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A B S T R A C T

Wetlands are key components of upland landscapes and support a diverse and specialised biota. These habitats
are subject to multiple drivers of change including pollutant deposition, climate change and grazing, which have
varied over the last four decades. We used a resurvey approach to investigate vegetation change in Carex swamps
and spring communities in the Scottish uplands between the 1970s and 2000s. We assessed changes in species
group richness and cover and cover-weighted mean Ellenberg values between surveys, and related this to change
in nitrogen and sulphur deposition, climate and grazing by sheep and deer.

Species richness, particularly of graminoids and forbs, but also bryophytes in springs, increased between
surveys. Graminoid cover in springs increased while forbs and bryophytes declined. Changes in Ellenberg values,
suggested slight eutrophication in swamp habitats, but acidification and reduction in nutrient availability in
springs. This apparent acidification occurred despite large reductions in sulphur deposition over the survey
period and was associated with both cumulative sulphur and oxidised nitrogen deposition. Impacts of climate
change were detected in spring habitats, where increases in growing degree days were associated with increased
graminoid cover and a decline in forb cover. Grazing impacts were detected only in springs, where sheep grazing
appeared to counteract the deleterious effects of warming by reducing graminoid cover. Our study highlights the
multiple threats facing wetland communities in the uplands. The results show the need for ongoing pollution
reductions to prevent further degradation of sensitive wetland habitats which are further impacted by climate
change.

1. Introduction

Boreal upland landscapes are subject to multiple drivers of change.
Since the industrial revolution, deposition of sulphur (S) and nitrogen
(N) have increased greatly, leading to widespread acidification and
eutrophication of terrestrial and aquatic habitats (Bouwman et al.,
2002; Fowler et al., 2013). While SOx emissions have been effectively
controlled by legislation, such that deposition peaked in the 1970s and
has subsequently declined to a much lower level, N emissions are less
well controlled and N deposition has not shown the same declining
trend (RoTAP, 2012). More recently, climate change has become an
issue, and changes in air temperature and the magnitude and seasonal
distribution of precipitation have been observed (Jenkins et al., 2008).
At a more local scale, upland habitats are managed for various land
uses. Grazing of domestic stock (primarily sheep, Ovis aries) is common
and is augmented by free ranging wild herbivores such as red deer,
Cervus elaphus. Changes in the economics of upland farming (reform of
the Common Agricultural Policy and changes in farm subsidies) greatly

influence the intensity of grazing on upland habitats. In Scotland, the
national flock increased from 7.5 million in the 1970s to a peak of 10
million in the 1990s, followed by a decline to 7 million in 2008
(Aspinall et al., 2011). Reductions in stocking density have been
particularly marked on economically marginal upland habitats (SAC
Rural Policy Centre, 2008).

Swamps and springs are key components of upland landscapes.
Occupying the interface between terrestrial and aquatic ecosystems,
they support a range of specialised flora and fauna and provide a food
source and nesting area for important bird populations (Barquín and
Scarsbrook, 2008; Kløve et al., 2011; Ward and Tockner, 2001). They
are also associated with a range of important ecosystem services (Van
der Wal et al., 2011). Swamps, dominated by species of the genus Carex,
occupy wet peaty substrates on the margins of oligotrophic upland
lakes or ponds, where they form part of the natural successional
sequence between open water and terrestrial plant communities
(Averis et al., 2004; Rodwell, 1995). Bryophyte dominated commu-
nities are typical of upland springs, where upwelling ground water
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emerges (Rodwell, 1991). Upwelling water is typically at low tempera-
ture and spring communities act as refugia for specialist cold-adapted
organisms (Jyväsjärvi et al., 2015). Springs support a wide range of
invertebrates (Cantonati et al., 2006), and this, together with the fact
that their soils tend to remain unfrozen throughout the year, makes
them an important feeding habitat for upland birds (Averis et al., 2004;
Van der Wal et al., 2011). Despite their relative remoteness from human
population centres however, their location at the interface between
aquatic and terrestrial spheres renders them vulnerable to a wide range
of anthropogenic pressures (Barquín and Scarsbrook, 2008; Cantonati
et al., 2006; Curtis et al., 2014).

Water chemistry is a principle determinant of community composi-
tion in wetland habitats and plant species richness peaks at intermedi-
ate pH (Virtanen et al., 2009). In Europe, surface waters have been
widely acidified as a result of SOx deposition (Bouwman et al., 2002;
Garmo et al., 2014). Acidification has wide-ranging impacts on aquatic
biota, with reductions in acid sensitive species at all trophic levels from
aquatic macrophytes to fish (Ormerod and Durance, 2009). Upland
catchments with base-poor soils and a low buffering capacity have been
among those most impacted by acid deposition (Curtis et al., 2000).
With the decline in SOx deposition since the 1970s, water quality
monitoring networks such as the ICP Waters Programme and the UK
Acid Waters Monitoring Network have reported a reduction in surface
water acidity, but biological recovery has been less than expected
(Garmo et al., 2014; Monteith et al., 2014).

