we used each data-
set (Fig 3) and included slope (*) and elevation (m asl) as covariates in both model’s formula.
Neither model predicted the maximum recorded depth of 330 cm. However, the linear model
predicted a maximum mean peat depth of 176.5 cm (Fig 3), whereas the spatial model pre-
dicted a maximum mean depth of up to 288.1 cm (Fig 3. The linear model did not predict well
the deeper areas of peat across all datasets which we would expect to find on plateaus and in
depressions in the landscape (Fig 3). But the spatial model also failed to predict the deeper
areas of peat when the GR dataset was used (Fig 3). We suggest that this latter result, and the
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results shown for the GR dataset in Table 2, is because the GR measurements were taken at
250 m intervals and are spatially independent (S2 Fig), whereas the ST measurements are spa-
tially dependent (S2 Fig). We discuss the implications of the different approaches to depth
sampling in the following sections.

Predictions for unmeasured locations (spatial model)

To select a set of covariates for predicting unmeasured locations, we further assessed the per-
formance of the spatial model by comparing the RMSE and width of the prediction intervals
for each of the covariate groups (Table 2; .C1to.C7). Although the RMSE results were similar,
the prediction intervals of spatial models that used elevation only (.C1) or no covariates (.C6)
performed poorest over the three datasets and we therefore excluded these from our selection
process. Of the remaining covariate sets, the differences in RMSE and in the 95% prediction
intervals were small (0.06 cm to 0.23 cm, and 1.05 cm to 5.26 cm respectively). Considering
our aim to propose a readily accessible approach predict peat depth, we wished to select the
most parsimonious model. We therefore chose to combine elevation (m asl) and slope (*) for
our predictions at unmeasured locations, as it is trivial to obtain both covariates from a DEM
removing the need to collect additional field measurements. Our comparison of predicted and
observed depths had shown these two covariates to be effective for predictions across the range
of depths in our data. Of these two covariates, a change in slope had the greatest impact on a
change in peat depth (S3 Fig) showing the importance of including this covariate in prediction
models where peat accumulates on hillslopes. An increase in slope reduces the depth of peat
because of increased lateral drainage and a subsequent increase in rapid oxic decomposition
[9,13]. Whereas an increase in elevation had a positive effect on peat depth. In our models, ele-
vation was used as a proxy for climate because cooler temperatures at higher elevations can be
important for peat accumulation in blanket peatlands [41]. Across the three datasets, a change
in slope angle of 1° resulted in a change in peat depth of -0.6 cm to -0.3 cm; and for a change
in elevation of 1 m asl, a change in peat depth 0f 0.011 cm to 0.016 cm (S3 Fig).

Peat depths predicted at unmeasured locations varied between datasets (Fig 4), but median
depths were similar; 40.3 cm (PR-ST, stratified), 43.5 cm (PR-GR, gridded), and 39.1 cm
(PR-CMB, combined). There were few measurements in deep peat (48 > 200 cm in the com-
plete CMB dataset), and although both sampling approaches included observations of up to
330 cm, the maximum depths predicted by our spatial model was 208.0 cm (PR-ST), and 201.0
cm (PR-GR). Only by combining the datasets (PR-CMB) were depths of up to 291.0 cm pre-
dicted. Fig 5 shows the spatial distribution of predicted depths, and their prediction intervals
in our test area in the south of Dartmoor. When using the GR dataset, 2534 of the resulting
526655 (~0.5%) predictions were less than zero. In comparison, 23 (< 0.00%) and 63 (0.01%)
predictions were less than zero when using datasets ST and CMB respectively. As peat depth
cannot be negative, we set each of these values to zero before back transforming our results.
This probably occurred because the GR dataset was sampled over a narrower range of both ele-
vation and slope than the ST dataset (Table 1), which resulted in extrapolation of the covariate
effects beyond the range of the observations. In addition, Fig 5d shows how the 95% prediction
intervals for PR-ST dataset increase as distance from the observations (shown as darker green
points) increases: these observations are mainly in two bands across the test area.

Discussion
Model performance

This study provides the first predictions of peat depth in blanket peatlands using a model that
combines spatial autocorrelation to represent autogenic processes and environmental
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covariates of important allogenic factors; both of which affect blanket peatland development.
Although the accumulation of peat and formation mineral soils differ, our findings agree with
those from studies that use geostatistics to predict the attributes of other soil types, e.g. [45,48].
We compared the performance of this geostatistical approach with a linear regression model
used in previous studies [10,28] via 10-fold cross-validation using three datasets. Spatial mod-
els outperformed the corresponding linear models having both lower RMSE, higher CC, and
narrower 95% prediction interval widths (Table 2). We propose that this result is because lin-
ear models do not account for autogenic processes that can mediate peat accumulation in
peatlands.

