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Abstract

This study reports a new ecohydrological approach to modelling moorland
hillslopes, which extends previous work on moorland hillslopes and has wider
relevance to the study of ecohydrological systems. A new conceptual and numerical
model, MEMory is presented which considers soil memory and the effects of plants
on soil structure as important features of moorland hillslopes. Representation of
surface and subsurface patterns and how these may vary spatially and over time was
considered essential to exploring the role of memory and an iterative process of
model development and testing with field data was adopted.

A numerical model was developed to demonstrate the effects of the rules and
assumptions of the conceptual model on the behaviour of a modelled moorland
hillslope. The numerical model successfully reproduced surface plant-age
distributions of Calluna vulgaris L. (Hull) observed in the field. Field campaigns
and laboratory-based investigation indicated variability in subsurface properties in
relation to different Calluna plant age distributions, which provided some evidence

to support the model’s predictions on subsurface variability.

The numerical model was used to explore how patterns imposed by vegetation
management practices may affect the ecohydrological behaviours of ecosystems.
The model predicts that burning can have large effects on the hydrological
conditions of moorland hillslopes. Use of a spatial model proved very important
because the simulations highlighted model sensitivity to the size of management
event and the location on the slope, in addition to the frequency of management
events. The model simulations have provided useful predictions which could be
tested in the field as part of future studies of the ecohydrology behaviours of
moorland hillslopes.

The study demonstrates the power of a conceptual model as a tool for understanding
how a system works and suggests that numerical models could play a much greater
role in the study of subsurface patterns and processes.
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Chapter 1
Moorland hillslope ecohydrology

In this chapter, a rationale is presented for the development of a spatial,
ecohydrological model of moorland hillslopes. A literature synthesis is used to
introduce key aspects of the ecology and hydrology of moorland hillslopes. The
concept of memory is introduced, and moorland hillslopes are considered as
examples of complex adaptive systems. The overall aim of the thesis is presented
and specific objectives are identified within this aim. The methodological approach
taken in the thesis is outlined, which includes the development of the model
MEMuory (presented in Chapter 2) and testing of the model (presented in Chapters 3
and 4).



1.1 Introduction and rationale

Many ecosystems display patterns, which have distinctive surface components.

Early attempts to conceptualize the hydrology of heterogeneous or patterned
hillslopes focused on collecting large amounts of spatial and temporal information to
describe the system, and on using these data to calibrate hydrological models (e.g.
Abbott et al., 1986 a, b; Bathurst, 1986a, b; Hornberger et al., 1985). Deficiencies
in the predictive power of many heavily-parameterised models suggested more
targeted approaches were needed, in which the mechanisms responsible for
producing patterns are identified (e.g. Sivapalan, 2003; McDonnell et al., 2007). In
the ecological sciences, following the application of aerial photography in the 1950s,
a range of vegetation patterns were described (e.g. Macfadyen, 1950; Worrall, 1960).
However, there was a delay of nearly 30 years before vegetation pattern-forming
mechanisms were considered in depth in the literature (Borgogno et al., 2009).

In recent years, there has been a growth in research on ecological patterns.
Vegetation patterning has been viewed as an expression of a complex yet ordered —
or organized — system (see Borgogno et al., 2009). In ordered systems, simple
repetitions create order; in organized systems, pattern emerges from dynamic
interactions between components of the system. ldentification or inference of the
pattern-process relationships that create and maintain certain patterns has allowed
researchers to model the development of complex systems, using relatively simple,
uncomplicated models. Studies such as those of Hendry and McGlade (1995),
Rietkerk et al. (2004), Larsen et al. (2007) and Baird et al. (2011) recognise the
interplay between ecological and/or hydrological patterns and processes. Rather
than prescribing heterogeneity, pattern emerges from basic principles: the length
scales of different ecological and hydrological processes are considered (Borgogno
et al., 2009). For some ecohydrological systems, such as tiger bush (Thiéry et al.,
1995; Dunkerley, 1997; Klausmeier, 1999), and peatlands (Rietkerk et al., 2004;
Eppinga et al., 2009) a wealth of ecological and hydrological data exists, but
ecological models and hydrological models have tended to be developed separately.
One system for which ecohydrological feedbacks have been understudied is
moorland hillslopes, which form the focus of this paper. Moorland is a plagio-
climax dwarf-shrub habitat found in upland areas in a range of temperate to
equatorial zones around the globe, including the UK, Scandinavia and Japan (see
Holden et al., 2007). The conservation value of moorland hillslopes is high because
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of their importance for water quality and carbon storage (Yallop et al., 2006; Worrall
et al., 2007). The structure of the landscape is affected by past and present
vegetation management practices and by climate (Davies et al., 2010). Better
understanding of the ecohydrological behaviour of moorland hillslopes is needed
before the response of moorlands to changes in land use and climate can be assessed.

The literature review presented in section 1.2 considers gaps in moorland hillslope
research. Approaches to the study of ecohydrological systems are considered
(section 1.3) and similarities are identified between moorland hillslopes and
complex adaptive systems (CAS) (section 1.4). The aim and objectives of the thesis
are then formalised in section 1.5 and the methodological structure adopted to meet
the aim and objectives of the thesis is outlined in section 1.6.

1.2 Existing approaches to the study of moorland hillslopes

1.2.1 Background

Moorland is found in the mid- to high latitudes of the northern hemisphere, and also
in the southern hemisphere and in upland equatorial areas (Holden et al., 2007). The
plant species present vary because of the different climates of these locations.
Although only UK and north western European moorlands are discussed here, the
approach taken in this paper could be applied to the study of other moorland
environments. Within the UK, moorland covers ¢.38 % of Scotland, ¢.5.5 % of
England and Wales and c. 8 % of Northern Ireland (Gimingham, 1960; Holden et
al., 2007). Moorland vegetation tends to be dominated by Calluna vulgaris L.
(Hull), a vascular plant with a ¢.30-year life-cycle (Watt, 1947). Associated species
include mosses, lichens and other ericaceous shrubs (e.g. Vaccinium myrtillus L.)
(Anderson, 1961; Davies et al., 2010). The majority of moorland hillslope
vegetation is subject to grazing and burning. Repeated burning is carried out at 7-
20-year intervals; a 15-year interval is the national average in the UK (Yallop et al.,
2006). Burning reduces the risk of wildfire in old Calluna stands, provides a flush
of new growth for grazing animals such as sheep (Ovis aries (L.)) and a variety of
different ages of Calluna plants, which is required by game birds, principally red
grouse (Lagopus lagopus (L.)) (Yallop et al., 2006). The importance of moorland
conservation extends beyond the farming and recreational reasons for which
moorlands have historically been preserved and managed in the UK. Moorland soils
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subject to burning and grazing can become degraded which has implications for
water quality and for soil-carbon storage. Upland areas supply approximately 70%
of the water used in the UK (Heal, 2003). Of the research conducted on the
hydrological consequences of burning moorland vegetation, there have been a small
number of studies on short-lived soil hydrophobicity (e.g. Meyles, 2002) and
changes in infiltration rates (e.g. Mallik et al., 1984) following burning. Few studies
have attempted to address issues such as possible changes in water quality or depth
to water-table, with the latter affecting the carbon cycling processes in moorland
soils (Tucker, 2003; Worrall et al., 2007). There is an estimated total of 3 Gt of
sequestered carbon in the UK uplands alone (Worrall et al., 2007) and the role of
European moorlands as a carbon store is now considered an important factor
influencing decisions over current and future management practices and land use
(Moors for the Future, 2007; Worrall et al., 2007).

1.2.2 Moorland ecology and models

In moorland, plant-species composition and dominance vary at different times in the
Calluna life-cycle and with different vegetation management. Changes associated
with the Calluna life-cycle (described in detail by Watt, 1947 and Barclay-Estrup,
1966) can often be observed more easily in moorland managed by burn than in
unburned moorland because each burning area contains Calluna plants of similar
ages (see Figure 1.1). Calluna plant age affects the space available for other species
to grow in because the morphology of Calluna plants and the plant’s competitive
ability and susceptibility to mortality change during the Calluna life-cycle (Figure
1.1; Gimingham, 1960). The height and width of the Calluna plant increases with
age (increasing the competitive ability of the plant) until c. 20-years, at which point
the plant begins to die from the central branches outwards and to lose competitive
ability (Watt, 1947, 1955). Other ericaceous species such as Vaccinium myrtillus,
and mosses, grasses and lichens flourish when Calluna’s competitive ability is low —
i.e. when Calluna plants are very young or very old — and are outcompeted when
Calluna’s competitive ability is at its greatest (when Calluna plants are ¢.15-20
years old) (see Barclay-Estrup and Gimingham, 1969). Further, at certain ages
Calluna is susceptible to external factors that affect other moorland plants to a lesser
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Figure 1.1 The changing morphology of an individual Calluna plant with age (top; schematic after Watt, 1955) and the changing appearance of
Calluna-dominated moorland with time after burning (ground-based and kite-aerial photographs, N. Dodd). The changing morphology of Calluna,
and spatial distribution and composition of plants during the Calluna life-cycle may affect underlying soil properties and water-flow.
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degree. For example, Calluna seedlings are susceptible to drought (Gimingham,
1960). Species that regenerate vegetatively (such as Vaccinium myrtillus) may
survive drought due to existing rooting systems, and may outcompete Calluna where
Calluna is only able to grow from seed (discussed later in this section). Infestation
by heather beetle (Lochmaea suturalis (Thomson)) can cause premature death of
large areas of Calluna and allow other moorland species (which are unaffected by
the beetle) to achieve greater cover and even establish dominance (e.g. Berdowski
and Zeilinga, 1987).

In moorland managed by burning, plant species of low shade tolerances accompany
young Calluna (less than 10 years old) and plant species with higher shade tolerance
are associated with older (over 15 years old) plants (Watt, 1955). Clearance of the
surface component of the vegetation by burning — and also through intensive grazing
(Pakeman and Nolan, 2009) — allows the establishment of species that require more
light and space than is available when an individual plant within the canopy dies
(White, 1979). In Calluna moorland that is not subject to burning, the same plant
species accompany Calluna in its youth and old age, but in different levels of
abundance (Keatinge, 1975; Gimingham, 1978). Succession from Calluna-
dominated moorland to birch or pine woodland may occur in the absence of burning
or grazing (e.g. Hester et al., 1991).

Existing moorland models are predominately ecological and process-based (e.g.
HEATHSOL, Bakema et al., 1994; HEATHMOD, Read et al., 2002). Shoot
production, biomass and root-system development have been observed to differ for
Calluna plants of different ages and sizes (e.g. Heath et al., 1938; Barclay-Estrup
and Gimingham, 1969). Yet, in moorland models, plants of the same species are
often assigned constant values, for example for nutrient uptake, regardless of plant
age or size (e.g. Aerts and van der Peijl, 1993). Similarly, the effects on plant
growth of various climatic factors, such as atmospheric nutrient deposition (e.g.
Bakema et al., 1994) and temperature (e.g. Grace and Woolhouse, 1974) have been
determined experimentally and have been modelled, but the effects of observed
differences in plant characteristics on the plant’s surroundings are included in very
few models of moorland vegetation. The development of gradients of resources
such as spatial variability in nutrient availability linked to the characteristics of
plants of different ages has not been represented in previous spatial models.



-7 -

In other environments, dynamic plant-resource models have been developed. For
example, in the peatland nutrient model of Rietkerk et al. (2004), soil-resource
distributions (water and nutrients) change in response to the spatial distribution of
biomass: nutrient uptake is a function of the biomass of an area of plants as well as
nutrient availability. Such a scheme could be adopted in spatial models of moorland
hillslope nutrient cycling if Calluna age, size or biomass were modelled. Many
moorland ecological studies have not considered the below-ground component of
Calluna plants, which determines plant regeneration and seedling establishment and,
therefore, the locations and rapidity of new growth (Gimingham, 1960). The spatial
model of van Tongeren and Prentice (1986) simulates the growth of, and
competition between, individual plants after fire. However, only surface interactions
are considered by the model. Calluna is not able to regenerate vegetatively if
Calluna plants are very old, and new growth can only occur from seed (Gimingham,
1960). Incorporating the mechanisms by which new growth can occur could give a
more realistic indication of the length of time it may take Calluna to recover after
disturbance such as burning.

Interactions between the subsurface component of Calluna plants and the soil have
been given less attention than interactions between the surface component of the
plant and the atmosphere. From an ecohydrological perspective, the route water
takes over and through the soil will affect the availability of water and nutrients to
plants. On moorland within the Maesnant Experimental Catchment in Wales, Jones
et al. (1991) observed that bands of common rush (Juncus effusus L., a wet soil
species) occurred above perennial subsurface soil pipes. Representation of water
and nutrient resource distributions in the soil could strongly influence how well
model output resembles plant distribution and composition on moorland hillslopes.

1.2.3 Subsurface conditions and hydrological models

As in other environments, understanding the feedbacks involved in controlling the
connectivity of water-flow is an important part of modelling the response of
moorland hillslopes to precipitation. On moorland hillslopes, varied hydrological
responses to precipitation are evident from storm hydrographs (e.g. Jenkins, 1989;
Wheater et al., 1991), and differences in stream-water chemistry have indicated
water has taken different hydrological pathways through the hillslope (e.g. Chapman
et al., 1993). Studies in temperate environments have linked variations in
hydrological responses between different hillslopes within the same catchment to
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differences in soil type (e.g. Soulsby and Dunn, 2003), or, where soil type is similar,
to local heterogeneity in soil properties (McDonnell et al., 2007). Fieldwork
conducted on temperate hillslopes (e.g. Wheater et al., 1991; Soulsby and Dunn,
2003; Sidle et al., 2001) has produced records of higher discharges of water at the
base of a hillslope than could be achieved by flow through small pores (<0.05 mm)
in the soil matrix, which suggests that water is routed through wider, potentially
connected soil structures within the soil matrix (Holden, 2005; Weiler and
McDonnell, 2005). Studies of water routing and the connectivity of flow at and
below the hillslope-scale (0.1-10 km?) have suggested that small-scale structures, in
which water can flow under gravity, and differences in soil permeability may be
responsible for the development of subsurface flow networks (Beven and Germann,
1982; Weiler et al., 2005; McDonnell et al., 2007). Ground penetrating radar (GPR,
e.g. Holden, 2004) has provided evidence to support the presence and connectivity
of small-scale structures such as macropores and soil pipes.

Observations made in the field have changed perceptions of what is required to
conceptualise hydrological systems, particularly how to link small-scale processes to
hillslope and catchment response. Previously, many studies conceptualised
temperate hillslopes as homogeneous entities or assumed variability was randomly
arranged such that hillslope behaviour could be described by an ‘effective’ value of
soil hydraulic conductivity. Models that assume the soil is homogeneous and free of
macropores are common (Paniconi et al., 2003; Sivapalan, 2005). Small-scale (c.
10! m) relationships such as Darcy’s Law (See section 3.5.1) have been used in
hillslope- and catchment-scale (10-100+ km?) models for several decades, despite
their use violating the underlying assumptions on which the relationships are based,
such as a homogeneous soil structure and uniform hydraulic conductivity (Beven,
1989; Vogel and Roth, 2003; Kirchner, 2006). More recently, the route that water
takes through the soil has been modelled as the outcome of spatial and temporal
variability in soil structure and texture resulting from small-scale process (water-
soil-plant) interactions (Sidle et al., 2001; Weiler et al., 2005). Non-linear
hydrological responses to precipitation events have been thought to reflect spatial or
temporal changes in the connectivity of subsurface flow routes and also changes in
soil hydraulic conductivity (McDonnell et al., 2007; Ali and Roy, 2009).

From a hydrological perspective, explicit representation of spatial and temporal
variability in soil hydrophysical properties and structures may improve
parameterization of models of hillslope hydrology and hydrochemistry (Sidle et al.,
2001; Dunn et al., 2006). Mueller et al. (2007) investigated the extent to which
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representation of spatial variability in saturated hydraulic conductivity and the
Darcy-Weisbach friction factor can affect simulated overland flow in semi-arid
regions. They demonstrated that spatial representation of these two factors using
scaling tools can generate overland flow patterns resembling field conditions.
Factors which affect soil hydrophysical structure need to be considered to determine
the ways in which soil hydrophysical structure is likely to change over time.

Feedback between plants and soil properties may be critical to perpetuating the
system and the patterns within it. Kettridge et al. (2008) observed spatial variation
in soil physical properties in a peatland when they surveyed a 36-m transect which
crossed patches of different plant assemblages, using GPR. The GPR data revealed
that patches of soil along the transect had different soil properties; these patches
mapped onto the distribution of the different plant assemblages at the surface
(Kettridge et al., 2008). Plants affect aspects of soil development, such as soil
thickness, organic matter content, and soil structure (see Angers and Caron, 1998;
Gutiérrez-Jurado et al., 2006), for example through litter fall and root-system
development and decay, all of which affect soil hydraulic conductivity. The findings
of the previous section suggest that the effects of Calluna plants on moorland soils
are likely to vary spatially and over time because of changes in the above-ground and
below-ground components of Calluna plants with plant age. Moorland subject to
burning can exhibit different hydrological responses to precipitation from unburnt
moorland (e.g. Clay et al., 2009), which has been linked to the effect of burning and
removal of vegetation on subsurface properties. Clay et al. (2009) found differences
in water-table heights, soil hydraulic conductivity and pH for areas subject to
different vegetation management practices (grazing and burning), including between
areas subject to different time intervals between burning. Recently-burnt areas may
have very different soil hydraulic conductivities and nutrient contents from areas
burnt more than five years previously, because of differences in the development of
the root systems of the plants and the net uptake of resources (productivity minus
litter fall) of the plants present (Barclay-Estrup, 1966).

Vegetation is represented in many hydrological models, but is often included in a
way that does not allow for feedbacks that may be critical to perpetuating the system
and patterns; for example, the effect of plants on soil hydrophysical properties.
SVAT (soil-vegetation-atmosphere transfer) models look directly at how plants
affect rates of water loss from the Earth’s surface (e.g. Ludwig and Mauser, 2000;
Cervarolo et al., 2010). However, as in many hydrological models, changes in the
modelled vegetation do not affect soil structure (Sivapalan, 2005; Wilcox and
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Thurow, 2006). In ecohydrological models of peatland soils, representation of plant-
soil feedback is an important part of creating dynamic soil properties. In the
Holocene Peat Model of Frolking et al. (2010) peat accumulation is the net balance
of plant productivity and litter/peat decomposition. Peat depth, in turn, determines
plant species composition and productivity. Because peat properties constrain plant
dynamics, a two-way plant-soil feedback is established.

For moorland hillslopes, representation of feedbacks between dynamic soil
properties (described in this section) and plant dynamics (described in the previous
section) could improve representations of the hydrological response of the system
because feedbacks between plants and the soil are involved in controlling the
connectivity of water-flow. The development of a new moorland hillslope model
which allows spatial and temporal variability of soil properties, such as hydraulic
conductivity, to develop through local plant-soil interactions may aid investigation
of the effects of changing soil properties on the connectivity of water-flow and on
whole-hillslope hydrological response.

1.3 Ecohydrological models and memory

The review in sections 1.2.2 and 1.2.3 of the dynamics of moorland hillslopes
suggests that an ecohydrological approach is needed to investigate local interactions
and whole-hillslope behaviour. Plant dynamics are regulated by soil properties and
water-table depth, both of which are affected by plant dynamics. Two-way pattern-
process relationships may exist, by which patterns affect the processes that formed
them, and patterns may have distinct spatial (e.g. shape) or temporal (e.g.
persistence) components. As such, even relatively simple interactions may result in
complicated spatial or temporal system responses. There is an important role for an
ecohydrological moorland model as a theory-development tool that explores the
ability of different combinations of ecohydrological feedbacks to create observed
surface and subsurface patterns. Development of a conceptual model for moorland
hillslopes can build on lessons learnt through existing approaches to modelling
ecohydrological systems. For example, Larsen et al. (2007) investigated controls on
landscape morphology and vegetation patterning in the Florida Everglades. They
related surface patterns to underlying ecohydrological processes and feedbacks to
help understand the possible reasons behind topographic flattening of the ridge-
slough topography, characteristic of the Everglades. From previous work on the
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development of boreal bogs, it was known that peat accretion is affected by water
level and nutrient concentration. Larsen et al. (2007) suggested that feedback
between channel morphology and sediment mass transfer (seen in anabranching
rivers) could also play an important role in the evolution of lateral and longitudinal
topographic features in the Everglades, and in other low-gradient peatlands with
pulsed, unidirectional flow. Larsen and Harvey (2011) developed a numerical
model, RASCAL, in which feedbacks involving differential peat accretion, and
feedbacks involving sediment transport, control the development of the model
landscape. The model showed that, with both sets of feedbacks, ridge-slough
topography was created and persisted. Conversely, in the absence of one of the two
sets of feedbacks the landscape heterogeneity in the ridge-slough topography could
not be maintained. The model findings have implications for restoration efforts. An
ecohydrological model of moorland hillslopes that is based on a set of feedbacks
could also be used to investigate the circumstances in which moorland processes
break down under external pressures, such as management or climate change.

Vegetation-management history is likely to play an important part in the
development of moorland hillslopes. Ecological memory — a term used within this
thesis to describe a site’s history and resources, in terms of soil properties, process
interactions, organisms and other remnants of past conditions, such as seeds and root
fragments — has an important effect on the system’s trajectory and future conditions
(Hendry and McGlade, 1995; Peterson, 2002). The system is ‘path-dependent’
(sensu Levin, 1998); i.e. the future of the system is determined by the outcome of all
current and past interactions that occur or have occurred within the system. The
importance of past events in the development of ecohydrological systems is
demonstrated clearly in successional patterning in forests (see Hendry and McGlade,
1995) and in the properties of peat in peatlands (see Belyea and Baird, 2006).
Historic models (sensu Alonso-Sanz and Martin, 2004) have memory of all or a
proportion of the past states of the system, which is used to determine the system’s
future state. Historic models have strong ecological memory (sensu Alonso-Sanz
and Martin, 2004). Many ecohydrological models are ahistoric (sensu Alonso-Sanz
and Martin, 2004) (e.g. the peatland patterning model of Couwenberg and Joosten,
2005). In ahistoric models, decisions about the future properties of a cell are based
on the outcome of the previous iteration only: there is weak memory (sensu Alonso-
Sanz and Martin, 2004) of past conditions.

The role of memory is explored by Peterson (2002) using a model which simulates
forest fires. In the ahistoric version of the model, fire modifies the landscape but
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previous fires do not influence the location of new fires. In the historic version, fire
still modifies the landscape, but in addition, landscape pattern dictated by previous
fires influences the spread of fires. Similarly, in the Beech (Fagus sylvatica L..)
succession model of Hendry and McGlade (1995), memory of Beech age results in
the development of spatial structure, whilst lack of memory of Beech age results in
random spatial distributions of trees only. In modelling experiments using cellular
automata, Alonso-Sanz and Martin (2004) found that cell memory can maintain or
even enhance some patterns long after the patterns have ceased to exist in standard,
ahistoric versions of a model. In this case, memory has increased the model
system’s resistance (sensu Harrison, 1979, the ability of a system to maintain its
current state during a disturbance) to change. Bartelt-Ryser et al. (2005) suggest that
memory of soils with regard to microbial communities is an important, and under-
acknowledged factor in ecosystem resilience (sensu Harrison, 1979, the ability of a
system to return to pre-disturbance conditions following disturbance). The authors
hypothesized that soils that develop under high plant species richness or high plant
functional diversity have a positive influence on future plant growth, because of
increased activity and diversity of soil microorganisms beneficial to plant growth.
The laboratory-based experiments carried out as part of their study supported their
hypothesis; plants grown on bare soils which had previously contained a number of
different plant species were more successful than plants grown on bare soils which
previously had a low plant-species diversity.

Ecological memory may contribute to persistence of structures related to past events.
Persistence of structures can be possible because of the interaction of short- and long
range processes (see discussion below, section 1.4). Different timescales of
pedological and ecological processes, for example, may help to explain changes in
system structure or response with time after a disturbance (Rodriguez-Iturbe et al.,
1999; Wilson et al., 2004; Bestelmeyer et al., 2006; Mueller et al., 2007). Itis
possible to envisage a mismatch between surface and subsurface patterns due to
natural forcing events such as switching in climate, if the surface and the subsurface
have different reaction times. For example, some researchers (e.g. Chapin and
Starfield, 1997) have predicted rapid changes in vegetation in response to the fast-
changing Arctic climate. However, Callaghan et al. (2009) have highlighted that the
slow rate at which soil responds to external forcing can be expected initially to
inhibit changes in vegetation composition (Pennington, 1986; Koster and Suarez,
2001). Although the above-ground climate may be considered suitable for certain
plant species, it may be many years before the below-ground conditions are suitable
to support these plants (Callaghan et al., 2009). On managed moorland hillslopes,
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vegetation management (removal of surface vegetation by burning or cutting) or
feedbacks from internal mechanisms could also lead to mismatches in surface and
subsurface patterns. A historic model of moorland hillslopes would allow
investigation of any persistence of structures related to past events, and of any
mismatch between surface and subsurface properties.

1.4 Moorlands as complex adaptive systems

In developing frameworks to deal with complexity in natural systems, parallels have
been drawn between the functioning of ecohydrological systems and complex
adaptive systems (CAS) (e.g. Levin, 1998; Belyea and Baird, 2006). A CAS is
characterized by sustained spatial heterogeneity. Spatial heterogeneity emerges and
persists due to local, small-scale (< 1 m) interactions (Levin, 1998). A CAS is self-
organizing: small-scale processes affect larger-scale patterns, and these patterns in
turn affect the lower-level patterns and processes. The causes of patterning observed
at one scale in a CAS cannot be fully understood without reference to processes
operating at other scales within the CAS. The future of a CAS is emergent and
nonlinear: chance events and past patterns contribute to the future development of
the system (Dooley, 1997; Alados et al., 2009). CAS systems are considered to be
able to absorb the effects of disturbances (resistance sensu Harrison, 1979), to
reorganize, and to maintain the ability to adapt or recover (resilience sensu Harrison,
1979) when faced with disturbance (Levin, 1998; Bengtsson et al., 2003). As such,
the response of a CAS to chance events or to a given level of forcing may vary with
time because the CAS itself is changing over time (Baird, 2013).

The concepts of resistance and resilience (sensu Harrison, 1979) associated with the
behaviour of a CAS prove useful when considering some of the existing information
on the response of moorland hillslopes to disturbance. In a CAS, spatial
heterogeneity increases resilience after a disturbance event by increasing the
likelihood of some aspects of the system recovering (Levin, 1998; Lundberg and
Moberg, 2003). In moorland, the below-ground properties of plants and soil may
cause spatial surface patterns to persist after fire. For example, Calluna plants can
regenerate from existing rootstock, so post-fire growth may eventually occupy the
same above-ground positions as the surface components of plants destroyed by the
fire (weak ecological memory sensu Alonso-Sanz and Martin, 2004). In terms of
biodiversity, the Calluna life-cycle — and the associated changes in competitive
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ability of Calluna— promotes the existence of other moorland species. With regards
to processes longer than the life-span of a single Calluna plant, the presence of seeds
and spores of plants other than Calluna increase the likelihood of the surface
becoming vegetated should Calluna no longer be able to regenerate from rootstock.
When old Calluna, which is no longer able to regenerate from rootstock, is burned,
other moorland species dominate temporarily whilst Calluna re-establishes from
seed (Gimingham, 1960). Additionally, when surface vegetation is removed, even if
plants do not regenerate, soil properties may still reflect the presence of the previous
vegetation for a period of time (strong ecological memory sensu Alonso-Sanz and
Martin, 2004).

Both weak and strong ecological memory are amongst the forces internal to the
moorland, which provide spatial resilience (sensu Harrison, 1979) (Bengtsson et al.,
2003). However, do managed moorland hillslopes have the same resilience as
undisturbed moorland? Comparison of the effects of disturbance on undisturbed and
disturbed moorland — in terms of which patterns return and which do not — suggests
that they do not (over periods of study of 30-40 years at least). Studies of
regeneration of Calluna on northern UK moorlands (e.g. White, 1979; Hobbs and
Gimingham, 1980; Legg, 1980) suggest that, where moorland regeneration is
initiated primarily by the Calluna life-cycle, even-aged stands will tend to become
uneven-aged, if they are left uynmanaged. Results of other studies such as Marrs
(1986) and comparison of historical and present-day aerial photographs (e.g. Hester
and Sydes, 1992) suggest that changes in landscape structure resulting from repeated
burning, wildfires or disease outbreaks may remain in place for a long time after the
disturbance. Marrs (1986) studied an area of moorland in the Brecklands of East
Anglia, which was disturbed by World War 1l military combat and firearm training
and had since been subject to natural events in 1963 (severe winter) and 1976-1979
(drought and heather beetle outbreak) which killed large areas of Calluna. Marrs
(1986) reported that a relatively even-aged Calluna structure had developed and
persisted and that even c. 40 years after the end of manmade disturbances, the
landscape had not reverted to a mixed-age Calluna structure in the manner suggested
by the studies of White (1979), Hobbs and Gimingham, (1980) and Legg (1980).
The fact that plant-age structure in Marrs (1986) still reflected the disturbances c. 40
years previously suggests that the disturbances affected (likely killed) the below-
ground component of the plants and so disrupted the Calluna life cycle. Wild fires
in moorland are reported to have similar outcomes (e.g. Maltby et al., 1990; Legg et
al., 1992).
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The extent to which moorland hillslopes display resilience (and, as such, function as
a CAS) is likely to vary over space and time in response to human-imposed
structures and human-induced reductions in heterogeneity (Levin, 1998; Gunderson,
2000). In moorland, aspects of vegetation management (burning and overgrazing)
have led to the loss of habitat diversity (Mackey and Shewry, 2006). The
combination of lower diversity and areas in which changes are spatially
synchronized does seem likely to decrease the spatial resilience of managed
moorlands to disturbances, compared to unmanaged moorlands (Bengtsson et al.,
2003). Resilience of managed moorland hillslopes subject to repeated management
or severe events may be weak, or the timescales involved in recovery may be very
long (decades to centuries). To study the resilience of managed or unmanaged
moorland using models, the nature and strength of memory of different processes in
moorland hillslopes need to be represented. Because real-world patterns in
moorlands are likely to be a reflection of process interactions across a range of
spatial scales, similar cross-scale ecological and hydrological linkages are needed in
ecohydrological models of moorland hillslopes (e.g. Borgogno et al., 2009; Mueller
et al., in press). Model cell size should reflect the spatial scale of small-scale
processes. The disturbances experienced on moorland hillslopes need to be
represented (because the majority of moorland hillslopes are-managed), so too do the
internal processes which may modify the effects of the disturbances. An important
part of the latter may be to incorporate memory of the history of the site into the
model so that the system’s future reflects not only current conditions but also past
conditions and events.

Conceptualizing a system as a CAS places emphasis on understanding the nature and
extent of internal self-organizing behaviour, and how internal behaviour can
maintain the heterogeneity observed in the system. For example, a CAS structure
represents adaptation and cross-scale pattern-process relationships, characteristics
which are missing from many traditional systems-theory approaches. CAS concepts
have been utilized in attempts to explain ecohydrological patterns in drylands (e.g.
Turnbull et al., 2008) and peatlands (e.g. Baird et al., 2011). Belyea and Baird’s
(2006) conceptualization of peatlands as CAS recognised fundamental links between
processes operating at different positions, and on different time and spatial scales
within the peat. Subsequent work on the DigiBog model (Baird et al., 2011; Morris
et al., 2011) shows how CAS principles can be used as a framework to simulate the
ecohydrological development of peatland in two or three dimensions. As shown
here, moorland hillslopes have some properties of CAS, although, to date, a CAS
modelling approach does not appear to have been applied to these systems.
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1.5 Thesis aim and objectives

The overall aim of this thesis was to develop a new model of the ecohydrological
behaviours of moorland hillslopes, which explicitly considers the role of surface and
subsurface pattern in hillslope hydrological response. Three specific research
objectives were identified from the overall aim.

(i) Developing a new model of moorland hillslopes.

Existing observational and experimental data provide a basis for the development
of a new model of moorland hillslopes. A synthesis of literature from both
moorland ecosystem and temperate hillslope research gives strong support for
plant assemblage dynamics and their interaction with subsurface properties being
likely controls on moorland development. The first objective of the thesis was to
develop a new model of moorland hillslopes which is based on existing data on
moorland hillslopes, and incorporates aspects of the approaches to study of other
complex systems identified as relevant to moorland hillslopes in sections 1.3 and
1.4. 1t was envisaged that the conceptual model could guide data collection and
modelling efforts as part of the thesis and in future studies of the ecohydrology of
moorland hillslopes.

(i1) Investigating surface and subsurface properties on moorland hillslopes.

Investigation of surface and subsurface properties in the field and laboratory was
needed to gain data to test assumptions of the conceptual and numerical models
that are new to models of moorland hillslopes. In particular, data on the spatial
variability of soil properties in relation to plant age distributions was needed. To
enable model development, the spatial and temporal resolution of the data
collected on surface and subsurface properties needed to be informed by the
scales of the patterns and processes central to the conceptual model.

(i) Applying the model to the study of real hillslopes.

Application of the model to real hillslopes was seen as an important objective of
the thesis, the focus of which was the desire to use the model as a tool to
investigate the effects of common occurrences and management practices on the
hydrological behaviour of moorland hillslopes. As described in section 1.2.1,
moorland hillslopes undergo a range of management events which appear likely



-17 -

to have large and varied effects on the hydrological behaviour of the hillslope.
The rationale of this objective was that by modelling different management
events, model predictions of hydrological response would be gained that could
form the basis of future work, testing model predictions in the field.

1.6 Methodological strategy

The aim and objectives set out in section 1.5 will be addressed using the methods
outlined in this section.

1.6.1 Construction of conceptual model

The first stage will be the development of a conceptual model which aims to meets
the requirements identified in this chapter for a spatiotemporal model of moorland
hillslope behaviour, by considering both surface and subsurface patterns and
processes and how these may change over time. Plant life-cycle processes, water
flow, nutrient cycling, soil hydrophysical properties and vegetation management are
factors which affect the development of the hillslope and will be incorporated into
the model. The model construction will be approached by through the development
of individual submodels representing aspects of the ecology, hydrology, soil
properties, topography, climate and vegetation management of moorland hillslopes.
A CAS approach will be used to structure the conceptual model as a whole and
interactions between the individual submodels will be conceptualised (Chapter 2).

1.6.2 Construction of a numerical model

A numerical model will be developed to test the ability of the feedbacks present in
the conceptual model to reproduce aspects of moorland hillslope ecohydrological
behaviour. The numerical model will be designed to allow modelling of small-scale
spatial (1 m) variability and temporal variability in hydrological properties (sub-
hourly) and ecological structure (yearly). The numerical model will also be designed
to allow modelling of vegetation management events on management timescales
(decades to centuries) (reported in Chapter 2).
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1.6.3 Detection and description of ecohydrological variability

Data on surface and subsurface variability will be gathered through field campaigns
(reported in Chapter 3). Data collection will be designed with the spatial and
temporal scales of the processes represented in the conceptual model in mind.
Laboratory analysis will be carried out to detect and quantify variability in soil pore-
size distributions (reported in Chapter 3 section 3.5). Data analysis techniques,
which allow detection and quantification of variability will be selected and applied
to the field data and to model output to allow comparison of findings.

1.6.4 Numerical simulations of real hillslopes

The model will be set up to resemble a real moorland hillslope and the model’s
ability to reproduce patterns observed in the field will be evaluated (reported in
Chapter 4). Model simulations will be designed and carried out to investigate the
effects of different vegetation management practices (also reported in Chapter 4).
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Chapter 2
MEMory (Moorland Ecohydrological Memory): a new conceptual
model and a numerical implementation

In Chapter 1, aspects of moorland ecology and hydrology were reviewed. Gaps were
identified in the ecohydrological process representation of existing moorland
hillslope models. A case was made for developing ecohydrological models of
moorland hillslopes in which some spatial and temporal components of plant-soil
structure-water feedbacks are represented. In Chapter 2, a new conceptual
ecohydrological model, MEMory (MoorlandEcohydrologicalMemory) is presented,
which is based on the findings of the literature review and uses existing data on
moorland hillslope functioning. Memory of plant age and the effect of plants on soil
structure are central to the new conceptual model. A numerical implementation of
the model is presented, accompanied by a set of simulations. Through simulation of
a hillslope without plants, then addition of plants, plant age-specific effects, soil
memory, and finally vegetation management practices, the effects of the modelled
aspects of moorland ecohydrology on the behaviour of a simplified moorland
hillslope are demonstrated. The conceptual model presented in this chapter is used
to inform data collection on a real moorland hillslope, reported in Chapter 3, and in
Chapter 4, the numerical model is applied to simulate the study hillslope.
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2.1 Introduction to ‘MEMory’ model

A CAS framework has been used to develop a new ecohydrological model for
moorland hillslopes, MEMory (MoorlandEcohydrologicalMemory). The literature
review in Chapter 1 suggests that the hydrological behaviour of moorland hillslopes
may be affected by moorland plant dynamics and moorland vegetation management
and, conversely, plant distributions and dynamics are affected by hydrological
characteristics. Spatial heterogeneity on moorland hillslopes may develop and
persist because of memory of the local interactions that take place between the
atmosphere, the soil and plants of different ages and morphologies. The new model,
presented here considers changes in above- and below-ground components of
Calluna plants which may alter the ecohydrological response of moorland hillslopes.
The literature review further suggests that effects of past vegetation management
events on plant dynamics might be apparent in plant distribution and composition
years after management events occur. Subsurface conditions may reflect both
current and past events, and surface and subsurface conditions. In the model, the
hydrophysical structure of the soil varies spatially and over time in response to
Calluna plant dynamics and vegetation management events, which in turn affect soil
hydrology and nutrient transport. Interactions at the scale of individual plants,
patches and the landscape each play a part in the development of the moorland
hillslope, the future of which is determined by the outcome of current and past
atmosphere-plant-soil interactions, climatic conditions and vegetation management.

