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A B S T R A C T   

Upland blanket peat is widespread in the headwaters of UK catchments, but much of it has been degraded 
through atmospheric pollution, vegetation change and erosion. Runoff generation in these headwaters is an 
important element of downstream flood risk and these areas are increasingly the focus of interventions to restore 
the peat ecosystem and to potentially mitigate downstream flooding. Here we use a series of multivariate analysis 
techniques to examine controls on storm runoff behavior within and between ten blanket peat catchments all 
within 5 km of one another and ranging in size from 0.2 to 3.9 ha. We find that: 1) for all 10 catchments, rainfall 
intensity is the dominant driver for both magnitude and timing of peak discharge, and that total and antecedent 
rainfall is important for peak discharge only in small storms; 2) there is considerable inter-catchment variability 
in: runoff coefficient, lag time, peak runoff, and their predictability from rainfall; however, 3) a significant 
fraction of the inter-catchment variability can be explained by catchment characteristics, particularly catchment 
area; and 4) catchment controls on peak discharge and runoff coefficient for small storms highlight the impor-
tance of storage and connectivity while those for large events suggest that surface flow attenuation dominates. 
Together these results suggest a switching rainfall-runoff behavior where catchment storage, connectivity and 
antecedent conditions control small discharge peaks but become increasingly irrelevant for larger storms. Our 
results suggest that, in the context of Natural Flood Management potential, expanding depression storage (e.g. 
distributed shallow water pools) in addition to existing restoration methods could increase the range of storms 
within which connectivity and storage remain important and that for larger storms measures which target 
surface runoff velocities are likely to be important.   

1. Introduction 

Headwater streams are key features of upland landscapes connecting 
hillslope runoff to downstream river systems (Nadeau and Rains, 2007). 
In the UK, many upland headwaters drain areas of blanket peat degraded 
due to climatic and anthropogenic pressures such as high atmospheric 
deposition of pollutants since the Industrial Revolution, grazing, pre-
scribed burning, wildfire, peat extraction and artificial drainage (Joos-
ten, 2016; Holden et al., 2012; Limpens et al., 2008; Ellis and Tallis, 
2001; Evans et al., 1999). This has resulted in widespread vegetation 
loss, which on sloping blanket peatlands has exacerbated gully erosion 

and increased sediment export (Shuttleworth et al., 2015; Evans and 
Lindsay, 2010a, Allott et al., 2009; Daniels et al., 2008). These degra-
dation effects increase the velocity of overland flow (Holden et al., 2008) 
and the flashiness of storm hydrographs at the headwater catchment 
scale (Grayson et al., 2010; Gao et al., 2016; Holden et al, 2015). There is 
concern that the enhanced flashiness of storm runoff may propagate 
downstream through river systems and exacerbate downstream flood-
ing. Under current climate change projections, the severity of extreme 
rainfall events in the UK and thus flood risk is expected to rise in the 
coming decades (Met Office, 2019; Committee on Climate Change, 
2017). 
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Considerable investment has been made towards restoring the 
ecological integrity of upland peatlands in the UK to regain some of the 
multiple-benefits lost through degradation including biodiversity, car-
bon sequestration, climate and water regulation (Pilkington et al., 2015; 
Bonn et al., 2014; 2009). Recent work suggests that such restoration 
activities also have the potential to reduce flood peak discharge from 
headwater catchments (Goudarzi et al., 2021; Shuttleworth et al., 2019). 
The growing interest in runoff generation processes in upland peat 
systems has been motivated in part by a desire to harness natural hy-
drological and morphological processes to mitigate downstream flood 
risk (Wingfield et al., 2019; Dadson et al., 2017). However, attributing 
changes in hydrological function to restoration activities requires a good 
understanding of the hydrological processes at work in degraded peat-
lands prior to intervention. It also requires understanding of the vari-
ability in hydrological response due to catchment morphometry or the 
scale of investigation. 

Water movement over and through peatlands is influenced by the 
physical properties of the peat including compaction and vegetation 
composition (Labadz et al., 2010; Daniels et al., 2008; Holden, 2005; 
Evans et al., 1999). Structurally, peat has been considered to consist of 
an ‘active’ upper layer (acrotelm) of relatively high hydraulic conduc-
tivity and a permanently saturated lower layer (catotelm) of low hy-
draulic conductivity (Hilbert et al., 2000; Egglesmann et al., 1993; 
Ingram and Bragg, 1984; Ivanov, 1981). This idealized diplotelmic 
model of water movement in peat has, however, been criticized for its 
shortcomings (Holden and Burt, 2003a; Morris et al., 2011) in: i) pro-
moting one indicator - minimum water-table depth - as a key threshold 
point between two ‘distinct’ layers and ii) failing to facilitate spatial 
conceptualizations of peatland systems which more appropriately 
characterise spatially variable water flow paths within the peat profile 
and across the landscape. 

On peatland hillslopes, runoff production most commonly occurs via 
saturation-excess overland flow, subsurface pipe flow, macropore flow 
and shallow saturated subsurface flow (Daniels et al., 2008; Holden and 
Burt, 2003a; Evans et al., 1999). The dominant runoff mechanism will, 
however, vary with storm characteristics, antecedent moisture condi-
tions, hillslope configuration and local variability in peat properties 
(Daniels et al., 2008; Holden and Burt, 2003a). Hydrological studies in a 
range of environments have shown that heterogeneity in material 
properties generates heterogeneous flow pathways, and storage distri-
butions within hillslopes (James and Roulet, 2009; Gomi et al., 2008; 
Blume et al., 2007; Lehmann et al., 2007) and thus subsurface and 
overland flows that are patchy in space and time across a catchment 
(Bromley et al., 2004; Holden and Burt, 2003b). 

Many runoff studies in UK peatlands are based on measurements 
conducted at plot or single catchment scales (e.g. Daniels et al., 2008; 
Holden and Burt, 2002, Evans et al., 1999), with some exceptions (e.g. 
Howson et al., 2021; Holden et al., 2015; Holden et al., 2006). This, 
limits our understanding of: 1) the variability in process controls on 
hydrological response in upland peat catchments; and 2) how this 
variability influences response across a range of spatial scales. Studies 
have shown that the complex interactions between processes operating 
at different spatial–temporal scales tend to produce strong nonlinearity 
in event-based hydrological response (Hopp and McDonnell, 2009; 
Lehmann et al., 2007; Kusumastuti et al., 2007; Cammeraat, 2002). This 
makes the extrapolation of fine-scale measurements to larger areas a 
major challenge (Parsons et al., 2006; Kim et al., 2004). A better un-
derstanding of the spatial linkages between the processes of runoff 
generation and catchment-scale hydrological behavior is necessary to 
more accurately parameterize fine-scale heterogeneity at large spatial 
scales. 

Here, we assemble a robust observational dataset from high temporal 
resolution monitoring of 10 replicate headwater micro-catchments of 
comparable but varying scales which lie above communities at risk of 
flooding along the western fringe of the Pennines in northern England 
(Allott et al., 2019). We aim to examine the controls on storm runoff 

magnitude and timing in these blanket peat systems focusing on: 1) 
whether there are consistent storm properties that drive response; 2) 
variability in both runoff response and its drivers across replicate 
catchments; 3) the role of scale in runoff generation processes. The re-
sults will provide a baseline that accounts for variability against which 
impacts of landscape scale changes could be examined, whether these 
are deliberate interventions (e.g. peatland restoration) or wider envi-
ronmental changes (e.g. climate change). 

2. Materials and method 

2.1. Study area 

This study was conducted in 10 comparable small headwater 
catchments of varying sizes ranging between 0.24 and 3.93 ha at a mean 
elevation of 480 m in the western Pennines, draining towards Greater 
Manchester, UK (Fig. 1; Table 1). The catchments have a blanket peat 
cover underlain by sandstones and millstones grit interspersed by shale. 
The landscape is dissected by erosion gullies that are variable in form; 
either branching or running parallel to each other (Bower, 1961). The 
mean annual rainfall was 2071 mm and mean temperature was 8.98 ◦C 
with a maximum of 24.3 ◦C and a minimum of − 0.87 ◦C recorded in July 
and December, respectively (April 2019–March 2020 data obtained 
from 4 HOBO RG3 data logging rain gauges (0.2 mm resolution) 
installed at the monitoring sites). Although high summer rainfalls are 
associated with convective storms, long winter frontal events also 
generate flood relevant discharges in the catchments. The vegetation of 
the area consists of a mix of Eriophorum vaginatum, Eriophorum angusti-
folium and Calluna vulgaris, with Empetrum nigrum ssp. Hermaphroditum, 
Rubus chamaemorus, and Vaccinium ssp. (Elkington et al., 2001). The 
catchments are labelled A-J from west to east (Fig. 1) but do not sys-
tematically vary in their characteristics along this transect. 

The study area was impacted by a moorland wildfire in 2018. A burn 
severity analysis (Key and Benson, 2006) using Sentinel-2A satellite 
imagery acquired on 24 June 2018 (pre-fire) and 04 July 2018 (post- 
fire) showed that our study catchments fall within the unburned and 
low-moderately low burn severity classes (Millin-Chalabi, unpublished 
data). The vegetation cover of the low-severity burn areas had mostly 
recovered prior to the start of hydrological monitoring in April 2019. 
Comparative within-catchment analysis of the hydrological data show 
no fire impact on the hydrological behavior of the catchments. 

2.2. Hydro-meteorological monitoring 

The monitoring period spans April 2019 to March 2020. Similar to 
the field monitoring of hydrograph behavior described in Shuttleworth 
et al. (2019), stream water level was monitored using pressure trans-
ducers (HOBO U20 series) in stilling wells installed at 90◦ V-notch weirs 
located at the outlet of the respective micro-catchments (Table 1). 
Pressure transducers continuously recorded the depth of water (d) 
flowing over the V-notch at 5-min intervals. The recorded water depth 
was subsequently converted to discharge and normalized to the catch-
ment area to allow for comparative analysis. To check for logger per-
formance, a calibrated measuring board was attached to the stilling 
wells and manually read off during monthly logger downloads. 

Four rain gauges logging at 5-min intervals were installed in catch-
ments B, E, G and I. Their locations were chosen to represent the nearest 
catchment or approximate geometric centre of catchment clusters. 
Specifically, rainfall data from the rain gauge at catchment B was used 
for catchments A, B and C; rain gauge at E was used for catchments D, E 
and F; rain gauge at G for catchments G and H, and rain gauge at I for 
catchments I and J. Examination of the residuals between the rain 
gauges reveals no significant spatial bias. However, there was less error 
observed between rain gauges closer to each other and on relatively 
similar catchment elevation than between more distant gauges 
(Figure SI 1 and Table 1). 
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2.3. Storm hydrograph extraction 

Hydrographs were extracted for each of the catchments for all storm 
events that met the following criteria: 1) a discrete event without ice/ 
snowmelt; 2) having a total rainfall of at least 4 mm; and 3) resulting in 
discernible changes in streamflow characteristics. Storms were identi-
fied as potentially at risk of meltwater-influence if temperatures fell 
below 0 ◦C within 2 days of the discharge response and/or if there was 
no rainfall within 2 hrs of a discharge response. These storms were not 
included in the storm set. The start of an event was determined as the 
timestep after which discharge consistently increased for >4 timesteps 
(20 min). The end of an event flow was determined as the point of in-
flection on the recession limb of the hydrograph (Beighley et al., 2002; 
Bedient and Huber, 1992; Singh, 1992). There were a total of 900 
extracted hydrographs covering 102 storm events. The number of 
extracted event hydrographs differed between catchments (ranging 
from 68 to 102) due to gaps in discharge data resulting from occasional 
logger failure. For each of the extracted hydrographs, five hydrological 
response metrics were calculated: total storm discharge (Qtot), peak 
storm discharge (Qpeak), runoff coefficient (the ratio of area-normalised 
total storm discharge to total storm rainfall), lag time (the time between 
peak rainfall and peak discharge following a storm event) and time to 
peak Q (the time from the start of the hydrograph rising limb to peak 
discharge). The Qtot, Qpeak and runoff coefficients were used to 
represent the magnitude of stormflow to the streams while lag time and 
time to peak Q were taken as indicators of catchment runoff timings. 

