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Abstract   The traditional use of fen areas for hay production had been extensive in boreal Europe, but few studies have investigated the hay crop of different fen plant communities. We studied the hay crop from upper boreal (sub-alpine) rich fens using data from 81 permanent plots over more than 30 years in one coastal (oceanic) area and one inland (continental) area in central Norway. Permanent 12.5 m² plots were mown with a scythe every year, every 2nd year or every 4th year. A large majority of the plots under study were lawn and open margin communities classified within or related to the phytogeographical order Caricetalia davallianae. There was no difference in the hay crop between the study areas in these communities, indicating that biomass production is about the same in ecologically similar rich fens that share the same dominant species. The first hay crop (including litter) from lawn communities was about 160 g/m² after 20–30 years of abandonment. Regular mowing every second year reduced the hay crop by more than 30 %, and stabilized it after three mowings. The hay crop decreased with increasing mowing frequency; in lawn and open margin communities, mowing every 4th, every 2nd and every year yielded on average 140, 113 and 65 g/m², respectively. In earlier times, it used to take farmers about 10 days’ work to harvest one hectare.  Thus, the traditional practice of mowing every 2nd year was efficient in terms of the hay crop and labour input, and the quality of the hay was improved due to a lower litter fraction.
Keywords   Biomass · Boreal brown-moss fen · Caricion davallianae · Long-term experiment · Mowing · Permanent plot · Semi-natural vegetation
______________________________

Asbjørn Moen(✉) · Anders Lyngstad · Dag-Inge Øien

Norwegian University of Science and Technology, Museum of Natural History and Archaeology, NO-7491 Trondheim, Norway

E-mail: Asbjorn.Moen@vm.ntnu.no
Telephone: +47 73 59 22 55

Introduction
Fens all over Europe had, for centuries, been important for the production of hay and litter, and as pasturage for domestic stock (e.g. Ellenberg 1988; Middleton et al. 2006). This long-term regular harvesting has influenced the fens, turning large areas into open semi-natural landscapes. The traditional use of fens ceased many decades ago in most countries of western and central Europe, including Fennoscandia. Vegetation and whole landscapes are currently changing as a result of this change in land use, and throughout Europe, a large part of these fens are also subject to changes in composition caused by drainage, pollution or fertilizers (Wheeler et al. 1995; Rydin and Jeglum 2006; van Diggelen et al. 2006; Graf et al. 2010). Traditionally used hay fens are threatened and red listed all over Europe, including Norway (Lindgaard and Henriksen 2011).

Large areas of traditionally used hay fens can be found in boreal Fennoscandia, and a number of papers describe their vegetation, e.g. Havas (1961), Elveland (1984), Vasari (1988) and Moen (1990). In Sweden and Norway today, only ca 30 and 200 ha, respectively, of rich fen vegetation are mown as a management measure out of a total area of 200,000–250,000 ha (Sundberg 2012; Moen et al. unpublished data). In Norway, the utilization of outlying land for haymaking had lasted for more than 1,000 years, and hay had been vitally important as winter fodder for livestock. This kind of utilization peaked in the late 19th century, and then declined rather rapidly in the following decades (Reinton 1957; Moen 1990). Generally, the most productive hay fens had been dominated by rich fen vegetation, and in some areas, including our study areas, the traditional use of rich fens had lasted until the 1950s. Mowing most often took place every 2nd year (using a scythe), and the hay crop was typically 50–150 g/m2. The term ‘hay crop’ includes aboveground biomass and litter attached to living plants, but excludes the stubble left after mowing. The hay crop thus differs from both aboveground biomass and the aboveground standing crop (e.g. Pearsall and Gorham 1956). However, both the litter fraction and the stubble (which is 2–4 cm high) amount to 10–20 % of the hay crop in mown communities. Consequently, the hay crop and aboveground biomass are generally commensurate (Moen 1990; Aune et al. 1996). In the late 1960s and early 1970s, permanent plots were established in our two study areas situated in the upper boreal region of central Norway (Trondheim region). Regular experimental scything (hereafter called mowing) started in 1973, only 2–3 decades after the traditional harvesting had ceased. We therefore assume that the vegetation changes after the cessation of mowing were limited, and that both species composition and aboveground production in the experimentally mown plots stabilized rather quickly with mowing as an important ecological factor.

From a montane area in Switzerland, Peintinger and Bergamini (2006) report that the aboveground biomass of vascular plants and litter is higher in old unmown fens (> 15 years of abandonment) compared to both recently abandoned fens (4–15 years; young fallow) and annually mown fens. They also state that the succession rate is rather low even in old unmown fens (> 30 years) in upland areas, and much lower than in lowland areas. Güsewell et al. (1998) advocate for long-term studies, as the effects of treatments on aboveground biomass differ considerably in rich fens in Switzerland, where short-term trends show lower biomass in unmown plots, but long-term trends indicate higher biomass. Several authors point out that the effects of long-term treatments in these systems cannot be assessed before an experiment has lasted for more than a decade (Silvertown et al. 1994; Bakker et al. 1996; Güsewell et al. 1998). The results presented in this paper are based on long-term production studies that started in the early 1970s. As far as we know, such long-term experiments in hay fens are quite scarce. We found a reduction in hay crop during the first 3–4 harvests (5–8 years) after reintroduction of mowing, and a reduction in both biomass and litter with increasing mowing frequency (Moen 1990, 1995; Moen et al. 1999). Hay crop estimates given by Moen (1990:134) suggest an overall lower field layer production in fen carpet than in lawn or margin vegetation.
In this study, we aim to investigate how the hay crop varies among plant communities mown at different intervals. We utilized hay crop measurements for the period of 1982–2009 from two study areas that are ecologically rather similar, but vary along the oceanic – continental climatic gradient, to evaluate the effects of three mowing regimes on hay crops from different plant communities. We hypothesize a decrease in the hay crop with increasing mowing frequency and a larger hay crop in lawn and margin than in carpet communities. Hay crop responses to mowing are expected to be similar in parallel communities in the two study areas.