Peatland development is a network of complex of interactions between biogeochemical pro-
cesses, physical processes, geomorphology, the influence of humans, and the climate [5]. Peat-
land initiation and subsequent development takes place over millennia and is mediated by
self-regulating feedback mechanisms (for an example of the range of hydrological feedbacks in
northern peatlands see [4]). Therefore, the rate of peat accumulation is not dependent on allo-
genic covariates alone. The spatial approach used here aims to recognise that peat accumula-
tion in blanket bogs is strongly affected by these feedback mechanisms, as well as by
topographic factors such as slope and elevation [10,28,41]. For example there is a negative
feedback between hydraulic conductivity, decomposition, and water-table depth [4,34,49].
Deepening water tables lead to increased oxic decomposition which reduces hydraulic conduc-
tivity, this processes in turn slows lateral drainage causing water tables to become shallower
once more. The distribution of hydraulic conductivity, and other peat properties, can vary
both vertically and horizontally [13,50,51], but measurements of these properties are not trivial
to obtain and are not therefore widely available. However, we suggest that their influence is
‘wrapped up’ in the spatial autocorrelation of the data in our model.

We also show that where the development of a peatland is affected by topographic factors,
spatial models that incorporate these covariates perform better (narrower 95% prediction
interval widths) than the geostatistical approaches without covariates used in some previous
studies, e.g. [27,52]. It is notable that, the actual combination of covariates included in the
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spatial model makes little difference to the variation or width of predictions. The model with
slope as the single covariate performed similarly to the model that included all covariates, sup-
porting the finding of [10] that, in the case of blanket peatlands hillslopes, slope was the most
dominant predictor of depth (S3 Fig). However, we also found that the variation and width of
the depths predicted by the linear model were more sensitive to the choice of covariates.

As we show in Fig 3 the spatial model with covariates resulted in useful predictions across
the range of peat depths as opposed to the linear model which only performs well in areas of
the landscape where slope is the dominant factor in peat accumulation. However, we did not
include past climate in our model which is an important factor in peatland development [53]
but would be challenging to build in to our models, and make it less likely that our model
would be useful for practitioners (although elevation can be seen as a proxy for temperature).
Our spatial approach to predicting peat depth demonstrates an improvement over linear
regression models because peatland size and shape emerges from the interaction of small-scale
processes. However, it is difficult to fully account for this network of interactions unless the
processes themselves are simulated in process-based models [3,54]. Although such models
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exist for peatlands [55,56] they tend to be computationally expensive when run in 3-D over
landscape scales, and records of past climate at relevant timescales and measurements of
underlying topography are needed. In addition, these models are generally used to investigate
the future effect of climate and land use [34,57] which go beyond the predictive boundaries of
statistical models based on current observations [58]. The approach used here can therefore
provide a useful and practical bridge between statistical approaches that account for both spa-
tial autocorrelation and key covariates, where the aim is to predict past peat accumulation for
carbon accounting purposes, and ecosystem models used to understand the effects of novel
conditions on future peat accumulation over timescales of decades to centuries.

Prediction of unmeasured locations

Despite the spatial model with covariates being shown to have the strongest performance of
the models used in our study, when we used it to predict peat depth at unknown locations the
quality of outputs was not spatially consistent and model performance declined on plateaus
where depth predictions were too shallow and widening interval widths were observed (Fig 5).
Although a maximum depth measurement of 330 cm was included in both sampled datasets
(Table 2), the ST and GR datasets predicted similar maximum depths of 208 cm and 201 cm
respectively. And both the ST and GR strategies showed poor performance when predicting
known depths in areas of deeper peat which typically occur on shallow slopes (Fig 5). However,
the combined dataset (CMB) model produced a maximum predicted depth of 291 cm—closer
to the known maximum value. There are a number of reasons why this might be the case; (1)
ST observations occur in two bands across the test area (Fig 5d—dark green points), which lead
to an increase in the 95% prediction intervals because the observations are being used to pre-
dict the depth of distant locations. (2) Although the observations obtained from gridded sam-
pling were distributed more evenly throughout the test area, they were not spatially
autocorrelated and model performance is similar to that shown for the model comparisons in
Fig 3 (i.e. performance decreases where depth increases) [45]. (3) Few of our observations
were made within areas of deep peat (14 > 200 cm in the test area). In these locations, slope is
no longer the dominant driver of peat accumulation and autogenic interactions are more
important. (4) Combing both datasets (PR-CMB) increases the distribution of points over the
test area, and also increases the number spatially autocorrelated points as some of the PR-GR
points are located close to PR-ST points. As a result, we found that our spatial model per-
formed best in the test area when we combined both the datasets (CMB) to increase the num-
ber and range of observations (Fig 5¢ and 5f).

