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Abstract
There is a  clear need for the development of management strategies to control dominant, perennial weeds and restore semi-natural communities and an important part of this is to know how long control treatments take to be effective and how long they last after treatments stop. Here, we report the results from a 17-year long experiment where we compared the effects of five control treatments on dense Pteridium aquilinum (L. Kuhn) relative to an untreated experimental-control in Derbyshire, UK. The experiment was run in two phases. In Phase 1 (2005-2012) we controlled the P. aquilinum by cutting and bruising, both twice and thrice annually, and an herbicide treatment (asulam in year 1, followed by annual spot-re-treatment of all emergent fronds). In Phase 2 (2012-2021) all treatments were stopped, and the vegetation was allowed to develop naturally. Between 2005 and 2021 we monitored P. aquilinum performance annually and full plant species composition at intervals. Here, we concentrate on analysing the Phase 2 data where we used  regression approaches to model individual species responses through time and unconstrained ordination to compare treatment effects on the entire species composition over both Phases. Remote sensing was also used to assess edge invasion in 2018.
At the end of Phase 1, a good reduction of P. aquilinum and restoration of acid-grassland was achieved for the asulam and cutting treatments, but not for bruising. In Phase 2, P. aquilinum increased through time in all treated plots but the asulam and cutting ones maintained a much lower P. aquilinum performance for nine years on all measures assessed. There was a reduction in species richness and richness fluctuations, especially in graminoid species. However, multivariate analysis showed that the asulam and cutting treatments were stationed some distance from the untreated and bruising treatments with no apparent sign of reversions suggesting an Alternative Stable State had been created, at least over this nine-year period. P. aquilinum reinvasion was mainly from plot edges.
The use of repeated P. aquilinum control treatments, either through an initial asulam spray with annual follow-up spot-spraying or cutting twice or thrice annually for eight years gave good P. aquilinum control and helped restore an acid-grassland community. Edge reinvasion was detected, and it is recommended that either whole-patch control be implemented or  treatments should be continued around patch edges.
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Highlights

· [bookmark: _Hlk106785721]The effect of five Pteridium aquilinum-control treatments was tested for 19 years
· [bookmark: _Hlk106785709]In Phase 1 we tested the effectiveness of control and vegetation restoration 
· In Phase 2 we stopped the control treatments and measured recovery 
· Cutting 2x or 3x per year or asulam (spray + annual spot sprays) were effective 
· Edge invasion was detected and should be tackled where P. aquilinum is controlled
[image: ]

1. Introduction
Control of invasive, perennial, plant species is becoming an important issue in ecological restoration worldwide (Weidlich et al., 2020), because they can suppress and displace native plant species, affecting both plant community structure and function, as well as resulting in biodiversity loss (Vitousek et al., 1997, Weidlich et al., 2020). Control of perennial invasives has had varying degrees of success around the world from negligible to complete control (Hoffmann et al., 2019). However, perennial weeds, and especially those that have large, underground storage organs such as rhizomes, have been acknowledged as being particularly difficult to control (Carter, 1990; Anderson, 1999). 
The reason rhizomatous plants are difficult to control is that the resources held in their underground storage organs can be quite large and these resources allow the plant to persist through severe disturbance. Even when control techniques reduce the rhizome resources considerably (Le Duc et al., 2003), they are sufficient to fuel plant recovery after the control treatments stop (Marrs and Watt, 2006). Thus, long-term approaches are needed (Akpinar et al., 2023). Therefore, when controlling invasive perennials, two questions must be answered: (1) how long do we need to apply control measures to reduce the invasive species effectively considering the rhizomes reserves and, (2) is it possible to restore a more acceptable plant community from a conservation and ecosystem services perspective? If this is possible, then a key question is how long will the newly-established community remain free of the invasive plants? Hopefully, the goal of all invasive species control treatments should be to overcome the resilience of the initial community containing the invasive species and create a new alternative stable state (ASS), which has sufficient resistance to prevent a return of the newly-restored plant community to the original invaded condition (Alday et al., 2013).
[bookmark: _Hlk49333594]A good example of such a problem caused by invasive species is the fern, Pteridium aquilinum (L.) Kuhn (here, sub-species aquilinum, Marrs and Watt, 2006). This species is notoriously difficult to control (Robinson, 2000; Marrs and Watt, 2006) and, although a native species in the British Isles has been described as a “thug” or “over-dominant species” in British woodlands (Marrs et al., 2011, 2013) and in the open can produce near mono-dominant stands in many parts of the northern hemisphere. P. aquilinum usually displaces plant communities of much greater conservation value (Pakeman and Marrs, 1992). 
There are some places where P. aquilinum has a positive value in terms of landscape colour and butterfly conservation (Marrs and Pakeman, 1992),  and it can contribute to some ecosystem services such as carbon and nutrient accumulation (Marrs et al., 2007). However, as its presence can cause problems for livestock health, extensive agriculture, recreation, game management, water quality via the  production of the potentially-harmful  chemical Ptaquiloside, and possibly human health (Varvarigos and Lawton, 1991; Pakeman and Marrs, 1992; O’Driscoll et al., 2016). There is an over-arching management requirement to control P. aquilinum in the United Kingdom and in many other places that experience an oceanic climate (Marrs and Watt, 2006).  Management is needed to improve the vegetation for livestock grazing, to prevent ingress into grasslands and heathlands with a higher value and to restore vegetation with a greater conservation value. It is difficult to control because of its large underground rhizome system, which is dormant during the winter under temperate climates, but produces a large above-ground, frond biomass during the summer (Marrs and Watt, 2006).
There are essentially two main ways of controlling P. aquilinum; using either mechanical or herbicidal techniques (Milligan et al., 2016). Mechanical control needs to be applied annually for a considerable number of years (>5, Alday et al., 2013). Here, the aim is to disrupt carbohydrate flow from the fronds to replenish the rhizomes, thus eventually depleting the rhizome reserves (Marrs et al., 1998; Måren et al., 2004). The simplest way to do this is by cutting, but recently there has been a resurgence in the use of bruising (variously termed breaking, crushing and rolling, Milligan et al., 2016). Bruising is an old technique, used in Britain up to the Second World War, before the advent of suitable cutting machines and effective herbicides (Braid, 1959). Bruising involves running over the fronds producing breaks/nicks along the frond rachis, damaging them, but not severing them (Braid, 1959). The advantage of bruising over cutting is that it can be applied much faster than cutting especially on rocky, steep or uneven ground (Lewis et al., 1997).
For chemical control, asulam and glyphosate are the most commonly-used herbicides. Both are applied to the fronds, and thereafter, they are translocated down to the rhizomes where they attack the frond-forming buds (Veerasekaran et al., 1977a,b). For conservation purposes, asulam is preferred because it is relatively selective, whereas glyphosate is non-selective. Whilst it may appear counter-intuitive to recommend herbicide application for use in managing semi-natural vegetation for conservation purposes, herbicides are a very useful tool especially where mechanical treatment is difficult or impossible, i.e. on steep-slopes or rocky ground. Asulam is effective on P. aquilinum and other ferns as well as a few other species (Marrs, 1985) with damage to Rumex spp., bryophytes some fine-leaved grasses and algae reported (Byrne, 2003; Rowntree et al., 2003; Måren et al., 2004). When asulam is used, there are no visible effects in the year of application but in the post-spray year there is a large reduction in frond numbers, followed by recovery in subsequent years (Robinson, 2000; Lowday and Marrs, 1992; Milligan et al., 2016). Asulam is generally considered to pose little environmental risk and has also been approved for use on nature reserves in the UK (Marrs and Griffith, 1985; Byrne, 2003)  It has been licensed for aerial application in the UK (Pakeman et al., 2005). It poses a low threat to mammals, birds, fish and bees, although moderately toxic to water fleas (Byrne, 2003). Asulam degrades very quickly in both water and soil through the effects of sunlight and in soils through microbial action, although microbial degradation is slower under anaerobic conditions (Byrne, 2003)  It is also very water soluble and there is some risk of leaching into water courses, especially if there is heavy rainfall immediately after application. This risk is deemed to be low and to reduce rapidly with time after application due to fast degradation in soil (Byrne, 2003). However, in 2011 asulam was withdrawn from use within the European Union (EU) (Anon, 2011) due to “a lack of information with respect to metabolites resulting from residues in crop plants”. However, as asulam is the only selective herbicide available to control P. aquilinum, its use has continued in the UK and some other EU-Member States under “derogated powers”. This permission for use has been renewed each year between 2012 and 2022 (Bracken Control Group, 2023). Asulam is currently going through the EU re-registration/approval process. Here asulam use pre-dated these issues.
Irrespective of the control method used in any invasive species control plan, the management goals should be to achieve cost-effective long-term control of P. aquilinum and to restore an alternative plant community. Therefore, the two pre-requisites any ecological restoration strategy for invasive species are: (1) a long-term elimination in the invasive species, here P. aquilinum, and (2) an improvement in both the agricultural/functional and/or conservation value of the restored land/ecosystem (Le Duc et al., 2000; Alday et al., 2013). To investigate this, we report the results of a long-term experiment in Peak District National Park (England) where we tested the effectiveness of three P. aquilinum-control treatments for reducing P. aquilinum and restoring acid-grassland, i.e. (1) asulam applied as an overspray followed by annual spot-treatment of all emergent fronds (Robinson, 2000), (2) bruising and (3) cutting, with both bruising and cutting being applied twice or thrice annually. These treatments were applied for eight years from 2005 to 2012 inclusive (Phase 1). Thereafter, all treatments were discontinued and the P. aquilinum allowed to recover freely until 2021 (Phase 2). Results from phase 1, (see Milligan et al. (2016) for further details) showed that P. aquilinum control and acid-grassland restoration was excellent in the asulam treatment and both cutting treatments but bruising had a marginal effect compared to untreated controls. Indeed, almost no fronds remained within the asulam and cutting treatments in the central part of the treated plots but some were detected around the plot margins (Milligan et al., 2016). In this paper we concentrate on Phase 2, which extends from the last year of treatment (2012) to 2021. We test two hypotheses:
1. P. aquilinum will re-invade the plots where control treatment has been successful (spray and cutting treatments) and reduce the conservation value of the underlying acid-grassland plant community.
2. Such P. aquilinum re-invasion will mainly originate from plot edges.
To test these hypotheses we used a combination of Generalized Linear (GLM) and Generalized Additive Mixed Models (GAMM) (Crawley, 2013; Wood, 2011) to compare treatment responses through time (2012-2021) for a range of variables important to land managers. We then used a multivariate approach to analyse the entire plant community data over both phases of the experiment and compared treatment trends over time. Finally, we evaluate the role of edge invasion using satellite imagery. Knowing how long the effects of treatments, designed to control invasive species and restore an improved plant community, will last is fundamental for developing long-term management plans for perennial-invasive species (Hoffmann et al., 2019; Alday et al., 2022; Akpinar et al., 2023).