Material and Methods
Study Areas
The study was carried out in two nature reserves in central Norway, the coastal Tågdalen reserve in Surnadal and the inland Sølendet reserve in Røros (Fig. 1, Table 1). The distance between the study areas is 145 km. Both are situated at the transition between the middle boreal and northern boreal vegetation zones (zonation according to Moen 1999), which is characterized by a rather short growing season, usually lasting from late May to late August. Tågdalen has an oceanic climate with a mean annual precipitation of 1,583 mm and a thick, long-lasting snow cover, while Sølendet has a more continental climate with a mean annual precipitation of 637 mm and less snow. Both study areas are dominated by base-rich bedrocks such as grey-green phyllite, mica schist and greenstone (Solli and Nordgulen 2008). The bedrocks and the moraine yield a base-rich, fine-grained soil which tends to become readily waterlogged, leading to paludification (peat formation). Both areas are dominated by birch woodlands and rich fen vegetation influenced by base-rich water from the mineral soil or spring areas (pH 6.5–7.2 in fen water). At the Tågdalen nature reserve, rich fen vegetation covers 26 % of the area: 1 % carpet, 19 % lawn and 6 % margin. At the Sølendet nature reserve, 44 % is covered by rich fens: 1 % carpet, 33 % lawn and 10 % margin. For detailed descriptions of the study areas, see Moen (1990, 2000) and Moen et al. (2012).
The rich fens under study vary from flat to sloping with an inclination of up to 8°, while the peat layer varies from 15 to 300 cm in thickness. The rich fens in both study areas had for centuries been used for haymaking, but traditional mowing ceased around 1950. The traditional regime had been mowing every 2nd year, drying the herbage on the ground and gathering the dried hay in hay barns or hay stacks. Every year until the 1930s, farmers used to harvest about 20 and 100 tons in the present Tågdalen and Sølendet nature reserves, respectively, after which the activity declined.
Plant Communities
The description of fen vegetation follows the Fennoscandian tradition in mire ecology (e.g. Tuomikoski 1942; Sjörs 1948; Rydin and Jeglum 2006), separating units related to the three main local vegetation gradients: poor – rich, reflecting the pH and the concentration of minerals; mire expanse – mire margin, reflecting peat depth; and hummock – lawn – carpet – mud bottom, reflecting the groundwater level. Rich fens are peat-forming mire sites with characteristic vegetation dominated by brown mosses, reflecting a supply of base-rich water (pH 5.5–7.5). The fen concept is sometimes widened to include areas on mineral soil without peat, e.g. fen meadows, wet woodlands and spring fens (Wheeler and Proctor 2000; Hájek et al. 2002, 2006; Jiménez-Alfaro et al. 2014). In this paper, we deal with peat-forming rich fen vegetation (including extremely rich fen vegetation) in carpet and lawn communities of fen expanses, and fen margin communities (hereafter called carpet, lawn and margin communities). In the central European phytosociological system (e.g. Dierssen 1982; Rybníček 1984, 1985; Ellenberg 1988; Rodwell et al. 2002), our rich fen carpet vegetation can be classified within the Caricion lasiocarpae alliance, rich fen lawns within the alliances Schoenion ferruginei (= Caricion davallianae p.p.; Tågdalen) and Caricion atrofuscae (= Caricion bicolori-atrofuscae; Sølendet), which are both included in the order Caricietalia davallianae; rich fen margins belong to Sphagno-Tomenthypnion (Dahl 1957). The vegetation of the study areas resembles that of sloping rich fens described from northern Sweden (Persson 1961; 1962) and eastern Finland (Havas 1961).

All sample plots included in this study were represented among the 134 samples used for classification and ordination of rich fen vegetation in Moen et al. (2012). The TWINSPAN classification resulted in 10 clusters, which were gathered in six fen communities, and further aggregated into three community groups (Table 2). Each of the community groups included samples from both study areas. Constant species (occurring in more than 80 % of the sample plots) in at least one community group are listed in Table 3.The three community groups are:
(1) Fen carpets (C), which include communities I Eleocharis quinqueflora-Cinclidium fen carpets (Sølendet) and II Drosera anglica-Scorpidium scorpioides fen carpets (Tågdalen). Although Carex lasiocarpa and C. rostrata are not constant, both are important hay producers in many plots. Fen carpet communities occur in flat or gently sloping fens with deep peat and a rather high groundwater level.