The prediction of peat depth across plateaus is a significant challenge and incorporating
spatial autocorrelation as a proxy for autogenic processes in these locations was key to our
rationale for choosing a spatial approach. The formation of peat deposits across plateau regions
may include basins within the underlying topography that infill with peat. And several of these
basins may also coalesce into to foci of deep peat connected by younger, shallower deposits as
shown by [9] Evidence of this difference between surface and the underlying base material has
been reported previously on Dartmoor by [59] who identified an isolated area of deep peat
(> 7 m) surrounded by shallower accumulations. Conversely, on steeper slopes where peat
depth is typically shallower, peat deposits do not fully infill depressions in underlying geology,
leaving the slope-depth relationship intact. Both [10,28] encountered this problem using a lin-
ear interpolation approach. Although we have shown that our spatial model is an improve-
ment over a linear model with the same covariates (Table 2 and Fig 3), our work has
highlighted that model choice alone is unlikely to resolve the errors associated with peat depth
maps in plateau regions if sampling campaigns produce sparse measurements or neglect to
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include deeper accumulations. Nevertheless, there may be potential to resolve this issue by
using an informed approach to sampling strategy that builds on the strengths of the spatial
model, and we discuss the possibilities for doing this in the following section.

Sampling strategy

Although there is substantial interest in gathering probed depth datasets for all peatland types,
there is little in common between the spatial approach of the sampling strategies used. For
example, [28] used a series of transects, [10] applied a stratified random sampling approach,
and [27] used a gridded design. When carrying out spatial interpolation, our results support
previous studies who have shown that sampling design can have a considerable impact on the
quality and validity of the interpolated mapping produced, e.g. [60]. The choice of sampling
strategies is governed and affected by several factors, including the interpolation approach
being used, the human resources available, distance between measurements, and site remote-
ness and accessibility [22].

Often peat depth datasets are created from several sampling campaigns, e.g. [61], and can
have multiple sampling strategies integrated within the dataset. Understanding the relative
quality of interpolated depth maps using differing sampling strategies would improve the
understanding of error when mapping peatland ecosystem services, particularly carbon stor-
age. A large amount of time and effort is employed to gather peat depth measurements and
therefore an understanding of how the sampling strategy of future peat depth surveys could be
most effectively designed and applied is highly important. Standardising sampling design
should improve consistency between datasets and facilitate an understanding of error and the
quality of depth predictions across datasets and peatlands.

We found that where observations were not spatially dependant the differences in model
performance between sampling strategies was less evident (see [45]), and therefore we can also
expect that it will be difficult to predict areas of deep peat even with a spatial model: this is evi-
dent from the predictions done with the GR dataset (see Table 2) where observations were
made every 250 m. However, whilst the difference in RMSE of both approaches is small (0.1 to
1.5 cm), the difference in prediction intervals is sufficiently large (11.6 to 33.5 cm) to favour
the use of the spatial model despite the imitations of the sampling approach. It is possible that
closer spacing of a gridded sampling design in plateau areas may negate this issue, but further
investigation is required. A further issue with the GR dataset was that it did not incorporate
the full range of values of model covariates (Table 1), and a substantial number of the
unknown prediction locations had slope angles beyond the maximum value in the GR dataset.
Therefore, predictions of the spatial model that used the GR dataset were constrained by this
artefact whereas those based on the ST dataset were not, and were typically deeper. Clearly
there is the potential to supplement existing datasets with new targeted observations which
could improve any estimates of SOC.

However careful consideration also needs to be given to the design of stratified sampling
strategies. In our case, the ST dataset did not have enough points (including observations in
deep peat) located throughout the extent of the plateau region of the test area (Fig 1). This may
mean that although we chose the spatial model to represent autogenic processes, a suitable
number of sampling points were not available to sufficiently represent these processes. Alter-
native approaches to stratify the study area with the aim of improving the range of covariate
space sampled, e.g. [23,62], and could be used to enhance existing peatland datasets where the
covariate range has not been sufficiently represented.

From these analyses, there is a clear difference between the characteristics and quality of
outputs using different sampling strategies. There is strong evidence that whilst the spatial
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approach has the potential to produce a better set of depth predictions (low RMSE and narrow
95% prediction interval widths), this potential is affected by the design of the sampling strategy
to a greater degree than the linear model (which is a poor predictor of deep peat). Therefore, it
is important that practitioners and those designing peat depth sampling campaigns in blanket
peatlands consider how to maximise the utility of the model when designing their sampling
strategy (see for example [22]). Our results indicate that this means there is a need to take
account of the targeted site’s topography when designing a sampling strategy, as differences
were seen in response to sampling strategy between steep and plateau areas. If the site has a
substantial region of plateau we suggest that as many observations as possible are made in
these areas when using a stratified approach. We also show that if the area to be surveyed
includes hillslopes, the sampling strategy must represent the full spectrum of slopes present.

Conclusions

Peatlands are globally important stores of carbon and therefore depth predictions are central
to estimating their magnitude [63], yet few models incorporate the processes that drive peat
accumulation in peatlands that form over both hillslopes and plateaus. We show how a spatial
(geostatistical) model can be used as an improvement over linear models and those that are
based on a kriging approach without covariates. Our model is the first to estimate peat depth
in blanket peatlands that includes both covariates that drive peat accumulation on slopes and
spatial autocorrelation as proxy for the autogenic processes that play an important role in
moderating peat accumulation on plateaus. However, we have also shown how sampling sur-
vey design can limit the effectiveness of the approach used here. We therefore propose that;

1. Spatial models with key covariates are used to predict peat depth. Our model can be imple-
mented with few difficulties as a low-cost approach when coupled with DEMs created in
open source GIS.

