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ABSTRACT

Saxifraga hirculus is classified as a vulnerable plant species in Europe, and it is confined to base-rich flushes in the
British uplands. However, a lack of available information about its conservation status hampers the development of
adaptive strategies for its in-situ conservation, especially with respect to grazing. To assess the effectiveness of sheep
grazing in maintaining viable populations of S. hirculus, we compared the community dynamics of the vegetation in
a base-rich flush over 44 years in two plots: one sheep-grazed under business-as-usual sheep grazing densities and
the other fenced to exclude grazing. The plots were established in 1972, and the abundances of all vascular plants,
bryophytes, and litter were measured at six intervals until 2016. Our results showed that although the presence of S.
hirculus was maintained in both plots over the 44 years, it declined and reached a minimum between 1995 and 2010,
when it was close to extinction. Since 2013, Saxifraga has recovered only slightly. Interestingly, the S. hirculus response
appeared to be independent of grazing treatment, but it mirrored wider changes in the vegetation composition and
structure within the flush over the 44 years. These changes are similar to others reported in broader uplands that have
been attributed to a combination of reduced nitrogen and sulfur deposition and global warming. Thus, the simple
adaptive management approach of “just managing” sheep grazing appeared ineffectual for preserving the S. hirculus
population. S. hirculus showed signs of recovery at the end of the study period within this base-rich flush.
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Most conservationists have a fundamental desire to
conserve rare and endangered species, especially in pro-
*Corresponding author: Josu G. Alday tected sites .where the avallat?le hablta]t is limited (Magur-
e-mail josucham@gmail.com ran & MCGIII, %013). When mforma’gon about the EXE'ICt

https://orcid.org/0000-0001-7510-8655 ecological requirements for the survival of a rare species

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
Eamr® by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © National Institute of Ecology.


https://orcid.org/0000-0002-0664-9420
https://orcid.org/0000-0001-9232-7841
https://orcid.org/0000-0001-9993-5743
https://orcid.org/0000-0002-5088-4751
https://orcid.org/0000-0001-7510-8655
https://orcid.org/0000-0001-7510-8655

PNIE

Rob H. Marrs et al.

is limited, the most obvious way is to investigate factors
that could reduce the population further and then try
to remove them as a constraint. Adaptive management
approaches often combine the best available knowledge
about the species and habitat with that known about
other similar species and habitats and information ob-
tained from relevant stakeholders. However, it is important
to learn while implementing such an approach and to
modify the strategy as new information becomes available
(Allen et al., 2011; Holling, 1978). Unfortunately, a lack
of available data and the large number of uncertainties
often hamper the development of adaptive strategies for
in-situ conservation (Allen et al., 2011), and both success
(Pavlik € Stanton, 2014; Wehn et al., 2018) and failure
have been reported (Allen et al., 2011). Indeed, Pullin and
Knight (2009) suggest that, where adaptive strategies for
conservation are based on “learning from process,” there
is the potential to do more harm than good. Nevertheless,
such risks will be reduced as a better knowledge base be-
comes available for each conservation problem (Sutherland
& Wordley, 2018).

Saxifraga hirculus L., the marsh saxifrage, is a stolonif-
erous, yellow-flowered, perennial herb. In the British Isles,
it is found in wet, base-rich flushes and mires. Formerly
it was more widespread, but it is now confined to upland
localities (300-750 m, BSBI, 2020). This is in contrast
to its distribution in some areas of central and northern
Europe, where it is often found in fen habitats (Singh et
al., 2019). The British distribution of S. hirculus has been
reduced dramatically since 1930, mainly in relation to its
disappearance from lowland areas due to agricultural in-
tensification; however, recent estimates that populations
appear to have stabilized since then (BSBI, 2020). As a
result, it is classified as “vulnerable” on the UK Red List
and listed as a protected species under the UK Wildlife
and Countryside Act (Schedule 8) and the European Com-
mission Habitats and Species Directive, Annexes 11 and TV
(BSBI, 2020; JNCC, 2019a). Currently, S. hirculus is found
in five regions of the UK (JNCC, 2019a), and the largest
and most important sites occur within the Moor House/
Upper Teesdale areas of Cumbria, the Tees Valley, and in
County Durham in northemm England, where it is present
in ca. ten base-rich flushes within a complex mosaic of
acid grassland, blanket bog and limestone outcrops (JNCC,
2019b). A recent survey of most English populations es-
timated the overall population size at approximately 1.2
million individuals, of which 41% (485,000) were scat-
tered on small flushes within the Moor House National
Nature Reserve (NNR) (J. O'Reilly, unpublished data 2017-
2018). This is a qualifying feature, albeit not a primary
reason, for site selection within the North Pennine Moors
Special Area of Conservation, defined under the European
Union’s Habitats Directive (92/43/EEC, JNCC, 2019b). Its
continued survival is of conservation concern; thus, in-

situ conservation programs to maintain populations of S.
hirculus have been instigated.