(2) Fen lawns (L), which include communities III Eriophorum latifolium-Campylium fen lawn (Tågdalen) and IV Equisetum variegatum-Thalictrum-Campylium fen lawns (Sølendet). These two communities are very common in the study areas and share their dominant species. However, the communities are differentiated by oceanic species such as Narthecium ossifragum occurring at Tågdalen and alpine and/or continental species like Kobresia simpliciuscula at Sølendet. Fen lawn communities occur mainly in rather steep, south-facing sloping fens in Tågdalen, with a deep peat layer and a groundwater level far below the surface during dry periods. The Sølendet sloping fens have a gentler slope, a thinner peat layer and a less variable groundwater level.

(3) Fen margins (M), which include communities V Galium boreale-Molinia-Hylocomiastrum pyrenaicum fen margins (Tågdalen) and VI Gymnadenia-Succisa-Campylium open fen margins (Sølendet). These are the most species-rich communities, including ca 50 species per plot. At Tågdalen they occur in fen margin with shrubs and trees, and a deep peat layer; at Sølendet they are mainly found in fens with a thin peat layer (less than 30 cm). The groundwater level is far below the surface during dry periods.
Field Methods
The studied localities were established in the 1970s in homogenous parts of the fen areas, and each locality included 1–5 plots. The experimental mowing was performed with a scythe in early August in all years. After mowing, the herbage was weighed in the field, and three representative samples were collected and frozen while fresh. These samples were weighed before and after drying in a force-ventilated oven (at 70 °C for 48 hours), and the hay crop (g/m2) was then estimated based on the percentage of dry matter. At Tågdalen, the mowing was carried out by five different scythers from 1973 to the present day, and at Sølendet by two scythers from 1974 to the present day. The scythes were sharpened by the same person in all years. A. Moen, D.-I. Øien or A. Lyngstad participated in the harvest (weighing of herbage, collecting of samples, etc.) every year. The height of the stubble was 2–4 cm. The hay crop was estimated in permanent plots (mainly 12.5 m²), and the following mowing regimes were used: every 2nd and every 4th year at Tågdalen, and every year, every 2nd year and every 4th year at Sølendet (Moen 1990).

Material

Before the start of the investigation, abandonment for 20–30 years (ca. 1950 to the 1970s) had resulted in increased aboveground biomass and accumulation of litter in the permanent plots that were established. ‘First hay crop’ (Table 2; Fig. 2) refers to the estimated hay crop in the first year of experimental mowing after this period of abandonment. Mowing recommenced in different years in the various permanent plots, and in the estimates of first hay crop, we only included plots where mowing recommenced before 1982. The dataset used to calculate the ‘first hay crop’ included 53 plots with relevant hay crop measurements regardless of subsequent mowing regime. The harvested hay crop decreased in the first years after mowing recommenced (Moen 1990: 356; Fig. 2), introducing a bias into the hay crop estimates. For the purpose of analysing the mean hay crop, we therefore considered estimates of the hay crop to be valid only after three cycles of the mowing treatment were completed. From the dataset, we also omitted all data from before 1982 because few estimates of hay crop older than this met this selection criterion. A total of 702 separate hay crop measurements from 81 permanent plots nested in 36 localities and from the period 1982–2009 were included in the statistical analyses of the mean hay crop, but different subsets of the data were used in the various modelling approaches.
Models and Statistical Analyses
We initially attempted to analyse the effect of the mowing regime on the hay crop at the level of communities and clusters in both study areas. However, the low sample size (of hay crop estimates) in some communities and clusters, the lack of orthogonality together with the spatial and temporal complexities of the design made this difficult (but see model 3 below and Table 3). Relevant interactions could not be examined, and due to a lack of power in the tests, we could not demonstrate differences even among communities and clusters with substantially different hay crops (data not shown). To address these issues, communities were stratified into three community groups: fen carpets (C), fen lawns (L) and fen margins (M), each encompassing two plant communities (see Table 2).
Three models were developed to explore the relationships between the hay crop, study areas, mowing regimes and vegetation (Appendix). The first model concerned differences in the hay crop among the three community groups in both study areas, and included two mowing regimes: mowing every 2nd and every 4th year (n = 702, 72 plots, 36 localities). The annual-mowing treatment was performed at Sølendet only, and a second model to ascertain the effect of mowing regimes in the three community groups in this study area was developed (n = 654, 28 plots, 25 localities). The third model dealt with the hay crop in six plant communities (I–VI, see above), and included both study areas and the mowing every 2nd year treatment (n = 627, 57 plots, 36 localities). The modelling approach was in all cases generalized linear mixed models (GLMM; Zuur et al. 2009). The estimates of hay crop were collected over 28 years from permanent plots that were nested in localities. Consequently, we treated ‘locality’, ‘plot’ and ‘year’ as random factors in the GLMM’s. The minimal adequate (i.e. most parsimonious) models were identified through stepwise exclusion of factors and interactions between factors (starting with full models) based on AIC and deviance tests (e.g. Jongman et al. 1995). The structure of the part of the model with random factors was determined first, followed by the structure of the fixed factor part (see also Appendix). The full models contained the random factors ‘locality’, ‘plot’ and ‘year’ (all three modelling approaches). In the minimal adequate models, all three random factors were included in the first and third modelling approach whereas plot could be left out in the second modelling approach. The response variable (hay crop, g/m2) was log-transformed to attain an approximately normal distribution. The statistical analyses of the hay crop were conducted in the R statistical environment (R Development Core Team 2008), making use of the packages ‘gplots’ (Warnes 2009), ‘lattice’ (Sarkar 2008) and ‘lme4’ (Bates et al. 2008).

