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a b s t r a c t This study assessed the impact of prescribed burning on the peat properties of moorlands during the post-ﬁre succession in a multi-site study within a major moorland region of Great Britain. Three replicate moorland sites were sampled; all were ombrotrophic bogs and had peat soils overlying similar geology and similar vegetation. A chronosequence approach was used to sample soils from a post-ﬁre succession (3–52 years since burning) on each site and a number of chemical properties measured. The data on soil chemical properties were analysed using both linear-mixed-effects modelling and multivariate analysis. There were clear differences in some soil properties between moorland sites, but for most soil variables measured there was no change through the post-ﬁre succession. Four variables (available P and Ca; total P and K) showed a signiﬁcant interaction, i.e. different responses on each moorland site through time. These results suggest that there are complex interactions between nutrient inputs (rainfall and dry deposition which is affected by elevation), storage and cycling within the soil-peat system and losses that differ on the three moorland sites. The most interesting result was the additive response of the C:N ratio which differed between moorland sites; all sites showed the same negative slope with respect to elapsed time since burning, indicating an increased N saturation. This result suggests that the oldest stands sampled here may have either (i) responded to the large N inputs added from the atmosphere in the latter part of the twentieth century, or (ii) the younger ones have had some of this N removed during prescribed burning. This suggestion needs further investigation. Nevertheless, the impacts of prescribed burning on the peat properties during the post-ﬁre succession were relatively small. © 2013 Elsevier B.V. All rights reserved.



1. Introduction The upland moors of Great Britain (Fig. 1), many of them growing on blanket bog (ombrotrophic mire) have a very high conservation value of international signiﬁcance (Bain et al., 2011; Littlewood et al., 2010). They are increasingly recognised as making a major contribution to ecosystem services, primarily as a carbon store in peat (Worrall et al., 2010), but also because uplands catchments are used to provide clean drinking water for human use (Labadz et al., 2010). These moors are currently cultural landscapes that have been created and maintained by anthropogenic activity, mainly sheep grazing and prescribed burning. The resultant vegetation is dominated by Calluna vulgaris intermixed with other dwarf-shrubs and patches dominated by Eriophorum spp., and a large bryophyte component. Whilst ﬁre has been used for hundreds, perhaps thousands of years (Simmons, 2003), it has increased in frequency over the last 150 years as a result of its use in grouse management (Bonn et al., 2009). Currently, ⁎ Corresponding author. Tel.: +44 151 795 5172. E-mail address: [email protected] (R.H. Marrs). 0016-7061/$ – see front matter © 2013 Elsevier B.V. All rights reserved. http://dx.doi.org/10.1016/j.geoderma.2013.07.012



approximately, 65% of British upland moors are managed using prescribed burning for the beneﬁt of red grouse (Sotherton et al., 2009). Usually, prescribed burning is applied to small moorland patches, frequently with a high C. vulgaris cover, in a rotation to produce a mosaic of stands in different stages of the burn-recovery cycle (Gimingham, 1972). The aim of prescribed burning is to remove the above-ground, woody plant growth and any old degenerate plants, leaving charred stems and some bryophyte cover (Harris et al., 2011). Prescribed burning for moorland management in England is nowadays usually carried out using the pressurized-fuel-assisted or “cool–burn” approach (Harris et al., 2011) where the aim is to produce a ﬁre of low intensity and severity (sensu Keeley, 2009; Bento-Gonçalves et al., 2012). If this is carried out properly there is rapid regeneration of both seed and resprouting stems (Miller and Miles, 1970). Burning will clearly affect the immediate nutrient content of the vegetation and the burnrecovery cycle will probably impinge on soil chemical properties. At the same time, burning will produce changes in the chemical characteristics of the ﬁrst centimetres of soil proﬁle (Granged et al., 2011a); through time these changes produced complex biochemical interactions between soil components and released nutrients by ﬁre
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Fig. 1. Upland areas of the British Isles indicating the position of the moorland study areas in the Pennines in England.



(Granged et al., 2011b). However, as moorland communities only exist on very infertile soils (Edmondson et al., 2010; Gimingham, 1972; Marrs, 1993), any management that affects the distribution of nutrients within the ecosystem or their supply from soil processes must be considered important. Clearly, prescribed burning, which transfers nutrients from the stored pool in the vegetation either to the atmosphere or soil could impinge on long-term ecosystem persistence (Marrs, 1993). During burning, a large proportion of the nutrients within the standing vegetation may be released in more mobile forms, and may either be lost from the system in smoke, or deposited on the site as ash or char (Allen, 1964; Clay, 2009; Evans and Allen, 1971). Ash chemical composition and its water-extractable elements have been shown to change as ﬁre severity increases in wildﬁres (greater total sulphur and reduced total C, N, C:N and water-extractable P; Pereira et al., 2012). Laboratory assessments of nutrient loss at different burning temperatures indicate that larger quantities of N are lost relative to other elements, although estimates are highly variable, ranging from 57% to almost a complete loss of N at temperatures above 500 °C (Allen, 1964; Evans and Allen, 1971). Lower amounts of P and cations are volatilised with a fraction of these elements being retained in ash (White et al., 1973). Deposition as ash provides a pulse of readily-available quantities of these nutrients