2. Sampling campaigns use a stratified approach to include the full range of covariates that
can be omitted by using gridded designs. And where necessary, existing datasets should be
supplemented with new observations targeted at incorporating the range of values for a
given covariate.

3. Plateau regions are sampled as extensively as is practical and other information (previous
surveys, local knowledge) be used to identify and include areas of deep peat in a survey. If
possible, pre-survey site visits should be made to validate these areas.

4. Sampled data is checked to ensure it is spatially autocorrelated, and additional measure-
ments made if necessary.

Supporting information

S1 Fig. Distribution of slope and elevation for the locations of peat depth. ST = stratified
dataset, and GR = gridded dataset. Refer to main text for a description of the differences
between the two observation datasets.

(JPEG)

S2 Fig. Estimated semi-variograms computed from the residuals of three datasets used for
peat depth predictions after fitting a linear model of the square root of peat depth. Slope
(*) and elevation (m asl) were used as predictors. The dashed lines are upper and lower 95%
confidence intervals for the semi-variograms generated under independence using a Monte
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$3 Fig. Covariate importance for predicting blanket peat depth for the spatial model with
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and covariate combination (refer also to Table 2 in the main text).

(JPEG)

S1 Table. Prediction bias and correlation coefficients for linear and spatial models for
covariate groups (Peat depth).
(PDF)

Acknowledgments

The authors wish to thank Dr Ruth Gregg and Dr Matthew Shephard (Natural England) and
Paul Leadbitter (North Pennines Peatland Programme) for their support and collaboration
during this project.

Author Contributions

Conceptualization: Lauren E. Parry, Duncan Lee, Surajit Ray.
Data curation: Lauren E. Parry.

Formal analysis: Dylan M. Young, Duncan Lee, Surajit Ray.
Funding acquisition: Lauren E. Parry, Duncan Lee, Surajit Ray.
Investigation: Dylan M. Young.

Methodology: Dylan M. Young, Duncan Lee, Surajit Ray.
Project administration: Lauren E. Parry.

Software: Dylan M. Young, Duncan Lee.

Supervision: Lauren E. Parry, Duncan Lee.

Visualization: Dylan M. Young.

Writing - original draft: Dylan M. Young, Lauren E. Parry, Duncan Lee, Surajit Ray.

References

1. YuZ, Loisel J, Brosseau DP, Beilman DW, Hunt SJ. Global peatland dynamics since the Last Glacial
Maximum. Geophys Res Lett. 2010; 37: L13402. https://doi.org/10.1029/2010GL043584

2. Martin-Ortega J, Glenk K, Byg A. How to make complexity look simple? Conveying ecosystems restora-
tion complexity for socio-economic research and public engagement. PLOS ONE. 2017; 12: e0181686.
https://doi.org/10.1371/journal.pone.0181686 PMID: 28753629

3. BelyealLR, Baird AJ. Beyond “the Limits to Peat Bog Growth”: Cross-Scale Feedback in Peatland
Development. Ecol Monogr. 2006; 76: 299—-322. https://doi.org/10.1890/0012-9615(2006)076[0299:
BTLTPB]2.0.CO;2

4. Waddington JM, Morris PJ, Kettridge N, Granath G, Thompson DK, Moore PA. Hydrological feedbacks
in northern peatlands. Ecohydrology. 2015; 8: 113—127. https://doi.org/10.1002/eco.1493

5. Charman DJ. Peatlands and environmental change. UK: John Wiley & Sons Ltd; 2002.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202691 September 7, 2018 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202691.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202691.s004
https://doi.org/10.1029/2010GL043584
https://doi.org/10.1371/journal.pone.0181686
http://www.ncbi.nlm.nih.gov/pubmed/28753629
https://doi.org/10.1890/0012-9615(2006)076[0299:BTLTPB]2.0.CO;2
https://doi.org/10.1890/0012-9615(2006)076[0299:BTLTPB]2.0.CO;2
https://doi.org/10.1002/eco.1493
https://doi.org/10.1371/journal.pone.0202691

@° PLOS | ONE

Spatial models with covariates improve estimates of peat depth

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Swindles GT, Morris PJ, Baird AJ, Blaauw M, Plunkett G. Ecohydrological feedbacks confound peat-
based climate reconstructions. Geophys Res Lett. 2012; 39: L11401. https://doi.org/10.1029/
2012GL051500

Morris PJ, Baird AJ, Young DM, Swindles GT. Untangling climate signals from autogenic changes in
long-term peatland development. Geophys Res Lett. 2015; 42: 2015GL066824. https://doi.org/10.
1002/2015GL066824