The use of a small-scale case study is inevitable when
considering the conservation of any rare species that oc-
curs in small patches in upland Britain (BSBI, 2020; JNCC,
2019a; 2019Db). Fortunately, the case study was conducted
over a relatively long period (44 years) through the regular
sampling of permanent plots (Marrs et al., 1986). The use
of long-term data is gaining importance in ecology, as it
is fundamental for forecasting the stability of a commu-
nity over time and understanding the mechanisms driv-
ing vegetation change (Sperandii et al., 2022). Although
statistical inference in such small studies must be viewed
with caution (Sokal & Rohlf, 1969), ecological informa-
tion gained from such long-term records can provide
important insights into conservation policies. We consider
that the limited ecological information on rare species is
a common issue; therefore, our results are meaningful for
advancing adaptive management for the conservation of S.
hirculus in similar areas.

Our knowledge of the factors affecting species changes
in upland Britain has expanded since this case study was
established in 1972. Large-scale, repeat vegetation surveys
have shown biotic homogenization (Ross et al., 2012) by
considering drivers such as acid deposition, nitrogen (N)
deposition, and climate change (Mitchell et al., 2017). In
addition, Milligan et al., (2016) conducted a meta-analysis
of grazing exclosure studies at Moor House and showed
reductions in species diversity and a shift in the balance
of taxonomic groups associated with grasses, lichens, liv-
erworts, mosses, herbs, sedges, and shrubs. Therefore, it is
impossible to assess changes in a rare species such as S.
hirculus and to identify the environmental variables that
control change without having some knowledge about
changes within the entire plant community. Indeed, the
presence of certain common species often provide clues
about the presence of rarities (Smart et al., 2015). Al-
though it is possible that grazing has a direct impact on
individual species (Li et al., 2015; Marrs et al., 2020),
indirect effects of landscape processes through a change
in the dominant plant species and litter accumulation
may also be important (Marrs et al., 1988; Milligan et al.,
2016). In any case, no clear test has been conducted to
identify whether management approaches or landscape
trends are the main drivers of long-term dynamics of S.
hirculus or its community performance.

Therefore, we report the results of an early attempt
to use an adaptive management approach to maintain
populations of S. hirculus at the Moor House NNR in the
northern Pennines. First, to identify differences in suc-
cessional changes, we compared the community compo-
sitional changes produced by grazed vs. ungrazed plots
over the last 44 years. We then modelled the changes in
S. hirculus in each plot over time, plus changes in the
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diversity and density of vegetation and litter, to provide
information about the impact of the treatments on the
main community properties that may influence rare spe-
cies populations. Finally, we modelled changes in a series
of taxonomic groups and grazing indices to provide addi-
tional information about the local drivers of change and
to identify potential indicator groups for this flush that
could be used to inform conservation managers about the
potential success or failure of applying particular strate-
gies (de Bello et al., 2010; Gondard et al., 2003).

Materials and Methods

This case study was established in 1972 at Moss Burn
“Johnny’s” flush (Supplementary Figs. S1, S2; British
National Grid Reference, NY 74553 31632; 54°40’44.8”
N, 2°23’46.2” W; elevation, 640 m). Two plots (10 mx6
m) were established: one fenced to exclude sheep and
the other left open to allow free-range grazing (Marrs
et al., 1986). The plots were initially “matched-by-eye”
and the only differences were: (1) the grazed plot had
greater bryophyte cover on one side, and the ungrazed
plot had a greater amount of scattered Juncus effusus
(Marrs et al., 1986). Both plots were sampled six times
within the 44-year period (1972, 1974, 1983, 1996, 2013,
and 2016) and these times correspond to the amount of
time elapsed since the start of (0), +2, +11, +24, +41 and
+44 years, respectively. Following sampling in 2013, the
fence was removed, and the vegetation was resampled in
2016, 3 years after grazing was reinstated to assess early
responses. The grazed plot was defined as the “Business-
as-usual” control treatment, and the ungrazed plot was
referred to as the “Intervention” treatment. Sheep num-
bers changed during the study period; they were reduced
during the early 1970s and again in 2001 after the Foot
and Mouth outbreak in the UK (Alday et al., 2021).