Within section 2.1, the conceptual structure of the model is presented. The model
consists of a number of submodels. The aspects of moorland ecohydrology included
in each of the submodels are outlined in turn, as are the main spatial and temporal
features of the model. Details of the workings of the model and the data sources
from which the model functions were derived are presented separately in section 2.2.
The behaviours of the model are then demonstrated and discussed in section 2.3.
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2.1.1 MEMory: conceptual structure

The basic conceptual structure of MEMory is shown pictorially in Figure 2.1. The
model consists of a hydrological submodel, an ecological submodel, a soil
hydrophysical submodel and climate, vegetation management and topography
submodels. In MEMory, plants and soil properties are dynamic: soil structure both
affects and is affected by plant dynamics. The arrows in Figure 2.1 represent spatial
and temporal interactions between the processes represented by different submodels.
MEMory is a historic model, in that past events affect the current and future
behaviour of the moorland hillslope. In MEMory, the time-scales on which
interactions between the plants and soil take place are taken into account through
memory of plant age and past soil conditions.

2.1.1.1 Hydrological submodel

The hydrological submodel of MEMory considers water and nutrient transfers across
the simulated moorland hillslope, and these transfers are affected by hillslope
topography, water-table position, and soil hydrophysical properties. Soil hydraulic
conductivity constrains the amount of soil water which can move through the soil
under a given hydraulic gradient. The Calluna plants have an indirect effect on soil
hydrology through their effect on hydraulic conductivity (discussed in section 2.2.4).
Water-table height is controlled by the water transfers and also by precipitation
additions and evapotranspiration losses. If the amount of water present exceeds the
soil’s storage capacity, the excess water is ‘lost’ from the model, a much simplified
representation of fast overland flow. In the model, it is assumed that all soil
nutrients are dissolved or can be dissolved in soil water. Nutrients may be leached
and transported via subsurface storm flow (section 2.2.2.3). In the model, soil
nutrients move at the same rate as soil water.
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Figure 2.1 A pictorial representation of the conceptual structure of MEMory. Submodels are represented by boxes. Effects of factors which affect
the whole landscape are represented by one-way arrows. Two-way feedback between submodels is represented by a two-way arrow.
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2.1.1.2 Ecological submodel

The ecological submodel considers Calluna plant dynamics and the direct effects of
these dynamics on evaporation, the nutrient balance of the soil and on soil structure.
Different aspects of the Calluna plant affect different aspects of the water balance.
In the conceptual model, the above-ground and below-ground components of
Calluna have different effects on the dynamics of the model as a whole, and the two
components are represented separately. The two-component approach to
representing Calluna allows investigation of any mismatches between the above-
ground and below-ground components, and the effect of such mismatches on water
and nutrient distributions.

Calluna plant age is an important factor in the model's memory, in the same way that
beech age is in the model of Hendry and McGlade (1995) described in Chapter 1. In
a model without memory of Calluna plant age, all Calluna plants would have the
same effect on their surroundings. As described in section 1.3, Calluna plant age is
significant in several ways. The ecological submodel considers change in the age
structure of the above-ground and below-ground components of Calluna plants. All
Calluna plant dynamics in the model are plant-age dependent, with the age affecting
the timing of plant death, the nature of plant establishment or regeneration,
evapotranspiration, the amount of nutrient uptake and release, and the extent to
which plants modify soil properties. The age of a Calluna plant therefore affects

both the surface and subsurface properties at the plant’s location during its lifetime.

The model conceptualization assumes that old plants and young plants which have
grown from seed have higher probabilities of mortality than all other ages of plants
represented in the model. In the model, when Calluna cannot regenerate from its
rootstock or from feeder roots, the slower process of establishment from seed occurs
(Legg et al., 1992). The presence and age of Calluna plants affect water loss to the
atmosphere via evapotranspiration. Based on Barclay-Estrup’s (1966) interception
data (section 2.2.2.4), evaporation increases as the above-ground component of the
plant ages, until the plants reach 15 years old, after which there is a decline in
evaporation with plant age.

In the model, Calluna plant dynamics have a direct effect on the nutrient balance of
the soil (section 2.2.2.3). Plant-nutrient requirements and plant death both affect
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nutrient balances within the model, and, due to memory of plant age, nutrient cycling
between the soil and the plants is dynamic. In the model, the nutrient requirements
of the plants change as the plants age. As described in section 2.2.2.3, nutrient
uptake of Calluna is related to the productivity of the plant (Kirkham, 2001), which
in turn changes as the plant ages (Barclay-Estrup and Gimingham, 1970; Grace and
Woolhouse, 1974). Plant-nutrient uptake in the model is defined as a function of the
change in plant productivity with age.

Based on empirical data from Aerts (1993), plant nutrients in the model are allocated
either to the below-ground component of the plant or to the above-ground
component of the plant. There is no explicit loss of nutrients due to litter fall whilst
the plant is alive. Instead, the reduction in plant uptake in old age is assumed to
include increased litter fall as well as reduced nutrient uptake. The effect of litter
fall on soil structure is indirectly simulated in the soil hydrophysical submodel
(section 2.2.4). Release of nutrients held by plants to the soil occurs on burning of
the above-ground component of the plant or on death of the whole plant. In the
model, the amount of nutrients released by plants to the soil varies with plant age on
burning or death, and the extent to which the plant is affected. If the above-ground
component of the plant is burned, only the nutrients held by the above-ground
component of the plant are added to the soil. If the whole plant dies, nutrients held
in both the above-ground and below-ground components of the plant are released to
the soil. In the model, nutrient return to the soil from dead plants and cut plants
occurs over a period of three years , and is based on observations of Calluna
decomposition over time (e.g. Coulson and Butterfield, 1978; Latter et al., 1997).
After a burning event, nutrients are added to the soil during the year of the burning
event because fire can cause more rapid breakdown of the above-ground biomass of
the plant (Allen et al., 1969). The amount of nutrients released on burn is less than
the amount released as a consequence of natural plant death or cutting, to account for
loss of nutrients to the atmosphere (Allen et al., 1969).

2.1.1.3 Soil hydrophysical submodel

The soil hydrophysical submodel describes how plants affect soil structure and soil
hydrology over the lifetimes of individual plants. The conceptual model also
recognizes that ecological processes and soil-forming processes or responses can
take place on different time-scales. Soil hydraulic conductivity is an important
source of memory in the model, and is longer than the life-time of an individual
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Calluna plant.

In MEMory, values of soil hydraulic conductivity describe the hydrophysical
properties of the soil and influence water flow and water-table height. Local soil
hydraulic conductivity increases with an increase in Calluna below-ground age
because during the life-time of a Calluna plant, new roots form and some existing
roots die and decay (section 2.2.4). In the model, soil hydraulic conductivity
continues to increase for a period of three years after a Calluna plant has died, to
represent the length of time over which roots decay to leave large pores behind
(Angers and Caron, 1998). After three years, the model assumes that there are few
large roots left to decay and any further decay and pore opening is balanced by pore
compaction. Soil hydraulic conductivity will then reflect the presence of a new plant
if present or of bare soil, leading to a decline in hydraulic conductivity. Soil
hydraulic conductivity therefore varies spatially and temporally in the model
according to plant age distributions, which relate to the Calluna plant dynamics,
climatic conditions, resource availability and to any management events that occur.

The model recognises that there may be also a time lag in the response of the soil to
changes in the vegetation (as discussed in section 2.2.4). Rather than basing local
soil hydraulic conductivity on current plant conditions alone, future values of local
soil hydraulic conductivity are a function of past values of local soil hydraulic
conductivity. Past values of local soil hydraulic conductivity are stored within the
model. The future value of local soil hydraulic conductivity at any given locality is
represented by a weighted mean (discussed below) of the current and past values of
local soil hydraulic conductivity. Therefore, the soil has explicit memory of past
surface and subsurface conditions and events. The model’s ‘soil memory’ means
that, following removal of surface vegetation by burning, the local soil hydraulic
conductivity will reflect the root activity of plants in the years leading up to the
burning event.

Soil memory can be varied in two ways within the model. First, different weightings
can be applied to give weighted means of past soil conditions in which recent past
conditions have a greater effect on the mean than events which occurred further in
the past. Secondly, the longevity (or strength, sensu Alonso-Sanz and Martin, 2004)
of soil memory can be varied. The model can ‘remember’ all past values of soil
hydraulic conductivity or all past values within a 10-100 year period before the
present time (i.e. the soil remembers its recent past only). Evidence of past burning
events can be seen at the surface for 10-60+ years after burning has ceased (e.g.
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Maltby et al., 1990; Hester and Sydes, 1992) so a 60-year soil memory is used as a
default length of soil memory. Through use of a weighted mean of 60 years of past
values of soil hydraulic conductivity, memory of the oldest soil hydraulic
conductivity values at any given location fades with time.

2.1.1.4 Climate, topography and vegetation management submodels

The climate submodel considers inputs of precipitation and nutrients. The
topography submodel describes slope-gradient and microtopography, which affect
the pattern of water-table depth and nutrient distribution after precipitation. The
vegetation management submodel considers controlled burning of Calluna as
‘events’ which affect all plants within the area subject to burning. Burning interval
and the size and shape of burning areas can be varied to represent the different
burning strategies adopted on moorlands managed for grouse (intensive, numerous
and small-scale burns) compared to moorland managed for grazing (large, infrequent
burns) (Yallop et al., 2006). A short-term after-effect of burning is simulated; soils
may become hydrophobic after burning (Clay et al., 2009) (section 2.2.4). The
current version of the model does not simulate sheep grazing or heather beetle
outbreaks, the effects of which are less spatially and/or temporally uniform on
Calluna plants than controlled burning or cutting (Hester and Baillie, 1998).

2.1.2 MEMory: spatial and temporal structure

MEMory simulates spatial and temporal interactions between Calluna plants across
two horizontal dimensions, together with the transfer of resources (water and
nutrients) between the atmosphere, plants and the soil. Figure 2.2 shows that
interactions and patterns at the scale of individual plants, patches and at the
landscape scale each play a part in the development of the moorland hillslope.
Different combinations of surface and subsurface characteristics may be found at the
locations of Calluna plants of different ages ( ‘Individual plants’ in Figure 2.2)
because the Calluna plant dynamics simulated, for example nutrient uptake, are age-
dependent. Spatial variability in surface and subsurface properties creates resource
gradients, which affect the direction and amount of horizontal transfers of resources
within the soil (represented by horizontal arrows in Figure 2.2). Areas (patches) of
uniform plant age may have very different (mean and/or ranges of values for) surface
and subsurface properties from areas of either mixed plant age or from areas of a
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different uniform plant age (see Figure 2.2, ‘Patches’). The moorland hillslope can
be considered as a mosaic of patches of differing surface and subsurface properties
(‘Landscape’ in Figure 2.2). The model allows local interactions (across 1-m length
scales) to affect larger-scale features. Landscape-scale features, such as topography,
in turn affect the conditions of individual plants and patches.

In the numerical implementation of MEMory (section 2.2), the processes and
responses indicated by arrows in Figure 2.2 are described in terms of their time-scale
as well as their length scale. Processes represented by the model occur on either a
‘hydrological’ or ‘ecological’ time-step. The hydrological time-step can be adjusted
down to as little as 300 seconds to reflect the fine temporal resolution of changes in
precipitation, water-table height and nutrient distributions, each of which is
represented by the hydrological submodel. The ecological, soil hydrophysical and
vegetation management submodels use an ecological time-step of one year, which
allows consideration of plant establishment and mortality in response to climatic
conditions, and/or vegetation management practices. Values of water-table height
and soil nutrient distribution generated by the hydrological model are used by the
other submodels at ecological time-steps, the output of which is used by the
hydrological submodel at hydrological time-steps. Because burning intervals are, on
average c.15 years and changes in soil properties may take place over decades,
model runs representing durations of decades to centuries are needed.
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Figure 2.2 A diagrammatic representation of the spatial structure of MEMory,
which considers the surface and subsurface conditions of locations occupied by four
different ages of Calluna plants.

Different surface conditions are represented by different shades of green (top cell of
each column). Different subsurface conditions are represented by different shades of
brown (bottom cell of each column). Transfers of resources (applicable to all cells
but shown only in the ‘Individual plants’ layer, and between patches in the ‘Patches’
layer) are shown by double-headed arrows. Feedbacks between individual plants
and patch characteristics, and patch characteristics and landscape characteristics are
represented by curved double-headed arrows. Feedback of landscape dynamics on
individual plants is represented by a curved downwards-pointing arrow.
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2.2 Numerical implementation

The mathematical and computational details of the model are presented here and the
model code is provided in Appendix A (p. 226). The model structure is described
first. The model parameters are listed in Table 2.1. Calluna plant dynamics,
calculation of water-table height and changes in soil hydrophysical properties are
then described.

2.2.1 Model structure

MEMory represents moorland hillslopes as seven ‘overlapping’ two-dimensional
arrays. These are: above-ground plant age, « (T), below-ground plant age, g (T),
local water-table height, @ (L), age-dependent weighted soil hydraulic conductivity
below the water-table, x (L T™), soil nutrient content, 7 (M L), plant regeneration
method, 7 (dimensionless) and vegetation management practice, vmp
(dimensionless). Each cell has values for the altitude of the impermeable base
underlying the soil above a datum, h (L), soil depth, & (L), soil drainable porosity, c
(dimensionless), precipitation, p (L T™), evapotranspiration, ET (L T™), and
atmospheric nutrient deposition, ¢ (M L? T™). The model has a hydrological time-
step of 300-1800 seconds and an annual ecological time-step. For each cell in the
model landscape at each hydrological time-step, @ and n are updated. At each
ecological time-step, values of «, fand xare updated. The model can be run in three
modes: hydrology only (no plants), full model (plants and hydrology) with no
memory of Calluna plant age, and full model with memory of Calluna plant age.
Without memory of Calluna plant age, mean values are used for all aspects of
Calluna plant dynamics — all plants have the same susceptibility to plant death, the
same nutrient uptake and the same effect on soil hydraulic conductivity.



-30 -

Table 2.1 (continued on following page) Parameters used in the model. Some
parameters are not used until Chapter 4, which is noted in the table.

Symbol Description Units

o Above-ground Calluna plant age years

i Below-ground Calluna plant age years

oy Above-ground Calluna plant age on death | years

L Below-ground Calluna plant age on death | years

biomass Total plant biomass gcm?

p Net production of young shoots gcem?yrt

c Mean net production of young shoots gcm?yrt

0 Total nutrients held by plants gcm?

0] Total age-dependent plant nutrient uptake | g cm™
per hydrological time-step

T Mean plant nutrient uptake gcm?st

€ Proportion of nutrients allocated to the 0-1
above-ground plant component

f Thickness of flow cm

p(m) Probability of plant death 0-1
p(Miow) Low probability of death of older plants | 0-1
(not used until Chapter 4)

Yz, Plant nutrient release on plant death gcm?
Plant nutrient release on burning nutrients | g cm™
released by plants to the soil

l Proportion of nutrients lost to atmosphere | 0-1
on burning

vmp Vegetation management practice where 1 | 1, 2
is burning and 2 is cutting (not used until
Chapter 4)
timesincecutting | Time since vegetation cutting (not used | years

until Chapter 4)
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Table 2.1 (continued from previous page, continued on following page) Parameters
used in the model. Some parameters are not used until Chapter 4, which is noted in

the table.
Symbol Description Units
T Plant regeneration method. 1 = from 1,2,3
rootstock, 2 = via feeder roots, 3 = from
seed.
N Ability of neighbouring plants to 0,1
regenerate vegetatively. 0 =no, 1 = yes
p(r) Probability of regenerating from 0-1
rootstock
p(f) Probability of regenerating via feeder 0-1
roots
p(s) Probability of new growth from seed 0-1
P Precipitation cmst
E Evaporation losses in the absence of cms*t
plants
ET Plant age-dependent evapotranspiration cms*t
ET mean Mean evapotranspiration cms*t
¢ Total atmospheric nutrient input per gcm?
hydrological time-step
n Soil nutrient content g cm?
0 Soil depth cm
W Local water-table height cm
o Drainable porosity dimensionless
K Age-dependent soil hydraulic cms*t
conductivity
Kiow Version of K with lower effects of old cmst

plants (not used until Chapter 4)
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Table 2.1 (continued from previous page) Parameters used in the model. Some
parameters are not used until Chapter 4, which is noted in the table.

Symbol Description Units
Kpase Value of soil hydraulic conductivity cms*t
representative of the soil type modelled
Kbase2 Value of K from Equation (4.2a) when 8 | cms™
=10 (not used until Chapter 4)
Ci Value determines the factor of difference | dimensionless
between the lowest and highest K values
C Value determines the factor of difference | dimensionless
between the lowest and highest Koy
values in Equations (4.2b, 4.2c) (not used
until Chapter 4)
Kmean Mean soil hydraulic conductivity cms*t
K_hp Soil hydraulic conductivity of a cmst
hydrophobic soil
p(hp) Probability of soils becoming 0-1
hydrophobic during a burning event
K Weighted age-dependent soil hydraulic cmst
conductivity
A Time-dependent weighting applied to 0-1
past values of soil hydraulic conductivity
t Time S
® Length of soil hydraulic conductivity years
memory
VA Burning interval years
A Time-step S
X Spatial-step cm
X Horizontal distance cm
W Horizontal distance cm
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2.2.2 Calluna plant dynamics

2.2.2.1 Plant regeneration, growth of new plants

After natural death or burning, Calluna regeneration can occur from the below-
ground rootstocks of plants (z= 1), or new plants can establish via feeder roots from
the rootstock of nearby plants (7= 2) or from seed (7= 3) (pers. comm. Alison
Hester, James Hutton Institute). Very young Calluna plants are unlikely to
regenerate from rootstock if the above-ground plant is damaged, for example by
drought, because the root system is not well established (Gimingham, 1960). Field
observations of Calluna regeneration after burning have shown that new plant
growth occurs predominately from existing rootstocks when average stand age at the
time of burning is c. 10-15 years, whereas plant regeneration in older stands occurs
predominately from seed (de Hullu and Gimingham, 1984; Legg et al., 1992).
Accordingly, in MEMory, probability of regeneration by each method is dependent
on plant age at the time of burning or natural plant death. In the numerical
implementation, plants less than 6 years old cannot regenerate from their own
rootstock when cut or burned (Equation 2.1a). Plants 6-15 years old have a high
probability of regenerating from rootstock (Equation 2.1b). After a plant reaches 15
years old, the probability of regeneration from rootstock declines with plant age
(Equation 2.1c) (Figure 2.3).

S < 6 years

p(r)=0 (2.1a)
6<pu<15

p(r)=0.9 (2.1b)
P> 15

p(r)=-1.2971In(B) + 4.4142 (2.1c)

where Sy is below-ground plant age on death and p(r) is probability of regeneration
from rootstock. If the plant cannot regenerate from rootstock, new growth begins
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from seed (Equations 2.2a and 2.2b below) or via feeder roots (Equation 2.2b). New
growth can occur via feeder roots from neighbouring plants (plants within a
Neumann cell neighbourhood) if a neighbouring plant is able to regenerate from
rootstock (= = 1, where the \ subscript represents a neighbouring cell).

rand > p(r), 7w =0
p(f)=0
p(s) =1 (223.)

rand > p(r), oy =1

p(f)=06
p(s)=04 (2.2b)

where rand is a random number (0-1), p(f) is probability of regeneration from feeder
roots and p(s) is probability of establishment from seed.

2.2.2.2 Plant mortality, p(m)

Equations 2.3a to 2.3c below describe the probability of natural mortality of Calluna
plants of different ages used in the numerical implementation of the model (Figure
2.3). Equations 2.3a to 2.3c are based on reported timing of natural degeneration of
Calluna plants and susceptibility of Calluna plants to drought and frost damage at
different times in the plant’s lifecycle (Gimingham, 1960; Watt, 1955). Seedlings (7
= 3) have a lower drought tolerance (and, as such, a higher probability of mortality)
(Equation 2.3a) than plants that are regenerating from existing rootstocks (7= < 2),
which may be able to access water from deeper in the soil (Equation 2.3b)
(Gimingham, 1960). Once Calluna plants have well-established root systems, the
probability of natural mortality is much lower (Equation 2.3b). In old age, Calluna
plants degenerate and die (Equation 2.3c).

=3, f<5years

p(m) = (0.004 5% )- (0.082 )+ 0.4 (2.33)
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r=1,2, 0< <20 years
7=3,5< [ <20 years

p(m) =0.05 (2.3b)

r=1,2.3.F =20 years

p(m)=0.0051e"1"%*7 (23¢)

where p(m) is probability of mortality and £ is the age of the below-ground
component of the plant. The probability of natural plant mortality is based on S
because the maximum age of the plant is determined by its below-ground age.

2.2.2.3 Nutrient cycling

The nutrient content of moorland soils is affected by the amount and timing of
nutrient uptake and release by plants. In the model, plant nutrient uptake, ois a
function of the age of the above-ground component of the plant, «. It is assumed
that the above-ground age of the plant determines the activity of the roots in terms of
uptake of nutrients. Plant nutrient uptake is constrained by soil nutrient content, 7.
Given unlimited soil nutrients, o is calculated using Equation 2.4 (Figure 2.4).

o,
O=T7T|— 24
[9'] 24)

where 7 is an average value of Calluna plant nutrient uptake (g cm™) (based on data
from Barclay-Estrup, 1966 described below), p is net production of young shoots (g
biomass cm™ yr!) and ¢ is mean net production of young shoots (g biomass cm™
yr') (described below). If the local nutrient content of the soil is less than the local
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Figure 2.3 Probability of new Calluna growth from existing rootstock, p(r) (left image) and probability of plant mortality, p(m) for different below-
ground ages of Calluna plant, g (years) (right image). Inset: Calluna plant morphology at different ages, adapted from Watt (1955) fig. 2 p493.
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nutrient demand of the plants, the plants take up all available nutrients from the cell
in which the plants are located.

In MEMory, it was assumed that the relative change in net production of young
shoots with age would approximate the relative change in the nutrient uptake of a
Calluna plant as a whole (above-ground shoots and below-ground roots) with
increase in plant age. Information on how net root production changes with
increasing Calluna plant age is not readily available. However, information on how
net shoot production changes with increasing Calluna age was available. The
change in o over a plant’s lifetime is based on Barclay-Estrup and Gimingham’s
(1970) empirical data of net production of young shoots for Calluna plants of
different ages (between 6 and 24 years old) at a Scottish field site (Equations 2.5a-
2.5d) (Figure 2.4). They found a rapid increase in net production of young shoots
occurred with increase in plant age during the first 10 years of a Calluna plant’s life,
after which net production of young shoots declined.

a<6

p=0.004"18 (2.5a)
6=a<9

£=0.00005a"—0.0025¢" +0.0388a—0.1392 (2.5b)
Oz =16

o =—0.0004a” +0.00992 —0.014 (2.5¢)
a>16

p=22952a7"° (2.5d)

In the model, death of the whole plant results in release of all nutrients held by the
plant to the soil (Equation 2.6).
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Figure 2.4 Net productivity of Calluna plants, p of different ages (g cm™ yr) (left image). The black line shows the model function. The grey bars
show Barclay-Estrup and Gimingham’s (1970) data on net productivity of young shoots for plants of mean ages 5.7, 9, 17.1 and 24 years old. Total
amount of nutrients released by plants of different ages on plant death, . (wide-dashed line) and on burning, v (narrow-dashed line) given unlimited
soil nutrients (right image). Total plant biomass, biomass (solid line) of Calluna plants of different ages given unlimited soil nutrients is also shown.
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whole plant dies
H=0 (2.6)

where p is total plant nutrient release on plant death (g cm?) and 6 is total nutrients
held by the plant (g cm?). If, however, only the above-ground component of the
plant is removed (as occurs due to burning or cutting of Calluna), only the nutrients
held by the above-ground plant component are released to the soil (Equation 2.7)
(77 % of the plant’s nutrients, based on the findings of Aerts, 1993). The remaining
23% continue to be held by the below-ground component of the plant. For natural
plant mortality, nutrients are released to the soil over a period of three years to
represent nutrient release on plant matter decomposition (Coulson and Butterfield,
1978; Latter et al., 1997). Half of the nutrients are added to the soil in the year of
plant death (Equation 2.7a), 30 % of the nutrients are added to the soil one year later
(Equation 2.7b) and the remaining 20 % of nutrients are added to the soil two years
after plant death (Equation 2.7c).

above-ground plant is removed

U=0gx0.5 (2.72)
U=0sx03 (2.7b)
U=0sx02 (2.7¢)

where ¢ is the proportion of nutrients allocated to the above-ground component of
the plant (0-1). The total amount of nutrients released when vegetation is burned, v
(g cm?) is less than the amount released on natural plant death to account for loss of
nutrients to the atmosphere through burning (Equation 2.8) (Allen et al., 1969).

v=(0¢)1 (2.8)

where v is the proportion of nutrients lost to the atmosphere on burning (0-1). The
rate of release of nutrients to the soil on burning is faster than the rate of release of
nutrients to the soil via decomposition after natural plant death or cutting (Allen et
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al., 1969). In the model, where the above-ground component of the plant has been
burned, nutrients are added to the soil during the year of the burn event.

On hydrological time-steps, total nutrients from the atmosphere per time-step, ¢
(g cm™) are added to the soil, and total nutrients used by plants per time-step, o are
removed from the soil (g cm™) (Equation 2.9).

n=n+<-o (2.9)

where 7 is soil nutrient content (g cm?). On ecological time-steps, nutrients
released by plants are added to the soil (Equation 2.10).

n=n+<-o+tu+tv (2.10)

In MEMory, it is assumed that all soil nutrients are dissolved in soil water. The
model assumes equal mixing of water and nutrients within the soil. On moorland
hillslopes, nutrients in near-surface soil horizons may be leached when the water-
table rises into them and nutrients may be transported down-slope via subsurface
storm flow (Dunn et al., 2004; Weiler and McDonnell, 2006). In the model, soil
nutrients move between cells in the Neumann neighbourhood (Baltzer et al., 1998)
in the same way as soil-water (as outlined in section 2.2.3 below).

2.2.2.4 Evapotranspiration

In the current version of the model, the focus of the evapotranspiration term (ET) is
the effect of change in plant age (and the physical attributes of the plant) on rate of
evapotranspiration. There is no representation of changes in air temperature, air
humidity or wind speed; these are effectively held constant. There are also no
seasonal trends of ET, which are expected within any given climatic region in
response to the seasonal variation of solar radiation and resulting air temperatures.
In MEMory, evaporation of water from the soil surface and leaf surfaces (e.g. rain
drops) and transpiration losses (water that has moved up from the roots and that is
lost through the stomata) are grouped together. The rate of evaporation from bare
soil is kept constant in the model. Presence of plants increases ET losses and the
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rate of ET at a given point changes as the plants at that location age and die in the
model.

In the model, the relationship between ET and plant age is based on data collected by
Barclay-Estrup and Gimingham (1970, 1971) (Figure 2.5). It is assumed that plants
with larger biomasses and interception capacities have larger surface areas and more
stomata for gaseous exchange, resulting in greater ET losses than ET losses from
small plants with low interception capacities. Studies by Barclay-Estrup and
Gimingham (1970, 1971) report increases in plant biomass and interception of
precipitation with increase in plant age up until a mean Calluna plant age of 17.1
years and 9 years respectively (interception for a mean plant age of 17.1 years was
the same as mean interception for a mean plant age of 9 years). For a mean Calluna
plant age of 24 years, Barclay-Estrup and Gimingham (1970, 1971) report that mean
biomass and mean interception were lower than the values recorded for a mean plant
age of 9 years. In the model, ET losses increase as the above-ground component of
the plant ages, until the plants reach 9 years old, and after 17 years old there is a
decline in the rate of ET with increasing plant age (Equations 2.11a-2.11c).

a<9

ET =0.00000006¢ + 0.00000063 (2.11a)
9<g<l18

ET =0.000012 (2.11b)
a= 18

ET =-0.0000000193r + 0.0000015015 (2.11¢)

where ET is total evapotranspiration loss (cm s™). In the current version of the
model, the difference in rate of ET between plants of different ages relates to the
differences in interception of precipitation, which is an indirect indicator of biomass
and surface area. On reflection, it may be more appropriate to have based the
difference in rate of ET directly on the differences in biomass, which is measured
directly in the model. In the current version of the model, plants do not reach wilting
point, the point at which there is insufficient water left in the soil for a plant to
transpire. In reality, transpiration will stop if the vegetation becomes stressed to
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Figure 2.5 Precipitation minus evapotranspiration, P-ET (cm yr) (black line) as a function of Calluna plant age for uniform
precipitation, P of 100 cm yr* (grey line) (left image). Precipitation minus mean total evaporation (cm yr™) is shown by a dashed black
line. Note that units of P and ET are cm s™ in the model runs. Mean biomass (g cm™) (black filled squares) of Calluna plants and mean

percentage of precipitation intercepted by Calluna plants (blue filled circles) of four different mean plant ages (reported by Barclay-
Estrup and Gimingham, 1970, 1971) (right image).
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wilting point (see section 2.4.4).

2.2.3 Water-table height

The hydrological submodel uses the same finite-difference solution of the shallow
flow equation as Baird et al. (2011) (Equation 2.12):

fo_2[xa o), 0
oy

ot ox\o(ad)’ oy
(K(aj fc"_a)}rP(f)—ET(f)
a(d) oy (/) (2.12)

where o is water-table elevation (cm) above a datum, tis time (), y and y are the
horizontal distances, f is the thickness of flow (i.e. the local height of the water-table
above an impermeable mineral soil) (cm), x is the age-dependent weighted mean soil
hydraulic conductivity below the water-table (cm s), o is the drainable porosity
(dimensionless) and P is the rate of rainfall addition to the water-table (cm s™)..
Water can flow along all hydraulic gradients between an individual cell and its four
nearest neighbours — a 4-cell Neumann neighbourhood (Baltzer et al., 1998). Soil
hydraulic conductivity constrains the amount of soil water that can move through the
soil at any point in time given a hydraulic gradient. Hydraulic conductivity along
any given hydraulic gradient is calculated as the harmonic mean of the x values in
neighbouring cells. If net water flow into a cell exceeds the soil's storage capacity,
the excess water is 'lost' from the model. Surface storm flow is not explicitly
represented.

The first-order numerical solution to the Boussinesq equation is prone to numerical
instability. As described by Morris (2010), short hydrological time-steps are
required to maintain model stability when calculating local water-table height. Steep
slope gradients (and high hydraulic conductivities) require particularly short
hydrological time-steps (300-1800 seconds), so the model's runtime when set up to
model a moorland hillslope is relatively long. To test the hydrological solution, the
output of the hydrological submodel of MEMory was compared to the output from
BOUSMOD, a finite-difference modelling of groundwater-surface water interactions
developed by Andrew Baird (University of Leeds, pers. comm.), which has been
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tested against analytical equations for simple flow situations. BOUSMOD is an
explicit finite-difference solution to the full Boussinesq equation. The test geometry
was a floodplain. An array of cells (1 cell by 20 cells, each cell of width 200 cm)
was used. The cells at either end of the array were assigned as a floodplain boundary
and a river level boundary, respectively. The floodplain edge boundary condition
was a Neumann boundary condition (Istok, 1989); there is no flux between the
boundary cell and its neighbour. The river level boundary condition was a Dirichlet
(fixed) boundary condition of 60 cm for all time-steps (Istok, 1989). Initial water-
table height was set to 100 cm, and drainable porosity was 0.3 (dimensionless). No
losses occurred via evapotranspiration. The model was run for 10 model days using
a hydrological time-step of 300 s. Model runs were carried out for hydraulic
conductivities of 0.01 cm s, 0.035 cm s™, and 0.005 cm s™. The output from the
hydrological sub-model of MEMory matched the output of BOUSMOD to 6 decimal
places.

2.2.4 Soil hydraulic conductivity

Soil hydraulic conductivity, xis an age-dependent weighted mean of past values of
soil hydraulic conductivity (Equation 2.13).

> KA
K= 2.13
0 (2.13)

where K is plant age-dependent plant-modified soil hydraulic conductivity based on
the effect of the plants present at each past ecological time-step (cm ), 1 is the
weighting applied to past values of xand ¢ is the maximum number of past values
of soil hydraulic conductivity used in the weighted mean. x is calculated on
ecological time-steps. The soil hydraulic conductivity values of recent years are
weighted more heavily than the older values of soil hydraulic conductivity. The
strength of memory can be varied by changing the value of ¢. The model’s default is
¢ =60. Because the model has annual ecological time-steps, this represents a 60-
year soil memory, twice as long as the average lifetime of a Calluna plant
(Gimingham, 1960). For model iterations < ¢, x is a weighted mean of all past
values of soil hydraulic conductivity.
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At each ecological time-step, before x can be updated, the effect of the current plants
on soil hydraulic conductivity is calculated. MEMory assumes that soil hydraulic
conductivity increases in the presence of plants because plant root development and
plant root decay can increase the macroporosity of the soil (section 1.2.3 and section
2.1.1.3). In the absence of an empirical relationship between Calluna below-ground
plant age or root system development and soil hydraulic conductivity, a linear
increase in soil hydraulic conductivity with increase in Calluna below-ground plant
age is assumed (Equation 2.14).

K:Ke‘:ase—'_‘./cjﬁ) (214)

where Kpase (cm s™) is a value of soil hydraulic conductivity representative of the
soil type of the moorland hillslope being modelled and C; is a constant that
determines the factor of difference between the lowest and highest K values. A
factor of 2 difference is used in the simulations reported in section 2.3. As discussed
in section 2.1.1.3, root decay on plant death is expected to further increase the
proportion of large pores in the soil, and therefore increase soil hydraulic
conductivity. In MEMory, soil hydraulic conductivity continues to increase for a
period of three years after a Calluna plant has died to represent the length of time
over which roots decay to leave large pores behind (Equation 2.15; see K for years 0-
2 in Figure 2.6) (Angers and Caron, 1998).

K=K, +(Cp+p,+5) (2.15)

After three years, the model assumes that there are few large roots left to decay and
any further decay and pore opening is balanced by pore compaction. Once a new
plant establishes, K is reset to the Kpase Value.

As mentioned in section 2.1.1.4, in MEMory, burning can affect soil hydraulic
conductivity within the burnt area. There is a probability of hydrophobicity, p(hp) of
0.2 of the soils within the burnt area (Equation 2.16).

probability < p(hp)

2.16
X-K ip (2.16)
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Figure 2.6 Hydraulic conductivity, K (cm s™) of soil below a Calluna plant as the
plant ages, given a Kpase Value of 0.005 cm s™ (dashed line), memory of plant age
and ¢ = 1. The black line shows a high K range, which a factor of difference of five;
the grey line shows a low K range, with a factor of difference of 2. The example
also shows the effect of plant death on K as a new plant starts to grow in the gap
created by plant death. The dashed lines show K under a new plant developing at
the location where the 30 year old plant died continues to increase for 3 years after
the death of the previous plant to occupy the location, representing root decay and
macropore formation.
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2.3 Simulations

2.3.1 Experimental setup

2.3.1.1 Versions of ‘MEMory’

The numerical implementation of MEMory, described in section 2.2 was developed
to investigate the ecohydrological behaviours that emerge from the rules and
processes included in the conceptual model. Aspects of the model which are likely
to affect the ecohydological behaviour of a moorland hillslope are (i) the direct and
indirect effects of Calluna plants on the hydrological behaviour of the hillslope at a
range of temporal scales, (ii) the effect of memory of Calluna plant age on spatial
and temporal distributions of resources, and (iii) the effect of vegetation
management practices on the spatial and temporal distributions of resources. The
simulations run to explore aspects (i) to (iii) are described below and are listed in
Table 2.2.

() The effect of plants on the hydrological behaviour of the hillslope was determined
by running the model in three modes: hydrology only (MEMory_hydro), and the full
model with and without memory (MEMory_wmnb, MEMory_nmnb) (Table 2.2).
The plants have two main effects on the hydrology. The above-ground component
of the plant affects evaporation losses leading to a direct effect on local water-table
height. The below-ground component of the plant affects soil structure (soil
hydraulic conductivity), which affects water flow through the soil, so plant roots
have an indirect effect on local water-table heights.

(it) Memory of Calluna plant age is central to the conceptual model. To test the
behaviours of the model related to memory, simulations were run either ‘with-
memory’ or with ‘no-memory’ (Table 2.2). In ‘with memory’ runs, the model is as
described by the equations in section 2.2. There is memory of Calluna plant age and
memory of past soil conditions. The effects of plants on the soil and hydrology of
the hillslope are plant-age dependent. The default length of soil memory (section
2.2.4) is 60 years. In ‘no-memory’ runs, memory of Calluna plant age and memory
of past soil conditions are removed — the plants have no knowledge of their age. The
age-based functions are replaced with the mean values of the ‘with-memory’
functions. For example, instead of a probability of mortality which changes with age,
all plants have the same probability of dying in any given ecological time-step. In
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‘no-memory’ runs, plant presence at a given time-step (t) affects soil hydraulic
conductivity during the next time-step (t + 1) only.

(iii) The effects of vegetation management practices on ecohydrological interactions
on moorland hillslopes are of interest because the majority of moorlands are subject
to vegetation management. To test the behaviours of the model related to one
widely-applied moorland vegetation management practice — burning — simulations
were run either ‘with-burning’ or with ‘no-burning’. Four burning regimes were
implemented: no burning, or burning at 10-year, 15-year or 20-year intervals (Table
2.2). As stated previously in section 1.2.1, the national average burning interval for
the management of UK moorlands is 15 years (Yallop et al., 2006). However, there
is considerable variability in the length of burning intervals used by different land
managers, and even by the same land managers, which may relate to the purpose of
the burning and also to weather conditions. Without burning, the model simulates
an unmanaged moorland hillslope, which remains unwooded — which represents
light grazing in reality (Pakeman and Nolan, 2009).