Results
First Hay Crop
The hay crop the first year after recommencement of mowing varied substantially among communities and was lower in carpet communities (Caricion lasiocarpae), varying from 48–110 g/m², compared to the lawn and open margin communities (Schoenion ferruginei and Caricion atrofuscae), whose hay crop varied between 137 and 176 g/m² (Table 2). In the latter communities, the overall mean was 164 g/m².
Mowing Every Second Year
The mean hay crop in plots mown every 2nd year was estimated to be 109 g/m2 (57 plots; n = 627) in both study areas (Fig. 3a). Lawn and open margin communities (clusters 4–8, with 6–13 harvested plots in each cluster) had a hay crop varying from 95 to 134 g/m2 (Table 2) with an overall mean of 113 g/m². The hay crop differed substantially between carpet, lawn and margin communities; from 47 g/m2 in a carpet community (cluster 3) to 146 g/m2 in the most productive fen margin community (cluster 10). In both these communities, the hay crop estimates were taken from only one plot. The carpet community group had a mean hay crop of 71 g/m2 (6 plots; n = 69), and this differed from almost all other combinations of mowing regime and community group (|t| > 1.96). However, the result of the statistical analysis did not show that the carpet community group had a demonstrably different hay crop than the margin group mown every 2nd year (|t| = 1.92), despite the large difference in hay crop values. The margin community group classified to Sphagno-Tomenthypnion had a mean hay crop of 139 g/m2; see also Fig. 3b and Table 2. Note that the standard errors are calculated directly from the appropriate subsets of hay crop measurements, not from estimates from the models. Thus, the standard error presented does not take into account the full spatial and temporal complexities of the experimental design.
There was no difference (|t| < 1.96) between the community groups fen lawns and fen margins when mown every 2nd year, but carpet vegetation had a demonstrably lower hay crop than lawns (Fig. 3b, Table 4). Among the six plant communities (listed in Table 2), there was a demonstrable difference (|t| >1.96) in hay crop between carpet communities (I and II) and a large majority of lawn and margin communities (Table 4; community I vs III was the only exception).

Comparison of Mowing Every Second and Fourth Year
Mowing every 4th year compared to every 2nd year yielded higher hay crops in both study areas (|t| > 1.96), and the response was similar in the two study areas (Fig. 3a, Table 4). The yield was demonstrably lower in carpet than in margin vegetation mown every 4th year whereas lawns could not be demonstrated to differ from the other community groups. Mowing every 2nd year compared to every 4th year resulted in a demonstrably lower hay crop in carpet and margin vegetation, but no difference could be demonstrated in lawn vegetation (Fig. 3b and Table 4). The hay crop in carpet communities mown every 4th year was about as large as that in lawn and margin vegetation mown every 2nd year (Fig. 3b). Interestingly, the yield did not vary among the same community groups in the two study areas. The interaction between these factors was part of the full model, but was excluded during model selection.

Three Mowing Regimes at Sølendet

Analysis of the hay crop at Sølendet obtained by mowing every year revealed a reduction (|t| > 1.96) compared to longer mowing frequencies (Table 4), and the overall yield (65 g/m2) was about 60 % compared to mowing every 2nd year (109 g/m2). Carpet vegetation gave a lower yield compared to both lawn and margin vegetation. There was no interaction between the mowing regime and community group at Sølendet, indicating a uniform response in hay crop to mowing in the represented rich fen vegetation communities.