Vegetation sampling and data handling

Vegetation sampling was performed in late June and
early July on each of the six sampling occasions. Each
plot was gridded into 60 (1 m’) quadrats. In 1972, only
30 randomly selected quadrats from a total of 60 per plot
were sampled; however, in subsequent sampling years
(1974, 1983, 1996, 2013, and 2016), 60 quadrats were
monitored. In each quadrat, the vegetation cover was
measured using a 1-m long point quadrat-frame with 10
positions and 2 mm diameter pins with four height strata
(0-10 ecm, 10-20 c¢m, 20-30 c¢m, and >30 cm) (Marrs et
al., 1986). Point-quadrat frames were positioned using a
permanently marked reference system within each quad-
rat. In 1972, a total of 10 pins were measured at each
quadrat, and 5 pins were measured in the subsequent
monitoring. At each pin, the number of pin touches was
recorded for each species within each stratum (Marrs et

al., 1986). At the same time, litter presence was described
by counting the pin-touches in the lowest strata (0-10
cm). The raw data can be found at Rose et al. (2020).
Subsequently, the collected point data were treated as
follows:

1. At each pin, the number of hits was summed for
each of the four strata to provide the total species for
each individual pin. These data were then converted to
presence/absence data using the “decostand” function
in the “vegan” package (Oksanen et al., 2019). Taken
together, this process reduced all the data collected at a
single pin to either 1 or O for each species.

2. At each 1 m” quadrat, we calculated the summed
presence for each species and obtained an abundance
score of between O and 5. As the 1972 data were ob-
tained using 10 pins per quadrat, we selected only the
5 pin positions that were sampled throughout the entire
sampling period.

Changes in rare species are not independent of changes
occurring in the biotic conditions of the entire plant
community (Milligan et al., 2016). Therefore, a series of
variables related to vascular plants, bryophytes, and li-
chens were derived to identify whether they also affected
the response of S. hirculus. This included three diversity
variables (species richness, and both the Shannon-Weiner
and Simpson’s diversity indices), six variables based on
taxonomy, and a grazing index (Supplementary Table S1).
The taxonomic variables defined were vascular plants,
mosses, liverworts, herbs, graminoids, and the graminoid
family Poaceae, which is an important group of species
that can compete with S. hirculus. To define taxonomic
variables and litter abundance weighted indices, the
summed total of hits per plot and per taxonomic group
and litter was calculated (Alday et al., 2021). The grazing
index was derived using Critchley’s (2000) suited species
score for grazing, where +1 was associated positively with
grazing, O represented no discernable response to grazing,
and -1 was associated negatively with grazing. Nomen-
clature was standardized using Stace (2019) for vascular
plants and Atherton et al. (2010) for bryophytes.

Data analysis

All statistical analyses were performed within the R
Statistical Environment (R Core Team, 2018); the “vegan”
package was used for all multivariate analysis (Oksanen
et al., 2019) and the “mgcv” package for the Generalized
Additive Mixed Modelling (GAMM) (Wood, 2006).

First, the plant community composition and succession-
al trends were described using the absence data for each
plot. We used a detrended correspondence analysis (DCA)
with the “decorana” function and Hellinger-transformed
data. Species that were present on only one occasion were
excluded from analysis. The DCA ordination axes were
correlated with the three diversity measures (species rich-
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ness and both Shannon-Weiner and Simpson’s diversity
indices) and elapsed time (0, +2, +11, +24, +41, and +44
years) using the “envfit” function with 9,999 permuta-
tions. As all diversity variables showed similar significant
results (P<0.001), only species richness data are discussed
here. The plot distributions were then visualized in ordina-
tion space using standard-deviational ellipses (SD-ellipses,
95% confidence limits) with the “ordiellipse”function and
the centroids of grazing and sheep excluded plots for
each year were plotted to illustrate successional trends.
In addition, the area of each ellipse within the ordination
space was calculated to measure the size of the overall
species pool (i.e., B-diversity). To test whether there was
a significant relationship between the species community
data and the derived variables (diversity, taxonomic, and
grazing indices), we used the “adonis” function in “vegan”
with 9,999 permutations stratified by grazing treatment
(Supplementary Table S1).