2.4. Potential predictor variables 

The potential predictor variables consisted of catchment character-
istics and hydro-meteorological variables (Table 2). The catchment 
characteristics variables included several physical characteristics hy-
pothesized to affect processes of hydrological response to rainfall input 
(Holden et al., 2006; Holden and Burt, 2003c). These characteristics 
include catchment area, relief, slope, flow path length, topographic 
depressions and gully area extent. The catchments were delineated using 
Bluesky lidar DSMs with 0.25 m resolution. Catchment relief was 
calculated as change in elevation between the highest and lowest 
elevation in the catchment scaled by the square root of the catchment 
area (Ali et al., 2015). The average slope for each catchment was 
computed as the difference between the maximum elevation and outlet 
elevation over the distance of the longest drainage path length. 
Maximum flow path length (Lmax) was identified using D8 single di-
rection flow algorithm (Hogg et al., 1997) after filling the DSM de-
pressions. Topographic depression storage (Sd) for each catchment was 
derived as the residual of depression filled DSM and the original DSM 
converted to storage volume and normalised to catchment area. Esti-
mates of gully extent for the catchments were derived following 
methods described in Evans and Lindsay (2010b). 

Flowpath length distributions or ‘width functions’ express the area of 
the catchment within a particular flow length band from the outlet (i.e. 
area/length = width) and have been widely used in unit hydrograph 
rainfall-runoff models (Diaz-Granados et al., 1984). Runoff generated at 
a given location has a particular flow path length and thus travel time to 

Fig. 1. Study catchments.  
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reach the catchment outlet. By expressing the spatially variable flow 
path lengths as a probability distribution and assuming spatially uni-
form runoff amount and velocity we can hypothesise that: peak 
discharge should have a positive linear correlation with peak probability 
density (i.e. maximum width, Wmax); and lag time should be positively 
correlated with modal flow path length. We used kernel density esti-
mation to calculate flowpath length distributions, avoiding the problem 
of sensitivity to binning but introducing a (weaker) sensitivity to kernel 
bandwidth. We chose an Epanechnikov kernel (Epanechnikov, 1969), 
because we did not expect the distributions to have a particular form a 
priori, and accounted for bandwidth sensitivity by taking median values 
of our metrics from a range of kernel bandwidths (range 0.05–0.5 m n =
10, chosen to capture a reasonable range of smoothing). 

For the hydro-meteorological variables (Table 2), total event rainfall 
(TOTPPN – the sum of rainfall for the duration of a storm hydrograph) 
and event-averaged rainfall intensity (PPTINT – the ratio of total event 
rainfall to event duration) were used to represent the storm character-
istics while the sum of the 5-day antecedent rainfall (API5) was used as a 
surrogate for the antecedent moisture condition of the catchments. We 
did not examine higher order measures of hyetograph shape for example 
the degree or orientation of asymmetry in rainfall intensity within a 
storm. 

3. Data analyses 

3.1. Classification and regression trees 

The non-parametric classification and regression trees (CART) 
modelling approach was used to assess the relative influence of the 
hydro-meteorological predictors (Table 2) on the hydrological behavior 
of each catchment. The model allows for detection of thresholds in 
hydro-meteorological variables associated with each hydrological 
response metric. This technique has been widely used to analyze com-
plex hydro-ecological datasets composed of a response variable and any 
number of explanatory variables (Ali et al., 2010; Rothwell et al., 2008; 
Lawler et al., 2006; Spruill et al., 2002; DeAth and Fabricius, 2000; 
Rejwan et al., 1999; Breiman et al., 1984). The CART analysis was 
performed in JMP statistical software package (e.g. Rothwell, et al., 
2008; Lougheed and Chow-Fraser, 2002). The model predicts a single 
response variable by building a nested sequence of reasonably homog-
enous groups defined by a simple rule applied to predictor variables that 
can be scanned more than once in a stochastic recursive search of dis-
similar subsets. It begins from a ‘root node’ containing all observations 
in the dataset. The algorithm then partitions the ‘root node’ by applying 
a logical operator to predictor variables to split the data into two 
mutually exclusive and reasonably internally homogeneous ‘child 
nodes’ (Rothwell et al., 2008; Yohannes and Hoddinott, 1999). Both the 
predictor variable and the logical operation are optimised to minimise 
the sums of squares within each child node. These child nodes become 
the new parent nodes for the next partitioning. The splitting process can 
be stopped using a range of rules: we chose to minimise the sum of 
squares errors in cross validation. A five-fold cross-validation procedure 
was used to assess how the results of our model will generalize to an 
independent dataset. This technique randomly partitions the dataset 
into five equally sized subsample groups with a single group retained as 
the validation data for testing the model. Each group of the subsamples 
is sequentially used as a test set for the model derived from the combined 
set of the remaining groups five times. This procedure was used to obtain 
estimates of the true prediction errors for trees of a given size to avoid 
over-sized or over-fitted trees with few data in the terminal nodes 
(Breiman et al, 1984). Given the stochastic path-dependent nature of our 
CART analysis we performed multiple runs for each analysis using the 
Akaike Information Criteria (AICc) (Akaike, 1974) to quantify model 
goodness-of-fit. We chose the model that minimised AICc and stopped 
our analysis when subsequent runs resulted in no significant improve-
ment in AICc (p ≤ 0.05). 

Table 1 
Catchment characteristics and locational information of V-notch weirs.  

Catchment TotalArea  
(ha) 

Mean 
Elevation 
(m) 

Mean 
Slope 
(◦) 

Topographic 
Depression 
storage (m3 

ha− 1) 

Weir 
location 
(Latitude & 
Longitude) 

A  0.46 470  2.48 11 53◦ 30′

58.92′’ 
− 1◦ 59′

20.34′’ 
B  1.63 466  1.23 25 53◦ 30′

21.26′’ 
− 1◦ 59′

9.71′’ 
C  3.93 468  0.91 42 53◦ 30′

54.94′’ 
− 1◦ 59′

3.89′’ 
D  1.47 470  1.20 22 53◦ 30′

53.52′’ 
− 1◦ 58′

57.32′’ 
E  2.52 474  1.79 22 53◦ 30′

50.25′’ 
− 1◦ 58′

53.90′’ 
F  0.82 472  1.26 28 53◦ 30′

48.53′’ 
− 1◦ 58′

50.10′’ 
G  0.45 493  2.56 17 53◦ 30′

34.84′’ 
− 1◦ 58′

14.23′’ 
H  0.96 491  2.23 23 53◦ 30′

31.76′’ 
− 1◦ 57′

54.09′’ 
I  0.60 499  1.56 24 53◦ 30′

31.62′’ 
− 1◦ 57′

36.29′’ 
J  0.24 502  2.26 21 53◦ 30′

34.30′’ 
− 1◦ 57′

16.42′’  

Table 2 
Response and predictor variables included in the analysis.   

Variable Units Abbreviation 

Hydrological/response variables    
Total storm discharge m3 Qtot  
Peak storm discharge L s− 1 Qpeak  
Runoff coefficient %   
Lag time min   
Time to peak discharge min   

Predictor variables   
Catchment characteristics    

Area ha   
Relief m/m   
Slope ◦

Flow path length m   
Topographic depression storage m3 ha− 1   

Gully area extent m2/m2   

Maximum width m− 1   

Hydro-meteorological variables    
Total event rainfall mm TOTPPN  
Event-averaged rainfall intensity mm h− 1 PPTINT  
5-day antecedent rainfall mm API5  
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3.2. Catchment characteristics and hydrological response 

Due to the multi-variate character of the dataset, principal compo-
nent analysis (PCA) was used to identify combinations of response 
variables (Table 2) that best explain the within-catchment variability in 
their hydrological response. PCA is a data reduction method that sim-
plifies high-dimensional data by transforming the original data into 
fewer dimensions (principal component – PCs), enabling the identifi-
cation of gradients, trends and influential variables in the summarized 
dataset (Lever et al., 2017; Legendre and Legendre, 1983). In this study 
only the first two PC axes are retained so that events are classified into 
four hydrological response quadrants based on their main characteris-
tics and location in reduced space (e.g. Ali et al., 2010). For each of the 
identified hydrological response types or quadrants, Spearman rank 
correlation coefficient was subsequently used to measure the strength 
and direction of the relationships between the metrics of hydrograph 
response and a suite of catchment and hydro-meteorological predictor 
variables (Table 2). 

4. Results 

4.1. Thresholds in hydro-meteorological variables 

Figure 2 shows the structure of an optimally pruned CART model for 
Qpeak for catchment C, the largest catchment (3.93 ha) in the dataset. 
Each split in the CART structure is labeled with the threshold value 
responsible for the split, the distribution and the decision variable. The 
structure of all other CART models for each hydrological response var-
iable and catchment are available as Supplementary Information 
(Figure SI 2 – 6). The summary statistics of the CART analysis for all 
catchments are shown in Table 3. The CART models explain 77–90% 
variance in Qpeak across the catchments with PPTINT identified as the 
most significant hydro-meteorological control, contributing 86 – 98% of 
the variation explained by the models. TOTPPN played only a minor role 
and antecedent precipitation was less significant still in its control on 

Qpeak in the catchments, both were important only in small low in-
tensity storms (≤14 mm) at PPTINT < 3 mm h− 1. 

The CART models explain <50% variance in the runoff coefficient 
dataset for all but catchments H, I and J where it explains 51–63% 
variance in the dataset. Unlike Qpeak, identifying the main hydro- 
meteorological driver of runoff coefficient was more complicated and 
varied across the catchments. With the exception of catchments H and J, 
TOTPPN was the dominant control on runoff coefficients whilst API5 
was only important when TOTPPN was below 12 mm. In catchments H 
and J, API5 was identified as the most important control on runoff co-
efficient, contributing 40–45% of the variance explained by the models. 
API5 was also identified as the second most important control on runoff 
coefficient in catchments A, D, E, F, G and I. 

TOTPPN was identified as the most significant control on Qtot, 
contributing 97–100% of the 59–82% variance explained by the CART 
models. The influence of PPTINT on Qtot is only important when 
TOTPPN is <22 mm, while API5 as a control is only relevant in small 
rainfall events of low average intensity (<1.4 mm h− 1). This suggests 
that in large storms Qtot is dominated by TOTPPN, while intensity and 
API only become important for smaller storms. 

For lag time, the CART models explain 49–65% variance in the 
dataset, with PPTINT identified as the most important explanatory 
variable of lag in the catchments, contributing 49 – 73% of the variance 
explained by the models. TOTPPN was the second most important 
control and contributed 15–50% of the explained variance. The influ-
ence of API5 on lag is important when TOTPPN is <20 mm and event- 
averaged rainfall intensity is in the range of 1–4 mm h− 1. The CART 
models for time to peak Q in the catchments explain 57–75% variance in 
the dataset and TOTPPN was identified as the most important control, 
contributing 51–77% of the explained variance in all but catchment A 
where PPTINT was slightly more important. The influence of API5 on 
time to peak Q is important when TOTPPN is <24 mm and PPTINT is in 
the range of 1–4 mm h− 1. 

In general the hydro-meteorological variables that best predict a 
given discharge response (e.g. Qpeak) are consistent in terms of the 
share of the variance that they explain across the catchments. For 
Qpeak, Qtot and lag the same predictor (PPTINT) is best for all catch-
ments and for Qpeak and Qtot, the other predictors have only a small 
share of the variance (<10%) across all catchments. For lag, across all 
catchments, TOTPPN is always as important as or more important than 
API but all three predictors explain a non-trivial share (>11%) of the 
variance in half the catchments. For time to peak the behaviour is 
broadly consistent across catchments: PPTINT and TOTPPN are both 
important predictors at all catchments, TOTPPN is best in 9/10 catch-
ments but the variance share in these nine varies widely (51–77%). In 
the one catchment where PPTINT is best, its variance share is only 2% 
higher than that of TOTPPN. For runoff coefficient, all three predictors 
have a non-trivial share of the variance in most catchments (8/10). The 
order of the predictors in terms of their variance share varies across 
catchments. TOTPPN is best in 8/10 and API in the other two; however, 
API is second best in 6/10 and PPTINT in the other four. 

The CART models using hydro-meteorological variables are consis-
tently good predictors of Qpeak across all catchments and are good 
predictors of Qtot but with more inter-catchment variability. Timing is 
less well predicted (both lag and time to peak) but performance is 
relatively consistent across catchments. Runoff coefficients are generally 
not well predicted by the CART models but there is considerable vari-
ability between catchments such that they can explain >43% of the 
variance in the two best performing catchments but <15% in the worst 
two. 