Discussion
Reduction in Hay Crop with Mowing Frequency
Studies of fen meadows in Switzerland (Peintinger and Bergamini 2006), as well as our earlier studies (e.g. Moen 1990), show that the aboveground biomass of vascular plants and litter mass is higher in unmown plots compared to frequently mown plots. Carex lasiocarpa-C. rostrata communities of flooded hay fens in northern Sweden (Elveland 1978; Elveland and Sjöberg 1982) yielded about 200–280 g/m2 in the first year of mowing, and the yield dropped with repeated mowings the following years. This is in agreement with our results. The hay crop in the dominant communities (Schoenion ferruginei and Caricion atrofuscae) and under the most common mowing regime (every 2nd year) was on average 30 % lower than at the first mowing (ca 113 compared to ca 164 g/m²; Fig. 2). However, the litter fraction of the hay crop differed between mowing frequencies, as shown in Moen (1990), Aune et al. (1996), Moen et al. (1999), and Øien and Moen (2001). When we take the litter fraction into account, the drop in biomass was about 20 % in plots mown every 2nd year. Mowing every 4th year gave a significantly higher yield, and mowing every year a significantly lower yield, than mowing every 2nd year (Fig. 3, Table 4). Even though we have no data on the litter proportion in the hay crop from plots mown every 4th year, and mowing every year was only performed in the inland study area, we believe this remains valid also when the litter fraction is taken into account, and in boreal rich fen areas in general.
Earlier studies carried out in the same plant communities (e.g. Moen 1990; Aune et al. 1996) showed an overall decreasing tendency in the hay crop and litter mass as well as in the above- and belowground biomass of the field layer with increasing mowing frequency. Furthermore, they also showed an increase in the ratio of the aboveground/belowground biomass with increasing mowing frequency in most species, e.g. Eriophorum angustifolium, E. latifolium and Molinia caerulea. Thus, mowing forces plants to mobilize resources from their belowground organs (Fitter 1986; Aune et al. 1994, 1995, 1996), and these resources are substantial in fen species (Sjörs 1991). It is shown that production in rich fen vegetation in general is limited by nitrogen, phosphorus or both (e.g. Øien and Moen 2001; Øien 2004; Gerdol et al. 2010), and mowing and hay-removal in fen vegetation have been found to reduce the soil nutrient pool (particularly phosphorus and potassium) and productivity of the vegetation (Koerselman et al. 1990; Olde Venterink et al. 2009). However, earlier studies in the inland study area (Øien and Moen 2001) found no depletion of soil nitrogen or phosphorus as a result of mowing. The reason seems to be that regular mowing causes changes in the microclimate immediately above and below the surface, and this can increase the mineralization of both nitrogen (higher temperature in summer) and phosphorus (deeper frost in winter) (Grootjans et al. 1985; Richardson and Marshall 1986). In some cases, the results even indicate that more nitrogen becomes available with mowing. Thus, the drop in biomass in frequently mown plots was mainly regarded as a result of the disturbance caused by the mowing rather than stress induced by nutrient limitation.
Hay Crop in Carpet, Lawn and Margin Communities
The hay crop was similar in ecologically similar communities within our study areas, and we did not find any interactions in our model 1 (Table 4, Appendix) that would identify a possible divergence in hay crop in the carpet, lawn or margin communities between the study areas. Most of our hay crop measurements were from the lawn and open margin communities, and we believe this finding is robust especially for the lawn communities. As seen in Table 2, the measurements of hay crop in the carpet communities differ between study areas (community I occurs in inland Sølendet, II in coastal Tågdalen). Our interpretation of this is that a low sample size and low number of included plots reduced the power of the statistical test, and a possible difference could not be demonstrated even though the measurements were dissimilar. 
Hay Crops of Rich Fens
In the coastal study area, lawn communities classified within the Schoenion ferruginei alliance dominate the hay fens. In the inland area, lawn and open margin fens are classified within the Caricion atrofuscae alliance. Under the most common mowing regime (every 2nd year), the hay crop was very similar among communities and study areas (Table 2, Fig. 3). This was what we expected because these communities were perceived as resembling each other in important ecological factors, including summer warmth, and having the most abundant species in common, e.g. Carex spp., Eriophorum latifolium, Molinia caerulea and Trichophorum cespitosum subsp. cespitosum (Table 3).
The hay yields found in the inland study area were similar to those obtained twenty years ago (Moen 1990), and there was no apparent decrease in productivity over this period (Fig. 2). We conclude that long-term mowing represents a major disturbance of the plant cover that tends to level out the environmental heterogeneity and equalize the biomass production in rich fens. We believe this finding applies to boreal rich fen systems in general, as long as macronutrients and summer temperature limit biomass production, and it may also be applicable to rich fens in other vegetation regions.

For centuries, the outlying land in our study areas was an essential source of winter fodder for local farms. In the continental study area (Sølendet nature reserve), about 200 ha were used for hay cutting (Moen 1990). About half of the area was mown in each year, and our hay crop studies show that the harvest could give about 100 tons of hay. From interviews with farmers, we estimate that ca 75 tons of hay were harvested early in the 1930s, which was after a period of decline in utilization. The 10 landowners needed ca 1,000 days annually to harvest this amount of hay, when mowing every second year. Mowing every year would, according to our estimates, increase the harvest by ca 10–20 %, but it would also mean a nearly doubled workload. The traditional harvesting regime was therefore reasonably efficient.
The hay crop in our study areas was substantially lower than that recorded in both mown and unmown rich fens in central Europe (Diemer et al. 2001; Hájková and Hájek 2003; Peintinger and Bergamini 2006; Rozbrojová and Hájek 2008). These authors all report a standing crop above 200 g/m2 under mown conditions (most commonly every year), reflecting the warmer climate and, at least in some cases, higher macronutrient availability compared to central Norway. Our estimates of regularly mown plots are also lower than those found in unmown, but otherwise similar, boreal, rich fen vegetation (Pearsall and Newbould 1957; Thormann and Bayley 1997). However, the hay crop estimates in our plots in the first year after mowing recommenced (Table 2, Fig. 2) are in the same range as those reported by the above authors. This discrepancy highlights the effect of long-term mowing on the hay crop compared with crop measurements after single mowing or cutting events.