which may either be taken up by the vegetation, or lost through leaching or run-off (Clay et al., 2009a,b). The amount taken up by the vegetation will to some extent depend on the balance between rainfall patterns and the time taken for the vegetation to regenerate. As the vegetation recovers, there is an accumulation of biomass and litter (Chapman, 1967), and this will impact on soil chemistry through uptake and cycling of nutrients. Given the importance of prescribed burning and its potential impacts on nutrient release into waterways, it is surprising that almost nothing is known about any change in peat chemical status during the burn-recovery process. This paper, therefore, assesses the changes in peat chemical properties during the post-ﬁre succession after prescribed burning in a multisite study within the North Peak Environmentally Sensitive Area (North Peak ESA) in Central England (MAFF, 1993). This area has suffered severe impacts from past industrial pollution, particularly from SO2, and this has been suggested as the cause of a reduction in plant species diversity, especially bryophytes, from this area (Tallis, 1998). It is likely that these pollutant impacts will impinge on soil chemistry also; but McGovern et al. (2011) have shown soil recovery from acidiﬁcation in another area of upland Britain. In order to assess soil properties through the post-ﬁre succession a chronosequence approach (sensu Jenny, 1980) was used at three different moorlands to answer three questions:
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(1) Are there differences in peat chemical properties between moorland sites? (2) Do peat chemical properties change during the post-ﬁre succession? (3) Does any change in peat chemical properties through the post-ﬁre succession differ between moorland sites? Answers to these questions will inform future policies in managing dwarf-shrub dominated ecosystems in Great Britain where prescribed ﬁre is used routinely in vegetation management. Although the use of prescribed burning for shrub-dominated systems elsewhere in the boreal region is much less at present, it is anticipated that it may have to be implemented in the future to lessen the effects of wildﬁres in these ﬁre-prone ecosystems; such wildﬁres are expected to increase as a result of climate warming (Albertson et al., 2010).



2. Methods 2.1. Sampling procedure



In April 2009, each of the sampling positions was located using two Garmin eTrex GPS units, which were calibrated at National Grid Trigonometry points. Correction factors were derived and averaged, and then applied in the ﬁeld to ensure accurate location of sampling positions. At each position, vegetation height was measured using a pressure disc (Harris et al., 2011) and then ﬁve soil cores (5 cm diameter, 7 cm depth) were taken from each corner and the centre of the 1 m2 quadrat, then pooled and stored at ~5 °C. A sub-sample (ca. 100 g) of each soil sample was removed for chemical analysis; half was airdried to a constant mass and then ﬁnely-ground, the remainder was stored as a fresh sample at ~5 °C. Moisture content was recorded by drying a sub-sample at 105 °C and bulk density was estimated by dividing the mass of the entire sample by the known total volume of the 5 soil cores. Nomenclature follows Stace (2010) for vascular plants and Atherton et al. (2010) for bryophytes. 2.2. Chemical analysis



In order to provide an estimate of the range of variation within the study region (North Peak ESA), this study was performed on three replicate moorland sites (Bamford, Broomhead and Howden, Table 1; Fig. 1). The three sites are relatively close to each other geographically (within 5 km of each other) but they vary in elevational range (272–540 m), ownership and management styles. All three moorlands are ombrotrophic mires developed over millstone grit bedrock, although the millstone grit bedrock varies slightly in composition between moorland sites: Bamford is on shale/gritstone, Howden is on a mixture of mudstone/siltstone/sandstone and Broomhead is on sandstone (NERC, 2012). The vegetation on all three moors is dominated by C. vulgaris (Harris et al., 2011) and most can be described as either M19 or M20 communities under the National Vegetation Classiﬁcation system for Britain (Rodwell, 1991). In an earlier plant community survey all sampled quadrats had a peat depth of at least 50 cm (n = 262 for Bamford and Howden; n = 162 for Broomhead; Harris et al., 2011). The sites are all subject to low-level sheep grazing (ESA prescription grazing pressure in force since 1994, currently 0.5 sheep ha−1 summer grazing; Pakeman et al., 2000), and varying frequencies of prescribed burning. Within each moorland site, all available burn patches were digitised from aerial photography and linked to information on age of burn determined from the records kept for management subsidy audit (Harris et al., 2011). Ten patches were sampled randomly from each moorland site to provide a chronosequence of patches which had been burned at varying times in the last 20 years plus three patches which had not been burned for at least 40 years. The gap between 20–40 years could not be ﬁlled because no patches were available from this period. Each patch was then overlain with a geo-referenced 1 m2 grid within ArcMap (2008), and four 1 m2 sampling positions were then selected randomly from those available; the total number of sampling positions was 156 (i.e. 3 moorland sites × 13 patches × 4 positions).



