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Abstract

This paper closes the Special Issue of Hydrology and Earth System Sciences entitled “Sustainability of UK forestry: contemporary issues for
the protection of freshwaters” by presenting conclusions from the contributions together with associated research findings. The volume deals
largely with issues of upland water quality and biology in the context of environmental research and management. The studies are linked to
an array of issues which affect the sustainability of UK forestry in the context of the protection of freshwaters, freshwater ecosystems and
freshwater organisms. These issues include atmospheric and climate driven factors (acidification from atmospheric pollutants, critical loads,
climate-change and climate variability), forestry practice and hydrobiogeochemical processing both within-catchments and within-rivers.
The findings lie within the context of the science and relate to environmental management.

Keywords: water quality, forestry, stream ecology, acidification, critical loads, nutrients

Introduction

Over the last century, the UK’s need for secure and
sustainable timber resources led to expansion in plantation
forestry largely in the UK uplands in areas which are often
economically marginal but, may nevertheless, be of
considerable aesthetic and amenity value as well as being
environmentally vulnerable. The expansion was driven by
socio-economic factors linked to issues such as the
maintenance and improvement of rural and other economies
as well as the political requirement for strategic and secure
supplies of home grown timber resources; the vital necessity
for these was demonstrated the nation’s vulnerability in two
World Wars (Farmer and Nisbet, 2004). The scientific input
to forest development has grown increasingly since the
1950s, starting with the case of water resources. McCulloch
and Robinson (1993) reviewed the early years of forest
hydrological research and recorded the development of
research catchments in the UK. More recently, research in
the UK at the catchment scale has evolved through the
environmental-issues of the 1960s, 70s and 80s (Hudson et
al., 1997a). Forestry has been challenged and has often been

criticised unfairly in relation to issues of water resources
and environmental pollution, the latter being predominantly
related to issues of nutrients, acidification and sediment.
Forestry policy and scientific research have co-evolved,
originally with some disharmony and always without the
benefit of hindsight: common and laudable goals are now
starting to coalesce. Forestry enterprises and the goals of
forest management now emphasise the need for sustainable
development as well as for forests to make a positive
contribution to the maintenance and improvement of an
ecologically healthy environment (Farmer and Nisbet,
2004). The protection of freshwaters is a key requirement
of sustainable forestry and high priority has been given to
the development of guidelines for best practice.

In this Special Issue, sustainability has been addressed in
research papers on freshwater systems, mainly in the UK
uplands (Neal ef al., 2004a), where the soils are generally
acidic and acid sensitive and many plantation forests are
progressing through the first or second generation of rotation
with harvesting and replanting. There may well be issues
for lowland forestry, for example in relation to water stress,
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groundwater resources and the atmospheric pollution
scavenging by a mosaic of small plantations across a
landscape (Harding ef al., 1992a,b; Neal, 2002; Neal et al.,
1993). However, such lowland issues lie outwith the scope
of the present study.

For the uplands, important issues for forestry in relation
to water resources and sediment dynamics have been
considered although some issues may well remain (Farmer
and Nisbet, 2004). However, the hydrological and
sedimentological aspects have, largely, been resolved in
earlier publications (Robinson et al., 2000; Hudson et al.,
1997b; Leeks and Marks, 1997; Marks and Rutt, 1997);
except in relation to management of riparian forests
(Broadmeadow and Nisbet, 2004), they are not dealt with
here. Sadly, difficulties still remain in finalising the water
balances for the Plynlimon catchments in mid-Wales,
although they are a benchmark for UK hydrological
experimentation and research. These difficulties concern
reliable estimates of precipitation (including mist) over
forests, (Hudson et al., 1997b; Robinson et al., 2004). Yet
two papers are indicative of a revitalisation in hydrological
research by integrating the research findings for the
Plynlimon catchments within a GIS framework (Brandt et
al., 2004) and developing the hydrogeological sciences in
connection with fracture flow movement of water through
catchments (Haria and Shand, 2004).