Subsequently, these variables were modelled using
GAMMs. We chose GAMMSs because they do not make a
priori assumptions about the functional relationship be-
tween variables (Wood, 2006). GAMMs were fitted using
the “gam” function to determine the general shapes of
the relationships between (a) the abundance of S. hircu-
lus, (b) species richness, (c) litter, (d) vegetation density
(i.e., the summing of all species+litter values obtained),
and (e) taxonomic and grazing index variables with re-
spect to elapsed time. Here, the dependent variable was
fitted with respect to elapsed time, with elapsed time
nested within the grazing treatment to account for tem-
poral correlations (random factors). Four knots were used
for the regression splines to avoid overfitting the data but
still allowing for unimodal or slightly more complex mod-
el fits (Wood, 2006). The results of all analyses are pre-
sented in Supplementary Table S2, and all the responses
discussed are significant (P<0.01) unless explicitly stated.

Results

Community dynamics over time

The DCA analysis produced eigenvalues of 0.411, 0.179,
0.162, and 0.142 and gradient lengths of 3.28, 2.99,
2.66, and 2.60 for the first four axes. The species plot
showed a main gradation along Axis 1 (46% variance, Fig.
1A) from a Festuca ovina and Carex demissa community
at the positive end, through a community containing
Agrostis stolonifera, Anthoxanthum odoratum, Carex dio-
ica, Carex echinata, Eriophorum angustifolium and Jun-
cus articulatus in the mid-axis towards a community of
Carex panicea, Cirsium palustre, J. effusus, and Valeriana
dioica at the negative end. Axis 2 reflected a gradation
from a grassland community with A. odoratum, Agrostis
canina and C. panicea with a large bryophyte presence at
the negative end through a community of Carex nigra,

C. palustre, Rhizomnium punctatum and V. dioica at the
positive end (20% of variance, Fig. 1A). The species rich-
ness trajectory was correlated positively with axis 1 and
correlated negatively with axis 2, that is, towards the
bottom-right quadrant (r’=0.32, P<0.001, Fig. 1A).

The ungrazed plot area occupied was larger than the
grazed plot, covering it completely (relative areas of the
standard error ellipses: ungrazed=7.66, grazed=2.65).
A larger area indicated that there was either larger
B-diversity or greater heterogeneity in the ungrazed plot
than in the grazed plot (Fig. 1B). The temporal trajecto-
ries moved in the same negative direction in both plots
along Axis 1 towards C. panicea, C. palustre, J. effusus
and V. dioica communities, with the ungrazed plot mov-
ing further than the grazed plot (Fig. 1C). Both succes-
sional trajectories indicated a reduction in species richness
until 2013; however, a downward trend was again noted
in the latest 2016 sampling (Fig. 1C), indicating a recent
small recovery in species richness, albeit with a different
species complement. No Sphagnum spp. were detected.

Changes in abundance of S. hirculus, species richness
and litter

A relatively low abundance of S. hirculus was noted
throughout the experiment. At the start of the study, the
grazed plot contained approximately twice the abundance
of the ungrazed plot (Fig. 2A), however the abundance
declined to approximately zero in both plots within the
first 25 years, and it was below the level of detection of
the sampling method used between 1996 and 2013 (Fig.
2A). Thereafter, a slight recovery was observed (Fig. 2A).
These temporal responses mirrored the changes in overall
species richness (Fig. 2B), which showed a decline over
the first 25 years (1972-2000), followed by a recovery,
albeit not to the initial values (Fig. 2B). When the un-
grazed plot was first fenced, there was little difference in
species richness between the grazed and ungrazed plots
(with approximately 19 species each); however, there was
a markedly greater decline in the ungrazed plot than in
the grazed plot in the first 25 years, with a minimum of 7
and 9 species, respectively (Fig. 2B). Both the grazed and
ungrazed plots partially recovered and attained a similar
species richness at the end of the monitoring period (ap-
proximately 13 species by 2016, Fig. 2B).