Soil pH and plant-available concentrations of selected nutrient elements were determined on fresh soil. Soil pH was measured in a 1:2.5 suspension of soil and deionised water. For extractable nitrogen fractions 5 g of soil was extracted in 50 ml 2 M KCl and shaken for 60 min, centrifuged for 5 min at 4000 rpm and ﬁltered. For plantavailable P, K, Na, Ca and Mg concentrations, a similar extraction procedure was used, but with 2.5% acetic acid as the extractant (Allen, 1989). Total element concentrations were determined on the air-dried soil sub-sample. C and N concentrations were measured directly on the soil samples using a Carlo Erba Instruments NC2500 elemental analyser. For P and the cations, sub-samples (0.5 g) were ashed in a mufﬂe furnace at 550 °C for 2.5 h and the ash taken up in 10 ml of 2 M HCl (Allen, 1989) and made up to 50 ml. The concentrations of ammonium-nitrogen, nitrate-nitrogen and P concentrations were determined using a Bran & Luebbe Auto Analyzer 3 (Bran and Luebbe, 2006). Potassium and Na were estimated by emission spectrophotometry and Ca and Mg by absorption spectrophotometry (Allen, 1989). Elemental concentrations were expressed on a concentration basis (μg g−1) and a volumetric basis (μg cm−3). The C: N ratio was analysed on both a g g−1 and a mol mol−1 basis. The latter measure is produced here to be comparable with published data elsewhere. 2.3. Data analysis All analysis were performed within the R statistical environment (R Core Team, 2012); the ‘nlme’ and ‘vegan’ packages were used for univariate and multivariate analysis respectively (Oksanen et al., 2012; Pinheiro et al., 2012). First, for the univariate analysis, linear mixed-effects models were calculated for each soil variable (Crawley, 2007). Both moorland site



Table 1 Details of the three study moorlands in the North Peak ESA, Derbyshire, England. Moorland site



Grid reference (longitude & latitude)



Elevation range (m)



Range of patch ages since burning (yr)



Estimated age of reference patches since last burn (yr)



a



Bamford



SK 217 852 (53º21′N, 1º40′W) SK 2449 9465 (53º27′N, 1º38′W) SK 198 939 (53º28′N,1º42′W)



300–420



4–16



40



300–460



3–17



52



272–540



4–17



52



Belmont 651a Wilcocks 1 721c Belmont 651a Wilcocks 1 721c Winter Hill 1011b Belmont 651a



Broomhead Howden



Belmont 651a: Coarse-loamy, very acid upland soils with a wet peaty surface horizon and thin iron pan. Wilcocks 1 721c: Slowly-permeable, seasonally-waterlogged, ﬁne-loamy and ﬁne-loamy over clayey upland soils with a peaty surface horizon. Winter Hill 1011b: Thick, very raw peat soils, perennially wet. a Derived from National Soil Resources Institute (2013):