Water quality

In response to both climate-driven and within-catchment
factors, the water quality of the UK uplands is changing in
both moorland and forested ecosystems (Langan and Hirst,
2004; Neal et al., 2004d; Ness et al., 2004; Reynolds et al.,
2004). Recent reductions in acidic deposition from SO_and
non-marine SO, (SO,") have led to a decline in acidic runoff
and in SO," concentrations in the streams. However, other
more quasi-cyclical changes may derive from climate
variability linked to the North Atlantic Oscillation (NAO).
The NAO affects components such as dissolved organic
carbon, nitrate, sea salts (Na and CI in particular) and,
perhaps, trace metals (Neal et al., 1996; Robson and Neal,
1996; Evans et al., 2001; Ness et al., 2004), as well as
dissolved organic carbon (Reynolds ez al., 2004; Neal et
al., 2004e). The relative effects of climate change on the
forcing and amplification of the NAO are still unclear but
linked water quality changes may well be of considerable
significance if current trends continue. At the very least,
they illustrate a clear climatic signal that can confound,
compound or mask trends due to other more local catchment-
scale effects.

A major area of water quality research has involved the
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development and assessment of “critical loads’ to determine
at what level of pollutant deposition the biological effect in
woodland ecosystems and streams will be influenced. This
provides a yardstick to set alongside environmental
management strategies. Studies of critical loads by Langan
et al. (2004) point out that, while negative impacts of acidic
deposition on UK woodland habitats have yet to be reported,
projected emissions reductions, if not maintained, might
compromise the long-term sustainability of large areas of
UK woodland. Bridcut ef al. (2004) show that care must be
taken in evaluating critical loads because of stress to fish
caused by low acid neutralisation capacity events and the
harmful effects on fish of Al due to complexation with
dissolved organic carbon. Atmospheric deposition of both
S and N is important not only in relation to river water quality
and aquatic health but also in connection with tree growth,
seedling germination and growth and soil and soil-water
quality. Studies by Sheppard et al. (2004) based on dosing
experiments for a young Sitka Spruce stand on acid peat
soil showed that these trees are able to buffer the low nutrient
levels and produce new growthonly if there is sufficient N.
Inputs of almost 100 kg-N ha™' yr' in addition to ambient
N resulted in elevated foliar N and N,O losses and increased
soil water N, but did not reduce stem area growth. In a dosing
experiment by Stutter et al. (2004), the effects of H,SO,,
(NH,),SO, and reduced N deposition on soil water quality
was linked to chemical and physical growth indicators for
pine seedlings. The results depend strongly upon the type
of soil. For H SO, additions, different soil types responded
similarly to decreased pH but differently to reduced N. In
microcosms of calc-silicate soils, nitrification of NH,
resulted in lower pH and higher cation leaching than in acid
treatments. For quartzite and granitic soils, addition of
(NH,),SO, promoted cation leaching, although pH
increased. Thus, soil type is important in respect of N and
this affects biogeochemical cycling. While it might be
predicted that N availability is important for seedling
germination and development on quartz and granitic soils,
it is a lack of sufficient P, the limiting nutrient, which may
curtail growth.

What has not been resolved in regard to critical loads is
the position of trace metals. This, in part, results from a
lack of detailed information on inputs to catchments.
However, studies at Plynlimon demonstrate the importance
of metal deposition for trace metals of environmental
concern such as Cr and Zn (Wilkinson et al., 1997; Neal et
al., 1997a; Robson and Neal, 1996). Similarly in Scotland,
Heal (2001) has indicated that increased Mn concentrations
occur in surface waters in conifer forested catchments and
that, following harvesting, further increases may occur.
Grieve and Marsden (2001), from a study of comparable
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moorland and forest, showed that, despite considerable
temporal and spatial variability, TOC, aluminium and Fe
concentrations were 1.5 times higher in streams draining
forested catchments.