There do not appear to be consistent ‘outlier’ catchments that always 
differ from the majority whether in terms of the roles of the predictor 
variables or the models’ performances. Instead, different catchments 
appear as outliers for the different discharge properties that are being 
predicted. 
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Fig. 2. Classification and regression trees analysis of peak storm discharge for 
catchment C. Each split in the CART structure is labeled with the threshold 
value responsible for the split, the distribution and the decision variable. 
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4.2. Characterization of hydrological response 

Figure 3 shows the PCA correlation biplot for catchment C. The PCA 
biplots for all other catchments are available as Supplementary Infor-
mation (Figure SI 7). Across all catchments, PCA revealed two dominant 
axes which together explained 73 – 80% of the variance in the hydro-
logical dataset (Table 4). Thus, subsequent PCA axes were not consid-
ered further. The first component (PC 1) is associated with Qtot, Qpeak 
and runoff coefficient, while the second (PC2) is associated with lag and 
time to peak Q (Table 4) suggesting that PC 1 is a gradient of runoff 
magnitude and PC 2 is a gradient of runoff timing. Based on the posi-
tioning of individual events in the reduced PCA space and the correla-
tion between descriptor and PC axes, the hydrological response types in 
the four PCA quadrants can be partitioned into high/low magnitude and 
quick(i.e. short lag time and time to peak)/slow(i.e. long lag time and 
time to peak) response types (Fig. 3). The medians and interquartile 

ranges of response and hydro-meteorological variables in each PCA 
segmentation quadrant are shown in Table 5. Across the range of 
catchment scales, storm events associated with the high magnitude/ 
quick timing (HQ), high magnitude/slow timing (HS), low magnitude/ 
quick timing (LQ) and low magnitude/slow timing (LS) quadrants of the 
PCA space have median Qpeak of 5.6–15.6 L s− 1 ha− 1, 2.9–9.1 L s− 1 

ha− 1, 1.9–6.2 L s− 1 ha− 1 and 1.0–2.9 L s− 1 ha− 1, respectively. Median 
Qtot ranges between 18 – 170 m3 in high magnitude event type and 
6–64 m3 in low magnitude events. Runoff coefficients range between 27 
and 73% for high magnitude events and 14–48% for low magnitude 
events. 

The example storm hydrographs for different PCA quadrants in Fig. 3 
demonstrate that rainfall in slow timing events can occur over an 
extended period but still produce peak Q similar in magnitude to quick 
timing events (storm #50). For quick timing events, median lag and time 
to peak Q ranged from 23 to 82 min and 40–125 min, respectively with 

Table 3 
Summary statistics of CART models for each catchment.   

A B C D E F G H I J Median IQR 

Sample size 70 68 83 97 97 95 98 102 102 88   
Qpeak (L s− 1)             
CV (k-fold = 5) R2 0.84 0.81 0.77 0.78 0.74 0.72 0.73 0.73 0.85 0.80  0.78  0.08 
Overall Model R2 0.90 0.86 0.83 0.84 0.82 0.77 0.81 0.82 0.87 0.85  0.84  0.04  

Contribution to fit (%)           
PPTINT 0.89 0.99 0.86 0.98 0.94 0.99 0.98 0.96 0.98 0.94   
TOTPPN 0.10 0.00 0.06 0.02 0.06 0.00 0.02 0.03 0.00 0.04   
API 5 0.01 0.01 0.08 0.00 0.01 0.01 0.00 0.01 0.02 0.02    

Runoff coefficient (%)             
CV(k-fold = 5) R2 0.15 0.17 0.22 0.16 0.33 0.11 0.34 0.43 0.46 0.36  0.28  0.19 
Overall Model R2 0.22 0.33 0.41 0.43 0.47 0.42 0.48 0.62 0.63 0.51  0.45  0.09  

Contribution to fit (%)           
PPTINT 0.00 0.28 0.28 0.20 0.18 0.11 0.06 0.33 0.27 0.41   
TOTPPN 0.86 0.72 0.49 0.51 0.60 0.47 0.49 0.27 0.41 0.14   
API 5 0.14 0.00 0.23 0.29 0.22 0.42 0.45 0.40 0.32 0.45    

Qtot (m3)             
CV(k-fold = 5) R2 0.60 0.64 0.52 0.75 0.78 0.73 0.70 0.66 0.61 0.76  0.68  0.13 
Overall Model R2 0.69 0.72 0.59 0.81 0.82 0.78 0.75 0.72 0.73 0.76  0.74  0.06  

Contribution to fit (%)             
PPTINT 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.02 0.00   
TOTPPN 0.99 1.00 1.00 0.99 1.00 1.00 1.00 0.99 0.97 0.99   
API 5 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01    

Lag (min)             
CV(k-fold = 5) R2 0.37 0.32 0.40 0.48 0.41 0.37 0.48 0.57 0.46 0.32  0.41  0.11 
Overall Model R2 0.59 0.49 0.64 0.61 0.54 0.61 0.63 0.65 0.61 0.54  0.61  0.07  

Contribution to fit (%)           
PPTINT 0.63 0.49 0.65 0.66 0.66 0.73 0.50 0.72 0.73 0.50   
TOTPPN 0.23 0.43 0.35 0.19 0.27 0.15 0.25 0.21 0.15 0.50   
API 5 0.14 0.08 0.00 0.15 0.07 0.12 0.25 0.07 0.11 0.00    

Time to peak Q (min)             
CV(k-fold = 5) R2 0.55 0.49 0.46 0.56 0.61 0.50 0.62 0.61 0.55 0.60  0.56  0.10 
Overall Model R2 0.69 0.57 0.63 0.63 0.69 0.60 0.72 0.69 0.63 0.67  0.65  0.06  

Contribution to fit (%)             
PPTINT 0.48 0.28 0.46 0.39 0.44 0.46 0.33 0.34 0.23 0.41   
TOTPPN 0.46 0.67 0.51 0.61 0.56 0.54 0.62 0.66 0.77 0.59   
API 5 0.06 0.05 0.03 0.00 0.00 0.00 0.06 0.00 0.00 0.00   

Note: PPTINT = Event-averaged rainfall intensity, TOTPPN = Total rainfall, API5 = 5-day antecedent rainfall, CV = cross validation, IQR = Interquartile range, bold 
values indicate the variable with the highest % contribution to the variance explained by the model, italics indicate second highest contribution, contributions <0.1 are 
in grey. 
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median PPTINT in the range of 2–6 mm h− 1. For slow timing events, the 
median lag and time to peak Q ranged from 80 to 175 min and 115–273 
min, respectively, with median PPTINT of 1–3 mm h− 1. Median time to 
peak Q is consistently longer than lag across catchments and storm 
types, reflecting the near instantaneous response times of these small 
catchments. Time to peak primarily reflects the duration of the storm 
while lag time reflects the response time over which a rainfall signal 
propagates through the catchment. There was high variability in 
TOTPPN producing high magnitude response, with medians of 10–20 
mm and interquartile ranges (IQR) of 6–43 mm, compared to TOTPPN 
medians of 5–7 mm and IQRs of 2–7 mm for low magnitude events 

(Table 5). 
There is appreciable inter-catchment variability in peak discharge 

(normalized by area) despite the close proximity of the catchments (<3 
km span) and similar conditions (all gullied blanket peat). For all storm 
types the cross-catchment IQR in Qpeak is close to half the cross- 
catchment median (Table 5). This also suggests that inter-catchment 
variability in peak discharge is retained across storm types rather than 
emerging only for quick, slow, large or small storms. 

High flow events have consistently higher runoff coefficients than 
low flow events with median values across the catchments of 54–56% 
for large and 28–30% for small events. There is considerable variability 

Fig. 3. Principal component analysis (PCA) correlation and distance biplot of the storm hydrology dataset for catchment C. Arrows represent the descriptor or 
hydrological variables and data points represent individual events. The red equilibrium circle of descriptors indicates the contribution of each response variable to 
the formation of the PCA space. The closer the projected length of a variable to the equilibrium circle, the higher their importance in explaining the structure of the 
reduced PCA space. Magnitude and timing quadrants of the PCA space characterised based on arrow orientation and the correlation between descriptor and PC axes. 
The hydrographs are example storms in the magnitude/timing quadrants of the biplot. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Table 4 
Correlation between PC axes and descriptor axes for each catchment, with best predictor in bold, second best in italics, and predictors with correlation < 0.3 in grey 
text.    

Catchment 

Descriptors  A B C D E F G H I J  

PCA axis 1            
% of Variance explained  41.4  44.3  47.0  44.0  47.8  44.8  44.7  42.4  48.6  48.2 

Qtot (m3)   0.90  0.91  0.89  0.88  0.91  0.71  0.91  0.89  0.89  0.88 
Qpeak (L s− 1)   0.73  0.67  0.71  0.86  0.70  0.89  0.76  0.80  0.85  0.58 
Runoff coefficient (%)   0.75  0.77  0.77  0.77  0.79  0.75  0.78  0.75  0.88  0.77 
Lag (min)   0.02  0.20  0.32  − 0.30  0.27  − 0.57  0.14  − 0.06  − 0.13  0.44 
Time to peak Q (min)   0.39  0.55  0.61  0.14  0.61  − 0.26  0.44  0.36  0.35  0.71   

PCA axis 2            
% of Variance explained  36.9  31.8  32.5  34.2  32.5  33.5  31.4  30.2  31.4  28.9 

Qtot (m3)   0.10  0.00  − 0.09  0.27  − 0.08  0.60  0.08  0.16  0.20  − 0.14 
Qpeak (L s− 1)   − 0.47  − 0.60  − 0.62  − 0.26  − 0.59  0.06  − 0.51  − 0.45  − 0.35  − 0.73 
Runoff coefficient (%)   − 0.14  − 0.18  − 0.22  0.14  − 0.21  0.20  − 0.17  − 0.04  − 0.07  − 0.22 
Lag (min)   0.92  0.84  0.85  0.84  0.87  0.70  0.82  0.81  0.84  0.75 
Time to peak Q (min)   0.86  0.69  0.68  0.91  0.69  0.89  0.77  0.79  0.83  0.54  
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in runoff coefficient for all catchments and storm types but variability is 
most extreme for small events where the median IQR across catchments 
is 20% compared with 14–15% for large events. Large events have 
higher and less variable runoff coefficients while small events have 
lower more variable runoff coefficients. The IQR in median runoff co-
efficient across the 10 catchments is a little less than half the median for 
QH storm types and this pattern is repeated across the other storm types. 
For large events this between catchment variability (IQR of medians =
17–22%) is larger than the average between storm variability (median of 
the IQRs = 14–15%), while the opposite is true for small events. Large 
events have runoff coefficients that are more consistent across catch-
ments than they are between storms - i.e. the storm drives the response, 

small events are more consistent between storms than they are across 
catchments - i.e. the catchment drives the response. 

For HQ events, median lag times vary by a factor of three between 
catchments from 23 to 60 min but half the catchments have median lags 
in the range 30–35 min. Median time to peak is less variable in relative 
terms (a factor of two) but more variable in absolute terms with half the 
medians in the range 73–83 min. There is limited inter-catchment 
agreement between the two metrics (i.e. the catchment with the 
longest or shortest lag is not also the catchment with longest or shortest 
time to peak). Across all storm types, there is more variability in lag 
within catchments (on average) than the variability in average behav-
iour between catchments. This is true for all storm types and is reflected 

Table 5 
Medians of response and hydro-meteorological variables in the magnitude/timing segmentation of the PCA space for each catchment. Interquartile range (IQR) is 
shown in brackets.  