Deposition of N is associated with both acidification and eutrophi-
cation, and continuing elevated levels of N deposition have been
suggested as one reason why the expected biological recovery from
acidification has not been observed (Curtis et al., 2005). While N is
generally more abundant than phosphorus (P) in water, and phyto-
plankton are thus commonly considered to be P limited, rooted plants
obtain much of their nutrients from the sediment, where P availability
is higher, and are thus more likely to be N limited (Durand et al., 2011).
Upland catchments exposed to high N deposition often demonstrate
leaching of nitrate into surface waters (Curtis et al., 2011; Curtis et al.,
2012) and this has the potential to cause eutrophication of N limited
communities. In lowland lakes, high N concentrations have been shown
to be correlated with reduced species diversity and abundance of
macrophytes (James et al., 2005). In terrestrial habitats, bryophytes
are known to be very sensitive to N deposition (Bobbink et al., 2010)
and the prevalence of bryophytes in spring communities suggests that
these habitats may be sensitive to the N content of irrigating ground-
water (Cantonati et al., 2006).

In recent years, there has been realisation of the potential impact of
climate change on groundwater dependent ecosystems (Kløve et al.,
2014). Spring water temperature is known to be linked to air
temperature, and changes in rainfall could also impact on groundwater
supply in small surface-fed aquifers of the type typically found in the
boreal uplands. Modelling of relationships between air temperature,
water temperature, and bryophyte and invertebrate assemblages sug-
gests that spring communities, especially those associated with cold
water sources may be very sensitive to climate change (Jyväsjärvi et al.,
2015). Similarly, studies of small temperate waterbodies suggest that
increases in air and water temperature could lead to changes in aquatic
communities, particularly in species-poor upland/alpine ponds (Rosset
et al., 2010). In addition to changes in water temperature, groundwater
dependent ecosystems with short flow paths, such as upland springs,
may also be impacted by changes in the timing of recharge, as a result
of altered seasonal distribution of rain and snow fall (Cantonati et al.,
2006; Kløve et al., 2014).

At a local scale, grazing pressure can be a major influence on upland
vegetation composition and habitat condition. Both swamp and spring
habitats are accessible to domestic and wild grazers. Changes in the
distribution and density of grazing animals, for example those asso-
ciated with socio-economic changes in upland farming systems there-
fore have the potential to influence composition of wetland commu-

nities (Cantonati et al., 2006; Curtis et al., 2014).
In this study, we assessed long-term (35 years) change in the plant

community composition of Scottish upland swamps and springs. We
used a re-survey approach to; (1) assess how plant communities have
changed over a period which has seen considerable change in environ-
mental drivers, and (2) examine the relative importance of climate
change, pollutant deposition and grazing in driving observed changes.

2. Material and methods

2.1. Initial survey

We examined change in Scottish wetland vegetation between two
time periods; the 1970s and the late 2000s. The baseline dataset was
derived from a survey carried out by Birse and Robertson between 1963
and 1987 with the aim of describing the plant communities of Scotland
(Birse, 1980, 1984; Birse and Robertson, 1976). This dataset includes
456 records of wetland vegetation. Here, we focus on bryophyte-
dominated upland boreal springs and swamp communities of oligo-
trophic lake margins (Table S1). The re-survey approach we used was
the same as that described in Britton et al. (2009) and Britton et al.
(2017).

In the initial survey, homogeneous stands of vegetation were
selected for sampling, with plot size determined by the smallest area
needed to encompass the major variation in the stand (Birse and
Robertson, 1976). In swamp habitats plots were mainly 10 m2 or 4 m2

while in springs plots of 1 m2 or 2 m2 were used. For each plot, species
composition including all higher plants and bryophytes was estimated
visually using the Domin scale. In addition, detailed information on
location (UK grid coordinates to nearest 100 m) altitude, slope, aspect
and topographic position were recorded. The plots were not perma-
nently marked.

2.2. Repeat survey

Carex dominated swamp communities and oligotrophic spring
communities were selected for re-survey, based on an NVC classifica-
tion of the initial survey data (Table S1) and aiming to maximise the
geographic spread of the plots. The selected plots spanned a date range
of 1967 to 1987 with the majority from the 1970s. These data are
referred to as from the 1970s throughout this paper. Between 2004 and
2009, but mainly in 2008, 48 spring plots and 71 swamp plots were re-
located and re-surveyed (Table S1, Fig. S1). Plots were re-located from
the original geographic coordinates using hand held GPS, and their
exact location determined by reference to the original descriptions of
plot aspect, slope and topographic position. Where vegetation composi-
tion was spatially variable, plots were placed to be as similar to the
original vegetation as possible, thus ensuring conservative estimates of
change (Ross et al., 2010). Any plot not confidently relocated within
50 m of the original grid reference was discarded. Once plot location
was determined, vegetation composition was recorded using the same
size sampling unit as the original survey. Cover of all species was
visually estimated and recorded to the nearest 1%, or as Domin
categories for species with< 1% cover. These data are referred to as
from the 2000s throughout the paper. Prior to analysis, both datasets
were checked for consistency of species nomenclature, and species not
thought to have been recorded with equal rigour between surveys were
removed. Species difficult to identify consistently in the field were
amalgamated. Re-survey data were converted to Domin scores, before
both datasets were transformed to percentage cover using mid points of
the Domin categories.

2.3. Data analysis

Before undertaking analysis of change, vegetation parameters were
checked for spatial autocorrelation using Mantel tests. No significant
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