Soil association



A. Rosenburgh et al. / Geoderma 211–212 (2013) 98–106



and elapsed time since burning were included as ﬁxed factors in the model, and patches within each moorland site were treated as random effects. Thus, this approach accommodated the hierarchical nature of the study design and allowed ﬁve models to be tested using the model deletion approach to derive the Minimum Adequate Model (MAM, Crawley, 2007). The models were (1) the interaction model (different slopes through time for each moorland site), (2) the additive model (differences between sites but a common slope through time), (3) the moor-only model (differences between moorland site, no temporal effect), (4) the elapsed time only model (no differences between moorland site but a common slope through time), and (5) the null model (no effect). Terms were deleted sequentially using the Maximum Likelihood method, and thereafter, the selected MAM was re-run using the Restricted Maximum Likelihood Method (REML) (Crawley, 2007) and the reduction in the Akaike Information Criterion (AIC) relative to the null model calculated (Crawley, 2007). As the outputs from the analyses of the concentration and volumetric data (Rosenburgh, 2009) were similar, only the concentration data are discussed here. Where appropriate a squared-term for elapsed time since burning was also included in the analysis to test for curvilinearity. Second, multivariate analysis of combined data were performed for all soil variables (pH, bulk density, available concentrations and total concentrations, which were corrected by subtracting the available concentrations) was done with Principal Component Analysis (PCA) using the ‘rda’ function in the vegan package. In this analysis the soil variables were standardised to zero mean and unit standard deviation. Environmental variables were then correlated with the PCA axes using the ‘envﬁt’ function within vegan, signiﬁcance being assessed using a randomization test with 9999 permutations. Finally, the moorland site positions on the resultant biplots were displayed as bivariate-standard-deviational ellipse ‘ordiellipse’ functions in the vegan package (Oksanen et al., 2012). Finally the N-ﬂux ratio (N out/N in of a catchment) was estimated for the three moorland sites using two regression equations derived from the literature (Eq. 1, N-ﬂux ratio = 2.0371 − 0.0638 ∗ C:N ratio, r2 = 0.71, Gundersen et al., 1998; Equation 2, N-ﬂux ratio = 1.4995 − 0.0377 ∗ C:N ratio, modelled line hence no r2, Jenkins et al., 2001). The N-ﬂux ratio was estimated immediately after burning (Year 0) and 50 years after burning (Year 50) using predicted C:N ratios from the mixed-effects modelling.
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3. Results In these analyses only three models were selected as signiﬁcant: (1) the moor-only model, where only the constants were signiﬁcantly different, indicating differences between moorland sites; (2) the additive model (moorland site + elapsed time since burning), where the constants were signiﬁcantly different, but the slopes were the same, here the moors were different from each other but the response to time was common, and (3) the interaction model (moorland sites × elapsed time since burning), where both constants and slopes were signiﬁcantly different, i.e. the moors were inherently different (constants) and the response to time was also different at each moorland site. The results of these mixed-effect analyses are presented in Tables S1 and S2. Essentially, these analyses showed that all measured variables differed between sites, but for some variables there was either a common temporal effect between moorland sites, or there was a different temporal effect on each site with respect to time since burning. 3.1. Differences in chemical properties between moorland sites (Table 2) The results for most peat variables from the three study moorlands were in similar ranges to those reported for uplands soils elsewhere in upland Britain, albeit at the lower end of published ranges for the available nutrients (N, P, Ca, Mg). The exception was total N, which had values at the mid-upper end of the published range, especially for Howden. Bulk density and peat pH differed between the moorland sites, with Bamford and Broomhead having similar values (1.1 g cm−3; pH = 4.1 for both sites); and Howden being slightly lower (1.0 g cm−3; pH = 3.9). Ammonium-N was the most abundant form of available N, at least seven times greater than the amount detected as nitrate-N. For both forms of available N and available P, Bamford and Howden had similar −1 , 1.9–2.3 μg NO3−-N g−1 and 4.5– values, 22.6–25.5 μg NH+ 4 -N g 4.9 μg P g−1 respectively, but Broomhead had signiﬁcantly lower values −1 ; 0.5 μg NO3−-N g−1; 3.5 μg P g−1). For Mg, the (3.3 μg NH+ 4 -N g same groupings of sites were found, but here Broomhead had greater values 44 μg Mg g− 1than the other two moorland sites (~ 39 μg Mg g− 1). K concentrations followed the pH results with Howden having lower values 39.0 μg K g−1 than the other two sites (51.0–53.0 μg K g−1). Ca showed the greatest differences between



Table 2 Peat characteristics of three moorland sites in the North Peak ESA (Derbyshire, England) compared to values derived from the literature for similar ecosystems. In this table arithmetic mean values ± standard errors (n = 56) are presented along with the ΔAIC statistic of the moor only mixed-effects model relative to the null model (Appendix A). The model coefﬁcients for Bamford were all signiﬁcant (P b 0.001), and where moors differed signiﬁcantly from Bamford they are denoted as follows: * = P b 0.05, ** = P b 0.01, *** = P b 0.001. Literature ranges derived from Allen (1964, 1989), Allen et al. (1969), Heal and Smith (1978) for upland soils and Marrs et al. (1989) for infertile acidic upland grasslands are also shown; nd = not determined. Variables denoted + produced better ﬁt models (additive or interactive); these better models are presented in Figs. 1 and 2 and discussed in text. Change in AIC of the model presented against the null model are presented along with its signiﬁcance. Peat property (units) pH Bulk density (g cm−3) + C:N (mol mol−1)



ΔAIC



Literature ranges



3.94 ± 0.02*** 1.01 ± 0.01* 31.5 ± 0.4*



5.28** 2.60** 4.66**



3.3–4.7 1.05–1.1



Moorland site Bamford



Broomhead



4.12 ± 0.02 1.09 ± 0.02 29.2 ± 0.44



4.08 ± 0.02 1.10 ± 0.02 33.9 ± 0.9***



Howden



Available element concentrations NH4-N (μg g−1) NO3-N (μg g−1) P (μg g−1) Mg (μg g−1) + Ca (μg g−1) + K (μg g−1)