Response 
type  

A B C D E F G H I J 

HQ Qpeak (L s− 1 ha− 1) 14.5 
(27.1) 

14.7 
(13.0) 

5.6 (4.3) 9.7 (14.8) 6.8 (8.0) 7.4 (8.1) 15.6 
(16.5) 

12.3 
(18.4) 

14.4 
(20.1) 

12.9 (8.9)  

Qtot (m3) 31 (24) 84 (56) 183 (86) 97 (89) 123 (77) 43 (43) 36 (32) 63 (40) 45 (39) 23 (10)  
Runoff coefficient 
(%) 

63 (28) 36 (14) 36 (10) 59 (17) 35 (12) 51 (13) 67 (14) 54 (15) 58 (18) 73 (13)  

Lag (min) 23 (43) 33 (48) 55 (45) 35 (35) 33 (39) 50 (39) 33 (24) 40 (20) 30 (30) 60 (45)  
Time to Peak Q 
(min) 

80 (106) 60 (81) 125 (82) 83 (105) 110 
(120) 

80 (65) 73 (64) 80 (85) 65 (50) 90 (58)  

TotPpn (mm) 12 (9) 16 (13) 11 (6) 13 (9) 14 (6) 10 (10) 12 (11) 12 (10) 13 (9) 13 (7)  
Ppt Int (mm h− 1) 5 (6) 6 (4) 3 (2) 3 (4) 3 (4) 2 (3) 4 (4) 4 (5) 4 (3) 3 (2)  
API5 343 (135) 237 (187) 271 

(124) 
300 
(141) 

251 
(130) 

293 
(156) 

324 (166) 333 (173) 302 (143) 278 
(155)  

Sample size 16 10 17 22 18 32 24 23 23 17  

HS Qpeak (L s− 1 ha− 1) 7.5 (5.1) 3.9 (3.6) 3.0 (3.5) 9.1 (7.0) 2.9 (2.5) 9.1 (6.5) 7.6 (5.3) 6.2 (2.8) 8.3 (4.8) 7.9 (8.7)  
Qtot Q (m3) 40 (47) 83 (115) 159 

(268) 
170 
(147) 

89 (114) 80 (214) 31 (36) 60 (56) 41 (140) 18 (30)  

Runoff coefficient 
(%) 

55 (13) 30 (4) 36 (14) 58 (32) 27 (12) 53 (16) 56 (16) 56 (17) 48 (12) 71 (18)  

Lag (min) 130 (40) 125 (55) 168 (52) 100 (81) 170 (92) 125 
(100) 

100 (72) 90 (32) 80 (70) 175 (83)  

Time to Peak Q 
(min) 

210 (285) 220 (185) 273 
(185) 

165 
(258) 

248 
(199) 

165 
(110) 

205 (108) 120 (88) 195 (360) 250 
(158)  

TotPpn (mm) 18 (18) 17 (16) 13 (12) 19 (14) 14 (11) 20 (43) 13 (15) 12 (18) 16 (18) 16 (15)  
Ppt Int (mm h− 1) 3 (2) 2 (2) 1 (1) 2 (1) 2 (2) 3 (2) 2 (1) 2 (1) 3 (1) 2 (2)  
API5 295 (71) 268 (141) 241 

(107) 
268 (90) 228 

(109) 
289 (83) 251 (84) 252 (96) 301 (117) 255 

(103)  
Sample size 09 11 16 08 16 07 17 17 11 17  

LQ Qpeak (L s− 1 ha− 1) 3.3 (3.3) 2.7 (1.8) 2.4 (2.2) 3.1 (2.1) 1.9 (1.5) 2.7 (1.9) 5.1 (3.8) 3.8 (2.7) 4.2 (4.0) 6.2 (3.7)  
Qtot (m3) 6 (7) 19 (10) 64 (57) 25 (24) 32 (19) 10 (11) 9 (8) 18 (16) 11 (12) 8 (6)  
Runoff coefficient 
(%) 

26 (20) 19 (7) 20 (18) 30 (17) 19 (12) 24 (20) 41 (22) 32 (25) 32 (30) 48 (22)  

Lag (min) 30 (20) 35 (20) 65 (24) 60 (34) 40 (35) 82 (38) 40 (30) 45 (23) 45 (25) 48 (35)  
Time to Peak Q 
(min) 

40 (35) 70 (58) 70 (45) 80 (39) 65 (50) 103 (38) 55 (31) 60 (32) 55 (50) 70 (36)  

TotPpn (mm) 6 (2) 6 (2) 7 (3) 6 (3) 7 (3) 6 (3) 5 (3) 7 (3) 6 (4) 7 (3)  
Ppt Int (mm h− 1) 2 (2) 2 (2) 2 (1) 2 (1) 2 (2) 2 (1) 2 (1) 2 (1) 2 (1) 2 (1)  
API5 344 (229) 255 (156) 202 

(100) 
278 
(196) 

276 
(174) 

271 
(208) 

287 (156) 282 (133) 297 (169) 235 
(127)  

Sample size 27 33 28 40 43 26 46 41 47 34  

LS Qpeak (L s− 1 ha− 1) 1.6 (2.5) 1.0 (1.5) 1.2 (0.8) 1.9 (1.8) 1.2 (0.7) 1.6 (1.1) 2.9 (2.4) 1.9 (1.9) 2.0 (2.5) 2.7 (2.6)  
Qtot (m3) 9 (16) 14 (25) 51 (38) 35 (39) 22 (24) 14 (16) 7 (5) 17 (11) 10 (10) 5 (6)  
Runoff coefficient 
(%) 

26 (20) 14 (11) 21 (13) 30 (22) 17 (11) 30 (20) 36 (34) 33 (20) 34 (32) 39 (31)  

Lag (min) 143 (116) 98 (30) 138 (60) 150 (70) 105 (55) 155 (50) 100 (50) 120 (55) 125 (75) 103 
(38.8)  

Time to Peak Q 
(min) 

185 (126) 118 (84) 160 (83) 180 
(125) 

115 (54) 183 
(111) 

115 (50) 125 (70) 125 (90) 118 (53)  

TotPpn (mm) 7 (7) 7 (4) 5 (4) 7 (5) 6 (3) 6 (4) 5 (2) 5 (4) 5 (3) 6 (4)  
Ppt Int (mm h− 1) 1 (1) 1 (1) 1 (0) 1 (0) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1)  
API5 314 (173) 239 (139) 200 

(146) 
217 
(110) 

254 
(198) 

245 
(138) 

246 (223) 237 (213) 236 (160) 213 
(111)  

Sample size 18 14 22 27 20 30 11 21 21 20  
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in lower median IQR (28–39 for quick and 55–71 min for slow) than IQR 
of the medians (15–17 for quick and 38–58 min for slow). Inter- 
catchment variability in median lag is considerable relative to the lag 
times themselves but is less remarkable relative to lag variability within 
a given catchment over time. Time to peak Q follows a similar pattern 
with median IQR always greater than IQR of the medians. Both metrics 
highlight considerable variability in discharge timing both within and 
between catchments. 

4.3. Controls on hydrological response types 

The Spearman rank correlation coefficients between the hydrological 
response types and hydro-meteorological variables are shown in 
Table 6. There were strong positive relationships (p < 0.01) between 
Qpeak and the hydro-meteorological variables PPTINT and TOTPPN in 
the majority of catchments in all but LS events. Qpeak is significantly 
related to TOTPPN in the majority of the catchments where it is related 
to intensity, but it is rare for TOTPPN to be related in a catchment where 
intensity is not related (3/21 cases) and almost as rare for TOTPPN to be 
a stronger predictor than intensity in cases where both are significant 
(5/18 cases). With the exception of low magnitude events in catchment 
I, there was no statistically significant (p < 0.01) relationship between 
Qpeak and API5 for all hydrological response types. 

Strong positive relationships were observed between Qtot and 
TOTPPN in the catchments. However, the strength and significance of 
these relationships varied with storm type. For high magnitude events, 
the relationship was significant for 9/10 catchments, with R2 always >
0.66; for low magnitude events there were fewer significant relation-
ships (8/10 catchments for LQ but only 2/10 for LS); and where sig-
nificant relationships did exist these were weaker, with R2 < 0.69 in all 
but one case. Qtot was positively correlated (p < 0.01) with PPTINT in 
high magnitude events. No correlation was found between Qtot and 
API5 except for LQ events in catchment I. 

Runoff coefficient was not well predicted by precipitation properties 
for high magnitude events, other than for C where HQ runoff coefficient 
was positively correlated with PPTINT and TOTPPN. For low magnitude 
events, runoff coefficients were strongly influenced by precipitation 
properties with negative correlations with PPTINT for LQ events in D, E 
and J; with TOTPPN for LQ in A; and with API5 for both LQ and LS in 
catchment I. 

The discharge timing (i.e. lag and time to peak) for quick timing 
events was more predictable from rainfall properties than slow timing 
events. Lag was generally well predicted by PPINT in HQ events (7/10 
events) but rarely in LQ events (2/10) and almost never in those with 
slow timing (1/20). For HQ events, where significant relationships exist 
they were always negative and were not only more common but also 
stronger for HQ events than for any other event type. Correlation of lag 
with TOTPPN was rarer but stronger than with PPINT, while API5 was 
rarely (3/40) and inconsistently correlated with lag (positive in one case 
negative in two others). 

PPINT is consistently the best predictor of timing metrics (10/40 for 
lag, 10/40 for ttp) but the metric that it predicts changes depending on 
the magnitude of the discharge: lag for high magnitude (7/10) but time 
to peak for low magnitude (7/10). None of the predictors are well 
correlated with either of the timing metrics for slow timing storms 
(significant correlations in only 8/40 events). Slow storm timings were 
more predictable for time to peak than for lag, for HS than LS and from 
TOTPPN ahead of any other predictor. The correlation between TOTPPN 
and time to peak Q is positive indicating that larger storms result in 
longer time to peak. There was only one statistically significant rela-
tionship between time to peak Q and API5 (LQ events in catchment B). 

€Correlation shown at p < 0.01 and * at p < 0.05. Note that exactly 
equal correlation coefficients are relatively common in rank based cor-
relation when the sample size is small. Bold entries indicate the most 
skillful predictor for each response variable. 

In spite of the small sample size (10 catchments), some strong 

statistically significant relationships (p < 0.05) were observed between 
the response and catchment predictor variables. Table 7 shows the sig-
nificant Spearman rank correlation coefficients between the hydrologi-
cal variables and catchment characteristics variables. 

Catchment area is strongly and positively related to Qtot explaining 
>90% of its variance for all storm types. This is consistent with our 
expectation from mass conservation. Slope, flowpath length metrics and 
gully area are also well correlated with Qtot but these relationships are 
always weaker than that with area and are likely the result of covariance 
in predictor variables. 

To account for the influence of precipitation amount and catchment 
area on total discharge we examine runoff coefficients, which normalise 
for both catchment area and input rainfall. Catchment area is the best 
predictor of runoff coefficient for HQ storms and second best for small 
storms; it is always negatively correlated. Maximum catchment width is 
the best predictor of runoff coefficient for small storms and is always 
positively correlated. Runoff coefficient is also significantly negatively 
correlated with both maximum and modal flowpath length (for HQ and 
LQ) and depression storage (for HQ storms); and positively correlated 
with gully extent (for HQ and LQ). 

The relationship between peak discharge and catchment character-
istics differs between storm types. Inter-catchment differences in quick 
timing storms are generally more predictable from catchment charac-
teristics, with up to 79% and 93% of the variance explained for HQ and 
LQ storms respectively. Peak discharge for quick timing storms whether 
high or low magnitude are well correlated (negatively) with modal flow 
path length and (positively) with maximum width and gully extent. Peak 
discharge for small storms (LQ and LS) is well correlated with catchment 
area and maximum flow path length (negatively), and maximum width 
(positively). Inter-catchment differences in high magnitude storms are 
generally more difficult to predict from catchment characteristics, with 
at most 79% of the variance explained for HQ storms and no significant 
relationships for HS storms. Maximum width is the most consistent 
predictor of peak discharge across all storm types, with significant re-
lationships for three of the four types, though the best predictor differs 
for each storm type. Lag and time to peak Q were negatively correlated 
with catchment relief and slope in quick timing events. In all cases the 
relationships are negative such that steeper slope or relief results in 
faster response times. Lag is correlated only with relief but for both high 
and low magnitude events. Time to peak is correlated with slope and 
relief but only for low magnitude events (i.e. LQ) and with modal flow 
path length but only for high magnitude events (i.e. HQ). Inter- 
catchment variability in lag and time to peak are not predicted by any 
catchment characteristics for slow timing events. 

5. Discussion 

5.1. Hydro-meteorological controls on hydrological behavior 

Both Spearman’s rank and CART analyses indicate that total storm 
discharge for upland blanket peat catchments is primarily predicted by 
total rainfall (Tables 3 and 6). The storm type analysis shows strong 
positive relationships between Qtot and TOTPPN in general with 
strongest relationships for high magnitude events, weaker for low 
magnitude events and particularly weak for low magnitude slow timing 
events (Table 6). In large storms total discharge is dominated by 
TOTPPN, while intensity and API only become important for smaller 
storms (Table 3 and Figure SI 2). Some storm rainfall is stored within the 
catchment but the amount does not scale with rainfall amount, it is a 
function of intensity and API. In large storms the fraction lost to storage 
is smaller and total rainfall can explain most of the variance. In smaller 
storms storage becomes increasingly important. In these storms, storage 
losses are driven by: intensity because shorter more intense storms offer 
less time for losses (e.g. through evapotranspiration, deep groundwater 
infiltration); and API because a wetter catchment has less available 
storage to fill. 
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Table 6 
Spearman rank correlation coefficients between response and hydro-meteorological variables. Bold entries indicate the most skillful predictor for each response variable. Correlation shown at p < 0.01.  

