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Diurnal fuel moisture content 
variations of live and dead Calluna 
vegetation in a temperate peatland
C. H. M. Lewis 1, Kerryn Little 1, Laura J. Graham 1,2, Nicholas Kettridge 1 & Katy Ivison 1*

The increasing frequency and severity of UK wildfires, attributed in part to the effects of climate 
change, highlights the critical role of fuel moisture content (FMC) of live and dead vegetation in 
shaping wildfire behaviour. However, current models used to assess wildfire danger do not perform 
well in shrub-type fuels such as Calluna vulgaris, requiring in part an improved understanding of fuel 
moisture dynamics on diurnal and seasonal scales. To this end, 554 samples of upper live Calluna 
canopy, live Calluna stems, upper dead Calluna canopy, dead Calluna stems, moss, litter and organic 
layer (top 5 cm of organic material above mineral soil) were sampled hourly between 10:00 and 18:00 
on seven days from March-August. Using a novel statistical method for investigating diurnal patterns, 
we found distinctive diurnal and seasonal trends in FMC for all fuel layers. Notably, significant diurnal 
patterns were evident in dead Calluna across nearly all sampled months, while diurnal trends in live 
Calluna canopy were pronounced in March, June, and August, coinciding with the peak occurrence of 
UK wildfires. In addition, the moisture content of moss and litter was found to fluctuate above and 
below their relative ignition thresholds throughout the day on some sampling days. These findings 
underscore the impact of diurnal FMC variations on wildfire danger during early spring and late 
summer in Calluna dominated peatlands and the need to consider such fluctuations in management 
and fire suppression strategies.

Heathlands and peatlands are found within temperate regions1 and represent globally important carbon stores2. 
Heathlands are upland or lowland habitats with acidic soils or shallow peat layers1 and peatlands contain peat 
soils and blanket bogs. Both ecosystems are notably dominated by Calluna vulgaris (hereon Calluna), a dwarf 
shrub-type heather. Other key vegetation species include purple moor grass (Molinia caerulea)3. These habitats 
are under threat from the increasing frequency and severity of wildfires3,4. Deposits of ash, fine sediment and 
organic materials also have the potential to pollute waterways and accumulate in the soil substrate5. By 2050, 
it is predicted that the average UK summer temperature will rise by 2.5 °C while rainfall will decrease by 16%, 
ultimately lowering the fuel moisture content (FMC) of fuels6,7 and increasing wildfire occurrence8.

The FMC of different Calluna fuel layers is an important factor controlling fire behaviour9. Low FMC in the 
Calluna canopy can result in faster rates of fire spread, and low FMC in the moss/litter layers can result in more 
severe fires10 leading to more consumption of organic matter11 and greater release of carbon stores. Early spring 
is one of the major periods of high fire risk in such habitats12. During the spring, weather conditions in upland 
areas can be highly variable and fluctuate below and above freezing. Cold freezing conditions and dry warm 
conditions both lead to low FMC and hence higher wildfire danger. Physiological drought can also impact the 
ability of Calluna to retain moisture; for example, frost and wind can damage the cuticles of the leaves prevent-
ing their ability to control evapotranspiration, and frozen ground can prevent root uptake of moisture, leading 
to below-average FMC13,14.

Previous studies have focused on improving the ability to predict FMC of live and dead Calluna vegetation 
layers and the associated fire risk by defining FMC thresholds for which materials can ignite. Davies and Legg9 
characterised FMC thresholds in Calluna using ignition tests along FMC gradients. When the FMC in the lower 
canopy of Calluna was above 70% ignition tests failed, whereas at 60% fires would ignite and develop rapidly. San-
tana and Marrs15 developed a predictive model of the ignition of Calluna and Sphagnum moss in peat-dominated 
heathlands as a function of FMC and found that the FMC and proportion of dead materials within the Calluna 
vegetation influence the probability of ignition.
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It is now well-known that during the transition from spring into summer, Calluna undergoes a “greening up” 
stage, where its leaf green area increases and hence so does the FMC before the summer drying starts16. However, 
there are very few studies investigating diurnal trends of FMC in Calluna and how these patterns change on a 
seasonal basis17,18.

