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Peatland plant communities under global change: negative  
feedback loops counteract shifts in species composition
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Abstract.   Mires (bogs and fens) are nutrient-limited peatland ecosystems, the vegetation of 
which is especially sensitive to nitrogen deposition and climate change. The role of mires in the 
global carbon cycle, and the delivery of different ecosystem services can be considerably altered 
by changes in the vegetation, which has a strong impact on peat-formation and hydrology. 
Mire ecosystems are commonly open with limited canopy cover but both nitrogen deposition 
and increased temperatures may increase the woody vegetation component. It has been pre-
dicted that such an increase in tree cover and the associated effects on light and water regimes 
would cause a positive feed-back loop with respect to the ground vegetation. None of these 
effects, however, have so far been confirmed in large-scale spatiotemporal studies. Here we 
analyzed data pertaining to mire vegetation from the Swedish National Forest Inventory col-
lected from permanent sample plots over a period of 20 yr along a latitudinal gradient covering 
14°. We hypothesized that the changes would be larger in the southern parts as a result of 
higher nitrogen deposition and warmer climate. Our results showed an increase in woody veg-
etation with increases in most ericaceous dwarf-shrubs and in the basal area of trees. These 
changes were, in contrast to our expectations, evenly distributed over most of the latitudinal 
gradient. While nitrogen deposition is elevated in the south, the increase in temperatures dur-
ing recent decades has been larger in the north. Hence, we suggest that different processes in the 
north and south have produced similar vegetation changes along the latitudinal gradient. 
There was, however, a sharp increase in compositional change at high deposition, indicating a 
threshold effect in the response. Instead of a positive feed-back loop caused by the tree layer, 
an increase in canopy cover reduced the changes in composition of the ground vegetation, 
whereas a decrease in canopy cover lead to larger changes. Increased natural disturbances of 
the tree layer due to, for example, pathogens or climate is a predicted outcome of climate 
change. Hence, these results may have important implications for predictions of long-term 
effects of increased temperature on peatland vegetation.

Key words: bog; bryophytes; climate change; conifers; ericoids; forbs; graminoids; mire; nitrogen deposi-
tion; peatland; sedges.

Introduction

Peatlands, especially bogs and fens (collectively known 
as mires) play an important role in the global carbon and 
water cycles (Nilsson et  al. 2008, Loisel et  al. 2014, 
Waddington et al. 2015), contribute significantly to the 
biodiversity of forest landscapes (Spitzer and Danks 
2006) and also deliver various other ecosystem services 
(Kimmel and Mander 2010, Moor et al. 2015). The soils 
of mires are organogenic, with the degree of decompo-
sition depending on the degree of near-surface anoxia. 
Decomposition also depends on the quality of the litter 
and, therefore, peat formation is strongly affected by the 
composition of plant communities (Ward et  al. 2010, 
2015). In addition, both albedo and evapotranspiration 
of mires are affected by the vegetation (Waddington et al. 
2015). Hence, their role in the carbon- and hydrological 

cycles, and the delivery of different services such as 
carbon sequestration and flood attenuation, can be 
altered by vegetation changes (Moor et al. 2015).

Although most mires in high latitude ecosystems are 
exposed to relatively low nitrogen deposition (Dentener 
et al. 2006), recent evidence suggests that the accumulated 
effects of low annual input rates may result in consid-
erable long-term nitrogen effects (De Schrijver et al. 2011, 
Phoenix et al. 2012). Moreover, both recorded and pre-
dicted increases in temperature tend to be greater at high 
latitudes (SMHI 2015). Mires are generally open or 
semi-open nutrient limited environments where nitrogen 
deposition and climate warming can be expected to cause 
severe changes (Johansson et al. 2006). Experimental and 
modeling studies on the impact of warmer climate on mire 
plant communities indicate that vascular plant species, 
including trees, increase in abundance while Sphagnum 
species decrease as an effect of both drought and increased 
mean temperatures (Weltzin et al. 2000, 2003, Wiedermann 
et al. 2007, Breeuwer et al. 2009, Heijmans et al. 2013). 
There are indications of life-form specific interactions 
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between drought and temperature with respect to shrubs 
and graminoids. While both life-forms may benefit from 
higher temperatures, graminoids only do so when a high 
water-table is maintained (Weltzin et al. 2003). Similar to 
the effects of increased temperatures, nitrogen deposition 
experiments on mires have shown that Sphagnum species 
are disfavored and vascular plants increase with increased 
nitrogen availability (Berendse et al. 2001, Bubier et al. 
2007, Wiedermann et al. 2007, 2009, Juutinen et al. 2016). 
Higher temperature and precipitation may enhance the 
effects of nitrogen deposition, opening up the possibility 
of interaction between these two global change factors 
(Limpens et  al. 2011). Based on stratigraphic data, 
Charman et al. (2013) suggested that higher temperature 
may be beneficial for peatland plants as an effect of a 
longer growing season. This probably holds as long as 
precipitation is sufficient for growth.

The Sphagnum species play an important role in peat 
formation and the hydrology of mires; thus, changes in 
their productivity due to global change may have 
long-term consequences for the mire ecosystem. The 
expected positive effects of both warming and nitrogen 
on the growth and density of the tree layer may further 
change the hydrological dynamics of mires, causing the 
water table to sink, at least periodically. This effect may 
disfavor many species and cause a positive feedback 
effect, i.e., increase the effect of warming and nitrogen, 
on the ground vegetation (Ohlson et al. 2001, Gunnarsson 
et al. 2002, Heijmans et al. 2013, Waddington et al. 2015). 
However, the large-scale effects of global warming and 
nitrogen deposition on mire plant communities along lat-
itudinal gradients are largely unknown.

Sweden has 5.1 million hectares of mires (SLU 2015), 
constituting >10% of the land area, distributed over a 
latitudinal range of almost 14°. The latitudinal temper-
ature gradient is negatively correlated with the deposition 
of nitrogen (Hedwall et al. 2013a), which decreases from 
~15  kg·ha−1·yr−1 in southwestern Sweden to close to 
ambient levels (~2  kg·ha−1·yr−1) in the far north 
(Akselsson et al. 2010). Since the late 1970s there has been 
very little management of these mires due to legal as well 
as economic restrictions on drainage and harvesting of 
trees (SFS 1979; Hånell 2009). Hence, there is an oppor-
tunity to study the effects of large scale environmental 
change on mire vegetation without the confounding 
effects of management.

