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Summary

The Hard Hill Experiment is assumed to consist of replicated treatments involving fire-rotation
lengths and grazing. In reality, the various treatment plots are not replicates of comparable
treatments because significant differences have been identified between the various plots in
terms of their physical structure and treatment history.

The Hard Hill experimental blocks already had a varied history of burning when they were
established, with some plots displaying clear evidence of recent burn scars prior to the 1954
burn undertaken at the start of the experiment. These scars remained evident for a
considerable number of years after this 1954 burn and indeed after subsequent burns.

The pattern of experimental burning since the start of the experiment has not always followed
the precise boundaries of the treatment plots, resulting in fire effects even within parts of
treatment plots that are designated as do-burn after 19544

Almost half of the plots burned in 1954 and not burned since contain significant meso-scale
structural features that demonstrably affect the vegetation and microtopography within their
vicinity i probably more so than the experimental treatments applied to each plot.

Peat O6softnessé, a s -desigaed penetrametér yor use irspeat, apgpeats |y
to be the most effective measure of bog condition and time-since-fire, particularly when
combined with the nature of the microtopography and associated vegetation types. In general,

the more distant the last fire event the softer the peat surface, though tussocks should not be
included in such testing because these features tend to be very dense and do not necessarily
reflect the condition of the surrounding peat.

Frequent burning has tended to create a surface micro-relief in which micro-erosion and
tussocks are the dominant features of the microtopography. This provides an interconnected
drainage network that facilitates comparatively rapid loss of surface water compared with
areas possessing more Sphagnum cover, particularly as peat is shown to be denser and thus
more resistant to infiltration of surface water across areas that are regularly burnt.

Frequent burning can create a waterproof layer at the peat surface within which pockets of

Sphagnum may escape fire damage or can subsequently become established, but these

pockets seem to have remained restricted in their ability to expand and generate a more

continuous and naturally functioning Sphagnum sward. Repeated burning appears to have

heldt he vegetation and microtopography in a form
trend in such areas has been a diminution of Sphagnum cover, or, at best, maintenance as

individual constrained patches.

Cessation of burning on an already burnt site has nevertheless resulted in loss of the limited
existing Sphagnum presence as growth of tussock-forming species, together with Calluna
vulgaris, have proceeded to dominate the bog surface. Over a period of several decades,
however, mosses such as Hypnum jutlandicum have formed continuous swards beneath the
Calluna canopy, slowing water movement from the site and thereby increasing surface
wetness, ultimately providing opportunities for Sphagnum to re-establish. In addition, the
humid shelter provided particularly by the tussock and/or Calluna canopy have also enabled
Sphagnum to re-establish. Timescales for this process appear to exceed a century T but such
timescales of recovery are readily understood when applied to woodland restoration and,
given that peat bog systems are generally as old as, if not older than, most woodland stands,
it is important to recognise the need to apply similar recovery timescales when considering



the management and restoration of peat bog systems following emergence from a long history
of burning management and other pressures such as atmospheric pollution.

In order to provide a long-term visual record for the Hard Hill Experiment, a permanent 2019
photo-archive baseline for each treatment plot in each block has been created i the first of its
kind for the site. This photo archive is now held in the University of East London open-access
Data Repository. These images consist of 360° 2D and 180° 3D imagery which can be viewed
using smartphones or computers, and can be viewed immersively using simple VR goggles
with smartphones or using full VR headsets. Permanent monitoring markers of a type
recommended within the IUCN UK Peatland Progr amme O Eyes on t he
also been installed in all plots within Block D, and the boundary of the grazed portion of Block
D has been similarly marked.
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1 Introduction

1.1 Establishment of the Hard Hill Experimental Plots

Moor Housel Upper Teesdale National Nature Reserve (NNR) is located in the North Pennines
Area of Outstanding Natural Beauty (AONB) and divided into two sections on the northwest
and southeast sides of Cow Green Reservoir (Figure 1). The Hard Hill experiment, located in
the northwest section of the NNR, was initiated by the Nature Conservancy (NC) in 1954. The
objective was to establish a series of randomised replicated plots to monitor the effects of
grazing and rotational burning treatments on blanket bog vegetation and soil fertility (Elliott,
1958). Four blocks (A-D) were established, each comprising six treatment plots measuring
approximately 30m x 30m (Figure 2). All blocks were entirely burnt at the start of the
experiment to the extentthati € al | v e g eelindnatedé B(Fowress 1961). Half of each
block was then fenced to exclude grazing, and three rotational burning treatments were
subsequently replicated in both halves. The various plots were originally labelled according to
the block letter and the treatments applied (Forrest, 1961), thus using Block A as an example:

A/S 1 short-rotation cycle of approximately 10 years between burns, grazed,;
A/SF 1 short-rotation cycle of approximately 10 years between burns, fenced;
A/L'T long-rotation cycle of approximately 20 years between burns, grazed,;
A/LF T long-rotation cycle of approximately 20 years between burns, fenced,;
A/NT burned in 1954 only, grazed,;

A/NF T burned in 1954 only, fenced.

= =4 =8 -8 -89

In addition, a reference plot outside each block was left unburned in 1954 and has not been

burnedsince. These pl ots have been | abel | edThapreciéeR 6

location of these four reference plots is, however, now uncertain.

The original labelingof 6 N6t her pl ots burned only in 1954

since given rise to widespread use of the terms 6 nlou r ndnbuontd pl ot s when
along with the short- and long-rotation burn plots were burnt, apparently quite severely, in
1954 and thus demonstrate long-term recovery from fire rather than representing the natural
unburnt state. This is an important consideration when interpreting results from these plots,
and so to be clear about the processes under consideration, in the present report the burning
treatments are referred to as:

1 &0, or 10-yeardi for the short 10-year burning cycle;
1 @O0, or 20-yeardi for the longer 20-year burning cycle; and
T 654, or5 &Hadorthe plotslb@rnt in 1954 only.

Using this approach to treatment labelling, Figure 2 displays the layout of the Hard Hill Plots
in relation to the macro- and meso-scale features of the Hard Hill area. The footprints of the
experimental blocks and component plots shown in all Figures within the present report were
digitised from UAV imagery captured in 2017.

Although the design of the experiment appears to provide a series of replicated plots for
comparison, the micro-relief (microtopography) of the plots and meso-scale morphology of the
plots and immediate surrounding areas have not been reported nor been included in studies
assessing differences between treatments. Furthermore, the vegetation of the plots was not
recorded prior to the initial fire of 1954, giving rise to uncertainty about the baseline condition
of the ground prior to the first experimental burn. Moreover, when Forrest (1961) describes
the initial fire in 1954 as having eliminated all vegetation, it is not clear whether this means all

n

pl ot
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vegetation including the entire bryophyte layer, or whether this refers largely to elimination of
the vascular plant layer.
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Figure 1 Location of Moor Housei Upper Teesdale NNR and Hard Hill experimental blocks.
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There was in fact no vegetation monitoring until seven years after the initial fire, at which point
Forrest (1961) surveyed the vegetat i admcent f t he
representative ar ea$ specffically osing 10 muadratscadjacdntatanedah

of Blocks B and C and five adjacent to Block A on the assumption that these would reflect the

original state of the vegetation within the experimental plots prior to the 1954 burn and thus

act as experiment al contr ol s. Not withstanding Forrestos
nature of the quadrats taken adjacent to the experimental blocks, the actual post-fire condition

of the blocks remains uncertain because no recording was undertaken either immediately prior

to or subsequent to the 1954 fire event. There are thus no true baseline data for this
experiment in terms of vegetation, micro-relief or meso-scale physical features. Such
information is essential not only in terms of making a sound determination concerning the

original comparability of the replicate blocks and treatment plots but also as the foundation for

all subsequent analysis of change.
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Figure 2 Location of experimental blocks and arrangement of treatments in relation to topography
on Hard Hill. RGB imagery captured by senseFly eBee in September 2017.