Comparison of different pairs of simulations (e.g. MEMory_nmwb15 and
MEMory_wmwnb15) allows any interactions between memory and burning to be
examined.
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Table 2.2 Versions of MEMory used for section 2.3 model simulations. A tick mark
indicates that a feature of the model (plants, memory or burning) was included in the
model version; a cross indicates that a feature of the model was turned off.

Experimental setup
Version Plants Memory Burning
MEMory_hydro X x %
MEMory_nmnb v % %
MEMory_nmwb10 v x  (10-year burning interval)
MEMory_nmwb15 v x v (15-year burning interval)
MEMory_nmwb20 v x v (20-year burning interval)
MEMory_wmnb 4 v X
MEMory_wmwb10 v v o (10-year burning interval)
MEMory_wmwb15 v v  (15-year burning interval)
MEMory_wmwb20 v v  (20-year buring interval)
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2.3.1.2 Model boundary conditions and spatial-step

A grid size of 100-m x 200-m (width x length) was used for all simulations reported
in this chapter. The grid size used represents a belt transect running down a
relatively-short hillslope. A planar slope of 5.74 ° (1:10 m) was used for all
simulations, a gradient representative of many moorland hillslopes. The size of area
subject to burning in the simulations is 2500 m?, the size of a small individual
burning event carried out on a moorland hillslope (Yallop et al., 2006). The cell-
size used (1-m x 1-m), and the size of a cell’s local neighbourhood (a 4-cell
Neumann neighbourhood; Alonso-Sanz, 2007) relate to the smallest spatial scale of
plant-soil process interactions represented by the model.

Periodic boundary conditions were applied to the ‘side edges’ of the grid; i.e. the
lateral extent of the model hillslope (Chopard and Droz, 1998). When two sides of a
model landscape have a periodic boundary condition, a connection is formed
between the two sides so that cells on each boundary effectively neighbour each
other; cells on each boundary have the same number of neighbours as those cells in
the centre of the model landscape. Periodic boundary conditions were appropriate
for use on the sides of the hillslope, but not for the top and base of the hillslope. At
the top of a hill, no water or nutrients move into the cells from upslope sources, the
only additions of water and nutrients are through precipitation and atmospheric
deposition. A reflective (Neumann) boundary condition was applied to the top of
the model landscape (e.g. Ridolfi et al., 2003), creating a zero-flux boundary.

Outflow from the model hillslope occurs at the hillslope base. The cells at the
bottom boundary of the model (the base of the hillslope) were assigned a Dirichlet
(fixed) boundary condition for water-table height to allow water and nutrients to
drain out of the base of the hillslope. The model was run with fixed water-table
heights at the base of the slope of 85 cm, 90 cm, 95 cm and 100 cm above an
impermeable base (15 cm, 10 cm, 5 cm and 0 cm below the surface respectively) to
see whether the model was sensitive to water-table height at the base of the slope.
The lower the fixed water-table height at the base of the slope, the greater the
drawdown effect and the distance upslope over which the drawdown effect can be
observed (Figure 2.7). At distances above 15 m from the base of the slope, there are
no/negligible effects of the difference in the bottom boundary condition fixed value.
A fixed bottom boundary condition of 95 cm water-table height (5 cm below the soil
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Figure 2.7 Drawdown of water-table at the base of the slope for fixed water-table
height bottom boundary conditions of 0.85 m, 0.9 m, 0.95 m and 1 m for a soil of
uniform depth of 1 m. The impermeable base is represented by a black line.

surface) was chosen for use in all subsequent simulations, which allows water and
nutrients to drain out of the base of the hillslope.

2.3.1.3 Time-steps and spin-up periods

All simulations reported in this chapter (including the spin-up periods discussed
below) used hydrological time-steps of 1800 seconds and ecological time-steps of
one year. The hydrological time-step reflects the fine temporal resolution required to
‘capture’ changes in evaporation, water-table height and nutrient distributions. The
annual ecological time-step allows consideration of plant establishment and
mortality in response to climatic/meteorological conditions, and/or vegetation
management practices. Precipitation was held constant at 100 cm yr™ and
atmospheric nutrient deposition was a constant at 5 x10* g cm yr™ to allow
examination of the effects of plants, memory and burning under constant climatic
inputs. Variable precipitation rates are considered in Chapter 4.
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A spin-up period (SPINUP_1 or SPINUP_2) was used to generate initial conditions.
For model runs investigating the hydrological behaviour of the slope in the absence
of plants, SPINUP_1 was used to generate initial conditions for water-table height
and soil nutrient distribution. SPINUP_1 is a spin-up period of 50 years in which
plant cover was zero throughout. The initial conditions of SPINUP_1 are a uniform
water-table height and uniform 7 and x. Within one year, water-table height has
reached a steady state. For model runs investigating the effect of memory and/or
burning, SPINUP_2 was used to generate initial conditions for water-table height,
above-ground and below-ground plants, and soil nutrient distribution. SPINUP_2 is
a spin-up period of 300 years, using the full model (hydrology and ecology); no
burning occurs. The initial conditions of SPINUP_2 are a uniform cover of one-year
old plants (both o and (3 are set to one year), a uniform value of xand the water-
table height and n generated by SPINUP_1. During SPINUP_2, the plant age
structure of the moorland hillslope changes to a mixed-age plant cover. The ¢.30-40
year life cycle of Calluna is evident in mean «and £ during the spin up period.
After 300 years, the model landscape resembles a moorland hillslope not managed
by burning — all ages of Calluna plant are present, and there is a random distribution
of plants of different ages. The mean «and fare 8.73 years and 15.26 years
respectively.

2.3.2 Simulation results and discussion

In this section, model output is discussed in relation to the effects of slope and the
effect of plants (Section 2.3.2.1), the effects of memory (Section 2.3.2.2) and the
effects of burning (Section 2.3.2.3) on hillslope hydrological behaviour, the total
amount of resources (water and nutrients) present in the moorland hillslope over
time, and on local spatial variability in resources, plant age and soil hydraulic
conductivity. Additional analysis, which shows that the model produces vegetation
patterns that are significantly different from random spatial distributions without
memory is reported in Chapter 4, section 4.2.5.



- B3 -

2.3.2.1 Hydrological behaviour with and without plants

When the model is run without plants (MEMory_hydro), water-table level and soil
nutrient content reach a steady state. When plants are added to a previously-
unvegetated hillslope (MEMory_nmnb), mean water-table level and mean soil
nutrient content for the hillslope as a whole approach a steady state at a different
level of resources from MEMory_hydro. The mean water-table height is lower when
plants are represented (typical mean o with plants is 6.41 + 2.85 % lower than mean
o without plants). Addition of plants increases total evaporation losses, and
increases soil hydraulic conductivity (these are uniform values of ET and K for
vegetated cells in MEMory_nmnb), both of which contribute to a lower mean water-
table height in simulations with plants compared to MEMory_hydro.

The mean nutrient content of the soil is higher when the hillslope is vegetated (0.003
+0.0007 g cm™ in MEMory_nmnb; 0.002 + 0.01 g cm™ in MEMory_hydro). The
range between minimum and maximum values of mean soil nutrient content is wider
in runs with plants than in runs without plants. Net nutrient release by plants
(nutrient release minus nutrient uptake) and nutrient storage by plants contribute to
the differences observed in soil nutrient content with and without plants. Nutrient
deposition from the atmosphere to the soil and nutrient uptake from the soil by plant
roots occurs at every hydrological time-step. Nutrient release from the plant to the
soil is less frequent (occurring only on plant death or burning). Because the plants
store the nutrients taken up by the roots, nutrient pulses (short-lived periods of
increased soil nutrient content) occur on plant death. In the absence of burning, the
location and timing of individual plant death is random (section 2.2.2.2).

In the absence of plants (MEMory_hydro), water-table height and soil nutrient
content vary with distance downslope but there is no lateral (cross-slope) variability
in resources (Figure 2.8). Soil hydraulic conductivity and the gradient of the
hillslope determine the rate of movement of water and nutrients in a downslope
direction, and in MEMory_hydro, neither of these factors change over space or time.
Plant presence alters the spatial distribution of resources produced by slope
characteristics (Figure 2.8). Local spatial variability in soil nutrient content occurs
because of local spatial and temporal variability in nutrient release by plants. In the
‘no-memory’ versions of the model, all plants have the same effect on their
surroundings throughout their lifetimes. Only the timing of death affects net nutrient
release; the longer the plant survives, the higher the nutrient release on plant death.
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Figure 2.8 Soil nutrient content, i (g cm™) in simulations (from left image to right
image) without plants, (MEMory_hydro), with plants but no memory of plant age
(MEMory_nmnb) and with plants, with memory of plant age (MEMory_wmnb).

200 m by 100 m slope with cell size of 1 m?. Arrow points downslope. The zones

of high n at the top and base of the slope relate to the model’s boundary conditions.
Local water-table height is low at the top of the slope because of a reflective

boundary; the only additions of water to the soil are via precipitation. There is draw-
down of the water-table at the base of the slope because of the fixed Dirichlet

condition which allows water (and the nutrients transported with the water) to drain

from the base of the model.
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There is no pattern to the spatial and temporal variability in soil nutrient content
generated by plant nutrient release because all plants have the same probability of
dying at each time-step.

2.3.2.2 Memory

With memory, the effects of plants on their surroundings change as the plants age
(section 2.2.2). Memory of Calluna plant age increases variability in soil nutrient
content, evaporation losses and soil hydraulic conductivity (Figure 2.8).

The range of values of mean soil nutrient content is wider in simulations with
memory than without memory because plant nutrient uptake is a function of Calluna
plant age. There is a high probability of death of young plants, resulting in relatively
frequent, small nutrient releases (smaller than occur in MEMory_nmnb). There is a
greater chance of those plants that do survive youth surviving until c. 15 years old
because of low probabilities of plant death between 5 and 16 years old, by which
time the plants will have accumulated more resources. There are greater nutrient
pulses on plant death in model simulations with memory than without memory if the
individual plant is older than 18 years (the mean plant age on which mean nutrient
uptake is based in MEMory_nmnb).

Mean water-table height with memory is lower than mean water-table height without
memory. Local water-table height is affected by evaporation losses and soil
hydraulic conductivity, both of which are constant in the simulations without
memory, but vary according to plant age in simulations with memory. In the model,
old plants promote lower than average local water-table heights because values of
soil hydraulic conductivity are high where there are old plants and decaying plant
roots, and evaporation losses are relatively high. Where local hydraulic conductivity
is high, water can flow faster in a downslope direction and nutrients are transported
at a faster rate. Young Calluna plants have little effect on local hydraulic
conductivity compared to older plants. In areas of young Calluna plants hydraulic
conductivity will be relatively low. Where hydraulic conductivity is relatively low,
there is a longer residence time of water and nutrients. Total evaporation losses are
also lower in areas of young Calluna plants compared to losses in areas of older
Calluna plants, which contributes to higher local water-table heights in areas of
young Calluna plants.
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The inclusion of soil memory has further implications for the hydrological behaviour
of the slope. With memory of plant age only (MEMory_wmnb), K increases with
increase in Calluna plant age as shown in Figure 2.6. Changes in K two years after
plant death are very sudden, with large drops in K which produce sudden increases
in water-table heights. With soil memory of 60 years and memory of plant age,
water-table levels change more gradually in response to changes in plant age because
soil hydraulic conductivity changes more gradually. Figure 2.9 shows the values of
weighted plant age-dependent soil hydraulic conductivity, xassociated with plants of
different ages at year 600 of a simulation with memory of plant age
(MEMory_wmnb). The high values of hydraulic conductivity associated with plants
under the age of 10 years, and particularly under the age of 2 years in Figure 2.9
reflect soil memory of high hydraulic conductivity associated with the previous plant
at that location.

In model runs with memory and no burning (MEMory_wmnb), changes in water-
table height and soil nutrient content that are related to individual plants do not cause
fluctuations in the hillslope mean time-series data because there is a mixed-age plant
cover; changes in the plants are not synchronised. Similarly, spatial variations in x
are random,; spatial variability in x only affects water flow and nutrient flow over
small spatial scales (a Neumann neighbourhood with a 1.5-m radius). The random
distribution of x values observed in the output from MEMory_wmnb is expected
because there is no factor present to promote the development of localised spatial
patches of similar aged plants, which would progress through the Calluna lifecycle
together (see 2.3.2.3).



- 57 -

4 1 L 1Y
L. 0006 § ..
(cms™) . . .
0.005 -
0.004 . . : :
0 10 20 30 40
P (years)

Figure 2.9 Values of weighted plant age-dependent soil hydraulic conductivity, x
(cm s™) at year 600 (MEMory_wmnb).
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2.3.2.3 Burning

Burning is a disturbance which alters the surface age structure of Calluna plants.
The surface plant cover is reset from a mixed-age structure to a predominately
single-aged structure by repeated burning events. There is a reduction in both
above-ground and below-ground mean Calluna plant ages during the period in
which burning is applied, even though burning is applied to only 12.5 % of the
hillslope (Figure 2.10). As discussed in the previous sections, the surface
component of the plants affects losses via ET, and affects plant nutrient uptake and
release. Below-ground plant age affects soil hydraulic conductivity. Burning is
therefore expected to have short-term effects on nutrient cycling, and short- and
long-term effects on the hydrological behaviour of the slope.

The range of values of mean soil nutrient content is wider than in runs without
burning (0.0009 g cm™ MEMory_wmwb15 compared to 0.0005 g cm™
MEMory_wmnb). Burning removes the highest values of nutrient release by an
individual plant because burning cuts short the lifetime of Calluna plants. However,
burning creates nutrient pulses much larger than those associated with the death of
individual Calluna plants because multiple plants are burned simultaneously, and all
nutrients (minus the proportion of the nutrients, which are lost to the atmosphere;
Allen et al., 1969) are released to the soil in the year of the burning event. Nutrient
pulses are apparent with and without memory of Calluna plant age, and burning
even as little as 12.5 % of the landscape has a notable effect on the mean Calluna
plant age, which affects subsurface properties. Figure 2.11 shows mean soil nutrient
content and mean water-table height over time for simulations with and without
memory, with and without burning. The graphs show water-table height and nutrient
content at ecological time-steps (within the model both are updated every
hydrological time-step). Without memory of Calluna plant age, each burning event
produces similar nutrient release, with the exception of the first burning event, which
produces a greater nutrient release, representing greater stores of nutrients in the
previously unburnt moorland. With memory, the amount of nutrients realised on
burning is more variable than without memory of Calluna plant age.
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Figure 2.10 Mean above-ground plant age, « (years) (grey line) and below-ground plant age, 5 (years) (black line) during (i) the 300-year spin-up
period (SPINUP_2), (ii) six burning events at 15-year intervals (year 330 to year 405), and (iii) a period of no burning (MEMory_wmwhb15) (left
image). Example spatial output of o and g (year 335); the square in the middle of the slope is the burning area (right images).
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The size and longevity of nutrient pulses differ according to the length of the burning
interval applied. The age of Calluna at the time of burning effects nutrient cycling
on the moorland hillslope. The highest mean soil nutrient content for a single year
occurred on a 15-year burning interval (0.039 g cm™). Burning at 10-year intervals
results in the lowest total nutrient release over an 80-year period of burning events.
With the shortest burning interval (10 year), the plants have accumulated less
resource. With longer intervals between burning events (15-year and 20-year), the
plants accumulate more resources, resulting in larger nutrient pulses on 15-year and
20-year burning events. On a number of occasions, nutrient peaks are particularly
high, which corresponds to below-ground plant dying. The mean nutrient content
given a 20-year burning interval (MEMory_wmwb20) is the most similar to mean
nutrient content in the absence of burning (MEMory_wmnb). Plant nutrient uptake
slows with age above 15 years (Equation 2.5), which reflects increased litter fall and
reduced net productivity with age. Probability of natural mortality increases rapidly
as plants approach their maximum age, 45 years old (section 2.2.2.3).

Figure 2.11 also shows the effects of burning in simulations without soil memory.
Sudden drop in water-table level and increase in nutrient content occurred in some
MEMory_nmwb10 and MEMory_nmwb15 simulations, but not when the longer
burning interval of 20-years was used. The behaviour is not seen in the simulations
with memory of plant age and soil memory. In the model, decrease in local water-
table height relates to increase in K and or increase in ET losses, both of which are
expected to decrease when burning occurs. Death of the below-ground components
of old plants can cause large increases in nutrient release on burning but would not
account for the drop in water-table level because there is no memory of plant age in
these simulations.

The water-table in the burned area is closer to the soil surface than in unburnt areas.
Burning artificially cuts short the life-times of Calluna plants, which reduces the
maximum value of evaporation losses compared to unburnt areas (Figure 2.11).
Burning can also result in very low values of hydraulic conductivity (0.001 cm s™) if
soils become hydrophobic during a burning event. Low hydraulic conductivity
promotes ponding and increasing the residence time of water and nutrients, which
increases the opportunity for nutrient uptake by plants.
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The spatial distribution of new plant growth also affects soil hydraulic conductivity.
The age of the below-ground component of the plant on plant death or at the time of
a burning event determines the type of new plant growth that occurs. In the absence
of burning, a high percentage of new growth is from rootstock (42.27 +12.16 % from
the plant’s own rootstock; 53.66 £12.08 % from feeder roots (within 2 m maximum
of plant)) and a low percentage of new growth occurs from seed (4.07 £0.86%) over
a 300-year run (MEMory_wmnb). When subject to burning, new growth from seed
IS much greater than in the absence of burning (43.25 £16.83 % in the burned area;
MEMory_wmwhb15); new growth via feeder roots (41.20 £9.47%) is greater than
regeneration from the plant’s own rootstock (15.22+9.52 %; MEMory_wmwb15),
and is non-randomly distributed within the burnt areas (discussed below).

Burning clears areas of surface vegetation, and decreases the age range of plants.
Plants younger than 6 years old cannot regenerate from their own rootstock. After
plants reach 15 years old, they gradually lose their ability to regenerate from their
own rootstock. New growth can only occur via feeder roots from nearby plants or
from seed. 15-year and 20-year burning intervals allow a large proportion of plants
present to become well established enough to regenerate from their own rootstock
after a burning event. However, a period of 20 years between burning events allows
the below-ground component of the plant to exceed the age at which the plant is still
able to regenerate from rootstock. Figure 2.12 shows new growth in the burned area
via feeder roots from plants outside of the area subject to burning. Because Calluna
plants send out adventitious roots, from which new plants can form, the presence of
unburnt neighbouring areas (areas with Calluna plants able to regenerate
vegetatively) allows recently-burnt patches to regain plant cover quicker than could
be achieved by growth from seed (see Chapter 4 section 4.2 for further
demonstration of this aspect of the model in relation to plant growth in firebreaks).
Inclusion of the three different mechanisms by which new growth of Calluna has
been observed and memory of Calluna below-ground plant age has introduced local
spatial interactions; access to external memory sensu Bengstton et al. (2003)
(discussed in Section 1.4) appears to have increased system resilience (sensu
Harrison, 1979) after burning.

In modelling experiments using cellular automata, Alonso-Sanz and Martin (2004)
found that cell memory can maintain or even enhance some patterns long after the
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Figure 2.12 New plant growth from rootstock, 71, via feeder roots, 72 and from seed, z3. Example model output from model runs with a 50-m x
50-m area (central in the images) which has undergone burning at (i) 10-year intervals (MEMory_wmwnb10), (ii) 15-year intervals
(MEMory_wmwhb15), and (iii) 20-year intervals (MEMory_wmwb20). The output shows the system after the most recent burning event.
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patterns have ceased to exist in standard, ahistoric versions of a model. The
resilience (sensu Harrison, 1979) of the moorland hillslope to disturbances such as
burning differs between versions of the model with memory and without memory.
Simulations ended 200 years after burning was removed. During the 200-year
period of no burning, the landscape reverted to a moorland similar in appearance to a
moorland hillslope which has never been subject to burning. With memory of plant
age, the surface vegetation was more resilient i.e. change to a mixed-age Calluna
plant structure, similar to pre-burning, took a shorter length of time than without
memory. However, some features persisted; where burning events led to
hydrophobic soils, the hydraulic conductivity of these soils was lower than that of
the surrounding soils and recovered slowly to pre-management values.

2.4 Discussion of model assumptions, simplifications and limitations

2.4.1 Unsaturated zone hydrology

MEMory does not explicitly represent conditions above the water-table. The
unsaturated zone can be important as a zone of storage of water and plant nutrients,
of biological activity of plant roots and organisms, and of transmission of water and
other substances (e.g. contaminants) from the surface to the water-table. Much
unsaturated zone transport occurs through a small fraction of the medium along
preferential paths such as worm holes or fractures. Unsaturated zone flow occurs at
rates typically some orders of magnitude faster than matrix flow, and is believed to
be a highly dynamic phenomenon (Beven and Germann, 1982; Weiler et al., 2005).
The effect of macropores on flow depends on the degree to which they are filled
with water (Holden, 2005). Textural contrasts or hydrophobicity and air trapping
may cause flow instability. MEMory is a new model and given the shallowness of
water tables in UK upland soils, it was decided not to represent water flow through
unsaturated soil (for which there is not yet a widely accepted theory [Weiler and
McDonnell, 2004]) at this stage in the model’s development. Representation of
unsaturated zone hydrological processes would complicate the hydrological
submodel of MEMory (and increase the model’s runtime) and it is not clear how
much an explicit unsaturated zone would change the model results (given water
tables in the system are often very close to the surface), unless a second version of
the model were to be developed.
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The consequences of not explicitly representing unsaturated zone hydrology in the
version of the model reported in the thesis could be examined by comparing the
output of model versions with and without representation of unsaturated zone
hydrology. One important aspect may be consideration of differences in hydraulic
conductivity within the unsaturated zone. In the unsaturated zone, hydraulic
conductivity has a highly sensitive and non-linear dependence on water content. The
relation between matric pressure (the pressure of the water in a pore relative to the
pressure of the air) and water content influences the movement of water and other
substances in unsaturated soil. Currently, the model cannot be used to model any
lateral movement of nutrients in unsaturated soils, nor transmission of water and
nutrients from the surface to the water-table. Only when the water-table rises into an
area of previously unsaturated soil, are the nutrients in this zone able to move. The
water content of the unsaturated zone is not represented. Lack of representation of
preferential transport pathways may give unrealistic residence times of water and
nutrients in the soil.

The relation between matric pressure and water content also affects the work that a
plant has to do to extract water from the soil. Roose and Fowler (2004) developed a
mathematical model to estimate the rate of nutrient uptake by a plant root system in
variable soil moisture conditions in partially saturated soil. In simulations using the
model Hill-Vi, Weiler and McDonnell (2006) assume complete mixing of water and
nutrients within each grid cell within the saturated and unsaturated zones, and
advective transport in and between the saturated and unsaturated zones and in and
between grid cells. If saturated and unsaturated flow processes were modelled,
change in water content in the saturated zone and change in water-table height could
affect the pathways and residence times of water and nutrients. Nutrient transport
and plant uptake of nutrients in in the model is discussed further in section 2.4.3.

2.4.2 Vertical variation in soil properties

MEMory does not account for vertical variation in hydraulic conductivity with
depth; instead, one value of hydraulic conductivity is applied to a 100 cm depth of
soil, which is represented as one soil layer. In reality, hydraulic conductivity may
decline with depth. In models with multiple soil layers, vertical variation of
hydraulic conductivity can be characterised by assigning different values of
horizontal hydraulic conductivity to different layers (e.g. DigiBog, Baird et al.,
2011). In single-layer soil models, depth decay functions can be applied.
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Exponential decay in hydraulic conductivity with depth is commonly assumed (e.g.
MODFLOW-2000 KDEP function, Anderman and Hill, 2003; Hill-Vi, Weiler and
McDonnell, 2006). For a future version of MEMory, an exponential decay function
could be developed to determine the vertical variation in hydraulic conductivity over
the modelled depth of soil and an average value of hydraulic conductivity could be
applied in the model runs. The value of a depth-dependence coefficient could be
determined from measuring hydraulic conductivity at different soil depths
(Anderman and Hill, 2003). The consequences of not including vertical variation in
hydraulic conductivity in the version of the model reported in the thesis could then
be examined by comparing the output of versions of the model which do and do not
represent vertical variation in hydraulic conductivity.

In MEMory, drainable porosity is also represented as constant. Weiler and
McDonnell (2004) suggest that drainable porosity (which can vary with depth) is a
key first order process control on transient water-table levels. For simulations using
the physically-distributed model Hill-Vi, Weiler and McDonnell (2006) added a
depth function for drainable porosity to the model. DigiBog also allows drainable
porosity to vary with depth (Baird et al., 2011). It may be worth considering likely
variation in drainable porosity with change in depth in future work using MEMory.

2.4.3 Nutrient mixing in the soil

In the model, nutrients are well-mixed vertically. The low soil nutrient content
following burning noted in section 2.3.2.3 is an artefact of how the mixing of water
and nutrients, and loss of excess water (and the nutrients mixed in with the water)
from the model hillslope have been conceptualised. In the simulations, the soils are
near or at saturation. When precipitation occurs during the year, the precipitation is
able to mix with the soil water; i.e. water is able to enter already saturated soil. As
stated in section 2.2.2.3, the numerical model assumes equal mixing of water and
nutrients within the soil. Mixing of soil and nutrients occurs before excess water
(and the nutrients that have mixed with it) is lost from the model (according to the
model’s very simple representation of fast surface runoff). There is no infiltration of
runoff at unsaturated zones downslope of the location at which runoff was generated
so there is no opportunity for nutrients within the runoff to re-enter the soil and be
stored in the soil. Water-table height varies with change in ET losses. Post-burning,
ET losses in burnt areas are low because of no or limited surface plant cover. Low
ET losses allow more rain water to mix with the soil nutrients. Immediately post-
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burning, soils contain large amounts of nutrients. However, given the artefact in the
model, when precipitation events occur post-burning on (near-) saturated soil, the
artefact leads to a large loss of nutrients from the recently burnt areas, which results
in the low soil nutrient contents of those areas which have been recently burnt (see
section 4.2.4 for further examples). The presence of the artefact gives concerns for
using the model to estimate soil nutrient distribution where surface runoff occurs.

One way in which the artefact may be overcome, whilst preserving the model’s
simplicity, is to add an ‘if else’ term to the code before water mixes with the soil. If
a precipitation event occurs when the soil is already saturated, the precipitation and
nutrients contained in the precipitation would be lost immediately from the soil,
neither the precipitation nor the nutrients with it are able to mix with the soil water
and nutrients. If a precipitation event occurs when the soil is not saturated,
precipitation and nutrients may be added to the soil up until the point at which the
soil becomes saturated; any excess water (and nutrients) would be lost from the soil.
The model could then be used with more confidence to model saturated soils in
which surface runoff occurs.

In addition to nutrients transported with the soil water, there are substantial stores of
nutrients in the solid soil in the model, which are not currently accessible to plants.
In future work, two separate plant root uptake terms could be included in the model;
one term which describes plant root uptake from soil water and one term which
describes plant root uptake from the solid soil. Currently, the model considers
horizontal differences in nutrient content but not vertical variations in nutrient
content with soil depth. In future work it would be useful to consider the depth
distribution of nutrient concentration in soil water (e.g. Weiler and McDonnell,
2004).

2.4.4 Plant stresses and competition

Plant death due to nutrient limitation has not been conceptualised in the current
version of the model. In the model, there is a maximum potential uptake of nutrients
by plants and the actual uptake of nutrients by the plants depends on the soil nutrient
content. However, there is no lower limit to the amount of nutrients the plants need
to survive. As such, plants can continue to survive even if there are no nutrients
present in the soil, an assumption which is not realistic. In the simulations reported
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in the thesis, the rate of atmospheric nutrient deposition applied and the initial soil
nutrient content means the system is not a nutrient-limited environment; the soil
nutrient content is never zero. The representation of plant stresses is the immediate
priority of future work involving MEMory. A necessary addition to the model is
plant death due to lack of nutrients, which could be achieved through setting a lower
limit for the amount of nutrients a plant needs to take up in a given time period to
survive.

The model cannot currently be used to model intra-annual changes in ET because ET
in the model is not dependent on soil moisture content or the growth cycles of plants.
Seasonal trends of ET within a given climatic region follow the seasonal declination
of solar radiation and the resulting air temperatures. Minimum ET rates generally
occur during the coldest months of the year. Maximum rates generally coincide with
the summer season. During the growing season, a leaf may transpire many times
more water than its own weight. Lack of reaching a wilting point (described in
section 2.2.2.4) (though never reached in the (near) saturated soils modelled) would
give unrealistic results if the model were applied to study a drier hillslope/climatic
region.

Plant species other than Calluna were not included in this version of the model. As
a consequence, the effects of inter-species competition cannot be considered.
MEMory was designed to demonstrate how the ecohydrology of moorland hillslopes
can be represented spatially. The version of the model reported in the thesis focuses
on a dominant plant type — Calluna vulgaris — because it was judged to be important
to see how much variability could be explained by the dynamics of the dominant
species alone. The pattern of bare ground and very young plants is similar to the
distribution of non-Calluna plant species observed on the hillslope (see Chapter 3
section 3.3.4). The current version of the model provides the conceptual basis for
addition of other plant species. It would be interesting to see how much the addition
of new species affects model outcomes. The same procedure as adopted to describe
the ecological and pedological effects of Calluna plants with age could be adopted
for other plant species to incorporate them into the model. At this point, inter-
species competition dynamics can be incorporated, and the effects of competition on
the ecohydrological behaviour of the moorland hillslope can be examined. The
model output from the current version of the model and a future version which
incorporates inter-species competition could be compared.
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2.5 Conclusions

In this chapter, the new conceptual model, MEMory has been presented, along with
a numerical implementation of the model. The conceptual and numerical models are
theoretically and empirically-based. Aspects of the model which are new to models
of moorland hillslopes are the plant-age dependent effects of Calluna on soil
structure, ET and nutrient cycling. The representations of these aspects are described
and the assumptions, simplifications and limitations discussed, within the chapter.

The numerical implementation of MEMory has demonstrated the ecohydrological
behaviours which emerge as a result of the rules and dynamics outlined in the
conceptual model, and has verified the code through testing reproduction of simple
logical outputs and patterns. In the absence of plants, the spatial distribution of soil
nutrients and water-table heights relates to the topography of the slope. Addition of
plants decreases water-table levels because of increase in hydraulic conductivity and
increase in ET losses. Memory of Calluna plant age increases variability in local
water-table heights because soil hydraulic conductivity and ET losses vary with plant
age. Soil memory affects hydrological response; without soil memory, changes in
soil hydraulic conductivity (and water-table height) are very sensitive to change in
plant age and plant death. With soil memory, soil hydraulic conductivity reflects the
recent history of the soil; changes in water-table height during the plant life-cycle
and during periods of management events (burning) are more gradual.

Burning demonstrates the implications of changes in Calluna plant age (and
subsequent changes in soil hydraulic conductivity and ET) on hillslope hydrological
behaviour. Plant root decay, following plant death can cause short-lived increases in
hydraulic conductivity. Burning has a large effect on hillslope hydrological
behaviour because burning causes a decrease in the range of plant ages within the
burning area, and in the model, plants of similar ages have similar effects on their
surroundings. The different burning intervals demonstrate the effect of Calluna
plant age on death, on the nutrient content of moorland soils and on the regrowth of
Calluna. The hydrological effects of burning will be investigated further in Chapter
4. In the following chapters, the conceptual and numerical models will be applied,
tested and developed as part of an iterative process of model development.
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Chapter 3
Application of the conceptual model, MEMory to data collection
and analysis

In this chapter, the conceptual model described in the previous chapter (MEMory) is
applied to the design and implementation of field-data collection, and also to
laboratory-based and computer-based data analysis. This chapter reports the field
monitoring of vegetation and soil properties on a moorland hillslope, and laboratory
analysis of the water-retention properties of soil samples collected in the field to
determine their pore size distributions. Pattern detection and characterisation
techniques were applied to the field data to allow comparison against output from
the model (reported in Chapter 4). The data presented in this chapter are used to
indicate whether the assumptions and predictions of MEMory are reasonable and to
inform the setup and parameterisation of the numerical model for the study hillslope,
which is presented in Chapter 4.
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3.1 Introduction and rationale

One of the findings that emerged from Chapter 1 was that little previous data
collection in the field has been carried out from an ecohydrological perspective.
Such data collection is important for understanding system functioning and response
to disturbance because ecohydrological interactions modify the internal structure of
the system and help to determine the system’s resistance and resilience (Sensu
Harrison, 1979) to disturbance. Long-term monitoring often considers changes in
plant-species composition, but corresponding observations of relevant soil properties
are often not be made (Berendse, 1998). Conversely, monitoring campaigns, which
have been designed with ecohydrology in mind, by (i) considering aspects of the
ecology, hydrology and soils simultaneously and by (ii) tailoring data collection to
the spatial and temporal scales of the processes of interest, may provide new insights
into processes.

Ecohydrological data are needed for modelling the response of land and hydrology to
vegetation change and/or climate change. The conceptual version of MEMory was
used to guide data collection and data analysis for a temperate moorland hillslope.
MEMory recognises that an assumption that subsurface and surface patterns map
onto each other may not be appropriate and must be tested. Different timescales of
pedological and ecological processes may mean that the surface does not reflect or
can disguise current subsurface conditions. Indeed, ecological memory is suggested
as a reason for persistence of patterns or observed time-lags in (real) ecosystems
when the systems have been subject to external forcing (e.g. Bengstton et al., 2003;
Peterson et al., 2002; Callaghan et al., 2009). MEMory can be used to guide choice
of parameters for data collection, spatial sampling design, sampling frequency and
methods of data collection for ecohydrological applications (explored in Chapter 4).
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3.2 Glensaugh: site description, sampling design

3.2.1 Criteria for site selection

Given the focus of MEMory, a Calluna-dominated moorland hillslope subject to
burning was required. Long-term data availability on hydrological parameters was
one of the criteria used in site selection because the numerical implementation of the
model requires temporal data on hydrological inputs (precipitation) and nutrient
inputs (via atmospheric deposition) to the system. Existing data on soil type and the
spatial variability of soil properties was also desirable so that study plots could be
sited on known soil types.

The focus of the conceptual model is plant-soil interactions in the hillslope
ecohydrological system; in particular the effects of Calluna plant age on soil nutrient
content, soil structure and local water-table heights. The effects of vegetation
management practices on Calluna plant-age distributions were also explored. It was
decided to locate monitoring plots on areas that had undergone burning at different
times, and which, as a result, had different Calluna plant-age distributions, to see
whether (and how) the effects of Calluna plants on the soil structure and local water-
table height change with plant age. To minimise differences in the ecohydrological
setting, it was decided that all study plots should be on the same hillslope with
altitude, aspect, and soil type similar across plots

3.2.2 Birnie Hill, NE Scotland

Birnie Hill in the Birnie Burn catchment, within the Glensaugh Research station of
the James Hutton Institute, was selected for study (Figure 3.1). The station (1.76
km?) is located on the southeast edge of the East Grampian mountains (Ordnance
Survey grid reference NO 663799). The soils, vegetation and management on Birnie
Hill are representative of the Calluna-dominated moorland of the eastern Grampian
Highlands (Miller et al., 1993). The mean annual temperature is 7.8°C and the
average annual rainfall is 104 cm (Miller et al., 1993). The catchment is underlain by
quartz-mica schists, and soils have formed on glacial drifts (Farmer et al., 2005).
The catchment has a ‘flashy’ hydrological regime (Dunn et al., 2006). The moorland
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hillslopes are subject to burning, which is practised widely within the East Grampians
for both sheep grazing and grouse shooting (Yallop et al., 2005).

The study area was considered highly suitable in terms of data availability. The
Birnie Burn catchment is part of the UK Environmental Change Network (ECN).
The catchment has been a terrestrial ECN site since 1993 and a combined ECN
terrestrial and freshwater site since 2004. The ECN protocol requires long-term,
high temporal resolution observations of local climate. The ECN site has an
automatic weather station, from which data is collected at 15-minute intervals
(Miller et al., 1993). Spatial surveys of soil and vegetation properties were carried
out in 1993, 1998, 2003, 2008 and 2013 according to ECN sampling protocols
(Miller et al., 1993; Miller et al., 1998). Some spatiotemporal data on management
history are also available from the current land manager and from aerial photographs
taken in 1993, 1994 and 2007.

The area chosen for study on Birnie Hill has slopes of up to 20° and an altitudinal
range from approximately 285 m to 320 m AOD (above Ordnance datum). The soils
are freely-draining humus-iron podzols of the Strichen series (ST) (Soil Survey of
Scotland, 1984; Miller et al., 1993) (further details given in section 3.4). The
vegetation cover is predominately Calluna and blaeberry (Vaccinium myrtillus L.),
with varying proportions of wavy-hair grass (Deschampsia flexuosa (L.) Trin.), mat
grass (Nardus stricta (L.)), cowberry (Vaccinium vitis-idaea (L.)). Bell heather (Erica
cinerea (L.)), bracken (Pteridium aquilinum (L.) Kuhn) and heath bedstraw (Galium
saxatile (L.)) are found at the base of the slope (Miller et al., 1993).