Long-Term Studies
Management experiments should be carried out in relatively large areas over long periods and with regular monitoring. It is often impossible to assess the effects of long-term treatments before an experiment has lasted for more than a decade (Bakker et al. 1996). Silvertown et al. (1994) note that 40 years were needed in the ‘Park grass experiment’ with fertilized plots. Güsewell et al. (1998) found that short-term trends (five years or less) differ substantially from long-term trends in mowing experiments in rich fens. They list three relevant causes or criteria that have to be taken into account: (1) Results may be obscured by spatio-temporal fluctuations, especially with small plots or insufficient replication. (2) Long-term effects may only appear after a period of time. (3) Short-term effects may considerably differ from long-term effects because the change in management is followed by a period of ‘transient dynamics’ (Fig. 2; Tilman 1987). These criteria have been met in our studies. Our experiments have lasted since 1973/74, we have used large permanent plots (12.5 m²), and, in lawn communities, which are the most important hay fens, we have used many replicates. We therefore believe our results are robust. However, there are more criteria to take into account. The period of observation required before the long-term effect can be assessed depends on the type of vegetation and the type of management. Regional differences are also important. In a cold climate, for example, succession is slow, so ecosystems need more time to stabilize after changes in management.
Mowing as Management
A large number of papers compare biodiversity in grazed and mown fen communities (e.g. Stammel et al. 2003; Valkó et al. 2012). The main conclusion is that grazing restricts species’ occurrence more strongly than mowing. Middleton et al. (2006) review the literature on the effects of grazing, fire and cutting on fens, and the general conclusion is that mowing is the most successful in maintaining species richness, particularly in fens that have been regularly mown for centuries. Our studies confirm these results, and in both study areas, regular mowing of large areas (e.g 160 ha at Sølendet) has restored the semi-natural landscape of hay fens (e.g. Moen 1990; Moen et al. 1999). Rich fens used for hay-cutting are also rich in species, and many decades ago they covered large areas in boreal Europe. In the Norwegian red list of ecosystems and habitats (Lindgaard and Henriksen 2011), hay fen margin communities are regarded as critically endangered because of a substantial and increasing deterioration of their state due to overgrowing. The hay fen expanse is assessed as endangered. The situation in most other countries in Europe seems to be the same or even worse. In this situation, knowledge of former use and ecosystem functioning, including plant production, is crucial for future management and protection of these semi-natural communities and their biodiversity.
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Table 1   Characteristics of the study areas in the coastal Tågdalen nature reserve and the inland Sølendet nature reserve in central Norway.

	
	Tågdalen
	Sølendet

	
	
	

	Latitude (N)
	63°03’
	62°40’

	Longitude (E)
	9°05’
	11°50’

	Mean annual precipitation (mm)
	1583
	637

	Mean July temperature (°C)
	11.2
	10.5

	Mean January temperature (°C)
	−2.7
	−9.5

	Altitude (m a.s.l.)
	380–490
	700–800

	Area (ha)

	146
	306


Table 2   Hay crop (g/m2) ± s.e. in six plant communities (I–VI) and ten clusters (1–10) (Moen et al. 2012). The communities belong to four rich fen alliances, and are also used to define the three plant community groups fen carpets (C), fen lawns (L) and fen margins (M). First hay crop (g/m2) ± s.e. refers to the mean hay crop (per community) in the first year of mowing. The dataset used to calculate the first hay crop includes all plots with relevant hay crop measurements (n = 53) regardless of the subsequent mowing regime. Mean hay crop is calculated for plots mown every 2nd year (1982–2009) for both communities and clusters. The number of hay crop measurements (n) and permanent plots (plot) in each plant community and cluster is shown. Note that standard errors (se) are calculated directly from the appropriate subsets of hay crop measurements.
	
	
	
	First mowing
	
	–    Plots mown every second year    –

	Alliance
	Commu-nity group
	Plant community
	Hay crop ± s.e.
	n
	
	Mean hay crop ± s.e.
	n/plot
	
	Cluster
	Mean hay crop ± s.e.
	n/plot

	
	
	
	
	
	
	
	
	
	
	
	
	

	Caricion lasiocarpae
	C
	I
	Eleocharis quinqueflora – Cinclidium carpet community
	110 ± 20
	6
	
	77 ± 4
	55/5
	
	1
	97 ± 8
	14/1

	
	
	
	
	
	
	
	
	
	
	2
	70 ± 4
	41/4

	
	C
	II
	Drosera anglica – Scorpidium scorpioides carpet community
	48 ± 1
	2
	
	47 ± 6
	14/1
	
	3
	47 ± 6
	14/1

	
	
	
	
	
	
	
	
	
	
	
	
	

	Schoenion ferruginei
	L
	III
	Eriophorum latifolium – Campylium lawn community
	159 ± 17
	14
	
	113 ± 4
	157/13
	
	4
	105 ± 8
	71/6

	
	
	
	
	
	
	
	
	
	
	5
	119 ± 4
	86/7

	
	
	
	
	
	
	
	
	
	
	
	
	

	Caricion atrofuscae
	L
	IV
	Equisetum variegatum – Thalictrum – Campylium lawn community
	176 ± 14
	23
	
	116 ± 2
	262/24
	
	6
	95 ± 3
	118/13

	
	
	
	
	
	
	
	
	
	
	7
	134 ± 3
	144/11

	
	M
	V
	Gymnadenia – Succisa – Campylium open fen margin community
	137 ± 15
	7
	
	106 ± 3
	115/12
	
	8
	106 ± 3
	115/12

	
	
	
	
	
	
	
	
	
	
	
	
	

	Sphagno-Tomenthypnion
	M
	VI
	Galium boreale – Molinia – Hylocomiastrum pyrenaicum fen margin community
	179 ± NA
	1
	
	139 ± 7
	24/2
	
	9
	132 ± 11
	13/1

	
	
	
	
	
	
	
	
	
	
	10
	146 ± 7
	11/1

	
	
	
	
	
	
	
	 
	 
	
	
	 
	 


Table 3   Characterization of rich fen community groups, fen carpets (C), fen lawns (L) and fen margins (M). Each of these groups includes two communities; cf. Table 2 and description in the text. Species frequency, I: < 20 %; II: 21–40 %; III: 41–60 %; IV: 61–80 %; V: 81–100 %. Abundance (cover) values (1–5) are characteristic degree of cover (Malmer 1962; i.e. only samples including the species are taken into account). Simplified after Moen et al. (2012).
	