Response 
type 

Catchment Qpeak vs. 
TOTPPN 

Qpeak vs. 
PPTINT 

Qpeak 
vs. API5 

Qtot vs. 
TOTPPN 

Qtot vs. 
PPTINT 

Qtot 
vs. 
API5 

Runoff 
coefficient 
vs. TOTPPN 

Runoff 
coefficient 
vs. PPTINT 

Runoff 
coefficient 
vs. 
API5 

Lag vs. 
TOTPPN 

Lag vs. 
PPTINT 

Lag vs. 
API5 

Time to Peak 
Q vs. 
TOTPPN 

Time to 
Peak Q 
vs. 
PPTINT 

Time to 
Peak Q 
vs. 
API5 

HQ A 0.79 0.91  0.74       − 0.72     
B  0.83  0.75       − 0.84     
C  0.77     − 0.61 − 0.63  − 0.61 − 0.65     
D 0.71 0.94  0.83 0.58     − 0.67 − 0.64     
E 0.64 0.90  0.66       − 0.65     
F 0.82 0.87  0.83 0.62     − 0.65 − 0.54 − 0.42    
G  0.91  0.96 0.58           
H 0.50 0.87  0.90 0.64      − 0.52   − 0.51  
I 0.52 0.92  0.89 0.62           
J  0.90  0.66             

HS A 0.85 0.92  0.98            
B  0.95  0.87 0.76           
C 0.89 0.97  0.98 0.96           
D            0.86 0.95   
E 0.84 0.79  0.94 0.76           
F 0.86 0.86  0.93 0.89           
G 0.61 0.87  0.93 0.75        0.58   
H  0.74  0.97 0.85        0.79 0.64  
I  0.78  0.87            
J 0.85 0.87  0.90 0.79            

LQ A  0.55              
B  0.49  0.66          − 0.51 − 0.46 
C 0.58   0.62          − 0.53  
D 0.51 0.44  0.56    − 0.44   − 0.51   − 0.73  
E  0.43  0.48    − 0.52      − 0.52  
F                
G 0.46 0.52  0.63          − 0.52  
H 0.39 0.42  0.58          − 0.52  
I 0.39 0.44 0.41 0.51  0.40   0.48  − 0.39  0.42   
J 0.66 0.43  0.69    − 0.56      − 0.55   

LS A 0.75 0.61  0.84   0.58         
B                
C                
D 0.56   0.60            
E                
F 0.43   0.54            
G            − 0.72    
H                
I  0.56 0.54      0.70  − 0.54   − 0.60  
J                 
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Peak storm discharge is predicted by rainfall intensity for the ma-
jority of catchments in all but the low magnitude slow timing storms 
(Tables 3 and 6). An intensity control on runoff response has been 
identified by Daniels et al. (2008) and Evans et al. (1999), and is likely 
due to rapid saturation of the peat leading to saturation-excess overland 
flow which may have a strong component of fresh rainfall within it 
combined with return flow. In these circumstances, the hydrograph 
becomes a transformed function of the hyetograph (e.g. Kirchner, 2009; 
Nash, 1960) thus more kurtotic hyetographs characteristic of more 
intense storms will generate more kurtotic hydrographs. More intense 
rain implies shorter duration of runoff for the same total precipitation 
and thus more water to exit the catchment in a given timestep even if 
water velocity or flood wave celerity is independent of flow depth. This 
effect will be increasingly dominant as catchment size decreases because 
smaller catchments translate the rainfall signals more directly into 
discharge (e.g. Post and Jakeman, 1996; Heerdegen and Reich, 1974). 

For our storm dataset there is evidence of weak positive correlation 
between TOTPPN and PPTINT albeit with considerable scatter. This 
correlation implies that more intense storms are also more likely to 
deliver more rainfall in total, so that intensity and amount compound 
one another. However, 1) intensity has been identified as the dominant 
predictor relative to total precipitation by two separate statistical ap-
proaches (Tables 3 and 6); and 2) the mechanism described above 
suggests that for two storms with the same total rainfall the more intense 
storm, where the rain is delivered over a shorter period, will generate a 
larger peak flow. Gao et al. (2018) suggested from their modelling of a 
UK blanket peatland that the shape of the hyetograph altered the 
discharge response even for the same total rainfall, though in their case 
they altered the skew of the hyetograph rather than its average intensity. 

Both of the statistical methods applied here indicate that antecedent 
conditions continue to play a role for less intense or smaller (LQ, LS) 
storms. Though small storms are less productive of catchment runoff 
they may have the effect of wetting up the catchments and filling up 
subsurface stores and topographic depressions enabling the next storm 
to quickly connect to the catchment outlet even if it is of only low in-
tensity. However, our results show that while the same may be true in 

more intense storms this antecedent rainfall and associated storm 
sequencing has little impact on peak discharge. It is possible that the 
relative roles of total precipitation, antecedent precipitation and in-
tensity might change for larger catchments with longer response times. 
However, there is little evidence of this for the range of (small) catch-
ment areas examined here. These results together suggest that rainfall 
intensity is the dominant driver of peak discharge, perhaps due to 
storage dynamics in the upper peat and vegetation but likely also due to 
simple mass accounting where in the absence of significant or variable 
storage losses the same volumetric input over a shorter time drives a 
larger output discharge. 

Runoff coefficients vary considerably between storms for any given 
catchment (Table 5) but are not well predicted by the hydro- 
meteorological properties examined here (whether in CART, Table 3, 
Figure SI 4; or in Spearman’s Rank correlation, Table 6). This differs 
from the inter-catchment analysis where runoff coefficient is relatively 
well predicted by catchment characteristics, perhaps reflecting a stron-
ger dependence on catchment properties than rainfall properties. 
Table 5 shows that high magnitude storms consistently have higher 
median runoff coefficients than low magnitude storms. This is true both 
on average (cross-catchment median runoff coefficient 54–56% for high 
and 28–30% for low magnitude storms) and for individual catchments, 
where catchment median runoff coefficient is never higher for a low 
magnitude storm set (i.e. QL, SL) than a high magnitude storm set (QH, 
SH). 

Unlike other metrics examined here, runoff coefficients are sensitive 
to rain gauge uncertainty, particularly undercatch, since these are 
aboveground mounted rain gauges on exposed upland sites where wind 
speeds can be high (Pollock et al., 2018). However, given the similarity 
in elevation, and surface roughness at gauging sites we expect under-
catch errors to primarily affect absolute values of runoff coefficient 
rather than relative differences between catchments or storms. 

Our results suggest that storm rainfall characteristics (intensity and 
amount) are the primary driver of discharge timing with antecedent 
rainfall having little effect in these peatland systems. For lag, rainfall 
intensity is the primary driver, with more intense storms resulting in 

Table 7 
Spearman rank correlation coefficients between response and catchment characteristics variables.   

Area Relief Slope Max flow path length Modal 
flow path length 

Max width Topographic depression storage Gully area extent 

High Magnitude Quick-timing (HQ)        
Qpeak (L s− 1 ha− 1)      − 0.79*  0.65*   0.67* 
Qtot (m3)  0.96   − 0.76*  0.90  0.72*  − 0.88   − 0.73* 
Runoff coefficient (%)  − 0.88    − 0.78  − 0.64*  0.81  − 0.65*  0.78 
Lag (min)   − 0.90       
Time to Peak Q (min)      0.67*     

High Magnitude Slow-timing (HS)        
Qpeak (L s− 1 ha− 1)         
Qtot (m3)  0.92   − 0.86  0.90  0.79*  − 0.92   − 0.67* 
Runoff coefficient (%)  − 0.70*        
Lag (min)         
Time to Peak Q (min)          

Low Magnitude Quick-timing (LQ)        
Qpeak (L s− 1 ha− 1)  − 0.87   0.64*  − 0.88  − 0.84  0.94   0.81 
Qtot (m3)  0.94   − 0.77  0.87  0.69*  − 0.84   − 0.72* 
Runoff coefficient (%)  − 0.83    − 0.83  − 0.66*  0.84   0.73* 
Lag (min)   − 0.80       
Time to Peak Q (min)   − 0.91  − 0.69*       

Low Magnitude Slow-timing (LS)        
Qpeak (L s− 1 ha− 1)  − 0.78    − 0.76*   0.78   
Qtot (m3)  0.90   − 0.77  0.89  0.84  − 0.89   − 0.77 
Runoff coefficient (%)  − 0.82    − 0.82   0.82   
Lag (min)         
Time to Peak Q (min)          
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shorter lag times (Tables 3 and 6). Lag times for large storms with quick 
response times are most predictable (Table 6); and antecedent condi-
tions are only relevant in small storms (Figure SI 5). For time to peak, 
total rainfall rather than intensity is almost always the most important 
predictor, though both play a significant (and sometimes comparable) 
role in all catchments (Table 3; Figure SI 6). Spearman’s rank suggests 
that rainfall intensity is only a consistently significant predictor of time 
to peak for low magnitude but quick timing storms (Table 6). 

The different controls on lag and time to peak are initially surprising. 
However, they reflect the different reference frames within which 
hydrograph response is being examined. For lag, which frames timing 
with respect to peak rainfall, rainfall intensity dominates over the 
amount of rain or the antecedent conditions. The shape of the hyeto-
graph (i.e. its peakiness) is the primary control on lag, the influence of 
rainfall amount (before or during the event) on the transmission of flood 
waves through the catchment is of secondary importance. For time to 
peak, which captures the length of the rising limb, larger storms (in 
terms of total rainfall) result in longer time to peak particularly for high 
magnitude slow timing storms, and this storm size control can be as 
strong or stronger than that of rainfall intensity. This suggests that 
rainfall duration has a stronger influence on time to peak than it does on 
lag, and is particularly detectable for slow timing events. If larger storms 
are also longer duration (i.e. HS type) we expect longer time to peak Q 
but where larger storms are also more intense storms, the primary driver 
is rainfall intensity and lag times are reduced. In both cases our results 
suggest that storm to storm variation in timing of peak discharge, 
whether measured with respect to rainfall or with respect to discharge 
itself is primarily influenced by the shape of the hyetograph and is 
dominated by the input signal rather than changes to the system that 
propagates that signal into discharge. As with peak discharge, this is 
consistent with the idea, introduced above, that small catchments result 
in only modest transformation from hyetograph to hydrograph. 

5.2. Catchment controls on hydrological behaviour 

Despite the prevalence of detailed experimental and field in-
vestigations of rainfall-induced runoff production in blanket peat sys-
tems of the UK (Shuttleworth et al., 2019; Daniels et al., 2008; Holden 
and Burt, 2003a; b; c; Evans et al., 1999), studies exploring the re-
lationships between hydrological behavior and physical catchment 
morphometry or characteristics are scarce because these studies tend 
either to focus on a single catchment or to examine multiple catchments 
but with varying land cover or drainage conditions (Howson et al., 2021; 
Holden et al., 2015; Holden et al., 2006). Findings in this study based on 
the ten study catchments with the same land cover and drainage regime 
show that runoff production and transmission across a range of scales 
(0.2–4 ha) in peatland catchments is influenced by a combination of 
rainfall and catchment characteristics (Tables 6 and 7). 

Runoff coefficient was strongly negatively correlated with catchment 
area (Table 7). Negative scaling between catchment area and runoff 
coefficient has been widely reported (e.g. Joel et al., 2002; Cerdan et al., 
2004) but to our knowledge only in contexts where runoff is generated 
by infiltration-excess overland flow. Our result suggests that the same is 
true for our peat systems, where runoff is dominated by saturation- 
excess overland flow. Runoff transmission is less efficient in these peat 
systems as catchment area increases with more water lost either to 
storage, groundwater or evaporation. Logically, flow path length scales 
to catchment area, and for our catchments they are related with corre-
lation coefficients of 0.58 for modal flow path length and 0.90 for 
maximum length. This implies that larger catchments that necessitate 
flow over longer distances and durations will be less hydrologically 
connected because they contain more opportunities for disconnection 
and reinforces the importance of thinking spatially outside of the 1D 
diplotelmic model of peatlands (Holden and Burt, 2003a). As a result, 
the magnitude of runoff coefficient is reduced with increasing catchment 
area (Table 7). 