Diurnal patterns in fire behaviour were first characterised by Beall in 193419, with further investigation into 
the associated diurnal patterns in FMC carried out by Van Wagner in 197720. More recent studies on diurnal 
FMC have typically been carried out in American forests and grassland environments21,22, showing significant 
diurnal patterns in moisture content. Banwell et al.21 found all forest floor litter components experienced at 
least a 6% change in FMC during the day, and an 11% change in FMC was the greatest range they recorded. 
Similarly, Livingston and Varner22 found a 4–12% variation in FMC of grassland throughout the day. This is 
significant considering the work by Davies and Legg3 which documented a 10% change in FMC in live Calluna 
signifies the difference between fires developing rapidly and failing to ignite fires. Davies18 investigated diurnal 
FMC from July–August but did not sample the early spring period when upland heathland and peatland fires 
are most frequent. There is a clear need to characterise the diurnal variation of FMC in live and dead Calluna 
vegetation and the underlying moss, litter and organic soil layers across the entire fire season so they can be 
compared to pre-defined ignition thresholds, as significant diurnal patterns could cross ignition thresholds. 
Diurnal patterns in FMC could also affect fire behaviour such as rate of spread. As the FMC of Calluna changes 
on a seasonal scale14, the diurnal pattern may also change and could be significant from a management and fire 
suppression perspective.

Here we examine the diurnal variation of FMC of live and dead fuel loads within a Calluna vulgaris dominated 
heathland and determine how the diurnal pattern in FMC varies on a seasonal basis. We also investigate whether 
the range in FMC throughout each sample day is linked to the range in weather (temperature and humidity) 
to assess the potential drivers of this diurnal variation. We expect the daily FMC measures to be higher at the 
earliest and latest measurement times, following a positive quadratic curve.

Methods
Site description
The North York Moors national park is an upland area in North-Eastern Yorkshire that contains some of the larg-
est expanses of heather moorland in the UK. The habitat has been managed for centuries by rotational burning 
to create a mosaic of mixed-age heathland to improve grouse habitat and prevent the build-up of fuel (Fig. 1). 

Figure 1.   Location of the sample site in the estate, North York Moors. Main map sources: Esri, Airbus DS, 
USGS, NGA, NASA, CGIAR, N Robinson, NCEAS, NLS, OS, NMA, Geodatastyrelsen, Rijkswaterstaat, GSA, 
Geoland, FEMA, Intermap and the GIS user community. Satellite inset map source: Esri, Maxar, Earthstar 
Geographics, and the GIS User Community. Created using ArcGIS Pro v 3.0.2  © 2022 Esri Inc.
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The area chosen for this study is located on an estate in the Cleveland Hills (54° 24′ 03.4″ N 0° 55′ 44.6″ W). At 
an elevation of 408 m above sea level, the site is located at the top of a valley with a slope of 3.8° in a southwest 
direction. The site is classified as a blanket peat bog with wet heather moor23, where Calluna vulgaris is the 
dominant heather species.

Sampling procedure
Sampling was undertaken on the following seven days in 2022: 19th, 20th and 26th March; 21st April; 14th May; 
15th June; 6th August. Extra samples were taken in March as this is a key fire period in these ecosystems in the 
UK. Herein, sample days during April–August will be referred to by the month of sampling only. Individual 
sampling days were selected to avoid wet antecedent conditions and to maximize diurnal humidity variations. 
In total, 554 samples were collected and analysed. On each day of sampling the vegetation was sampled on the 
hour every hour from 10:00 to 18:00 as this is the period of highest fire risk during the day and will help to inform 
sampling strategies. On most days only one sample was taken per hour, but on March 19th and March 26th two 
samples were taken per fuel by two separate individuals. Seven different vegetation layers were sampled (Fig. 2): 
upper live canopy, live stems, upper dead canopy, dead stems, moss, litter and organic layer (top 5 cm of organic 
material above mineral soil).