	
	
	

	
	C
	L
	M

	
	
	
	

	
	
	
	

	Carex limosa
	V/1
	II/1
	–/–

	Scorpidium scorpioides
	V/4
	II/1
	–/–

	Menyanthes trifoliata
	V/1
	II/1
	IV/1

	Pseudocalliergon trifarium
	V/1
	II/1
	IV/1

	Carex dioica
	V/1
	V/1
	IV/1

	Scorpidium cossonii
	V/3
	V/3
	IV/1

	Eriophorum angustifolium
	V/1
	V/1
	V/1

	Trichophorum cespitosum subsp. cespitosum
	V/3
	V/3
	V/2

	Campylium stellatum
	V/3
	V/5
	V/4

	Eriophorum latifolium
	IV/1
	V/2
	II/1

	Gymnocolea borealis
	IV/1
	V/1
	III/1

	Tofieldia pusilla
	III/1
	V/1
	IV/1

	Molinia caerulea
	IV/1
	V/2
	V/3

	Carex panicea
	IV/2
	V/1
	V/2

	Thalictrum alpinum
	IV/1
	V/2
	V/3

	Selaginella selaginoides
	IV/1
	V/1
	V/1

	Pinguicula vulgaris
	IV/1
	V/1
	V/1

	Potentilla erecta
	II/1
	V/2
	V/2

	Succisa pratensis
	I/1
	IV/2
	V/3

	Fissidens adiantoides
	I/1
	IV/1
	V/1

	Saussurea alpina
	I/1
	III/1
	V/1

	Bistorta vivipara
	I/1
	II/1
	V/1

	Bryum pseudotriquetrum
	II/1
	III/1
	V/1

	Deschampsia cespitosa
	I/1
	I/1
	V/1

	Carex capillaris
	–/–
	III/1
	V/1

	Crepis paludosa
	–/–
	I/1
	V/1

	
	
	
	

	Mean No. of species
	30
	35
	49

	No. of samples
	18
	87
	29

	 
	 
	 
	 


Table 4   Differences in estimates of the hay crop (ln [g/m2]) between levels of fixed factors (Δ levels) obtained from the minimal adequate model (GLMM, (|t| > 1.96 in bold) under three different modelling approaches (model 1–3, see text and Appendix for details). Model 1 deals with the fixed factors ‘study area’, ‘mowing regime’ and ‘community group’, and the minimal adequate model contains the interactions ‘study area’: ‘mowing regime’ and ‘community group’: ‘mowing regime’. Random factors are ‘locality’, ‘plot’ and ‘year’. Model 2 deals with the fixed factors ‘mowing regime’ and ‘community group’ in the inland study area, and has no interactions. Random factors are ‘locality’ and ‘year’. Model 3 deals with the fixed factor ‘community’ in both study areas under the mowing regime ‘mown every 2nd year’. Random factors are ‘locality’, ‘plot’ and ‘year’. See the text and Table 2 for details concerning communities I–VI. T – Tågdalen, S – Sølendet, 0.25 – mown every 4th year, 0.5 – mown every 2nd year, 1 – mown every year, C – fen carpet, L – fen lawn, M – fen margin.

	Model No.
	Fixed factors
	Levels
	Δ levels
	|t|

	
	
	
	
	

	1
	Study area : mowing regime
	T:0.25 – T:0.5
	0.68
	3.29

	
	
	T:0.25 – S:0.25
	0.04
	0.21

	
	
	T:0.25 – S:0.5
	0.49
	2.39

	
	
	T:0.5 – S:0.25
	−0.64
	3.07

	
	
	T:0.5 – S:0.5
	−0.18
	0.89

	
	
	S:0.25 – S:0.5
	0.45
	2.18

	
	
	
	
	

	
	Community group : mowing regime
	C:0.25 – C:0.5
	0.68
	3.29

	
	
	C:0.25 – L:0.25
	−0.15
	0.71

	
	
	C:0.25 – L:0.5
	0.19
	0.92

	
	
	C:0.25 – M:0.25
	−0.55
	1.99

	
	
	C:0.25 – M:0.5
	0.15
	0.54

	
	
	C:0.5 – L:0.25
	−0.83
	4.00

	
	
	C:0.5 – L:0.5
	−0.49
	2.37

	
	
	C:0.5 – M:0.25
	−1.23
	4.45

	
	
	C:0.5 – M:0.5
	−0.53
	1.92

	
	
	L:0.25 – L:0.5
	0.34
	1.63

	
	
	L:0.25 – M:0.25
	−0.40
	1.46

	
	
	L:0.25 – M:0.5
	0.30
	1.07

	
	
	L:0.5 – M:0.25
	−0.74
	2.68

	
	
	L:0.5 – M:0.5
	−0.04
	0.15

	
	
	M:0.25 – M:0.5
	0.70
	2.53

	
	
	
	
	

	2
	Mowing regime
	0.25 – 0.5
	0.27
	3.79

	
	
	0.25 – 1
	0.71
	9.13

	
	
	0.5 – 1
	0.44
	5.63

	
	
	
	
	

	
	Community group
	C – L
	−0.37
	2.78

	
	
	C – M
	−0.34
	2.46

	
	
	L – M
	0.03
	0.25

	
	
	
	
	

	3
	Community
	I – II
	0.53
	1.40

	
	
	I – III
	−0.22
	1.08

	
	
	I – IV
	-0.40
	2.11

	
	
	I – V
	−0.42
	2.14

	
	
	I – VI
	−0.63
	2.13

	
	
	II – III
	−0.75
	1.97

	
	
	II – IV
	−0.93
	2.46

	
	
	II – V
	−0.95
	2.50

	
	
	II – VI
	−1.16
	3.05

	
	
	III – IV
	−0.19
	0.92

	
	
	III – V
	−0.20
	1.01

	
	
	III – VI
	−0.41
	1.40

	
	
	IV – V
	−0.02
	0.09

	
	
	IV – VI
	−0.23
	0.77

	
	
	V – VI
	−0.21
	0.71
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Fig. 1   Location of the study areas Tågdalen and Sølendet.