Loisel J, Garneau M. Late Holocene paleoecohydrology and carbon accumulation estimates from two
boreal peat bogs in eastern Canada: Potential and limits of multi-proxy archives. Palaeogeogr Palaeo-
climatol Palaeoecol. 2010; 291: 493-533. https://doi.org/10.1016/j.palae0.2010.03.020

Tipping R. Blanket peat in the Scottish Highlands: timing, cause, spread and the myth of environmental
determinism. Biodivers Conserv. 2008; 17: 2097—2113. https://doi.org/10.1007/s10531-007-9220-4

Parry LE, Charman DJ, Noades JPW. A method for modelling peat depth in blanket peatlands. Soil Use
Manag. 2012; 28: 614—624. https://doi.org/10.1111/j.1475-2743.2012.00447 .x

Gallego-Sala AV, Colin Prentice |. Blanket peat biome endangered by climate change. Nat Clim
Change. 2013; 3: 152—-155. https://doi.org/10.1038/nclimate 1672

Graniero PA, Price JS. The importance of topographic factors on the distribution of bog and heath in a
Newfoundland blanket bog complex. CATENA. 1999; 36: 233-254. https://doi.org/10.1016/S0341-
8162(99)00008-9

Lapen DR, Price JS, Gilbert R. Modelling two-dimensional steady-state groundwater flow and flow sen-
sitivity to boundary conditions in blanket peat complexes. Hydrol Process. 2005; 19: 371-386. https://
doi.org/10.1002/hyp.1507

Maltby E. Effects of climate change on the societal benefits of UK upland peat ecosystems: applying the
ecosystem approach. Clim Res. 2010; 45: 249-259. https://doi.org/10.3354/cr00893

Ise T, Dunn AL, Wofsy SC, Moorcroft PR. High sensitivity of peat decomposition to climate change
through water-table feedback. Nat Geosci. 2008; 1: 763-766. https://doi.org/10.1038/ngeo331

Egoh BN, Paracchini ML, Zulian G, Schagner JP, Bidoglio G. Exploring restoration options for habitats,
species and ecosystem services in the European Union. Jones J, editor. J Appl Ecol. 2014; 51: 899—
908. https://doi.org/10.1111/1365-2664.12251

Parry LE, Holden J, Chapman PJ. Restoration of blanket peatlands. J Environ Manage. 2014; 133:
193-205. https://doi.org/10.1016/j.jenvman.2013.11.033 PMID: 24384281

Parry LE, West LJ, Holden J, Chapman PJ. Evaluating approaches for estimating peat depth. J Geo-
phys Res Biogeosciences. 2014; 119: 2013JG002411. https://doi.org/10.1002/2013JG0024 11

McBratney AB, Mendonga Santos ML, Minasny B. On digital soil mapping. Geoderma. 2003; 117: 3—
52. https://doi.org/10.1016/S0016-7061(03)00223-4

Minasny B, McBratney AB. Digital soil mapping: A brief history and some lessons. Geoderma. 2016;
264: 301-311. https://doi.org/10.1016/j.geoderma.2015.07.017

Gan-lin Z, Feng L, Xiao-dong S. Recent progress and future prospect of digital soil mapping: A review. J
Integr Agric. 2017; 16: 2871-2885. https://doi.org/10.1016/S2095-3119(17)61762-3

Kidd D, Malone B, McBratney A, Minasny B, Webb M. Operational sampling challenges to digital soil
mapping in Tasmania, Australia. Geoderma Reg. 2015; 4: 1-10. https://doi.org/10.1016/j.geodrs.2014.
11.002

Stumpf F, Schmidt K, Goebes P, Behrens T, Schonbrodt-Stitt S, Wadoux A, et al. Uncertainty-guided
sampling to improve digital soil maps. CATENA. 2017; 153: 30—-38. https://doi.org/10.1016/j.catena.
2017.01.033

Parry LE, Charman DJ. Modelling soil organic carbon distribution in blanket peatlands at a landscape
scale. Geoderma. 2013; 211-212: 75-84. https://doi.org/10.1016/j.geoderma.2013.07.006

van Bellen S, Dallaire P-L, Garneau M, Bergeron Y. Quantifying spatial and temporal Holocene carbon
accumulation in ombrotrophic peatlands of the Eastmain region, Quebec, Canada. Glob Biogeochem
Cycles. 2011; 25: GB2016. https://doi.org/10.1029/2010GB003877

Parsekian AD, Slater L, Ntarlagiannis D, Nolan J, Sebesteyen SD, Kolka RK, et al. Uncertainty in Peat
Volume and Soil Carbon Estimated Using Ground-Penetrating Radar and Probing. Soil Sci Soc Am J.
2012; 76: 1911-1918. https://doi.org/10.2136/sss2j2012.0040