25.5 3.3 4.5 39.7 146.4 53.0



± ± ± ± ± ±



2.5 0.8 0.4 1.2 4.6 3.4



3.3 0.5 3.5 43.9 102.1 51.3



± ± ± ± ± ±



0.8*** 0.2*** 0.3** 1.3* 3.9*** 3.1



22.6 1.9 4.9 39.5 86.2 39.0



± ± ± ± ± ±



1.3 0.4 0.2 1.0 3.2*** 3.0*



7.28** 3.39** 0.84 ns 1.23** 2.70** 1.42



20–90+ 2–9+ 2–21 11–500 32–1300 25–780



Total element concentrations C (%) N (%) Mg (μg g−1) Ca (μg g−1) + P (μg g−1) + K (μg g−1)



35.1 1.4 274 1023 642 317



± ± ± ± ± ±



1.2 0.05 11 47 32 11



23.1 0.8 203 471 381 342



± ± ± ± ± ±



1.7*** 0.01*** 13** 37*** 25*** 24



47.9 1.8 360 1085 521 271



± ± ± ± ± ±



0.2*** 0.02*** 7*** 25 14 11



9.22** 9.44** 7.07** 8.76** 5.39** 0 ns



6–50 0.18–1.1 nd nd 500–700 nd
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moorland sites, Bamford had the greatest concentration, Broomhead was intermediate and Howden had the least (146.4, 102.1 and 86.2 μg Ca g−1 respectively). Total C and N both showed a gradient with Howden having the greatest total C and N concentrations (C = 47.9%, N = 1.79%), Bamford being intermediate (C = 35.1%, N = 1.41%) and Broomhead the least (C = 23.1%, N = 0.80%). The C:N ratios, however, did not follow this pattern as the lowest ratio was found at Bamford (26%), Howden (28%) was intermediate Broomhead had the greatest (30%). The total amounts of the other elements showed that Broomhead had signiﬁcantly lower concentrations of P and Ca than the other two moorland sites (381 μg P g−1 and 471 μg Ca g−1compared with Bamford and Howden, 521–641 μg P g−1 and 1023–1085 μg Ca g−1). For Mg there was a gradation from Howden (360 μg Mg g−1) with the greatest values, Bamford being intermediate (274 μg Mg g−1) and Broomhead with the lowest (203 μg Mg g−1). There was no signiﬁcant difference in total K concentrations between moorland sites.



20



25



30



35



a



0



The eigenvectors of the ﬁrst two axes of the PCA were 5.620 and 2.448 respectively which explained 35.1% and 15.3% of the variation in the data. Two environmental variables were signiﬁcantly correlated with the ordination, moisture content (r2 = 0.85, P b 0.001) and elevation (r2 = 0.38, P b 0.001); vegetation height, and importantly elapsed time since burning were not signiﬁcant. The peat variables (Fig. 4a), show a distribution with pH and bulk density at the positive end of axis 1 and a gradient with peat pH and bulk density at the negative
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3.4. Multivariate analysis of peat chemical properties
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Bamford and Broomhead had similar intercept values for available P, which were both greater than Howden (Fig. 3). However, the sites had very different slopes; Bamford declining sharply with age, Broomhead showing a slight decline and Howden showing little change (Fig. 3a). For available Ca, Bamford had a much greater intercept than the other moorland sites but this declined sharply with elapsed time since burning; Broomhead and Howden had similar intercepts, and while Howden showed no change with elapsed time, Broomhead increased its concentration through time (Fig. 3b). The total concentrations of P and K showed different responses. For P, Bamford and Howden had similar intercepts, with Broomhead being signiﬁcantly lower, (Fig. 3c), whereas for K all three sites had similar intercepts (Fig. 3d). The response to elapsed time since burning showed similar responses for these two elements. P and K increased with time on Bamford and Broomhead but reduced slightly on Howden. For P Bamford and Broomhead showed almost parallel increases with time, but for K the increases at Bamford were much lower than at Broomhead. Interestingly, for P opposite signs of temporal responses were found for available and total P concentrations on the different moorland sites. Bamford and Howden showed a decrease in available and an increase in total P with time since burning and Broomhead showed the opposite effect.
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3.3. Variables with different temporal responses during post-ﬁre succession on each moor



20



b



(mol mol-1)



The ratio between carbon and nitrogen showed a signiﬁcant moor + elapsed time effect (Fig. 2). Each moor had a signiﬁcantly different intercept between all moorland sites (Bamford = 30.2, Broomhead = 35.1, Howden = 32.7), but with the same rate of decline (− 0.06232 yr− 1) over the course of the chronosequence on all moors. Here, a model with a quadratic term was tested and it did not reduce the AIC statistic signiﬁcantly. When individual linear and quadratic terms were ﬁtted to each of the moors individually, only Broomhead showed a non-linear response (Fig. 2).