Repeated surveys of permanent vegetation sample 
units are invaluable for documenting patterns of change 
in plant composition and to help us to understand the 
impacts of multiple and interacting ecosystem drivers 
(Lindenmayer et al. 2010). Gaining in-depth insights into 
the general patterns and processes of vegetation change 
also requires extensive data sets, sampled over large envi-
ronmental gradients. A combination of a temporal and 
spatial approach allows the assessment of the relative con-
tribution of local and large-scale factors to changes in 
community composition (Verheyen et al. 2012, De Frenne 
et  al. 2013, Bernhardt-Römermann et  al. 2015). The 

Swedish National Forest Inventory (NFI) includes a veg-
etation survey with permanent plots on peatlands which 
has now been repeated during a 20-year period (1994–
2013, SLU 2015) and covers the entire country. The veg-
etation survey of the Swedish NFI thus represents one of 
the most extensive long-term vegetation data sets for 
mires globally. The survey of the NFI, in combination 
with the geographical range of Swedish mires, offers an 
excellent opportunity to study large-scale and long-term 
vegetation changes, and to analyze impacts of multiple 
and interacting anthropogenic and environmental drivers.

In this study, we use NFI data to assess the influence 
of local and large-scale drivers on the flora of Swedish 
mires. We analyze changes in the most frequent taxa sur-
veyed among vascular plants (forbs, graminoids and 
woody species), bryophytes and lichens during the 20-yr 
period, 1994–2013. Specifically, we test the following 
hypotheses: (1) Sphagnum species decrease while vascular 
plants in the ground vegetation increase over time; (2) 
tree species increase in biomass over time; (3) these 
changes are larger in southern than northern Sweden (as 
a result of differences in atmospheric nitrogen deposition 
and a warmer climate); and (4) the effects of environ-
mental change on the tree layer will enhance the effects 
on the ground vegetation in a positive feedback loop, i.e., 
an increase in density of the tree layer driven by environ-
mental factors will result in additional effects on the 
ground vegetation.

Materials and Methods

The vegetation data of the NFI

The Swedish NFI collects data on forest structure, 
composition and environmental variables from a 
nationwide network of permanent sample plots. The per-
manent plots are aggregated in square clusters with 4–8 
plots in each square, all of which are located along the 
edge of the square. The edge of each square is 300–1,200 m, 
which along with the distance between squares varies 
between five regions. Detailed information about trees 
and the ground vegetation is collected repeatedly, 
returning to the same individual plot at intervals of 10 yr 
(SLU 2015). For further information and critical evalu-
ation of NFI permanent plots and survey methods, see 
SLU (2015) and Milberg et al. (2008). For this study, we 
used all permanent plots on land which is defined as mire: 
peat forming wetlands with an estimated timber pro-
duction capacity less than 1  m3·ha−1·yr−1. The NFI 
records ditches within 25 m of the center of the plot. All 
such plots (6%) were excluded, resulting in a data set 
including 2,202 mire plots that were surveyed once during 
the period 1994–2003, and then re-surveyed 10 yr later 
during the period 2004–2013. Of these plots, 0.1% 
changed during the study period to a land-use class indi-
cating a higher level of productivity.

In the vegetation survey, the presence of 270 species or 
species groups, including vascular plants, bryophytes and 
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lichens (henceforth also referred to as taxa), was noted in 
circular plots with a radius of 5.64 m (area 100 m2), (see 
Odell and Löfgren 2009 for species nomenclature). Fifty-
three taxa in the shrub and ground layers reached an 
overall frequency of at least 4% in the sample plots during 
the study period 1994–2013 and were analyzed with 
respect to change in occurrence over time. In addition, 
the presence/absence of the three most common tree 
species (Betula pubescens, Picea abies and Pinus sylvestris) 
was analyzed. Data on the tree layer were collected from 
a plot with a radius of 10 m, with the same center point 
as the vegetation plot. In this study, inventory data on the 
basal area (BA; m2/ha) of the two most common species, 
the evergreen conifers P. abies and P. sylvestris, and the 
summed deciduous broadleaf tree species were analyzed, 
resulting in a total of 56 taxa being investigated.

Statistical analysis

All statistical analyses were undertaken in R version 
3.2.2 (R Core Team 2015). To analyze how species with 
different changes in occurrence are distributed along 
environmental gradients, a non-metric multidimen-
sional scaling (NMS) was performed on the plant com-
munity data from the first survey in 1994–2003 (i.e., 
excluding re-survey data), by applying the metaMDS 
function in the vegan package (Oksanen et al. 2013). To 
assist in the interpretation of the gradients in this indirect 
ordination, we used the BA of all deciduous trees, 
P. abies and P. sylvestris together with the total BA and 
temperature sum (TS) as environmental variables. TS 
was defined as the long-term average of the yearly 
summed daily mean temperatures exceeding 5°C 
(Eriksson et al. 1983). In addition, we calculated the plot 
mean Ellenberg indicator values (Ellenberg et al. 1992) 
for light (L), temperature (T), continentality (K), 
moisture (F), soil reaction (R, correlated with pH; 
Diekmann 2003) and nutrients (N). The correlations 
between the ordination and the environmental/indicator 
variables were analyzed using the envfit function and 
projected onto the final NMS solution. The output illus-
trates the strength (length of arrows) and the direction 
of the strongest correlation. The NMS and projection of 
environmental variables used Bray–Curtis dissimilarity 
(BCD) and 999 permutations.

The presence/absence of the 56 taxa data were modeled 
as an effect of time, temperature sum (TS), and the inter-
action between these two main-terms, in binomial (log-
it-link) generalized linear mixed models (GLMM) with 
region, cluster and plot as random effects. Non-significant 
(P > 0.05) interactions between time and TS were removed 
from the models. TS was strongly correlated with the 
deposition of nitrogen (Pearson correlation: r  =  0.87, 
P < 0.001). Hence, TS was introduced in the GLMMs as 
an indicator of the common gradient of climatic variation 
and deposition. The GLMMs of species presence/absence 
were derived using the glmmPQL function in the MASS 
package (Venables and Ripley 2002).

The effects of time and TS on the BA of trees were 
modeled by a zero-adjusted GLMM with region, cluster 
and plot as random effects. This model consisted of a 
binomial (logit-link) GLMM for the dichotomized BA 
(0/1) and a Gamma (log-link) GLMM for the continuous 
part (BA > 0). These models were created using the glmer 
function in the lme4 package (Bates et al. 2015) and then 
merged according to the procedure described by Zuur 
et al. (2012). A partial model selection was performed on 
all GLMMs such that non-significant (P > 0.05) interac-
tions were removed.