There was a linear increase in the amount of plant lit-
ter in both treatments, with a marginally faster increase
at the end of the study period in the ungrazed plot than
in the grazed plot (Fig. 2C). The grazing index (Fig. 2D)
showed a similarly shaped response to that of species
richness (Fig. 2D), although the decline and recovery were
less marked. Moreover, no significant differences were ob-
served between the grazed and ungrazed plots.
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Fig. 1. Biplots from the detrended correspondence analysis (DCA) of grazed and ungrazed treatment plots within a base-
rich Flush (Moss Burn) at Moor House National Nature Reserve between 1972 and 2016: (A) the most abundant species, (B)
quadrat plot with sites displayed and standard deviational ellipses (95% confidence limits), and (C) temporal trajectories
through time. The start and end points of trajectories are shown by open circles and diamonds respectively; ungrazed and
grazed trajectories are presented in grey and black, respectively. Ac, Agrostis canina sl; Ao, Anthoxanthum odoratum; Api,
Aneura pinguis; As, Agrostis stolonifera; Bps, Bryum pseudotriquetrum; Ccal, Calliergonella cuspidata; Cd, Carex demissa;
Cdi, Carex dioica; Ce, Carex echinata; Cn, Carex nigra; Cpa, Carex panicea; Cpal, Cirsium palustre; Cpu, Carex pulicaris; Cs,
Campylium stellatum; Ea, Eriophorum angustifolium; Fa, Fissidens adianthoides; Fo, Festuca ovina; Fr, Festuca rubra; Gr,
Geum rivale; Hs, Hylocomium splendens; Ja, Juncus articulatus; Je, Juncus effusus; Kp, Kindbergia praelonga; Lb, Leiocolea
bantriensis; Ns, Nardus stricta; Paa, Plagiomnium affine sl; Pc, Palustriella commutata sl; Pf, Philonotis fontana; Pu, Plagi-
omnium undulatum; Rpu, Rhizomnium punctatum; Vd, Valeriana dioica; Sh, Saxifraga hirculus; Sp.Rich, species richness;

UG, ungrazed plot; G, grazed plot.

Changes in litter, taxonomic groups and grazing index

Mosses, liverworts, graminoids, Poaceae and herbs all
followed a similar response to that of species richness,
with an initial reduction to minimum values in the middle
of the study period, followed by a recovery (Fig. 3). How-
ever, there was a gradation in the reduction, and vascular
plants, mosses, and liverworts were the least affected,
intermediate, and most affected, respectively (Fig. 3A-C).
There was no difference in the response of liverworts be-
tween grazing treatments, and of all the groups, it under-
went the greatest reduction and experienced the lowest
recovery (Fig. 3C). There were minor differences between
the treatment responses over time for the vascular plants
and herbs (Fig. 3A, F); however, for graminoids and Poa-
ceae, their reductions in the middle of the study period
were more pronounced in the ungrazed plots than in the
grazed plots (Fig. 3E). The mosses, liverwort and grami-
noids/Poaceae (ungrazed only) did not recover to their
initial conditions (Fig. 3B, C, E).

Discussion

S. hirculus changes over time

The main focus of our study was to monitor the pres-
ence of the vulnerable species, S. hirculus and assess
whether the removal of grazing would help in maintain-
ing their population levels. We initially thought that high
grazing pressure was a major factor limiting this species,
and it was therefore rather surprising to find that the
same temporal response occurred in both treatment plots;
that is, an initial decline in the species reaching approxi-
mately zero after 25 years followed by a slight recovery.
The reduction in the early part of the study suggests that
these opposing conservation strategies were neither ef-
fective nor harmful (Pullin & Knight, 2009). The minor
recovery noted recently is encouraging in the grazed plot,
and it suggests that the current grazing level is, at best,
not harmful. Determining the extent of the recovery in
the ungrazed plot is confounded by the fact that sheep
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grazing has been allowed since 2013, and it is impossible
to determine whether this recovery would have occurred
without the re-introduction of grazing. Venterink and
Vittoz (2008) studied the last remaining population of
S. hirculus in Switzerland and argued that grazing and
mowing were needed to remove N from the system and
maintain a low above-ground biomass of between 152
g m?and 231 g m? and a N:P ratio in the vegetation of
between 7 and 8. In 1983, the respective ranges of the
living above-ground biomass at our study site were close
to these values, at 181 g m™”and 245 g m™ in the grazed
and ungrazed plots, respectively (Marrs et al., 1989).
However, there was a large litter component, and the N:P
ratios were also much larger (litter mass, grazed=310+32
versus ungrazed=745+94 g m™; N:P ratios, grazed=12.1
versus ungrazed=14.1; Marrs et al., 1989). 1t is thus likely
that during the first 25 years, the above-ground vegeta-
tion mass and its N load may have been too high to
maintain large numbers of S. hirculus.