It is also important to note that Forrest (1961) describes the Hard Hillareaasfia | ar ge ar ea
degener at ed andthanthestudy $ooghtéloicompar e t he vegetation
after seven years6 regeneration with the vegetat

burnt for many year s, herei naf.{Thkerstudy was thusrsetd t o a
within an area of blanket bog acknowledged as being degraded rather than bog in a natural
or near-natural state, and although the area is described as having been burnti many year s o
ago, no timescale is provided for the duration of this fire-free period though Rawes and Hobbs
(1979) state that in 1954 the reference plots had been funburnt for >3 0 y e Furthertnore,
the main objective of the study was to investigate the effects of burning and grazing treatments
on the vascular plant cover. Rawes and Hobbs (1979) report results for vascular plants such
as Eriophorum vaginatum and Calluna vulgaris but have little to say about Sphagnum or other
elements of the moss layer, other than to note that Sphagnum capillifolium was one of the
community dominants. It is therefore entirely possible that when the initial experimental fire
was described as having eliminated all vegetation this referred only to the vascular plant cover
and did not mean that the surface moss layer was also entirely removed. Indeed, data from
1961, referred to later in the present report, strongly suggests that the initial fire did not reduce
the whole experimental surface to burnt bare peat.

Forrest 6s ( lhascestdblistzes \alaable ¢ontextual information about the original
Hard Hill study, namely that the blocks are set within an area of degraded blanket bog having
a history of burning and grazing. Any control or reference data from ground outside the areas
burnt in 1954 can thus be expected to reflect this degraded condition-state, as well as
potentially displaying a trajectory of recovery from past impacts, albeit further along this
trajectory of recovery (potentially 30-40 years further) than anything observed within the
experimental blocks.



1.2 Aims and objectives of the present study

The present study aims to begin addressing some of the information-gaps currently hampering
better understanding of the experimental results obtained from the Hard Hill experiment. It
does so by providing, for the first time, an assessment of the likely broad condition-state of
vegetation, at least in terms of past fire impacts and large-scale erosion patterns, within and
around the experimental blocks prior to the start of the experiment and then through the course
of the experiment. It also provides the first detailed description of landform morphology for the
whole Hard Hill experimental area as well as identifying meso-scale landform features within
the blocks themselves. Finally, it explores the potential information-value, in terms of
condition-state and recovery process, offered by micro-landscape (microtopography) features
observable within the experimental plots i specifically the small-scale structures or nanotopes
(Lindsay, 2010; Joosten et al., 2017) that are such a characteristic and distinctive feature of
peat bog ecosystems.

Various objectives were thus defined at a range of scales.

For all experimental blocks:

9 use historical aerial photography to understand vegetation conditions across the site
prior to the start of the experiment;

1 provide definitive descriptions of the gross morphology of the plots and surrounding
areas;

assess microtopographic variation across the plots;
map peat depth across all plots;

set up long-term monitoring of the plots aligned with the IUCN UK Peatland
Progr amme téhEey eBsSo gobh moni t ori ng protocol
each plot:

0 ground-level subsidence due to shrinkage;
0 general water-table conditions;
0 360° VR and stereo VR photographs from the centre of each plot.

For all plots in Block D, plus for two additional plots newly establishing during the present
study and located outside, but close to, Block D:

9 define nanotope features and background micro-landscape network;

9 record synusial vegetation of nanotope features.

(Linds



2 Historical reconstruction of Hard Hill and the
surrounding NNR

2.1 Image sources

Historical aerial photographs covering Hard Hill were obtained for 1953 (one year prior to
initiation of the experiment) and for nine subsequent time periods up to 2018 (Table 1). Aerial
imagery post-2002 were delivered as orthocorrected products. Imagery for the years 1953,
1966, 1969, 1992 and 1995 were provided as digital scans and were orthocorrected in ERDAS
Imagine 2020. Orthocorrected imagery for the year 2018 and an Ordnance Survey digital
terrain model (OS DTM) at 5 m resolution were used to obtain x, y and z coordinates in the
British National Grid to provide control points for image correction. The root mean square error
(RMSE) of orthocorrection for each image was less than one pixel thereby providing very
strong alignment of imagery thereby providing considerable confidence when mapping the
evolution of features on Hard Hill through time (Table 1). An additional low-resolution image
of an aerial photograph from 1960 was provided by Natural England and this was
georeferenced in ArcGIS.