For the vegetation data, BCD between inventories 
within plots were calculated using the vegdist function in 
the vegan package. The effects of the tree layer density 
measured as the total BA, the change in total BA between 
inventories and the TS on the BCD were modeled by a 
generalized additive mixed model (GAMM) with region 
and cluster as random effects, in the mgcv package 
(Wood 2006). The change in BA was not correlated to the 
initial BA (r2 = 0.008), implying that these two variables 
can be interpreted independently. A GAMM is a gener-
alization of a GLMM in which the assumption of a linear 
relationship between predictors and the (transformed) 
response variable is relaxed. Our GAMMs were built 
without prior assumptions about the shape of the rela-
tionship between the variables. GAMMs add smooth 
components to a linear model, and therefore, in principle, 
no restriction exists with respect to the shapes that they 
can take. To avoid overfitting and to optimize the 
smoothing parameter, model complexity was restricted 
by applying generalized cross-validation. The GAMMs 
were created with a Gamma distribution and log-link.

Results

The NMS of all 56 taxa showed a clear separation in 
ordination space between the fens dominated by grami-
noids and forbs and dwarf-shrub dominated bog com-
munities along the first dimension, and between open 
fens and forested bogs along the second dimension 
(Fig. 1). The variables most closely related with the ordi-
nation were Ellenberg’s indicator values for light (L), 
moisture (F), soil reaction (R) and nutrients (N) 
(Table 1). Among the environmental variables, the total 
BA of trees had the largest R2 (0.23) while the R2 of TS 
was only 0.01, indicating a much larger impact of local 
habitat than macroclimate. The BA of P. sylvestris and 
Ellenberg’s indicators for temperature, reaction (pH) 
and nutrients showed the strongest correlation with the 
first NMS dimension suggesting a gradient from miner-
otrophic fens to ombrotrophic bog communities. The 
BA of all tree species separately and in total, indicator 
values for light, continentality and moisture showed the 
strongest correlation with the second dimension thus 
supporting the interpretation of a gradient ranging from 
open wet fens to bogs with a high tree canopy cover 
(Table  1). These gradients are also revealed by the 
position of the taxa, with bog species to the right (pine 
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bog species at the top) and minerotrophic indicators to 
the left.

Out of a total of 56 analyzed taxa, the presence of 28 
either increased or decreased significantly over time at loca-
tions with low TS according to the GLMMs (Table 2). The 
majority of these taxa increased (18), while only 10 
decreased. Only eight taxa showed a significantly different 
trend over time depending on TS (significant Time × TS 
interaction): Carex echinata, Cladonia alpestris, Drosera 
spp., Deschampsia flexuosa, Empetrum nigrum, Scheuchzeria 
palustris, Sphagnum spp., and Trientalis europaea (Table 2, 
Fig. 2a–h).

The largest turn-over of species was found among the 
bryophytes, dwarf-shrubs and graminoids. Among the 
six recorded bryophytes, five taxa increased, including 
Sphagnum spp., and one decreased (Polytrichum 
commune). The positive change with time in Sphagnum at 
low TS was, however, weak and the opposite trend was 
found at high TS (Fig. 2g). Seven out of 11 dwarf-shrubs 
increased, whereas none decreased. All seven dwarf-
shrubs that increased are species with ericoid mycorrhiza. 

Table  1.  Post hoc fit of environmental variables and plot 
means of Ellenberg values to the two-dimensional solution 
from the Non-metric multidimensional scaling (NMS; 
Fig. 1).

Dim 1 Dim 2 R2 P

Corr. Corr.

Temperature sum −0.26 0.97 0.01 0.003
BA Pinus sylvestris 0.67 0.74 0.11 0.001
BA Picea abies <0.01 0.99 0.12 0.001
BA deciduous −0.46 0.89 0.16 0.001
BA total 0.10 0.99 0.23 0.001
L (light) −0.19 −0.98 0.76 0.001
T (temperature) −0.92 −0.38 0.23 0.001
K (continentality) 0.18 0.98 0.13 0.001
F (moisture) −0.47 −0.88 0.76 0.001
R (soil reaction) −0.99 0.17 0.48 0.001
N (nutrients) −0.83 0.56 0.58 0.001

Notes: BA, basal area. The table shows the independent 
correlations with the two axes separately, together with the R2 
and P-value for each variable in relation to the ordination.

Fig. 1.  Ordination diagram showing the two-dimensional result of a non-metric multidimensional scaling (NMS) of the NFI 
data from 1994 to 2003. Arrows show the post hoc fit of environmental variables: basal area of deciduous trees (BADEC), Picea 
abies (BAPIC), Pinus sylvestris (BAPIN), total basal area (BATOT) and temperature sum (TSUM) and plot-means of Ellenberg 
indicator values for light (L), temperature (T), continentality (K), moisture (F), soil reaction (R) and nutrients (N). Abbreviations 
for the taxa are given in Table 2 and correlation statistics for the environmental variables in Table 1. Taxa in bold text either 
decreased (−) or increased (+) in plot frequency during the 1994–2013 period (Table 2).
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Table 2.  List of analyzed taxa with change in probability of occurrence over time, along the temperature sum gradient as indicated 
by generalized linear mixed models (GLMM).

Taxon Abbreviation Life-form
Change over 

time, T
Temperature 

sum, TS
Significant T × TS 

interaction

Polytrichum commune Poly_com Bryophyte − ns
Hylocomium splendens Hylo_spl Bryophyte + −
Aulacomnium palustre Aula_pal Bryophyte + −
Mnium spp. Mniu_spp Bryophyte + ns
Pleurozium schreberi Pleu_sch Bryophyte + −
Sphagnum spp. Spha_spp Bryophyte + − Decrease over time at 

high TS
Selaginella selaginoides Sela_sel Dwarf-shrub ns −
Calluna vulgaris Call_vul Dwarf-shrub ns +
Lycopodium annotinum Lyco_ann Dwarf-shrub ns −
Andromeda polifolia Andr_pol Dwarf-shrub ns −
Vaccinium myrtillus Vacc_myr Dwarf-shrub + −
Erica tetralix Eric_tet Dwarf-shrub + 0
Vaccinium vitis-idaea Vacc_vit Dwarf-shrub + −
Vaccinium uliginosum Vacc_uli Dwarf-shrub + −
Ledum palustre Ledu_pal Dwarf-shrub + +
Vaccinium oxycoccus/
microcarpum

Vacc_oxy/mic Dwarf-shrub + ns

Empetrum nigrum Empe_nig Dwarf-shrub + − Weak increase over time 
at low TS and decrease 
over time at high TS

Filipendula ulmaria Fili_ulm Forb ns +
Melampyrum pratense Mela_pra Forb ns −
Potentilla erecta Pote_ere Forb ns −
Solidago virgaurea Soli_vir Forb ns −
Rubus chamaemorus Rubu_cha Forb ns −
Viola palustris/epipsila Viol_pal/epi Forb ns ns
Equisetum palustre Equi_pal Forb ns −
Pedicularis palustris Pedi_pal Forb ns −
Potentilla palustris Pote_pal Forb ns +
Equisetum fluviatile Equi_flu Forb ns +
Equisetum sylvaticum Equi_syl Forb ns −
Menyanthes trifoliata Meny_tri Forb ns ns
Drosera spp. Dros_spp Forb ns ns Stronger increase over 

time at high TS
Dactylorhiza maculata Dact_mac Forb + −
Trientalis europaea Trie_eur Forb + − An increase over time 

only at low TS
Molinia caerulea Moli_cae Graminoid ns −
Calamagrostis canescens/
purpurea