The sampling procedure was adapted from Norum and Miller24 and Little et al.25. Ten random sprigs of live 
and dead heather were collected haphazardly along a 20 m transect covering a representative area of the site. 
Each sprig was approximately 10–20 cm long and was taken vertically through the centre of the shrub to avoid 
the outer sprigs of heather that are exposed and possibly damaged by grazing sheep. The sprigs were then cut 
into one-inch segments, separating the top canopy and lower stems (Fig. 2a). Moss, litter and organic layers 
samples were collected haphazardly from five locations along the same 20 m transect. The moss was pulled from 
the ground and any brown and decomposing sections of moss beneath were removed from the sample. The lit-
ter was collected from the base of Calluna shrubs, ensuring not to collect any decomposing litter that may be 
considered the start of the organic layer. Finally, the organic material was collected after sweeping away the litter 
layer, and a 5 cm deep core of the organic layer was removed. All samples from each fuel layer were combined 
and placed in a metal tin container and taped to prevent moisture loss. Temperature and humidity measurements 
at the times of sampling were taken from the Blakey Ridge weather station26 which is located roughly 1.8 miles 
(2.8 km) from the sample site.

FMC is a measure of the amount of water in the fuel layer and is expressed as a percentage of the dry weight 
of that specific fuel (gravimetric moisture content). To calculate the FMC from the samples collected, the tape 
was removed from the tins which were then weighed to obtain the wet weight. The samples were placed in a 
dehydrator set to 80 °C for 48 h and then weighed again to obtain the dry weight. The FMC for each sample was 
then equal to:

where W = wet weight, D = dry weight and T = the weight of the sample tin.

Data analysis
Due to the expected relationship between time of day and FMC, we fit linear regression models with a quadratic 
term, which we would expect to be positive. This statistical method has not been used to investigate diurnal 
patterns before. FMC was the response variable, and time of day the independent variable. We fit a single model 
for each vegetation layer and for each month of sampling, resulting in 49 models. Model residuals from the 

FMC = (W− D)/(D− T)× 100

Figure 2.   (a) Example of how the live Calluna sprigs were separated into the upper live canopy and live stems, 
the dotted line representing the dividing line, (b) Sample area containing all vegetation layers.
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models were checked using the package ‘DHARMa’27, and they did not deviate from their expected distribution 
for any model (Supplementary Figure S1). Correlation analysis was then carried out to test whether there was a 
relationship between the diurnal range in FMC and the diurnal range of temperature and humidity. We used the 
Shapiro test to check the normality of data distribution, and used Pearson’s correlation for normally distributed 
data and Spearman’s correlation for non-normally distributed data. All data analysis was undertaken using R 
version 4.3.028.

Results
Diurnal variations in fuel moisture were observed for all seven vegetation layers in at least one month, with the 
majority of models showing a parabola-shaped curve (indicated by a positive quadratic sign; Table 1). Significant 
diurnal patterns were observed more frequently for dead Calluna than live Calluna (Table 1, shaded boxes). The 
moss and litter layers only showed diurnal trends towards the end of the study period, and the organic layer only 
had significant diurnal patterns on one sample day (March 26th; Table 1). For full summaries of diurnal models 
see Supplementary Table S1. Dead Calluna and surface materials (litter, moss and the organic layer) showed the 
largest diurnal range in FMC in March, whereas the diurnal range in FMC for live Calluna was more consistent 
across all sample days (Table 2; Fig. 3). Diurnal fluctuations in FMC of surface materials meant that on some 
sample days FMC dropped below the ignition thresholds only at certain times of day (Fig. 3).

There was no significant correlation between the diurnal range in FMC and the diurnal range in weather 
variables (temperature or humidity) throughout each sample day. Weakly significant correlation was observed 
only between the diurnal range in FMC of moss and diurnal range in humidity (0.67; P = 0.1; Table 3).

Table 1.   Regression models with a quadratic term investigating whether FMC diurnal patterns follow 
parabolic curve for each sample day and at each canopy layer. R2 values of above 0.70 indicate good model 
fit. Bold text indicates that models have significant P-values (< 0.05). Models with a positive quadratic sign 
(i.e. parabolic curve, expected for diurnal FMC patterns) are shown in italic text and models with a negative 
quadratic sign (i.e. bell-shaped curve) are in non-italic text. Bold, italic text therefore denotes models with 
significant positive quadratic signs patterns. ULC = upper live canopy, LS = live stems, UDC = upper dead 
canopy, DS = dead stems, M = moss, L = litter, O = organic layer. For full model summaries see Supplementary 
Table S1.