10



40



3.2. Variables with temporal responses through post-ﬁre succession



Elapsed time (years since burning) Fig. 2. The C:N ratio in peats (mol mol−1) along a chronosequence on three moorland sites in the North Peak ESA (Derbyshire, England). mixed-effects models identiﬁed signiﬁcant differences between sites, but there was also a signiﬁcant common temporal response at each moor (E-Supplementary Information Table 1). (a) Bamford; (b) Broomhead; (c) Howden. Broomhead was the only site that exhibited a signiﬁcant non-linear response when calculated using least-squares regression; Linear, r2 = 0.14, F1,50 = 9.52, P b 0.003; quadratic, r2 = 0.36, F2,49 = 15.3, P b 0.0001.
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Fig. 3. The concentrations of available and total elements that showed signiﬁcant differences between moors in their interaction with elapsed time since burning in the North Peak ESA (Derbyshire, England) (signiﬁcant constants and slopes, E-Supplementary Information Table 2).



end of axis 1 through the available nutrients through to the total concentrations at the positive end. Axis 2 reﬂects a pH gradient with high pH and available Ca, Mg, K and NH4-N at the negative end and available Na at the positive end. The three moorland sites are clearly separated on the ordination and this appears to be linked to elevation and moisture content (Fig. 4b); there is a clear separation of the three sites in the ordination space. Bamford and Broomhead are located in the part of the ordination with the highest pH and available nutrients whereas Howden with its greater elevational range (Table 1) is located towards the negative end of axis 1 where elevation and moisture content are high and it is closest to the total nutrient concentrations and available Na.



3.5. Estimates of N-ﬂux ratio The N-ﬂux ratio estimates were 0–0.18, 0–0.27, 0.11–0.36 at Year 0 and 0–0.28, 0.12–0.37 and 0.28–0.46 after 50 years for Broomhead, Howden and Bamford respectively. 4. Discussion Moorlands are managed cultural-landscapes of high conservation value in the UK (Bain et al., 2011). Here, we assessed the effects of prescribed burning on plant-available soil nutrients and total nutrients during the post-ﬁre succession in a multi-site chronosequence study using
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the univariate and multivariate statistical methods. Some variables that showed signiﬁcant results, showed almost trivial differences between the moorland sites (e.g. soil pH and bulk density) but the others showed considerable differences. Broomhead, for example, was particularly low in total soil C and N and available N and P, whereas Howden had high total Ca and Mg but low exchangeable concentrations of these elements. Interestingly the environmental factors selected as signiﬁcant in the multivariate analyses were vegetation height and soil moisture content, almost certainly related to site elevation and rainfall. That these soils on these three moorlands should vary is interesting and difﬁcult to explain; the sites are close geographically (within 5 km of each other), on similar underlying substrata (millstone grit), similar soil types and they are all overlain with peat soils N 50 cm deep that have been formed by the same suite of species (currently mainly C. vulgaris, but formerly there would have been more Eriophorum and Sphagnum species; Harris et al., 2011; Littlewood et al., 2010). The sites are managed differently, but they are all subject to low-level sheep grazing (ESA prescription grazing pressure in force since 1994, is currently 0.5 sheep ha−1 summer grazing; Pakeman et al., 2000), and prescribed burning, which varies between sites. It is possible that the slightly different elevational ranges and associated differential rainfall inputs might play some part, but clearly there are ongoing processes (nutrient inputs, nutrient capture by vegetation, decomposition and nutrient loss through run-off and leaching) that contribute to these differences. Much more detailed research is needed to understand how these peat soils function on these three sites. What is important from a conservation management viewpoint is that prescribed burning had little signiﬁcant effect on most soil chemical properties during the post-ﬁre succession. The exceptions are discussed below. 4.2. Different responses to time since burning on different moorland sites (interactions)



Fig. 4. PCA biplots of soil properties along chronosequences after burning on three moorland sites in the North Peak ESA (Derbyshire, England). (a) Individual quadrats and the distribution of the three moors expressed as bivariate–standard–deviational ellipses correlated with two signiﬁcant environmental variables, and (b) peat chemical variables. Key to peat variables: BD = Bulk density, preﬁx A = available, preﬁx T = Total; elements given as usual abbreviations, plus NO = nitrate-nitrogen and NH-ammonium-nitrogen.



mixed-effects modelling and multivariate analysis. Two important results were detected with respect to the effects of prescribed burning on moorland soils. First, for the majority of soil chemical properties examined (9 out of 15) the only signiﬁcant difference was between the replicated moorland sites, i.e. there was very little impact of prescribed burning and subsequent vegetation recovery on most of the soil chemical properties measured. Second, some chemical properties showed a temporal relationship during the burn-recovery chronosequence cycle, and two types of response were found, an additive response for the soil C:N ratio between moorlands, and an interaction with the three moors for four soils properties (available Ca, P, total P, K). The most interesting, and indeed worrying result from an ecological viewpoint, was the reduction in C:N ratio with elapsed time after burning.