Cala_can/pur Graminoid ns ns

Carex globularis Care_glo Graminoid ns ns
Carex lasiocarpa Care_las Graminoid ns ns
Carex magellanica/limosa Care_mag/lim Graminoid ns −
Eriophorum vaginatum Erio_vag Graminoid ns −
Eriophorum angustifolium Erio_ang Graminoid − −
Carex panicea/vaginata Care_pan/vag Graminoid − −
Deschampsia flexuosa Desc_fle Graminoid − − No change over time at 

high TS
Carex chordorrhiza Care_cho Graminoid − ns
Trichophorum cespitosum Tric_ces Graminoid − −
Scheuchzeria palustris Sche_pal Graminoid − − Weak increase over time 

at high TS
Carex echinata Care_ech Graminoid − − No change over time at 

high TS
Carex rostrata Care_ros Graminoid + −

(continued)
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For one of these, Empetrum nigrum, there was a signif-
icant Time × TS interaction with a decreasing trend at 
high TS (Fig. 2e). Among the 16 graminoid taxa, three 
increased and four decreased (Table  2). All three 
graminoid taxa with significant interactions showed a 
weak or no trend at high TS. Forbs were a large group 
(15 species) with only two species changing (both 
increased). P. sylvestris was the only species among the 
trees and shrubs that increased in presence and this 
increase was even over the TS gradient. Most of the 
declining species were characteristic of the nutrient poor 
fen community, while increasing species appeared along 
both gradients (Fig. 1). The bog community had a large 
share of increasing species, whereas none decreased.

The final zero adjusted GLMM of the BA included only 
the main terms time and TS. The summed BA of all trees 
was higher at high TS than at low TS and increased over 
time (Table 3, Fig. 3). The increase was similar at low and 
at high TS (non-significant T × TS interaction). The pre-
dicted value of BA increased, at intermediate TS (1100), 
from 3.1 m2/ha in 1994 to 4.4 m2/ha in 2013 (Fig. 3).

According to the GAMM, the BCD was significantly 
lower on sites with high initial BA of trees (Fig. 4), implying 
a smaller change in species composition when there is denser 
canopy cover. The relationship between BCD and initial 
BA was non-linear, with the strongest negative effect of BA 
on BCD occurring at low BA, and above 5 m2 there was no 
significant change in BCD along the BA gradient. There was 
a negative linear relationship between change in BA and 
BCD, implying that disturbance, measured as loss of tree 
cover, increased the BCD while an increase in BA due to 
growth led to decreasing BCD and increasing stability in the 
ground vegetation composition (Fig. 4). As these two vari-
ables were uncorrelated (R2 = 0.008) and the latter effect 
remained despite the inclusion of the initial BA in the model, 
it can be concluded that these effects are unrelated. BCD 
was unaffected by TS over most of the range, but increased 
strongly at TS > 1200, which may indicate a threshold in the 
effects of current or accumulated nitrogen deposition.

Discussion

This study provides evidence of significant temporal 
changes in mire vegetation along an extensive gradient of 
climate and nitrogen deposition. During the 20 yr when 
data were collected, woody vegetation with tree cover and 
dwarf-shrubs increased along with forest bryophytes. In 
contrast to our hypothesis, vegetation changes were 
evenly distributed along most of the latitudinal gradient 
and a gradually increasing tree canopy cover stabilized the 
ground vegetation as a result of a negative feed-back loop.

Changes in species composition

The increase in cover of trees and of the presence of 
dwarf-shrubs connected to the bog community in our 
study is in line with the predicted effects of both a warmer 
climate and nitrogen deposition from experimental 
(Weltzin et  al. 2000, 2003, Wiedermann et  al. 2007, 
Breeuwer et al. 2009, Heijmans et al. 2013) and observa-
tional studies in single mires or smaller regions with ele-
vated nitrogen deposition (Nordbakken 2001, Gunnarsson 
et al. 2002, Gunnarsson and Flodin 2007, Kapfer et al. 
2011). One dwarf-shrub, Empetrum nigrum, however, dis-
played this trend in the north while in the south it declined. 
The species is represented by different subspecies in the 
north and south (hermaphroditum and nigrum, respec-
tively). However, both subspecies are associated with 
open environments and the species may, therefore, have 
suffered from the increase in tree cover (cf Zvereva and 
Kozlov 2004), which was somewhat greater in the south. 
In addition, several bryophytes increased that either, like 
Pleurozium schreberi and Hylocomium splendens, are 
associated with forest habitats or, like Aulacomnium 
palustre, grow in both open and forested habitats. 
Polytrichum commune often grows in shaded, marginal 
parts of peatlands, and its decline was therefore sur-
prising. The more typical peatland species Polytrichum 
strictum has been found to respond positively to N 

Taxon Abbreviation Life-form
Change over 

time, T
Temperature 

sum, TS
Significant T × TS 

interaction

Carex pauciflora Care_pau Graminoid + −
Trichophorum alpinum Tric_alp Graminoid + −
Cetraria islandica Cetr_isl Lichen − −
Cladonia alpestris Clad_ste Lichen − ns Increase over time at 

high TS
Betula nana Betu_nan Shrub ns −
Juniperus communis Juni_com Shrub ns −
Myrica gale Myri_gal Shrub ns +
Betula pubescens Betu_pub Tree ns +
Picea abies Pice_abi Tree ns −
Pinus sylvestris Pinu_syl Tree + +

Notes: ns, non-significant; sig, significant (P < 0.05). The interaction between time and temperature sum (TS) indicates whether 
there were significantly different trends in changes at high compared to low temperature sums. Species are ordered according to 
life-form and direction of change.

Table 2.  Continued.
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additions (Mitchell et al. 2002, Juutinen et al. 2016), but 
experiments suggest that the relationship between species 
of Sphagnum and Polytrichum may be altered by changes 
in temperature and N availability (Mitchell et al. 2002, Bu 
et al. 2011, Juutinen et al. 2016).

