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Muirburn is a land management practice of upland Calluna vulgaris-dominated moorland landscapes that uses prescribed burning to maintain vegetation diversity, enhance the nutritional value of vegetation for livestock, and support game management. While the impacts of Muirburn are well characterized for aboveground diversity, there is a lack of equivalent data on the impacts of Muirburn on soil biodiversity. To address this, the impact of Muirburn on soil nematode communities was assessed over a 12-month period. Muirburn had no effect on soil nematode abundance, community structure, species richness, or functional group composition. However, irrespective of fire, there were temporal effects on nematode community structure likely driven by five genera representing several nematode functional groups: Bitylenchus, Filenchus, Plectus, Mesorhabditis, and Thonus. Nematode species richness also exhibited a temporal effect, although arguably this could have been driven by the final sampling time point. The relative composition of nematode functional groups also varied temporally. Results from this study contribute to addressing the significant knowledge deficit regarding the impacts of Muirburn practices on soil biodiversity and help to inform future best practice guidance for the prescribed burning of upland moorland.
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1 Introduction

The iconic upland landscape of Scotland delivers multiple ecosystem benefits and is of international conservation importance (1). In part, this landscape is managed through the highly prescribed process of Muirburn (2), i.e., the rotational controlled burning of vegetation in moorland areas. These moorland areas are dominated by Calluna vulgaris and subject to rotational Muirburn. The management aims of this are to support a) red deer and sheep grazing by promoting new plant growth, b) structural plant diversity, and c) conservation of open moorland areas, providing forage and cover for economically important game birds such as red grouse (Lagopus lagopus scotica) (3–5). Notwithstanding the adoption of best practice, the outcomes of moorland burning are highly variable and driven by several factors, including pre-fire vegetation composition and age, fire severity, post-fire management, and natural regeneration pathways (6–8).

In stark contrast to the depth of available data on the effects of prescribed moorland burning on aboveground diversity (5, 9), there is a paucity of similar data regarding the effects on soil biota (10). While the focus on aboveground diversity is likely to be driven by end-user needs, the knowledge deficit regarding the impact on soil biota is crucial given that most soil processes are driven by soil biota (11), and the interactions between different soil biota confer a range of functional outcomes (12, 13), which in turn benefit aboveground plant communities (14). This reflects the wider paucity of data on the effects of fire on soil biota (15).

Nematodes are one of the most abundant soil taxa globally (16) and have key roles in, for example, soil nutrient cycling, which can enhance plant growth (17, 18), but their function is dependent upon complex interactions with other soil biota (19) and the availability of nutrients, which may be modified post-fire (20). Their functional role can be inferred by their trophic position. Nematodes feature in all major trophic levels of the soil food web (21) and have pivotal roles in processing organic nutrients (17) and the control of soil microorganism populations (22–24), with critical roles in regulating carbon and nutrient dynamics within and across landscapes (19), and are a good indicator of biological activity in soils (25).

The few studies on the effect of wildfires on soil nematodes have reported inconsistent results. For example, along a 3,000-km north–south transect, at an ecoregion scale, ground fires in different forest types had no impact on overall nematode abundance; however, this masked an increased abundance of bacterivorous nematodes, offset by a reduction in the abundance of fungivorous and herbivorous nematodes (26). In contrast, a short-term (≤1 year) reduction in overall nematode abundance was reported in fire-affected forest soils compared to controls linked to fire severity (27). Although the abundance of bacterivorous nematodes increased, the abundance of herbivorous and omnivorous nematodes decreased. Recently, it was reported that wildfire greatly reduced total nematode abundance in a Mediterranean pine forest and resulted in a shift from a fungivore- to bacterivore/herbivore-dominant system compared to unburnt areas (28). The effects of wildfire have been reported to negatively impact total nematode abundance for at least 15 years compared to unburnt areas in an area of natural vegetation dominated by hawthorn and Berberis (29). Nevertheless, total nematode abundance was >90% greater in annual burnt vs. unburnt plots after 32 years in tallgrass prairie (30). However, immediately after a semi-arid grassland wildfire, bacterivorous, fungivorous, and herbivorous nematode abundances were reduced compared to those in unburnt areas, with recovery rates differing by trophic group (31). This contrasts with an increase in total nematode and herbivore abundance because of prescribed burning of snow-tussock grassland (32) and an increase in total nematode abundance and richness at the genus level after fire in an old-field grassland compared to unburnt controls (33).