[image: image2]Fig. 2   Hay crop (g/m²) in plots mown every second year in three plant community groups (fen carpets – C, fen lawns – L and fen margins – M) from the onset of mowing until the 11th mowing. The curve (from the 4th harvest in year 7) is fitted through a linear (least-square) regression of mean values (dots) from the same permanent plots as used in Table 2 in the period 1973−2001. The first hay crop was harvested 30−40 years after abandonment of traditional mowing, followed by mowing every second year.
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Fig. 3 Hay crop (g/m2) ± s.e. for: a) plots mown every 4th (0.25) and 2nd (0.5) year at the study areas Tågdalen (T) and Sølendet (S); b) plots mown every 4th (0.25) and 2nd (0.5) year in the community groups fen carpets (C), fen lawns (L) and fen margins (M). The dashed lines in a) refer to the mean hay crop in the study areas; the dashed lines in b) refer to the mean hay crop per community group. Note that standard errors (se) are calculated directly from the appropriate subsets of hay crop measurements, not from estimates from the models. Both panels: The number of observations per group is indicated on the x axis, and groups that differ demonstrably (|t| > 1.96, GLMM, model 1, see table 3 and Appendix for details) are indicated by the letters a, b and c at the top.

Appendix Characteristics of three minimal adequate models (GLMM, normal distribution) developed and used in the analyses of the hay crop (ln [g/m2]). The minimal adequate models were identified through stepwise exclusion of factors and interactions between factors (starting with full models) based on AIC-values and deviance tests. The full models contain the random factors ‘locality’, ‘plot’ and ‘year’ (all three modelling approaches), and the fixed factors ‘study area’ (model 1 and 3), ‘mowing regime’ (model 1 and 2) and ‘community group’ (model 1 and 2) or ‘community’ (model 3). Model 1 has two levels of the mowing regime (mown every 4th or 2nd year) and applies to both study areas, whereas model 2 includes a third mowing regime (mown every year) and applies to the inland study area (Sølendet) alone. Model 3 deals with the hay crop on the community level, the dataset is restricted to plots mown every 2nd year, and the model applies to both study areas. Contrasts between levels of fixed factors (all minimal adequate models) and interactions between fixed factors (model 1 only) are summarized with estimates and accompanying t-values. The estimate of the intercept in model 1 is the scenario fen carpet mown every 4th year at Tågdalen, and the intercept in model 2 is fen carpet mown every 4th year. The intercept in model 3 is community I (see text and Table 2 for details). T – Tågdalen, S – Sølendet, 0.25 – mown every 4th year, 0.5 – mown every 2nd year, 1 – mown every year, C – fen carpet, L – fen lawn, M – fen margin, I–VI – six plant communities (Moen et al. 2012).

	Model No.
	Study area
	n
	Random factors
	Fixed factors
	Contrast
	Estimate
	t

	
	
	
	
	
	
	
	

	1
	Tågdalen and Sølendet
	702
	Locality, plot and year
	Intercept
	–
	4.68
	22.65

	
	
	
	
	Study area
	T – S
	−0.04
	−0.27

	
	
	
	
	Mowing regime
	0.25 – 0.5
	−0.68
	−5.38

	
	
	
	
	Community group
	C – L
	0.15
	0.74

	
	
	
	
	
	C – M
	0.55
	1.99

	
	
	
	
	Study area : mowing regime
	T:0.5 – S:0.5
	0.23
	1.85

	
	
	
	
	Community group : mowing regime
	C:0.5 – L:0.5
	0.34
	2.59

	
	
	
	
	
	C:0.5 – M:0.5
	−0.02
	−0.09

	
	
	
	
	
	
	
	

	2
	Sølendet
	654
	Locality and year
	Intercept
	–
	4.59
	33.01

	
	
	
	
	Mowing regime
	0.25 – 0.5
	−0.27
	−3.79

	
	
	
	
	
	0.25 – 1
	−0.71
	−9.13

	
	
	
	
	Community group
	C – L
	0.37
	2.78

	
	
	
	
	
	C – M
	0.34
	2.46

	
	
	
	
	
	
	
	

	3
	Tågdalen and Sølendet (mown every 2nd year)
	627
	Locality, plot and year
	Intercept
	–
	4.25
	24.52

	
	
	
	
	Community
	I–II
	−0.53
	−1.40

	
	
	
	
	
	I–III
	0.22
	1.08

	
	
	
	
	
	I–IV
	0.40
	2.11

	
	
	
	
	
	I–V
	0.42
	2.14

	
	
	
	
	
	I–VI
	0.63
	2.13
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