The vegetation is a mosaic of patches of different ages since burning and contains
Calluna plants ranging in age from 1 year to > 30 years. Four areas representative of
four different periods of time since burning, and therefore containing Calluna plants
of different ages, were chosen for the study of above-ground and below-ground soil
properties (labelled A, C-E in Table 3.1 and Figure 3.2). A plot was also located on
an area of flush vegetation, below a spring (Plot B), to give an indication of how, in
wetter conditions, other species may dominate on moorland hillslopes, for the
purposes of planned future work on incorporating plant stresses into the conceptual
and numerical models (see Chapter 5).
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Glensaugh
Research Station

Edinburgh

Figure 3.1 Map of UK showing the location of Glensaugh Research Station.

Table 3.1 Surface cover type and most recent burning for Plots A-E on Birnie Hill.

Surface cover (during data

Plot )
collection, 2010-2012)

Year of most recent burning

Calluna vulgaris-Vaccinium
A : . 1999
myrtillus mosaic

B Flush vegetation Not subject to burning
Moss, grass, young Calluna
C g yound 2006
vulgaris
Moss, burnt bare Calluna vulgaris
D 2010
branches

E >90% Calluna vulgaris canopy Not known, but >30 years ago
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— Field boundary [[] Notburntbetween
1980 and 2010
----- 5-m contours " Burnedin 1999

% Automatic weather . Burned in 2006

station

B sumedin2010

Burned in 2011
Flush vegetation
Grasses and bracken

Plots

Figure 3.2 Schematic of the study area during the 2010 and 2011 field campaigns.
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3.2.3 Overall approach to sampling design

Sampling was designed to test whether subsurface properties map onto surface
properties. It is useful to know whether the surface can tell us about the harder-to-
study subsurface properties or whether the surface cover may disguise different
kinds of subsurface variability. Surface and subsurface properties were recorded at
the same points within plots to determine whether plots with distinctive surface plant
characteristics also had distinctive subsurface characteristics. Inter-plot comparisons
were made to determine whether plots with different surfaces have different
subsurfaces.

Ground-based vegetation surveys and surveys using low-altitude kite aerial
photography (Aber and Aber, 2002) were carried out to see whether the vegetation
on a real hillslope has similar structures to those produced by the model. Spatial
surveys of near-surface volumetric water content were carried out for a range of
different antecedent conditions because soil moisture measurement is a good
reflection of the processes of water movement across the hillslope. Topography is
an important factor in determining local water-table height in the model. The
microtopography within plots was measured to see how well it explains variations in
volumetric water content (VWC) in the field. Soil samples were collected to
investigate pore-size distribution, a direct indicator of the hydraulic properties of the
soil.

The specifics of data collection and reasons for selection of methods of data
collection and data resolution are described below in sections 3.3 (vegetation), 3.4
(soil moisture and topography), and 3.5 (soil properties). Different spatial and
temporal lags/resolutions (length and time scales) (and therefore different methods
of data collection) were considered appropriate for different measurements and
monitoring campaigns, a summary of which is given in Table 3.2. The data
collected on each variable add to an overall dataset in which high resolution (fine-
scale) spatial data are nested within lower resolution spatial data, which cover larger
areas of the hillslope.



Table 3.2 Field measurements: the submodel that informed data collection and the locations, spatial and temporal resolutions of data collected.

MEMory Data collection | Plot Spatial scale Sampling Date (duration) Measurement type
submodel frequency
Ecological Aerial A-E 10" to 10° m Biannually 2010-2011 Area
submodel vegetation (pixel size 10"
survey to 10° m)
Ground A-E 10" t010°m Annually 2010-2011 Area (1 m x 1 m quadrats)
vegetation
survey
Hydrological | Near-surface | A-E 10" t0 10° m Targeting 2010-2011 Point
submodel volumetric different (Depth, 1-6 cm)
water content antecedent
conditions
Topography | Topography A-E 10" t0 10° m Once 2011 Point
submodel
Hydrophysical | Soil cores A,D,E | 10" t010°m Once October 2011 Point
submodel

(Depths, 1-6 cm, 7-12 cm)
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3.3 Ecological submodel, vegetation survey

3.3.1 Introduction and rationale

Patterns of soil and vegetation are closely inter-linked in areas of natural and semi-
natural vegetation. Changes in surface vegetation can both affect and reflect soil
chemical, physical and biological properties. Plant species composition and
distribution may give us an insight into the properties and
heterogeneity/homogeneity of underlying soils. Under the framework of the
conceptual model, MEMory, this chapter as a whole considers how soil
hydrophysical properties and volumetric water content vary under Calluna plants of
different ages.

Patterns in Calluna plant age were measured using field and aerial survey to provide
data that could be compared with outputs from the numerical model. It is of interest
to determine the distributions of Calluna plants that result both from burning and the
absence of burning. According to the literature reported in Chapter 1, where
Calluna is dominant, the presence and abundance of other plant species vary
according to Calluna life stage, most notably on moorland subject to burning where
changes in plant life stage are more synchronised than in unburnt moorland.
Although inter-species competition is not dealt with in the current version of
MEMuory, during the field campaigns note was taken of the conditions and spatial
locations in which Calluna did not occur or may have lacked competitive ability, for
example within Plot B.

The scale of interest affects the method or methods that can be used to characterise
the surface. From an ecohydrological perspective, there may be multiple scales of
interest because the spatial distribution of vegetation both affects and is affected by
ecohydrological processes at a range of scales; i.e. there are cross-scale linkages (see
Belyea and Baird, 2006). If we are interested in the effect of individual plants on
local soil conditions we need to collect data on the ground, at a plant-plant
‘interspace’ (gaps between plants) scale. A multi-scale (or ‘nested’) monitoring
approach, in which measurements or observations are made at increasing spatial and
or temporal resolution within one area, may also reveal the scale below which spatial
patterns are not evident, and below which it may not be necessary to make field
measurements (see Baird, 2013).
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Prior to aerial and ground-based survey, it is useful to think about the analysis
techniques that may be applied to vegetation data. For the purposes of this study, in
which vegetation data were compared with model simulations of Birnie Hill
(Chapter 4), analysis techniques that could be applied to both the aerial images and
the model output were required (e.g. Couteron et al., 2001, Grimm et al., 2005).
Spatial metrics are statistical tools that are used to identify, describe and classify
patterns quantitatively (Sayn-Wittgenstein, 1970) (discussed in section 3.3.4).
Standard metrics allow vegetation patterns observed in different studies to be
compared objectively.

3.3.2 Data collection

3.3.2.1 Background to aerial vegetation surveys

Many researchers have adopted remote sensing in the form of low altitude
photography to identify vegetation patterns. Landscape patterns formed by the
distributions of two or more vegetation types or patches of dense and sparse
vegetation can be hard to discern in the field but are often recognizable from the air
(Figure 3.3; Borgogno et al., 2009; McDonald et al., 2009). Recent ecological
studies have made use of repeat high-resolution colour-visible or colour-infrared
aerial photography at multiple scales, gained using a variety of platforms including
satellites (Hill and Schiitt, 2000; Lacaze et al., 1994); aeroplanes (Ares et al., 2003);
and kites and blimps (Aber and Aber, 2002; van de Koppel et al., 2008). Good
temporal resolution (intra-annual data collection) is evidently important to detect and
record any spatial responses of vegetation to internal and external environmental
changes (Jackson and Gaston, 1994; Bestelmeyer et al., 2006).

The study of surface vegetation using photography utilises information in both the
visible and infrared wavelengths. Data collection in infrared is useful for studying
vegetation patterns at the hillslope scale. Shima et al. (1976), Jackson and Gaston
(1994) and Belluco et al. (2006) are amongst those who have found colour-infrared
images beneficial for distinguishing between vegetation, soil and water, and for
recognising boundaries of different plant communities. Standard single lens reflex
(SLR) digital cameras are capable of capturing wavelengths of 380-1100 nm (which
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Figure 3.3 View from the ground (top image) and view from the air (bottom image)
of the same area of Plot A on Birnie Hill. In the bottom image, the dark green-
purple areas are predominately Calluna vulgaris plants and the light green areas are
predominately Vaccinium myrtillus plants. The white tile in the foreground of the
kite aerial photograph is 30 cm x 30 cm. Arrows point downslope.
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extends beyond the visible wavelength range of c. 380-740 nm, both into short
ultraviolet wavelengths, and longer, near-infrared wavelengths). Flexible platforms
such as kites have been used to acquire pairs of colour-visible and colour-infrared
photographs through mounting two cameras together (e.g. Aber et al., 2001).

3.3.2.2 Aerial survey by Kite aerial photography

Low altitude (30-90 m) kite aerial photography (KAP) was selected as a suitable
method for aerial vegetation survey. KAP gave the opportunity to identify spatial
scales and time periods of importance in moorland hillslopes. KAP provided data of
greater spatial coverage than could otherwise be achieved through ground
monitoring, and data of higher temporal resolution than were available from
secondary data sources, such as getmapping or Google Earth (getmapping, 2013;
Google Earth, 2013).

KAP equipment consists of a kite, a modified digital SLR camera (range of
sensitivity 380-1100 nm; i.e. visible to near infrared wavelengths), a camerarig, a
remote control for the rig and camera, a ground anchor, a video camera, a video
down link and a GPS unit attached to the camera rig. Ground control points (GCPs)
are placed in the area to be photographed, and their positions are recorded using a
portable GPS unit. The kite is launched and c. 20 metres of kite line are let out
before tying off the kite line to a ground anchor. The camera rig and camera are
attached, and the kite-line is untied and let out further. The kite is moved into
position and the line is secured to the ground anchor (Figure 3.4). The camera
operator alters the tilt and pan of the rig, and triggers the shutter remotely using a
radio transmitter.

The GCPs were white tiles, which could be used to judge differences in the
illumination of the images on different days of image capture. GCPs were used to
adjust the illumination of areas of images which are artificially darker due to
localised cloud cover (e.g. Boike and Yoshikawa, 2003, Groeneveld and Baugh,
2007) before features were classified based on pixel values.



@ 60 m abov:
ground level

| Antenna

Suspension
system

Pan control

Battery and
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transmitter

Camera

30 m above
ground level

Figure 3.4 Kite aerial photography setup in Cairngorm National Park (left image) and close-up of the camera rig (right image). Camera used for

KAP on Birnie Hill was a digital SLR camera (not shown). Photographs N. Dodd.
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For each of Plots A-E, a ground area of > 500 m? was photographed to ensure that a
400-m? plot and its surrounding areas were ‘captured. The ground resolution of
pixels in the aerial images was 0.009 m? - 0.0025 m? depending on the height of the
camera at the time of image acquisition.

Important considerations in deciding the timing of the aerial vegetation surveys were
the effect of season on plant biomass and on reflectance patterns (see Shima et al.,
1976; Jackson and Gaston, 1994). Biannual surveys over a two-year period were
planned to determine if and what (seasonal) vegetation change and plant
regeneration since burning is evident over this time period. The first aerial survey
on Birnie Hill was carried out in June 2010 to capture peak biomass in summer.
Repeat aerial surveys were undertaken in September 2010, when the Calluna was in
flower, and in March 2011, post-snowmelt.

During the June 2010 survey, infrared photography was carried out in addition to
visible photography (Figure 3.5) to determine in which spectra (visible or near
infrared) different vegetation types could be most easily separated by automated
image classification (unsupervised classification) in ERDAS IMAGINE (section
3.3.3, e.g. Gérard et al., 1997; Lonard et al. 2000; Aber, 2003). It was thought that
infrared images could add an extra dimension to pattern detection and could
potentially reveal less immediately obvious, but possibly important, ecohydrological
patterns.

Restrictions apply to flying kites above 60 m in the UK. Permission has to be
obtained from the Civil Aviation Authority to fly kites above 60 m (link to
application form, BKFA, 2013a). Permission was sought and gained for KAP on
Birnie Hill. Air NOTAMS (notice to airmen) were issued by the CAA to ensure
other air users are aware of each KAP campaign. Full details on safety in kite aerial
photography are available from the British Kite Flying Association website (BKFA,
2013b).
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3.3.2.3 Ground-based vegetation surveys

Ground-based vegetation surveys of 1-m by 1-m quadrats were carried out within
Plots A-E on Birnie Hill. 1-m by 1-m quadrats were judged to be of sufficient size
for image classification because the typical pixel size of images taken aerially, using
a kite, was >0.0009 m? as stated above. Species presence and location within the
quadrat was recorded. Each quadrat was photographed, and together with the
vegetation survey, provided information for identifying the spectral signatures of
known plant types in the aerial images. Species-specific spectral signatures were
collected from the aerial images using supervised image classification in ERDAS
IMAGINE (see section 3.3.3).

3.3.2.4 General observations from aerial images

Prior to description of image classification (section 3.3.4) and application of spatial
metrics (section 3.3.5), a number of general observations are made. An important
methodological observation was the difference between the view of the landscape
(and judgement of percentage plant species cover) from the ground and view from
the air (Figure 3.3). The greater height of Calluna plants compared to Vaccinium
myrtillus, mosses and grasses meant that Calluna dominated the view of Plot A by
an observer stood on the hillslope. The aerial images of Plot A demonstrate that the
cover of Vaccinium is far greater than suggested by the photograph taken from the
ground. Plots A-E have distinctive surface compositions and Calluna patch shapes
(quantified in section 3.3.5), which appear to relate to the time since burning, which
affects the age of the Calluna present in the plots and the proportion of
accompanying species (Figure 3.5). Seasonal changes were apparent in Calluna
cover and appearance (colour, flowers). The percentage of bare Calluna branches at
the surface on Plot C was easier to see in spring/early summer images than in late
summer images because the vegetation had not greened up. Bare branches of old,
degenerate Calluna in the >90 % Calluna canopy of Plot E were easier to spot in late
summer when the surrounding Calluna was in flower.

The aerial images show strips of land with different vegetation compositions from
that in Plots A-E (see foreground of Figure 3.5). Land-management records and
aerial photographs taken at earlier dates between 1980 and 2010 indicate that
firebreaks were cut at these locations prior to burning events, to keep the fire within
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set areas. Firebreaks and the effects of cutting on vegetation regeneration after
burning are discussed in section 3.3.5.2 and Chapter 4. It is also clear that burnt
vegetation has a distinctive appearance in near-infrared photographs (Figure 3.5).
However, following initial attempts to classify both visible and near-infrared images,
it was decided to continue with the visible photography only because visually it was
easier to check the classification of plants against the visible wavelength
photographs.

3.3.3 Image selection and classification

The photographs acquired through the kite aerial photography surveys vary in their
sharpness and orientation to the ground because of movement of the camera rig
during image acquisition. All images which were not in sharp focus (or included
rain drops or cloud shadows) were removed from the selection. Further, all images
which were not oriented (near) nadir to the hillslope were removed from the
selection because, within an oblique image, individual pixels cover a range of sizes
of ground area. Nadir images, in which the ground coverage of individual pixels are
similar across the image were selected given the intention to use spatial metrics to
describe and quantify characteristics of surface cover within the images. There were
differences in the appearance of the landscape on different surveys days because of
differences in weather conditions and seasonal differences in the growth stage of the
plants. Of the remaining images, one set of photographs, which were taken on the
same day were chosen for use in the spatial analysis reported in this section and
section 3.3.4 to allow better comparison of differences between plots.

To quantify patterns using spatial metrics it is first necessary to produce a categorical
map from the aerial photographs. In RGB digital or digitised images, each pixel has
a red value, a green value and a blue value. Spatial metrics require each pixel to
have a single value, which categorises the content of the pixel. For digital or
digitized images, features can be classified based on pixel values. Given the spatially
complex surface cover, an appropriate approach to determining the spatial structure
of the study sites was thought to be to divide the images into smaller, relatively
homogeneous patches (an approach based on the Landscape-Mosaic Model)
(McGarigal et al., 2002). Landscape features and surface cover types were identified
and classified based on pixel values within the digital images, using ERDAS
IMAGINE (ERDAS IMAGINE, 2010). Two methods of classification were used.
Unsupervised classification algorithms determine natural spectral groupings, which
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Figure 3.5 Area of hillslope burnt in 2010 (left side of image) with a firebreak cut in
1993 in the foreground. The firebreak is dominated by Vaccinium myrtillus. The
top image was taken with a filter to block out near infrared wavelengths; the bottom
image was taken with a filter to block out visible wavelengths. Arrows point
downslope.
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the user can then group into informational classes such as ‘soil’, ‘vegetation’, ‘man-
made structures’ (e.g. Jackson and Gaston, 1994; Couteron et al., 2006). Supervised
classifications involve specifying ‘training sites’, areas of known content, for
example a species of heather recorded in a quadrat in the field. The reflectance
patterns of the specific surface type, for example a species of plant is stored as a
‘signature’. In supervised classifications, the ‘signatures’ are used to classify the
pixels in the rest of the image into the categories the user has provided (Jackson and
Gaston, 1994). Quadrats (described in section 3.3.3.2), which were visible in the
aerial images, formed the training sites from which signatures were derived for live
Calluna (with and without flowers), dead Calluna/old Calluna branches, Vaccinium
myrtillus, grasses, mosses and bare soil. The supervised classification that was
undertaken was based on these signatures.

3.3.4 Application of spatial metrics

3.3.4.1 Background

Detection of patterns from aerial photographs, and quantitative description of
pattern, can be approached either through describing complexity and variability (for
example, using fractal analysis), or through defining the deviation from homogeneity
or complete spatial randomness (for example, using Ripley’s K-function) (Li and
Reynolds, 1995). In fractal-dimension analysis, landscape features and boundaries
are quantified using fragmented geometric shapes. Fractal-dimension analysis has
been used to provide descriptions of the complexity of vegetation patterns in which
scale is taken into account (e.g. Turner, 1989; Li and Reynolds, 1995; Alados et al.,
2004). Ripley's K-function reveals the degree to which the number of plants that
exist within a distance from a given plant differs from that expected from a random
distribution (e.g. Martens et al., 1997; van de Koppel et al., 2008).

‘Functional” metrics, such as connectivity metrics take into account processes related
to the pattern; ‘structural’ metrics, such as mean nearest neighbour distance, require
subsequent linking to process (Fortin and Dale, 2005; FRAGSTATS, 2009). Many
researchers have adopted structural metrics derived from spectral theory, which
involves describing patterns in terms of wavelength frequencies and orientation. For
example, Couteron and Lejeune (2001), Barbier et al. (2006) and Couteron et al.
(2006) have used Fourier analysis (a method of defining periodic waveforms in
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terms of sine and cosine functions) to obtain quantitative measures of vegetation
pattern in different orientations.

Spatial metrics quantify the pattern in a single landscape at a snapshot in time.
Applying a spatial metric to repeat images of a site means changes in vegetation can
be quantified. For example, Barbier et al. (2006) compared the Fourier signatures of
images taken before and after drought conditions in order to assess vegetation
response.

3.3.4.2 Definitions

The terms ‘landscape’, ‘class’ and “patch’ are used in the following sections.
‘Landscape’ is defined as the extent of the study area if the whole study area is
included in the image, or the extent of the photograph. Landscapes do not exist in
isolation. Landscapes are nested within larger landscapes. Each landscape has a
context or regional setting (FRAGSTATS, 2009). ‘Class’ refers to a surface type
such as live Calluna, dead/bare branches, Vaccinium myrtillus, grasses, mosses, and
bare soil. A ‘patch’ is a single, contiguous, area containing one class. In figure 3.6,
patches are outlined with a thin black line. The numbers within the patches indicate
class type. The thick black line shows the outer extent of the landscape (area
considered in the analysis). Where class metrics are applied, patch attributes are
averaged across all patches in the class.

Figure 3.6 Schematic of a categorical map showing patches (thin black outlines),
class types (indicated by number) and landscape (thick black outline).
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Cell-level metrics provide the finest spatial unit for characterising a landscape — each
pixel/grid square is assigned a value. Patch metrics are defined for individual
patches, and characterize the spatial character and context of patches. Class metrics
are integrated over all the patches of a given type (class). These metrics may be
integrated by simple averaging, or through some sort of weighted-averaging scheme
to bias the estimate to reflect the greater contribution of large patches to the overall
index. Landscape metrics are integrated over all patch types or classes over the full
extent of the data (i.e. the entire landscape). Like class metrics, they may be
integrated by a simple or weighted average, or may reflect aggregate properties of
the patch mosaic. Patch metrics may need to be calculated to derive class and
landscape metrics.

3.3.4.3 Software and metrics applied

The software used to apply spatial metrics to the aerial images was FRAGSTATS, a
spatial pattern-analysis program which can be applied to maps or images in which
each cell has been assigned a category (McGarigal et al., 2002).

Spatial metrics were chosen to quantify Calluna dominance, the shape of Calluna
patches and the degree to which plant species are connected across the moorland
hillslope. The following set of spatial metrics was applied to the aerial images to
describe spatial pattern. Although the equations used to calculate the metrics are
reproduced here, further details on their derivation may be found in FRAGSTATS
(2009).

Percentage cover of different class types (PLAND metric in FRAGSTATS) was
applied because it is a useful measure of landscape composition (Equation 3.1).

I

2.4,

i=1

PLAND=P, =-

y (100) (3.1)

where P; is proportion of the landscape occupied by patch type (class) i, a;j is the
area of patch ij (m?) and A is the total landscape area (m?).
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Largest patch index (LPI) was calculated. LPI equals the percentage of the
landscape occupied by the largest patch (Equation 3.2).

max(a;)
LPI = »’=14 —(100) (3.2)

where a;; is the area of patch ij (m?) and A is the total landscape area (m?).

The shape of patches was quantified using a shape index and by calculating the
perimeter-area fractal dimension of the patch, a shape metric which is frequently
used in landscape ecological research (e.g. Milne 1988, Ripple et al. 1991). Shape
index is the patch perimeter divided by the minimum square perimeter possible for a
maximally compact patch of the corresponding patch area (range 1, without limit,
Equation 3.3).

25py

Ja;

SHAPE = (3.3)

where pj; is the perimeter of patch ij (m) and a;; is the area of patch ij (m?). SHAPE =
1 when the patch is square and increases without limit as patch size becomes more
irregular.

PAFRAC describes the power relationship between patch area and perimeter, and
thus describes how patch perimeter increases per unit increase in patch area
(Equation 3.4).

2
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where a;; is the area (m?) of patch ij, pij is the perimeter (m) of patch ij and n; is the
number of patches in the landscape of patch type (class) i. PAFRAC has a range of
1-2. PAFRAC approaches 1 for shapes with very simple perimeters such as squares,
and approaches 2 for shapes with highly convoluted, plane-filling perimeters. If, for
example, small and large patches alike have simple geometric shapes, then PAFRAC
will be relatively low, indicating that patch perimeter increases relatively slowly as
patch area increases. Conversely, if small and large patches have complex shapes,
then PAFRAC will be much higher, indicating that patch perimeter increases more
rapidly as patch area increases — reflecting a consistency of complex patch shapes
across spatial scales.

A connectivity metric, COHESION was calculated to quantify the degree to which
one plant type is connected across the moorland hillslope (e.g. Buenau et al., 2007).

COHESION =|1-——=

H

>3 pjya

=1 j=1

22 p; |
x{ _E} = 100 (3.5)

where pi,-* is the perimeter of patch ij ai,-* is area of patch ij in terms of number of
cells and Z is the total number of cells in the landscape.

The clumpiness index (CLUMPY) was applied to describe the nature of the
distribution of Calluna. The clumpiness index is a class-level metric (range -1 to 1)
(Equation 3.6). It returns a value of zero for a random distribution. Values less than
zero indicate greater dispersion than expected under a spatially-random distribution,
and values greater than zero indicate greater clumpiness.
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(3.6)

where gj; is number of like adjacencies (joins) between pixels of patch type (class) i,
gik Is the number of joins between pixels of patch types (classes) i (Calluna plants)
and k ( non-Calluna plants) and P; is the proportion of the landscape occupied by
patch type (class) i.

3.3.4.4 Results

There was very strong evidence of differences in proportion of Calluna cover,
Calluna patch shape, and Calluna patch clumpiness and cohesion between the
different burnt plots (LPI, PAFRAC, SHAPE, CLUMPY significance probability, sp
<0.002, COHESION sp = 0.074, one-way ANOVA) (Table 3.3).

Change in Calluna dominance (Figure 3.7, Figure 3.8) is accompanied by change in
the proportion of the surface covered by other plant species. In Plot D, one year after
the most recent burning event, dead, burnt Calluna and mosses (both dead and alive)
are present, and there is no/negligible new Calluna growth. In Plot C, seven years
after the most recent burning event, there is greater cover of new Calluna plants than
dead Calluna. However, the collective percentage cover of mosses, grasses and
Vaccinium is greater than the percentage cover of live Calluna. In Plot A, twelve
years after burning, a canopy consisting of live Calluna and Vaccinium has
developed (64+9.3 % live Calluna, 31+8.2 % Vaccinium in the subplots). Mosses
are present in the understorey, and are visible in small gaps in the canopy of the
vascular plants. There are few or no dead Calluna plants. Over 30 years after burn,
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Table 3.3 Summary tables for one-way ANOVA applied to aerial images for
PLAND, LPI, SHAPE, PAFRAC, CLUMPY and COHESION metrics. p <0.01

Variate: PLAND

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 3 8996.14 2998.71 38.09 <.001
Residual 17 1338.52 78.74

Total 20 10334.66

Variate: LPI

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 3 17517.4 5839.1 29.37 <.001
Residual 17 3379.4 198.8

Total 20 20896.8

Variate: SHAPE

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 3 0.195982 0.065327 50.45 <.001
Residual 17 0.022014 0.001295

Total 20 0.217996

Variate: PAFRAC

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 3  0.040422 0.013474 7.36 0.002
Residual 17 0.031106 0.001830

Total 20 0.071528

Variate;: CLUMPY

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 3  0.071772 0.023924 7.92 0.002
Residual 17 0.051344 0.003020

Total 20 0.123116

Variate;: COHESION

Source of variation d.f. S.S. m.s. VLI F pr.
Plot 3 14.839 4,946 276 0.074
Residual 17 30.518 1.795

Total 20 45.357
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Figure 3.7 Percentage Calluna cover for survey areas within Plot D (1 year since
burning), Plot C (7 years since burning), Plot A (12 years since burning) and Plot E
(>30 years since burning) (x standard deviation) on Birnie Hill.
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Figure 3.8 Largest patch index (LPI) for Calluna in survey areas within Plot A, C, D
and E on Birnie Hill (for all boxplots presented, boxes show interquartile range,
whiskers show minimum and maximum values).
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in Plot E, there is a high percentage cover of live Calluna (75+7.4 %). Dead
Calluna individuals are present (18.72+7.8 %) and Vaccinium and mosses are visible
in the gaps in the canopy created by the degeneration and death of Calluna plants.

The percentage cover of bare Calluna branches in Plot D indicates high percentage
Calluna cover pre-burning, which is confirmed by aerial photographs, which pre-
date the 2010 burning and show that Plot D contained a similar plant age distribution
as Plot E at the time of burning in Plot D. Information on the timescale for
breakdown of branches on Birnie Hill can be gained from Figure 3.7. Thereisa
high percentage of burnt Calluna in Plot D (52.17+16.79 %), a reduced percentage
in Plot C, 7 years after burning (13.53+2.27 %), lack of presence in Plot A,12 years
after burning, and evidence of natural plant death in Plot E, > 30 years after burning.
The percentage cover of new Calluna growth in Plot C compared to Plot A, and in
Plot A compared to Plot E indicates that, within the study area, it can take over 12
years for Calluna to regenerate and regain dominance after burning. Vaccinium and
Calluna appear co-dominant in Plot A, 12 years after the burning event. Hobbs
(1984) and Hobbs and Gimingham (1984) suggest that that long burning rotations (c.
20 years) may be needed for Calluna to regain dominance because on shorter
burning rotations other species, such as Eriophorum vaginatum L. and on Birnie
Hill, Vaccinium myrtillus, appear to be more competitive 5-10 years after burning.

According to the shape index, Calluna patch shapes are most irregular at 7 years old
compared to the other ages (Figure 3.9). PAFRAC for all plots is closer to 1 than to
2, indicating the patches have relatively simple perimeters rather than highly
convoluted, plane-filling parameters (Figure 3.10). According to PAFRAC, Plot C
and Plot A have very little variability in patch shape, whilst Plot D and Plot E have
much greater variability in patch shape. The cohesion index indicates that the degree
to which Calluna plants are connected across the landscape is high in plots A, D and
E (Figure 3.11). However, in Plot C, Calluna is less physically connected; the
landscape is more subdivided. The clumpiness index indicates that the Calluna
patch type is non-randomly distributed (Figure 3.11).

The utility of the cohesion spatial metric differs above and below the percolation
threshold. The percolation threshold is the critical fraction of the grid that must be
filled with one class type, in this case Calluna, to create a continuous path of nearest
neighbours from one side of the landscape to the other (FRAGSTAT, 2009) i.e. a
Calluna patch that spans the width of the landscape. Below the percolation
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Figure 3.9 Shape index class metric for Calluna vulgaris plant class for surveys
areas within Plots A, C, D and E on Birnie Hill.
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Figure 3.10 Perimeter area fractal dimension index (1 > PAFRAC < 2) landscape
metric results (+ standard deviation) for survey areas within Plots A, C, D and E on
Birnie Hill.
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Figure 3.11 Cohesion index (%) class metric results for the Calluna vulgaris plant
class for Plots A, C, D and E on Birnie Hill.
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Figure 3.12 Clumpiness index (-1<= CLUMPY <= 1) class metric results for the
Calluna vulgaris plant class for Plots A, C, D and E on Birnie Hill.
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threshold, for example for Calluna in plot C, patch cohesion is sensitive to the
aggregation of Calluna plants. Patch cohesion increases as the Calluna becomes
more clumped or aggregated in its spatial distribution; hence, more physically
connected, as is shown by comparison of Calluna distribution 1 year and 7 years
after burning. Number of patches of Calluna also declines. Seven years after
burning (plot C), there is a maximum in edge (Figure 3.9) but also a minimum in the
variance of fractal dimension (Figure 3.10) and spatial aggregation (Figure 3.12) in
Calluna patch characteristics. Patch cohesion is also most varied at 7 years since
burning. Of the times since burning studied, 7 years since burning is the stage at
which the Calluna plants are at their most spatially discrete (and the utility of the
spatial metrics appears greatest), which is related to growth of new Calluna plants
amidst competition for space and resources with other plant species. In comparison,
immediately post-burning, there is still evidence of the previous high cover of
Calluna in plot D because the above-ground matter has not fully broken down and
few new plants of any species have established themselves. With 12 years or more
since burning, percentage Calluna cover is high — the Calluna plants are well-
established and have competitive advantage over other plant species —and it is
difficult to identify individual Calluna plants from above, hence the high cohesion
values of plots A and E (Figure 3.11).

Above the percolation threshold, patch cohesion does not appear to be sensitive to
patch configuration (e.g. Plot A and Plot E Figure 3.11) (Gustafson 1998). In plots
A and E, there are very few Calluna patches; the majority of the landscape is made
up of a very small number of Calluna patches and spatial statistics such as class
cohesion have limited utility. An alternative approach is to apply the spatial metrics
to the bare ground (no Calluna plant cover) for the plots containing older Calluna
plants, such as plots A and E and to see whether the characteristics of the non-
Calluna patches differ between plots A and E. Figures 3.12 and 3.13 show the LPI
and COHESION characteristics of the non-Calluna areas compared to the Calluna
areas. LPI and COHESION for plot A and plot E are very similar for Calluna.
However, LPI was lower for Vaccinium and mosses in Plot E (not burnt in the last
30 years) than Plot A (burnt 12 years ago). Analysis of the aerial images also
showed lower COHESION values for Vaccinium in plot E than in the plot A.
Applying spatial metrics to the gaps between the Calluna patches produced values
which better represented the differences in the characteristics of the surface covers of
plot A and E that can be judged visually when looking at the aerial images.
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Figure 3.13 Largest patch index (%) for the three surface cover types that the
landscape is comprised of in Plot A and Plot E.
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Figure 3.14 COHESION values for the three surface cover types that the landscape
is comprised of in Plot A and Plot E.
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3.3.5 Section discussion and conclusions

3.3.5.1 Ecological submodel

The Calluna vulgaris life cycle is evident from the aerial photographs as it is in the
model output presented in Chapter 2. The clumpiness index indicates that the
distribution of Calluna patches is not random (Figure 3.12). Plot A, in which
Calluna is co-dominant with Vaccinium, shows most clearly a labyrinthine
distribution of Calluna plants (observed by Diggle, 1981, Keatinge, 1975; Rietkerk
et al., 2004). There is strong evidence that plot is a significant factor in explaining
variance in the spatial metric results for different aerial images, which suggests the
importance of Calluna plant age and time since burning — two key variables in
MEMory — in determining the spatial structure of the surface vegetation. The values
of the spatial metrics gained from analysis of the aerial images will be compared to
the values from the model output produced for a simplified Birnie Hill in Chapter 4.

3.3.5.2 Vegetation management submodel

Differences between the proportions of Calluna and Vaccinium on burnt and cut
plots even 12 years after burning appear to relate to differences in management. In
the firebreak, where vegetation has been cut rather than burnt, Vaccinium is more
dominant which suggests regeneration of Calluna was much slower in the firebreak
than in the area subject to burning. Raised soil temperatures caused by fire are
known to promote germination of Calluna seeds (Whittaker and Gimingham, 1962).
Calluna plant litter has been shown to impede growth of Calluna seedlings
(Bonanomi et al., 2005). Where vegetation is burnt, Calluna litter may be wholly or
partly removed. However, when the vegetation is cut, litter will remain in relatively
large quantities at the surface and may inhibit Calluna establishment from seed. A
vegetation survey reported in Miller et al. (1993) highlights that the Calluna in Plot
A was relatively old when it was burnt and cut. Older plants struggle to regenerate
from rootstock so new growth may only occur from seed germination. Regrowth
from seed in the firebreak may have been slow because of the presence of Calluna
litter, and may explain the greater proportion of Vaccinium, indicative of Calluna’s
reduced competitiveness in the firebreak. Ecological memory may be responsible
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for the persistence of this difference. Given the above observations on the possible
roles of firebreaks in a moorland landscape, firebreaks will be incorporated into the
numerical model, MEMory in Chapter 4.

3.3.5.3 Methodological observations

KAP allowed images of higher spatial resolution and greater temporal resolution
than could have been achieved by traditional air-borne photography. Images were
taken at a plant to plot scale, intra-annually. KAP is far from ideal for the purpose of
geo-referencing images and stitching images together because there is limited
manoeuvrability; keeping the camera lens perpendicular to the ground, or trying to
position the camera at the same location and height and angle for a repeat survey is
difficult. Unmanned aerial vehicles (UAV) such as drones are increasingly being
used for ecological monitoring because drones have greater stability and can be pre-
programmed to fly set paths, allowing repeat imaging (e.g. Bryson et al., 2014).

The utility of spatial metrics was found to vary above and below the percolation
threshold, leading to the idea of applying the same metrics to describe the gaps
between Calluna patches. In Chapter 4, as in section 3.3.4.4, spatial metrics are
applied to non-Calluna areas as well as the Calluna class, for areas where Calluna
cover is above the percolation threshold to better quantify differences in surface
characteristics between plots.
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3.4 Hydrological and topographic submodels, soil moisture and
microtopography

3.4.1 Introduction and rationale

In MEMory, aspects of the hydrological submodel, the topography submodel, the
ecological submodel and the soil hydrophysical submodel interact to influence how
water moves through the model hillslope. Field monitoring of near-surface soil
moisture content, and surveys of topographic variation were carried out to gain
information on how water moves in real Calluna-dominated hillslopes.

It is likely that there will be variation in soil moisture along and within a hillslope
because variations in topography alter local flows of water during and after
precipitation events (e.g. Burt and Butcher, 1985). Hillslope gradient, aspect, slope
area and curvature affect the spatiotemporal pattern of soil-moisture after
precipitation. Surface topography may concentrate or disperse surface flow,
influencing the spatial distribution of both surface and subsurface flow routes (e.g.
Beven and Kirkby, 1979; Katra et al., 2007). The relationship between topography
and soil-moisture content may also depend on time since rainfall (Burt and Butcher,
1985). For example, the time it takes for water to reach the base of a hillslope (and
therefore the shape of the hydrograph) following rainfall may depend on the position
of certain microtopographic features on a hillslope. Certain features may require a
certain amount of water before the feature contributes to flow observed at the
catchment outlet. Recent literature considers the role of subsurface (bedrock)
topography in creating localised sources of subsurface runoff, which may connect
and contribute to flow observed at the catchment outlet (e.g. ‘fill and spill’ concept,
(Tromp-van Meerveld and McDonnell, 2006)). Factors such as soil type,
macroporosity, vegetation and land use also affect soil-moisture dynamics. In
MEMory, Calluna plant age affects local rates of evaporation, and Calluna plant age
and burning affect local soil hydraulic conductivity, both of which affect the
distribution of water within the soils of the hillslope.

For the study area on Birnie Hill, temporal data on soil volumetric water content
were available from a CS616 Water Content Reflectometer (section 3.4.3.2;
Campbell Scientific, 2011), which is part of the AWS on the hillslope. There was
no previous spatial data on soil moisture contents on Birnie Hill.
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3.4.2Aim and objectives

The aim of the field monitoring of near-surface soil volumetric water content was to
find out if and how soil moisture varied according to surface vegetation patterns,
time since burning and microtopography.

To achieve the aim outlined above, the objectives were as follows:

(1) To take multiple point measurements of near-surface soil volumetric water
content (the ‘lots of points’ approach; Bracken et al., 2013) under a range of
antecedent conditions, using data from the ECN live feed

(i) To survey soil volumetric water content on plots of different Calluna ages/time
since burning, and to record species presence at the points of measurement.

(iii) To sample soil volumetric water content at a finer spatial resolution than 1 m? to
allow detection of patterns/variability below the cell size of MEMory.

(iv) To account for variability in near-surface soil volumetric water content which
may be related to microtopography rather than to surface vegetation patterns.