ULC UDC LS DS L M O

March 19th
R2 0.04 0.61 0.06 0.26 0.05 0.20 0.31

P-value 0.75  < 0.01 0.63 0.12 0.72 0.20 0.06

March 20th
R2 0.85 0.88 0.19 0.52 0.18 0.08 0.10

P-value  < 0.01  < 0.01 0.52 0.11 0.56 0.80 0.73

March 26th
R2 0.24 0.77 0.05 0.63 0.06 0.17 0.37

P-value 0.13  < 0.01 0.70  < 0.01 0.47 0.26 0.03

April
R2 0.41 0.71 0.07 0.55 0.14 0.33 0.16

P-value 0.20 0.02 0.84 0.09 0.65 0.30 0.60

May
R2 0.29 0.82 0.09 0.76 0.43 0.39  < 0.01

P-value 0.35 0.01 0.76 0.01 0.19 0.23 0.99

June
R2 0.76 0.54 0.71 0.12 0.50 0.72 0.20

P-value 0.03 0.15 0.05 0.73 0.18 0.04 0.57

August
R2 0.86 0.90 0.38 0.86 0.86 0.65 0.19

P-value  < 0.01  < 0.01 0.24  < 0.01  < 0.01 0.04 0.53

Table 2.   Range between minimum and maximum FMC (%) observed during each sample day. ULC, upper 
live canopy; LS, live stems; UDC, upper dead canopy; DS, dead stems; M, moss; L, litter; O, organic layer.

Vegetation layer March 19th March 20th March 26th April May June August

ULC 25 11 20 10 19 22 23

LS 18 6 11 4 12 12 12

UDC 9 11 12 3 6 2 7

DS 17 11 9 5 8 3 9

L 150 64 31 75 34 29 52

M 182 112 122 25 16 21 121

O 81 43 76 54 53 66 49
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Figure 3.   Diurnal and seasonal trends of FMC in the upper live canopy, live stems, upper dead canopy, dead 
stems, moss, litter and organic layers. The black dashed box represents defined ignition thresholds of the 
material as reported by Santana and Mars15 and Grau-Andrés et al.29. The lower and upper bounds of the black 
dashed box are the M50 (where 50% of ignition tests were successful) and the Mmax (the maximum FMC where 
ignition occurred). Moss thresholds = 57–80%, litter = 54–61%, organic layer = 125–150%. Ignition thresholds are 
not shown for live Calluna as recorded ignition thresholds (60–70%)9 are not within the axis range; all FMC are 
above threshold. Dead Calluna ignition thresholds are not known.
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Discussion
Dead Calluna showed significant diurnal parabola-shaped patterns in almost every month of sampling, whereas 
for live Calluna, significant diurnal patterns were found in March, June and August. This supports similar work by 
Davies18, who found large diurnal variations in the FMC of dead Calluna from July–August and shows that diur-
nal patterns are a significant factor characterizing fuel moisture in dead materials. During the winter and early 
spring, the relative proportion of dead Calluna is at its greatest due to winter die back13,30, and the proportion of 
dead materials may have an important impact on wildfire behaviour, where small changes in the percentage of 
dead materials can have a disproportionate impact on the severity and spread of wildfires31. As a result, during 
the winter/spring when the proportion of dead materials is highest, the diurnal variability of dead materials’ 
moisture content may be an important factor in wildfire danger. Although ignition thresholds are unknown for 
dead Calluna, low dead FMC increases the risk of fire ignition14, which suggests that ignition is more probable 
in dead Calluna when the diurnal FMC is at its lowest.

The upper live canopy had significant diurnal patterns in the months that wildfires are most likely; early spring 
(March) and mid-late summer in June and August32. As live FMC can therefore be impacted by the time of day, 
FMC predicting models that are calibrated with field samples likely need to take account of diurnal patterns, 
especially during the early spring and late summer. Significant diurnal trends in early spring could be explained 
in part by phenological factors such as winter damage to leaves reducing the plants’ ability to regulate water 
loss, meaning FMCs are correlated with diurnal evaporation30. Despite the significant diurnal trends, FMC of 
all live Calluna was above the recorded ignition threshold9 which means that diurnal variation is unlikely to 
affect ignition probability in this study. However, live FMC is linked to wildfire rate of spread14,29 which may vary 
depending on the time of day that a wildfire occurs. Considering diurnal patterns in live FMC is still therefore 
essential in wildfire management.