Mire vegetation is spatially and temporally dynamic, 
and some of the changes we observed resemble the natural 
succession from fen to bog (for example, the expansion of 
dwarf shrubs and feather mosses; and the decrease in 
some fen graminoids). This shift includes acidification 

Fig. 2.  Predicted probabilities of occurrences from generalized linear mixed models (GLMM) of the eight taxa that showed 
significant interactions between temperature sum (TS) and time: Cladonia alpestris (a), Carex echinata (b), Deschampsia flexuosa (c), 
Drosera spp. (d), Empetrum nigrum (e), Scheuchzeria palustris (f), Sphagnum spp. (g), Trientalis europaea (h). The original time-scale 
in the analyses, ranging from 0 to 19, has been replaced with calendar years to facilitate the interpretation of the axis.
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and hummock formation, in which Sphagnum mosses 
play a major role (Granath et al. 2010), and stratigraphic 
data show that it can occur as quickly as over a few 
decades (e.g., Gorham and Janssens 1992). It seems, 
however, unlikely that these natural processes should be 
so well synchronized as to explain our results any more 
than a little, but they could reinforce the effects of 
increased temperature.

Deschampsia flexuosa, a grass associated with the drier 
forested mires, exhibited a decreasing trend over time. 
This is surprising, since this species has often been con-
sidered an indicator of increased nitrogen availability in 
boreal forest (e.g., Strengbom and Nordin 2012). During 
our study period, however, it has decreased in Swedish 

forests, probably as a result of increasing stand density 
(Hedwall et  al. 2013b, Hedwall and Brunet 2016). The 
increase in basal area suggests that the same scenario 
is  relevant for mires. Most other graminoids were 

Fig. 4.  Smoothers from a generalized additive mixed model 
(GAMM) of the effects of initial total basal area of trees, change 
in basal area and temperature sum on the Bray–Curtis 
dissimilarity (BCD) between inventories (10 yr). The dependent 
variable is back-transformed to the original scale to facilitate 
interpretation. Intercept  =  −1.68 (on the natural log scale; 
t  =  −106.3; P  <  0.001). The edf (exact degrees of freedom) 
indicates the complexity of the GAMM smoother where edf = 1 
is a straight line. The shaded areas indicate ±2 SE.

Fig. 3.  Predicted basal area of trees from the fixed part of a 
zero-adjusted generalized linear mixed model (GLMM; reduced 
model; Table 3). The standardized predictors from the model 
are shown on their original scale. The original time-scale in the 
analyses, ranging from 0 to 19, has been replaced with calendar 
years to facilitate the interpretation of the axis.

Table 3.  Zero-adjusted generalized linear mixed models (GLMM) of the effect of time and temperature sum (TS) on the basal 
area (BA) of trees.

Binomial component Gamma component

AICEst. par SE Z P Est. par SE Z P

Full model
Intercept 1.84 0.11 16.60 <0.001 1.33 0.03 39.64 <0.001 22,387.3
Time 0.06 0.04 1.30 0.193 0.11 0.01 7.96 <0.001
Temperature sum 0.36 0.08 4.58 <0.001 0.12 0.03 3.67 <0.001
Time × Temperature sum 0.03 0.04 0.65 0.513 0.02 0.01 1.13 0.259

Reduced model
Intercept 1.84 0.11 16.60 <0.001 1.33 0.03 39.64 <0.001 22,385.0
Time 0.05 0.04 1.26 0.207 0.10 0.01 7.48 <0.001
Temperature sum 0.36 0.08 4.58 <0.001 0.12 0.03 3.68 <0.001

Notes: AIC, Akaike’s information criterion. The independent variables were centered and standardized prior to the analyses. 
The models included a binomial component representing the presence/absence of trees and a gamma component representing the 
continuous response. The non-significant interaction was removed from the full model.
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associated with the wet fen habitats, which are charac-
terized by low cover of trees and by plant species with high 
light requirements. This species group exhibited a high 
turnover, with both increasing and decreasing species 
and, for two species, the trends also differed along the 
latitudinal gradient. With respect to this species group, 
there were only partial overlaps in direction of change 
with earlier studies (Nordbakken 2001, Gunnarsson et al. 
2002, Gunnarsson and Flodin 2007, Kapfer et al. 2011). 
These studies were, however, all observational from one 
or a few mires in which mostly local processes were 
recorded, partly during earlier time-periods.

In contrast to most experiments on warming and 
nitrogen addition, no general decrease was seen with 
respect to Sphagnum species. Instead, while clearly 
decreasing in the south, a small increase was indicated in 
the north. Sphagnum mosses constitute a large share of the 
biomass in mires and were the most frequent group of 
species in this study. Considering the large sample plot size 
in the NFI, the decrease in presence of Sphagnum in the 
south is noteworthy. Sphagnum mosses incorporate 
nitrogen in their biomass at low deposition rates (Kooijman 
1992, 2012, Bragazza et al. 2005), but the bryosphere may 
start to leach nitrogen to the roots of competing vascular 
plants when there is higher deposition (Berendse et  al. 
2001, Limpens et al. 2003). An increased growth of vas-
cular plants may in turn lower the water table and reduce 
the competitiveness of Sphagnum further (Ohlson et  al. 
2001). However, different responses among Sphagnum 
species to increased nitrogen (Granath et  al. 2009) may 
delay a general decrease. Hence, threshold effects along 
nitrogen gradients with positive feedback loops may be 
expected, with no changes at low deposition while high 
nitrogen availability may be detrimental. Nitrogen depo-
sition had been ongoing for decades in southern Sweden 
at the start of our study period and earlier studies have 
recorded an increase in some Sphagnum species 
(Gunnarsson et  al. 2002) that may have been a conse-
quence of this deposition. The NFI aggregates Sphagnum 
species, which leaves us to speculate about changes with 
respect to individual species; however, it is likely that such 
a threshold has now been passed in the far south, and that 
this may have occurred even before our study began.

Drainage of mires may have effects on the vegetation 
similar to N deposition and warming, including increases 
in tree encroachment as well as in abundance of dwarf-
shrubs and forest bryophytes (Laine et al. 1995, Mälson 
et al. 2008, Punttila et al. 2016). Although we excluded 
plots directly affected by ditches, drainage elsewhere in 
the catchments may have contributed to some extent to 
the observed changes in vegetation. However, most 
drained mires in Sweden were ditched decades prior to 
the beginning of our study period (SFS 1979; Hånell 
2009). Nevertheless, the initial productivity of our plots 
was very low (<1  m3·ha−1·yr−1) and by the end of our 
study only 0.1% of the plots had changed into a more 
productive land-use class, indicating that any effects of 
drainage have been very small.