2. Methods
2.1. Study Site 
The experiment was conducted at Bamford Edge (1º 41’ W 53º 41’ N; National Grid Reference SK213 841) in the North Peak Environmentally Sensitive Area (ESA) in Derbyshire, United Kingdom. The site is a steep escarpment, most of which was covered with P. aquilinum and is grazed by sheep at a low stocking density (ca. 0.5 ha-1; Pakeman et al., 2000)  The site was sprayed with asulam in 1990 (Marrs et al., 1992) but by 2005 there had been substantial frond recovery. 

2.2. Bamford Edge Experimental Design
In November 2004, three blocks (replicates) were established, each with six 400 m2 (20 m x 20 m) plots separated by untreated 2 m buffer strips. Plots were pre-selected randomly for application of one of six treatments for bracken control (i) cut-twice yearly (Cutx2); (ii) cut-thrice yearly (Cutx3); (iii) bruised-twice yearly (Bruisex2); (iv) bruised-thrice yearly (Bruisex3); (v) herbicide treatment with asulam (Spray); and (vi) an untreated control (Untr). The experimental layout is illustrated in Supplementary Fig. S1.
Cutting and bruising were both applied at the end of June and end of July (x2 treatments) and end of August (x3 treatment only) from 2005 to 2012 inclusive. Cutting treatments involved cutting the fronds with a petrol-powered strimmer and bruising with a Bracken-Bruiser (Peter Gotham, Bracken Bruisers Ltd) pulled by a 4WD ATV. Between 2005 and 2012, 16 treatments were applied to the x2 plots and 24 to the x3 plots. Herbicide treatment (spray) began with an initial application of asulam (commercial product, Asulox, manufactured by BayerCropScience and United Phosphorus Ltd) with a standard knapsack sprayer at a rate of 4.4 kg asulam ha-1 (11 litres Asulox ha-1) in 400 ml water in early September 2005. Thereafter, every emergent frond was spot-sprayed annually from 2006 to 2012 (7 spot-treatments) using a knapsack sprayer at a dose of approximately 2 ml per squirt at a ratio of 1:6 Asulox to water (~0.05 g asulam per frond) (after Robinson, 2000). 
All treatment applications were discontinued in 2012 after the initial withdrawal of asulam for sale in the UK under European Union Regulation (EC) No. 1045/2011 (Anon, 2012). Approval for limited continued use was granted thereafter, but its permitted use would have required a change in treatment protocols. The plots were, therefore, left untreated so that recovery from these treatments could be monitored. 
2.3 Monitoring
Monitoring of bracken response is outlined graphically in Supplementary Fig. S2. Each plot was divided into a grid of 1 m x 1 m squares. In each sampling year, five of these squares were selected at random for assessment. In late-June between 2005 and 2021 [except 2020, COVID-19 lockdown-year], a 1 m x 1 m quadrat was placed at  the selected position and a 0.5 m x 0.5 m quadrat placed concentrically within the larger quadrat. Within the smaller quadrat, all P. aquilinum fronds were cut at ground level, counted to obtain an estimate of density (corrected to number m2) and the length of all fronds measured (cm) to obtain a measure of productivity (mean frond length per quadrat). Between 2005 and 2013, and in 2016 and 2021 plant community data, i.e. the cover of all vascular plants and bryophytes were estimated visually along with the cover of P. aquilinum litter and animal excrement (index of sheep grazing activity, Alday et al., 2013). Species nomenclature follows Stace (2019) for vascular plants and Atherton et al. (2020) for bryophytes. The experiment ended in 2021.

2.4 Data Analysis
All data analyses were performed using R v.4.04 (R Core Team, 2021). The product of frond density and mean frond length was also calculated to provide an index of frond volume (FVI) (Akpinar et al. 2023). Species richness and Simpson’s diversity index were calculated using the ‘specnumber’ and ‘diversity’ functions in the ‘vegan’ package for plant community data (Oksanen et al., 2021). Simpson’s Index was chosen as it gives less weight to rare species (Krebs, 2009).

2.4.1. Assessment of the baseline conditions
To obtain an assessment of the conditions at the start of phase 2 the data for 2012, the last year treatments were implemented, was analyzed. Twenty-one variables (those that occurred in >5% of quadrats, Table S1) were analyzed using the ‘glm’ function with a randomized block design. In all cases the Minimum Adequate Model (MAM, Crawley, 2013) did not include the Block effect. 

2.4.2. Evaluation of changes during the recovery phase (2012-2012)
Two approaches were used. For the three variables that here measured annually (FVI, frond density and mean frond length), Generalized Additive Mixed Models (GAMM) were used. GAMM is a semi-parametric and flexible regression procedure that is not restricted to linear relationships and statistical data distributions making it ideal for modelling the different temporal responses to treatment found here (Wood, 2011). It has the advantage of not using predefined shapes to describe the functional relationships. We fitted GAMMs using the ‘gam’ function in the “mgcv” package (GAMM; Wood 2011) and plotted the relationships (±95% confidence limits) using the “mgcViz” package (Fasiolo et al., 2018). Each variable was modelled as a function of elapsed time (vector) by treatment (factor) considering plot and block as random factors. Elapsed time by treatment was modelled with cubic regression smoothing functions and four knots in order to avoid overfitting but allowing for slightly more complex model fits (Wood, 2011). Smoothing parameters for all covariates and models were selected using the Restricted Maximum Likelihood method (Wood, 2011). 
For variables measured on four occasions, GLM was used (as described above) with models including blocks and the interaction between treatments and elapsed time (Year 0 = 2012). MAMs were derived using model deletion (Crawley, 2013). Analysis of individual species was limited to those that occurred in half of the combinations of plot and year (36 of 72). 
Details of all GLM/GAMM models are presented in Supplementary Tables S2-S4.

2.4.3 Treatment effects on the plant community throughout the entire experiment (2005-2021)
Species composition under each treatment through time was analyzed using Detrended Correspondence Analysis (DCA, Hill and Gauch, 1980) using the “decorana” function in the “vegan” package with default conditions (Oksanen et al., 2021). The dataset contained 43 species and  species with <5 occurrences were removed, leaving 28 species. Five variables (elapsed time, mean frond length, frond density, and cover of both P. aquilinum litter and animal excrement) were correlated with the model using the “envfit” function and 2-D Standard Deviational ellipses (95% CL) were overlain on the model using the “ordiellipse” function (Oksanen et al., 2021).

2.4.4. Assessment of edge invasion 
High resolution (25cm) vertical aerial imagery was obtained for the experimental site (SK2184. 1:500, flown 27 June 2018; Supplementary Fig. S1) from GetMapping (Edina, 2021). QGIS v.3.20.2 (QGIS Development Team, 2021) was used to digitize and quantify the areas where P. aquilinum had invaded into the plots given cutting and asulam treatments. Data were expressed as a percentage of the total plot area (400 m2). The untreated and bruised plots were not digitized as all replicates had ca. 100% P. aquilinum cover (Supplementary Fig. S1). Data were analyzed using analysis of variance (‘aov’ function) with the cover data (%) arcsin transformed. 



3. Results
3.1. Assessment of the starting conditions
Sixteen of the 21 variables showed significant treatment effects at the end of Phase 1 (Table S1) The treatments applied between 2005 and 2012 have produced a gradient of responses. For variables assessing P. aquilinum performance the Cutx2, Cutx3 and Spray all showed a significant decrease relative to the untreated control, with no P. aquilinum being detected in Cutx2 and Spray treatments and a very small amount in Cutx3. Some P. aquilinum litter was detected in all three treatments (<10%). The bruising treatments showed different responses between the measured variables. For example, both bruising treatments had significantly greater frond densities than the untreated control and fronds were approximately half the height (Untreated = 73 cm vs 30-32 cm in bruising treatments). In terms of FVI, there was no difference between the untreated and bruising treatments and P. aquilinum litter cover was about one-third that of the untreated controls 
In terms of species richness and diversity index, the untreated plots were the lowest, and all control treatments resulted in a significant increase, the cutting and spray treatments having the greatest impact. This general result was also evident in the cover of life-forms with both cutting treatments and the spray treatment leading to increases in dicotyledons and graminoids, but only the cutting treatments leading to a significant increase in bryophytes. This general pattern was also observed for Galium saxatile and Avenella flexuosa, increasing cover in both cutting and spray treatments. Interestingly, three species were increased in only one treatment, namely: Rumex acetosella (Spray), Pleurozium schreberi (Cutx2) and Rhytidiadelphus squarrosus (Cutx3). Animal excrement, an indicator of the presence of sheep grazing, was greater in the cutting and spray treatments, while negligible amounts were found in the bruising treatments, and none in the untreated control. 