Different vegetation layers showed different FMC patterns depending on the time of year. The lowest FMC 
in the live Calluna was in March (Fig. 3), and low springtime FMCs have been recorded by other studies such as 
Davies et al.33. For example, it was noted that the FMC of live Calluna decreased during the winter of 2002–2003 
from a usual spring value of 80% (similar to levels recorded in this study) to less than 45%30. During the winter, 
freezing conditions and high wind speeds can damage leaf cuticles and cause physiological drought34,35. Live 
FMC can further be lowered by freezing grounds locking up soil moisture and preventing root uptake14. However, 
an alternative explanation for large diurnal ranges and low FMC in March found in this study could be due to 
an increase in elevated dead fuels from winter browning (plant damage due to frost or wind in early spring13) 
of live materials that were not separated from live Calluna sprigs causing large variation between samples. In 
comparison to the live Calluna, the FMC of the dead Calluna varied less seasonally, with FMC of ~ 5% at its 
lowest in May to ~ 30% at its highest in March.

During the early summer when Calluna increases its green-leaf area and biomass, the FMC of the upper live 
canopy increased by over 50% from April–June (Fig. 3). This is a well-described phenomenon36 and is consist-
ently shown in FMC studies16,33. The diurnal patterns of live Calluna were most significant in the late summer 
months after the growth spurt. However, the fire danger is likely lower during this late summer as FMC remains 
higher than in spring through the entire diurnal variation.

The rate of wildfire spread is influenced by FMC of the lower ground and moss/litter layers; when the FMC 
of the moss and litter layers are low enough to ignite, they can substantially increase available fuel loads by 
13–67% which can significantly alter fire behaviour29. The FMC of the moss and litter layers had their largest 
diurnal ranges in March, April and August (Fig. 3; Table 2), during which FMC fluctuated above and below the 
ignition thresholds on some sample days. Diurnal variations in FMC could therefore affect wildfire behaviour by 

Table 3.   Correlation analysis between range in FMC per sample day (max FMC—min FMC; Table 2) and 
range in temperature and humidity on each sample day (Supplementary Table S2) for each fuel layer. Weakly 
significant P value (< 0.1) is highlighted in bold.

Test Temperature Humidity

ULC
Correlation 0.13 0.43

P value 0.77 0.34

LS
Correlation 0.35 0.40

P value 0.44 0.37

UDC
Correlation 0.59 0.45

P value 0.16 0.31

DS
Correlation 0.47 0.63

P value 0.29 0.13

L
Correlation − 0.18 0.32

P value 0.71 0.50

M
Correlation 0.25 0.67

P value 0.59 0.10

O
Correlation − 0.07 − 0.38

P value 0.88 0.40
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increasing the amount of available fuels and speeding up the rate of spread, since the litter and moss layers can dry 
to combustible FMCs throughout the day. Models that do not consider the hourly change in FMC will therefore 
underestimate the wildfire risk. This is highlighted by the fact that for some materials and sample days (March 
20th for moss; April for litter), the mean daily FMC is above the ignition thresholds (Supplementary Table S3) 
but does drop below the threshold at some point during these days. However, on sample days where FMC of moss 
and litter fluctuated above and below the ignition threshold, diurnal patterns were only statistically significant 
in August. Despite large diurnal ranges in the moss and litter layers in early spring, the diurnal patterns were 
not statistically significant and the variation could have been the result of high within-plot variability in FMC.

The influence of surface fuel on wildfire behaviour, from a fuel moisture perspective, is significantly different 
in late summer compared to springtime as drier conditions lower the organic layer FMC to such an extent that 
smouldering of the peat is feasible37–39. We observed the organic layer moisture content fluctuating on a diurnal 
scale above and below the ignition thresholds defined by Grau-Andrés et al.29. However, for six of the seven 
sample days there was no significant parabola-shaped pattern of diurnal variation observed, likely the result of 
high spatial variability in organic FMC40. This suggests that diurnal patterns in FMC of the organic layer are not 
an important factor governing wildfire behaviour and may be more governed by seasonal weather.

We found no strong links between the range of diurnal FMC in each fuel layer and the range in weather vari-
ables (temperature or humidity), with the exception of moss where there was a very weak correlation between 
the diurnal ranges of FMC and humidity. Many studies have found links between weather and FMC: for example, 
dead Calluna is influenced strongly by the weather, likely as it can no longer regulate its moisture content by 
drawing in water from the ground or respiring as live plants do41, and a positive relationship between live FMC 
and temperature for live Calluna and other live materials has also been observed3. However, the relationship 
between diurnal weather patterns and the diurnal range in FMC have not been researched before. More detailed 
work may therefore be needed to further investigate the potential effects of day and night-time weather, as well as 
dew and antecedent weather conditions, on observed diurnal fluctuations in live and dead fuel moisture content.