1t is evident that we do not have enough knowledge
about the autecology and population ecology of S.
hirculus; that is, we have limited knowledge about the
environmental factors that control its recruitment, persis-
tence, and mortality (Hornemann et al., 2012; Pfeifer et
al., 2006; Wells et al., 1998; among others). We also have
no information about the size and persistence of the seed
bank in British upland communities, which limits our reli-

10 20 30 40 50

Additive Mixed Modelling; NNR,

Elapsed time (yr) National Nature Reserve.

ance on recovery from seed as part of an ecological res-
toration strategy (Klaus et al., 2018; Rowell et al., 1982).
Therefore, several important factors reduce our ability to
guide the recovery of S. hirculus. Consequently, for more
effective in situ conservation management, it is necessary
to conduct new studies on S. hirculus autoecology and
its population ecology, and to combine such studies with
ecological restoration and conservation programs. Singh
et al. (2019) highlighted that non-Sphagnum (“brown
mosses”) may play an important role in favoring the per-
sistence and survival of S. hirculus as a component of
plant communities in ferns. On our site, no Sphagnum
species were detected, but three “brown Mosses” (Callier-
gonella cuspidata, Campylium stellatum, and Palustriella
commutata) were plotted close to the community starting
positions in the DCA ordination (Fig. 2), although these
have since declined.

Community dynamics through time

It was also clear from our results that despite slight
differences in composition between the grazed and un-
grazed treatments, the successional processes in both
plots followed the same trajectory, but at different rates.
1t is worth recalling that when the plots were estab-
lished, the sheep stocking levels had just been reduced
from 4.4 ha' to 2.0 ha”', so there was likely to be some
“adjustment” of species abundance in both grazed plots.
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Fig. 3. Predicted responses from the GAMM modelling of changes in (A-F) taxonomic categories and vascular plant-life
forms in the grazed (red) and ungrazed (green) plots at Moss Burn flush on Moor House NNR in Northern England over a
47-year period. Predicted responses with 95% confidence limits are shown along with the overall r’; statistical results are
presented in Table S2. GAMM, Generalized Additive Mixed Modelling; NNR, National Nature Reserve.

It was also expected that there would have been some
convergence of the grazed plot towards the ungrazed
plot following further stock reductions implemented af-
ter 2001, and convergence of the ungrazed plot towards
the grazed plot following the re-introduction of graz-
ing to the ungrazed plot in 2013. Irrespective of these
events, the community composition trends over the last
40 years have been mainly caused by fluctuations in the
abundance of dominant species coupled with reductions
in sub-dominant species, including some bryophytes. In
both treatments, the dominant species balance changed
over time from C. demissa and E. angustifolium with fine-
leaved grasses towards Geum rivale (ungrazed only) and
coarse-leaved graminoids (including Nardus stricta and
J. articulatus) predominantly on the grazed plot, and C.
nigra and C. panicea on both the grazed and ungrazed
plots. These results are essentially similar to those report-
ed elsewhere for the wider British uplands (Mitchell et al.,
2017; Ross et al., 2012). The increased abundance of G.
rivale reported here has been noted in a similar ungrazed
plot on base-rich soil at Knock Fell, also located at Moor
House (Marrs et al., 2020; Rawes, 1981). Evidence from
the bryophyte life histories also mirrors the large declines
previously reported across the uplands (Britton et al.,

2018), although the results of this study show evidence of
limited bryophyte recovery.

The compositional changes in vegetation noted here
in the grazed and ungrazed plots are in agreement with
the changes noted in similar experiments in other com-
munities within the Moor House reserve and in the wider
countryside. Therefore, it is likely that compositional
changes were mainly driven by landscape drivers, such as
the atmospheric deposition of SO, and NO,, which have
impinged on species diversity elsewhere in the uplands
(Pakeman et al., 2019) and on flora across the entire Unit-
ed Kingdom (Smart et al., 2003a; 2003b; 2006). These
results are unsurprising, because it is well known that
adjacent sites subjected to similar abiotic pressures and
sharing the local species pool produce similar successional
processes, which makes large successional differences un-
likely (Falster et al., 2017). However, this means that man-
aging the grazing had little effect on plant communities,
as similar long-term responses were observed in both the
grazed and ungrazed plots, thus showing no positive ef-
fect on S. hirculus conservation. In addition, the initial
compositional changes in the grazed and ungrazed plots
did not favor the conservation of S. hirculus, although the
last compositional changes from 2013 showed a slight in-
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crease in S. hirculus in both plots.