3.2. Assessment of change in the recovery period (Phase 2, 2012-2021)
The P. aquilinum variables showed more or less the same responses over time, with the same gradient of responses throughout. There were no significant differences in responses through time in the FVI of the untreated control and the two bruising treatments with a nearly-flat line response across the period with an index of ca. 2000 (Fig. 1). The two cutting treatments and the spray treatment were significantly lower throughout, starting with an index value of <2 but increasing to an index of between 10 and 500 in 2021 (Fig. 1). The Cutx3 provided the best reduction at the end of the experiment, followed by asulam and then Cutx2 (Fig. 1). Frond densities varied between 20-30 fronds m-2 in the untreated and bruising treatments, whereas in the cutting and spray treatments while it increased from < 1 frond m-2 at the start to ca 5.5 fronds m-2 in 2021 (Supplementary Fig. S3). Frond lengths were always between 50-100 cm in the untreated plots, and whilst the bruising treatments started with slightly smaller fronds they increased over the time period to the same values as the untreated ones (Supplementary Fig. S3). Fronds in the cutting and spray plots were much smaller, but increased in length over the time period to between 1-10 cm in the Cutx3 and between 10-20 cm in the Cutx2 and Spray (Supplementary Fig. S4). The additive model was selected as the MAM for both P. aquilinum frond and litter cover, i.e. slopes through time were similar (Fig. 2). Frond cover was reduced in all treatments compared to the untreated control but only Bruisex3 was not significant (Fig. 2). The two bruising treatments reduced frond cover, but it was always > 60% throughout and increased to >75% by 2021, i.e., similar values to the untreated controls; the cutting and spray treatments started at around zero and increased to ca. 10% by 2021 (Fig. 2). Litter was stable through time but there were increasing effects relative to the untreated control: Untreated (ca. 50%) > Bruisex3 (30%), > Bruisex2 (18%) > cutting and spray treatments (all <5%) (Fig. 2). The grazing index showed significant changes in sheep grazing with pressure peaking in year 4 (2016), but the cutting and spray treatments had a significantly greater increase relative to untreated controls (Fig. 2).
Both species richness and Simpson’s index showed additive responses with a significant increase in richness for both variables in all treatments relative to the control (Fig. 3); the two cutting treatments had the greatest effect, the spray treatment had the third best response, and the bruising treatments had least effect, but Bruisex2 was better than Bruisex3 (Fig. 3). There were contrasting responses among the three taxonomic life-forms. Dicotyledon cover was low in the untreated plot (<5%) and decreased slightly through time. The bruising treatments started with a greater cover (ca. 15%) but decreased through time to <5% (these temporal changes were not significant, Fig. 4). The cutting and spray treatments began at between 20-30% cover with the Cutx2 treatment showing a non-significant increase through time, but the Spray, and especially the Cutx3 treatment, showing a significant increase through time (Fig. 4). Graminoids showed a peak in all treatments in year 4 and a gradation of increasing graminoid cover from untreated < Bruisex3 < Bruisex2 < {Cutx2, Cutx3, Spray} treatment (Fig. 4). For bryophytes the most important result was the large decline between year 0 and year 4, followed by a slight recovery; there were no temporal effects for the untreated, bruising or Spray treatments (Fig. 4).
Seven species showed at least one significant positive treatment or temporal effect for a few treatments through time. The two bruising treatments showed no significant effect on the cover of G. saxatile and V. myrtillus compared to the untreated control, but different temporal responses, no significant differences for the former and a significant temporal increase in the latter (Fig. 5a,b). Both cutting and Spray treatments started at a greater cover; G. saxatile increased over time in the Cutx3 and Spray treatments and V. myrtillus increased in both cutting and Spray treatments (Fig. 5a,b). The two grasses (Agrostis capillaris and Festuca ovina) showed almost complementary quadratic responses; A. capillaris peaked in year 4 (2016) and F. ovina was at its lowest level in year 4 followed by an increase to year 8 (2021) (Fig. 5c,d). For both species only the cutting and Spray treatments showed an increase compared to the untreated controls (Fig. 5c,d). Three mosses showed significant temporal effects in a few treatments. Dicranum scoparium increased significantly in the Cutx3 treatment and both Pleurozium schreberi and Rhytidiadelphus squarrosus had a significantly greater starting cover in the two cutting treatments, but both decreased through time (Fig. 5e-g).

3.3. Assessment of treatment effects on the plant community throughout the entire experiment (2005-2021)

DCA analysis produced eigenvectors of 0.456, 0.298, 0.247 and 0.216 and gradient lengths of 3.03, 3.06, 2.9 and 2.76 for the first four axes respectively. The ordination plots illustrate a gradient along axis 1 from P. aquilinum on the extreme left-hand, negative side through to a grass/grass-heath community on the right-hand positive side (Fig. 6a). Axis 1 scores were correlated negatively with the three P. aquilinum productivity variables, and positively with elapsed time and the grazing index (Fig. 6b). Axis 2 reflected a gradient of communities with Agrostis capillaris, Anthoxanthum odoratum, Avenella flexuosa and Rumex acetosella in a central position, and with Calluna vulgaris, Festuca rubra, Holcus lanatus, Pseudoscleropodium purum, Pleurozium schreberi and Rhytidiadelphus squarrosus at the positive end, and Carex caryophyllea, Dicranum scoparium, Hypnum jutlandicum, Luzula spp. and Vaccinium myrtillus at the negative end (Fig. 6a). A large number of grass/grass-heath species occupied a central position (Fig. 6a). 
The treatments showed a clear gradient along axis 1 with much overlap (Fig. 6c). The untreated plot is located mainly in the negative half of axis 1 (Fig. 6c). Both the cutting and Spray treatments extended well into the positive half of axis 1 (most positive, Axis 1, Fig. 6c). The two bruising treatments were placed in intermediate positions in that they extended marginally further into the positive half than the untreated plots (Fig. 6c). Treatments were not well separated on axis 2, but the ellipses increased in size along this axis; untreated and bruising treatments were smaller than the cutting and Spray treatments (Fig. 6c). This is reflected in the area occupied by the ellipses which gives some indication of the species pool in each treatment, i.e., untreated = 1.51, Bruisex2 = 1.47, Bruisex3 = 1.58, Cutx2 = 4.64, Cutx3 = 5.11, Spray = 4.91.
The trajectories of the treatments through time show a shift to the negative end of axis 1 for the untreated and both bruising treatments (Fig. 7a-c); indeed, they were more or less confined to the negative part of axis 1, and all moved in a negative direction. The two cutting and spray treatments moved into the positive end of axis 1, Cutx2 took longer to start and moved the least, Spray was intermediate and Cutx3 moved the furthest (Fig. 7d-f). Of particular interest, the cutting and Spray treatments have remained stationed at the positive end and did not move back toward their starting positions (Fig. 7d-f). 

3.4. Assessing edge invasion 
Inspection of the aerial image reveals some edge invasion of the cut and sprayed plots (Supplmentary Fig. S1). Analysis of variance of the data showed significant block effects (F2,4 = 22.6, P<0.010) but no treatment effects (F2,4= 0.004, P>0.400) suggesting that edge invasion was most influenced by spatial position. Block A had the greatest invasion at 44.8±2.8% of the original plot areas, B was intermediate at 30.9±1.2% and C had the least at 23.4±2.4%. 


4. Discussion
In this paper, we chart the progress of ecological restoration treatments aimed at shifting a community dominated by P. aquilinum to a new acid-grassland community. We did so in two phases, Phase 1 involved controlling the invasive P. aquilinum through annual applications of different weed control treatments and in Phase 2 describing the changes in the community after the control treatments were stopped. Interestingly, only the two cutting treatments and the asulam were effective in controlling P. aquilinum and restoring a species-poor acid-grassland. 
Taking an ecological restoration approach to restore land dominated by an invasive species suggests that the goal should be to create a new ecosystem functionality that maintains it as an ASS (SERI, 2004; Suding et al., 2004). ASS theory predicts that ecosystems can exist in multiple states under the same external environmental conditions, but some form of perturbation is necessary to move an ecosystem from one stable state to another (Beisner et al., 2003). In terms of ecological processes in our case, P. aquilinum species control requires that the resistance of the community dominated by P. aquilinum needs to be overcome (Lepš et al., 1982; Mitchell et al. 2000; Alday et al., 2013), and this can be done clearly using either of the two cutting treatments or the spray treatment. Afterwards, it is desirable to create a new plant community, an acid-grassland in our case, i.e., a new ASS. The new ASS has to have sufficient resistance to prevent recovery by the invasive species not returning to its original invaded condition (Webster et al., 1975; Lepš et al., 1982;; Mitchell et al. 2000; Alday et al., 2013). In our case, although from a community perspective there are some indications that a new acid-grassland community can be maintained (i.e. as an ASS) for 9 years, the low number of species present and the reduction of richness suggests that the recovered acid-grassland community could be improved by increasing the plant species richness to reduce the re-invasion possibility of the newly-created ecosystem (Hulme, 2005).

4.1. The starting conditions and success of control treatments
The main finding of Phase 1 of the study was that excellent success reducing P. aquilinum presence was achieved with the two cutting and asulam treatments. After five years of application these three treatments more or less eradicated P. aquilinum and produced a reasonable-quality, acid-grassland (Milligan et al., 2016). However, the bruising treatments had little effect reducing P. aquilinum presence compared to the untreated control. It is true that frond height was reduced by the two bruising treatments, but this was compensated for by an increased frond density, a common response after mechanical treatment (Lowday and Marrs, 1992). These differential responses can be seen in photographs of the plots in Block C in 2013 (Supplementary Fig. S5), just one year after the end of treatment application, suggesting that bruising treatment is not effective in controlling P. aquilinum and restoring acid-grasslands communities. In contrast, the cutting and spray treatments produced an improved acid-grassland with plant richness and diversity increases, especially from dicotyledons and graminoids, and also resulted in greater sheep use as determined the through the grazing-use index. It seems that the acid-grassland community is recovering after the P. aquilinum control in these plots (Alday et al., 2013). However, one important ecosystem component, the bryophytes, only recovered in cutting treatments. Maybe spraying the remnant fronds had a negative effect on bryophyte recovery (Rowntree, et al., 2003; Alday et al., 2022). 
Considering these results the two cutting and asulam treatments appeared to be successful in reducing P. aquilinum and creating a more desirable community from an agricultural and conservation viewpoint. However, recent research has shown that P. aquilinum-control treatments, if effective, can have quite long-lasting effects relative to untreated controls with overall effects lasting 10-20 years (Akpinar et al., 2023), while in ineffective cases there is a relatively rapid recovery by the P. aquilinum, often within 5 to 10 years after treatments stopped (Marrs et al., 1998). Akpinar et al. (2023) also demonstrated the existence of considerable variability in recovery responses between sites that were geographically-close.