Given the relative similarity of the moorlands, the interaction responses were surprising. Howden, with the largest elevational range, showed the least effect for all of the four signiﬁcant interactions (available P, Ca, total P, K) with an almost ﬂat response, possibly because more ash produced during burning is blown away at this highest elevation moorland site; however, the other two moorland sites showed different and sometimes opposite relationships with elapsed time since burning. The available P and Ca at Bamford were much greater immediately after burning, perhaps indicating that either greater quantities of these elements are deposited as ash on this site, or that they are not subject to high leaching immediately after the ﬁre, but declined slowly either through leaching or plant uptake (Allen, 1964; Allen et al., 1969). Bamford has the lowest elevational range, and these results could be brought about by a combination of lower wind speeds and hence enhanced local ash retention, reduced leaching as a result of lower rainfall or greater uptake by vegetation as a result of enhanced vegetation growth. At Broomhead this hypothesis might apply to P but not available Ca, which increased during the chronosequence. This aggrading response was also seen at Bamford and Broomhead for total P and K and these increases can presumably only be derived from a combination of aerial deposition from rainfall, perhaps augmented by ash deposition from adjacent burns, or from increased cycling so that these elements are preferentially taken up from lower layers and released into the surface layer. As C. vulgaris is the dominant species on all three sites and is shallow-rooted, this latter hypothesis seems unlikely (Gimingham, 1972).



4.1. Differences between moorland sites The soil chemical properties of all three moorland sites fell, for the most part, within published ranges for upland moorland and acid grassland soils in Great Britain (see Table 2 for references and values). However, within these typical ranges, signiﬁcant differences in all soil properties were detected between the three moorland sites by both



4.3. Reduction in C:N ratio with time since burning on different moorland sites (additive effects) The C:N ratio was signiﬁcantly different on the three sites (predicted constants: 30.2, 35.1, 32.7 for Bamford, Broomhead and Howden respectively) but declined at the same rate on all three