Keaney A, McKinley J, Graham C, Robinson M, Ruffell A. Spatial statistics to estimate peat thickness
using airborne radiometric data. Spat Stat. 2013; 5: 3—24. https://doi.org/10.1016/j.spasta.2013.05.003

Holden NM, Connolly J. Estimating the carbon stock of a blanket peat region using a peat depth infer-
ence model. CATENA. 2011; 86: 75-85. https://doi.org/10.1016/j.catena.2011.02.002

PLOS ONE | https://doi.org/10.1371/journal.pone.0202691 September 7, 2018 17/19


https://doi.org/10.1029/2012GL051500
https://doi.org/10.1029/2012GL051500
https://doi.org/10.1002/2015GL066824
https://doi.org/10.1002/2015GL066824
https://doi.org/10.1016/j.palaeo.2010.03.020
https://doi.org/10.1007/s10531-007-9220-4
https://doi.org/10.1111/j.1475-2743.2012.00447.x
https://doi.org/10.1038/nclimate1672
https://doi.org/10.1016/S0341-8162(99)00008-9
https://doi.org/10.1016/S0341-8162(99)00008-9
https://doi.org/10.1002/hyp.1507
https://doi.org/10.1002/hyp.1507
https://doi.org/10.3354/cr00893
https://doi.org/10.1038/ngeo331
https://doi.org/10.1111/1365-2664.12251
https://doi.org/10.1016/j.jenvman.2013.11.033
http://www.ncbi.nlm.nih.gov/pubmed/24384281
https://doi.org/10.1002/2013JG002411
https://doi.org/10.1016/S0016-7061(03)00223-4
https://doi.org/10.1016/j.geoderma.2015.07.017
https://doi.org/10.1016/S2095-3119(17)61762-3
https://doi.org/10.1016/j.geodrs.2014.11.002
https://doi.org/10.1016/j.geodrs.2014.11.002
https://doi.org/10.1016/j.catena.2017.01.033
https://doi.org/10.1016/j.catena.2017.01.033
https://doi.org/10.1016/j.geoderma.2013.07.006
https://doi.org/10.1029/2010GB003877
https://doi.org/10.2136/sssaj2012.0040
https://doi.org/10.1016/j.spasta.2013.05.003
https://doi.org/10.1016/j.catena.2011.02.002
https://doi.org/10.1371/journal.pone.0202691

@° PLOS | ONE

Spatial models with covariates improve estimates of peat depth

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Altdorff D, Bechtold M, van der Kruk J, Vereecken H, Huisman JA. Mapping peat layer properties with
multi-coil offset electromagnetic induction and laser scanning elevation data. Geoderma. 2016; 261:
178-189. https://doi.org/10.1016/j.geoderma.2015.07.015

Kempen B, Brus DJ, de Vries F. Operationalizing digital soil mapping for nationwide updating of the
1:50,000 soil map of the Netherlands. Geoderma. 2015; 241-242: 313-329. https://doi.org/10.1016/j.
geoderma.2014.11.030

Rudiyanto Minasny B, Setiawan Bl, Arif C, Saptomo SK, Chadirin Y. Digital mapping for cost-effective
and accurate prediction of the depth and carbon stocks in Indonesian peatlands. Geoderma. 2016; 272:
20-31. https://doi.org/10.1016/j.geoderma.2016.02.026

Rudiyanto Minasny B, Setiawan Bl, Saptomo SK, McBratney AB. Open digital mapping as a cost-effec-
tive method for mapping peat thickness and assessing the carbon stock of tropical peatlands. Geo-
derma. 2018; 313: 25—40. https://doi.org/10.1016/j.geoderma.2017.10.018

Siewert MB. High-resolution digital mapping of soil organic carbon in permafrost terrain using machine
learning: a case study in a sub-Arctic peatland environment. Biogeosciences. 2018; 15: 1663-1682.
https://doi.org/10.5194/bg-15-1663-2018

Young DM, Baird AJ, Morris PJ, Holden J. Simulating the long-term impacts of drainage and restoration
on the ecohydrology of peatlands. Water Resour Res. 2017; na—na. https://doi.org/10.1002/
2016WR019898

Ballard CE, Mcintyre N, Wheater HS, Holden J, Wallage ZE. Hydrological modelling of drained blanket
peatland. J Hydrol. 2011; 407: 81-93. hitps://doi.org/10.1016/j.jhydrol.2011.07.005

Tallis JH. Mass Movement and Erosion of a Southern Pennine Blanket Peat. J Ecol. 1985; 73: 283—
315.