4.2. Success of control treatments in Phase 2 - recovery
Recovery of P. aquilinum cover after control treatments are stopped can be quite fast with some examples of recovery taking less than 5 years (Robinson, 2000; Marrs and Watt, 2006). Here, our results are in agreement with these trends since P. aquilinum did slightly recover in the three successful treatments (asulam, Cutx2 and Cutx3) after the treatments were stopped. A positive point is that in all plots where asulam, Cutx2 and Cutx3 were applied the P. aquilinum performance remained much lower than the untreated controls and the unsuccessful bruising treatments. Similar results were obtained for each of the measures of P. aquilinum performance (volume, density, length of fronds and P. aquilinum litter). Interestingly, the bruising treatments reduced both P. aquilinum cover (slightly) and litter, which presumably is brought about by damage to the fronds and litter, allowing faster decomposition (Swift et al., 1979).
Interestingly, the recovery from the edges was expected in our blocks since P. aquilinum presence was very close to areas subjected to eradication treatments, although it is interesting to mention that the edge invasion was independent of the control treatment applied. This result validates the effectiveness of applied treatments in controlling P. aquilinum, and suggests that for effective programs it is better to act over the complete area invaded by P. aquilinum to reduce edge reinvasion. 
From a conservation viewpoint, the resulting acid-grassland is species-poor compared with similar recovered acid-grasslands (Alday et al., 2013), possibly by a lack of species pools in the surroundings or distance to propagule sources. Simultaneously, in all plots there has been a reduction in plant species richness after treatments stopped. These results suggest that the new acid-grasslands restored are not as stable as expected, since richness reduction is indicative of a less functional community that can be invaded more easily (Stohlgen et al. 1999). At the same time, in this phase there were important differences between the dicotyledons and graminoids, the former increasing in the successful treatments and decreasing in the unsuccessful ones, whereas the graminoids showed treatment differences, but a maximum in year 4 followed by a decline. Such fluctuations are common in grassland ecosystems and are often driven by changes in annual weather conditions, especially rainfall and interactions with disturbance by grazing animals (Watt, 1981; Mitchell et al., 2018). During Phase 2, there were three years of lower than average April-June rainfall within the region (2017 = 158mm, 2018 – 157 mm and 2020 = 109 mm compared to 2012-21 average of 193mm), and 2018 was the hottest April-June on record (2018 = 18.03oC, mean ±95%CL between 1883 and 2021 = 15.33±2.02 oC) (Meteorological Office, 2021). In 2018, the grassland vegetation in this experiment had dried to a crust and recording was abandoned as species identification was difficult. The high temperatures and more variable rainfall predicted by climate models (Lowe et al., 2018) could then have important negative implications for the control of perennial rhizomatous species, since the drying up of these acid-grasslands vegetation such as in 2018 open a windows of opportunity for P. aquilinum to recolonize these debilitated ecosystems (Amouzgar et al., 2022). 
With regard to the most successful species that are developed after P. aquilinum-control we can identify that in the three successful treatments (Spray, Cutx2 and Cutx3) there was an increase in Galium saxatile and Vaccinium myrtillus, the latter also increasing in the untreated and bruising treatment but at much lower amounts. Of the grasses, A. capillaris peaked in mid-Phase and was replaced by Festuca ovina in the successful treatments; this may have been instituted by the very hot summer of 2018 coupled with disturbance from sheep. Bryophytes showed treatment-specific responses with most declining or staying at low cover; exceptions were Dicranum scoparium in the Cutx3 and to a lesser extent in the Cutx2. Taken together, these results showed that the changes in individual species within these treatments plots are rather idiosyncratic and probably caused through combinations of starting composition (i.e., that created after Phase 1), space and seeds availability, climate and both direct and indirect effects of grazing animals (Hulme, 2005). Where species are unable to recover and the seed bank is depleted (Lee et al. 2013), restoration practices need to focus on adding seed of acid-grassland species. 
When the entire plant community composition in the multivariate analysis was considered there was substantive evidence that the three successful treatments (asulam, Cutx2 and Cutx3) were moving towards a position opposite to the untreated controls and the two unsuccessful bruising treatments, increasing the distance between effective P. aquilinum control treatments and ineffective ones (Fig. 7). This suggests that an ASS (sensu Alday et al., 2013) was created in 2012 and maintained for at least 9 years until 2021. For how long this ASS will be maintained remains to be seen. 

4.3. Practical considerations
Although the asulam and cutting treatments were the most effective eliminating P. aquilinum, their implementation requires different amounts of resource to achieve a good effect. Asulam was applied as a complete overspray, followed by spot-spraying of all emergent fronds over a 7-year period, i.e., eight separate treatments, whereas cutting twice or thrice per year for 8 years requires 16 and 24 separate treatments respectively. On this basis, asulam would be the preferred choice on a cost-effective basis, and leaving only cutting twice yearly where herbicide use is not permitted, i.e. in organic farming schemes (Milligan et al. 2016). 
Based on the evidence presented here, and in Milligan et al. (2016), bruising cannot be recommended for general use because it is not effective in eliminating P. aquilinum. However, other authors have reported that bruising can produce better results than those reported here (Braid, 1959; Lewis et al., 1997), but Braid (1959) also reported that bruising produced very variable results in different locations. As there is increasing interest in the use of bruising for conservation purposes more extensive research comparing its effectiveness in a range of different locations is needed. Another aspect that could affect choice of control methodology is the presence of archaeological interests (Pakeman et al., 2005), where cutting and especially bruising can damage surface features, the latter damaging and uprooting stones (R.H. Marrs pers. comm). In these situations, herbicidal methods are the only option. 
It is always difficult to scale up from relatively small-scale experiments up to the landscape scale. However, here we suggest that the asulam and cutting treatments applied over eight years to an entire P. aquilinum patch should provide good results. This approach provides two approaches to minimizing P. aquilinum recovery: (1) if the entire patch is treated then invasion from the edge should be negated, and (2) if the entire patch is not treated then continued treatment along invading edges will probably be needed to prevent re-invasion (Pakeman et al. 2002). Nevertheless, the recovery of the acid-grassland plant community after the application of effective P. aquilinum control treatments is not as good as expected (species-poor community), thus, more active plant restoration programs should be implemented to increase the grassland diversity and reduce the re-invasion facility (Hulme, 2005). In any case, an adaptive management approach is recommended with annual monitoring and swift effective control or restoration actions if P. aquilinum re-invasion is noted (Baker and Bode 2021, Serrouya et al., 2019). This could be done using remote sensing via drones and GIS analysis (Aota et al., 2021).
Whilst it is always unwise to extrapolate from single experiments, our results are in keeping with long-term studies done elsewhere in the United Kingdom (Akpinar et al., 2023). However, the response of P. aquilinum in other countries and its related Southern hemisphere P. esculentum (Marrs & Watt 2006) to long-term control treatments remain unclear, but results from short-term studies in Brazil (Xavier et al., 2023) for cutting and both New Zealand (Wasmoth, 1973; Balneaves and Perry, 1982) and North America (Stewart et al., 1979; Jackson, 1981)  are in keeping with the results presented here.
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[bookmark: _Hlk80610651]Fig. 1. Modelled (GAMM) relationship of the changes in frond volume index (FVI) through time in response to five P. aquilinum-control treatments and an untreated control after treatments were stopped in 2012 (2012 = Elapsed time = 0). Key to treatments: Bruising= bruised and Cutting= Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Statistical information is provided in Supplementary Materials: Table S2.
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Fig. 2. Modelled (GLM) relationship of the changes in cover of (a) P. aquilinum fronds, (b) P. aquilinum litter and (c) animal excrement (grazing index) through time in response to five P. aquilinum-control treatments and an untreated control after treatments were stopped in 2012 (2012 = Elapsed time = 0). Key to treatments: Bruising= bruised and Cutting= Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Statistical information is provided in Supplementary Materials: Table S3 and S4; E and M denotes a significant temporal and management effect respectively.
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Fig. 3. Modelled (GLM) relationship of the changes in cover of (a) species richness, and (b) Simpson’s Index through time in response to five P. aquilinum-control treatments and an untreated control after treatments were stopped in 2012 (2012 = Elapsed time = 0). Key to treatments: Bruising= bruised and Cutting= Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Statistical information is provided in Supplementary Materials: Table S4; E and M denotes a significant temporal and management effect respectively.
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Fig. 4. Modelled (GLM) relationship of the changes in cover of life forms (a) Dicotyledons, (b) Graminoids and (c) Bryophytes through time in response to five P. aquilinum-control treatments and an untreated control after treatments were stopped in 2012 (2012 = Elapsed time = 0). Key to treatments: Bruising= bruised and Cutting= Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Statistical information is provided in Supplementary Materials: Table S4; E and M denotes a significant temporal and management effect respectively.