A. Rosenburgh et al. / Geoderma 211–212 (2013) 98–106



moorlands (− 0.06 yr− 1). This result is counter-intuitive because it would be expected that in the older stands, biomass and litter would accumulate and C:N ratio might be stable or increase (Chapman, 1967). The C:N ratio is a key variable inﬂuencing decomposition (Gundersen et al., 1998; Swift et al., 1979), where the C:N ratio is low (b 12:1) then decomposition is rapid, and as the C:N ratio increases decomposition declines and peat will be increasingly formed. Indeed, this ratio has been suggested as an effective indicator of N saturation and the susceptibility for enhanced N leaching (Evans et al., 2006). These authors point out that the relationship between C:N ratio and elevated N inputs is not unequivocal but it is corroborated by results for N fertilization experiments. One possible explanation for our results is that the oldest stands would have been growing vigorously during the period when atmospheric nitrogen pollution was at its greatest. Between 1995–1997 the N critical load in the Peak District region was exceeded by up to 20 kg N ha−1 yr−1 (Anon, 2002), although this must be viewed in context of a general decline in input of N from atmospheric sources of ca. 30–50% between 1985 and 2005 (Anon, 2009). In the stands which have been burned recently, any elevated N added to the system from historic deposition and held in either vegetation or soils may have been lost in the ﬁre, resulting in a lower N concentration in the vegetation and hence increasing the soil C:N ratio. The relationship between N inputs and foliar N concentrations is well known in these upland systems (Edmondson et al., 2010; Hicks et al., 2000); in C. vulgaris and three other species typical of wet, upland ecosystems, and found in the three moorlands studied here (Deschampsia ﬂexuosa, Hylocomium splendens, Nardus stricta), all showed a positive relationship between atmospheric foliar N concentration and N deposition (Hicks et al., 2000). The observed results, therefore, point to a potentially complex relationship between prescribed burning, nutrient cycling within the ecosystem that impacts on soil C:N ratios, decomposition processes and peat formation and changing atmospheric inputs. Further work and modelling are needed to elucidate the mechanisms. In upland areas of Great Britain, the C:N ratio has been suggested as a reasonably proxy for decomposition processes in catchment studies (Gundersen et al., 1998; Jenkins et al., 2001). The critical range for no nitrate leaching in these studies appears to be below a limit of between 32:1 and 40:1. In the three moorlands studied here, Broomhead and Howden are within this range and Bamford is just below it, but the rank order in terms of leaching loss risk was Broomhead (least) b Howden b Bamford (greatest). However, all of the sites declined since burning, with the lowest C:N ratio in the oldest stands, which are likely to be the most N saturated and produce the greatest leaching losses. The N-ﬂux ratio (N out/N in of a catchment) estimated for the three moorland sites using two regression equations derived from the literature indicated an increased export of N as the post-ﬁre succession progressed (0–0.18, 0–0.27, 0.11– 0.36 at Year 0; 0–0.28, 0.12–0.37 and 0.28–0.46 at 50 years for Broomhead, Howden and Bamford respectively). These calculations are speculative as we are applying models produced from catchment-scale studies to the plot-scale. However, as discussed above, the effects at the different time points in our chronosequence reﬂect a combination of real temporal change interacting with reducing atmospheric N inputs. Given these uncertainties, the results suggest that prescribed burning does no harm to soils and may indeed help mitigate the effects of atmospheric N additions. 4.4. Weaknesses in this approach The obvious weakness in this research is the length of time span available for developing the chronosequence, especially in the older stands. The reason for this is that most of the moorlands are burned on about a 10–20 year rotation, so most patches are in this age period. Older stands result from previous large scale burns, sometime wildﬁres, and these areas have been allowed to recover without any subsequent burning (G. Eyre, pers. comm.). These remnants are small and scattered. This approach, therefore, can be criticised for the lack of sites in the
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20–40 year period, a crucial point in the dataset. However, these intermediate-aged stands just do not exist. It could also be argued that the oldest stands must be atypical because they have not been selected for burning in recent times. This is possible, and that is why three replicates of the old sites were taken to assess potential variability. However, if there were atypical, or selected from different sampling distributions, then differences in all measured properties assessed might be expected. Moreover, we restricted our analysis to mixed-effects linear models, and at least for some of the individual relationships it might have been appropriate to ﬁt non-linear models. The potential non-linear relationship between C:N ratio at Broomhead lends weight to this argument, but our results indicated that a linear relationship was valid for this measure at the two other sites. Irrespective, the oldest stands still had a much lower C:N ratio. 5. Conclusions Although there were clear differences in some soil properties between moorland sites, for most soil variables there was no change through the post-ﬁre succession. Where changes were detected, the results suggest complex interactions between nutrient inputs (rainfall and dry deposition which are both affected by elevation), storage and cycling within the soil-peat system, and losses that differ on the three moors. The most interesting result was a reduction in C:N ratio with time since burning, indicating an increased N saturation. This result suggests that the oldest stands sampled here may have responded to the large N inputs added from the atmosphere in the latter part of the twentieth century and the younger ones have had some of this N removed during prescribed burning. Whilst this result requires conﬁrmation by more sophisticated analyses (Jenkins et al., 2001), it suggests that these peatland systems are responding to pollutant N loads, and that prescribe burning may help to mitigate this process. Thus, for managers of peatland systems dominated by ﬁre-prone plant species, prescribed burning did little damage to peat soil properties over the post-ﬁre succession and possibly assisted in removing N. If corroborated elsewhere, this would support the use of prescribed burning to lessen damage from wildﬁres more generally across the boreal region. Acknowledgements We thank the BiodivErSA programme (FIREMAN project), the Royal Botanical and Horticultural Society of Manchester and the Northern Counties, the Heather Trust, the Moorland Association, the BasqueCountry Government (DEUI, JGA BFI-2010-245) and the University of Liverpool for ﬁnancial support towards this project. Ms Suzanne Yee produced the illustrations. Appendix A. Supplementary data Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.geoderma.2013.07.012. References Albertson, K., Aylen, J., Cavan, G., McMorrow, J., 2010. Climate change and the future occurrence of moorland wildﬁres in the Peak District of the UK. Climate Research 45, 105–118. Allen, S.E., 1964. Aspects of heather burning. Journal of Applied Ecology 1, 347–367. Allen, S.E. (Ed.), 1989. Chemical Analysis of Ecological Materials. Blackwells, Oxford. Allen, S.E., Evans, C.C., Grimshaw, H.M., 1969. The distribution of mineral nutrients in soil after heather burning. Oikos 20, 16–25. Anon., 2002. Ammonia in the UK. Defra, London (http://archive.defra.gov.uk/environment/ quality/air/airquality/publications/ammonia/documents/ammonia-in-uk.pdf. [Accessed 2/5/2011]). Anon., 2009. Review of Transboundary Air Pollution (RoTAP) Consultation Draft V1.02. Defra, London (http://www.rotap.ceh.ac.uk/documents. [Accessed 10/12/2009]). ArcMap, 2008. ArcGIS 9. ESRI, California. Atherton, I., Bosanquet, S., Lawley, M., 2010. Mosses and Liverworts of Britain and Ireland — a ﬁeld guide. British Bryological Society, Plymouth.
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