Keskin H, Grunwald S. Regression kriging as a workhorse in the digital soil mapper’s toolbox. Geo-
derma. 2018; 326: 22—41. https://doi.org/10.1016/j.geoderma.2018.04.004

Rudiyanto Minasny B, Setiawan BI, Saptomo SK, McBratney AB. Open digital mapping as a cost-effec-
tive method for mapping peat thickness and assessing the carbon stock of tropical peatlands. Geo-
derma. 2018; 313: 25-40. https://doi.org/10.1016/j.geoderma.2017.10.018

Diggle P, Ribiero P. Model-based Geostatistics [Internet]. New York, NY: Springer New York; 2007.
http://link.springer.com/10.1007/978-0-387-48536-2

Met Office. In: Princetown 1971-2000 averages. [Internet]. 2010. http://www.metoffice.gov.uk/climate/
uk/averages/19712000/sites/princetown.htmi

Lindsay RAL, Charman DJ, Everingham F, Reilly RMO, O’Reilly RM, Palmer MA, et al. The Flow Coun-
try—The Peatlands of Caithness and Sutherland. JNCC, Peterborough; 1988.

GB National Outlines [SHAPE geospatial data]. Tiles GB. [Internet]. Ordnance Survey (GB), EDINA
Digimap Ordnance Survey Service; 2005. http://digimap.edina.ac.uk. Contains public sector informa-
tion licensed under the Open Government License v3.0 (http://www.nationalarchives.gov.uk/doc/open-
government-licence/version/3/).

National Parks (England) [Internet]. Natural England Open Data; 2016. https://data.gov.uk/dataset/
334e1b27-e193-4ef5-b14e-696b58bb7e95/national-parks-england. Contains public sector information
licensed under the Open Government License v3.0 (http://www.nationalarchives.gov.uk/doc/open-
government-licence/version/3/).

Priority Habitats Inventory (South) (England). https://data.gov.uk/dataset/4b6ddab7-6c0f-4407-946e-
d6499f19fcde/priority-habitat-inventory-england. Contains public sector information licensed under the
Open Government License v3.0 (http://www.nationalarchives.gov.uk/doc/open-government-licence/
version/3/).

Yufeng GE, Thomasson JA, Sui R, Wooten J. Regression-kriging for characterizing soils with remote-
sensing data. Front Earth Sci. 2011; 5: 239-244. https://doi.org/10.1007/s11707-011-0174-1

R Core Team. R: A Language and Environment for Statistical Computing [Internet]. Vienna, Austria: R
Foundation for Statistical Computing; 2016. http://www.r-project.org/

Diggle PJRJ and PJ. geoR: Analysis of Geostatistical Data [Internet]. 2016. https://cran.r-project.org/
web/packages/geoR/index.html

Castaldi F, Casa R, Castrignand A, Pascucci S, Palombo A, Pignatti S. Estimation of soil properties at
the field scale from satellite data: a comparison between spatial and non-spatial techniques. Eur J Soil
Sci. 65: 842-851. https://doi.org/10.1111/ejss.12202

Morris PJ, Baird AJ, Belyea LR. Bridging the gap between models and measurements of peat hydraulic
conductivity. Water Resour Res. 2015; 51: 5353-5364. https://doi.org/10.1002/2015WR017264

Lewis C, Albertson J, Xu X, Kiely G. Spatial variability of hydraulic conductivity and bulk density along a
blanket peatland hillslope. Hydrol Process. 2012; 26: 1527—-1537. https://doi.org/10.1002/hyp.8252

PLOS ONE | https://doi.org/10.1371/journal.pone.0202691 September 7, 2018 18/19


https://doi.org/10.1016/j.geoderma.2015.07.015
https://doi.org/10.1016/j.geoderma.2014.11.030
https://doi.org/10.1016/j.geoderma.2014.11.030
https://doi.org/10.1016/j.geoderma.2016.02.026
https://doi.org/10.1016/j.geoderma.2017.10.018
https://doi.org/10.5194/bg-15-1663-2018
https://doi.org/10.1002/2016WR019898
https://doi.org/10.1002/2016WR019898
https://doi.org/10.1016/j.jhydrol.2011.07.005
https://doi.org/10.1016/j.geoderma.2018.04.004
https://doi.org/10.1016/j.geoderma.2017.10.018
http://link.springer.com/10.1007/978-0-387-48536-2
http://www.metoffice.gov.uk/climate/uk/averages/19712000/sites/princetown.html
http://www.metoffice.gov.uk/climate/uk/averages/19712000/sites/princetown.html
http://digimap.edina.ac.uk
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://data.gov.uk/dataset/334e1b27-e193-4ef5-b14e-696b58bb7e95/national-parks-england
https://data.gov.uk/dataset/334e1b27-e193-4ef5-b14e-696b58bb7e95/national-parks-england
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://data.gov.uk/dataset/4b6ddab7-6c0f-4407-946e-d6499f19fcde/priority-habitat-inventory-england
https://data.gov.uk/dataset/4b6ddab7-6c0f-4407-946e-d6499f19fcde/priority-habitat-inventory-england
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://doi.org/10.1007/s11707-011-0174-1
http://www.r-project.org/
https://cran.r-project.org/web/packages/geoR/index.html
https://cran.r-project.org/web/packages/geoR/index.html
https://doi.org/10.1111/ejss.12202
https://doi.org/10.1002/2015WR017264
https://doi.org/10.1002/hyp.8252
https://doi.org/10.1371/journal.pone.0202691