An important issue for forestry is the effect of harvesting
on stream water quality; the potential release of NO, may
increase the acidity and trace metal content of runoff. There
is a huge body of research in this area. While, following
felling, there is almost universally an increase in stream
nitrate concentrations, there is most often little response with
respect to the components of critical environmental concern
— acidity, Al and trace metals (Neal e al., 2004b,c,d; Neal,
2004). At a localised scale, there may be some effects but,
at the catchment scale, the impacts are masked by the natural
variability within the climate-driven component of the
catchment system. This is consistent with the current UK
policy of phased felling of catchment areas, so that any
localised change is diluted by unfelled parts of the catchment
or by the recovery following replanting. One of the most
surprising findings of the studies of felling on stream water
quality has been the very small effect for poorly drained
gley soils which (a) are highly acidic and (b) have the
greatest potential from acidic runoff due to the impermeable
nature of the catchments (Neal et al., 2004c). For the gley
catchments, phosphate can be released to the soil water and,
thence, to the stream. However, in the phosphorus-limiting
conditions prevalent in most of the uplands, the release of
phosphate is taken up rapidly by the biota and this may even
lead to the loss of the nitrate signal in the stream that would
naturally be expected following felling (Neal et al., 1998a,b,
2004c¢). All of this is extremely good news for present day
UK forestry management practices except for the fact that
Fe seems to be increasing in concentration in the Plynlimon
forested catchments (Neal ez al., 2004d,e).

The proposed major shift in the management of half of
the Forestry Commission estate in Wales from patch to
Continuous Cover Forestry reflects pressure for the
sustainable development of multi-purpose forestry in which
environmental, recreational, aesthetic and other
considerations are as important as timber production
(Reynolds, 2004). Potentially, this could be good news if
the lessons learned from water quality and other studies were
adopted into practice. Indeed, there are opportunities for
reducing the scale of clear felling, increasing in some
instances the phases of felling, increasing species diversity,
changing the structure of plantation forests and maintaining
uninterrupted woodland cover (Neal ef al., 1998a,b; Neal
and Reynolds, 1999; Reynolds, 2004). Whitehead et al.
(2004) has considered issues of both upland and lowland
afforestation on river water quality.

Long-term changes in water quality associated with forest

rotation cycles raise issues of sustainability in consequence
of acidification of the soil. This potential acidification results
from base cation (Ca and Mg) depletion of the soil store by
uptake into the growing forest biomass and export from the
catchment when the trees are harvested. Miller et al., (1993)
suggested that nutrient removal from sites will vary
according to the type of harvesting: stem-only removes
fewer elements than whole-tree harvesting. Unfortunately,
there has been no such contribution to this volume by any
modelling group although there was encouragement to do
so. Field measurements do not indicate any significant
uptake from the soil by the trees during their development,
the results being within the measurement uncertainty of flux
estimation (Reynolds and Stevens, 1998). Also, it is not clear
that the trees will take base cations from the topsoil rather
than from lower down the soil profile where weathering
reactions dominate and where base cations are supplied by
this weathering. When uptake of base cations from
weathering sources by the biomass is dominant, there will
be no significant soil acidification and indeed there may
even be partial reduction of soil acidification by cycling of
base cations from the weathering zone to the soil surface
via the tree. Indeed, in a major report on the impacts of
harvesting on stream acidification, Neal and Reynolds
(1999) declined to apply long-term models to assess what
may or may not happen. The issue remains open, with a
need for balance and objectivity currently missing from
some modelling predictions.

Biology

Plantation forests of exotic species bring not only changes
to deposition chemistry, soils, and runoff character, but they
also affect organisms. Because non-native forests occupy
over 10% of Britain, the resulting ecological changes are
cumulatively extensive, particularly in upland locations
where planting has been concentrated. Although often
colonised by native plants and animals, extensive forests
have been criticised by conservationists because of the
habitats that had been replaced (Peterken, 2001).
Increasingly, however, forests world-wide are being viewed
as a major opportunity to manage large areas for their
environmental value — at least providing that appropriate
improvements in forest design or management can deliver
desirable elements with little reduction in fibre production
and with demonstrable benefits relative to costs (Kerr, 1999;
Hartley, 2002). Indeed, the UK forest industry, at least in
the government sector, is bound by a range of international
agreements to conserve biodiversity on its land holdings;
in turn, the protection of biodiversity has become a key
indicator of sustainable forest management (Moffat, 2002).
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Fulfilling such agreements depends on the ability of
managers to understand the processes through which forests
cause ecological change, and to translate this understanding
into positive management action. Moreover, such
management applies not only to habitats occupied directly
by forest, but also to those biodiversity-rich habitats that
are adjacent or downstream — such as rivers.