Hard Hill was also flown in 2017 and 2018 with a fixed-wing unmanned aerial vehicle (UAV)
to collect ultra-high-resolution colour (RGB) imagery (Table 1). Twenty ground control targets
were placed across Hard Hill to provide control points for orthocorrection. The location of the
targets was recorded using a Trimble R2 GNSS and the data post-processed using RINEX
(Receiver Independent Exchange Format) data from the nearest OS Net base station located
at Wearhead (13 km north-east). Positional data corrected to within 1.57 1.7 cm (x and y) and
2.17 2.4 cm (2), and the RMSE of orthocorrection for each set of imagery was less than one
pixel (Table 1). Digital surface models (DSMs) of elevation were extracted from the RGB
imagery. All UAV image processing was undertaken using Pix4Dmapper v4.3.33.

Table 1 Conventional aerial photography and UAV-derived imagery used in this research.

Year Image date Source Format Resolution RMSE
(pixels)

Aerial photography

1953 30 June Historic England B&W 36 cm 0.19

1960  unknown Natural England B&W 1m -

1966 22 July Historic England B&W 45 cm 0.11

1969 10 October Historic England B&W 39cm 0.07

1992 13 November Old Aerial Photos Colour (RGB) 50 cm 0.13

1995 06 August NERC/CEH Colour (RGB) 20 cm 0.18

2002  unknown Infoterra (PGA) Colour (RGB) 25cm -

2010  unknown Edina Digimap Colour (RGB) 25cm -

2015  unknown Edina Digimap Colour (RGB) 25cm -

2018  unknown Edina Digimap Colour (RGB) 25cm -

UAV surveys

2017 28 September Ben Clutterbuck Colour (RGB) 1.8 cm 0.48

2018 26 June Ben Clutterbuck Colour (RGB) 1.6 cm 0.31




2.2 Aerial imagery - 1953

There is a long history of Moor House being managed as a grouse moor prior to the Nature
Conservancy purchasing and designating the NNR in 1952. The earliest written record of
shooting in the NNR dates to 1842 (Bell, 1843 cited in Taylor & Rawes, 1974), and the imagery
from 1953 shows two lines of grouse butts on the northern and eastern flanks of Hard Hill
(Figure 3). The southernmost line of butts is adjacent to the area of Hard Hill that was selected
for the burning experiments in 1954. In the years immediately preceding this image,
management of vegetation on Hard Hill predominantly comprised the burning of small patches
(Figure 3). Some of these burns are adjacent to the grouse butts, and one recent burn (at the
time of image capture) is in an area of vegetation that one year later (1954) becomes
experimental Block B (Figure 4; Section 2.5.2). The age of this burn is estimated to be between
12-15 years (see sections 2.4-2.5). An older burn scar is also visible in an area of vegetation
that became Block A. This burn may be between 15-30 years old, though more precise dating
of this burn is less certain.

L

@ Grou 3
Burns visible in 1953 Sy

Unfenced plots
| Fenced plots

Figure 3 Hard Hill in 1953 showing location of grouse butts and recent burn scars.

Earlier approaches to vegetation management across Moor House reportedly burned far
larger areas for both grouse and sheep farming. In the early 1900s, 250-500 acres (1-2 km?)
were typically burned each year (Taylor & Rawes, 1974). It is not certain how or when burn
sizes changed over time, but large burn scars up to 200 m wide are visible in 1953 at several
locations (see e.g. A-D on Figure 3). It is evident, therefore, that at the start of the experiment,
the vegetation across the area where the experimental blocks were created was of varying
Opefsitred age. It is also |likely that the

intervals since the 1800s. Although vegetation was not surveyed prior to the first burn in 1954,
it is interesting to note that distinct differences in vegetation composition i specifically in

veget a



Calluna vulgaris, Rubus chamaemorus, Eriophorum angustifolium and Sphagnum spp. i were
recorded between the experimental blocks in 1961 only 7 years after the experiment started
(Hobbs, 1984).
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Figure 4 Hard Hill in 1953 showing location of grouse butts and recent burn scars in relation to the
location of the experimental blocks.