Interpretation of the latitudinal gradient

The latitudinal temperature gradient in Sweden is 
tightly correlated with the nitrogen deposition (Hedwall 
et al. 2013a) and was used in the analyses as an integrated 
vector of these two variables. The nitrogen deposition 
decreased from ~15 kg·ha−1·yr−1 in the south to close to 
ambient levels (~2 kg·ha−1·yr−1) in the far north (Akselsson 
et  al. 2010). The deposition of anthropogenic nitrogen 
has continued at these levels for several decades, resulting 
in an accumulated deposition that is many times larger in 
the south than in the north. Although even the greatest 
deposition rates observed in Sweden are far from extreme 
in an international context (Dentener et  al. 2006), the 
accumulated effects of low annual input rates may result 
in considerable long-term nitrogen effects (De Schrijver 
et  al. 2011, Phoenix et  al. 2012). In addition, there are 
indications that the effects of nitrogen deposition may 
increase with increasing temperatures (Limpens et  al. 
2011). Hence, we expected that the changes in mire vege-
tation would decrease from south to north. We found 
very little evidence for such trends when considering indi-
vidual species, however, and there was almost no effect on 
the changes in species composition. It has been suggested 
that increases in temperature will have similar effects on 
the vegetation as nitrogen deposition (cf. Weltzin et al. 
2000, 2003, Bubier et al. 2007, Wiedermann et al. 2007, 
2009). One possible reason of the lack of differences along 
the gradient may be different main drivers of change in 
the south and north. So far, there has been a greater 
increase in temperature and vegetation period in the 
north (SMHI 2015), and these two global change factors 
may have complementary effects along the gradient.

Two exceptions to the absence of differences between 
south and north were the effect on Sphagnum discussed pre-
viously and the non-linear pattern of the Bray–Curtis dis-
tance between vegetation inventories along the temperature 
sum gradient. The Bray–Curtis distance indicates non-
linear patterns with a threshold effect and a sharp increase 
in response at a certain level of environmental impact, i.e., 
the system may be resistant to low or intermediate impact 
while a high impact may cause large effects and movement 
towards an alternative state (Scheffer et al. 2001).

Negative vs. positive feed-back loops

Previous studies indicate that the establishment and 
expansion of trees and other woody vegetation which 
reduce the light available to the ground vegetation and 
lower the water table can induce a positive feed-back loop 
with respect to the effects of environmental change 
(Ohlson et  al. 2001, Gunnarsson et  al. 2002, Heijmans 
et al. 2013, Waddington et al. 2015). This would imply 
that changes reinforce each other continuously and the 
response of the tree layer may increase the effects on the 
ground vegetation. This is in contrast to the results pre-
sented herein, where the increasing density of trees was 
correlated to a smaller compositional change in the 
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ground vegetation, independent of the initial tree density. 
This indicates a negative feed-back loop as the increase in 
tree cover is a predicted outcome of the same environ-
mental factors that affect the ground vegetation. Similar 
effects of the tree layer have been found in temperate 
closed canopy forests, where the tree layer moderated the 
effects of both increased temperatures and nitrogen dep-
osition on the understory vegetation (Verheyen et  al. 
2012, De Frenne et al. 2013). Climate change has been 
predicted to increase frequencies of natural disturbances 
such as wildfires, gales, pests, and pathogens (Dale et al. 
2001). Even if tree cover has increased in general, local 
and rather drastic tree deaths in peatlands have been 
described (Gunnarsson and Rydin 1998), probably 
caused by unusually wet summers leading to anoxia in the 
root and mycorrhizal zone. Verheyen et al. (2012) and De 
Frenne et al. (2013) also hypothesized that disturbance of 
the tree layer could release the effects of, for example, 
accumulated nitrogen. Our results support this sug-
gestion of interacting effects of local and large-scale 
drivers as the change in species composition increased 
when the tree cover was reduced.

Conclusions

This large-scale resurvey study indicates an increase in 
woody vegetation on Swedish mires, which is probably an 
effect of nitrogen deposition and increasing temperatures. 
While nitrogen deposition may be a major driver of vege-
tation change in southern Sweden, increasing tempera-
tures are probably most important in the north. The 
observed decrease in Sphagnum mosses and a pronounced 
change in species composition in the far south may indicate 
a threshold effect due to long-term accumulated nitrogen 
deposition. This would imply that mire vegetation may be 
resistant to nitrogen deposition up to a certain level, after 
which rapid changes towards an alternative state occur. It 
has been suggested that an increase in tree cover driven by 
global change may induce additional changes to the 
ground vegetation in a positive feed-back loop. Instead we 
found a negative feed-back loop, where the tree cover 
delays the effects on the ground vegetation. It has been 
predicted that changes in climate will increase the fre-
quency and severity of natural disturbances of the tree 
layer due, for example, to pathogens or wind, which in turn 
may facilitate global change-driven effects on ground veg-
etation. Hence, our results have important implications for 
predictions of the long-term effects of global change.

Acknowledgments

The continuous and strenuous efforts of the staff at the 
Swedish NFI made this study possible. Special thanks go to 
Jonas Dahlgren who provided the data from the NFI and 
shared valuable knowledge of the inventory. We thank the two 
anonymous reviewers for their insightful comments and sugges-
tions. We are also grateful to Sees-editing Ltd. for improving 
the language. The study was supported by a grant received from 
the Swedish Forest Society.

Literature Cited

Akselsson, C., S. Belyazid, S. Hellsten, M. Klarqvist, G. Pihl-
Karlsson, P.-E. Karlsson, and L. Lundin. 2010. Assessing the 
risk of N leaching from forest soils across a steep N deposition 
gradient in Sweden. Environmental Pollution 158:3588–3595.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting 
linear mixed-effects models using lme4. Journal of Statistical 
Software 67:1–48.

Berendse, F., et  al. 2001. Raised atmospheric CO2 levels and 
increased N deposition cause shifts in plant species composi-
tion and production in Sphagnum bogs. Global Change 
Biology 7:591–598.

Bernhardt-Römermann, M., et  al. 2015. Drivers of temporal 
changes in temperate forest plant diversity vary across spatial 
scales. Global Change Biology 21:3726–3737.

Bragazza, L., et  al. 2005. Nitrogen concentration and δ15N 
signature of ombrotrophic Sphagnum mosses at different N dep-
osition levels in Europe. Global Change Biology 11:106–114.

Breeuwer, A., B. J. M. Robroek, J. Limpens, M. M. P. D. 
Heijmans, M. G. C. Schouten, and F. Berendse. 2009. 
Decreased summer water table depth affects peatland vegeta-
tion. Basic and Applied Ecology 10:330–339.

Bu, Z., H. Rydin, and X. Chen. 2011. Direct and interaction-
mediated effects of environmental changes on peatland bryo-
phytes. Oecologia 166:555–563.

Bubier, J. L., T. R. Moore, and L. A. Bledzki. 2007. Effects of 
nutrient addition on vegetation and carbon cycling in an 
ombrotrophic bog. Global Change Biology 13:1168–1186.

Charman, D. J., et al. 2013. Climate-related changes in peatland 
carbon accumulation during the last millennium. 
Biogeosciences 10:929–944.