3.4.3 Method, sampling design

3.4.3.1 Sampling design

Spatial monitoring of near-surface soil moisture was designed to allow the
computation of variograms to look at within-plot variability in near-surface soil
moisture (e.g. Mueller et al., 2007; Turnbull et al., 2010). In a variogram, a
geographically distributed dataset is compared to itself for various lags (geographical
distances or time classes). Points closer together are expected to be more similar
than points further apart (Isaaks and Srivastava, 1984).

Square grids were chosen in which measurements of soil volumetric water content
were made from a central point, and from the cardinal and half-cardinal points
(Figure 3.15). Measurements were taken at nine points in a regular grid in each
square size. For a number of the sampling campaigns, measurements were also
taken at regular sampling intervals of 0.5 m along the eight radial transects; a
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distance chosen to capture the effect of individual plants within a 1-m x 1-m
neighbourhood (as used in the model, MEMory). A small number of readings were
taken between the sampling intervals, at 0.25-m intervals, to allow detection of any
patterning at a finer scale (e.g. Bellehumeur and Legendre, 1998). Additional
measurements were made at random locations in the area surrounding the radial
transects to increase spatial coverage and to avoid spurious results from accidently
sampling/not sampling at scales where there is significant variability in the data.

Point measurements were made of near-surface soil volumetric water content at 1-6
cm below the soil surface, within the organic soil horizon. No measurements of soil
volumetric water content were made at greater soils depths because a 100-m x 100-
m area of the study hillslope (the ECN target sampling site; Miller et al., 1993)
could not be destructively sampled.

The type of vegetation present at and between the sampling points was recorded at
the time of the first soil measurement campaign as part of the ground vegetation
survey described in section 3.3.2.3. The vegetation was resurveyed at the start of the
second year of fieldwork. Where changes in vegetation cover had occurred, the
changes were noted.

High-resolution (<1 m sampling interval) elevation data were collected to build a
picture of microtopographic variations within the plots on Birnie Hill against which
variation in soil volumetric water content could be compared. Point heights
(elevation above sea level, in metres) were recorded at <1-m intervals, in an
approximately square grid, for the 400 m? Plots A-E on Birnie Hill. Random points
were surveyed in between the plots on the hillslope to give an idea of how
topography varied across the hillslope. Live-feed precipitation data and soil-
moisture data from the ECN automatic weather station were used to plan the timing
of sampling campaigns to capture a range of antecedent conditions. Seven
measurement campaigns were carried out (see Table 3.4).
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3.4.3.2 Background to the equipment

Volumetric soil water content was determined using an ML2 ThetaProbe (Gaskin
and Miller, 1996). Volumetric soil water content is the ratio between the volume of
water present in the soil and the total volume of the soil sample (Equation 3.7).

VWC = (volume of water/total soil volume) (3.7)

where VWC is a dimensionless parameter, expressed either as a percentage (%
volume) or as a dimensionless ratio (cm*®cm™). A completely dry soil corresponds
to 0 whereas pure water (no soil solids) gives a reading of 1.0. The volumetric water
content of a wet mineral soil could approach 0.65-0.7 and the volumetric water
content of a poorly decomposed peat soil can reach 0.95-0.98 (Gaskin and Miller,
1996; Andrew Baird, pers. comm.).

The variable measured by ThetaProbes is impedance. The probe’s sensing head has
an array of four rods, the outer three of which form an electrical shield around the
central, signal rod which behaves as an additional section of transmission line
having impedance that depends on the dielectric constant of the matrix into which it
is inserted. ThetaProbes can be used to calculate volumetric soil water content by
determination of the apparent dielectric constant using:

VWC,= (Ne- ap)la; (3.8)

where VWG, is volumetric water content determined using a ThetaProbe, ¢ is the
apparent dielectric constant (dimensionless) and ay and a; are constants dependent
on soil type. Full background to the technique can be found in Gaskin and Miller
(1996).



Figure 3.15 Near-surface soil moisture sampling design. For the coarsest resolution spatial sampling, measurements were taken at the positions
marked by black circles (left image). For medium resolution sampling, measurements were taken at the points marked by grey circles (right image)
for every square shown in the left image. For fine resolution sampling to compare with microtopography, measurements were taken along the 8
radial transects (represented by grey dashed lines) from central point at 0.25-m intervals.
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A generalised calibration given by Gaskin and Miller (1996) can be used. However,
Miller and Gaskin (1996) report that soil-specific calibration should improve the
typical accuracy from errors of the order of +0.05 with use of the generalised
calibration parameters, to a typical accuracy of at least +0.02 for soil-specific
calibration. The constants apand a; were determined for the H horizon of the soils of
the study area by Allan Lilly and Nikki Baggaley of the James Hutton Institute (pers.
comm.) and these values, ag (1.15) and a; (8.32) were used in Equation 3.8.

The AWS on Birnie Hill uses a Campbell Scientific CS616 Water Content
Reflectometer for measuring soil-water content (reported accuracy of £2.5% VWC
using standard calibration with bulk electrical conductivity of <0.5 dS m™, bulk
density of <1.55 g cm™, and measurement range of 0% VWC to 50% VWC)
(Campbell Scientific, 2011). The water-content reflectometer method provides
indirect measurements that are sensitive to the dielectric permittivity of the material
surrounding the probe rods. An electromagnetic pulse propagates along the probe
rods at a velocity that is dependent on the dielectric permittivity of the material
surrounding the line. More detail is provided in Campbell Scientific (2011).

Topographic data was collected in the field using a Leica Geosystems real-time
kinematic (RTK) wave base station and rover. RTK is a satellite navigation
technique which uses carrier phase measurements of the global positioning system
(GPS), GLONASS and/or Galileo signals to give precise measurements of position
and height of up to centimetre-level accuracy (Renschler and Flanagan, 2008). The
best accuracy for the instrument used when satellite coverage is good is
approximately 15-20 mm in plan view and 20-30 mm in elevation (Steve Addy,
James Hutton Institute, pers. comm.).

3.4.4 Results

VWC at the AWS on Birnie Hill ranged between 0.38 and 0.45 during the spatial
measurement campaigns (Table 3.4). VWC, during the spatial measurement
campaigns had a range of 0.22-0.71 (Table 3.5). Figure 3.16 shows the locations at



Table 3.4 Antecedent rainfall and VWC for the sampling campaigns and conditions during sampling, recorded by the AWS on Birnie Hill.
Continuous shading depicts rainfall amounts (mm) from white (< 10 mm) to dark blue (>190 mm) and VWC (cm® cm®) from white (0 mm; 0 cm®)
to dark blue (200 mm; 0.50 cm® cm’).

Precipitation (mm) and

Antecedent conditions VWC (cm® cm™)
and conditions during on sampling dates
sampling

19.05.2010  06.10.2010 07.10.2010 08.03.2011 05.04.2011 15.07.2011 22.07.2011

Total antecedent rainfall (30-day period) [ 46.69 [ ENMMCICRNNNUGE0NN 567 111510 IENCHGINEOGIN

Total antecedent rainfall (5-day period) 5.68 38.37 10.15 0.00 11.57 17.05 26.19
Total antecedent rainfall (24-hour

period) 0.20 4.87 0.00 0.00 2.03 0.00 2.23
Mean antecedent VWC (30-day period) 0.40

Mean antecedent VWC (5-day period) 0.39

Mean antecedent VWC (24-hour period) 0.38

VWC at the start of sampling 0.38

* Rain gauge did not record for the first 15 days of the 30-day period.
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Table 3.5 Range and inter-quartile range of VWC, (cm® cm™) by sampling day and plot, with values shaded as 0.50 > VVWC, > 0.70.

Volumetric water content (cm® cm™)

Plot | Statistic|Date [ 19.05.2010 06.10.2010 07.10.2010 08.03.2011 05.04.2011 15.07.2011 22.07.2011 | Average + STDEV
Minimum 0.22 - 0.46 0.33 0.68 0.67 0.68 0.51+0.20
25th quartile 0.51 - 0.61 0.64 0.69 0.68 0.69 0.64+0.07

A Median 0.54 - 0.62 0.65 0.69 0.69 0.69 0.65+0.06
75th quartile 0.60 - 0.63 0.68 0.69 0.69 0.69 0.66+0.04
Maximum 0.63 - 0.65 0.69 0.69 0.69 0.69 0.67+0.03
Minimum 0.41 - - - 0.58 0.61 0.65 0.56+0.10
25th quartile 0.59 - - - 0.66 0.67 0.67 0.65+0.04

B Median 0.60 - - - 0.66 0.69 0.68 0.66+0.04
75th quartile 0.62 - - - 0.69 0.70 0.69 0.68+0.03
Maximum 0.64 - - - 0.70 0.71 0.70 0.69+0.03
Minimum 0.25 0.42 - - 0.61 0.56 0.58 0.48+0.15
25th quartile 0.57 0.61 - - 0.67 0.62 0.63 0.62+0.04

C Median 0.57 0.61 - - 0.67 0.65 0.66 0.63+0.04
75th quartile 0.61 0.63 - - 0.69 0.66 0.67 0.65+0.03
Maximum 0.63 0.64 - - 0.69 0.69 0.68 0.67+0.03
Minimum - - - - 0.56 0.63 0.59 0.5910.03
25th quartile - - - - 0.58 0.65 0.67 0.63+0.05

D Median - - - - 0.61 0.65 0.68 0.65+0.04
75th quartile - - - - 0.63 0.67 0.69 0.66+0.03
Maximum - - - - 0.67 0.69 0.69 0.68+0.01
Minimum - - - - 0.67 0.58 0.53 0.59+0.07
25th quartile - - - - 0.68 0.59 0.62 0.63+0.05

E Median - - - - 0.69 0.61 0.65 0.65+0.04
75th quartile - - - - 0.69 0.65 0.67 0.67+0.02
Maximum - - - - 0.70 0.70 0.70 0.70%0.00
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Figure 3.16 Near-surface soil moisture survey on 22/07/2011. On this particular
date, measurements of VWC (cm® cm™) were made using a ThetaProbe at the plot
centres and corners of Plots A, B, C, D and E (coarse resolution spatial sampling).
Intra-plot measurements were made for Plots D and E (medium resolution spatial
sampling). The thick black line shows the field boundary and access track. The thin
black lines form squares around the plots; the squares are larger than the actual plots
(which are 20 m x 20 m) so as not to obstruct the view of the sampling points.
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which near-surface soil-moisture was measured on 22/07/2011, which includes
measurements within Plots A-E and random points surrounding the plots. There is
strong evidence that VWC, differed between plots (time since burning) on all dates
on which multiple plots were surveyed (sp <0.001; one-way ANOVA, Table 3.6).

Figure 3.17 shows VWC, on all plots for three different sampling dates. Plot A has
the most consistent values and range of VWCs over the three sampling dates. Plot B
is also quite consistent. Plot C, D and E are more variable. There was strong
evidence of differences in VWC, relating to sampling date (sp = 0.044). However,
plot explained more variance in VWC, than sampling day (Table 3.7).

Given significant differences in VWC, between plots, intra-plot variability in VWC,
was also examined. Variograms were produced for individual plots on a given date
because a key assumption of a variogram is that the data field is stationary (the
stationarity assumption (Isaaks and Srivastava, 1984)). Plot was a significant factor
in explaining differences in VWC, so the stationarity assumption is not met for data
covering multiple plots. Variograms produced for measurements within individual
plots highlight within-plot variability in variance. Figure 3.18 shows variance in soil
moisture within Plot C and within Plot A on two different dates, 24 hours apart, with
no precipitation events in the intervening period. The general variance within Plot C
(general mean: 0.613, general variance 0.0011) is more than double the general
variance within Plot A (general mean: 0.617, general variance: 0.0005), which
indicates the shapes are quite variable. An exponential model best describes
increase in variance with increase in lag width within Plot C. Plot A showed
increase in variance with increase in lag width <10 -m, and less variance for lag
widths of <10 -m. The trends for larger lag widths are likely to be affected by the
decrease in number of points at each lag width as lag width increases. Lag widths of
0.25 m to 18.5 m had >30 points which was considered to be a statistically viable
minimum number of points per lag width (e.g. Turnbull et al., 2010); by this
measure, the variance trends for lag widths of >18.5 m are not considered
statistically viable.

The effect of topography on VWC, was considered. Figure 3.19 shows
measurements of soil volumetric water content in Plot A, made at 0.25 m intervals
along four transects, on two different sampling days. The microtopographic
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Table 3.6 Summary tables for one-way ANOVA applied to VWC, on all dates in
which more than one plot was surveyed. p value <0.01 shown in bold.

Variate: 19.05.10 Plot A, B, C

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 2 0.160583 0.080291 19.28 <.001
Residual 240 0.999432 0.004164

Total 242  1.160015

Variate: 05.04.11 PlotA,B,C,D, E

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 4 0.0367688 0.0091922 11.88 <.001
Residual 39 0.0301654 0.0007735

Total 43 0.0669342

Variate: 15.07.11 PlotA,B,C,D, E

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 4 0.0235360 0.0058840 6.65 <.001
Residual 39 0.0344951 0.0008845

Total 43 0.0580311

Variate: 22.07.11 PlotA,B,C,D, E

Source of variation d.f. S.S. m.s. V.I. F pr.
Plot 4 0.0168509 0.0042127 591 <.001
Residual 40 0.0285301 0.0007133

Total 44 0.0453810
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Table 3.7 Summary tables for one-way ANOVA applied to VWC,, for (i) plot and
(ii) date. p value < 0.01 shown in bold.

(i) Variate: VWC, PlotsA,B,C,D, E

Source of variation d.f. S.S. m.s. v.r. _ Fopr.
Position stratum

Plot 4 0.6372952 0.1593238 37.44 <.001
Residual 441 1.8767562 0.0042557 5.27
Position.*Units* stratum 75 0.0606177 0.0008082

Total 520 2.5746692

(if) Variate: VWC, PlotsA,B,C,D, E

Source d.f. S.S. m.s. V.I. F pr.
Position 445 25140515 0.0056496  7.51 <0.001
Date 3 0.0064262 0.0021421 2.85 0.044
Residual 72 0.0541915 0.0007527

Total 520 2.5746692 0.0049513
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Figure 3.17 Boxplots showing VWC, at the different plots on three different
sampling dates.
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Figure 3.18 Variance in VWC, within Plot C on 06/10/10 (step lengths of 1 m) (top
image) and variance in VWC, within Plot A on Birnie Hill on 07/10/10 (step lengths
of 0.25 m) (bottom image). Beyond the dashed lines at 18.5 m, the minimum
number of points per lag width was less than 30 (and therefore not judged to be
statistically viable).
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Figure 3.19 VWC, (cm® cm™) (black line) on transects within Plot A on two survey
dates. Transects (labelled i to iv) are at different orientations to the slope (see
insert). The microtopography of the transects (grey line) is represented by @ (cm),
which is the residual of height (cm) minus the predicted height (cm) for each
location, based on a linear regression trend line for the height data for each transect.
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variation along the transects is plotted as a residual, ® (cm) from a linear regression
line (dashed line on Figure 3.19). ® was plotted against VWC,. No strong
correlation was found between ® and VWC, (Spearman's rank correlation
coefficient, -0.106 p = 0.014). On 08/03/2011 there was much more variability in
near surface soil volumetric water content along the transects than was recorded on
07/10/2010.

Figure 3.20 shows VWC, grouped by surface cover type above each measurement
point to see whether VWC, varied according to surface cover (which included
different plant types and bare ground). Measurements under bare branches (the
majority of which are located on Plot D) show the highest volumetric water content.
VWC, showed the greatest variability under young Calluna. Measurements below
older Calluna plants gave higher values of soil volumetric water content than below
young Calluna plants although old, degenerate Calluna showed increased dryness of
soil relative to mature Calluna. For Vaccinium, VWC, was higher below the larger,
more established Vaccinium plants than the young, small Vaccinium plants.
However, statistical tests did not provide support for a strong relationship between
surface cover type and VWC,.

3.4.5 Section discussion and conclusions

Repeat spatial surveys gave snap shots of VWC, at a range of locations across the
hillslope, which could be related to plot, plant type and microtopography. In
MEMory, the wettest soils (represented by high local water-table height) occur in
recently-burnt areas and/or in areas of no or young Calluna plants because the lowest
total evaporation amounts are associated with no and young Calluna plants. In the
model, the driest soils (represented by low local water-table height) occur in areas of
vegetation which have not been subject to burning, which allows greater plant root
development than in areas subject to burning, which, along with root decay causes
the highest local hydraulic conductivity values, and also in areas subject to burning
in which the Calluna plants have reached 9-18 years old, at which point total
evaporation is highest. There is strong evidence that differences in VWC, measured
on Birnie Hill relate to differences in plot, and therefore time since burning and
Calluna plant age. High VWC, values were found on Plot D, which has limited
vegetation cover (cover consists mainly of mosses and bare Calluna branches)
because the plot was burnt in 2010. Low mean VWC, values were recorded on Plot
A, in which the oldest Calluna plants are 12 years old.
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The relationship between VWC, and variations in microtopography was not
significant. The gradient of the slope (1 in 10 m) is steep and the microtopographic
variations observed are small (@ range: 0.00055 - 0.39 m) in relation to the slope
gradient. As such, variations in microtopography may be likely to cause small or
negligible variations in VWC compared, for example, to on gently-sloping peatlands,
where microtopographic variations between hummocks and hollows can be large
compared to the slope angle, promoting water ponding (Eppinga et al., 2008). In
section 3.5, soil pore size distributions are examined to further understand the
differences in VWC, observed between plots.
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Figure 3.20 VWC, (cm® cm™) for different surface cover classes on 19.05.10. a = young Calluna, b = mid age Calluna, ¢ = mature Calluna, d =
degenerate Calluna, e = young Vaccinium, f = mid age Vaccinium, g = large Vaccinium plant, h-1 (see labels above graph). The Calluna plant
schematic was adapted from Watt (1955).
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3.5 Hydrophysical submodel, soil properties

3.5.1 Introduction and rationale

An assumption made in MEMory is that soil hydrophysical properties change
through time in response to changes in vegetation and vegetation management, and
that soil hydrophysical properties affect water routing through the soil and the
residence time of water and soil nutrients. Hydraulic properties of soils are those
properties that control water storage, and the distribution and timing of water
movement through; as such, they are important parameters in hydrological models.
For example, saturated hydraulic conductivity, K (a measure of the ability of water
to flow through the soil when the soil is saturated) described by Darcy’s Law
(Equation 3.9) is an important property for modelling solute transport and coupling
precipitation and runoff in climate models (Maurer et al., 2002; Lohse and Dietrich,
2005). Itis given by

dH
=K 3.9
q 3 » (3.9)

where q is discharge per unit area of soil (L T, H is the hydraulic head (L), x is the
distance in the direction of water flow (L), and dH/dx is the hydraulic gradient
(dimensionless). Because flow occurs from areas of higher to lower head — along a
negative head gradient — a minus sign is introduced to the right hand side of the
equation to make q positive. Hydraulic properties also have important ecological
implications. The potential rate of water and nutrient supply to plant roots depends
on the hydraulic properties of the soil (Berliner et al., 1980) and as such, hydraulic
conductivity may affect post-fire vegetation recovery (Mallik and FitzPatrick, 1996).

Soil porosity, soil organic matter content, root density and distribution affect soil
hydraulic properties and vary spatially. The water-holding capacity of any soil is a
function of pore-size distribution and the connectivity of pores in the soil profile
(Mallik and FitzPatrick, 1996). For example, sandy soils usually have lower
porosities (the ratio of pore volume to total soil volume) than clayey soils, but the
pores that are present are larger than in clayey soils, allowing greater rates of water
flow. Organic matter content plays an important role in soil water and soil nutrient
retention (Mallik and FitzPatrick, 1996).
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Plant root development and plant root decay can alter the pore-size distribution of
the soil. As described in Chapter 1, root growth can break up the soil, creating pore
spaces, and pores can also be formed when plant roots decay (Angers and Caron,
1998). The pore-size distribution of soil below a Calluna plant may change as the
plant’s root system develops and the ratio of growing roots to decaying roots
changes (Heath et al., 1938). Areas subject to burning may initially have a large
proportion of large pores as roots decay, followed by a rapid decrease in mean pore
diameter as pore compaction occurs.

The most widely used procedure for measuring pore-size distribution in soils is from
water-retention-curve data (e.g. Berliner et al., 1980, Mallik et al., 1984). Soil water
retention characteristics determine the ability of the soil system to retain the soil
water under a specified head (energy of soil water per unit weight; dimensions of
length, referred to here as ‘head’ in units of centimetres). The hanging water column
method (Dane and Hopmans, 2002, described in section 3.5.4) is one method which
can be used for determining soil-water-retention curves for cores of small (< 10 cm)
diameter.

3.5.2 Aim and objectives

The aim of the work reported in this section was to investigate the spatial variability
of pore-size distribution in the near-surface soil at Birnie Hill for a range of times
since burning.

Obijectives

(i) Collect soil samples on three plots with different times since burning to
investigate the possible effects of Calluna plant age and time since burning on pore-
size distributions.

(i) Select a method of soil-sample collection suitable for planned subsequent
analyses. Undisturbed soil samples of approximately 7 cm diameter and 5 cm depth
were required for water-retention analysis using hanging water columns at the James
Hutton Institute.

(iii) Carry out water-retention analysis using hanging water columns in order to
determine pore size distributions.
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(iv) Characterise the root contents of the soil cores to give an indication of root
presence (and decay) with time since burning.

3.5.3 Data collection

3.5.3.1 Sampling design

Soil cores were collected from Plots D (burnt 1.5 years before cores were collected),
A (Calluna-Vaccinium mosaic burnt 13.5 years before cores were collected) and E
(full canopy, Calluna, no known burning since the 1980s) to give a representation of
three different lengths of time since burning (Table 3.8). Soil cores were collected at
locations for which soil volumetric water content had been measured (ends of radial
transects, 7.7-m to 20-m distance apart within each individual plot). Soil cores were
collected after the conclusion of the soil moisture, vegetation and topographic
surveys so that repeated measurements of soil volumetric water content were not
affected.

Soils were sampled from 1-6 cm depth from the surface, the location of the majority
of the plant roots, and a zone of water storage, and the depth at which the
ThetaProbe measurements of soil volumetric water content were made. Soils were
also sampled at 7-12 cm depth in Plot A below Calluna and Vaccinium plants to see
if there were notable differences in soil properties and root contents both between 1-
6 cm and 7-12 cm samples and below these two different plant types.

On the study hillslope, the soil profile has a thin layer (c. 3 cm thick) of fibrous
undecomposed heather turf overlying a decomposed black humus layer (c. 8 cm
thick) (Miller et al., 1993). The black humus layer has a platy structure near the
surface, which is relatively soft and friable, and has good root penetration (Miller et
al., 1993).
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Table 3.8 Details of soil cores collected at Plots A, D and E on Birnie Hill in

October 2011.
Number Year of most Depth

Plot of cores Surface cover type recent burning event sampled
(cm)

A 8 Calluna vulgaris March 1998 1-6

A 8 Calluna vulgaris March 1998 7-12

A 8 Vaccinium myrtillus | March 1998 1-6

A 8 Vaccinium myrtillus March 1998 7-12

D 8 Recently burnt March 2010 1-6

E 8 Calluna vulgaris 1980s 1-6

3.5.3.2 Method of soil sampling

The structure of the soil affects the water retention, especially in the low suction
range, so care was taken to minimise disturbance to the soil samples. The diameter
and height of the sample should be large relative to the size of the structural units
(e.g. aggregates, cracks, and worm and root holes) over which the retention data are
to be averaged (Dane and Hopmans, 1986). Metal rings of 7 cm diameter and 5 cm

in height were used. A small area of turf was removed and the surface soil was

smoothed off. The rings were carefully carved into the soil, using a piece of wood to
apply pressure and a small hand saw to cut roots. The rings were then excavated and
trimmed. Samples were stored in the metal rings at field water content in a cold

room (temperature 4 °C).
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3.5.4 Measuring soil-water retention

3.5.4.1 Background and theory

The hanging water column method (Figure 3.21, Dane and Hopmans, 2002) was
used to measure soil water retention of the soil cores. No external vacuum sources
or pressure regulators are needed. The air pressure in the soil sample is always at
atmospheric pressure, unlike with the pressure cell method (Dane and Hopmans,
2002), which means there is no trapped air, which could affect the shape of the air—
water interface. VWC calculated using the hanging water columns is referred to as
VWCy. Water retention is determined by establishing a series of equilibria between
water in the soil sample and a body of water at a known head. The soil core is in
hydraulic contact with the body of water via a water-wetted porous plate or
membrane. Head can be varied by changing the height of the body of water relative
to the soil core. The volumetric water content of the soil is determined and paired
with a value of head. Each data pair — VWCy (cm® cm™) and head (cm) —is a point
on the retention curve. Data points can be obtained through drainage of water from
the sample or through wetting-up of the soil. The water retention — head relationship
is often hysteretic. The water content during drainage will often be greater than
during wetting for a given value of head (Dane and Hopmans, 2002).

3.5.4.2 Equipment and supplies

The hanging water columns used consist of a frame which supports 12 sintered glass
Buchner funnels (porosity NO 4; 10-16 um) each connected to 2 m of silicone
rubber tubing with the outlet onto a glass reservoir. The reservoirs have an overflow
connected to a laboratory drain. The reservoirs are attached to a Dexion bar by
spring clips. The porous plates are specified by their largest pore size, which
determines their air entry value — the value at which the pores in the plate can no
longer hold the water due to the applied suction and the apparatus becomes
unsuitable for further measurements (Dane and Hopmans, 2002).
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3.5.4.3 Method

The soil cores are analysed whole, within the metal rings in which they were
collected. The soils were wetted up using de-aired water until saturated (after Ball
and Hunter, 1988) and the saturated water content of the cores was determined. The
cores were then transferred to the hanging water column, which were set to head of
10 cm. The cores seated in the sintered funnels were left to equilibrate for 4-5 days.
To measure pore size, the same four cores were weighed daily. After two
consecutive days in which there was no difference in weight (< 1 g), all of the cores
were weighed, and the reservoirs moved to the next suction (head). The reservoirs
were placed at 10 cm, 20 cm, 50 cm, 100 cm and 150 cm to obtain a water retention
curve, from which to determine pore size distribution. A maximum suction of 150
cm was chosen because the soils on Birnie Hill are relatively wet all year around. As
stated in section 3.2.2, average rainfall is c. 104 cm yr™. Once cores had equilibrated
at 150 cm suction, the reservoirs were placed at 100 cm, 50 cm, 20 cm and 10 cm to
investigate hysteresis. Because hysteresis was investigated, once removed from the
hanging water columns, the cores were saturated and the weights recorded. The
saturated water content of the soils was determined by placing the cores in oven at
105 °C for 48 hours to remove water retained by surface tension. Total root weight
and the diameters of the widest three roots in each sample were recorded. The
capillary equation was used to convert head into pore diameter (Equation 3.10)
Watson and Luxmoore, 1986) and the proportions of each sample made up of pores
of different sizes was calculated. The equation is given by

_2ccosdm_0.l5

i ; (3.10)

where r is pore radius (L), ¢ is the surface tension of water (M T2), d is the contact
angle between the water and the pore wall (assumed 0), p is the density of water (M
L), g is the acceleration due to gravity (L T*), and h is the head (L) in the hanging
water columns. The simplified form of the equation applies when the length
variables (h and r) are in cm. Head of 10 cm, 20 cm, 50 cm, 100 cm and 150 cm
equate to pore diameters of ¢. 0.015 cm, 0.0075 ¢cm, 0.003 cm, 0.0015 cm and 0.001
cm radius respectively.



Figure 3.21 Hanging water columns used for determining water retention of the soil cores collected from Birnie Hill (left image).
Buchner funnels with porous plate (right images).
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3.5.4.4 Water-retention and pore size distribution

There is reasonable evidence of a difference in VWCy, between plots at heads of 0
cm, 10 cm, 50 cm, 100 cm, 150 cm when suction is increased (the drying down
period), and for heads of 100 cm and 50 cm on the wetting up of the cores (sp =
0.055-0.079, Kruskal-Wallis one-way analysis of variance) (Table 3.9).

Plot D soils had the widest range of VWC,, having the highest maximum VWC, of
the three plots, but also the lowest minimum VWC,,. Plot A and E soils have very
similar pore size distributions; over 25 % of the soils were drained by pores of >
0.015 cm diameter (Figure 3.22). Plot D soils are made up of fewer large pores
(pore diameter, pd > 0.015 cm) and a greater proportion of small pores (pd < 0.0015
cm) than Plots A and E. Large pores drain at small head values and small pores
drain at higher head values.

For Plot A, in which soil cores were collected from two depths per location, a two-
way ANOVA (factors: plant type, depth of core) with blocking (location of core)
showed that depth of core alone was a significant factor in the differences in
volumetric water contents (Table 3.10). The VWC,, of cores collected at 1-6 cm was
lower and more variable than the VWC,, of cores collected at 7-12 cm (by up to 0.27
cm® cm™) because the cores collected at 1-6 cm contained a larger proportion of
large pores (pd > 0.015 cm, which drain under small head) and a smaller proportion
of small pores (pd < 0.001 cm, which only drain under greater head) than cores
collected at 7-12 cm depth (Figure 3.23). The differences in pore size distribution
were also reflected in the wetting up of the cores; the wetting up of cores taken from
1-6 cm depth was faster than the wetting up of cores taken at 7-12 cm depths.
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Table 3.9 (continued on following page) Summary table of Kruskal-Wallis one-way
analysis of variance for VWC, for plots A, D and E for different head values. p value
<0.01 shown in bold.

Variate: VWC,, 0 cm head (first saturation)
Group factor: Plot

Value of H =5.079

Adjusted for ties = 5.084

Sample Size Mean rank
Plot A 6 11.75
Plot D 6 11.25
Plot E 6 5.50

Degrees of freedom = 2
Chi-square probability = 0.079

Variate: VWC,, -10 cm head (drying down)
Group factor: Plot
Value of H =5.099

Sample Size Mean rank
Plot A 6 7.17

Plot D 6 13.50
Plot E 6 7.83

Degrees of freedom = 2
Chi-square probability = 0.078

Variate: VWC, -50 cm head (drying down)
Group factor: Plot
Value of H=5.474

Sample Size Mean rank
Plot A 6 6.50

Plot D 6 13.50
Plot E 6 8.50

Degrees of freedom = 2
Chi-square probability = 0.065
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Table 3.9 (continued from previous page, continued on following page) Summary
table of Kruskal-Wallis one-way analysis of variance for VWC, for plots A, D and E
for different head values. p value < 0.01 shown in bold.

Variate: VWC,, -100 cm head (drying down)
Group factor: Plot
Value of H = 5.626

Sample Size Mean rank
Plot A 6 6.33

Plot D 6 13.50
Plot E 6 8.67

Degrees of freedom = 2
Chi-square probability = 0.060

Variate: VWC,, -150 cm head (drying down)
Group factor: Plot
Value of H = 5.626

Sample Size Mean rank
Plot A 6 6.33

Plot D 6 13.50
Plot E 6 8.67

Degrees of freedom = 2
Chi-square probability = 0.060

Variate: VWC, -100 cm head (wetting up)
Group factor: Plot
Value of H=5.474

Sample Size Mean rank
Plot A 6 6.50

Plot D 6 13.50
Plot E 6 8.50

Degrees of freedom = 2
Chi-square probability = 0.065
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Table 3.9 (continued from previous page) Summary table of Kruskal-Wallis one-
way analysis of variance for VWC, for plots A, D and E for different head values. p

value < 0.01 shown in bold.

Variate: VWC,, -50 cm head (wetting up)
Group factor: Plot
Value of H =5.801

Sample Size Mean rank
Plot A 6 6.17

Plot D 6 13.50
Plot E 6 8.83

Degrees of freedom = 2
Chi-square probability = 0.055

Variate: VWC, -10 cm head (wetting up)
Group factor: Plot
Value of H = 4.257

Sample Size Mean rank
Plot A 6 7.83

Plot D 6 13.17
Plot E 6 7.50

Degrees of freedom = 2
Chi-square probability = 0.119

Variate: VWC, 0 cm head (second saturation)
Group factor: Plot

Value of H = 1.582

Adjusted for ties = 1.641

Sample Size Mean rank
Plot A 6 9.17

Plot D 6 7.75

Plot E 6 11.58

Degrees of freedom = 2
Chi-square probability = 0.440




Table 3.10 (continued on following page) Summary table of two-way ANOVA with
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blocking for VWC,, for Plot A for two different depths and two plant types for
different head values. p value <0.01 shown in bold.

Variate: VWC,,

Plot A 0 cm head:; first saturation

Source of variation d.f. S.S. m.s v.r.  Fopr.
Position stratum

Plant type 1 0.0010017 0.0010017 0.41 0.536
Residual 10 0.0244337 0.0024434 2.86
Position.*Units* stratum

Depth 1 0.0108537 0.0108537 12.72 0.005
Plant type.Depth 1 0.0000572 0.0000572 0.07 0.801
Residual 10 0.0085303 0.0008530

Total 23 0.0448766

Variate: VWC,, Plot A -10 cm head (drying down)

Source of variation d.f. S.S. m.s v.r.  Fopr.
Position stratum

Plant type 1 0.000135 0.000135 0.03 0.857
Residual 10 0.039682  0.003968 1.08
Position.*Units* stratum

Depth 1 0.065661 0.065661 17.86 0.002
Plant type.Depth 1 0.000552  0.000552 0.15 0.706
Residual 10 0.036759 0.003676

Total 23  0.142789

Variate: VWC,, Plot A-50 cm head (drying down)

Source of variation d.f. S.S. m.s. v.r.  Fopr.
Position stratum

Plant type 1 0.000055 0.000055 0.02 0.893
Residual 10 0.029051  0.002905 0.59
Position.*Units* stratum

Depth 1 0.222998 0.222998 44.97 <.001
Plant type.Depth 1 0.002794 0.002794 0.56 0.470
Residual 10 0.049584  0.004958

Total 23  0.304482
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Table 3.10 (continued from previous page; continued on following page) Summary
table of two-way ANOVA with blocking for VWC,, for Plot A for two different
depths and two plant types for different head values. p value <0.01 shown in bold.

Variate: VWC,, Plot A -100 cm head (drying down)

Source of variation d.f. S.S. m.s. V.I. F pr.

Position stratum

Plant type 1 0.000173 0.000173 0.08 0.784
Residual 10 0.021857 0.002186 0.61
Position.*Units* stratum

Depth 1 0.317093 0.317093 88.86 <.001
Plant type.Depth 1 0.002825 0.002825 0.79 0.395
Residual 10 0.035685 0.003568

Total 23  0.377634

Variate: VWC,, Plot A -150 cm head (drying down)

Source of variation d.f. S.S. m.s. v.r.  Fopr.

Position stratum

Plant type 1 0.000278 0.000278 0.10 0.753
Residual 10 0.026620 0.002662 0.80
Position.*Units* stratum

Depth 1 0.240114 0.240114 72.10 <.001
Plant type.Depth 1 0.002763 0.002763 0.83 0.384
Residual 10 0.033304 0.003330

Total 23  0.303080

Variate: VWC,, Plot A -100 cm head (wetting up)

Source of variation d.f. S.S. m.s. v.r.  Fopr.

Position stratum

Plant type 1 0.000661 0.000661 0.29 0.602
Residual 10 0.022807  0.002281 0.62
Position.*Units* stratum

Depth 1 0.286454 0.286454  78.42 <.001
Plant type.Depth 1 0.003490 0.003490 0.96 0.351
Residual 10 0.036528  0.003653

Total 23 0.349940
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Table 3.10 (continued from previous page) Summary table of two-way ANOVA
with blocking for VWC,, for Plot A for two different depths and two plant types for
different head values. p value <0.01 shown in bold.

Variate: VWC, Plot A -50 cm head (wetting up)

Source of variation d.f. S.S. m.s. V.I. F pr.

Position stratum

Plant type 1 0.001082 0.001082 0.44 0,523
Residual 10 0.024756  0.002476 0.53
Position.*Units* stratum

Depth 1 0.296317 0.296317 63.38 <.001
Plant type.Depth 1 0.004601 0.004601 0.98 0.345
Residual 10 0.046749  0.004675

Total 23  0.373506

Variate: VWC,, Plot A -10 cm head (wetting up)

Source of variation d.f. S.S. m.s. v.r.  Fopr.

Position stratum

Plant type 1 0.000186 0.000186 0.03 0.868
Residual 10 0.064121 0.006412 1.04
Position.*Units* stratum

Depth 1 0.128662 0.128662 20.91 0.001
Plant type.Depth 1 0.002211 0.002211 0.36 0.562
Residual 10 0.061529 0.006153

Total 23  0.256710

Variate: VWC,, Plot A 0 cm head; second saturation (wetting up)

Source of variation d.f. S.S. m.s. v.r.  Fopr.

Position stratum

Plant type 1 0.002885 0.002885 0.87 0.372
Residual 10 0.032993  0.003299 1.37
Position.*Units* stratum

Depth 1 0.047019 0.047019 19.56 0.001
Plant type.Depth 1 0.000663 0.000663 0.28 0.611
Residual 10 0.024039  0.002404

Total 23 0.107599
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Figure 3.22 Mean pore size distribution of cores taken at 1-6 cm depth from Plots A, D and E. pd is pore diameter (cm).
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Figure 3.23 Mean pore size distribution (cm) of cores taken at 1-6 cm depth and 7-12 cm depth from Plot A.
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3.5.4.5 Root contents

There was very strong evidence of a difference in total root weight between cores
collected from different plots (Plots A, D and E) (sp = 0.005, one-way ANOVA) (Table
3.11). Total root weight was greatest for soil cores collected in Plot A and least for soil
cores collected in Plot D (Figure 3.24). Plot E soil cores contained roots of larger
diameter than found in Plot A or Plot D soils. The range of maximum root diameters in
Plot E soils was almost twice the range of diameters in Plot D soil cores (Figure 3.25).