The significant positive relationship between runoff coefficient and 
gully area for quick timing events suggests that gully systems transmit 
water more efficiently to the catchment outlet during flood relevant 
events. The significant negative relationship between runoff coefficient 
and topographic depression storage per unit area (Table 7) suggests that 
one mechanism for disconnection may be ponding of surface water in 
micro-topographic depressions within these catchments (a process 
which favours storage, evaporation and losses to groundwater). 
Although this relationship is significant only at 95% confidence and only 
in HQ storms, it does suggest that depression storage can influence 
runoff coefficients. Depression storage within the catchments (11–42 
m3/ha), can make up a considerable fraction of their median total 
discharge even for the HQ events considered here (16–90%). This stor-
age estimate is derived from analysis of the DSM, which includes the 
(low, <0.5 m) vegetation canopy in the catchments and thus is an upper 
bound on macro-scale depression storage. However, its resolution (0.25 
m) likely also leads to an underestimation of surface water storage 
behind micro-scale (i.e. mm-cm) roughness elements and temporary 
storage cavities formed by pipe networks (Smart et al, 2013, Regensburg 
et al., 2021). Subsurface piping may form important temporary storage 
areas in blanket peatlands but the volume and proportion of pipe net-
works that remain full or drain between events remains largely un-
known. Given these uncertainties, our depression storage estimates are 
best interpreted as an indicator of relative differences in macroscale 
storage between catchments. Depression storage is well correlated with 
catchment slope, which is expected from the geometry of variably tilted 
roughness elements. However, catchment slope is never a good predic-
tor of runoff coefficients. 

The role of catchment width in predicting runoff coefficients (best for 
LQ and LS, second best for HQ) suggests that the flowpath network 
structure plays an important role not only in defining the opportunities 
for disconnection but also in concentrating storm discharge with tighter 
more peaky flowpath length distributions resulting in higher runoff 
coefficients. This, in turn, suggests that our runoff coefficients reflect in- 
storm conditions rather than those of the full multi-storm hydrograph. 
Strong relationships between network structure and runoff coefficient 
would be expected if runoff routing plays an important role in defining 
the volume of runoff leaving the catchment over the study period (i.e. 
the time window over which the coefficient is calculated). Instead, co-
efficients calculated over longer periods (e.g. encompassing long periods 
of hydrograph recession and even multiple storms) should not display 
this relationship because routing delays become negligible relative to 
the duration of the study period. Since our coefficients reflect in-storm 
rather than full-hydrograph conditions, they should be interpreted as a 
metric for rapid storm discharge response rather than for the relative 
role of streamflow vs non-streamflow losses from the catchment. 

These results suggest that catchment area controls runoff coefficient 
by increasing opportunities for water to be disconnected (i.e. stored 
within the catchment for the duration of the storm or lost from the 
system). This disconnection is more likely where topographic depression 
storage is larger or more extensive and less likely where gullies are more 
extensive; both are correlated with catchment area (0.76 and − 0.38, 
respectively) in directions that would amplify their effect, perhaps 
explaining the stronger correlation with area than maximum or modal 
flow path length. The negative correlation between runoff coefficient 
and topographic depression storage (Table 7) suggests, in line with the 
idea presented by Holden et al. (2018), that the deliberate artificial 
creation of storage through distributed shallow water pools targeted in 
the extreme peatland headwaters (sub hectare scale) could increase the 
range of storms within which connectivity and storage remain important 
and provide additional natural flood management benefits when com-
bined with the current standard restoration measures (e.g. Goudarzi 
et al., 2021; Shuttleworth et al., 2019). However, peak discharge ap-
pears to be primarily controlled by attenuation, particularly in the 
largest storms. This is consistent with the findings of Goudarzi et al. 
(2021) and Shuttleworth et al. (2019) and suggests that restoration 
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interventions on hillslopes will be particularly effective in reducing peak 
discharge where they increase surface roughness and therefore mobile 
storage (in the sense of Goudarzi et al., 2021). 

The considerable overlap between significant predictors of runoff 
coefficient and peak discharge suggest similar underlying hydrological 
processes: 1) reduced connectivity and increased storage in larger 
catchments with longer associated flow path lengths; but also 2) 
increased floodwave attenuation for wider flow path length distribu-
tions, since surface flows typically attenuate as they propagate. In 
addition, maximum width is the most consistent predictor of peak 
discharge suggesting that network structure plays an important role, 
through its control on flood wave arrival times. Peak discharge for low 
magnitude storms (LQ and LS) is well correlated (negatively) with 
catchment area, flowpath length and maximum width consistent with 
both connectivity and attenuation explanations. Inter-catchment dif-
ferences in high magnitude storms are generally more difficult to predict 
from catchment characteristics. Good predictors for runoff coefficient 
are no longer significant with respect to peak discharge (area, maximum 
flowpath length, depression storage). Instead, only gully extent, modal 
flow path length and maximum width are significant predictors and only 
for quick travel time events. These metrics all point towards an 
increased role of attenuation and topographic concentration (due to 
network structure) of surface flow for the high magnitude storms. In 
addition, runoff coefficients for high magnitude events are consistently 
higher than for low magnitude events (Table 5), indicating a more 
efficient runoff response. Taken together these results suggest a minor 
role for connectivity and a dominant role for attenuation in these high 
magnitude events. High magnitude slow timing events are not well 
predicted by any catchment variables. This suggests that peak discharge 
in longer more complex storms may reflect the finer detail of the flow 
path length (and thus travel time) distribution and its interaction with a 
particular rainfall time series rather than being a simple function of 
maximum or modal flow path length. 

Inter-catchment variability in peak discharge timing (i.e. lag and 
time to peak) is only predictable from catchment characteristics for 
quick timing events and is best predicted by catchment relief and/or 
slope. The relationships are always negative, with quicker response 
times in more steeply sloping catchments (Table 7). This is consistent 
with a strong surface gradient control on water velocity/celerity (e.g. 
McDonnell and Beven, 2014; Manning, 1891) though the strength of the 
influence is somewhat surprising given the modest range of slopes across 
our study catchments. Modal flow path length, which might be expected 
to correlate well with timing variables, is a significant predictor but only 
for time to peak and only for HQ storms. This likely reflects spatially 
complex floodwave propagation speeds in smaller storms, perhaps 
related to disconnection, storage and the time delays associated with 
filling that storage. For slow timing events, lag and time to peak are not 
significantly related to any of the catchment characteristics examined 
here. As with peak discharge, this may reflect the more complex rainfall 
time series associated with slower events and the importance of the 
detail of each catchment’s travel time distribution in these storms. 

This inter-catchment comparison highlights the importance of 
catchment scale not only for total discharge which scales with area as 
expected but also for both peak discharge and runoff coefficient. This is 
important for our understanding of how catchments function because it 
suggests that runoff processes even in saturation-excess overland flow 
landscapes, and over a relatively small range of catchment areas, are 
very sensitive to scale, particularly in small storms and for the parti-
tioning between discharge, storage and other losses. It has important 
implications for our research methods because it implies that the scale of 
catchment under consideration has a first order effect on the measure-
ments themselves even for catchments that vary by less than two orders 
of magnitude in area. This scale dependence could perhaps be mitigated 
through statistical or process modelling but with considerable care. 
Alternatively, while process understanding gained at a particular scale is 
likely to be more easily transferable, absolute values (e.g. runoff 

coefficients, lag times or peak discharges) should be handled with care 
and linear upscaling is likely impossible (Camerat, 2002). 

Hydro-meteorological thresholds as controls on peak discharge. 
There is a switch in the drivers of peak discharge for storms above a 

threshold intensity, with rainfall intensity the dominant control on 
discharge in intense storms (>5 mm h− 1 on average, Figure SI 3), but 
total and antecedent precipitation becoming important for low magni-
tude and less intense events. The peak discharge response to low in-
tensity storms is consistent with runoff production dominated by 
saturation-excess overland flow since it suggests runoff generation 
even at very low intensities as long as there is sufficient water input to 
the system (Holden and Burt, 2002; Evans et al., 1999; Burt, 1996). The 
dominant control of rainfall intensity (and apparent irrelevance of API) 
on peak discharge for high intensity storms implies that the catchment 
plays only a very minor role in filtering the rainfall signal in these 
storms. This is surprising for a saturation-excess overland flow domi-
nated system because it implies that catchment storage either does not 
change or that the change does not affect the extent of the critical (runoff 
generating) source area. We propose the latter. In the gullied peat 
catchments examined here, the gullies are relatively linear in a down-
slope direction and closely spaced. The gully sides are steep and the 
interfluves (small ridges) between gullies have ~ 0.5–1 m relief over a 
distance of 5–10 m. Gully edges have relatively deep water tables and 
steep hydraulic gradients and are relatively ‘difficult’ to saturate (Dan-
iels et al., 2008; Allott et al., 2009). The gully floors and gully heads, 
which are extensive and low gradient with large upslope areas, are 
almost permanently saturated. The interfluves between gullies are low 
gradient with water tables close to the surface and low specific yield 
such that they saturate after only small amounts of rainfall. We suggest 
that there are two zones (1, gully floors and interfluves; and 2, gully 
edges) which define the extent of the critical source areas that expand 
only by a small amount in response to antecedent rainfall or storm 
rainfall. Rainfall amount remains important for example in filling 
depression storage along flowpaths in order for the floodwave to prop-
agate but the total rainfall necessary to achieve this connectivity is small 
and delivered early on in intense storms. We define this hydrological 
connectivity as the ability of flood waves to move from one location to 
another (typically the outlet) within the catchment and to do so within 
the timescale of a single storm (i.e. minutes to hours). 

Inter-catchment comparison also suggests that the controls on peak 
discharge change with storm size and that connectivity is particularly 
important for small storms. The strong relationship between catchment 
area and runoff coefficient is difficult to explain without connectivity, 
disconnectivity and an increased likelihood of catchment quickflow 
losses in larger catchments. The same is true for peak discharge in small 
magnitude events (LQ and LS) but is not the case for high magnitude 
events, which are well predicted only by gully area and modal flowpath 
length and maximum catchment width (for HQ), all variables that we 
interpret as indicators that concentration and attenuation of surface 
flow is the key control. 

Both spatial inter-catchment and time varying within-catchment 
results point to a switching in rainfall-runoff behavior as storm size in-
creases. We suggest that this is related to storage within the catchment 
and the intensity/storm size at which this storage is overwhelmed. Low 
magnitude events are small enough that disconnection and losses 
strongly influence peak discharge, the system must use a significant 
fraction of the total rainfall inputs to fill stores and generate connec-
tivity. High magnitude events are large enough that they can fill stores 
and generate connectivity with relatively little impact on peak 
discharge. As a result antecedent conditions are of little importance for 
these events, catchment characteristics that capture connectivity 
become less skillful predictors of discharge and the catchment begins to 
function as a relatively simple system (delivering runoff with limited 
thresholds or feedbacks). The identification of this threshold behavior 
has implications for stormflow response to predicted climate change. 
Warmer summers are likely to trigger greater convective instability and 
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so there is a risk of increasing frequency of destructive storms associated 
with high intensity rainfall (Met Office, 2019; Committee on Climate 
Change, 2017). Since large storm character is influenced primarily by 
rainfall type, catchment based interventions need to be at landscape 
scale. 

6. Conclusions 

Our examination of rainfall-runoff response in ten comparable up-
land peat micro-catchments show that hydrological responses to rainfall 
vary across small spatial scales. The findings reveal that optimal runoff 
production and transmission in these peat catchments is influenced by a 
combination of rainfall and catchment characteristics: 

The catchments are heterogeneous and scale dependent in their 
runoff responses, even across the relatively small catchment scale 
gradient examined here (0.24–3.93 ha). 

Rainfall intensity is the dominant hydro-meteorological driver for 
the runoff response of large magnitude storms, and antecedent condi-
tions are only relevant for small storms. 

Storm to storm variation in timing of peak discharge, whether 
measured with respect to rainfall or with respect to discharge itself is 
primarily influenced by the shape of the hyetograph and is dominated by 
the input signal rather than changes to the system that propagates that 
signal into discharge. 

For peak discharge in high magnitude storms there is a dominant role 
for attenuation processes in terms of travel times, which are controlled 
by flow path structure and catchment size. 

Hydrograph responses in smaller storms are also related to catch-
ment size and we interpret this as a function of decreasing hydrological 
connectivity as scale increases (i.e. above ~ hectare scale). From our 
data we hypothesise that depression storage is the most likely process 
control on this (dis)connectivity. 

Our results suggest that the creation of storage through distributed 
shallow water pools in small scale (0.24–3.93 ha) peatland headwater 
catchments may provide additional natural flood management benefits 
beyond existing restoration methods. Further work is however needed to 
quantify the impact of micro-topographic depression storage on runoff 
delivery in these upland peat catchments. 