Dale, V. H., et al. 2001. Climate change and forest disturbances. 
BioScience 51:723–734.

De Frenne, P., et al. 2013. Forest canopy closure buffers plant 
community responses to global warming. Proceedings of the 
National Academy of Sciences USA 110:18561–18565.

De Schrijver, A., P. De Frenne, E. Ampoorter, L. Van Nevel, 
A.  Demey, K. Wuyts, and K. Verheyen. 2011. Cumulative 
nitrogen input drives species loss in terrestrial ecosystems. 
Global Ecology and Biogeography 20:803–816.

Dentener, F., et  al. 2006. Nitrogen and sulfur deposition on 
regional and global scales: a multimodel evaluation. Global 
Biogeochemical Cycles 20:GB4003.

Diekmann, M. 2003. Species indicator values as an important 
tool in applied plant ecology: A review. Basic and Applied 
Ecology 4:493–506.

Ellenberg, H., H. E. Weber, R. Düll, V. Wirth, W. Werner, and 
D. Pauliβen. 1992. Zeigerwerte von Pflanzen in Mitteleuropa. 
Scripta Geobotanica 18:1–248.

Eriksson, B., H. Odin, and K. Perttu. 1983. Temperatur-
klimatkartor för svenskt skogsbruk. Institutionen för skoglig 
marklära, SLU, Uppsala, rapport 45.

Gorham, E., and J. A. Janssens. 1992. The paleorecord of geo-
chemistry and hydrology in northern peatlands and its rela-
tion to global change. Suo 43:117–126.

Granath, G., J. Strengbom, A. Breeuwer, M. M. P. D. Heijmans, 
F. Berendse, and H. Rydin. 2009. Photosynthetic perfor-
mance in Sphagnum transplanted along a latitudinal nitrogen 
deposition gradient. Oecologia 159:705–715.

Granath, G., J. Strengbom, and H. Rydin. 2010. Rapid ecosys-
tem shifts in peatlands: linking plant physiology and succes-
sion. Ecology 91:3047–3056.

Gunnarsson, U., and L.-Å. Flodin. 2007. Vegetation shifts 
towards wetter site conditions on oceanic ombrotrophic bogs 
in southwestern Sweden. Journal of Vegetation Science 
18:595–604.



160 Ecology, Vol. 98, No. 1PER-OLA HEDWALL ET AL.

Gunnarsson, U., and H. Rydin. 1998. Demography and recruit-
ment of Scots pine on raised bogs in eastern Sweden and rela-
tionships to microhabitat differentiation. Wetlands 18:133–141.

Gunnarsson, U., N. Malmer, and H. Rydin. 2002. Dynamics or 
constancy in Sphagnum dominated mire ecosystems? A 40-
year study. Ecography 25:685–704.

Hånell, B. 2009. Möjlighet till höjning av skogsproduktionen i 
Sverige genom dikesrensning, dikning och gödsling av tor-
vmarker. Pages 187–215 in N. Fahlvik, U. Johansson, and 
U. Nilsson, editors. Skogsskötsel för ökad tillväxt. Faktaunderlag 
till MINT-utredningen. SLU, Uppsala. ISBN 978-91-86197-43-8.

Hedwall, P.-O., and J. Brunet. 2016. Trait variations of ground 
flora species disentangle the effects of global change and 
altered land-use in Swedish forests during 20  years. Global 
Change Biology 22:4038–4047. https://doi.org/10.1111/
gcb.13329

Hedwall, P.-O., J. Brunet, A. Nordin, and J. Bergh. 2013b. 
Changes in the abundance of keystone forest floor species in 
response to changes of forest structure. Journal of Vegetation 
Science 24:296–306.

Hedwall, P. O., A. Nordin, J. Strengbom, J. Brunet, and 
B.  Olsson. 2013a. Does background nitrogen deposition 
affect the response of boreal vegetation to fertilization? 
Oecologia 173:615–624.

Heijmans, M. M. P. D., Y. A. M. van der Knaap, M. Holmgren, 
and J. Limpens. 2013. Persistent versus transient tree encroach-
ment of temperate peat bogs: effects of climate warming and 
drought events. Global Change Biology 19:2240–2250.

Johansson, T., N. Malmer, P. M. Crill, T. Friborg, J. H. 
Åkerman, M. Mastepanov, and T. R. Christensen. 2006. 
Decadal vegetation changes in a northern peatland, green-
house gas fluxes and net radiative forcing. Global Change 
Biology 12:2352–2369.

Juutinen, S., T. R. Moore, A. M. Laine, J. L. Bubier, E.-S. 
Tuittila, A. De Young, and M. Chong. 2016. Responses of 
the mosses Sphagnum capillifolium and Polytrichum strictum 
to nitrogen deposition in a bog: growth, ground cover, and 
CO2 exchange. Botany-Botanique 94:127–138.

Kapfer, J., J.-A. Grytnes, U. Gunnarsson, and H. J. B. Birks. 
2011. Fine-scale changes in vegetation composition in a 
boreal mire over 50 years. Journal of Ecology 99:1179–1189.

Kimmel, K., and Ü. Mander. 2010. Ecosystem services of peat-
lands: implications for restoration. Progress in Physical 
Geography 34:491–514.

Kooijman, A. M. 1992. The decrease of rich fen bryophytes in 
the Netherlands. Biological Conservation 59:139–143.

Kooijman, A. M. 2012. ‘Poor rich fen mosses’: atmospheric 
N-deposition and P-eutrophication in base-rich fens. 
Lindbergia 35:42–52.

Laine, J., H. Vasander, and R. Laiho. 1995. Long-term effects 
of water level drawdown on the vegetation of drained pine 
mires in Southern Finland. Journal of Applied Ecology 
32:785–802.

Limpens, J., F. Berendse, and H. Klees. 2003. N deposition 
affects N availability in interstitial water, growth of Sphagnum 
and invasion of vascular plants in bog vegetation. New 
Phytologist 157:339–347.

Limpens, J., et al. 2011. Climatic modifiers of the response to 
nitrogen deposition in peat-forming Sphagnum mosses: a 
meta-analysis. New Phytologist 191:496–507.

Lindenmayer, D. B., G. E. Likens, C. J. Krebs, and R. J. Hobbs. 
2010. Improved probability of detection of ecological “sur-
prises”. Proceedings of the National Academy of Sciences 
USA 107:21957–21962.

Loisel, J., et al. 2014. A database and synthesis of northern peat-
land soil properties and Holocene carbon and nitrogen accu-
mulation. Holocene 24:1028–1042.

Mälson, K., I. Backéus, and H. Rydin. 2008. Long-term effects 
of drainage and initial effects of hydrological restoration on 
rich fen vegetation. Applied Vegetation Science 11:99–106.