Interactions between British forests and rivers offer some
of the best examples in the world of how such ecological
effects have been recognised initially, then researched and
translated into positive management. The research patterns
followed in the UK have provided a benchmark for
developments elsewhere — such as Ireland — where echoes
of the situation in Britain have been combined with new
lessons (Giller and O’Halloran, 2004). Over the last 20 years,
information has grown about the physical, chemical and
energy effects of forests particularly on upland British
streams. They arise, for example through altered hydrology,
acidification and alterations in allochthonous litter quality
(Ormerod et al., 1987). To try to offset potentially negative
effects, both on general riverine biodiversity and on priority
species such as Atlantic Salmon Sa/mo salar, guidelines for
riparian management have been developed and updated
almost in tandem with available knowledge (Broadmeadow
and Nisbet, 2004). Although some issues, such as
acidification, are still difficult to resolve, ‘riparian buffer
strips’ offer potentially important methods to reduce other
risks, for example those of erosion, over-shading and loss
of habitat heterogeneity along forest streams. The current
second rotation of plantation forestry in Britain offers an
unparalleled opportunity for further development and
implementation of buffer strips. It is important, nevertheless,
to continue to fill knowledge gaps about their role and
ecological function and, hence, to optimise their design and
long-term management. The majority of the biologically-
oriented contributions in this special issue focus on this
aspect.

The riparian zone can be a major source of energy to
upland streams in the form of leaf litter or terrestrial
invertebrates, and several contributors in this special issue
take up this theme. In two contributions, Pretty and Dobson
(2004a, b) show not only how aquatic animal densities are
increased by inputs of broadleaf litter; they also reaffirm
that this effect depends on litter being retained within
reaches. Both the form of leaves and the form of the channel
are important in this regard: in channels, broadleaves are
retained more effectively than conifers, while the presence
of woody debris is crucial in providing retentive habitat
structures. This is not yet fully recognised either in forest
management guidelines or in stream channel management.
Broadleaves are also important in delivering energy to
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streams in the form of terrestrial invertebrates, used in turn
by vertebrate predators such as brown trout (Ormerod ef al.
2004). While stream-dwelling trout are often flexible enough
as predators to overcome the effects of food scarcity even
in unproductive waters, terrestrial invertebrate prey almost
certainly increases foraging opportunities. Perhaps most
important of all, the overall energy subsidy provided in all
forms from native riparian vegetation offers a means of
enhancing secondary production in streams that would
otherwise be unproductive — for example those that are
acidified or still recovering. Broadleaf energy inputs are
more beneficial in this respect, not only in comparison with
exotic conifers but also in comparison to the native Pinus
sylvestris (Collen et al. 2004).

Energy flow across the ecotone between streams and the
riparian zone is not unidirectional, but also reflects export
from the stream, e.g. in the form of emerging insects that
provide prey for a wide array of riparian predators. River
ecologists have recently begun to realise that the terrestrial
adult phase of aquatic insects forms a crucial but poorly
understood part of their life cycles. Activities such as
feeding, mating, oviposition and dispersal can all involve
interactions with riparian or even catchment vegetation, but
few authors have examined how such activities might be
affected by forestry (Briers e al. 2002; Petersen et al. in
press). Briers and Gee (2004) review the available
information and suggest that, while current forest
management guidelines are probably beneficial to aquatic
insects in their aerial and terrestrial phases, additional
research is still required. Malcolm et al. (2004) clearly
indicate variability in temperature and light regime for
shaded and unshaded streams in moorland and forested
terrains in the Cairngorms and this, in part, will influence
biology. This variability changes according to local
conditions and there is much heterogeneity, even for critical
components such as acid neutralisation capacity, with
heterogeneity increasing at finer and finer scales (Neal et
al., 1997b, 1998a,b; Reynolds et al., 2001).