2.3 Aerial imagery i 1960 and 1966

The aerial image from 1960 shows six large burn patches on Hard Hill (Figure 5). The extents
of these were digitised with input from the high-resolution image from 1966 (Figure 6) to
provide accurate geolocation of these burns. Five of these patches were burned on April 20"
1954, and the most south-easterly patch was reportedly burned in 1953 (Rawes, 1964; Taylor
& Rawes, 1974).

Four of the patches burned in 1954 were selected as Blocks A-D for the experiment and
fencing was installed by the Forestry Commission in 1957 (Rawes, 1965). The plots were only
defined on the ground in 1961 (Forrest, 1961), and the 10- and 20-year plots identified were
subsequently burned at intervals of approximately 10 and 20 years through to current day
(Table 2).
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Figure 5 Hard Hill in 1960 showing location of the burn scars undertaken at the start of the
experiment.

Table 2 Dates of burning undertaken across experimental plots on Hard Hill.

burnt 54 X
10-year X X X X X X X
20-year X X X X

2.4 Aerial imagery i 1966

The 10-year plots in all four blocks were burned in March 1965, although burning had been
attempted but aborted in the unfenced plot in Block A in 1964 (Rawes, 1965). The burn scars
were digitised from the 1966 image, and it is clear for Blocks A-C that fire was not constrained
solely to the experimental blocks (Figure 6) as some fire spread 30-70 m to the north-west
(presumably in the direction of the wind). In addition, the burning of the plots in Blocks A and
D is not consistent with the footprint of the plots burned in more recent years. In Block A the
fire from the 10-year plots spread across part of the unfenced 20-year plot (see also Figure 9),
burning 10-15% of the plot (Rawes, 1965). In Block D, fire from the 10-year grazed plot spread
into part of the grazed plot not burned since 1954, and the 10-year fenced plot was not burned
in its entirety (see also Figure 14). This observation highlights a clear change in the style and
control of burning during the experiment (expanded section 2.7.1), something that was noted
by Rawes (1965):



AiBurns were on 30 March (M. R.) and 31 March

good except for A/S which had received abortive attempts at firing in 1964. Burning of small

plots is extremely hazardous in dry coadayoons

They were: from W. corner of C/SF, from N. corner of B/SF, N.W. from A/S and also from
A/SF. The latter fire spread across the W. side of plot A/L and burnt 10-15% of it. In view of
the impossibility of confining the fire in such small plots it is proposed to burn fire breaks around
each block from time to time. oo

Five large burn scars were also visible outside of the experimental blocks (Figure 6) and are
reported to have occurred in 1956 (Rawes, 1965) and 1961 (Rawes, 1965; Taylor & Rawes,
1974). It is important to note that the outline of two of the burn patches from 1954 are barely
discernible from the background vegetation in 1966 (12 years post burn).

Figure 6 Hard Hill in 1966 showing location of burns undertaken in 1965 inside 10-year plots and
burns from other years outside the experimental area.

2.5 Aerial imagery i 1969

It can be seen from the photograph taken in 1969 that no further burning had occurred in the
wider area of Hard Hill since 1966 (Figure 7). All burning post-1964 outside the experimental
area on Hard Hill is reported to have been confined to the area of Green Burn and Force Burn
3 km south-east (Rawes, 1965). It is important to note, however, that the outline of five of the
six burn patches from 1953/1954 (15-16 years post burn) and the five burns from 1956 and
1961 outside the experimental area of Hard Hill (8-13 years post burn) were not discernible
from the background vegetation. Combined with observations from the photograph captured
in 1966, a good estimate can be obtained for the age of the pre-experimental burn scar visible
in Block B in 1954.

!
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Figure 7 Hard Hill in 1969 showing that no further burning had occurred in the NNR since 1966.

At the plot-level, a number of further important observations become apparent from the high-
resolution image captured in 1966.