A meta-analysis assessing belowground community responses to fire (34) concluded that fire reduces overall nematode abundance by 88%. However, these authors caveated this result due to the small sample size of relevant studies. Fire in a Mediterranean forest resulted in a lower nematode trophic diversity, alpha diversity, and richness (at genus level) in burnt forest soils compared to unburnt forest soils, with effects on abundance being limited to a few nematode genera (35). Prescribed fires either had no impact on nematode abundance in a pine forest (36) or had short-term effects on abundance dependent on vegetation cover (juniper vs. yucca) and soil moisture in an arid savanna (37). The effects of fire on nematode communities may therefore be highly system dependent, making it important that we understand the effects of burning in upland moorland systems subject to Muirburn.

To understand the impact, if any, of Muirburn on soil nematode communities, paired transects representing burnt and unburnt plots were temporally sampled over a 1-year period. Given that upland moorlands are characterized by high water availability and that Muirburn is a prescribed short-term event, it was hypothesized that Muirburn would have no significant impact on the overall abundance of soil nematode communities but may have short-term impacts on certain specific functional (trophic) groups.




2 Materials and methods

Two adjacent study sites were sampled, and these were located on Birnie (56.90982 N, 2.54861 W at 350–400 m a.s.l) and Thorter (56.91888 N, 2.57264 W at 390–430 m a.s.l) Hills, which form part of the Glensaugh Research Farm, Aberdeenshire, UK, managed by The James Hutton Institute. The study sites had a predominantly south-facing aspect, with the dominant soil being podzol and the dominant vegetation being moorland heather, C. vulgaris. Parallel transects, burnt and unburnt, were established on both hills in early spring using a replicated “Before-After-Control-Impact” (BACI) design with soil samples taken at points along the transects. The experiment was conducted in a spatially discrete area chosen for the same typology, aspect, and uniformity in ground cover to remove any potential issue with vegetation combustion rate. Moreover, each patch was subjected to the same duration of burning to mitigate differential fire intensity.

Soil cores were collected using a grass plot sampler (internal diam. 2.3 cm; Eijkelkamp, Giesbeek, The Netherlands) to a depth of 10 cm. A 1-kg composite soil sample was collected from each sampled area, with each composite sample consisting of approximately 20 cores taken randomly along a standard “W” pattern (38). For both burnt and unburnt areas, samples were collected before burning (t = 0), immediately after burning (t = 0.1), and 3, 10, 20, 35, 60, 120, 240, and 360 days thereafter, with 20 replicates of both burnt and unburnt samples, representing a total of 400 samples. Soil samples were stored at 4°C prior to processing. Nematodes were extracted from a 200-g subsample of each soil sample (39) using a modified Baermann funnel method (40). After ca. 48 h, extracted nematodes were collected in 20 mL of water and left to settle for ca. 2 h. Thereafter, water was decanted to leave a ca. 2-mL volume.

Environmental [air and soil (10-cm depth) temperature and precipitation] data (Supplementary Figure S1) were sourced from the Birnie Burn weather station (ca. 250 m a.s.l.) that is part of the UK Environmental Change Network located approximately 2 km from the experimental sites.

Nematode community composition was assessed using directed Terminal restriction fragment length polymorphism (T-RFLP) (24), with methods used as previously reported for nematode DNA extraction, sample processing, and PCR conditions (41).

Differences in nematode community structure were visualized using principal coordinates analysis (PCoA) and alternative Gower distances. Differences in beta diversity between burnt and unburnt plots were tested using PERMANOVA with alternative Gower distances used for T-RFLP data, plot used as a constraining variable (strata), and a default of 999 permutations. Pairwise dissimilarities were calculated between paired burnt and unburnt plots for each time point. To account for the repeated measures design, the resulting values were compared using a linear mixed-effects model with plot pair as a random factor.