There was an expectation that Plot E soils would contain roots of relatively large
diameters because the plot has not been subject to management in over 30 years. As
such, there are mature and degenerate plants present and the canopy comprises a nearly
full cover of Calluna (as shown in Figure 3.7). In Plot D, there are few live Calluna
plants visible above the surface at the time of soil core collection, 1.5 years after burning
of Plot D. In Plot A, Calluna is still growing (no degenerate plants are present),
Vaccinium is co-dominant with Calluna and there is evidence of young Calluna and
Vaccinium plants growing within the plot. As such, a wide range of plant diameters was
expected.

Plot D soil cores contained the fewest roots of the three plots, and had the lowest
median root diameters. The 2010 burning event in Plot D is likely to be responsible for
the limited weight and low diameters of roots present in Plot D by October 2011.
Charcoal was found in the soil cores. Prior to the burning event, Plot D and Plot E may
have been expected to have similar maximum root diameters because neither of the
plots was subject to burning between the 1980s and 2010. However, there is no data
from Plot D from before the 2010 to verify root content pre-burning, only aerial
photographs showing that the vegetation cover was indistinguishable between Plots D
and E prior to the burning event.

In Plot A, the majority of the root weight is in the top 1-6 cm of the soil (Figure 3.26).
A one-way ANOVA showed depth was a significant factor in total root weight of cores
collected from Plot A (sp <0.001) (Table 3.11). A larger proportion of the soil was
made up of larger pores at 1-6 cm depth than at 7-12 cm depth.



- 138 -

6
5
4
Total root
weight 3 )
(g)
2
1 | i
i T
0 |
A D E
Plots

Figure 3.24 Total root weight (g) (minimum, maximum and interquartile ranges are
shown) in cores taken at 1-6 cm depth from Plots A, D and E.
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Figure 3.25 Maximum root diameter (cm) (minimum, maximum and interquartile
ranges are shown) in cores taken at 1-6 cm depth from Plots A, D and E.
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Figure 3.26 Total root weight (g) (minimum, median, maximum and interquartile range
shown) for all Plot A cores, and for Plot A cores collected at different depths.

Table 3.11 Summary table of one-way ANOVA on (i) total root weight by plot, and (ii)
total root weight for Plot A at two depths. p value < 0.01 shown in bold.

(i) Variate: Total root weight Plot A, D, E

Source of variation d.f. S.S. m.s. v.r.  Fpr.
Plot 2 19.024 9.512 6.63 0.005
Residual 23 32.979 1.434

Total 25 52.004

(i) Variate: Total root weightPlot A, 1-6 cm, 6-12 cm depth

Source of variation d.f. S.S. m.s. v.r.  Fopr.
Depth 1 26.214 26.214  23.88 <.001
Residual 34 37.320 1.098

Total 35 63.535
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3.5.5 Section discussion and conclusions

In MEMory, the highest values of soil hydraulic conductivity are found below old
Calluna plants, and in locations where old Calluna plants have recently died (< 2 years
since plant death) because it is assumed that root development during Calluna plant
lifetimes and root decay on plant death create large pore spaces in the soil. It is assumed
that two years after a burning event, large pore creation through root decay is balanced
by compaction of the soil. In the model, low hydraulic conductivities are associated
with non-vegetated areas, and areas of young Calluna plants. Low local hydraulic
conductivities are also found in areas that have been burnt recently, where soils have
become hydrophobic. Short burning intervals (10 years) limit the maximum values of
soil hydraulic conductivity because Calluna plants do not reach old age. In the model,
soil memory means that changes in soil hydraulic conductivity resulting from plants
ageing occur gradually; soil hydraulic conductivity is a weighted mean of past values of
soil hydraulic conductivity.

If the assumptions made in the model are correct, it would be expected that soils of Plot
E would contain the largest-diameter roots; with smaller root diameters in Plot A and
the smallest root diameters in Plot D. It would be expected that soils of Plot E would
have the largest proportion of relatively large pores, soils of Plot A would have a lower
proportion of large pores than soils of Plot E, and soils of Plot D would have the lowest
proportion of large pores than soils of Plot A because it has been 1.5 years since the plot
was burned.

Plot D soils are made up of fewer large pores (pd > 0.015 cm) and a greater proportion
of small pores (pd < 0.0015 cm) than Plots A and E. Plot D soils had the widest range
of VWCy, having the highest maximum VWC,, of the three plots, but also the lowest
minimum VWC,. The variability in Plot D soils might be due to near complete root
decay in some cores collected and the presence of a few large roots that have not
completely decayed in other cores. In MEMory, K increases for two years after a plant’s
below-ground component dies. Plot D soil cores suggest that two years may be slightly
too long a time period to model increase in K after plant death; high temporal frequency
collection of soil cores immediately prior to and after a burning event would be
beneficial to future development of the K function.
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For Plot A and E soils, over 25 % of the soils were drained by pores of > 0.015 cm
diameter (Figure 3.22) which suggests relatively high hydraulic conductivity relative to
Plot D soils. The pore size distributions of Plot A and Plot E soils are very similar,
which suggests that soil hydraulic conductivities may be more similar from 13 years
after burning onwards than the model predicts.

Study of the pore-size distribution of the cores would have benefited from determining
soil water retention at lower head values i.e. between 0 cm and 10 cm. The minimum
head which samples could be placed on the equipment provided was 10 cm (pd = 0.015
cm). Macropores are defined as those pores exerting suctions of < 3 cm (pd < 0.05 cm
radius) (Watson and Luxmoore, 1986). By using 10 cm head as the lowest pressure
head, the presence of macropores was not accounted for. If the experiment were to be
repeated, it would be beneficial to adjust the setup of the hanging water columns to
allow soil samples to be placed at a number of intervals between 0 cm and 10 cm head
(for example, 1 cm, 2 cm, 3 cm suction) to account for the presence of macropores.
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3.6 Conclusions

The work presented in this chapter was carried out to test whether the models
assumptions about Calluna plant dynamics are reasonable. Plot represents Calluna
plant age, which is partly a factor of time since the last burning event. The maximum
possible age of the above-ground component of Calluna plants in each plot in 2011,
determined from burn history was 1 year (Plot D), 7 years (Plot C), 12 years (Plot A)
and > 30 years (Plot E). There is strong evidence that plot is a significant factor in
explaining differences in proportion of Calluna cover, Calluna patch shape, Calluna
class cohesion and clumpiness, VWC, and total root weight found in the soil cores
collected. There is some evidence to suggest that plot is a significant factor in
explaining variance in VWC,. These findings suggest that Calluna plant age and time
since burning — key variables in MEMory — are important in determining the spatial
structure of the vegetation, and that Calluna plant age and time since burning also
influence subsurface properties.

The effects of burning are incorporated into MEMory through changes in surface
vegetation cover and changes in soil hydrophysical properties. The role of surface
disturbance on subsurface properties can be seen by comparing findings for Plot D and
Plot E. Prior to the burning event in 2010, Plots D and E were indistinguishable at the
surface in terms of the age of Calluna and proportion of Calluna cover (as determined
from past aerial images and land management records). Following the burning event in
Plot D, there were few live Calluna plants visible at the surface at the time of soil core
collection. VWC, and VWC;, were high, suggesting the soils of Plot D have poor
drainage compared to Plots A and C, which agrees with the model assumptions. The
limited root content in Plot D compared to Plot E suggests that the majority of large
roots have broken down within 1.5 years of the burning event, which is similar to the
timescale of root decay in the model. Firebreaks, areas in which vegetation has been cut
rather than burnt, were observed to have different vegetation compositions from areas
which had been burnt. Given observations of significant differences in VWC between
plots of different vegetation compositions, the hydrological effects of cutting vegetation
need further investigation. In Chapter 4, firebreaks are incorporated into the numerical
model, MEMory.

Relationships between within-plot surface variability and subsurface variability were
less apparent than inter-plot differences. For example, the surface vegetation of Plot A,
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in which Calluna and Vaccinium are co-dominant (50-75 % Calluna cover, 20-45 %
Vaccinium cover) had a striking appearance and the clumpiness index indicated that
Calluna patches are non-randomly distributed within the plot. However, there was not
strong evidence to support differences in VWC, or VWC,, between different plant types.
An overall observation may be that above-ground component of the plant does not
necessarily reflect the immediate below-ground root distribution, and competition for
space occurs below the surface as well as on the surface.
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Chapter 4
Applying MEMory to real hillslopes

The development of numerical models can benefit from an iterative process of testing
with field data and model alteration. The new ecohydrological model, MEMory, was
based on field observations reported in the literature and theories developed for the
behaviours of other ecosystems. In the previous chapters, simple simulations have been
carried out to demonstrate how the model works (Chapter 2), and field work and
laboratory-based data analysis have been carried out to test the assumptions of the
model (Chapter 3). In this chapter, the numerical model is used to simulate the
moorland hillslope described in Chapter 3. In addition, burning for grouse management
and for sheep grazing, are simulated to determine the effects of the spatial extent and
temporal intensity of management events on hillslope properties and behaviour.
Aspects of the future development of MEMory as a spatial ecohydrological model of

moorland hillslope behaviour are then discussed.
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4.1 Introduction

As stated in Chapter 1, moorlands are semi-natural habitats. The habitat persists
because of human intervention. As in other ecohydrological systems, models are needed
that consider the effect of people (land use), pattern and processes on how these systems
behave and how they change over time (Wainwright, 2013).

In this chapter, using the knowledge gained from the field, a small number of additions
and changes are made to the numerical model (section 4.2.1). The model was set up to
represent a simplified version of the study hillslope described in Chapter 3. The effects
of the additions and changes to the model code are discussed in relation to how the
model output resembles the characteristics of the study hillslope (section 4.2.3). The
simulations then move beyond the specific vegetation management history of the study
hillslope to a wider consideration of the predominant patterns of burning seen on
moorland hillslopes. Burning of strips of vegetation on grouse shooting estates has
imposed a striking pattern on the uplands of Scotland and northern England, which is
readily identifiable from traditional plane aerial imagery such as Google Earth imagery
(Figure 4.1; Google Earth, 2013). Burning for grouse management and burning to
improve sheep grazing differ in the spatial coverage and temporal intensity of the
burning regimes, the effects of which on surface and subsurface properties, are explored
in the simulations reported in section 4.3. The temporal intensity (e.g. burning
frequency) of management events has already been shown to affect Calluna plant
regeneration (Chapter 2). The effect of the position, spacing and orientation of burning
areas are additionally explored.

All simulations reported in this chapter are listed in Table 4.1. Figure 4.2 shows
examples of the spatial configurations of burning adopted in the simulations.



0 100 m 0 100m

Figure 4.1 Moorland hillslope managed by burning for grouse shooting (left image) and moorland hillslope managed by
burning for sheep grazing (right image) (Google Earth, 2013). Arrows show the direction of slope.
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Table 4.1 (continued on following page) Simulations reported in Chapter 4. Comments
in italics indicate that a simulation differs from the other simulations in an aspect other
than the spatial layout or the timing of management events.

Model simulation

Experimental setup

events at 5-yr
intervals)

Vegetation
names Plants | Memory manigement Spatial layout
MEMory_birniehill_A v v v (cutting and 1993-2011
burning at vegetation
irregular management on
intervals) Birnie Hill
MEMory_birniehill_B 4 4 v (cutting and 1993-2011
(Uses p(Miow) burning at vegetation
ow.
function) irregular management on
intervals) Birnie Hill
MEMory_birniehill_C v v v (cutting and 1993-2011
(Uses Ko function) burning at vegetation
ow
irregular management on
intervals) Birnie Hill
MEMory_birniehill_D v v v (cutting and 1993-2011
(Variable soil depth) burning at vegetation
irregular management on
intervals) Birnie Hill
MEMory_birniehill_E v v v (burning at 1993-2011
(No firebreaks) irregular vegetation
intervals) management on
Birnie Hill
MEMory_grouse_A v v v (6 burning Burning in strips
events at 5-yr perpendicular to the
intervals) slope
MEMory_grouse_B v v v (6 burning Burning in strips

parallel to the slope
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Table 4.1 (continued from previous page) Simulations reported in Chapter 4.
Comments in italics indicate that a simulation differs from the other simulations in an
aspect other than spatial layout or the timing of management events.

Experimental setup

Model version Vegetation )
Plants | Memory Spatial layout
management
MEMory_grouse_C v v v' (6 burning Burning in strips
events at 5-yr clumped together
intervals) perpendicular and
parallel to the slope
MEMory_grouse D v 4 v' (6 burning Burning in criss-cross
events at 5-yr strips diagonal to the
intervals) slope
MEMory_sheep_A 4 4 v' (6 burning Burning is carried out
events at 5-yr on the upper slope
intervals) prior to the lower slope
MEMory_sheep_B 4 4 v' (6 burning Burning is carried out
events at 5-yr | on the lower slope
intervals) prior to the upper slope
MEMory_sheep_C 4 v v' (6 burning Burning is carried out
events at 5-yr on the lower slope
intervals) prior to the upper slope
MEMory_sheep_D 4 4 v (6 burning Same as
events at 10-yr | MEMory_sheep_A
intervals)
MEMory_sheep E 4 4 v' (6 burning Same as
events at 10-yr | MEMory_sheep B
intervals)
MEMory_sheep F v 4 v (6 burning Same as

events at 10-yr
intervals)

MEMory_sheep_C
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Figure 4.2 Spatial configurations of burning events in Chapter 4 simulations (i) MEMory_grouse_A (ii) MEMory_grouse_B, (iii)
MEMory_grouse_C (iv) MEMory_grouse_D, (v) MEMory_sheep_A-C (vi) MEMory_birniehill_A-D. Firebreaks are shown above as thin white
borders. MEMory_birniehill_E has the same layout as (vi) without the firebreaks. Within individual configurations, areas shown in the same shade
of grey are burnt at the same time.
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4.2 Birnie Hill model runs

4.2.1 Model setup and parameterisation

The numerical version of MEMory was set up to simulate a section of Birnie Hill at
Glensaugh Research Station. As discussed in Chapter 2 sections 2.2 and 2.3, the
following boundary conditions need to be specified in the numerical implementation of
MEMory: (i) hillslope geometry; (i) meteorological inputs to the system; (iii) soil
hydrology and hydrophysical properties and; (iv) plant age and vegetation management
practices.

(i) Hillslope geometry. The area of interest for modelling was the section of Birnie Hill
in which the four plots of intensive measurements (plots A, C, D and E, described in
Chapter 3; Figure 3.1) and the Environmental Change Network automatic weather
station (AWS) are located; an area of 21600 m?. The extent of the model landscape was
66275 m? (275 by 241 cells, each 1 m?, of which 37943 cells were active, see dashed
box Figure 4.3 and the remainder were turned off). The top of the active landscape
corresponds with the position of a natural water divide on Birnie Hill. As in the
simulations in Chapter 2 (section 2.3.1), cells in the ‘top’ row of the active model
landscape, the water divide, were assigned reflective (Neumann) boundary conditions.
Cells in the ‘bottom’ row of the active model landscape, the base of the hillslope where
resources exit from the model landscape, were assigned a Dirichlet boundary condition
consisting of a fixed water level. ‘Side’ boundaries were assigned as reflective rather
than the periodic boundary conditions used in the simulations in Chapter 2 because the
slope geometry is such that wrapping the grid around at its sides would produce a step in
the topography, which would lead to unrealistic drainage patterns. An assumption of an
impermeable base layer was made. This assumption is reasonable because the
catchment is underlain by poorly-permeable quartz mica schists, and soils have formed
on glacial drifts (Farmer et al., 2005).

An Ordnance Survey (OS) 10-m resolution digital elevation model (DEM) provided
elevation above sea level for the study area and its surroundings. A 70000 m? section of
the OS DEM was resampled in ArcGIS to give a 1-m resolution DEM, the spatial
resolution used in the numerical model MEMory. Two methods of changing the cell
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Dirichlet boundary :: ! Active model
condition ~  landscape

mmm=  Neumannboundary ——  Birnie Burn (stream)
condition

Figure 4.3 Schematic of Birnie Hill showing active model landscape. 5-m spaced
contours are shown in black dotted lines and the boundary of the study field shown in
black (thick line). The active model landscape is shaded grey with a black wide dashed
line border. The Neumann (reflective) boundary condition applied to the top and sides
of the active model landscape is shown in dark grey. The Dirichlet (fixed) bottom
boundary condition is shown in yellow. The boundary conditions are not to scale.
Arrow points north.
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size of the raster dataset were considered: bilinear interpolation and cubic
convolution. In each, the extent of the raster dataset remains the same. The bilinear
resampling method performs a bilinear interpolation. The new value of a cell is
based on a weighted distance average of the four nearest input cell centres (ArcGIS,
2013). The cubic option determines the new value of a cell based on fitting a
smooth curve through the 16 nearest input cell centres (ArcGIS, 2013). The bilinear
method was initially selected over the cubic option because the cubic option can
result in output cell values outside of the range of input cell values (ArcGIS, 2013).
Use of the 1-m resolution raster dataset in the numerical model led to unrealistic
drainage features in some areas of the grid (particularly the lower central section of
the hillslope and midslope right-hand section of the grid). These features were thin
(c. 1-2 m) bands of low or high local-water table heights which were oriented
parallel to the 5-m OS contours (Figure 4.3). The cubic convolution method was
applied to see if it produced a better alternative, but it too produced the artificial
linear drainage patterns. The spatial positions of the high resolution elevation data
collected in the field did not match the positions of the worst affected areas of the
grid, and was not used in the simulations. Despite its limitations and in the absence
of another DEM of higher original resolution, the 1-m resolution raster dataset
produced using the bilinear interpolation has been used for all simulations reported
in this chapter. Artificial linear patterns occur in the spatial output of local water-
table height, @ and soil nutrient content, », examples of which are shown in section
4.3.3.

(if) Meteorological inputs. Time-series data for precipitation inputs at Birnie Hill
from a tipping bucket rain gauge on Birnie Hill were selected from an ECN dataset.
Daily data for precipitation inputs are available for the period 1994 to present. In the
model runs reported in Chapter 2, rate of precipitation is constant. For simulations
in this chapter, it was decided rates of precipitation would vary during the year
allowing periods of drier weather and periods of wetting up of the soil. Birnie Hill
ECN precipitation data for 2010 (one of the years in which field data were collected
for the thesis) was selected and was applied to each year of the model run. The 2010
precipitation data were selected because a number of precipitation events of different
magnitudes occurred during 2010, and there were periods of drier weather. The
same year of precipitation data was applied year on year within the model so that any
changes in hillslope response related to changes in vegetation or soils, not to change
in rainfall regime. Atmospheric nutrient deposition, which occurs on hydrological
time-steps in the model, was based on atmospheric deposition data recorded as part
of the ECN monitoring carried out on Birnie Hill.
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(ii1) Soils and hydrology. As described in Chapter 3, the soils of the study area are
freely-draining, humus-iron podzols of the Strichen series (ST) (Soil Survey of
Scotland, 1984; Miller et al., 1993). The range of values of soil hydraulic
conductivity (0.0001 — 0.005 cm s™*) used in the model (through choice of the Kpage
and Kpase2 Values and C; and C; values; see sections 2.2.4 and 4.2.2) was based on
field and laboratory-based calculations of saturated hydraulic conductivity on humus
iron podzols on Birnie Hill reported by Stutter et al. (2007). K was calculated using
the same equations as in Chapter 2 (section 2.2.4, Equations 2.14 and 2.15), except in
MEMory_birniehill_C (see section 4.2.2). Spatial data on local water-table height
were not available and were not collected during the field campaigns. A natural
spring is located at the top of the area of flush vegetation (see Figure 3.1, Chapter 3).
It was decided not to represent the spring (which could have been represented via an
internal Neumann boundary condition) in the model because the current model does
not include the flush plant species that occur immediately downslope of the spring,
or the plant stress interactions, which will be the focus of future work (Chapter 5).

A ‘spin up’ period was used to generate initial conditions of soil hydraulic
conductivity and local water-table height (in the same manner as described in section
2.3.1.3). The hydrological time-step was 1800 seconds, which reflects the fine
temporal resolution of changes in water-table height. The length of memory used for
soil hydraulic conductivity was 60 years.

(v) Vegetation and vegetation management. The section of Birnie Hill studied
included areas of Calluna which had been subject to burning at different times in the
recent past (1-30 years) (Figure 4.4). Vegetation management records and ground
and aerial photographs from the 1980s to 2011 provided the timings and extents of
past vegetation management events (burning and, in some cases, the cutting of
firebreaks) on Birnie Hill from 1990 to present (Chapter 3, section 3.3). Data on
vegetation management on the hillslope informed the scenarios of burning applied to
the modelled section of Birnie Hill (MEMory_birniehll_A-E).
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1993

2011

Figure 4.4 View of the study hillslope, Birnie Hill (the middle ground of the
images) in 1993, prior to burning on many areas of the hillslope (top image;
reproduced from Miller et al., 1998), and a view of the study hillslope in
2011(bottom image; photograph: N. Dodd). The letters refer to study plots
described in Chapter 3. The black line shows the extent of Plot D prior to the 2011
burning event; diagonal lines show the area of Plot D that was re-burnt in the 2011
burning event.
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Table 4.2 Vegetation management events during the period 1993 to 2011 within the
study area (black wide-dashed line on Figure 4.3) on Birnie Hill. The year in which

the management event is represented in the model is given as ‘model year.’

Year Model year Vegetation Area of Proportion of
management modelled modelled Birnie
Birnie Hill Hill (%)
affected (m?)
Cutting 1590 4.2
1993 300 .
(firebreak)
1999 306 Burning 4832 12.7
Cutting 2281 6
2006 313 (firebreak)
Burning 10046 26.5
Cutting 400 1.1
2010 317 (firebreak)
Burning 2490 6.6
Cutting 559 1.5
2011 318 (firebreak)
Burning 7295 19.2
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4.2.2 Changes and additions to the model code

Plant probability of mortality, p(m) function. -Comparison of the percentage cover
of old Calluna plants in the field (see section 3.3.4.4) and the percentage coverage of
Calluna in the initial simulations carried out for this chapter, suggest that the
probability of mortality of older Calluna plants described in Chapter 2 by Equation
2.3 may be unrealistically high. A second set of equations to describe probability of
mortality were written, p(mjow) (Equation 4.1), in which the probability of mortality
of older Calluna plants increases less steeply with an increase in Calluna plant age
than in the original p(m) function.

r=3, B=5 years
p(m,,)=(0.0048>)—(0.0828)+ 0.4 (4.1a)

r=1,2, f=27 years
r=3,5< =27 years

p(m,, )=0.05 (4.1b)

r=1,2,3,5 =27 years

p(my,,)=0.0009 *=%* (4.1¢)

Simulations were carried out with the original model function used in Chapter 2
(MEMory_birniehill_A), and with decreased probability of mortality of older
Calluna plants (MEMory_birniehill_B).

Plant age-dependent effect on soil hydraulic conductivity, K. —The laboratory
analysis of the pore-size distribution of soils described in Chapter 3 (section 3.5.4.4)
showed that soils collected from areas burnt 12 years and over 30 years ago had
similar pore-size distributions. In section 3.3.5, it was suggested that the effects of
plants on soil hydraulic conductivity may be similar once the plants have exceeded
12 years in age; i.e., there may be a levelling off of the effect of plants on soil
hydraulic conductivity with plant age which is not represented in the K function
described in Chapter 2 (section 2.2.4, Equation 2.14). A second set of equations to
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describe the effects of Calluna plants of different ages on soil hydraulic conductivity
were written, Kjow, in Which the increase in Ko, With increase in f is more gradual
once plants reach 11 years old (Equation 4.2).

=10

K:Kbase+(cjﬁ) (4_23:'
£=10

Kimi-' :KMSQQ +(C:!8) (42b)
ﬁd = 0}8 <3

Kfmt-' :KE;GSGE +{/C2)8+ﬂd +ﬂ) (4-2(:)

where Kpasez (cm s™) is the value of K from Equation (4.2a) when 8 = 10, C; is
0.00001 and C, is 0.000002. Simulations were carried out with the original model
function used in Chapter 2 (MEMory_birniehill_A), and with Koy
(MEMory_birniehill_C).

Vegetation cutting to create firebreaks. —It was observed in Chapter 3 that areas cut
as firebreaks were easily recognisable in the field and from KAP images because the
proportion of Calluna cover was lower than in areas which had been burned.
Possible reasons for the differences in Calluna cover were outlined in section
3.3.5.2. It was decided to add the cutting of firebreaks to the model; like burning,
firebreak cutting is represented as management events during ecological time-steps.
Cutting of firebreaks is simulated in MEMory_birniehill_A, B and C. Nutrients are
added to the soil in the same manner in which nutrients from the above-ground
component of the plant are added to the soil after natural plant death; i.e. nutrients
are released to the soil over a period of three years to represent nutrient release
during plant matter decomposition (Equation 2.7, p. 39). In the model, seedling
survival (1-p(m)) on recently-cut areas is set lower than seedling survival on
recently-burnt areas because seedlings struggle to grow in Calluna litter (section
3.3.5.2, Bonanomi et al., 2005) (Equation 4.3).



- 158 -

vmp = 2, timesincecutting <2, f <2

p(m)=0.8 (4.3)

where vmp is vegetation management practice (1 = burning, 2 = cutting) and
timesincecutting is time since the last cutting event (years).

Soil depth. —Soil depth affects the volume of water that can be stored in the soil
profile. In the simulations reported in Chapter 2, soil depth, J, was uniform across
and down the hillslope. In reality, soil depth, and therefore maximum water storage
capacity, may vary depending on the position on the slope. Soils at the upslope
extent of the active model landscape are much less than 100 cm in depth (John Bell
James Hutton Institute, pers. comm.). A second initial soil depth grid was produced,
in which soil depth increased with distance downslope, proportionally to change in
elevation (determined from the 1-m resolution topography grid). Soils at the top of
the slope were as shallow as 46 cm, whilst soils at the base of the slope reached 94
cm. This variation in 0 was used in the simulation MEMory_birniehill_D only.

Model output. —In addition to the output produced at the end of simulations of the
numerical model (described in Chapter 2, section 2.2.1), the model was set up to
record local water-table height and soil nutrient content at the base of the slope at the
end of each hydrological time-step (1800 seconds). Surface water runoff and surface
nutrient runoff that occurred at the base of the slope were also recorded at the end of
each hydrological time-step (1800 seconds).

4.2.3 Model runs and spatial data analysis

For simulations MEMory_birniehill_A-E, vegetation management events were
applied with similar extents, positions and timings to the real vegetation
management events that occurred within the study area during the period 1993-2011
(Table 4.1; Table 4.2). The first management event (the cutting of a firebreak in
1993) is applied in model year 300 (the end of the model spin-up period described in
section 4.2.1).
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The FRAGSTATS metrics, PLAND and CLUMPY, which were applied to the KAP
images (Chapter 3, section 3.3.4) were applied to spatial output of @, 5, , ®, k, T
from the model simulations reported in this chapter. Because FRAGSTATS metrics
require categorical data rather than continuous data, the spatial outputs of a, 8, , @,
x were placed into classes. Bins were selected for the spatial analysis of the
continuous variables through first comparing the distribution of values for equal
amount bins compared to bins based on interquartile range. It was decided to use
equal amount bins, with four exceptions to account for conditions where the results
of the above two binning methods differ greatly. For a and $, one bin was allocated
for bare ground (and equal amount bins of 15 years each were selected to represent
young plants, well-established plants and degenerate plants). For w and «, the
lowest water-table and soil hydraulic conductivity categories respectively were set as
larger than the other three bins, because of the rare occurrence of very low values of
o and x. ris already in categories 71, 72, 3.

As stated in section 3.3.4, PLAND (%) describes the proportion of the landscape in
each class type, and CLUMPY (-1 to 1) describes the spatial aggregation of each
class type, with a value of -1 representing maximum spatial disaggregation, a value
of 0 representing a spatially-random distribution and a value of 1 representing
maximum spatial aggregation. The PLAND and CLUMPY metrics were chosen to
allow quantitative comparison of the percentage cover and spatial distribution of
different classes of a, f3, , w, x and rat different times within simulations, between
different simulations and also to enable quantitative comparisons of the
MEMory_birniehill simulations and the field vegetation.

4.2.4 Results and discussion

The results of the simulations are discussed in terms of how the spatial output
compares to 2011 KAP images (described in Chapter 3), how additions to the model
affect the model output and how the spatial aggregation of plants and resources
change during and following a period of management events. Section 4.2.5 provides
additional analysis of the differences between the vegetation patterns produced and
random spatial distributions of plants of different ages.

Model predictions of Calluna plant age distributions in year 318 closely match the
age distribution of plants on the hillslope in 2011 (Figure 4.5). The percentage
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coverage of Calluna on Plots A and E in particular are very similar in the model
output and in the KAP images of the hillslope. The mean PLAND for Calluna for
Plot E from the aerial photographs was 93.97+2.97 %, and in the model output was
86.02 % for MEMory_birniehill_A, and 92.04 % for MEMory_birniehill_B.
However, the real-world features are much more small-scale than modelled features
(Figure 4.6). The cell-size 1-m x 1-m was chosen as the smallest spatial scale of
plant-soil process interactions the model was designed to represent. Based on field
observations and the aerial images, a 0.25 m x 0.25 m cell size may have been more
appropriate in this version of the model. Certainly, if other plant species were
incorporated into the model either a smaller cell size would be needed or the
percentage cover of each species within a cell would need to be represented.

Use of the p(m) function slightly overestimates plant death and p(mew) slightly
underestimates plant death. However, with both probability of mortality functions, a
wide range of plant ages (range of « = 0-38 years) are present in the model landscape
in the locations of Plot E and the other areas of the hillslope which had not been
burnt for more than 30 years on the real hillslope, which matches observations in the
field and suggests model representation of plant age dynamics is good. The model
predicts c. 23 % higher Calluna coverage for Plot C than was observed in the field,
which may be related to the lack of representation of other plant species in the model
because competition is greatest for Calluna during the 5-10 years following burning,
particularly if new growth is from seed (Gimingham, 1960). The harsh winter of
2009-2010 (Met Office, 2013), in which there was heavy snowfall, may have caused
plant death, and contributed to the slow regeneration of Calluna in Plot C.

The spatial distribution of plants within Plot A is similar to the distribution in the
model; in both the real and modelled worlds there are patches devoid of Calluna,
and the Calluna plants form a labyrinthine-like pattern (Figure 4.6; Diggle, 1981).
In Chapter 3, section 3.3.4.4, the utility of spatial metrics above and below the
percolation threshold was discussed. When the spatial metrics were applied to
plants other than Calluna (i.e. to Vaccinium and mosses), differences between plots
were more evident than when the metrics were applied to the Calluna class itself in
cases where Calluna cover was above the percolation threshold. The metrics used in
section 3.3.4.4 to describe non-Calluna areas were applied to the model output of
MEMory_birniehill_A for model year 318, after management events had been
applied representative of the events that occurred on the real hillslope between 1993
and 2010. In the model output, there are only two classes: Calluna > 0 years and
bare ground (described below as Calluna areas and non-Calluna area respectively).
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Figure 4.5 Surface Calluna plant age distribution predicted by the model for year
318 (a = 0, white; 1 < a <45 continuous shading) (top image). Note year 318 is the
year in which the 2011 burning event occurs; hence, the 2011 burn areas are
completely devoid of live surface plants. Methods of new plant growth, z
(dimensionless) (where 7 is re-growth of a plant from its rootstock; z is growth via
feeder roots from neighbouring plants, and z is growth from seed) (bottom image).
(MEMory_birniehill_A).
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Figure 4.6 Labyrinthine patterns in KAP image of Calluna in Plot A (white tile 30 cm x 30 cm), and in model output from year 318 of simulation
MEMory_birniehill_A (1 m? cell size) shown at different resolutions. Calluna is shaded grey; bare ground is white. The white arrow represents
direction of slope for the whole figure. The ground coverage of the images varies as indicated by the scale bars.
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Figures 4.7 and 4.8 show the LPI and COHESION values of the non-Calluna areas
(light grey columns) compared to the Calluna areas (dark grey columns) in the
model output. Values of LPI (%) and COHESION (%) of non-Calluna areas are
much larger in with-memory-no-burning output (iv) and no-memory-no-burning
output (vi) than expected from a random distribution of plant ages and bare ground
(vii). LPI and COHESION are relatively similar for Calluna for plots 12 years since
burning and no burning (Figure 4.7). However, LPI of non-Calluna areas is very
small in the no-burning plot compared to the 12-years-since-burning plot (Figure 4.7
bottom image) for a similar number of patches (Figure 4.7 top image). For the real
hillslope, LPI was lower for Vaccinium and mosses in Plot E (not burnt in the last 30
years) than Plot A (burnt 12 years ago). Non-Calluna areas in the no-burning plot
had much lower COHESION values compared to the non-Calluna areas in the 12
years since burning plot (Figure 4.8). Analysis of the aerial images also showed
lower COHESION values for Vaccinium in plot E than in the plot A, although for
mosses, COHESION was higher in plot E than in plot A.

The addition of vegetation cutting in the form of firebreaks increased the realism of
the surface predictions of Calluna plant distribution. Figure 4.5 (bottom image)
shows the methods of new growth of Calluna. The model predicts that the majority
of new growth in firebreaks is from seed, which reflects that # was high (plants were
largely old and beyond regenerating from rootstock) prior to the management event.
In the model output, the mean age of Calluna plants is lower in the firebreak
compared to in the 1999 burn area, as observed in the field. There are patches of
Calluna which extend across the firebreak and the spatial output of zshows plant
growth within the firebreak has originated from feeder roots of plants within the
burnt area (22 in Figure 4.5). Growth of Calluna in the firebreak because of the
presence of plants outside the firebreak could be viewed as a form of external
memory (sensu Bengstton et al., 2003) within the landscape, by which the presence
of neighbouring areas that have not been affected by a disturbance or have been less
severely affected, may aid the recovery of the more heavily disturbed area.

In the simulation using p(myew) More plants reach an older age, causing increases in
K. However, the 60-year soil memory used in the simulations leads to the weighted
plant-age dependent soil hydraulic conductivity, x being on average only 4% higher
in MEMory_birniehill_B than in MEMory_birniehill_C, leading to few notable
differences in the hydrological behaviours of the model in the simulations.
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Figure 4.7 Number of patches (top image) and largest patch index (%) (bottom
image) for Calluna class (dark grey) and non-Calluna class (light grey) for (i) plot
burnt 1 year previously, (ii) plot burnt 7 years previously, (iii) plot burnt 12 years

previously and (iv) plot not burned, within (v) the whole model output
(MEMory_birniehill_A year 318). LPI values for (vi) nmnb output and (vii) rand
output are also shown. The asterisk symbols (*) in the Calluna class columns of the
top image indicate that patch number is 1.
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Figure 4.8 COHESION for Calluna class (dark grey) and non-Calluna class (light
grey) for (i) plot burnt 1 year previously, (ii) plot burnt 7 years previously, (iii) plot
burnt 12 years previously and (iv) plot not burned, within (v) the whole model
output (MEMory_birniehill_A year 318). COHESION values for (vi) nmnb output
and (vii) rand output are also shown.

The management events cause short-term increases in local water-table heights both
at the base of the hillslope and across the hillslope as a whole (Figure 4.9). The
2006 event causes the sharpest increase in wand #, which relates to it being the
event with the largest spatial extent (26.5% of the hillslope is burned). The effect of
cutting alone is noticeable following the 1993 event even though only a 4.2% area of
the hillslope was cut, and the effect of burning alone is seen following the 1999
event; for all other events cutting occurs at the same time as burning. The 1993 and
1999 events show that cutting and burning both increase w. Local water-table
heights tend to peak 1-2 years after the burning event then decline, except when a
second management event occurs in quick succession (as in the case in 2011).
Because burning occurs on ecological time-steps, nutrient pulses and changes in
water-table height are observed in the initial hydrological time-steps of the year
following the management event, rather than in the year of the management itself.
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Figure 4.9 Mean water-table height, @ (cm), across the whole hillslope (black line)
and at the base of the hillslope (grey line) during a period of vegetation management
(MEMory_birniehill_D). The management events are those described in Table 4.2.
The 1993 event occurs in year 300. The arrows show the timings of the events.

The FRAGSTAT metrics PLAND and CLUMPY were used to look at the effect of
management events on the distributions and spatial aggregation of categories of a, £,
n, , kand t, and how long-lived, or otherwise, the changes were. They were applied
to spatial output from the year before management events begin (year 299), the year
of the 2011 management event (year 318) and two dates after the period of
management has ended (years 335 and 400).

The management events increase the spatial aggregation of plants of similar ages and
also the spatial aggregation of areas devoid of Calluna plants (Figure 4.10), which is
reflected in spatial differences in « (Figure 4.11). The spatial aggregation of older
plants increases and comes into line with the spatial aggregation of the other plant
ages with time after management. The percentage of plants of 30 years old and
above is much smaller than the other age classes, which may logically explain the
greater disaggregation of plants of >30 years old. At year 299, only 1.62% of the
above-ground Calluna plants are >30 years old. The percentage of older plants
reaches 4.64 % in year 400. PLAND for plants 30< /<45 nearly doubles from year
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Figure 4.10 Aggregation of different ages of above-ground Calluna plants, a
(years), and, a range of x values (cm s™) during a period of management by burning
and cutting. The management events are those described in Table 4.2. The
CLUMPY spatial metric, in which -1 is maximally disaggregated and 1 is maximally
aggregated has been applied to spatial output from years 299, 318, 335 and 400.
(MEMory_birniehill_A).
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Figure 4.11 Spatial output of x before management events (year 299), during
management events (years 318 and 335) and after management has ended (year 400).
k< 0.00125 cm s (lower three « categories in Figure 4.10) shaded grey; x>
0.00125 cm s™ shaded in black. Arrow points downslope.