Change in litter, taxonomic groups, and grazing index

An examination of the litter showed a greater increase
in the amount of litter in the last few years in both the
grazed and ungrazed plots, although it was generally sta-
ble over the first 25 years. These results correspond with
the conclusions of Mitchell et al. (2018) from an analysis
of repeated vegetation surveys in Scotland, who found
that the climate has warmed slightly and become slightly
wetter (Holden & Rose, 2011). This could favor the devel-
opment of denser vegetation and litter cover, and it sug-
gests that decomposition processes have slowed over the
period (Marrs et al., 1980; 1989). The future impacts of
an increase in litter on S. hirculus are currently unknown,
but our results from 2013 showed a parallel increase in
litter and S. hirculus.

Overall, the taxonomic group responses were similar to
those reported for species richness in both treatments,
with an initial reduction and recovery in the previous
years. However, there was a gradation in species reduction
and liverworts were the worst affected group, followed by
mosses and then vascular plants. These results show that
community drivers other than grazing have occurred, and
these have particularly influenced the persistence of bryo-
phytes and liverworts. Recent studies have suggested that
SO, and N deposition was a major cause in the reduction
of bryophyte and liverwort in the last part of the 20th
century (Rose et al., 2016). However, SO, acidification
peaked in the 1970s, and emissions were reduced by 90%
by 2008, while N emissions were also reduced over this
period, but only by 50% (Monteith et al., 2016; RoTAP,
2012). These reductions in SO, and N deposition have
been linked to the start of a reversal in species decline, es-
pecially among bryophytes and liverworts (Mitchell et al.,
2018; Rose et al., 2016). The results of the present study
appear to follow these national trends, in that conditions
are becoming warmer and there are reductions in the in-
put of atmospheric pollutants, which is affecting the veg-
etation composition (Holden & Rose 2011; Monteith et
al., 2016). However, we accept that such conclusions are
only speculative, and further work is needed to unravel
the mechanisms involved. Nevertheless, the decreasing
trends in the liverwort and bryophyte populations re-
semble those of S. hirculus and are in agreement with the
results of Singh et al. (2019), who showed a relationship
between the persistence and survival of S. hirculus and
bryophytes.

Interestingly, there were slight differences between the
trends of vascular plants and grasses over time with re-
spect to their responses to treatment, and this suggests
that grazing is not as important as expected for vascular
plants. In addition, the abundances of graminoids and
Poaceae, which are favored by grazers in these areas (Alday

et al., 2021), were lower values in the ungrazed plots than
in the grazed plots. Surprisingly, there was no difference
in the grazing index between the grazed and ungrazed
plots, and this could be attributed to the low grazing
pressure which was not sufficient to impact species other
than the specialized grazing species (Hodgson & 1llius,
1998). However, the abundance of mosses, liverworts, and
graminoids did not recover to initial levels, even after 44
years, and this trend was similar to that of S. hirculus,
which suggests that it takes longer to recover populations
or community structures than it takes to degrade them
(Alday et al., 2013).

We aimed to describe the results of an early attempt
to use an adaptive management approach to maintain
populations of S. hirculus at the Moor House NNR in the
northern Pennines. We must consider that S. hirculus is
a species of conservation concern (BSBI, 2020; JNCC,
2019a; 2019b), which its presence was maintained over
time in the flush studied. However, its population declined
over the 47 years studied, and it reached a minimum
value between the years 1995 and 2010, when it neared
extinction, but it has subsequently slightly recovered. This
response of S. hirculus appears to have been independent
of grazing management approaches (grazing vs. ungraz-
ing plots), and it mirrored wider changes in vegetation
within the flush and changes reported elsewhere in the
wider uplands that are mainly related to reductions in the
deposition of N and sulfur (landscape drivers). The long-
term results imply that using a simple adaptive manage-
ment approach of “just managing” the sheep grazing ap-
pears to be ineffectual, and it seems that recent changes
in atmospheric deposition or climate waming may have
helped the observed recent recovery. However, although
the recent recovery of S. hirculus brings hope, these re-
sults need to be treated with caution, as the current
medium-term responses are unknown.
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Supplementary Fig. S1. Location of the Moss Burn flush within the Moor House
National Nature Reserve, (A) General, (B) the surrounding landscape, and (C) the
exclosure. (A) from UK Ordnance Survey, (B, C) from Getmapping PLC (2018).



Supplementary Fig. S2. Photograph of the vegetation from (A) inside the Sheep exclosure in 1983
and (B) fence line contrast at Moss Burn flush in 2016 within the Moor House National Nature
Reserve (photos by R H Marrs and R. Rose respectively).