Species richness was taken to be the number of different terminal restriction fragments (T-RFs) present. A linear mixed-effects model with plot as a random factor and time since burning as an independent variable was used to assess the effect of burning and time on species richness. Models were run separately for burnt and unburnt plots, and an additional model that only used time points from 0 to 60 days since burning was used to assess the short-term impacts of fire on species richness.

Nematode taxonomy and nematode feeding groups (42) were assigned to T-RFs (24). Where a T-RF could not be robustly taxonomically identified, it was classified as “unknown”. Differences in the relative fluorescence of nematode feeding groups were tested using a linear mixed-effects model as described above. In addition, the effects of soil temperature, dry temperature, and rainfall were tested for each of the feeding groups. Differences in the composition of feeding groups were tested using a PERMANOVA, again with plot as a blocking variable. All statistics were carried out in the R statistical environment (43), distance matrix calculations and PERMANOVA were carried out in the package vegan (44), PCoA was calculated in the package ape (45), and linear mixed-effects models were carried out using the package nlme v. 3.1-160 (46).




3 Results

Prescribed fire (Muirburn) did not result in a significant change in total fluorescence, a proxy for nematode abundance between burnt and unburnt treatments (p = 0.426; Figure 1). However, there were temporal effects within both burnt and unburnt treatments. Over the duration of the study, and including all sampling time points, herbivorous nematodes decreased in relative abundance under both burnt (p < 0.001, AIC = −233.67) and unburnt (p = 0.04, AIC = −170.281) treatments (Figure 1a). Similarly, omnivore relative abundance decreased but only under the influence of burning (Figure 1c, p < 0.001, AIC = −217.97). In contrast, bacterivorous nematodes increased in relative abundance (Figure 1b, p = 0.03, AIC = −120.89) in burnt but not unburnt plots (p = 0.469). Predatory nematodes (Figure 1d) did not exhibit any temporal effects under either the burnt (p = 0.283) or unburnt treatment (p = 0.543). Soil moisture showed a significant difference between burnt and unburnt plots (p < 0.01) and over time (p < 0.01).

[image: Four scatter plots show relative fluorescence over sampling time for burnt and unburnt samples. Plots a, c, and d depict a general decline, while plot b shows an increase. Burnt samples are marked by open triangles and unburnt by filled triangles.]
Figure 1 | Change in relative fluorescence over time for (a) herbivores, (b) bacterivores, (c) omnivores, and (d) predators. Lines of best fit as tested using generalized linear model (GLM) with plot as a random factor are shown for burnt plots (solid line) and unburnt plots (dotted line). Lines are omitted where there was no significant relationship between time and relative fluorescence.

To assess whether the final sampling time point (T360) was the primary driver of the temporal variability in the nematode community, the analysis was repeated with the removal of data from T360. As with the inclusion of the T360 data, there were no statistically supported differences (bacterivore, p = 0.093; herbivore, p = 0.578; omnivore, p = 0.589; predator, p = 0.060) between burnt and unburnt treatments, with temporal differences only occurring within the respective burnt and unburnt treatments. However, two differences were noted compared to when T360 data were included: herbivorous nematodes no longer exhibited temporal variability in relative abundance within unburnt plots (p = 0.844), and bacterivorous nematodes now showed a small but significant increase temporally under unburnt plots (p = 0.02, AIC = −109.40).

While nematode species richness (Figure 2b) temporally increased within both burnt (p < 0.01, AIC = 1,080.37) and unburnt treatments (p < 0.01, AIC = 994.67), like nematode relative abundance, there was no impact of burning (p = 0.138) on species richness. Constraining the analysis to only the early sampling time points (T0–T60, Figure 2a) to determine whether the later time points were driving species richness resulted in no temporal variability under the burnt treatment (p = 0.629) and slight temporal variation under the unburnt treatment (p = 0.04, AIC = 610.911).

[image: Scatter plot with two panels. The left panel shows species richness over time for burnt and unburnt areas, with increasing trends for both. The right panel shows richness with no apparent trend. Triangles represent burnt (open) and unburnt (solid) areas. Solid and dashed lines indicate trendlines.]
Figure 2 | Change in nematode species richness over time in burnt and unburnt plots for (a) T0–T60 and (b) all time points. Lines of best fit as tested using GLM with plot as a random factor are shown for burnt plots (solid line) and unburnt plots (dotted line). Lines are omitted where there was no significant relationship between time and species richness.