[image: Chart

Description automatically generated]



Fig. 5. Modelled (GLM) relationship of the changes in cover of seven species through time in response to five P. aquilinum-control treatments and an untreated control after treatments were stopped in 2012 (2012 = Elapsed time = 0). Key to treatments: Bruising= bruised and Cutting= Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Statistical information is provided in Supplementary Materials: Table S4; E and M denotes a significant temporal and management effect respectively.
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[bookmark: _Hlk80781280]Fig. 6. Decorana plots of the community composition of the through time in response to five P. aquilinum-control treatments and an untreated control over the course of the entire experiments (2005-2021). Key to treatments: Bruising= bruised and Cutting= Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2021 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. All treatments stopped in 2012. (a) Species plot, (b) environmental variables, (c) Quadrat plot with 2-d standard deviational ellipses (95% CL). Species Key: Ac =Agrostis capillaris, Ao =Anthoxanthum odoratum, Av =Avenella flexuosa, Cc =Carex caryophyllea, Cf =Cerastium fontanum, Ci =Campylopus introflexus, Cpi =Carex pilulifera, Cpy =Campylopus pyriformis, Cs =Carex spp , Cv =Calluna vulgaris, Ds =Dicranum scoparium, Fo =Festuca ovina, Fr =Festuca rubra, Gs =Galium saxatile, Hj =Hypnum jutlandicum, Hl =Holcus lanatus, Lb =Lophocolea bidentata, Lsp =Luzula spp., Paq =Pteridium aquilinum, Pe =Potentilla erecta, Pf =Polytrichum formosum, Pp =Pseudoscleropodium purum, Ps =Pleurozium schreberi, Ra =Rumex acetosella, Rac =Rumex acetosa, Rs Rhytidiadelphus squarrosus, Vm =Vaccinium myrtillus. Key to Environmental variables: Et = elapsed time, FrDens = frond density, MFL = mean frond length, BL = bracken litter cover, AEX = animal excrement cover (grazing index). 
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Fig. 7. Decorana plot of the trajectories of the five P. aquilinum-control treatments plus untreated control through time over the course of the entire experiment (2005-2021). Key to treatments: Bruising = bruised and Cutting = Cut, both either twice (x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. The start and end points of the trajectories are denoted with red and green filled circles respectively. 
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Fig. S1. Location of the Bamford Edge experiment within the UK (a,b; from Ordnance Survey GBOverviewPlus) and a view of the Bamford Edge experiment from the air in June 2018 ilustrating the three blocks and treatments: U = untreated, S = sprayed with asulam, B = Bruising and C= cutting; for bruising and cutting the 2 and 3 refer to the number of treatments applied per year; Image from EDINA (2021). Treatments were applied across the entire plot. The bracken is in dark green and the restored plots are lighter green. Each plot is 20m x 20m; this plot size exceeded that needed to exclude violations of independence due to inter-plot interference from underground rhizomes (Le Duc et al., 2003).
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Fig. S2. Illustration of the sampling procedure.  Each of the 18 plots, each 20m x 20 m and surrounded by 2 m buffer zone pathways were gridded into 400 1m x 1m squares as shown above.
In each sampling year, five of these 400 squares were selected at random (solid green) and at each, a 1m x 1 m quadrat was positioned to sample species composition and environmental variables. The internal 0.5 m x 0.5 m central quadrat used to assess P. aquilinum paramters. Different positions were selected at random on each sampling occasion. Once both quadrats were positioned the inner quadrat was sampled first. 
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Fig. S3. Modelled (GAMM) relationship of  the changes in frond density (fronds m-2) through time in response to five P. aquilinum-control treatments and an untreated control after treatments were stopped in 2012 (2012 = Elapsed time = 0),Key to treatments: Bruise = bruised and Cut = Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Statistical information is provided in Supplementary Materials: Table S2.
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Fig. S4. Modelled (GAMM) relationship of  the changes in frond length (cm)through time in response to five P. aquilinum-control treatments and an untreated control after treatments were stopped in 2012 (2012 = Elapsed time = 0),Key to treatments: Bruise = bruised and Cut = Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Statistical information is provided in Supplementary Materials: Table S2.



(a) Untreated control
(b) Asulam spray/spot-spray
(c) Cut twice/year
(d) Cut thrice/year
(e) Bruised twice/year
(f) Bruised thrice/year


Fig. S5. Photographs of the six P.aquilinum-control treatments applied to Block C of the Bamford Edge experiment in 2013, the year after treatments were finished (Photos by W. Chiba).
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Table S1. Effects of five P. aquilinum control treatments on a range of measured variables relative to an untreated control in 2012,the last year that treatments were applied; mean values (SE) of are presented along with significance of effect size relative to the untreated control (Untr = Intercept) derived from a Generalized Linear Model (statistical results in Supplementary Materials: Table S2). Key to treatments: Bruising= bruised and Cutting= Cut, both either twice(x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Significance of effects relative to Untreated: ns = no significance (P>0.10), + = P<0.10, * = P<0.05, ** = P<0.001, *** = P < 0.001.
	Category
	Variable
	Treatments

	
	
	Untreated
	Bruisex2
	Bruisex3
	Cutx2
	Cutx3
	Spray

	P. aquilinum
	Frond density (no m-2)
	38.9±5.5***
	58.4±11.8*
	74.9±5.6***
	0***
	0.8±0.5***
	0***

	
	Mean frond length (cm)
	72.6±2.9***
	30.5±2.9***
	32.1±4.3***
	0***
	1.9±1.5***
	0***

	
	Frond Volume Index
	2810±534***
	1975±534
	2392±578ns
	0***
	8±6***
	0***

	
	P. aquilinum cover (%)
	92.3±1.7***
	64.0±7.9***
	78.0±4.2*
	0***
	0.2±0.1***
	0***

	
	P aquilinum litter cover (%)
	60.0±6.9***
	19.2±7.7**
	20.8±10.3**
	6.9±6.7***
	0.3±0.1***
	4.1±3.9***

	
	
	
	
	
	
	
	

	Diversity
	Species richness (no m-2)
	4.9±0.9***
	7.7±0.5**
	7.0±0.2*
	8.1±0.4***
	8.8±0.3***
	7.9±0.2***

	
	Simpson’s Index
	0.40±0.05***
	0.63±0.03*
	0.59±0.5*
	0.75±0.0**
	0.75±0.01**
	0.71±0.02**

	
	
	
	
	
	
	
	

	Life-forms
(Σ cover, %)
	Dicotyledons
	2.0±0.7ns
	20.0±6.5+
	18.0±3.1+
	31.6±6.9**
	27.8±0.8**
	35.0±9.8**

	
	Graminoids
	20.5±8.5*
	41.9±6.7+
	42.4±12.8+
	61.7±7.1**
	78.4±3.7***
	70.3±2.1**

	
	Bryophytes
	14.9±3.8*
	11.9±1.2ns
	15.6±1.8ns
	52.6±8.5***
	46.8±5.2***
	12.3±5.5

	
	
	
	
	
	
	
	

	Dicotyledon species
cover (%)
	Galium saxatile 
	0.3±0.2ns
	12.6±4.8+
	9.2±2.2ns
	26.2±4.8**
	21.9±1.1**
	19.9±7.6**

	
	Rumex acetosella
	0ns
	0.5±0.3ns
	0.7±0.7ns
	0.5±0.3ns
	2.7±1.4ns
	5.3±2.7*

	
	
	
	
	
	
	
	

	Grass species cover (%)

	Avenella flexuosa
	16.1±7.7ns
	24.3±4.7ns
	23.1±6.6ns
	36.3±3.7*
	35.3±5.8*
	38.3±7.1*

	
	
	
	
	
	
	
	

	Moss species
cover (%)
	Pleurozium schreberi
	6.1±3.4ns
	3.3±2.0ns
	3.5±2.8
	27.7±14.6*
	13.0±7.6
	0.4±0.4

	
	Rhytidiadelphus squarrosus
	2.4±2.4ns
	3.9±1.5ns
	8.8±0.9ns
	15.5±8.9ns
	26.2±11.6*
	6.9±5.1

	
	
	
	
	
	
	
	

	Grazing Index
	Animal excrement cover (%)
	0ns
	0.4ns
	0.1±0.1ns
	2.7±0.4***
	1.7±0.3**
	2.3±0.6***

	
	
	
	
	
	
	
	


Five species showed no significant treatment effects, these were [presented with overall means (cover% ± SE, n=18)]: Agrostis capillaris (15.0± 3.1), Festuca ovina (3.1±0.9), Hypnum jutlandicum(5.0±1.6), Potentilla erecta (5.2 ±0.3) and Rumex acetosa (2.1±0.8).
Table S2. Results from the Generalized Linear Modelling of the effects of six P. aquilinum control treatments on vegetation characteristics at Bamford Edge in the last year of treatment (2012). Control treatment codes = Untr= Untreated, Bruise = bruised, Cut = Cut, either twice a year (x2) or thrice a year (x3), Spray = Initial spray with asulam followed by repeat annual spot spraying until 2011. Significance denoted: ns = no significance (P>0.10), + = P <0.01, * = P<0.05, ** = P < 0.001. The % reduction in deviance (ΔDev%) and the reduction in AIC (ΔAIC) are also presented. Species selected occurred in> 20% of the quadrats. Only variables that were available for >20% of quadrats (n=18) are shown. The adjusted reduction in deviance relative to the null model (%) and the reduction in AIC are also presented.
	Category
	Variable (ΔDev%/ ΔAIC)
	Coefficients
	Estimate
	SE
	t-value
	P
	Sign

	P. aquilinum
	Frond density
(no m-2)
ΔDev%=93.3
ΔAIC=38.5
	Intercept (Untr)
	38.933
	5.783
	6.73
	<0.001
	***

	
	
	Bruisex2
	19.467
	8.179
	2.38
	0.0348
	*

	
	
	Bruisex3
	36.000
	8.179
	4.40
	0.0009
	***

	
	
	Cutx2
	-38.933
	8.179
	-4.76
	0.0005
	***

	
	
	Cutx3
	-38.133
	8.179
	-4.66
	0.0005
	***

	
	
	Spray
	-38.933
	8.179
	-4.76
	0.0005
	***

	
	Mean frond length (cm)
ΔDev%=98.2
ΔAIC=62.4
	Intercept (Untr)
	72.558
	2.497
	29.06
	<0.0001
	***

	
	
	Bruisex2
	-42.025
	3.531
	-11.90
	<0.0001
	***

	
	
	Bruisex3
	-40.498
	3.531
	-11.47
	<0.0001
	***

	
	
	Cutx2
	-72.558
	3.531
	-20.55
	<0.0001
	***

	
	
	Cutx3
	-70.625
	3.531
	-20.00
	<0.0001
	***

	
	
	Spray
	-72.558
	3.531
	-20.55
	<0.0001
	***

	
	P. aquilinum Frond Volume Index
ΔDev%=83.1
ΔAIC=22.1
	Intercept (Untr)
	2810.400
	388.100
	7.24
	<0.0001
	***

	
	