The FMC of vegetation layers is a significant factor governing wildfire behaviour; high FMCs inhibit wildfire 
risk, and low FMCs increase wildfire danger and ignition probabilities10. Improving our understanding of FMC 
patterns in live and dead materials is crucial for developing an accurate UK fire danger rating system, yet there 
are no studies characterising diurnal and seasonal patterns of FMC in Calluna vegetation layers across the whole 
fire season. We observed significant diurnal patterns in FMC that varied seasonally. In general, diurnal patterns 
became more significant during the late summer period and our data suggests there might be significant diurnal 
patterns in live Calluna FMC during the early spring as well. The main implications of this study are that diur-
nal FMC in live material can impact wildfire danger during the early spring and late summer, which coincides 
with the two main wildfire seasons, and that diurnal fluctuations in ground materials can result in ignition risk 
changing throughout the day. From an FMC monitoring perspective, samplers will need to consider the time of 
day that samples were taken as this can influence measured FMCs and fire danger rating system models should 
consider the diurnal changes of FMC.

Data availability
The datasets generated and analysed in this study are available on Figshare, https://​figsh​are.​com/s/​66b2b​26279​
6ae01​33a6b.

Received: 1 November 2023; Accepted: 22 February 2024

References
	 1.	 Thompson, D. B. A., MacDonald, A. J., Marsden, J. H. & Galbraith, C. A. Upland heather moorland in Great Britain: A review of 

international importance, vegetation change and some objectives for nature conservation. Biol. Cons. 71(2), 163–178 (1995).
	 2.	 Page, S. E. & Baird, A. J. Peatlands and global change: Response and resilience. Annu. Rev. Environ. Resour. 41(1), 35–57. https://​

doi.​org/​10.​1146/​annur​ev-​envir​on-​110615-​085520 (2016).
	 3.	 Davies, G. M. & Legg, C. J. Developing a live fuel moisture model for moorland fire danger rating. WIT Trans. Ecol. Environ. 119, 

225–236 (2008).
	 4.	 Nobel, A., Lizin, S., Witters, N., Rineau, F. & Malina, R. The impact of wildfires on the recreational value of heathland: A discrete 

factor approach with adjustment for on- site sampling. J. Environ. Econ. Manag. 101, 102317 (2020).
	 5.	 Rhoades, C. C., Nunes, J. P., Silins, U. & Doerr, S. H. The influence of wildfire on water quality and watershed processes: New 

insights and remaining challenges. Int. J. Wildland Fire 28(10), 721–725 (2019).
	 6.	 Albertson, K., Aylen, J., Cavan, G. & McMorrow, J. Climate change and the future occurrence of moorland wildfires in the Peak 

District of the UK. Clim. Res. 45, 105–118 (2010).
	 7.	 Murphy, J.M., Sexton, D.M.H., Jenkins, G.J., Booth, B.B., Brown, C.C., Clark, R.T., Collins, M., Harris, G.R., Kendon, E.J., Betts, 

R.A., and Brown, S.J. UK climate projections science report: Climate change projections (2009).
	 8.	 McMorrow, J., Lindley, S. and Aylen, J., 2009. Moorland wildfire risk, visitors and climate change: Patterns, prevention and policy. 

In Drivers of Environmental Change in Uplands 432–459.
	 9.	 Davies, G. M. & Legg, C. J. Fuel moisture thresholds in the flammability of Calluna vulgaris. Fire Technol. 47(2), 421–436 (2011).
	10.	 Davies, G. M., Legg, C. J., Smith, A. A. & MacDonald, A. J. Rate of spread of fires in Calluna vulgaris-dominated moorlands. J. 

Appl. Ecol. 46(5), 1054–1063 (2009).
	11.	 Keeley, J. E. Fire intensity, fire severity and burn severity: A brief review and suggested usage. Int. J. Wildland Fire 18, 116–126. 

https://​doi.​org/​10.​1071/​WF070​49 (2009).
	12.	 Davies, G. M. et al. The role of fire in UK peatland and moorland management: The need for informed, unbiased debate. Philos. 