Peak discharge in longer, more complex storms is less predictable 
from catchment variables and may reflect the finer detail of the travel 
time distribution and its interaction with a particular rainfall time series. 

Both spatial inter-catchment and time varying within-catchment 
results point to a switching in rainfall-runoff behavior within these 
catchments where catchment storage, connectivity and antecedent 
conditions are relevant to peak discharge in small storms but become 
increasingly irrelevant as rainfall intensity increases. 

Runoff processes even in saturation-excess overland flow landscapes, 
and over a relatively small range of catchment areas, are very sensitive 
to scale, particularly in small storms and for the partitioning between 
discharge, storage and other losses. 

The role of scale and heterogeneity has implications for the inter-
pretation of catchment process response from micro-catchment data: 
responses inferred from single-scale studies do not fully represent those 
at cognate scales, even within what seems a relatively homogenous 
peatland. 

The dominant role of attenuation in the scaling of runoff generation 
suggests that efforts to manipulate peatland runoff as a flood risk control 
measure should pay attention to the potential to manipulate surface 
roughness and runoff velocities. 

CRediT authorship contribution statement 

Donald Edokpa: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Visualization, Writing – original draft, 
Writing – review & editing. David Milledge: Conceptualization, Data 
curation, Formal analysis, Funding acquisition, Investigation, 

Methodology, Visualization, Writing – original draft, Writing – review & 
editing. Tim Allott: Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Methodology, Visualization, Writing 
– original draft, Writing – review & editing. Joseph Holden: Funding 
acquisition, Methodology, Writing – review & editing. Emma Shuttle-
worth: Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Visualization, Writing – orig-
inal draft, Writing – review & editing. Martin Kay: Data curation, 
Investigation, Methodology. Adam Johnston: Resources, Investigation, 
Methodology. Gail Millin-Chalabi: Methodology. Matt Scott-Camp-
bell: Methodology, Funding acquisition. David Chandler: Methodol-
ogy. Jamie Freestone: Methodology. Martin Evans: 
Conceptualization, Data curation, Formal analysis, Funding acquisition, 
Investigation, Methodology, Project administration, Supervision, Visu-
alization, Writing – original draft, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work is based on data from PROTECT-NFM project funded by 
the Natural Environment Research Council (grant ref: NE/R004560/1). 
We would like to thank the Stalybridge Estate for permission for our 
monitoring work at the site and United Utilities for facilitating access. 
PROTECT-NFM project partners Moors for the Future Partnership and 
Environment Agency have also facilitated work at the site. 

We thank Steve Angrove, Barry Caldwell, Moors for the Future 
Partnership volunteers, Danielle Alderson, Jonny Ritson, and a team of 
University of Manchester student volunteers for fieldwork support. Dave 
Brown, and Salim Goudarzi kindly contributed to discussions that have 
informed the paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jhydrol.2022.127688. 

References 

Akaike, H., 1974. A new look at statistical model identification. IEEE Trans. Automatic 
Control 19, 716–723. 

Ali, G., Tetzlaff, D., McDonnell, J.J., Soulsby, C., Carey, S., Laudon, H., McGuire, K., 
Buttle, J., Seibert, J., Shanley, J., 2015. Comparison of threshold hydrologic 
response across northern catchments. Hydrol. Process. 29, 3575–3591. 

Ali, G.A., Roy, A.G., Turmel, M.-C., Courchesne, F., 2010. Multivariate analysis as a tool 
to infer hydrologic response types and controlling variables in a humid temperate 
catchment. Hydrol. Process. 24, 2912–2923. 

Allott, T., Aunon, J., Dunn, C., Evans, M., Labadz, J., Lunt, P., MacDonald, M., Nisbet, T., 
Owen, R., Pilkington, M., Proctor, S., Shuttleworth, E., Walker, J. 2019. Peatland 
catchments and natural flood management. Report to the IUCN UK Peatland 
Programme’s Commission of Inquiry on peatlands update. 

Allott, T.E.H., Evans, M.G., Lindsay, J.B., Agnew, C.T., Freer, J.E., Jones, A., Parnell, M. 
2009. Water tables in Peak District blanket peatlands, Moors for the Future, Report 
No 17. 

Bedient, P.B., Huber, W.C., 1992. Hydrology and Floodplain Analysis, 2nd Ed. Addison- 
Wesley, New York.  

Beighley, R.E., Johnson, D.L., Miller, A.C., 2002. Subsurface response model for storm 
events within Susquehanna River basin. J. Hydrol. Eng. 7, 185–191. 

Blume, T., Zehe, E., Bronstert, A., 2007. Rainfall–runoff response, event-based runoff 
coefficients and hydrograph separation. Hydrol. Sci. J. 52, 843–862. 

Bonn, A., Reed, M.S., Evans, C.D., Joosten, H., Bain, C., Farmer, J., Emmer, I., 
Couwenberg, J., Moxey, A., Artz, R., Tanneberger, F., von Unger, M., Smyth, M.-A., 
Birnie, D., 2014. Investing in nature: developing ecosystem service markets for 
peatland restoration. Ecosyst. Serv. 9, 54–65. 

Bonn, A., Rebane, M., Reid, C., 2009. Ecosystem services: a news rationale for 
conservation of upland environments. In: Bonn, A., Allott, T., Hubacek, K., 
Stewart, J. (Eds.), Drivers of Environmental Change in Uplands. Routledge, London 
and New York, pp. 448–474. 

D. Edokpa et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.jhydrol.2022.127688
https://doi.org/10.1016/j.jhydrol.2022.127688
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0005
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0005
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0010
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0010
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0010
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0015
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0015
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0015
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0030
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0030
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0035
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0035
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0040
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0040
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0045
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0045
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0045
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0045
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0050
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0050
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0050
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0050


Journal of Hydrology 609 (2022) 127688

15

Bower, M.M., 1961. The distribution of erosion in blanket peat bogs in the Pennines. 
Trans. Inst. Br. Geogr. 29, 17–30. 

Breiman, L., Friedman, J., Olshen, R., Stone, C., 1984. Classification and Regression 
Trees. Wadsworth Blemont, California.  

Bromley, J., Robinson, M., Barker, J.A., 2004. Scale-dependency of hydraulic 
conductivity: an example from Thorne Moor, a raised mire in south Yorkshire, UK. 
Hydrol. Process. 18 (5), 973–985. 

Burt, T.P., 1996. The hydrology of headwater catchments. In: Petts, G.E., Calow, P. 
(Eds.), River flows and channel forms. Blackwell, Oxford, pp. 6–31. 

Cammeraat, L.H., 2002. A review of two strongly contrasting geomorphological systems 
within the context of scale. Earth Surf. Proc. Land. 27, 1201–1222. 

Cerdan, O., Bissonnais, Y.L., Govers, G., Lecomte, V., van Oost, K., Couturier, A., King, C., 
Dubreuil, N., 2004. Scale effect on runoff from experimental plots to catchments in 
agricultural areas in Normandy. J. Hydrol. 299, 4–14. 

Committee on Climate Change. 2017. UK climate change risk assessment: synthesis 
report – priorities for the next five years. 

Dadson, S.J., Hall, J.W., Murgatroyd, A., Acreman, M., Bates, P., Beven, K., 
Heathwaite, L., Holden, J., Holman, I.P., Lane, S.N., O’Connell, E., Penning- 
Rowsell, E., Reynard, N., Sear, D., Thorne, C., Wilby, R., 2017. A restatement of the 
natural science evidence concerning catchment-based natural flood management in 
the UK. Proc. Royal Soc. A 473, 20160706. 

Daniels, S.M., Agnew, C.T., Allott, T.E.H., Evans, M.G., 2008. Water table variability and 
runoff generation in an eroded peatland, South Pennines, UK. J. Hydrol. 361, 
214–226. 

DeAth, G., Fabricius, K.E., 2000. Classification and regression trees: a powerful yet 
simple technique for ecological data analysis. Ecology 81 (11), 3178–3192. 

Diaz-Granados, M.A., Valdes, J.B., Bras, R.L., 1984. A physically based flood frequency 
distribution. Water Resour. Res. 20, 995–1002. 

Egglesmann, R.F., Heathwaite, A.L., Gross-Braukmann, G., Kuster, E., Naucke, W., 
Schich, M., Schweikle, V. 1993. Physical processes and properties of mires. In Mires, 
Process, Exploration and Conservation, Heathwaite AL, Gottlich K (eds). John Wiley & 
Sons. Chichester; 171–262. 

Elkington, T., Dayton, N., Jackson, D.L., Strachan, I.M., 2001. National Vegetation 
Classification: Field Guide to Mires and Heaths. Joint Nature Conservation 
Committee, Peterborough.  

Ellis, C.J., Tallis, J.H., 2001. Climatic control of peat erosion in a North Wales blanket 
mire. New Phytol. 152, 313–324. 

Epanechnikov, V.A., 1969. Nonparametric estimation of a multidimensional probability 
density. Theory Probab. Appl. 14, 153–158. 

Evans, M.G., Burt, T.P., Holden, J., Adamson, J.K., 1999. Runoff generation and water 
table fluctuations in blanket peat: evidence from UK data spanning the dry summer 
of 1995. J. Hydrol. 221 (3-4), 141–160. 

Evans, M., Lindsay, J., 2010a. Impact of gully erosion on carbon sequestration in blanket 
peatlands. Clim. Res. 45, 31–41. 

Evans, M., Lindsay, J., 2010b. High resolution quantification of gully erosion in upland 
peatlands at the landscape scale. Earth Surf. Processes Landform 35, 876–886. 

Gao, J., Kirkby, M., Holden, J., 2018. The effect of interactions between rainfall patterns 
and land-cover change on flood peaks in upland peatlands. J. Hydrol. 567, 546–559. 

Gao, J., Holden, J., Kirkby, M.J., 2016. The impact of land-cover change on flood peaks 
in peatland basins. Water Resour. Res. 52, 3477–3492. 

Gomi, T., Sidle, R.C., Miyata, S., Kosugi, K., Onda, Y., 2008. Dynamic runoff connectivity 
of overland flow on steep forested hillslopes: scale effects and runoff transfer. Water 
Resour. Res. 44, W08411. https://doi.org/10.1029/2007WR005894. 

Goudarzi, S., Milledge, D.G., Holden, J., Evans, M.G., Allott, T.E.H., Shuttleworth, E.L., 
Pilkington, M., Walker, J. 2021. Blanket peat restoration: numerical study of the 
underlying processes delivering natural flood management benefits. Water Resour. 
Res. 57. e2020WR029209. doi: 10.1029/2020WR029209. 

Grayson, R., Holden, J., Rose, R., 2010. Long-term change in storm hydrographs in 
response to peatland vegetation change. J. Hydrol. 389, 336–343. 

Heerdegen, R.G., Reich, B.M., 1974. Unit hydrographs for catchments of different sizes 
and dissimilar regions. J. Hydrol. 22, 143–153. 

Hilbert, D.W., Roulet, N., Moore, T., 2000. Modelling and analysis of peatlands as 
dynamical systems. J. Ecol. 88, 230–242. 

Hogg, J., McCormack, J.E., Roberts, S.A., Gahegan, M.N., Hoyle, B.S., 1997. Automated 
derivation of stream-channel networks and selected catchment characteristics from 
digital elevation models. In: Mather, P.M. (Ed.), Geographical Information Handling: 
Research and Applications. Wiley, Chichester, pp. 211–235. 

Holden, J., Moody, C., Turner, T.E., McKenzie, R., Baird, A.J., Billett, M.F., Chapman, P. 
J., Dinsmore, K.J., Grayson, R.P., Andersen, R., Gee, C., Dooling, G., 2018. Water- 
level dynamics in natural and artificial pools in blanket peatlands. Hydrol. Process. 
32, 550–561. 

Holden, J., Palmer, S.M., Johnston, K., Wearing, C., Irvine, B., Parry, L., Brown, L.E., 
2015. Impact of prescribed burning on blanket peat hydrology. Water Resour. Res. 
51, 6472–6484. 

Holden, J., Chapman, P.J., Palmer, S.M., Kay, P., Grayson, R., 2012. The impacts of 
prescribed moorland burning on water colour and dissolved organic carbon: a 
critical synthesis. J. Environ. Manage. 101, 92–103. 

Holden, J., Kirkby, M.J., Lane, S.N., Milledge, D.G., Brookes, C.J., Holden, V., 
McDonald, A.T., 2008. Overland flow velocity and roughness properties in 
peatlands. Water Resour. Res. 44, W06415. https://doi.org/10.1029/ 
2007WR006052. 