@° PLOS | ONE

Spatial models with covariates improve estimates of peat depth

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Cunliffe AM, Baird AJ, Holden J. Hydrological hotspots in blanket peatlands: Spatial variation in peat
permeability around a natural soil pipe. Water Resour Res. 2013; 49: 5342-5354. https://doi.org/10.
1002/wrcr.20435

Frogbrook ZL, Bell J, Bradley RI, Evans C, Lark RM, Reynolds B, et al. Quantifying terrestrial carbon
stocks: examining the spatial variation in two upland areas in the UK and a comparison to mapped esti-
mates of soil carbon. Soil Use Manag. 2009; 25: 320-332. https://doi.org/10.1111/j.1475-2743.2009.
00232.x

Charman DJ, Beilman DW, Blaauw M, Booth RK, Brewer S, Chambers FM, et al. Climate-related
changes in peatland carbon accumulation during the last millennium. Biogeosciences. 2013; 10: 929—
944. https://doi.org/10.5194/bg-10-929-2013

Grimm V, Revilla E, Berger U, Jeltsch F, Mooij WM, Railsback SF, et al. Pattern-Oriented Modeling of
Agent-Based Complex Systems: Lessons from Ecology. Science. 2005; 310: 987-991. https://doi.org/
10.1126/science.1116681 PMID: 16284171

Frolking S, Roulet NT, Tuittila E, Bubier JL, Quillet A, Talbot J, et al. A new model of Holocene peatland
net primary production, decomposition, water balance, and peat accumulation. Earth Syst Dynam.
2010; 1: 1-21. https://doi.org/10.5194/esd-1-1-2010

Baird AJ, Morris PJ, Belyea LR. The DigiBog peatland development model 1: rationale, conceptual
model, and hydrological basis. Ecohydrology. 2012; 5: 242—255. https://doi.org/10.1002/eco.230

Chaudhary N, Miller PA, Smith B. Modelling past, present and future peatland carbon accumulation
across the pan-Arctic region. Biogeosciences. 2017; 14: 4023-4044. https://doi.org/10.5194/bg-14-
4023-2017

Evans MR, Norris KJ, Benton TG. Predictive ecology: systems approaches. Philos Trans R Soc B Biol
Sci. 2012; 367: 163—169. https://doi.org/10.1098/rstb.2011.0191 PMID: 22144379

Fyfe RM, Coombe R, Davies H, Parry L. The importance of sub-peat carbon storage as shown by data
from Dartmoor, UK. Soil Use Manag. 2014; 30: 23-31. https://doi.org/10.1111/sum.12091

DingY, Ge Y, Hu M, Wang J, Wang J, Zheng X, et al. Comparison of spatial sampling strategies for
ground sampling and validation of MODIS LAI products. Int J Remote Sens. 2014; 35: 7230-7244.
https://doi.org/10.1080/01431161.2014.967889

Chapman SJ, Bell J, Donnelly D, Lilly A. Carbon stocks in Scottish peatlands. Soil Use Manag. 2009;
25: 105-112. https://doi.org/10.1111/j.1475-2743.2009.00219.x

Minasny B, McBratney AB. A conditioned Latin hypercube method for sampling in the presence of ancil-
lary information. Comput Geosci. 2006; 32: 1378—1388. https://doi.org/10.1016/j.cageo.2005.12.009

Buffam I, Carpenter SR, Yeck W, Hanson PC, Turner MG. Filling holes in regional carbon budgets: Pre-
dicting peat depth in a north temperate lake district. J Geophys Res Biogeosciences. 2010; 115:
G01005. https://doi.org/10.1029/2009JG001034

PLOS ONE | https://doi.org/10.1371/journal.pone.0202691 September 7, 2018 19/19


https://doi.org/10.1002/wrcr.20435
https://doi.org/10.1002/wrcr.20435
https://doi.org/10.1111/j.1475-2743.2009.00232.x
https://doi.org/10.1111/j.1475-2743.2009.00232.x
https://doi.org/10.5194/bg-10-929-2013
https://doi.org/10.1126/science.1116681
https://doi.org/10.1126/science.1116681
http://www.ncbi.nlm.nih.gov/pubmed/16284171
https://doi.org/10.5194/esd-1-1-2010
https://doi.org/10.1002/eco.230
https://doi.org/10.5194/bg-14-4023-2017
https://doi.org/10.5194/bg-14-4023-2017
https://doi.org/10.1098/rstb.2011.0191
http://www.ncbi.nlm.nih.gov/pubmed/22144379
https://doi.org/10.1111/sum.12091
https://doi.org/10.1080/01431161.2014.967889
https://doi.org/10.1111/j.1475-2743.2009.00219.x
https://doi.org/10.1016/j.cageo.2005.12.009
https://doi.org/10.1029/2009JG001034
https://doi.org/10.1371/journal.pone.0202691