299 to year 400 and the PLAND of « values reflects the changing percentage of
older Calluna plants (0.5% of x> 0.00125 in year 299, 4.36 % of x> 0.00125 in
year 400).

The distribution of high xvalues (x> 0.00125) shows large changes in spatial
aggregation between years 299, 318, 335 and 400 (Figure 4.10). The spatial output
of x (Figure 4.11) shows that in years 300 and 400, values of x> 0.00125 occur
across the hillslope. However, in year 318, values of x> 0.00125 do not occur in
areas affected by the 1993 and 1999 management events and are rare in areas
affected by the 2006 and 2010 events. In year 335, values of x> 0.00125 do not
occur in the area affected by the 2011 management events, but are now present in the
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areas which were burnt earlier in the simulation. High « values are spatially
disaggregated when a high proportion of the hillslope has low mean a and S
distributions following burning. The 1993, 1999, 2006 and 2010 management
events affect 57 % of the active model landscape, and the 2011 event, 21 % of the
active model landscape, and reduce the connectivity of areas that are not burnt
during the simulations, which are where the majority of high values of x are found.
Spatial aggregation of high x values increases as the « and f distributions of areas
which have undergone burning start to return to pre-management plant age
distributions (Figure 4.10).

The various categories of @ and # are more spatially aggregated prior to management
events than the various categories of o and j (Figure 4.12), which is expected
because water and nutrients are much more diffusive (laterally transportable) than o
and g. Further, position on the slope affects resource contributing area; more
resources may be expected at the base of the hillslope. Soil nutrient contents show a
similar pattern of change in spatial aggregation during years 299-400 to Calluna
plant age. The spatial aggregation of areas of low 5 and 0.0058<7<0.0059 g cm™
increases most during the period of management events. Spatial aggregation returns
to pre-management event values by year 400, of near-randomly distributed. The
highest water-table height category is maximally spatially aggregated at year 400.
However, in year 400, this category represents only two neighbouring cells. This is
noted here so that the graph is not interpreted as showing a large change in the
spatial aggregation of high local water-tables between years 335 and 400.

Overall, comparison of the model output and aerial images suggests that the model is
capable of providing a good representation of Calluna plant age. In addition, the
recovery times (c. 80-100 years) of the spatial distributions of plants and resources
seem plausible given the c. 30 year lifecycle of Calluna plants (Gimingham, 1960).
The comparison of model output and aerial images highlights that the cell size of 1
m x 1 m is coarse compared to the size of individual Calluna plants, and that use of
a smaller cell size should be investigated in future work with the model.
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Figure 4.12 Measure of aggregation of a range of local water-table heights, @ (cm),
and soil nutrient contents, # (g cm) during a period of management by burning and
cutting. The management events are those described in Table 4.2. The CLUMPY
spatial metric, in which -1 is maximally disaggregated and 1 is maximally
aggregated has been applied to spatial output from years 299, 318, 335 and 400.
(MEMory_birniehill_A). The outlier discussed in the text is circled.
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4.2.5 Assessing pattern in the model

Additional analysis, relevant to simulations in Chapter 2 and Chapter 4 was carried
out to demonstrate whether the model produces vegetation patterns that are
significantly different from random spatial distributions without memory. The
spatial outputs of above-ground plant age from the following runs were compared
with a random plant age distribution (rand; a random number grid of plants aged 0 to
45 years): (i) with memory and no burning (wmnb), (ii) with memory with burning
(wmwhb), (iii) with no memory and no burning (hmnb), and (iv) rand. The model set
up ‘MEMory birnichill A’ was used for runs (i) to (iii), with memory and burning
turned on or off as described above. Figures 4.13 to 4.16 show the results of
applying spatial metrics to describe percentage cover (PLAND), spatial aggregation
(CLUMPY), connectedness (COHESION) and patch shape (PAFRAC) of Calluna
plants of different ages, a (years), in the model output. There are 46 categories of a,
one category for each possible above-ground age of Calluna plant (0 to 45 years).

The percentages of different plant ages (PLAND) in the wmnb and nmnb spatial
outputs noticeably differ from the random spatial output (Figure 4.13). Unlike in
rand, there are no plants over the age of 36 years in the wmnb and nmnb spatial
model output used in the analysis, which reflects the high probability of mortality of
old Calluna plants (described in Chapter 2, section 2.2.2.2). Additionally, wmnb
runs have higher percentage covers of 7- to 12-year old plants, and lower percentage
covers of 15- to 18-year old plants and 23- to 25-year old plants compared to the
nmnb spatial output, which relates to the differences in the probability of mortality
functions used in runs with and without memory of plant age (section 2.2.2.2). With
memory, probability of plant mortality is plant-age dependent; with no memory,
probability of plant mortality is the same for plants of all ages.

Application of the CLUMPY spatial metric shows that in all runs the majority of
plants of the same age are (near-) randomly distributed (CLUMPY =~ 0) (Figure
4.14). Exceptions i.e. examples of non-random distributions, include some young
plants under the age of 12 in the wmwb output, which show the greatest spatial
aggregation of all plant ages and model setups. A greater spatial aggregation of
young plants of the same age is expected (and observed in the field) where burning
occurs, because burning is applied to spatially discrete areas. In the absence of
burning, there is no/limited spatial aggregation of plants of the same age. Instead,
plants of the same age are randomly distributed or spatially disaggregated. The
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Figure 4.13 Percentage landscape cover, PLAND (%) of bare ground (a = 0) and of
Calluna plants of the same above-ground age (1 to 45 years), for the following
model runs (i) wmwhb, (ii) wmnb, (iii) nmnb, and (iv) rand.
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Figure 4.14 Spatial aggregation of bare ground (a = 0) and of Calluna plants of the

same above-ground age (1 to 45 years) using the CLUMPY metric, for model runs

(i) wmwb, (ii) wmnb, (iii) nmnb, and (iv) rand. A value of -1 represents maximal

spatial disaggregation, a value of O represents the class being distributed randomly,
and a value of 1 represents maximal spatial aggregation.
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maximal spatial disaggregation of plants of some ages (circled in black in Figure
4.14), is an artefact of there being only one or two plants in each age group.

The COHESION metric indicates that the degree to which plants of the same age are
connected across the hillslope. In the random spatial output, COHESION varies
over a range of 0 to 17% (Figure 4.15). COHESION values for o in wmwb, wmnb
and nmnb outputs differ from rand in that cohesion of young plants is in general
higher than expected under a random distribution of above-ground Calluna plant
ages. COHESION is greatest for young plants in the wmwhb spatial output, for the
same reasons as outlined above in the description of the CLUMPY analysis; burning
resets the above-ground plant age of contiguous areas of surface cover.

Application of the PAFRAC metric to the model output of a showed that patch
shape in rand output was very variable and tend to cluster at the extremes of the
PAFRAC range (Figure 4.16). In contrast, the majority of PAFRAC values for
plants of 0 to 20 years old in the wmwb, wmnb and nmnb outputs form a loose
cluster of values centred on a PAFRAC value of ~1.7. Interestingly, very few of the
PAFRAC values are below 1.4 for the model outputs, which indicates patches of all
different age groups in general are relatively complex and convoluted in shape
compared to simple shapes. Wmwb shows the smallest range of PAFRAC values
for plants less than 12 years old, which expands to a wider range from 12 years
onwards (similar to the range of values for wmnb and nmnb for plants 0-12 years
old). Fitting linear or logarithmic trend lines (not shown in the figure) show there is
an overall slight decline in PAFRAC values with increase in plant age for wmwb,
nmnb and wmnb (in order of least to most decline in PAFRAC values) suggesting
patch shape perimeters are simpler/less convoluted for older plants. In contrast, for
rand, there is no clear direction of change in patch shape with increase in plant age.

The comparisons above show that model outputs for wmwb, wmnb, nmnb do differ
from a random distribution of plants. The addition of burning further increases the
spatial aggregation and cohesion of young Calluna plants relative to model runs in

which burning does not occur or to a random plant distribution.
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Figure 4.15 COHESION (0-100) of areas of bare ground (a = 0) and of Calluna
plants of the same above-ground age (1 to 45 years), for the following model runs (i)
wmwhb, (ii) wmnb, (iii) nmnb, and (iv) rand.
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Figure 4.16 Perimeter area fractal dimension index (1 > PAFRAC < 2) metric
applied to classes of Calluna above-ground plant age for the following model runs
(1) wmwhb, (ii) wmnb, (iii) nmnb, and (iv) rand.
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4.3 Vegetation management scenarios

4.3.1 Introduction and rationale

As shown in section 4.2, the ecohydrological consequences of burning differ
depending on the spatial extent of the area which undergoes burning and the age of
the vegetation at the time of burning. Burning for grouse rearing consists
predominately of numerous small-scale patches of burning carried out over short
time periods (< 5-year intervals) to produce, and then maintain, a patchwork of
Calluna stands of different ages (Yallop et al., 2006). Young Calluna stands
provide food for grouse and dense canopies of older Calluna plants provide shelter.
Where sheep grazing is the motivating factor for carrying out burning, large areas are
burnt to provide space and young plants for the sheep to feed on, on a much less
frequent basis than on grouse estates (once every 10 years or more frequently). It
seems likely that burning for grouse rearing and burning undertaken to improve
sheep grazing are likely to have different hydrological consequences. The numerical
model can be used to explore some of the hydrological consequences of different
spatial locations and extents of burning.

4.3.2 Grouse and sheep management burning scenarios

The details of the simulations carried out are listed in Table 4.1, and the spatial
layouts of the burning simulations for grouse and sheep are shown in Figure 4.2.
The model geometry and boundary conditions for the simulations were the same as
the MEMory_birniehill simulations (section 4.2.1).

The effects of orientation and spacing of burning area are explored through the
grouse simulations (MEMory_grouse_A, MEMory_grouse_B, MEMory_grouse_C,
in which areas of the same size and dimensions, but different orientations, are burnt
at 5-year intervals. Burning interval is kept constant to see whether the orientation
of burn area alone (rather than differences in timings of burning events) affects the
hillslope hydrological response. The size of area burnt in an individual management
event is 1959 m?. A more realistic pattern of grouse burning is also simulated
(MEMory_grouse_D); burning is applied at 5-year intervals.
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The effect of the location of management events on a hillslope is also explored
through the burning for sheep grazing simulations. The hillslope is divided into six
equal areas of 6059 m? which then undergo burning in three different orders.
Burning is applied at 5-year intervals like the grouse simulations
(MEMory_sheep_A-C) and at 10-year intervals (MEMory_sheep_D-F) which also
allows the effect of the temporal intensity of management events to be considered.

4.3.3 Results and discussion

Figure 4.17 shows changes in mean water-table height and surface runoff at the base
of the hillslope for the MEMory_grouse_A, B and C simulations. Figure 4.18 shows
changes in mean soil nutrient content and surface nutrient runoff for the grouse
simulations. The 2-year lag between the burning events and water-table response
relates to the timing of the burning event, which occurs at the end of an ecological
time-step, and the two year period over which soil hydraulic conductivity increases if
the below-ground component of the plant dies during the burning event (as described
in Chapter 2 section 2.2.4).

Burning has a large effect on water-table height. Despite identical times of burning
and extent of burning, the changes in @ that occur during the period of management
events differ markedly between the simulations. Relatively low mean water-table
heights and runoff occur in the simulation in which management events are the most
closely spaced (MEMory_grouse_C). The highest mean local water-table occurs in
the simulation in which burning is carried out in strips perpendicular to the slope
(MEMory_grouse_A). However, the high mean water-table relates to the position of
the burnt area on the slope, rather than the orientation of the burned strip. A large
fluctuation in mean w occurs in year 315 in MEMory_grouse_A, which is the year in
which a strip of land 20 m above the base of the slope is burnt, which suggests the
model output at the base of the slope is sensitive to burning events at the base of the
slope. The sheep simulations also suggest that the model output is sensitive to
burning events at the base of the slope (Figure 4.19-4.22). The first three
management events in MEMory_sheep_A are burning events on the top half of the
slope. Mean wacross the hillslope increases, which suggests that the increase in
hydraulic conductivity associated with root decay after burning has not been
sufficient to counter increases in water-table height caused by a combination of
precipitation, lower ET losses and any soil hydrophobicity associated with the
burning events.
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Figure 4.17 Mean water-table height, @ (cm) (black line), and mean surface water
runoff, R (cm) (grey line) at the base of the slope during a period of grouse
management events at 5-year intervals starting in year 300. Arrows indicate

management events. Circled arrows indicate events near the base of the slope.
Simulations shown are, from top image to bottom image: MEMory_grouse_A,
MEMory_grouse_B, MEMory_grouse_C.
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Figure 4.18 Mean soil nutrient content, # (g cm) (black line) and mean surface
nutrient runoff, NR (g cm™) (grey line) at the base of the slope during a period of
grouse management events at 5-year intervals starting in year 300. Arrows indicate
management events. Circled arrows indicate events near the base of the slope.
Simulations shown are, from top image to bottom image: MEMory_grouse_A,
MEMory_grouse_B, MEMory_grouse_C.
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By year 310 (the third management event) the soils at the base of the slope have
become saturated (MEMory_sheep_A). In contrast, in the MEMory_sheep_B
simulations, the first three management events occur at the base of the slope. Soils
at the base of the slope immediately become saturated. There is a stepped increase
in runoff with peaks the year after the management event. There is a gradual
decrease in local water table height, despite three management events on the upper
half of the slope.

The sheep grazing burning simulations have a greater effect on local higher water-
table levels and surface runoff than the grouse simulations, which was expected
given the size of areas burnt in the grazing simulations were c. 3 times larger than
those burnt in the grouse simulations. In the sheep simulations in which burning
occurs with the same frequency as the grouse management simulations, local water-
table heights do not return to pre-management levels between management events.
Where burning is carried out on 10-year intervals, water-table levels are lower than
in comparable simulations on 5-year burning intervals (Figure 4.19 and Figure 4.21).

Figure 4.23 shows mean x and mean ET across the hillslope as a whole on 5-year
and 10-year burning intervals. The high water tables in the recently burnt areas
relate to low hydraulic conductivity (including hydrophobic conditions) and to much
lower evaporation losses when large areas are plant-free following a burning event.
Mean soil hydraulic conductivity decreases throughout the period of management
events, which is related to the short intervals between burning events and the large
areas which undergo burning for improving land for sheep grazing. The 5-year
intervals between management events causes mean Calluna plant age to remain low
during the period of management, and once management events end, x is slow to
reach pre-management levels because of the 60-year soil memory in the numerical
model.

Comparison of the hydrological behaviour of the hillslope between the two sets of
sheep management events (5-year burning and 10-year burning) suggests that if a
farmer were to reduce the interval between burning, although there would be young,
fresh shoots for sheep available more frequently, water-table levels would likely be
higher and there would be a greater risk of surface runoff of water and nutrients.
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Figure 4.19 Mean water-table height, @ (cm) (black line) and mean surface water
runoff, R (cm) (grey line) at the base of the slope during a period of sheep
management events on 5-year intervals starting in year 300. Arrows indicate
management events. Circled arrows indicate events near the base of the slope. In
MEMory_sheep_B and MEMory_sheep_C simulations, the soils are saturated for
the whole period shown (black line at 100 cm).
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Figure 4.20 Mean soil nutrient content, 5 (g cm™) (black line) and mean surface
nutrient runoff, NR (g cm™) (grey line) at the base of the slope during a period of
sheep management events at 5-year intervals starting year 300. Arrows indicate
management events. Circled arrows indicate events near the base of the slope.
Simulations shown are, from top image to bottom image: MEMory_sheep_A,
MEMory_sheep_B, MEMory_sheep_C.
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Figure 4.21 Mean water-table height, @ (cm) (black line) and mean surface water
runoff, R (cm) (grey line) at the base of the slope during a period of sheep
management events at 10-year intervals starting year 300. Arrows indicate

management events. Circled arrows indicate events near the base of the slope.
Simulations shown are, from top image to bottom image: MEMory_sheep D,
MEMory_sheep_E, MEMory sheep F.
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Figure 4.22 Mean soil nutrient content, 5 (g cm™) (black line) and mean surface
nutrient runoff, NR (g cm™) (grey line) at the base of the slope during a period of
sheep management events at 10-year intervals starting in year 300. Arrows indicate
management events. Circled arrows indicate events near the base of the slope.
Simulations shown are, from top image to bottom image: MEMory_sheep D,
MEMory_sheep_E, MEMory_sheep_F.
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Figure 4.23 Mean « (cm s™) (top image) and mean ET (cm s™) (bottom image) for a
period of sheep management events with burning on 5-year intervals (black line;
MEMory_sheep_C) and burning on 10-year intervals (grey line; MEMory_sheep_F).
Arrows indicate timing of management events. Events indicated by black arrows
occur in simulation MEMory_sheep_C only.
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Recently burnt areas were expected to show higher than average soil nutrient
contents. However, in all simulations, the recently burnt sections of the hillslope
show very low soil nutrient content. Figure 4.24 shows the spatial distribution of soil
nutrients in year 335, five years after a burning event (MEMory_sheep_B). The
most recently burnt area is the bottom centre of the slope, which has a lower soil
nutrient content than the surrounding hillslope.

The low soil nutrient contents following burning is an artefact of how the model
conceptualises mixing of water and nutrients, and of the timing of loss of excess
water (and the nutrients mixed in with the water) from the model hillslope. In all
three sets of simulations the soils are near or at saturation. When precipitation
occurs during the year, the rain falling is able to mix with the soil water i.e. water is
allowed to enter already saturated soil. As stated in Chapter 2 (section 2.2.2.3), the
numerical model assumes equal mixing of water and nutrients within the soil.
Mixing of soil and nutrients occurs before excess water (and the nutrients that have
mixed with it) is lost from the model (according to the model’s very simple
representation of fast surface runoff). Water-table height and soil nutrient content
vary with change in ET losses; low ET post-burning because of lack of surface plant
cover allows more rain water to mix with the soil nutrients (Figure 4.23). The
nutrient contents at the base of the slope were lower for the sheep management
simulations than the grouse management simulations because larger areas were burnt
in the sheep simulations, releasing more nutrients into the soil which were then lost
from the model in heavy precipitation events when the soil was (near-) saturated.

Despite the artefact of the model, soil nutrient content and surface nutrient runoff at
the base of the slope are still clearly linked to the nature of the management events.
The simulations demonstrate that burning can have large effects on hydrological
conditions, which differ according to the areal extent of the burning, the position of
burning on the hillslope and the recurrence interval of burning. Figure 4.25 shows
spatial variation in « at year 335 in the most realistic grouse burning simulation and
in MEMory_sheep_B. The spatial output suggests that spatial variations in « and in
ET that develop during periods of management are likely to play an important part in
the movement of nutrients through the slope following burning, once the artefact of
allowing water to enter already saturated soil has been removed.
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Figure 4.24 Soil nutrient content, 7 (g cm™) at year 335, 5 years after the last
burning event (MEMory_sheep_B, 5-year burning).
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Figure 4.25 Weighted plant-age dependent soil hydraulic conductivity, x (cm s™) at
year 335, 10 years after the last grouse burning event (top image;
MEMory_grouse_D) and 10 years after the last sheep burning event (bottom image;
MEMory_sheep_A).
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4.4 Modelling moorland hillslopes

Numerical models can be useful tools for exploring how natural patterns and
patterns imposed by vegetation management practices may affect the
ecohydrological behaviours of ecosystems. The work presented in this thesis outlines
the first developmental steps of a new type of moorland hillslope model, the main
features of which are memory of Calluna plant age and soil memory, which reflects
a belief that knowledge of the ecohydrological history of the hillslope (past patterns
and processes) may increase the predictability of hillslope behaviour (e.g. White,
1979; Baird, 2013).

In this chapter, the model has been applied to simulate management events of
different spatial extents and intensities. The simulations demonstrate that burning
may have large effects on hydrological conditions, and that certain characteristics of
management increase these effects. The findings suggest that a catchment in which
there is more burning compared to a catchment in which there is less burning (all
other things being equal) would be likely to have higher water-tables and higher
volumes of surface runoff during the period of vegetation management. A change
from burning areas in the midslope to burning areas at the base of the slope may
cause higher volumes of surface runoff and nutrient loss than burning higher up on
the hillslope if the base of the slope is at or near saturation. Another important
finding is the differences in the behaviour of the water-table in between burning
events. All other things being equal, the larger the area burnt and the more frequent
the burning, the lower the chance of returning to pre-management water-table
heights and volumes of surface runoff during the period of management. Each of
these predictions of the model could be tested in the field, on a range of slope
gradients and soil types, with the model set up to reflect the characteristics of the
hillslopes chosen and the management events applied. There would be merit in
testing these predictions in the field because farmers may consider increasing the
area of hillslope they burn or decreasing the interval between burning events to
improve land for grazing, which could increase nutrient loss from the soils.

Comparison of the model output to field observations has been a positive way of
identifying the next development steps of the model. Future development of the
model could be approached through the development of the individual submodels.
Aspects of model development specific to moorland hillslopes are listed below;
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aspects of model development which are relevant to the wider study of
ecohydrological systems are discussed in Chapter 5.

4.4.1 Hydrological and hydrophysical properties submodels

The development of the K functions presented in the thesis should be high on the
agenda for future work concerning the model. The effects on plants on soil structure
have received little attention thus far, and research in this area may provide highly
useful insights into the hydrological behaviours of moorland hillslopes. More
extensive field study of spatial variability of pore-size distributions, and also
measurements of hydraulic conductivity, for areas with different Calluna plant-age
distributions are needed. In addition, sensitivity analysis of more extreme functions
that describe the effect of plants on soil hydraulic conductivity may prove useful
which can be tested in the field.

The simulations show variability in hydrological conditions with the current
relatively simple conceptualisation of water flow. There are many other potential
causes of variability in soil structure, which may cause burning to have greater or
lesser effects on the hydrological behaviour of the hillslope than the model currently
predicts. Representation of non-Darian water flow through macropores or soil pipes
(Holden et al., 2012a) could be pursued as part of the hydrological submodel as well
as, or in combination with, the development of K functions. The representation of
hydrology affects the residence time of nutrients in the hillslope, as shown in the
simulations. Research on the processes that control the transport of solutes and
sediment to streams has been carried out in upland areas of the UK (e.g. Chapman
and Edwards, 2001) and could be used to direct improvements in the representation
of nutrient transport in the model.

4.4.2 Topography submodel

It may be advantageous to extend the topographic model beyond the existing
consideration of slope and microtopography to consider subsurface topography and
soil depth. In non-moorland environments, subsurface topography has been found to
have an important role in water routing and water storage (e.g. Freer et al., 2002;
Tromp-van Meerveld and MacDonnell, 2006), and as such is worth investigating in
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moorlands. A further advance could be to develop a soil erosion submodel for
moorland hillslopes (section 5.2.3). Soil erosion may occur following burning,
particularly during heavy precipitation events because there will be little to no
vegetation to stabilise the soil (although there may be a post-burn surface crust;
Belnap et al., 2001). Sheep grazing could also increase erosion on recently-burnt
plots. Given soil loss, the amount of nutrients lost following management events
may be much higher than currently represented by the model and may affect water
colour and quality downstream (Holden et al., 2012D).

4.4.3 Ecological submodel

The simulations suggest that the current representation of Calluna plant age
dynamics in the model is good. However, the cell size of 1-m x 1-m is too coarse,
The next useful step in the development of the ecological submodel would be
introduction of a second plant species, for example one known to replace Calluna
when moorland is burnt too frequently, such as Molinia caerulea (L.) (Heil and
Bruggink, 1987; Aerts, 1989) or a tree species such as Birch (Betula pubescens
Ehrh) which may regenerate on moorland in the absence of management events (see
description of work by Mitchell et al., 2007 in Chapter 5 section 5.2.1). For any new
plant species added to the model, the same process of considering the plant
dynamics in terms of probability of mortality, nutrient uptake and release, effect on
ET and effect on soil structure. Beyond the current interactions represented in the
model, intra- and inter-species competition for resources (nutrients, water, and
space) are the next important considerations. Differences in interception by the
above-ground component of the plants could contribute to a description of above-
ground competition for resources (Aerts et al., 1990). Plant root structure and
rooting depth may be important factors in determining whether different plant
species were in direct competition for subsurface resources, including space for plant
growth (Berendse, 1979; Bartelheimer et al., 2010).

4.4.4 Vegetation management submodel

Grazing and trampling (Hester and Baillie, 1998) are further causes of spatial
patterning on moorland hillslopes, which are likely to have different spatial
implications for hillslope (eco)hydrology compared to the effects of burning because
soil compaction, erosion and water flow mainly occur along sheep tracks diagonal
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and perpendicular to the slope (Nguyen et al., 1998; Betteridge et al., 1999). Work
by Ziegler et al. (2004) and Zimmermann et al. (2006) suggests that the effects of
grazing on subsurface hydraulic conductivity are relatively long lasting. In a study
of the effects of vegetation management practices on soil properties and runoff
generation in the Amazon Basin, Zimmermann et al. (2006) found soil properties
associated with cattle grazing 10 years after grazing had ceased and teak (Tectona
grandis) had been planted, which they attribute to soil memory. Grazing, in
combination with burning can also promote the replacement of Calluna with grass
species (Yallop et al., 2006). The conceptualisation of the spatial patterns of grazing
of sheep and of deer is likely to be quite complicated but would be aided by existing
observational studies, such as Hester and Baillie’s (1998) work on patterns of
Calluna utilization by sheep and deer. As well as findings related to grazing, such as
the rapid decline in Calluna utilization with distance from grass, their work also
highlighted that trampling may cause more damage to Calluna and soils than
grazing, particularly on sloping ground.

4.5 Conclusions

In this chapter, the numerical model has been used to investigate how well the model
reproduces patterns observed in the field through the MEMory_birniehill
simulations, and the model has been used to investigate possible effects of burning
on hillslope hydrological behaviour through the MEMory_grouse and
MEMory_sheep simulations. Good resemblance of the model output to data from
the field (reported in Chapter 3) provides further support for the model’s
representation of Calluna plant age dynamics. The model predicts that the
hydrological implications of burning are affected by the size, position and intensity
of burning (the latter in terms of the recurrence interval of burning) — predictions
which could be used to inform monitoring and experimentation in the field.



-192 -

Chapter 5
Conclusions and forward look

In this, the final chapter, the success of the thesis in addressing the aim and
objectives outlined in Chapter 1 is assessed, and areas for future work are discussed.
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5.1 Success of thesis in achieving aim and objectives

The overall aim of this thesis was to develop a new model of the ecohydrological
behaviours of moorland hillslopes, which explicitly considers the role of surface and
subsurface pattern in hillslope hydrological response. To address the thesis aim, an
iterative process of modelling and field work was adopted. A conceptual model and
a numerical implementation of the model were developed based on existing data and
observations, and a detailed description of the model was presented in Chapter 2. A
combination of fieldwork and laboratory work was carried out to test the
assumptions of the model and the results of this work were presented in Chapter 3.
Data from investigations in the field and laboratory were used to inform further
model development, which was described in Chapter 4. In Chapter 4, the model was
applied to simulate a real hillslope and model simulations were carried out with
more realistic scenarios of vegetation management. This final chapter aims to
summarise key findings of the research with respect to the aim and objectives set out
in Chapter 1, and to provide suggestions of the directions in which future research
could go.

5.1.1 Development of a new model of moorland hillslopes, MEMory

A CAS approach was successfully used to structure the conceptual model to meet
the requirements identified in Chapter 1 for a spatiotemporal model of moorland
hillslope behaviour. The model produced is a type of three-dimensional model; it
has a two-dimensional spatial grid (x, y axes) and a temporal dimension - memory of
past conditions (z axis). Cells can be assigned strong memory (sensu Alonzo-Sanz
and Martin, 2004) which influences the behaviour of the modelled hillslope, as
demonstrated in Chapter 2 through comparison of ‘with-memory’ and ‘no-memory’
simulations.

The model that was developed combines aspects of existing ecological models
(memory effects of dominant species, plant effects on evapotranspiration, root
system development and nutrient cycling between plants and the soil) and aspects of
temperate hillslope models (microtopography, soil hydraulic conductivity affecting
local water-table height). The assumptions, simplifications and limitations of
aspects of the model were discussed in chapters 2 and 4, along with discussion of
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future and potential additions to the model, with focus on future representation of
plant stress and vertical variations in soil properties. MEMory extends existing
moorland models by adding a spatial dimension to the effect of plants on their local
surroundings. MEMory also considers the hydrological and soil hydrophysical
implications of surface and subsurface patterns and vegetation management events.

The model introduces concepts of memory of plant age from the wider ecological
literature (similar to the modelling of the effects of trees by Hendry and McGlade
(1995), and the findings of Phillips and Marion (2004) and Mitchell et al. (2007)).
A unique aspect of MEMory compared to existing models of moorland hillslopes is
the inclusion of memory of Calluna plant age. The relationships which describe
changes in soil hydraulic conductivity, soil nutrient content and local water-table
heights are all partially dependent on Calluna plant age, and are of real importance
to model behaviour (as demonstrated in the step-wise addition of plants and memory
of plant age in the simulations reported in Chapter 2).

The numerical model reproduces recognisable aspects of Calluna plant-age
distributions both in the absence and occurrence of moorland management events.
The characteristics of Calluna plants in the model output differed from
characteristics expected of random distributions (Chapter 4). The model output
shows surface and subsurface heterogeneity but does not predict pattern in steady-
state, which matches observations made in the field. When burning occurs, short-
lived patterns emerge in the model as seen at the real study hillslope. The model
suggests that burning may have large effects on the hydrological behaviour of
moorland hillslopes. The simulations of burning management events representative
of burning on grouse estates and burning to improve grazing land for sheep reported
in Chapter 4 point to the importance of the timing and position of burning on the
slope in determining hydrological response. The model shows the need for a
genuinely ecohydrological approach to studying moorland hillslopes which undergo
burning.

The model considers spatial variations in soil hydraulic conductivity, an aspect of
hillslope hydrology which is well known to affect hillslope hydrological response to
rainfall (Binley et al., 1989), but is not always included in hydrological models. The
model considers two causes of variation in soil hydraulic conductivity — plant root
development and plant root decay — which are rarely conceptualised in numerical
models, but are referred to in field studies (e.g. Clay et al., 2009). Plant root
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development and decay are suggested as causes of local variations in soil hydraulic
conductivity over time. The soil hydraulic conductivity function used was
empirically- and theoretically informed and the study provides some field and
laboratory evidence of significant differences in VWC and pore-size distributions
under Calluna plants of different age distributions, which support the model’s
assumptions of the effects of Calluna plants on soil structure. The soil hydraulic
conductivity function used in the model is a starting point for considering the effects
of Calluna plants on the hydraulic properties of moorland soils. No suggestion is
intended that plant-induced change in soil hydraulic conductivity is the only or the
most important cause of variation in hydraulic conductivity (see section 5.2.1). The
intention was to acknowledge this likely source of spatial variability and to prompt
future studies on how much variability in soil hydraulic conductivity could be
explained by plant-induced changes in soil structure. Further field investigations are
required because the causes of the variation in VWC and pore-size distribution were
not determined. Future incorporation of vertical variation in soil properties such as
hydraulic conductivity and drainable porosity in MEMory was also identified as
potentially very important for modelling water and nutrient movement through
moorland hillslope soils.

The conceptual model meets the objective of providing a framework for combining
available, yet previously separately-analysed, data on moorland ecology and
temperate hillslope hydrology (Objective (i) Chapter 1). The conceptual model was
also used to develop a numerical model (reported in Chapter 2) and to guide data
collection in the field (reported in Chapter 3). George E. P. Box famously said

“essentially, all models are wrong, but some are useful” (Box and Draper, 1987)

Like all computer models, the numerical model developed as part of this thesis
provides a simplification of reality; the model is ‘wrong’, but is it useful? The
conceptualisations of Calluna plant age dynamics produced recognisable aspects of
Calluna distributions and plausible surface and subsurface properties, which
suggests that the model may be capturing some essential features of the real system.
Future work on cell resolution will be carried out to better match the scale of
features observed in the field. The simulations carried out using the numerical
model have provided predictions on the hydrological effects of burning which could
be tested in the field. There is the capacity for expansion of each of the submodels
by a step-wise increase in submodel complexity (in a similar manner to that carried
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out in Chapter 2) and for further links between submodels to be incorporated. There
is also capacity for use of aspects of the model in other hydroclimates and/or
ecosystems (discussed below). Given these attributes, MEMory has the capacity to
be a useful ecohydrological model both for the future study of moorland hillslopes
and for research work in other ecohydrological systems.

5.1.2 Investigating pattern in the field and laboratory

Field monitoring campaigns were carried out on a moorland hillslope to gain data on
surface and subsurface properties, which were used to test the assumptions of the
conceptual and numerical models. Monitoring plots were located on areas that had
undergone burning at different times, and which, as a result, had different Calluna
plant-age distributions, to see whether (and how) the effects of Calluna plants on
soil structure change with plant age.

The results of this study suggest that Calluna plant-age distributions and time since
burning have significant effects on the VWC and pore-size distribution of the soil.
Pore-size distributions of soils collected in the field indicated that for 12 years and
> 30 years since burning, hydraulic conductivity was high relative to 1.5 years since
burning. Plot type (time since burning) was a significant factor in explaining
differences in VWC. Variability in VWC and soil pore-size distributions between
plots indicates that it would be inappropriate to describe the hillslope using a single
value of hydraulic conductivity. As described in Chapter 2, the move from use of a
single value of hydraulic conductivity in model simulations to addition of spatial
variability of hydraulic conductivity and soil memory affected the hydrological
behaviour of the model hillslope and contributed to plausible variability in water-
table heights and soil nutrient contents. As such, the field data and the model both
provide support for continued efforts to develop spatial functions of variability in
soil hydraulic conductivity (e.g. Baird et al., 2011; Morris et al., 2011).

As stated in Chapter 3, study of the pore-size distribution of the soils of the study
area would have benefited from determining soil water retention at lower pressure
heads (< 10 cm) to account for the role of macropores in draining the soil (Watson
and Luxmoore, 1986; Beven and Germann, 1982). Further, only near-surface soils
(< 12 cm depth) were collected, so change in soil properties with depth (an important
aspect of soil hydraulic conductivity in peat soils in particular) could not be
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determined. With hindsight, direct measurement of soil hydraulic conductivity in
the field could have been carried out using a tension infiltrometer (e.g. Holden,
2009) rather than only using pore-size distributions to indicate the drainage
characteristics of the soils. Additionally, a spatial arrangement of water-table level
monitoring wells or tubes in transects down the hillslope, similar to the set up used
by Holden (2005), could have provided useful information with which to test model
predictions on change in local water-table height during precipitation events.

In this study, the effects of different spatial intensities of burning — in terms of the
proportion of the hillslope that undergoes burning and the spacing between burning
areas — were investigated through model simulations, reported in Chapter 4. The
temporal intensity of vegetation management can affect moorland hillslope
hydrology, as shown in a long-term experimental studies conducted at the Hard Hill
plots within Moor House National Nature Reserve, in the North Pennines, UK. The
experiment was set up in 1954 and different plots underwent burning on 10-year and
20-year intervals. The plots burnt every 10 years display higher local water-table
heights than plots burnt every 20 years (Worrall et al., 2007). The simplified
simulations of different burning intervals reported in Chapter 2 display similar
trends. It would be useful to collect data from lightly-managed and more heavily-
managed sites than the hillslopes of Glensaugh Research Station.

The nutrient content of soil cores collected was not determined so the model
assumption of changes in soil nutrient content with time since burning and in plots
of different Calluna plant-age distributions could not be tested. Nevertheless, work
by Allen (1964) and Forgeard and Frenot (1996) suggest that short-lived nutrient
pulses occur on plant burning. A recent study of nutrient concentrations in peatland
soils at Moor House National Nature Reserve by Savage (2011) found no significant
increase in nutrient concentration 2 years after burning, but no measurements were
made within the first 2 years after burning when MEMory assumes the majority of
nutrient addition to the soil occurs. Given current knowledge and understanding, the
model representation of release of nutrients following burning is plausible.

5.1.3 Application of the numerical model to a real hillslope

The numerical model was applied to simulate a real moorland hillslope, Birnie Hill.
Vegetation management events, burning and cutting of firebreaks, were applied
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within the model simulations on the timescales that the events took place on the real
hillslope and led to the plausible surface spatial output mentioned in section 5.1.1.

The sheep and grouse simulations carried out in Chapter 4 demonstrate possible,
plausible implications of burning area size and burning frequency (both of which
vary depending on the reason for burning) for surface runoff generation and loss of
nutrients. The position of burning areas relative to the base of the slope and the
orientation of firebreaks relative to the direction of slope also affect runoff
generation at the base of the slope. In the current version of the model, all surface
runoff is routed downslope within the hydrological time-step and water cannot re-
enter the soil at any point. The simulations of Birnie Hill in Chapter 4 demonstrated
that the representation of infiltration may be a useful addition to the MEMory code.
Differences in infiltrability may be expected with time since burning, in particular
where fire causes short-lived soil hydrophobicity (e.g. MacDonald and Huffman,
2004). It would be useful to consider the rainfall intensities that would exceed the
infiltrability of plots at different times since burning particularly because surface
runoff (overland flow) generated on recently-burnt soils of low infiltrability may run
onto downslope areas of higher infiltrability, and may in reality infiltrate into the
soil. If this were the case, it can be envisaged that vegetation downslope of the burnt
area may act as a buffer zone, which reduces overall loss of water and nutrients from
the hillslope through water and nutrient storage in the buffer zone. As such, burning
could be carried out which minimises runoff at the base of the slope by orientating
burn areas perpendicular to the slope and on the midslope rather than at the hillslope
base.