Trans. R. Soc. B Biol. Sci. 371(1696), 20150342 (2016).
	13.	 Watson, A., Miller, G. R. & Green, F. H. W. Winter browning of heather (Calluna vulgaris) and other moorland plants. Trans. Bot. 

Soc. Edinb. 40(2), 195–203 (1966).
	14.	 Davies, G. M., Legg, C. J., O’Hara, R., MacDonald, A. J. & Smith, A. A. Winter desiccation and rapid changes in the live fuel moisture 

content of Calluna vulgaris. Plant Ecol. Divers. 3(3), 289–299 (2010).

https://figshare.com/s/66b2b262796ae0133a6b
https://figshare.com/s/66b2b262796ae0133a6b
https://doi.org/10.1146/annurev-environ-110615-085520
https://doi.org/10.1146/annurev-environ-110615-085520
https://doi.org/10.1071/WF07049


8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4815  | https://doi.org/10.1038/s41598-024-55322-z

www.nature.com/scientificreports/

	15.	 Santana, V. M. & Marrs, R. H. Flammability properties of British heathland and moorland vegetation: Models for predicting fire 
ignition. J. Environ. Manag. 139, 88–96 (2014).

	16.	 Neumann, C. et al. The colours of heath flowering–quantifying spatial patterns of phenology in Calluna life-cycle phases using 
high-resolution drone imagery. Remote Sens. Ecol. Conserv. 6(1), 35–51 (2020).

	17.	 Jackson, G. E., Irvine, J. & Grace, J. Xylem acoustic emissions and water relations of Calluna vulgaris L. at two climatological regions 
of Britain. Plant Ecol. 140(1), 3–14 (1999).

	18.	 Davies, G. M. Fire behaviour and impact on heather moorland. [PhD Thesis] (The University of Edinburgh, Edinburgh, 2005) 
[Accessed 17/07/22]. Available from: http://​www.​era.​lib.​ed.​ac.​uk/​handle/​1842/​2609

	19.	 Beall, H. W. Diurnal and seasonal fluctuation of fire-hazard in pine forests. For. Chron. 10(4), 209–225 (1934).
	20.	 van Wagner, C. E. A method of computing fine fuel moisture content throughout the diurnal cycle (Information Report, Petawawa 

Forest Experiment Station, 1977).
	21.	 Banwell, E. M., Varner, J. M., Knapp, E. E. & Van Kirk, R. W. Spatial, seasonal, and diel forest floor moisture dynamics in Jeffrey 

pine-white fir forests of the Lake Tahoe Basin, USA. For. Ecol. Manag. 305, 11–20 (2013).
	22.	 Livingston, A. C. & Varner, J. M. Fuel moisture differences in a mixed native and non-native grassland: Implications for fire regimes. 

Fire Ecol. 12(1), 73–87 (2016).
	23.	 Land Cover Map 2021, Marston, C., Rowland, C.S., O’Neil, A.W., & Morton, R.D. (2022). Land Cover Map 2021. NERC EDS 

Environmental Information Data Centre. https://​doi.​org/​10.​5285/​a22ba​a7c-​5809-​4a02-​87e0-​3cf87​d4e22​3a
	24.	 Norum, R. A. & Miller, M. Measuring fuel moisture content in Alaska: Standard methods and procedures. Gen. Tech. Rep. 171, 

1–40 (1984).
	25.	 Little, K., Graham, L. J. & Kettridge, N. Accounting for among-sampler variability improves confidence in fuel moisture content 

field measurements. Int. J. Wildland Fire 33, WF23078. https://​doi.​org/​10.​1071/​WF230​78 (2024).
	26.	 Weather Underground: Blakey Ridge (IFARNDAL3) Weather Station. Accessed 1/7/2023. Personal Weather Station 

Dashboard|Weather Underground (wunderground.com)
	27.	 Hartig. F. DHARMa: Residual diagnostics for hierarchical (multi-level/mixed) regression models. R package version 0.4.6 (2022). 

http://​flori​anhar​tig.​github.​io/​DHARMa/
	28.	 R Core Team. RStudio: Integrated Development Environment for R (RStudio PBC, Boston, 2023). http://​www.​rstud​io.​com/
	29.	 Grau-Andrés, R., Davies, G. M., Gray, A., Scott, E. M. & Waldron, S. Fire severity is more sensitive to low fuel moisture content 

on Calluna heathlands than on peat bogs. Sci. Total Environ. 616, 1261–1269 (2018).
	30.	 Hancock, M. H. An exceptional Calluna vulgaris winter die-back event, abernethy forest, Scottish Highlands. Plant Ecol. Divers. 