Irrespective of fire, there was a significant change in nematode community structure over time [Fdf (9,368) = 4.417, p < 0.001]. Five nematode genera representing three different functional groups (38)—Bitylenchus (herbivore), Filenchus (herbivore), Plectus (bacterivore), Mesorhabditis (bacterivore), and Thonus (omnivore/predator)—had the highest loadings along PCoA axis 1, suggesting that these genera were driving the differences in nematode community structure between time points (Figure 3a). Pairwise dissimilarities between paired burnt and unburnt plots did not differ with time (p = 0.417) (Figure 4). Analysing the data at the resolution of nematode trophic groups highlighted the strength but opposing influences of bacterivores, herbivores, and omnivores (Figure 3b).

[image: Two Principal Coordinate Analysis (PCoA) plots show the distribution of samples based on axes representing variation percentages. Both plots use colored triangles for data points, distinguishing treatments and conditions such as burnt and unburnt areas. The top graph shows axis one explaining 16.58% and axis two 5.38% of the variation. The bottom graph shows axis one at 52.4% and axis two at 5.71%, with arrows indicating categories like herbivore, omnivore, predator, and bacterivore. A legend clarifies triangle colors and orientations.]
Figure 3 | PCoA plot of nematode community composition for all samples at all time points by (a) individual T-RF and (b) nematode trophic groups, with lines representing strength of influence. PCoA, principal coordinates analysis.

[image: Boxplot chart illustrating pairwise distance across various sampling times: 0, 3, 10, 20, 35, 60, 120, 240, and 360. The horizontal axis represents pairwise distance from 0.25 to 1.00, while the vertical axis lists sampling times. Each box shows median, quartiles, and outliers for pairwise distances at each sampling time.]
Figure 4 | Change in pairwise distances (alternative Gower) over time between burnt and unburnt plots.

The relative composition of nematode functional groups varied temporally [Fdf (1,9) = 3.08, p < 0.001] but not as a result of prescribed fire (Table 1). Although several nematode functional groups varied over time [herbivore, Fdf (1,9) = 3.11, p < 0.001; omnivore, Fdf (1,9) = 2.40, p < 0.05; bacterivore, Fdf (1,9) = 3.55, p < 0.001], there was no consistent temporal pattern. Moreover, with two exceptions, the environmental variables, air and soil temperature (10-cm depth) and precipitation, had no impact on nematode trophic groups (Table 1). However, soil temperature at 10-cm depth significantly increased bacterivore relative abundance (p < 0.001), and precipitation slightly increased herbivore relative abundance (p = 0.015). The potential of predatory nematodes being a biological driver within the system was checked with a significant inverse relationship observed between predatory and bacterivore nematodes (p < 0.001), but not between predatory and either herbivore (p = 0.487) or omnivore nematodes (p = 0.089).


Table 1 | Effect of burning and environmental drivers on the relative abundance of nematode trophic groups.
	Nematode trophic group
	Burn
	Air temperature (°C)
	Rainfall (mm)
	Soil temperature at 10 cm (°C)



	Herbivore
	ns
	ns
	p = 0.015
	ns


	Omnivore
	ns
	ns
	ns
	ns


	Bacterivore
	ns
	ns
	ns
	p < 0.001


	Predator
	ns
	ns
	ns
	ns










4 Discussion

Nematodes have been rarely studied in UK moorland soils, and to date, studies have been either observational (47) or associated with the impact of land use change (48). To our knowledge, this is the first study to consider the impact of prescribed burning (Muirburn) on nematodes of moorland soil.

Prescribed fire adhering to Muirburn principles (2) had no effect on soil nematode abundance, community structure, species richness, or functional group composition in an upland moorland landscape. Thus, our hypothesis that Muirburn would have a limited impact on some or all nematode functional (trophic) groups is rejected.