Some of the most intractable biological problems
associated with conifer forestry in Britain, at least in acid-
sensitive areas, have been those arising from acidification
(Ormerod ef al. 1989). In these areas, low pH and
accompanying metal concentrations cause major limits to
the richness and abundance of stream organisms, and effects
are likely to continue for decades to come in spite of the
recent trends towards recovery. Irrespective of the role of
plantation forests in exacerbating the problem, the
association between the location of forests and acid waters
means that acidification might offset some of the potential
benefits that could otherwise arise from positive riparian
management. It is intriguing that forest/acidification issues
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are less prominent than formerly as a research theme among
stream ecologists. Only Bridcut ef al. (2004) make this the
explicit focus of biological studies in this volume: in
contrast, major efforts still centre on acidification issues with
respect to the water quality of the ‘inorganics’, as can be
judged from the section on water quality presented above.
Perhaps the answers, and the management choices, regarding
acidification in forest streams are already clear: until
recovery is substantial, widespread or accelerated by liming,
the only option is to manage acidified streams to increase
production or diversity among acid-sensitive organisms. In
this respect, the Forest and Water Guidelines are positive.
Moreover, the potential consequences of P release on stream
water quality due to felling in a gley catchment at Plynlimon
(Neal et al., 2004c) presumably stimulated biological
activity (P is probably the limiting nutrient in the uplands,
Davison et al.,1995) and this P fertilisation reduced the
acidity of acid deposition impacted lakes.

Conclusion

UK hydrochemical and biological research on forested
ecosystems in connection with water quality issues has
flourished over the past 20 or more years and, because of
the contacts between research scientists and forestry
practitioners, the findings have already been integrated into
the environmental management of forests in the UK. This,
for example, has clearly occurred in assessing and dealing
with the impacts of conifer harvesting in upland areas on
water quality (Neal and Reynolds, 1999); phased felling
rather than clear felling suggests that the effects on water
quality of timber harvesting might well be insignificant.
Improvements in environmental management of forests rely
not only on good science but also on the ability of scientists
to explain, lucidly, what is needed in a straightforward and
practical way. Also, the forestry fraternity are important in
influencing the science through discourse on the actual
issues rather than on those the scientist may believe are the
vital issues..

In the spirit of this special issue, understanding and
managing the links between forests and associated biological
resources requires a multi-disciplinary view in which
ecology, hydrology, hydrochemistry and fluvial
geomorphology are strongly interfaced. Both in the specific
papers, and in the overall theme of Hydrology and Earth
System Sciences, this volume demonstrates just how
effective the outcome of such inter-disciplinary collaboration
can be. This does not mean that the research is complete.
For example, the long-term monitoring programmes indicate
a change in water quality that (a) has not been predicted
and (b) is linked in a complex way to a number of factors

(climate change and instability, pollution climate, the
introduction of new technologies and forestry management
options and socio-economic drivers, etc). Critical needs
include:

e Continuing to measure change, to see what actually
happens rather than what is just hoped, or expected, or
predicted through modelling.

® Recognising that the environment is complex and
heterogeneous with fractal processing and non-linear
dynamics occurring with feedback mechanisms.

® Recognising that currently used environment impact
models are simplifications which may be over
simplifications both of the science and environmental
management.

® Coupling the process- and measurement-based sciences
with new and emerging modelling research to advance
the next generation of environmental impact models.

® Assessing quantitatively whether repeated rotation
cycles of forestry do or do not lead to acidification by
base cation uptake into the growing biomass and export
from the catchment on harvesting. This aspect is critical
to the question of the environmental sustainability of
forestry in the UK uplands.

e Putting more emphasis and resources on biological
monitoring to align it to that made for water quality.
This enables proper assessment of changes in both
seasonal and annual frameworks.

e Combining water quality and biological studies within
an integrated modelling framework. This lies within the
spirit and requirements of the new and emerging EU
framework directives to gauge impacts directly in terms
of biology and ecology.

® Increasingly research work must include a focus on
lowland forests, which will play a role in a wider set of
environmental issues particularly in relation to
restoration of formerly degraded environments such as
intensively managed agricultural areas in riparian areas
and,, more generally, in flood plains. The potential
drivers for this change will be improvement in water
quality, wider habitat provision to increase biodiversity
and flood alleviation under changing climates

e Recognising that, while science must be integrated with
policy within an extended peer group setting (using the
existing science within a technological framework), the
science must be enquiry driven to produce the concepts
and approaches that will lead to the next generation of
environmental impact models. Balancing these two
requirements is one of the most difficult areas of
research funding today, tilted as it is towards
technological application.
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Major inroads have been made to the integrated research
on forests and water quality as this volume (Neal ef al.,
2004a) shows. The resulting advances have to be applauded.
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