	Bruisex2
	-835.200
	548.900
	-1.52
	0.1540
	ns

	
	
	Bruisex3
	-417.900
	548.900
	-0.76
	0.4612
	ns

	
	
	Cutx2
	-2810.400
	548.900
	-5.12
	0.0003
	***

	
	
	Cutx3
	-2802.700
	548.900
	-5.11
	0.0003
	***

	
	
	Spray
	-2810.400
	548.900
	-5.12
	0.0003
	***

	
	P. aquilinum cover
(%)
ΔDev%=98.3
ΔAIC=63.2
	Intercept (Untr)
	92.333
	3.722
	24.81
	<0.0001
	***

	
	
	Bruisex2
	-28.333
	5.264
	-5.38
	0.0002
	***

	
	
	Bruisex3
	-14.333
	5.264
	-2.72
	0.0185
	*

	
	
	Cutx2
	-92.267
	5.264
	-17.53
	<0.0001
	***

	
	
	Cutx3
	-92.133
	5.264
	-17.50
	<0.0001
	***

	
	
	Spray
	-92.267
	5.264
	-17.53
	<0.0001
	***

	
	P. aquilinum litter cover  (%)
ΔDev%=81.5
ΔAIC=20.4
	Intercept (Untr)
	60.000
	6.746
	8.89
	<0.0001
	***

	
	
	Bruisex2
	-40.800
	9.540
	-4.28
	0.0011
	**

	
	
	Bruisex3
	-39.200
	9.540
	-4.11
	0.0014
	**

	
	
	Cutx2
	-53.133
	9.540
	-5.57
	0.0001
	***

	
	
	Cutx3
	-59.733
	9.540
	-6.26
	<0.0001
	***

	
	
	Spray
	-55.867
	9.540
	-5.86
	0.0001
	***

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Table S2 (continued)
	
	
	
	
	
	

	Category
	Variable (ΔDev%/ ΔAIC)
	Coefficients
	Estimate
	SE
	t-value
	P
	Sign

	Biodiversity
	Species richness
	Intercept (Untr)
	4.8667
	0.4974
	9.784
	<0.0001
	***

	
	ΔDev%=75.9
	Bruisex2
	2.800
	0.703
	3.98
	0.0018
	**

	
	ΔAIC=15.6
	Bruisex3
	2.133
	0.703
	3.03
	0.0104
	*

	
	
	Cutx2
	3.200
	0.703
	4.55
	0.0007
	***

	
	
	Cutx3
	3.933
	0.703
	5.59
	0.0001
	***

	
	
	Spray
	3.067
	0.703
	4.36
	0.0009
	***

	
	Simpson’s Index
	Intercept (Untr)
	0.408
	0.059
	6.90
	<0.0001
	***

	
	ΔDev%=67.2
	Bruisex2
	0.220
	0.084
	2.64
	0.0216
	*

	
	ΔAIC=8.7
	Bruisex3
	0.184
	0.084
	2.20
	0.0482
	*

	
	
	Cutx2
	0.337
	0.084
	4.04
	0.0016
	**

	
	
	Cutx3
	0.346
	0.084
	4.15
	0.0014
	**

	
	
	Spray
	0.304
	0.084
	3.64
	0.0034
	**

	Life-forms
(Σ cover, %)
	Dicotyledons
ΔDev%=64.6
ΔAIC=8.7
	Intercept (Untr)
	2.067
	5.717
	0.36
	0.7240
	ns

	
	
	Bruisex2
	16.867
	8.085
	2.09
	0.0590
	+

	
	
	Bruisex3
	15.933
	8.085
	1.97
	0.0723
	+

	
	
	Cutx2
	29.533
	8.085
	3.65
	0.0033
	**

	
	
	Cutx3
	25.733
	8.085
	3.18
	0.0079
	**

	
	
	Spray
	32.933
	8.085
	4.07
	0.0015
	**

	
	Graminoids
ΔDev%=76.8
ΔAIC= 16.3
	Intercept (Untr)
	20.467
	7.634
	2.68
	0.0200
	*

	
	
	Bruisex2
	21.400
	10.796
	1.98
	0.0708
	+

	
	
	Bruisex3
	21.933
	10.796
	2.03
	0.0649
	+

	
	
	Cutx2
	41.267
	10.796
	3.82
	0.0024
	**

	
	
	Cutx3
	57.933
	10.796
	5.37
	0.0002
	***

	
	
	Spray
	49.867
	10.796
	4.62
	0.0006
	***

	
	Bryophytes
	Intercept (Untr)
	14.933
	4.985
	3.00
	0.0112
	*

	
	ΔDev%=85.5
	Bruisex2
	-3.067
	7.050
	-0.44
	0.6713
	ns

	
	ΔAIC=24.8
	Bruisex3
	0.667
	7.050
	0.10
	0.9262
	ns

	
	
	Cutx2
	37.667
	7.050
	5.34
	0.0002
	***

	
	
	Cutx3
	31.867
	7.050
	4.52
	0.0007
	***

	
	
	Spray
	-2.667
	7.050
	-0.38
	0.7118
	ns

	Dicotyledon
species (%)
	Galium saxatile
ΔDev%=67.3
ΔAIC=10.1
	Intercept (Untr)
	0.267
	4.284
	0.06
	0.9514
	ns

	
	
	Bruisex2
	12.333
	6.059
	2.04
	0.0645
	+

	
	
	Bruisex3
	8.933
	6.059
	1.47
	0.1661
	ns

	
	
	Cutx2
	25.933
	6.059
	4.28
	0.0011
	**

	
	
	Cutx3
	21.600
	6.059
	3.57
	0.0039
	**

	
	
	Spray
	19.667
	6.059
	3.25
	0.0070
	**

	
	Potentilla erecta
ΔDev%=34.7
ΔAIC=2.3
	Intercept (Untr)
	1.267
	0.756
	1.68
	0.1200
	ns

	
	
	Bruisex2
	1.000
	1.069
	0.94
	0.3680
	ns

	
	
	Bruisex3
	-1.200
	1.069
	-1.12
	0.2840
	ns

	
	
	Cutx2
	-0.067
	1.069
	-0.06
	0.9510
	ns

	
	
	Cutx3
	-0.600
	1.069
	-0.56
	0.5850
	ns

	
	
	Spray
	-1.267
	1.069
	-1.18
	0.2590
	ns

	
	Rumex acetosa
ΔDev%=18.1
ΔAIC=6.4
	Intercept (Untr)
	<0.000
	2.031
	0
	1
	ns

	
	
	Bruisex2
	3.200
	2.872
	1.11
	0.2870
	ns

	
	
	Bruisex3
	3.333
	2.872
	1.16
	0.2680
	ns

	
	
	Cutx2
	3.267
	2.872
	1.14
	0.2770
	ns

	
	
	Cutx3
	0.533
	2.872
	0.19
	0.8560
	ns

	
	
	Spray
	2.133
	2.872
	0.74
	0.4720
	ns

	
	Rumex acetosella
ΔDev%=50.8
ΔAIC=2.7
	Intercept (Untr)
	0.000
	1.286
	0
	1
	ns

	
	
	Bruisex2
	0.467
	1.818
	0.26
	0.8018
	ns

	
	
	Bruisex3
	0.667
	1.818
	0.37
	0.7202
	ns

	
	
	Cutx2
	0.533
	1.818
	0.29
	0.7743
	ns

	
	
	Cutx3
	2.667
	1.818
	1.47
	0.1681
	ns

	
	
	Spray
	5.267
	1.818
	2.90
	0.0134
	*

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Table S2 (continued)
	
	
	
	
	
	

	Category
	Variable (ΔDev%/ ΔAIC)
	Coefficients
	Estimate
	SE
	t-value
	P
	Sign.

	Graminoid species (%)
	Agrostis capillaris
	Intercept (Untr)
	2.467
	7.230
	0.34
	0.7389
	ns

	
	ΔDev%=33.4
	Bruisex2
	6.933
	10.224
	0.68
	0.5106
	ns

	
	ΔAIC=2.7
	Bruisex3
	14.400
	10.224
	1.41
	0.1844
	ns

	
	
	Cutx2
	13.867
	10.224
	1.36
	0.2000
	ns

	
	
	Cutx3
	22.000
	10.224
	2.15
	0.0525
	+

	
	
	Spray
	18.133
	10.224
	1.77
	0.1015
	ns

	
	Avenella flexuosa
	Intercept (Untr)
	16.067
	6.098
	2.64
	0.0218
	*

	
	ΔDev%=47.6
	Bruisex2
	8.200
	8.623
	0.95
	0.3604
	ns

	
	ΔAIC=1.6
	Bruisex3
	7.067
	8.623
	0.82
	0.4285
	ns

	
	
	Cutx2
	20.267
	8.623
	2.35
	0.0367
	*

	
	
	Cutx3
	19.267
	8.623
	2.23
	0.0453
	*

	
	
	Spray
	22.267
	8.623
	2.58
	0.0240
	*

	
	Festuca ovina
	Intercept (Untr)
	1.800
	2.041
	0.88
	0.3952
	ns

	
	ΔDev%=36.1
ΔAIC=2.0
	Bruisex2
	0.800
	2.887
	0.28
	0.7864
	ns

	
	
	Bruisex3
	-0.467
	2.887
	-0.16
	0.8743
	ns

	
	
	Cutx2
	0.000
	2.887
	0
	1
	ns

	
	
	Cutx3
	1.267
	2.887
	0.44
	0.6686
	ns

	
	
	Spray
	5.933
	2.887
	2.06
	0.0623
	+

	Bryophyte species (%)
	Hypnum jutlandicum
ΔDev% 16.3
ΔAIC=6.8
	Intercept (Untr)
	6.467
	4.306
	1.50
	0.1590
	ns

	
	
	Bruisex2
	-4.600
	6.089
	-0.76
	0.4650
	ns

	
	
	Bruisex3
	-3.533
	6.089
	-0.58
	0.5720
	ns

	
	