2.5.1 Erosion features

In Block D, a linear feature is apparent running diagonally through both plots not burned since
1954 in the experiment. This feature is visible in all subsequent aerial imagery (Figure 8), as
are several other meso-scale features. From terrestrial laser scanning (TLS), UAV and ground
survey these features are revealed to be significant erosion gullies (Clutterbuck, 2015).
Interestingly, a ground survey in 1965 reported that the ground layer in the fenced plot that
has not been burned since 1954wasiéa honeycomb of tunnel s,
(Rawes, 1965). In Block A, there is a greater visual contrast in the vegetation in the fenced
plot that has not been burned since 1954 when compared with the other plots (Figure 9). From
TLS, UAV and ground survey, this plot has been found to contain an erosion feature that is
characterised as comprising a near-circular depression in the centre of the plot. These erosion
features, and the potential impact that these could have on vegetation (Lindsay, 2010) and
hydrology (Daniels et al., 2008), have not been reported nor considered in studies assessing
differences between treatments.
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Figure 8 Presence of meso-scale erosion gullies in experimental Block D. The imagery for 2015
shows a model of the peat surface underneath vegetation extracted from TLS survey.
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Figure 9 Presence of erosion feature in experimental block A.
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2.5.2 Visible persistence of pre-experimental burn scars
In Block B the burn scar visible in 1953 affects four of the component experimental plots

(Figure 10). What is compelling is that the outline of this burn scar is visible in imagery captured
in both 1969 and 1992.

d
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Figure 10 Impact of pre-experimental burn on vegetation in experimental block B.

13



The impact of burning on vegetation structure is particularly pronounced in a plot that has not

been burned since 1954. This plot was burned in its entirety only once during the course of

the experiment, and the portion of the plot that had previously been burned 12-15 years prior

to the experiment is visually much brighter than the portion that was not burned prior to the

experiment. From a ground survey in 1965 Eriophorum angustifolium was noted to occur only

in the upper (westerly) part of the plot where it was reported asbeingfié qui t e concentr
and plays an important p &Rawes, 1965). tThedocatioa gfeEt at i o n
angustifolium noted on the ground coincides with the visual difference visible in aerial

photography.

It would seem, therefore, that the difference in vegetation structure in at least one plot, visible
40 years after the experiment started, relates to pre-experimental conditions, not the
experimental treatments.

A similar phenomenon is visible in a plot not burned since 1954 in Block A, although the visual
contrast between the vegetation is less pronounced in 1992 (Figure 11). This would suggest
that the impact of pre-experimental burning on vegetation structure can still be detectable 50-
60 years after a fire. Such a possibility is supported by the evidence of identifiable vegetation
differences noted between the experimental plots and the original reference plots even 60+
years after the start of the experiment (Lee et al., 2013; Noble et al., 2018).
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Figure 11 Impact of pre-experimental burn on experimental block A.
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2.6 Aerial imagery 1 1992

At the time of writing it has not been possible to identify any aerial photography covering Hard
Hill between 1969 and 1992. However, the brighter appearance visible in the imagery of the
vegetation in the 10-year plots in Blocks A-C indicates that the burning of these plots in 1985/6
did indeed take place (Figure 12).

It is not clear, though, why four new burn scars are evident in the vegetation outside of the
experimental plots.

Image yer g
1992 s

; of e g
g ’ © Blom'Aerofilms 1992

Figure 12 Hard Hill in 1992 showing location of burns undertaken in 1985/6 (inside 10-year plots and
outside).
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2.7 Aerial imagery i 1995

It can be seen from the photograph taken in 1995 that both the 10- and 20-year plots were
burned in 1994/1995 (Figure 13). It is also evident that no further burning had occurred in the
wider area of Hard Hill since 1992, and this has remained the case to present day (section
2.8). Certain other issues are, however, evident from the 1995 imagery.

Figure 13 Hard Hill in 1995 showing location of burns undertaken in 1994/5 (inside 10- and 20-year
plots).

2.7.1 Inconsistent burn extents

In addition to the burns undertaken in the plots in 1965, the photography from 1995 reveals
further inconsistent burning in Block D. In 1965 the 10-year fenced plot was not burned in its
entirety, and the fire from the 10-year grazed plot spread into the grazed plot not burned since
1954 (see Figure 14). In 1995, 15-20% of the same grazed plot not burned since 1954 was
burned by fire from the 20-year grazed plot, while the 20-year fenced plot was not burned in
its entirety. This inconsistency is still visible in 2002 (Figure 14).

From 2002 onwards, the extent of burns in the plots appears far more consistent, perhaps
indicating a different style or approach to burning.
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Figure 14 Inconsistent burn extents in experimental block D.
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