This contrasts with the effects of prescribed fire in a 3-year study system that led to an increase in the proportion of bacterial feeding nematodes in unburnt compared to burnt patches in a juniper-dominated savanna (37), although this was influenced by a strong temporal component. Furthermore, total nematode abundance was the greatest in unburnt compared to burnt patches, especially during cool seasons (37). In a Pinus forest study (49), a short-term (6 weeks) effect of prescribed burning was noted, with the abundance of omnivores and predators increasing and herbivore abundance unchanged, whereas in grassland systems, prescribed fire increased herbivore abundance (32, 33) compared to unburnt controls.

In the current study, soil nematode community composition and richness were temporally driven, although in the case of bacterivores in unburnt plots, this was driven by an increase in their relative abundance at the final sampling time point, 360 days after the imposition of Muirburn had the greatest influence. Temporal variability of soil nematode communities due to a range of (a)biotic factors is well recognized (50–52), and in the context of prescribed fire, such factors have included changes in soil organic matter (36); loss of tree canopies, litter accumulation, and shrub foliage, affecting soil temperature and moisture (37); modified interactions with other soil biota (15, 53); and increased soil N (33).

While this study was able to detect changes in the relative abundance of the different feeding groups, it was unable to determine the drivers, with only bacterivores and herbivores showing a relationship with any of the measured climatic variables, and this relationship only had a small effect on the relative abundance of these feeding groups. Precipitation, previously reported to drive changes in nematode abundance and community structure (54–56), had a limited effect in this study, with only the relative abundance of herbivores marginally increasing. This is likely due to the radically different systems of forest, prairie grasslands, and semi-arid steppe compared to year-round saturated moorland soil, as in this study, and thus, moisture was likely not a stress to the system. Moreover, precipitation has a reported range of effects on nematodes. As in a recent study of nematodes under soybean cultivation in Brazil, precipitation had no effect on nematodes (57). In the same study (57), air temperature was significantly correlated to nematode community structure in line with previous studies under a range of land use types (58, 59). In contrast, air temperature had no effect on nematode trophic groups in this study, perhaps due to the exposed nature of the study sites. However, in the current study, soil temperature at 10-cm depth resulted in an increase in bacterivorous nematodes, which concurs with previous studies under grassland (60) and controlled conditions (59). Moreover, soil temperature was reported to have a similar differential effect on nematode trophic groups, which varied under land use type (61).

The five genera driving the temporal changes in community structure in this study represented several functional groups, thus suggesting that potentially multiple factors had a role in shaping nematode communities, although these taxa did not lead to burnt and unburnt plots separating on the PCoA, suggesting that they were important in both burnt and unburnt plots. The dominant nematode functional groups in this study were bacterivores and herbivores, which is consistent with a meta-analysis of data collected from a broad spectrum of global biomes (16).

While the time of sampling was the main cause of any differences, there was a potential relationship between time and burning with such temporal trends. When data from T360 were included, there were significant differences in the relative abundance of omnivores and bacterivores in burnt but not unburnt plots. However, re-analysing the data without the T360 data yielded additional significant differences for bacterivores, but not omnivores, from unburnt plots. Therefore, it is clear that the drivers of change under Muirburn are complex. A review of the impacts of fire on soil communities (15) concluded that indirect rather than direct effects of fire had a greater impact on nematodes and especially so in systems where soil moisture is limited. Thus, the lack of any impact of Muirburn practices on soil nematode communities in this study may be due to the high soil moisture content, which is characteristic of the upland systems where Muirburn is deployed, and the timing of prescribed burning, which the Muirburn Code states should occur in winter/early spring to mitigate habitat damage, and reduces the potential of collateral ignition of nearby moss/peat (10, 62). Moreover, a sampling depth of 10 cm, such as used in this study, was considered to have a potential dilution effect, i.e., an insufficient depth profile to generate discernible fire effects (63).

Alternatively, notwithstanding that nematodes are considered of utility as an integrated measure of the functional state of soils (25), they may be a poor choice of soil taxa to study regarding the impact of fire, given their resilience to abiotic extremes, including heat (64). Moreover, given small-scale heterogeneity effects on soil biota (65), future studies characterizing microhabitat properties may be a promising approach (66). This study, for the first time, systematically evaluates the impact of Muirburn on soil nematode communities and finds that the temporal dynamics of soil nematode communities outweigh the effects of fire, providing important references for future fire management practices.
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