	Cutx2
	2.733
	6.089
	0.45
	0.6620
	ns

	
	
	Cutx3
	0.533
	6.089
	0.09
	0.9320
	ns

	
	
	Spray
	-3.800
	6.089
	-0.62
	0.5440
	ns

	
	Pleurozium schreberi
ΔDev%=46.4
ΔAIC=1.2
	Intercept (Untr)
	6.067
	7.015
	0.87
	0.4041
	ns

	
	
	Bruisex2
	-2.733
	9.921
	-0.28
	0.7876
	ns

	
	
	Bruisex3
	-2.600
	9.921
	-0.26
	0.7977
	ns

	
	
	Cutx2
	21.667
	9.921
	2.18
	0.0496
	*

	
	
	Cutx3
	6.933
	9.921
	0.70
	0.4980
	ns

	
	
	Spray
	-5.667
	9.921
	-0.57
	0.5784
	ns

	
	Rhytidiadelphus squarrosus 
ΔDev%= 4.3
ΔAIC=0.5
	Intercept (Untr)
	2.400
	6.441
	0.37
	0.7159
	ns

	
	
	Bruisex2
	1.533
	9.109
	0.17
	0.8691
	ns

	
	
	Bruisex3
	6.400
	9.109
	0.70
	0.4957
	ns

	
	
	Cutx2
	13.133
	9.109
	1.44
	0.1749
	ns

	
	
	Cutx3
	23.800
	9.109
	2.61
	0.0227
	*

	
	
	Spray
	4.467
	9.109
	0.49
	0.6327
	ns

	Grazing Index
	Animal Excrement Cover (%)
ΔDev%=86.9
ΔAIC=26.5
	Intercept (Untr)
	<0.001
	0.296
	0
	1
	ns

	
	
	Bruisex2
	0.400
	0.418
	0.96
	0.3576
	ns

	
	
	Bruisex3
	0.133
	0.418
	0.32
	0.7553
	ns

	
	
	Cutx2
	2.667
	0.418
	6.38
	<0.0001
	***

	
	
	Cutx3
	1.733
	0.418
	4.15
	0.0014
	**

	
	
	Spray
	2.333
	0.418
	5.58
	0.0001
	***

	
	
	
	
	
	
	
	





Table S3. Results from the Generalized Additive Mixed Modelling of the effects of six P. aquilinum control treatments on three P. aquilinum performance variables (Frond volume index - FVI; Frond density and Mean frond length) through elapsed time (Et, zero=2012) at Bamford Edge between 2012 and 2021. Control treatment codes = Untr= Untreated, Bruise = bruised, Cut = Cut, either twice a year (x2) or thrice a year (x3), Spray = Initial spray with asulam followed by repeat annual spot spraying until 2011. Significance denoted: ns = no significance (P>0.10), + = P <0.01, * = P<0.05, ** = P < 0.001. The adjusted R2 and % reduction in deviance (ΔDev%) are also presented.  
	
	Treatment
	Estimate
	SE
	t-value
	p-value
	Sign.

	Frond Volume Index
loge(FVI+1)
	Untr (Intercept)
	7.831
	0.218
	35.90
	<0.0001
	***

	
	Bruisex2
	-0.314
	0.309
	-1.02
	0.3110
	ns

	
	Bruisex3
	-0.186
	0.309
	-0.60
	0.5480
	ns

	R2adj =0.88
	Cutx2
	-5.385
	0.309
	-17.45
	<0.0001
	***

	ΔDev% =89.5

	Cutx3
	-5.954
	0.309
	-19.30
	<0.0001
	***

	
	Spray
	-6.540
	0.309
	-21.20
	<0.0001
	***

	
	
	edf
	Ref.df
	F
	p-value
	Sign.

	
	s(Et):Untr
	1
	1
	0
	0.9960
	ns

	
	s(Et):Bruisex2
	1
	1
	0.018
	0.8940
	ns

	
	s(Et):Bruisex3
	1
	1
	0.013
	0.9100
	ns

	
	s(Et):Cutx2
	2.538
	2.847
	23.23
	<0.0001
	***

	
	s(Et):Cutx3
	2.926
	2.996
	14.41
	<0.0001
	***

	
	s(Et):Spray
	2.082
	2.474
	23.26
	<0.0001
	***

	Frond Density
loge(no+1)
R2adj =0.94
ΔDev% =94.3

	Treatment
	Estimate
	SE
	t-value
	p-value
	Sign.

	
	Untr (Intercept)
	3.538
	0.080
	44.31
	<0.0001
	***

	
	Bruisex2
	0.100
	0.113
	0.89
	0.3759
	ns

	
	Bruisex3
	0.194
	0.113
	1.72
	0.0874
	+

	
	Cutx2
	-2.820
	0.113
	-24.97
	<0.0001
	***

	
	Cutx3
	-2.954
	0.113
	-26.16
	<0.0001
	***

	
	Spray
	-3.177
	0.113
	-28.13
	<0.0001
	***

	
	
	edf
	Ref.df
	F
	p-value
	Sign.

	
	s(Et):Untr
	1
	1
	0.04
	0.8355
	

	
	s(Et):Bruisex2
	1
	1
	5.81
	0.0172
	*

	
	s(Et):Bruisex3
	2.09
	2.482
	5.03
	0.0076
	**

	
	s(Et):Cutx2
	1.903
	2.295
	21.85
	<0.0001
	***

	
	s(Et):Cutx3
	2.8
	2.97
	7.12
	0.0002
	***

	
	s(Et):Spray
	2.282
	2.656
	16.47
	<0.0001
	***

	Mean frond length
loge(cm+1)
R2adj =0.88
ΔDev% =89.1

	Treatment
	Estimate
	SE
	t-value
	p-value
	Sign.

	
	Untr (Intercept)
	4.335
	0.119
	36.36
	<0.0001
	***

	
	Bruisex2
	-0.425
	0.169
	-2.52
	0.0128
	*

	
	Bruisex3
	-0.368
	0.169
	-2.18
	0.0309
	*

	
	Cutx2
	-3.011
	0.169
	-17.86
	<0.0001
	***

	
	Cutx3
	-3.314
	0.169
	-19.65
	<0.0001
	***

	
	Spray
	-3.637
	0.169
	-21.57
	<0.0001
	***

	
	
	edf
	Ref.df
	F
	p-value
	Sign.

	
	s(Et):Untr
	1
	1
	0.00
	0.9640
	ns

	
	s(Et):Bruisex2
	1.384
	1.660
	1.90
	0.1040
	ns

	
	s(Et):Bruisex3
	1.273
	1.490
	1.59
	0.1460
	

	
	s(Et):Cutx2
	2.664
	2.916
	22.93
	<0.0001
	***

	
	s(Et):Cutx3
	2.948
	2.998
	16.04
	<0.0001
	***

	
	s(Et):Spray
	2.045
	2.438
	22.00
	<0.0001
	***

	
	
	
	
	
	
	



[bookmark: _Hlk80532506]Table S4. Effects of five P. aquilinum control treatments on a range of measured variables relative to an untreated control though elapsed time (Et, zero=2012), i.e. during the recovery phase (2012-2021) derived from a Generalized Linear Model; three types of Minimum Adequate Model were derived, i.e., full interaction (treatment x ET), additive, and treatment, only; some included a quadratic effect with Et and a spatial effect (Block). Key to treatments: Bruise = bruised and Cut = Cut, both either twice (x2) or thrice (x3) each year between 2005 and 2012 inclusive, Spray = sprayed with asulam in 2005 followed by annual spot-spraying of emergent fronts between 2006 and 2012 inclusive. Significance of effects relative to Untreated: ns = no significance (P>0.10), + = P<0.10, * = P<0.05, ** = P<0.001, *** = P < 0.001. The adjusted R2 and reduction in deviance relative to the null model (ΔDev%) are also presented. 
	Model
	Spatial effect
	Variable (ΔDev%/ ΔAIC)
	Coefficients
	Estimate
	SE
	t-value
	P
	Sign

	Treatment only
	No
	Simpson’s Index
	Untr.BlockA(Intercept)
	0.489
	0.034
	14.23
	<0.001
	***

	
	
	R2adj =47.2
	Bruisex2
	0.448
	0.029
	15.53
	0.0000
	***

	
	
	ΔDev%grazing
 =7.8
	Bruisex3
	0.155
	0.041
	3.80
	0.0003
	***

	
	
	
	Cutx2
	0.061
	0.041
	1.50
	0.1386
	ns

	
	
	
	Cutx3
	0.246
	0.041
	6.04
	<0.0001
	***

	
	
	
	Spray
	0.226
	0.041
	5.55
	<0.0001
	***

	
	Yes
	Bracken litter cover
	Untr.BlockA(Intercept)
	42.806
	4.791
	8.94
	<0.001
	***

	
	
	R2adj =66.0
	BlockB
	4.183
	4.149
	1.01
	0.3171
	ns

	
	
	ΔDev% =63.8
	BlockC
	13.500
	4.149
	3.25
	0.0018
	**

	
	
	
	Bruisex2
	-30.033
	5.867
	-5.12
	<0.0001
	***

	
	
	
	Bruisex3
	-17.458
	5.867
	-2.98
	0.0041
	**

	
	
	
	Cutx2
	-46.658
	5.867
	-7.95
	<0.001
	***

	
	
	
	Cutx3
	-48.533
	5.867
	-8.27
	<0.001
	***

	
	
	
	Spray
	-47.000
	5.867
	-8.01
	<0.001
	***

	Additive
	No
	Vaccinium myrtillus
	Untr(Intercept)
	-0.351
	0.865
	-0.41
	0.6867
	ns

	
	
	cover
	Bruisex2
	-0.025
	1.133
	-0.02
	0.9825
	ns

	
	
	R2adj =25.4
	Bruisex3
	0.533
	1.133
	0.47
	0.6394
	ns

	
	
	ΔDev% =9.1
	Cutx2
	2.725
	1.133
	2.41
	0.0190
	*

	
	