1(1), 89–103 (2008).
	31.	 Baeza, M. J., De Luıs, M., Raventós, J. & Escarré, A. Factors influencing fire behaviour in shrublands of different stand ages and 

the implications for using prescribed burning to reduce wildfire risk. J. Environ. Manag. 65(2), 199–208 (2002).
	32.	 McMorrow, J. Wildfire in the United Kingdom: Status and key issues. In Second International Association of Wildland Fire Confer-

ence on Human Dimensions of Wildland Fire 44–56 (International Association of Wildland Fire, 2011).
	33.	 Davies, G. M., Legg, C., Smith, A. & MacDonald, A. Developing shrub fire behaviour models in an oceanic climate: Burning in 

the British Uplands. For. Ecol. Manag. 234(suppl. 1), S107 (2006).
	34.	 Grace, J. Cuticular water loss unlikely to explain tree-line in Scotland. Oecologia 84(1), 64–68 (1990).
	35.	 Goodwin, S.M., & Jenks, M.A. Plant cuticle function as a barrier to water loss. Plant Abiotic Stress 14–36 (2005).
	36.	 Bannister, P. The water relations of certain heath plants with reference to their ecological amplitude: III. Experimental studies—

General conclusions. J. Ecol. 499–509 (1964).
	37.	 Davies, G. M., Gray, A., Rein, G. & Legg, C. J. Peat consumption and carbon loss due to smouldering wildfire in a temperate 

peatland. For. Ecol. Manag. 308, 169–177 (2013).
	38.	 Busse, M. D., Shestak, C. J., Hubbert, K. R. & Knapp, E. E. Soil physical properties regulate lethal heating during burning of woody 

residues. Soil Sci. Soc. Am. J. 74(3), 947–955 (2010).
	39.	 Plucinski, M. P., Anderson, W. R., Bradstock, R. A. & Gill, A. M. The initiation of fire spread in shrubland fuels recreated in the 

laboratory. Int. J. Wildland Fire 19(4), 512–520 (2010).
	40.	 Campbell, D. I., Laybourne, C. E. & Blair, I. J. Measuring peat moisture content using the dual-probe heat pulse technique. Soil 

Res. 40(1), 177–190 (2002).
	41.	 Belcher, C. M., Brown, I., Clay, G. D., Doerr, S. H., Elliott, A., Gazzard, R., Kettridge, N., Morison, J., Perry, M., Smith, T. E. L. UK 

wildfires and their climate challenges. Expert Led report prepared for the third climate change risk assessment (2021).
	42.	 Palmer, M. S., & Hearn, K. Botanic Society of Britain and Ireland code of conduct (1999).

Acknowledgements
We appreciate the helpful comments of anonymous reviewers. All plant sampling in this study was undertaken 
in accordance with the Botanical Society of Britain & Ireland’s Code of Conduct42 and with the permission of 
Natural England and landowners.

Author contributions
C.L., K.L. and N.K. designed the methodology; C.L. and K.L. collected data; K.L., L.G. and N.K. advised the data 
analysis; C.L. and K.I. analysed the data and led the writing of the manuscript. All authors revised the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​55322-z.

Correspondence and requests for materials should be addressed to K.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://www.era.lib.ed.ac.uk/handle/1842/2609
https://doi.org/10.5285/a22baa7c-5809-4a02-87e0-3cf87d4e223a
https://doi.org/10.1071/WF23078
http://florianhartig.github.io/DHARMa/
http://www.rstudio.com/
https://doi.org/10.1038/s41598-024-55322-z
https://doi.org/10.1038/s41598-024-55322-z
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:4815  | https://doi.org/10.1038/s41598-024-55322-z

www.nature.com/scientificreports/

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

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Diurnal fuel moisture content variations of live and dead Calluna vegetation in a temperate peatland
	Methods
	Site description
	Sampling procedure
	Data analysis

	Results
	Discussion
	References
	Acknowledgements