Supplementary Table S1. Diversity and taxonomic values selected as significant by correlating
community data with environmental variables using the ‘adonis’ function. In the ‘vegan’ package
(Oksanen et al., 2019) in R (R Core Team, 2018); Taxonomic groupings were derived from Stace
(2019) and Atherton et al. (2010). Grazing index was derived using Critchley’s (2000) suited species
score for grazing, where +1 the species is positively associated with grazing, 0 — no discernable
response to grazing and —1 the species is negatively associated with grazing. The importance of these
variable in explaining the species composition assessed using the Adonis analysis is also presented as
r* and F values; significance code. ***=P<0001.

Grouping Classes or variables r F
(%)

Diversity Species richness 8.15 60.6%**
Shannon—Weiner Index 3.00 21.6%**
Simpson’s Index 0.82 6.1%%*

Taxonomic Vascular plants 3.68 33.8%**

classes Mosses 7.33 65.5%**
Liverworts 6.83 62.9%**
Poacea 3.51 32 .3k
Juncaceae 3.22 20.6%%*
Graminoids 4.52 41.7%%**

Grazing Grazing Index 2.81 23.6%***
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Supplementary Table S2. Results of the statistical analyses derived from the Generalized Additive

Mixed Modelling, INT refers to the intercept and ““:” indicates an interaction; significance denoted as; ns=

non-significant, *=P<005, **=P<001, ***=P<0001.

(a) Saxifraga hirculus, species richness, litter and vegetation density (Fig. 2)
(b) Taxonomic groups (Fig. 3)

(a)

Variable Statistic Grazed (INT) Ungrazed s(Et):Grazed s(Et):Ungrazed R-sq(adj) %
Deviance
explained

Saxifraga Estimate 0.133 —-0.064 0.135 14.1

hirculus SE 0.019 0.027

t-value\F-value 6.886 -2.324 36.94 11.23
P-value <0.001 0.020 <0001 <0001
Slgn skeskeosk *k skskk skskk
Species richness  Estimate 13.373 —-0.694 0.539 54.3
SE 0.175 0.247
t-value\F-value 76.479 —2.806 151.90 230.20
P-value <0.001 0.005 <0.001 <0.001
Slgn skskok kk skksk skkesk
Litter Estimate 2.161 0.421 0.298 30.2
SE 0.106 0.150
t-value\F-value 20.38 2.810 73.02 98.29
P-value <0.001 0.005 <0.001 <0.001
Slgn skokk K3k sk sk
Grazing Index Estimate 0.099 -0028 0.170 17.600
SE 0.017 0024
t-value\F-value 5.742 —-1.148 36.48 29.93
P-value <0.001 0.251 <0.001 <0.001
Slgn skskok ns skksk skokesk




(b)

Variable Statistic Grazed Ungrazed  s(Et):Grazed s(Et):Ungrazed R-sq(adj) % Deviance
(INT) explained
Vascular plants Estimate 19.897 1.0242 0.238 24.4
SE 0.325 0.459
t-value\F-value 61.250 2.230 30.34 72.01
P-value <0.001 0.026 <0.001 <0.001
Slgn skksk * skksk Kokok
Mosses Estimate 1.633 -0.117 0.512 49.8
SE 0.026 0.038
t-value\F-value 63.680 -3.070 450.70 649.40
P-value <0.001 0.002 <.0001 <0.001
Slgn skksk sk skksk skokok
Liverworts Estimate 2.003 —0.088 0.573 5.76
SE 0.109 0.154
t-value\F-value 18.360 -0.570 240.40 200.91
P-value <0.001 0.569 <0.001 <0.001
Slgn skksk ns skksk Kokok
Graminoids Estimate 17.615 —-1.821 0.374 37.9
SE 0.294 0.415
t-value\F-value 60.024 —4.388 24.49 164.29
P-value <0.001 <0.001 <0.001 <0.001
Slgn skksk skskok skksk skskok
Poaceae Estimate 0.4618 —1.424 0.188 19.4
SE 0.150 0.212
t-value\F-value 30.812 -6.719 10.68 43.94
P-value <0.001 <0.001 <0.001 <0.001
Slgn skksk Kokk skksk Kokok
Herbs Estimate 19.897 1.024 0.238 24.4
SE 0.3248 0.4594
t-value\F-value 612.5 2.23 30.34 72.01
P-value <0.001 0.026 <0.001 <0.001
Slgn skksk * skksk skokok