The possible inclusion of grazing in the model has already been discussed in Chapter
4. Drain cutting and blocking (Holden et al., 2007) are further aspect of peatland
and moorland hillslope management which could be investigated using MEMory.
The effect of the spacing and width of drains, and their orientation in relation to the
slope and other features in the landscape could be investigated using MEMory, in a
similar manner to the way in which burning for grouse and sheep management was
reported in Chapter 4. Spatial predictions generated by the model under different
scenarios of drain cutting and blocking for a range of slope of different gradients and
soil types, could then be tested in the field.
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5.2 Forward look

The work presented in this thesis has application beyond the study of moorland
hillslopes. From the findings of this thesis, areas of importance include advancing
the study of subsurface patterns, recognising that ecohydrological patterns may relate
to geomorphic processes, and considering memory effects during and beyond the life
time of plants in other ecosystems or hydroclimates.

5.2.1 Memory effects of dominant plant species

Memory of plant age and plant-specific effects on soil properties could be a useful
component of ecohydrological models for a range of non-moorland and non-
temperate environments. The effect of a plant on aspects of its local environment,
such as soil nutrient content, soil structure, soil fauna and depth of organic horizon,
may change as the plant ages. In some ecosystems, a single plant species may have a
large effect on how the ecosystem functions. Mitchell et al. (2007) report results of
a long-term study of the effect of planting Birch on moorland and of later removing
the Birch and replanting Callluna. Planting of Birch led to changes (relative to
Calluna) in soil chemistry (greater concentrations of available phosphorus and
mineralised nitrogen), decomposition rates (increased), soil depth (decreased) and in
soil fauna and plant species composition (different proportions of species were
found above and below ground). Memory effects of the Birch were still evident in
the soil chemistry 20 years after the trees had been removed. In a study of the effect
of trees on soil morphology in the Ouachita Mountains, Arkansas, Phillips and
Marion (2004) suggest that changes in soil morphology caused by individual trees
may start a self-reinforcing cycle by which repeated generations of trees develop in
the modified soils created by previous trees. In MEMory, functions of plant
mortality, plant establishment and regeneration, plant nutrient uptake and release,
plant effect on soil structure were developed for Calluna. Conceptualising the
effects of dominant plant species in resource-limited environments such as arid and
semi-arid zones could be extended to consider the effect of environmental stresses
on the plant (limited water or nutrient availability) with age, in addition to
management practices which alter its spatial distribution, age distribution and/or
spatial coverage (Schwinning et al., 2004). It would be interesting to see if, and how
long for, memory effects of dominant species persist when there is more than one
species present and/or there are periods of limited resource availability.
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5.2.2 Modelling subsurface patterns, processes and memory

Numerical models could play a much greater role in the study of subsurface patterns
and processes than at present. It is clear from the hydrological literature that spatial
variations in soil hydraulic conductivity can occur across hillslopes and within soils
of the same type, and as such, that spatial soil hydraulic conductivity functions need
to be developed and tested. It is clear from the ecohydrological literature that
models of hillslope hydrological response need to consider how plants may affect
soil structure and water flow. Knowledge of plant rooting characteristics such as
rooting depth and seasonal root growth and senescence could be used to inform
functions of functional macroporosity (sensu Holden, 2005). MEMory demonstrates
that an iterative process of fieldwork and modelling can be used to test assumptions
about the uniformity or variability of subsurface properties. A single potential cause
of variability in soil hydraulic conductivity was modelled and field and laboratory
work was carried out to test the function of hydraulic conductivity developed. The
process needs to be extended so that multiple functions, each of which describe a
different potential cause of variation in hydraulic conductivity, are developed and
tested, individually and collectively using numerical models, the predictions of
which can form the basis of measurement campaigns in the field.

The literature on soil memory (Hendry and McGlade, 1995; Callaghan et al., 2009)
and on peat development (Belyea and Baird, 2006; Baird, 2013) points to the
importance of considering lags in the response times of soils to change, and likely
surface-subsurface mismatches as a result. There is a place for memory-based
models such as MEMory to allow variability, which might relate to the history of the
hillslope, to develop. Memory-based models are particularly relevant to peat soils
because differences in underlying topography and associated drainage conditions and
plant species may result in different characteristics of the peat deposits (Holden,
2005; Morris, 2011). In semi-arid environments, banded vegetation patterns have
been observed in areas of different plant species and soil types (Rietkerk and van de
Koppel, 2008). It would be interesting to develop memory-based models for a range
of soil types with different lengths of soil memory.

In systems which display memory effects, the type, intensity and duration of land use
needs to be considered if predictions are to be made about the current or future
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hydrological behaviour of the ecosystem. Ideally, in field experiments, soil
properties would be measured at fixed intervals prior to, during and after a period of
management. The ‘space-for-time’ substitution approach (chronosequences)
adopted in this study to look at the effects of time since burning is useful to an extent
if it is possible to minimise differences in ecohydrological setting.

5.2.3 Ecogeomorphology

The influence of ecohydrological processes is increasingly being researched in
relation to vegetation patterning and land use changes (e.g. Dupouey et al., 2002;
Hornmann et al., 2005) with some consideration of the effects of plants on soil
hydraulic properties (e.g. Hallett et al., 2001; Zimmermann et al., 2006). However,
important geomorphic processes and links between ecological, hydrological and
geomorphic processes are often ignored (John Wainwright, University of Durham,
pers. comm.).

Ecogeomorphology (sensu Wainwright, 2013) describes the effects of plants on
geomorphic processes and how geomorphic processes affect plant cover. Some
surface patterns cannot be explained by ecohydrological processes alone. For
example, banded vegetation patterning in arid and semi-arid regions has been the
subject of a number of ecohydrological studies (e.g. Rietkerk et al., 2002).
Understanding of how the bands form has more recently been improved by
considering erosion-deposition processes which alter topography, and subsequently
affect soil moisture distributions (Saco et al., 2007). The RASCAL model of Larsen
and Harvey (2011) is an example of an ecogeormophological model, which the
authors use to explore how feedbacks between ecological and geomorphic processes
affect patterning in wetlands and on floodplains. The ecogeomorphic feedbacks
conceptualized in the model improve predictions of channel form, and are used to
consider the viability of different restoration approaches. Some moorland and peat
soils are susceptible to erosion, especially if burnt too frequently or overgrazed
(Grieve et al., 1995; Bragg and Tallis, 2001). Although MEMory represents
topography and plants as factors which may affect water flowpaths, there is currently
no link between the ecological and topographic submodels. A combination of
modelling surface runoff and runon, and erosional feedbacks could give further
insight into whether and how losses of nutrients and soil could be minimised through
strategic vegetation management for a range of soil types and hydroclimates
including moorlands, peatlands, arid and semi-arid environments.
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5.3 Concluding statement

This thesis reports the start of the development of the ecohydrological model,
MEMory. The thesis demonstrates the power of a conceptual model as a tool for
understanding how a system works. The numerical model has already produced
some interesting results and has provided predictions of the effects of burning on
hillslope hydrological response which can be tested in the field as part of the future
modelling of the ecohydrology of moorland hillslopes.
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Appendix A
MEMory model code



function [ MEMory ] = memory model (iterations, columns, rows, spinup, soilmemory, precipitation, krange, burning,
burn interval)

% Description. MEMory is a two-dimensional numerical model of ecohydrological processes on moorland hillslopes, in
which a third dimension (memory of past events) can be turned on or off, and the length of memory can be varied.

o

Input files. The initial conditions of the model arrays are set in 'IC MEMory.xls' and read into MATLAB.

o

Code description. Language: MATLAB R2010a

% Function [MEMory] description.

% spinup. 1 = spinup from initial conditions, 2 = uses output from previous runs.

% soilmemory. 1 = no soil memory, 2 = soil memory

% precipitation. 1 = constant precipitation, 2 = variable precipitation

% krange. 1 = factor 2 difference in k, 2 = factor 10 difference in k,where k is plant age-dependent soil hydraulic
conductivity

% burning. 1 = no burning, 2 = burning

% burn _interval. specify number of years between burning events

% figure. 1 = don't save data for figures, 2 = save data for figures.

% cva % Age of above-ground component of plant, years
% cvb % Age of below-ground component of plant, years

o\

% cva on death

_on_ Above-ground age on plant death, years
% cvb _on death

Below-ground age on plant death, years

o\

% cvu % Plant nutrient uptake, g cm-2 s-1

% c_cvu % Cumulative nutrient content of cell, g cm-2
$ wt % Local water-table height, cm

% sdn % Soil nutrient content, g cm-2
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% k % Soil hydraulic conductivity, cm s-1
% h % Topographic elevation, cm

dx = 100; % Spatial step, cm

dte = 31536000; % Ecological timestep, s

o

ets = dte/dt;

P = 0.000003171;

meanET = 0.000000951300;
Nin = 0.001585;

meanpm = 0.2;

mean cvu = 2.11E-10;
average np = 0.0210946313;
basek = 0.001;

Hydrological timesteps per ecological timestep
Precipitation, cm s-1

Evapotranspiration, cm s-1

Atmospheric nutrient input, g cm-2 s-1

Mean probability of plant mortality

Mean plant nutrient uptake, g cm-2 s-1

Average net production, g cm-2 yr-1

k for a chosen soil type, cm s-1

o 0© 0 0P o o

oe

k hp = 0.0001; % Hydrophobic soil's k value, cm s-1
dp = 0.4; % Soil drainable porosity, 0-1
% Hydrological timestep for k ranges, s
if (krange == 1);
dt = 1800;
elseif (krange == 2);
dt= 600;
end

% Time period before management, years

if (spinup == 1);
delay = 9999999;
elseif (spinup == 2);
if (burning == 1);
delay = 999999;
elseif (burning ==2);
delay = 0;
end
end

% Soil hydrophobicity
= 0.2; % Probability of soils becoming hydrophobic after burn, 0-1

- 228 -



% State whether soil memory is turned off (0) or on (1), and specify length of soil memory.

if (soilmemory == 1);
n=1;
elseif (soilmemory == 2);

n= 60; % Number of past ecological iterations remembered, years
end

% Nutrient allocation to above-ground and below-ground components of plants
allocate cva = 0.77; % Proportion of nutrients allocated to above-ground component of plant, 0-1
allocate cvb = 0.23; % Proportion of nutrients allocated to below-ground component of plant,0-1

$Burning
number of burns = 1; % Number of burning events which have occurred at the start of the model run.
endofburning = 130; % Year beyond which no more burning occurs

% Specify cell values of boundary cells and active cells

activation = dlmread ('grs activation.ascii');
off = -9999;

on = 1;

diri = 2; % Dirichlet boundary condition

[

neu = 3; % Neumann boundary condition
% Number of active cells
active cells = 0;
for x=l:columns;
for y=l:rows;
if (activation (x,y) > off);
active cells = active cells + 1;
end
end
end
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% Section 3.0 Data input; memory management;

o°

3.1 Allocate memory to arrays.

dx2 = dx*dx;

dxdt = dx*dt;

dxdxdt = dx*dx*dt;
Nindx2dt=Nin*dx*dx*dt;
left to centre= zeros (columns,rows);

centre to right = zeros (columns,rows);

down to centre = zeros (columns,rows);
centre to up = zeros (columns,rows);
net change = zeros (columns,rows);

np = zeros (columns,rows) ;

nml = zeros (columns,rows);
nmr zeros (columns,rows);
)
)

’

nmd = zeros (columns,rows
nmu zeros (columns, rows
pm = zeros (columns,rows);
pr = zeros (columns, rows);

ms = zeros (n,1);

weightedk = zeros(columns,rows) ;
conductivity) .

total rn = zeros(columns, rows);
death.

total rn burn = zeros(columns,rows);
death because of burning.

cvu = zeros (columns, rows);

total cvu = zeros (columns,rows);
cva_on _death = zeros(columns, rows);
cvb on death = zeros (columns,rows);
cvu_on _death = zeros (columns,rows)
c_cvu = zeros (columns,rows);

%k _memory = zeros (columns, rows, n);
yearofburn = zeros (columns, rows) ;
yearofdeath = zeros(columns, rows) ;

ET = zeros (columns, rows);

’

’

boundary conditions; slope gradients

A 0 0° d° 0° A A° O° A o d° P

o 0 o P o°

o o oo

A 0@ 0 d° o A o° d° oe

o\°

Area of a cell

Cell width multiplied by hydrological time-step
Area of cell multiplied by hydrological time-step.
Atmospheric nutrient deposition per cell per hydrological time-step.
Water flow.

Water flow.

Water flow.

Water flow.

Net change in wt.

Net production of plants.

Nutrient movement.

Probability of plant mortality.

Probability of regeneration from rootstock.

Weightings applied to values of k memory.

Weighted k values (weighted mean of past values of soil hydraulic

Total nutrients released to the soil at a given occurrence of plant
Total nutrients released to the soil at a given occurrence of plant

Nutrient demand, g cm-2 s-1

Total nutrient demand of a cell.

Above-ground plant age on death.

Below-ground plant age on death.

Plant nutrient content on death.

Cumulative plant nutrient uptake.

Values of soil hydraulic conductivity remembered.

Year (iteration) of most recent burn to have affected a cell.
Year (iteration) of most recent natural plant death or cutting.
ET
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% 3.2 Read data from initial conditions file.

basecells = dlmread ('baseofslopeZ.ascii');
h = dlmread ('grs initialh.ascii'); % Does not change during the model run.
soil depth = dlmread ('grs initialsoildepth.ascii'); % Does not change during the model run.
vmp = dlmread ('vmp sheepburn.ascii');
if (spinup == 1);
cva dlmread ('grs initialcva.ascii');
cvb = dlmread ('grs initialcva.ascii'); % Both cva and cvb are initially l-year old plants.
wt = dlmread ('grs initialwt.ascii');
k = dlmread ('grs initialk.ascii');
plant option = dlmread ('grs initialpo.ascii');

total sdn = zeros(columns, rows);
ET = zeros (columns, rows);
elseif (spinup == 2);
if (soilmemory == 1);
cva = dlmread ('grs finalspinup nm cva.ascii');
cvb = dlmread ('grs finalspinup nm cvb.ascii');
wt = dlmread ('grs finalspinup nm wt.ascii');

plant option = dlmread ('grs finalspinup nm plant option.ascii');

total sdn = dlmread ('grs finalspinup nm total sdn.ascii');

cva_on_death = dlmread ('grs finalspinup nm cvaondeath.ascii');

cvb_on death dlmread ('grs finalspinup nm cvbondeath.ascii');

c_cvu = dlmread ('grs finalspinup nm ccvu.ascii');

cvu_on _death = dlmread ('grs finalspinup nm cvuondeath.ascii');

yearofburn = dlmread ('grs finalspinup nm yearofburn.ascii');

yearofdeath = dlmread ('grs finalspinup nm yearofdeath.ascii');
elseif (soilmemory ==2);

cva = dlmread ('grs finalspinup wm cva.ascii');

cvb = dlmread ('grs finalspinup wm cvb.ascii');

wt = dlmread ('grs finalspinup wm wt.ascii');

k = dlmread ('grs finalspinup wm k.ascii');

plant option = dlmread ('grs finalspinup wm plant option.ascii');

total sdn = dlmread ('grs finalspinup wm total sdn.ascii');

ET = dlmread ('grs finalspinup wm et.ascii');

cva_on_death = dlmread ('grs finalspinup wm cvaondeath.ascii');

cvb_on death = dlmread ('grs finalspinup wm cvbondeath.ascii');

c cvu = dlmread ('grs finalspinup wm ccvu.ascii');
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cvu_on _death = dlmread ('grs finalspinup wm cvuondeath.ascii');

yearofburn = dlmread ('grs finalspinup wm yearofburn.ascii');
yearofdeath = dlmread ('grs finalspinup wm yearofdeath.ascii');
end
end
% Start of main model loop

for i=l:iterations;
i % Displays the value of the current iteration in the command window
for x=l:columns;
for y=l:rows;

if (activation (x,y) > off)

if (soilmemory == 1);
ET(x,y) = meankET;
elseif (soilmemory == 2); % ET as a function of above-ground plant age

if (cva (x,y) < 9);
ET (x,y) = 0.00000006*cva(x,y)+0.00000063;
elseif (cva (x,y) >8) && (cva(x,y)<18);
ET (x,y) = 0.0000012;
elseif (cva (x,y) >17);
ET (x,y) = -0.0000000193*cva(x,y)+0.0000015015;
end
end
end
end
end
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for j = l:ets; % 'ets' is the number of hydrological time-steps that occur per ecological time-step.
if (precipitation == 2); % Coarse example of variable precipitation during a year, repeated each year.

if (3>672)&&(3<2469);
P = 0.0000930;

elseif (3>2640)&&(3<4128);
P = 0.0000318;

elseif (3>4128)&&(3<4704);
P = 0.0001066;

elseif (3>5088)&&(7<8160);
P = 0.0000563;

elseif (3>8496)&&(3<14160);
P = 0.0001070;

elseif (3>14976)&&(3<15552);
P = 0.00001;

elseif (3>16416)&&(3<=16464);
P = 0.0000328;

elseif (3>17280)&&(3<=17376);
P = 0.0001259;

else
P =0;

end

end

%4.1 Spatial boundary conditions
for x=l:columns;
for y=1; % Lower limit of the model.

if (activation (x,y) ==diri);

total sdn (x,y) = 0.05; % Dirichlet boundary condition.
wt (x,y) = 95; % 95 % Dirichlet boundary condition.

end

end
end
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4.2 Water balance
% 4.2.1 Water flow equations. These calculations represent volumetric transfers of water. If the outcome is positive,
cell x,y is gaining resources, else if the outcome is negative, cell x,y is losing resources.
for x=l:columns;
for y=l:rows;
if (activation (x,y) > off)

if (activation (x,y) ==neu); %Neumann boundary
left to centre (x,y) = 0;
centre to right (x,y) = 0;
down to centre (x,y) = 0;
centre to up (x,y) = 0;
elseif (activation (x+1, y) ==neu);
centre to right (x,y) = 0;
elseif (activation (x-1, y) ==neu);
left to centre (x,y) = 0;
elseif (activation (x, y+1l) == neu);
centre to up (x,y) = 0;
elseif (activation (x, y-1) == neu);
down to centre (x,y) = 0;
elseif (activation (x,y) == 1);
left to centre (x,y) = ((2*k(x-1,y)*k(x,y))/ (k(x-1,y)+k(x,y)))* ((wt(x-1,y)+wt(x,y))/2.0)* ((h(x-
1,y) + wt(x-1,y)- h (x,y) - wt(x,y))/dx)*dxdt;
centre to right (x,y) = ((2*k(x,y)*k(x+1l,y))/ (k(x,y)+k(x+1l,y)))* ((wt(x,y)+wt(x+1l,y))/2.0)* ((h(x,y)
+ wt(x,y)- h(x+1l,y)- wt(x+1l,y))/dx)*dxdt;
down to centre (x,y) = ((2*k(x,y-1)*k(x,y))/ (k(x,y-1)+k(x,y)))* ((wt(x,y-1)+wt(x,y))/2.0)* ((h(x,y-
1)+ wt(x, y-1)-h(x,y) - wt(x,y))/dx)*dxdt;
centre to up (x,y) = ((2*k(x,y)*k(x,y+1))/ (k(x,y)+k(x,y+1)))* ((wt(x,y)+wt(x,y+1))/2.0)* ((h(x,y) +
wt (x,y)-h(x,y+1l)-wt (x,y+1)) /dx) *dxdt;
elseif (activation (x,y) == 2)
left to centre (x,y) = 0;
centre to right (x,y) = 0;
down to centre (x,y) = 0;
centre to up (x,y) = 0;
elseif (activation (x+1, y) ==diri);
centre to right (x,y) = 0;
elseif (activation (x-1, y) ==diri);
left to centre (x,y) = 0;
elseif (activation (x, y+1) == diri);
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centre to up

elseif (activation
down_ to centre

end

end

end
end

% 4.3 Update cell nutrient mass.

amount of nutrient mass being lost from that cell
%,y 1s gaining resources and nml is positive,
If left to centre is zero,

positive,
and nml is negative.

for x=1:columns;
for y=l:rows;

if (activation

if (left to centre

nml (x,y) =

(x,¥)

(x,y)

0;

(x, Y‘l)

(x,y)

(x,y)

0;

> off);

>0) ;

((left to centre

diri);

B there is no change in amount of nutrients.
% 4.3.1 Amount of mass lost from the cell which is losing water.

(x,y)/dx2) /wt (x-1,y)

elseif (left to centre (x,y) <0);

nml (x,y) =
else
nml (x,y) = 0;

end

if (centre to right

nmr (X,y) =

(x,¥)
((centre to right

((left to_centre(x,y)/dx2)/wt(x,y))

>0) ;

elseif (centre to right (x,y) <0);

(x,y)/dx2) /wt (x+1,vy))

) *total sdn(x-1,y);

*total sdn(x,y);

* total sdn(x+1,y);

nmr (xX,y) ((centre to right (x,y)/dx2)/wt(x,y)) * total sdn(x,y);
else

nmr (x,y) = 0;
end
if (down_to centre (x,y) >0);

nmd (x,y) = ((down_to centre (x,y)/dx2)/wt(x,y-1)) * total sdn(x,y-1);
elseif (down_to centre (x,y) < 0);

nmd (x,y) = ((down_ to centre (x,y)/dx2)/wt(x,y)) * total sdn(x,y);
else

nmd (x,y) = 0;
end

if (rcentre to 11n

(% _~7)

>N -
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nmu (x,y) = ((centre to up (x,y)/dx2)/wt(x,y+l)) * total sdn(x,y+l);
elseif (centre to up (x,y) < 0);
nmu (x,y) = ((centre to up (x,y)/dx2)/wt(x,y)) * total sdn(x,y);
else
nmu (x,y) = 0;
end
end
end
end

% 4.3.2 Nutrient mass balance for cell (x,y) and addition of nutrients from the atmosphere. Nin has units of g cm-2 s-
1.
for x=1l:columns;
for y=l:rows;
if (activation (x,y) > off);
total sdn (x,y) = (total sdn (x,y) + nml (x,y) - nmr (x,y) + nmd (x,y) - nmu(x,y))+(Nindx2dt);
end
end
end

o)

% 4.2.2 Convert volumetric transfers into a rise or fall in water-table by dividing by cell area and by the drainable
porosity. 'net change' is a depth (cm).
for x=l:columns;
for y=l:rows;
if (activation (x,y) > off);
net change (x,y) = (left to centre (x,y) - centre to right (x,y) + down to centre (x,y) - centre to up
(x,vy))/dx2/dp;
end
end
end

% 4.2.3 Calculate new water-table height (cm).
if (precipitation ==1); % Constant rainfall
for x=1l:columns;
for y=l:rows;
if (activation (x,y) > off);
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[

wt (x,y) = wt (x,y) + net change (x,y) + (((P-ET (x,y))*dt) /dp) ;
end
end
end
elseif (precipitation ==2); % Variable rainfall

for x=1l:columns;
for y=l:rows;
if (activation (x,y) > off);
wt (x,y) = wt (x,y) + net change (x,vy);
end
end
end
for x=1l:columns;
for y=l:rows;

% wt height + net change + (net rainfall per hydrological time-step divided by drainable porosity)

if (activation (x,y) > off);
if ((P-ET(x,y))<0); % If ET > P
if ((wt(x,y) + (((P-ET(x,y))*dt)/dp))<0); % And if local water-table height is less than P-ET
wt (x,y) = 0; % All water is removed; local water-table height = 0 cm.
elseif ((wt(x,y) + (((P-ET(x,y))*dt)/dp))>=0); % elseif local water-table is > to P-ET
wt (x,y) = wt (x,y) + (((P-ET(x,vy))*dt)/dp); % Local-water table height plus P-ET
end
elseif ((P-ET(x,vy))>=0);
wt (x,y) = wt (x,y) + (((P-ET(x,y))*dt)/dp);
end
end

end
end
end

o\
I

.2.4 Check water-table position
for y=l:rows;
for x=l:columns;

if (activation (x,y) > off);

if (wt (x,y) > soil depth (x,y));
% Lose excess nutrients, simplistic representation of surface runoff.

total sdn (x,y) = (soil depth(x,y)/wt(x,y))*total sdn (x,y);

% Lose excess water, simplistic representation of surface runoff.

- 237 -



wt (x,y) = soil depth (x,y);
elseif (wt (x,y) < 0);
% Display wt values for the entire landscape to see where the instability/negative value is located.
wt
error ('water-table too low'); % Display error message
end
end
end

end

o)

% 4.3.3 Calluna nutrient uptake. np is annual net production (g cm-2 yr-1) and is described here as a function of
plant age. Productivity differs for plants of different ages.
for x=1l:columns;
for y=l:rows;
if (activation (x,y) > off);
if (soilmemory == 2)
if (cva (x,y) < 6);

np (x,y) = 0.004*1log(0.1763*cva(x,y)):;
elseif (cva (x,y) >5) && (cva(x,y)<10);
np (x,y) = (0.00005*(cva(x,y)”"3))-(0.0025* (cva(x,y)”"2))+(0.0388*cva(x,y))-0.1392;
elseif (cva (x,y) >8)&&(cva(x,y)<1l7);
np (x,y) = (-0.0004* (cva(x,y)"2))+(0.0099*cva(x,y))-0.014;
elseif (cva(x,y) > 16);
np (x,y) = 22.952*cva(x,y)"-2.296;
end
% Calculate Calluna uptake of nutrients based on net production. ‘cvu’ is g cm-2.
cvu (x,y) = base cvu* (np(x,y)/average np);
elseif (soilmemory == 1);
cvu (xX,y) = mean cvu;
end
end
end
end

for x=1:columns;
for y=l:rows;
if (activation (x,y) > off);
total cvu (x,y) = cvu (x,y)*dxdxdt; % 'total cvu' is demand for nutrients in grams for a grid cell.
end
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end
end
for x=l:columns;
for y=l:rows;
if (activation (x,y) > off);
% Check if there are sufficient nutrients in the soil to meet plant demand.
if (total sdn (x,y) >= total cvu(x,y));

total sdn(x,y) = total sdn(x,y)-total cvu(x,y);% Plant uptake of nutrients from the soil.
% Update record of amount of nutrients held by plants in a cell.
c cvu(x,y) = c cvu (x,y) + total cvu (x,y);

elseif (total sdn (x,y) < total cvu(x,y));
% Update record of amount of nutrients held by plants in a cell.
c cvu (x,y) = c cvu (x,y) + total sdn (x,y);
total sdn(x,y) = 0; % Plants have taken up all soil nutrients present in the soil cell.
end
end
end
end

end $ End of hydrological calculations within one ecological time-step.

% 5.0 Ecological calculations. Plots of Calluna plant-age based functions described below are shown in a separate
word document (Chapter 2, section 2.2).

% 5.1 Plant death, natural. Plant death is a function of plant age and plant type. Plant type 1, plant regenerated
from rootstock; plant type 2, plant regenerated via feeder roots of nearby plants; plant type 3,plant established from
seed. Plant types 1 and 2: no young plant mortality. Plant type 3: high risk of young plant mortality.
for x=l:columns;
for y=l:rows;
if (activation (x,y) > off);
probability=(rand) ;
if (soilmemory == 2)
if (plant option (x,y) <=2); % Plant options 1 and 2: no young plant mortality.
if (cvb (x,y) < 20);
pm (x,VY) 0.05;
else
pm (x,y) = 0.0051*exp(0.1198*cvb(x,vy)); % Increased probability of mortality in old age.
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else % Plant option 3: high risk of young plant mortality.
(cvb (x,vy) <=5);
pm (x,y) = 0.004* (cvb(x,y)"2)-(0.082*cvb(x,v))+0.4;
elseif (cvb (x,y) >5) && (cvb(x,y) < 20);
pm (x,y) = 0.05;

else
pm (x,y) = 0.0051*exp(0.1198*cvb(x,vy)); % Increased probability of plant death in old age.
end
end
elseif (soilmemory == 1);
pm (x,y) = meanpm;

end
% Restricted growth of Calluna seedlings in fire breaks: Calluna seedlings have difficulty establishing when Calluna
litter has not been removed from the surface. Example:
% if (1 < 3);
% if (vmp (x,y) == 4
% if (cvb (%,Vy)
% pm (x,VY)
% end
% end

); % Vegetation is cut;
< 2);
= 0.8; % Low probability of seedling survival.

if (probability<pm(x,y)); % Plant dies.

cva _on death (x,y) = cva (X,y); % Record aboveground age of plant on death.
yearofdeath (x,y) = 1; % Record year of plant death

$(NOTE. Plant nutrients are added to the soil in section 7).

o\°

5.2 Regeneration or establishment of new plants.
if (cvb (x,y) <= 5);

pr (x,y) = 0; % pr is probability of plants regenerating from rootstock.
elseif (cvb (x,y) >=16);
pr (x,y) = -1.297*(log(cvb(x,y)))+4.4142; % pr decreases beyond 16 years old.
else
pr (x,y) = 0.9;
end
if (probability<pr(x,y)); % Above-ground component dies.
plant option (x,y) = 1; % Regeneration within the cell occurs from rootstock.
cva (x,v) = 0; % Plant above-ground age is zero.
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cvb (x,y) = cvb(x,y); % Below-ground component of plant survives.
Only nutrients allocated to above-ground component of plants available for return to the soil.

o\

cvu _on death (x,y) = c_cvu (x,y) * allocate cva;
% Nutrients allocated to below-ground component of the plants.
c cvu (x,y) = c cvu (x,y) * allocate cvb;
else

cvb_on death (x,y) = cvb(x,y); % Belowground component of plant dies.
if (activation (x,y) > off);
if (probability<pr(x-1l,y)); % If plants from a neighbouring cell are able to send out feeder roots
plant option (x,y) = 2; % Regeneration in the cell occurs via feeder roots of nearby plants.
cva (x,y) = 0; % Aboveground plant age is zero.
cvb (x,y) = 0; % Belowground plant age is zero.
cvu_on death (x,y) = c cvu (x,y); % All nutrients available for return to the soil.
c cvu (x,y) = 0; % Reset c cvu to zero.
elseif (probability<pr (x+1,y)):;
plant option (x,y) = 2;
cva (x,y) = 0;
cvb (x,y) = 0;
cvu_on _death (x,y) = c_cvu (X,y);
c cvu (x,y) = 0;
elseif (probability < pr(x,y-1));
plant option (x,y) = 2;
cva (x,y) = 0;
cvb (x,y) = 0;
cvu_on _death (x,y) = c_cvu (X,y);
c cvu (x,y) = 0;
elseif (probability < pr(x,y+1l));
plant option (x,y) = 2;
cva (x,y) = 0;
cvb (x,y) = 0;
cvu_on death (x,y) = c_cvu (X,y);
c cvu (x,y) = 0;
else % New plants establish from seed.
plant option (x,y) = 3;
cva (x,y) = 0; % Aboveground plant age is zero.
cvb (x,y) = 0; % Belowground plant age is zero.
cvu_on death (x,y) = c_cvu (X,y); % All nutrients available for return to the soil.
c cvu (x,y) = 0; % Reset c cvu to zero.
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%

o
°

end
end
end

end
end
end

else % Plant survives and ages by one ecological time-step.

cvb (x,y)=

cva (x,V)
end

cvb (x,y)+1;
= cva(x

5.3 Delays in plant growth from seed

for x=1
for

end
end

5.4 Plant
for x=1
for

:columns;

y=1l:rows;

if (activation

if (plant option
if ((yearofburn(x,y)+3)>1i);

Plants take three years to establish after burning (quicker seed germination after burning than in normal

establishment from seed because high temperatures promote seed germination).

y=1l:rows;

(x,¥)

(x,y) ==

yy)+1;

> off);

)7

% Plants growing from seed

cva (x = 0;
cvb (x = 0;
elseif ((yearofdeath (x,y)+5)>1); % Plants take five years to establish.
cva (x
cvb (x
else
cva (x,y) = cva(x,y); % Plant ages on the same timescale as plants which grew from rootstock.
cvb (x,y)=cvb(x,y); % Plant ages on the same timescale as plants which grew from rootstock.
end
end
end
modification of soil hydrophysical properties. 'k memory' and 'basek' have units of cm s-1.
:columns;
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oe

oe

if (soilmemory ==
if (krange == :
if (cvb(x,y) <=2);

[

if (activation (x,y) > off);
)
)

k memory (x,y,1l) = basek+(0.00001* (cvb(x,y)+cvb on death(x,y)));
else
% Plant age-dependent soil hydraulic conductivity.
k memory (x,y,1) = basek+(0.00001*cvb(x,vy));
end
else

if (cvb(x,y) <=2);
k memory (x,y,1)
else
k memory (x,y,1) = basek+(0.00005*cvb(x,vy));
end
end
end
end

end
end

Section 6.0 Vegetation management. vmp 1 (burning), vmp 2 (vegetation cutting).

burn = delay+ (burn_interval*number of burns); % Determines when burn events occur.
if (i==burn); % An ecological time-step in which burning occurs
number of burns = number of burns + 1;
end
for x=2:274; $ Maximum lateral extent of area subject to burning
for y=2:240; % Maximum vertical extent of area subject to burning
6.1 Burning
Example of one event
if (i==51);
if (vmp (x,y) == 1); % Vegetation in the cell is burned.
cva _on _death (x,y) = cva(x,y); % Record cva on death
yearofburn (x,y) = i; % Record year of most recent burning event
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% Root decay after plant death increases soil hydraulic conductivity.

basek+ (0.00005* (cvb (x,y)+cvb _on death(x,y)));



cva (x,y) = 0; % Reset above-ground plant age to zero.
if (probability<pr(x,vy)):;

cvb (x,y) = cvb(x,y); % Below-ground plant survives.
plant option (x,y) = 1;% Regeneration within the cell occurs from rootstock.
% Only nutrients allocated to above-ground component of plants available for return to the soil.
cvu_on death (x,y) = c_cvu (x,y) * allocate cva;
% Nutrients allocated to below-ground component of the plants.
c cvu (X,y) = c cvu (x,y) * allocate cvb;
else
cvb on death (x,y) = cvb(x,y);
if (probability<pr(x-1,y));
plant option (x,y) = 2;
cvb (x,y) = 0;
cvu_on death (x,y) = c_cvu (X,y);
c cvu (x,y) = 0;
elseif (probability<pr(x+1l,y));
plant option (x,y) = 2;
cvb (x,y) = 0;
cvu_on death (x,y) = c_cvu (X,y);
c cvu (x,y) = 0;

elseif (probability < pr(x,y-1));
plant option (x,y) = 2;

cvb (x,y) = 0;
cvu_on _death (x,y) = c_cvu (X,y);
c cvu (x,y) = 0;

elseif (probability < pr(x,y+1l));
plant option (x,y) = 2;

cvb (x,y) = 0;
cvu_on _death (x,y) = c_cvu (X,y);
c cvu (x,y) = 0;
else
plant option (x,y) = 3; % New plants establish from seed.
cva (x,y) = 0;
cvb (x,y) = 0;
cvu_on death (x,y) = c_cvu (X,y);
c cvu (x,y) = 0;

end
end
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if (probability<ph);
if (soilmemory ==1); % ph is probability of soils becoming hydrophobic.
=k

k memory (x,y,1) _hp;
else
k (le) = k_hp,'
end

end
end
end
end

% The amount of nutrients released to soil depends on plant age and whether both the above- and below-ground
components of the plants in a cell die, or only the above-ground component. Loss of nutrients to the atmosphere on
burn means that fewer nutrients are added to the soil after burn than after natural plant death or cutting.
for x=l:columns;
for y=l:rows;
if (activation (x,y) > off);

total rn (x,y) = cvu_on_death (x,y); % Natural death or cutting.
total rn burn (x,y) = cvu on death (x,y)*0.2; % Loss of nutrients on burn.
end

end
end
for x=1:columns;
for y=l:rows;
if (activation (x,y) > off)

if (vmp (x,y) == 1);
if (i ==51);
if (cvb (x,y) ==0); % Both above-ground and below-ground plant died.
total sdn (x,y) = total sdn (x,y) + total rn burn (x,y);
end
else

if (cva_on death (x,y) > 0); % If the plants in a cell have died.
% If above-ground plant age is <3 years, release nutrients to the ground.

°

if (cva (x,y) ==0);
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total sdn (x, total sdn (x,y) + (total rn(x,y)*0.5);

elseif (cva (x,y) ==1);
_ = total sdn (x,y) + (total rn(x,y)*0.3);
elseif (cva (x,y) == 2);

y)
total sdn (x,V)
y)

total sdn (x,
end
end

= total sdn (x,y) + (total rn(x,y)*0.2);

% 8.1 Calculate weightings for each of the past values of k used to calculate 'k memory'.
if (soilmemory == 2);
for x=l:columns;
for y=l:rows;
if (activation (x,y) > off);
% n is the maximum number of past ecological iterations used to calculate soil hydraulic conductivity.
count=n;
total = 0;
for p=1l:n;
total = p+total;
end
%8.2 Update k memory so that k memory (x,y,n) contains the
for o=n:-1:2;

'n' most recent values of soil hydraulic conductivity.

k memory(x,y,0) = k memory (x,y,o0-1);
end
%8.3 Calculate weighted mean value of soil hydraulic conductivity.
weightedk (x,y) = 0;
for 1=1l:count;
ms (x,y,1l) = (count-1+1)/total;
weightedk (x,y) = (k memory(x,y,1l)*ms(x,y,1l))+weightedk (x,y);
end
end
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end
end

k=weightedk;
% k is now a weighted mean of J to n past values of soil hydraulic conductivity. This value is used in the

o

hydrological calculations of the subsequent model iteration.
end

end % End of model time loop.
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