Holden, J., Evans, M.G., Burt, T.P., Horton, M., 2006. Impact of land drainage on 
peatland hydrology. J. Environ. Qual. 35, 1764–1778. 

Holden, J., 2005. Controls of soil pipe frequency in upland blanket peat. J. Geophys. Res. 
110, F01002. https://doi.org/10.1029/2004JF000143. 

Holden, J., Burt, T.P., 2003a. Hydrological studies on blanket peat: the significance of the 
acrotelm-catotelm model. J. Ecol. 91, 86–102. 

Holden, J., Burt, T.P., 2003b. Hydraulic conductivity in upland blanket peat: 
measurement and variability. Hydrol. Process. 17, 1227–1237. 

Holden, J., Burt, T.P., 2003c. Runoff production in blanket peat covered catchments. 
Water Resour. Res. 39, 1191. https://doi.org/10.1029/2002WR001956. 

Holden, J., Burt, T.P., 2002. Infiltration, runoff and sediment production in blanket peat 
catchments: implications of field rainfall simulation experiments. Hydrol. Process. 
16 (13), 2537–2557. 

Hopp, L., McDonnell, J.J., 2009. Connectivity at the hillslope scale: identifying 
interactions between storm size, bedrock permeability, slope angle and soil depth. 
J. Hydrol. 376 (3-4), 378–391. 

Howson, T., Chapman, P.J., Shah, N., Anderson, R., Holden, J., 2021. A comparison of 
porewater chemistry between intact, afforested and restored raised and blanket 
bogs. Sci. Total Environ. 766, 144496. 

Ingram, H.A.P., Bragg, O.M. 1984. The diptotelmic mire: some hydrological 
consequences reviewed. Proceedings of the Seventh International Peat Congress, Dublin. 
International Peat Society. Dublin; 220–234. 

Ivanov, K.E., 1981. Water Movement in Mirelands. Academic Press, London.  
James, A.L., Roulet, N.T., 2009. Antecedent moisture conditions and catchment 

morphology as controls on spatial patterns of runoff generation in small forest 
catchments. J. Hydrol. 377, 351–366. 

Joel, A., Messing, I., Seguel, O., Casanova, M., 2002. Measurement of surface water 
runoff from plots of two different sizes. Hydrol. Process. 16, 1467–1478. 

Joosten, H. 2016. Peatlands across the globe. In Peatland Restoration and Ecosystem 
Services: Science, Policy and Practice, Bonn A, Allott T, Evans M, Joosten H, Stoneman 
R (eds). Cambridge University Press: Cambridge; 19–43. 

Key, C.H., Benson, N.C. 2006. Landscape Assessment (LA). In FIREMON: Fire effects 
monitoring and inventory system, Lutes DC, Keane RE, Caratti JF, Key CH, Benson NC, 
Sutherland S, Gangi LJ. General Technical Report RMRS-GTR-164-CD. Fort Collins 
CO: USDA Forest Service, Rocky Mountain Research Station. LA-1-55. 

Kim, H.J., Sidle, R.C., Moore, R.D., Hudson, R., 2004. Throughflow variability during 
snowmelt in a forested mountain catchment, coastal British Columbia, Canada. 
Hydrol. Process. 18, 1219–1236. 

Kirchner, J.W., 2009. Catchments as simple dynamical systems: catchment 
characterization, rainfall-runoff modelling, and doing hydrology backward. Water 
Resour. Res. 45, W02429. https://doi.org/10.1029/2008WR006912. 

Kusumastuti, D.I., Struthers, I., Sivapalan, M., Reynolds, D.A., 2007. Threshold effects in 
catchment storm response and the occurrence and magnitude of flood events: 
implications for flood frequency. Hydrol. Earth Syst. Sci. 11, 1515–1528. 

Labadz, J., Allott, T., Evans, M., Butcher, D., Billett, M., Stainer, S., Yallop, A., Jones, P., 
Innerdale, M., Harmon, N., Maher, K., Bradbury, R., Mount, D., O’Brien, H., Hart, R. 
2010. Peatland Hydrology. IUCN Peatland Programme. IUCN UK. 

Lawler, J.J., White, D., Neilson, R.P., Blaustein, A.R., 2006. Predicting climate induced 
range shifts: model differences and model reliability. Glob. Change Biol. 12, 
1568–1584. 

Legendre, L., Legendre, P., 1983. Numerical Ecology. Elsevier Scientific Publishing 
Company, Amsterdam.  

Lehmann, P., Hinz, C., McGrath, G., Tromp-van Meerveld, H.J., McDonnell, J.J., 2007. 
Rainfall threshold for hillslope outflow: an emergent property of flow pathway 
connectivity. Hydrol. Earth Syst. Sci. 11, 1047–1063. 

Lever, J., Krzywinski, M., Altman, N., 2017. Points of significance: principal component 
analysis. Nat. Methods 14, 641–642. 

Limpens, J., Berendse, F., Blodau, C., Canadell, J.G., Freeman, C., Holden, J., Roulet, N., 
Rydin, H., Schaepman-Strub, G., 2008. Peatlands and the carbon cycle: from local 
processes to global implications – a synthesis. Biogeosciences 5 (5), 1475–1491. 

Lougheed, V.L., Chow-Fraser, P., 2002. Development and use of a zooplankton index of 
wetland quality in the Laurentian Great Lakes basin. Ecol. Appl. 12, 474–486. 

Manning. R. On the flow of Water in Open Channels and Pipes. Transactions Institute of 
Civil Engineers of Ireland, 20: 161–209, Dublin, 1891, Supplement 24: 179–207, 1895. 

McDonnell, J.J., Beven, K., 2014. Debates—the future of hydrological sciences: a 
(common) path forward? A call to action aimed at understanding velocities, 
celerities and residence time distributions of the headwater hydrograph. Water 
Resour. Res. 50, 5342–5350. 

Met Office. 2019. UK Climate projections: Headline findings. 
Morris, P.J., Waddington, J.M., Benscoter, B.W., Turetsky, M.R., 2011. Conceptual 

frameworks in peatland ecohydrology: looking beyond the two-layered 
(acrotelm–catotelm) model. Ecohydrology 4 (1), 1–11. 

Nadeau, T.-L., Rains, M.C., 2007. Hydrological connectivity between headwater streams 
and downstream waters: how science can inform policy. J. Am. Water Resour. Assoc. 
43, 118–133. 

Nash, J.E., HRS. 1960. A unit hydrograph study, with particular reference to British 
catchments. Proceedings of the Institution of Civil Engineers, 17: 249-282. 

Parsons, A.J., Brazier, R.E., Wainwright, J., Powell, D.M., 2006. Scale relationships in 
hillslope runoff and erosion. Earth Surf. Proc. Land. 31, 1384–1393. 

Pilkington, M., Walker, J., Maskill, R., et al. 2015. Annex 2: The development of plant 
diversity. In Restoration of Blanket Bogs: Flood Risk Reduction and Other Ecosystem 
Benefits, Pilkington MG (ed). Final Report of the Making Space for Water Project. 
Moors for the Future Partnership, Edale. 

Pollock, M.D., O’Donnell, G., Quinn, P., Dutton, M., Black, A., Wilkinson, M.E., Colli, M., 
Stagnaro, M., Lanza, L.G., Lewis, E., Kilsby, C.G., O’Connell, P.E., 2018. Quantifying 
and mitigating wind-induced undercatch in rainfall measurements. Water Resour. 
Res. 54, 3863–3875. 

Post, D.A., Jakeman, A.J., 1996. Relationships between catchment attributes and 
hydrological response characteristics in small Australian mountain ash catchments. 
Hydrol. Process. 10, 877–892. 

D. Edokpa et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0022-1694(22)00263-3/h0055
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0055
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0060
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0060
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0065
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0065
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0065
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0070
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0070
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0075
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0075
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0080
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0080
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0080
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0090
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0090
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0090
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0090
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0090
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0095
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0095
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0095
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0100
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0100
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0105
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0105
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0115
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0115
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0115
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0120
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0120
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0125
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0125
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0130
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0130
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0130
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0135
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0135
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0140
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0140
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0145
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0145
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0150
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0150
https://doi.org/10.1029/2007WR005894
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0165
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0165
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0170
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0170
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0175
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0175
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0180
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0180
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0180
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0180
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0185
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0185
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0185
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0185
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0190
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0190
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0190
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0195
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0195
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0195
https://doi.org/10.1029/2007WR006052
https://doi.org/10.1029/2007WR006052
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0205
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0205
https://doi.org/10.1029/2004JF000143
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0215
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0215
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0220
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0220
https://doi.org/10.1029/2002WR001956
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0230
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0230
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0230
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0235
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0235
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0235
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0240
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0240
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0240
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0250
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0255
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0255
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0255
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0260
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0260
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0275
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0275
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0275
https://doi.org/10.1029/2008WR006912
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0285
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0285
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0285
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0295
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0295
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0295
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0300
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0300
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0305
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0305
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0305
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0310
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0310
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0315
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0315
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0315
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0320
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0320
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0330
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0330
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0330
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0330
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0340
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0340
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0340
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0345
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0345
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0345
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0355
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0355
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0365
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0365
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0365
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0365
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0370
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0370
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0370


Journal of Hydrology 609 (2022) 127688

16

Regensburg, T.H., Chapman, P.J., Pilkington, M.G., Chandler, D.M., Evans, M.G., 
Holden, J., 2021. Effects of pipe outlet blocking on hydrological functioning in a 
degraded blanket peatland. Hydrol. Process. 35 (3) https://doi.org/10.1002/hyp. 
v35.310.1002/hyp.14102. 

Rejwan, C., Collins, N.C., Brunner, L.J., Shuter, B.J., Ridgway, M.S., 1999. Tree 
regression analysis on the nesting habitat of smallmouth bass. Ecology 80, 341–348. 

Rothwell, J.J., Futter, M.N., Dise, N.B., 2008. A classification and regression tree model 
of controls on dissolved inorganic nitrogen leaching from European forests. Environ. 
Pollut. 156, 544–552. 

Shuttleworth, E.L., Evans, M.G., Pilkington, M., Spencer, T., Walker, J., Milledge, D., 
Allott, T.E.H., 2019. Restoration of blanket peat moorland delays stormflow from 
hillslopes and reduces peak discharge. J. Hydrol. X 2, 100006. 

Shuttleworth, E.L., Evans, M.G., Hutchinson, S.M., Rothwell, J.J., 2015. Peatland 
restoration: controls on sediment production and reductions in carbon and pollutant 
export. Earth Surf. Processes Landform 40, 459–472. 

Singh, V.P., 1992. Elementary Hydrology. Prentice Hall, Englewood Cliffs, NJ.  
Smart, R.P., Holden, J., Dinsmore, K., Baird, A.J., Billett, M.F., Chapman, P.J., 

Grayson, R., 2013. The dynamics of natural pipe hydrological behaviour in blanket 
peat. Hydrol. Process. 27, 1523–1534. 

Spruill, T.B., Showers, W.J., Howe, S.S., 2002. Application of classification-tree methods 
to identify nitrate sources in ground water. J. Environ. Qual. 31, 1538–1549. 

Wingfield, T., Macdonald, N., Peters, K., Spees, J., Potter, K., 2019. Natural flood 
management: beyond the evidence debate. Area 51 (4), 743–751. 

Yohannes, Y., Hoddinott, J. 1999. Classification and regression trees: an introduction. 
Technical Guide #3, International, Food, Policy Research Institute, Washington, D.C. 

D. Edokpa et al.                                                                                                                                                                                                                                 

https://doi.org/10.1002/hyp.v35.310.1002/hyp.14102
https://doi.org/10.1002/hyp.v35.310.1002/hyp.14102
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0380
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0380
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0385
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0385
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0385
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0390
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0390
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0390
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0395
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0395
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0395
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0400
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0405
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0405
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0405
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0410
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0410
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0415
http://refhub.elsevier.com/S0022-1694(22)00263-3/h0415

	Rainfall intensity and catchment size control storm runoff in a gullied blanket peatland
	1 Introduction
	2 Materials and method
	2.1 Study area
	2.2 Hydro-meteorological monitoring
	2.3 Storm hydrograph extraction
	2.4 Potential predictor variables

	3 Data analyses
	3.1 Classification and regression trees
	3.2 Catchment characteristics and hydrological response

	4 Results
	4.1 Thresholds in hydro-meteorological variables
	4.2 Characterization of hydrological response
	4.3 Controls on hydrological response types

	5 Discussion
	5.1 Hydro-meteorological controls on hydrological behavior
	5.2 Catchment controls on hydrological behaviour

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