Milberg, P., J. Bergstedt, J. Fridman, G. Odell, and 
L. Westerberg. 2008. Observer bias and random variation in 
vegetation monitoring data. Journal of Vegetation Science 
19:633–644.

Mitchell, E. A. D., A. Buttler, P. Grosvernier, H. Rydin, 
A. Siegenthaler, and J.-M. Gobat. 2002. Contrasted effects of 
increased N and CO2 supply on two keystone species in peat-
land restoration and implications for global change. Journal 
of Ecology 90:529–553.

Moor, H., K. Hylander, and J. Norberg. 2015. Predicting cli-
mate change effects on wetland ecosystem services using spe-
cies distribution modeling and plant functional traits. Ambio 
44:113–126.

Nilsson, M., J. Sagerfors, I. Buffam, H. Laudon, T. Eriksson, 
A. Grelle, L. Klemedtsson, P. Weslien, and A. Lindroth. 
2008. Contemporary carbon accumulation in a boreal olig-
otrophic minerogenic mire – a significant sink after account-
ing for all C-fluxes. Global Change Biology 14:2317–2332.

Nordbakken, J.-F. 2001. Fine-scale five-year vegetation change 
in boreal bog vegetation. Journal of Vegetation Science 
12:771–778.

Odell, G., and O. Löfgren. 2009. RIS arthandbok 2009 – defini-
tioner till artlistorna för markvegetationsinventeringen (NFI 
species hand book). Institutionen för skoglig resurshushålln-
ing and institutionen för mark och miljö, Swedish University 
of Agricultural Sciences, Umeå, Sweden.

Ohlson, M., R. H. Økland, J.-F. Nordbakken, and B. Dahlberg. 
2001. Fatal interactions between Scots pine and Sphagnum 
mosses in bog ecosystems. Oikos 94:425–432.

Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, P. R. 
Minchin, R. B. O’Hara, G. L. Simpson, P. Solymos, M. H. H. 
Stevens, and H. Wagner. 2013. vegan: Community Ecology 
Package. R package version 2.0-8. http://CRAN.R-project.
org/package=vegan

Phoenix, G. K., et  al. 2012. Impacts of atmospheric nitrogen 
deposition: responses of multiple plant and soil parameters 
across contrasting ecosystems in long-term field experiments. 
Global Change Biology 18:1197–1215.

Punttila, P., O. Autio, J. S. Kotiaho, D. J. Kotze, O. J. Loukola, 
N. Noreika, A. Vuori, and K. Vepsäläinen. 2016. The effects 
of drainage and restoration of pine mires on habitat struc-
ture, vegetation and ants. Silva Fennica 50:2. article id 1462.

R Core Team. 2015. R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing, 
Vienna, Austria. https://www.R-project.org/

Scheffer, M., S. Carpenter, J. A. Foley, C. Folke, and B. Walker. 
2001. Catastrophic shifts in ecosystems. Nature 413:591–596.

SFS. 1979. Skogsvårdslag 1979:429. Regeringskansliets rättsda-
tabaser, Stockholm, Sweden.

SLU. 2015. Forest statistics 2015. Official statistics of Sweden. 
Swedish University of Agricultural Sciences (SLU), Umeå, 
Sweden.

SMHI. 2015. Swedish Meteorological and Hydrological 
Institute. http://www.smhi.se/kunskapsbanken/klimat/klima 
tindikator-vegetationsperiodens-langd-1.7887

Spitzer, K., and H. V. Danks. 2006. Insect biodiversity of boreal 
peat bogs. Annual Review of Entomology 51:137–161.

Strengbom, J., and A. Nordin. 2012. Physical disturbance deter-
mines effects from nitrogen addition on ground vegetation in 
boreal coniferous forests. Journal of Vegetation Science 
23:361–371.

Venables, W. N., and B. D. Ripley. 2002. Modern applied statis-
tics with S. Fourth edition. Springer, New York, New York, 
USA.

https://doi.org/10.1111/gcb.13329
https://doi.org/10.1111/gcb.13329
http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan
https://www.R-project.org/
http://www.smhi.se/kunskapsbanken/klimat/klimatindikator-vegetationsperiodens-langd-1.7887
http://www.smhi.se/kunskapsbanken/klimat/klimatindikator-vegetationsperiodens-langd-1.7887


January 2017 161PEATLANDS UNDER GLOBAL CHANGE

Verheyen, K., et al. 2012. Driving factors behind the eutrophi-
cation signal in understorey plant communities of deciduous 
temperate forests. Journal of Ecology 100:352–365.

Waddington, J. M., P. J. Morris, N. Kettridge, G. Granath, 
D. K. Thompson, and P. A. Moore. 2015. Hydrological feed-
backs in northern peatlands. Ecohydrology 8:113–127.

Ward, S. E., K. H. Orwin, N. J. Ostle, M. J. I. Briones, B. C. 
Thomson, R. I. Griffiths, S. Oakley, H. Quirk, and R. D. 
Bardgett. 2015. Vegetation exerts a greater control on litter 
decomposition than climate warming in peatlands. Ecology 
96:113–123.

Ward, S. E., N. J. Ostle, N. P. McNamara, and R. D. Bardgett. 
2010. Litter evenness influences short-term peatland decom-
position processes. Oecologia 164:511–520.

Weltzin, J. F., S. D. Bridgham, J. Pastor, J. Chen, and C. Harth. 
2003. Potential effects of warming and drying on peatland plant 
community composition. Global Change Biology 9:141–151.

Weltzin, J. F., J. Pastor, C. Harth, S. D. Bridgham, 
K. Updegraff, and C. T. Chapin. 2000. Response of bog and 

fen plant communities to warming and water-table manipula-
tions. Ecology 81:3464–3478.

Wiedermann, M. M., U. Gunnarsson, M. B. Nilsson, A. Nordin, 
and L. Ericson. 2009. Can small-scale experiments predict 
ecosystem responses? An example from peatlands. Oikos 
118:449–456.

Wiedermann, M. M., A. Nordin, U. Gunnarsson, M. B. 
Nilsson, and L. Ericson. 2007. Global change shifts vegeta-
tion and plant-parasite interactions in a boreal mire. Ecology 
88:454–464.

Wood, S. N. 2006. Generalized additive models – an introduc-
tion with R. Chapman & Hall/CRC Press, Boca Raton, 
Florida, USA.

Zuur, A. F., A. A. Savaliev, and E. N. Ieno. 2012. Zero inflated 
models and generalized linear mixed models with R. Highland 
Statistics Ltd, Newburgh, New York, USA.

Zvereva, E. L., and M. V. Kozlov. 2004. Facilitative effects of top-
canopy plants on four dwarf shrub species in habitats severely 
disturbed by pollution. Journal of Ecology 92:288–296.