	
	Cutx3
	3.092
	1.133
	2.73
	0.0082
	**

	
	
	
	Spray
	3.183
	1.133
	2.81
	0.0065
	**

	
	
	
	ET
	0.160
	0.093
	1.71
	0.0922
	+

	
	Yes
	Pteridium aquilinum cover
	Untr.BlockA(Intercept)
	78.583
	2.912
	26.98
	<0.0001
	***

	
	
	
	BlockB
	6.296
	2.378
	2.65
	0.0102
	*

	
	
	R2adj =96.
	BlockC
	6.567
	2.378
	2.76
	0.0075
	**

	
	
	ΔDev% =220.6
	Bruisex2
	-14.083
	3.363
	-4.19
	0.0001
	***

	
	
	
	Bruisex3
	-5.333
	3.363
	-1.59
	0.1178
	ns

	
	
	
	Cutx2
	-82.200
	3.363
	-24.44
	<0.0001
	***

	
	
	
	Cutx3
	-85.325
	3.363
	-25.37
	<0.0001
	***

	
	
	
	Spray
	-83.758
	3.363
	-24.91
	<0.0001
	***

	
	
	
	ET
	0.847
	0.277
	3.05
	0.0033
	**

	
	No
	Dicotyledon cover
	Untr(Intercept)
	1.810
	3.645
	0.50
	0.6214
	ns

	
	
	R2adj =76.5
	Bruisex2
	10.833
	5.154
	2.10
	0.0398
	*

	
	
	ΔDev% =82.2
	Bruisex3
	11.076
	5.154
	2.15
	0.0357
	*

	
	
	
	Cutx2
	27.948
	5.154
	5.42
	0.0000
	***

	
	
	
	Cutx3
	19.571
	5.154
	3.80
	0.0003
	***

	
	
	
	Spray
	24.214
	5.154
	4.70
	0.0000
	***

	
	
	
	ET
	-0.215
	0.736
	-0.29
	0.7717
	ns

	
	
	
	Bruisex2:ET
	-0.591
	1.041
	-0.57
	0.5728
	ns

	
	
	
	Bruisex3:ET
	-0.986
	1.041
	-0.95
	0.3475
	ns

	
	
	
	Cutx2:ET
	0.546
	1.041
	0.52
	0.6020
	ns

	
	
	
	Cutx3:ET
	3.861
	1.041
	3.71
	0.0005
	***

	
	
	
	Spray:ET
	2.063
	1.041
	1.98
	0.0522
	+

	
	
	Species richness
	Untr.BlockA(Intercept)
	5.235
	0.350
	14.97
	< 2e-16
	***

	
	
	R2adj =72.7
	BlockB
	-0.117
	0.286
	-0.41
	0.6842
	ns

	
	
	ΔDev% =77.5
	BlockC
	-0.650
	0.286
	-2.28
	0.0262
	*

	
	
	
	Bruisex2
	2.250
	0.404
	5.57
	<0.0001
	***

	
	
	
	Bruisex3
	1.150
	0.404
	2.85
	0.0059
	**

	
	
	
	Cutx2
	3.700
	0.404
	9.17
	0.0000
	***

	
	
	
	Cutx3
	3.867
	0.404
	9.58
	0.0000
	***

	
	
	
	Spray
	3.000
	0.404
	7.43
	0.0000
	***

	
	
	
	ET
	-0.151
	0.033
	-4.54
	0.0000
	***

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Table S4 (continued)
	
	
	
	
	
	
	

	Model
	Spatial effect
	Variable (ΔDev%/ ΔAIC)
	Coefficients
	Estimate
	SE
	t-value
	P
	Sign

	Interaction
	No
	Dicranum scoparium cover
	Untr(Intercept)
	0.029
	0.766
	0.04
	0.9700
	ns

	
	
	
	Bruisex2
	1.495
	1.084
	1.38
	0.1730
	ns

	
	
	R2adj =52.4
	Bruisex3
	0.224
	1.084
	0.21
	0.8370
	ns

	
	
	ΔDev% =31.4
	Cutx2
	0.024
	1.084
	0.02
	0.9830
	ns

	
	
	
	Cutx3
	-0.510
	1.084
	-0.47
	0.6400
	ns

	
	
	
	Spray
	1.710
	1.084
	1.58
	0.1200
	ns

	
	
	
	ET
	0.001
	0.155
	0.01
	0.9930
	ns

	
	
	
	Bruisex2:ET
	-0.170
	0.219
	-0.78
	0.4400
	ns

	
	
	
	Bruisex3:ET
	-0.033
	0.219
	-0.15
	0.8810
	ns

	
	
	
	Cutx2:ET
	0.267
	0.219
	1.22
	0.2270
	ns

	
	
	
	Cutx3:ET
	0.993
	0.219
	4.54
	<0.0001
	***

	
	
	
	Spray:ET
	-0.160
	0.219
	-0.73
	0.4680
	ns

	
	No
	Galium saxatile cover
	Untr(Intercept)
	0.738
	3.235
	0.23
	0.8203
	ns

	
	
	
	Bruisex2
	7.410
	4.575
	1.62
	0.1106
	ns

	
	
	R2adj =73.4
	Bruisex3
	6.867
	4.575
	1.50
	0.1387
	ns

	
	
	ΔDev% =73.2
	Cutx2
	23.019
	4.575
	5.03
	<0.0001
	***

	
	
	
	Cutx3
	15.590
	4.575
	3.41
	0.0012
	**

	
	
	
	Spray
	14.543
	4.575
	3.18
	0.0023
	**

	
	
	
	ET
	-0.082
	0.654
	-0.13
	0.9002
	ns

	
	
	
	Bruisex2:ET
	-0.891
	0.924
	-0.96
	0.3391
	ns

	
	
	
	Bruisex3:ET
	-0.729
	0.924
	-0.79
	0.4337
	ns

	
	
	
	Cutx2:ET
	0.133
	0.924
	0.14
	0.8864
	ns

	
	
	
	Cutx3:ET
	3.055
	0.924
	3.31
	0.0016
	**

	
	
	
	Spray:ET
	2.116
	0.924
	2.29
	0.0256
	*

	Additive
	No
	Agrostis capillaris cover
	Untr(Intercept)
	13.117
	3.645
	3.60
	0.0006
	***

	
	
	
	Bruisex2
	5.733
	5.155
	1.11
	0.2702
	ns

	
	
	R2adj =53.1
	Bruisex3
	6.917
	5.155
	1.34
	0.1844
	ns

	
	
	ΔDev% =48.6
	Cutx2
	12.400
	5.155
	2.41
	0.0190
	*

	
	
	
	Cutx3
	9.750
	5.155
	1.89
	0.0631
	+

	
	
	
	Spray
	18.967
	5.155
	3.68
	0.0005
	***

	
	
	
	ET
	-17.732
	12.626
	-1.40
	0.1651
	ns

	
	
	
	ET^2
	-93.512
	12.626
	-7.41
	<0.0001
	***

	
	
	
	ET
	-0.687
	20.722
	-0.03
	0.9737
	ns

	
	
	
	ET^2
	23.543
	20.722
	1.14
	0.2611
	ns

	Additive
	No
	Animal Excrement Cover (Grazing Index)
	Untr(Intercept)
	0.083
	0.194
	0.43
	0.6695
	ns

	
	
	
	Bruisex2
	0.258
	0.275
	0.94
	0.3508
	ns

	
	
	
	Bruisex3
	0.100
	0.275
	0.36
	0.7172
	ns

	
	
	R2adj =62.9
	Cutx2
	1.683
	0.275
	6.13
	<0.0001
	***

	
	
	ΔDev% =57.5
	Cutx3
	1.350
	0.275
	4.91
	<0.0001
	***

	
	
	
	Spray
	1.742
	0.275
	6.34
	<0.0001
	***

	
	
	
	ET
	-2.303
	0.673
	-3.42
	0.0011
	**

	
	
	
	ET^2
	-1.862
	0.673
	-2.77
	0.0074
	**

	Additive
	Yes
	Graminoid cover 
	Untr(Intercept)
	39.456
	4.742
	8.32
	<0.0001
	***

	
	
	R2adj =66.4
	BlockB
	-4.329
	4.106
	-1.05
	0.2959
	ns

	
	
	ΔDev% =4.4
	BlockC
	-11.063
	4.106
	-2.69
	0.0091
	**

	
	
	
	Bruisex2
	23.408
	5.807
	4.03
	0.0002
	***

	
	
	
	Bruisex3
	15.275
	5.807
	2.63
	0.0107
	*

	
	
	
	Cutx2
	39.892
	5.807
	6.87
	<0.0001
	***

	
	
	
	Cutx3
	39.683
	5.807
	6.83
	<0.0001
	***

	
	
	
	Spray
	38.533
	5.807
	6.64
	<0.0001
	***

	
	
	
	ET
	-11.538
	14.225
	-0.81
	0.4204
	ns

	
	
	
	ET^2
	-84.622
	14.225
	-5.95
	<0.0001
	***

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Table S4 (continued)
	
	
	
	
	
	
	

	Model
	Spatial effect
	Variable (ΔDev%/ ΔAIC)
	Coefficients
	Estimate
	SE
	t-value
	P
	Sign

	Interaction
	No
	Festuca ovina cover 
	Untr(Intercept)
	0.533
	1.430
	0.37
	0.7107
	ns

	
	
	R2adj =61.8
	Bruisex2
	0.333
	2.023
	0.17
	0.8697
	ns

	
	
	ΔDev% =35.2
	Bruisex3
	-0.058
	2.023
	-0.03
	0.9771
	ns

	
	
	
	Cutx2
	6.533
	2.023
	3.23
	0.0021
	**

	
	
	
	Cutx3
	4.400
	2.023
	2.18
	0.0340
	*

	
	
	
	Spray
	5.300
	2.023
	2.62
	0.0114
	*

	
	
	
	ET
	-4.202
	12.136
	-0.35
	0.7305
	ns

	
	
	
	ET
	3.351
	12.136
	0.28
	0.7835
	ns

	
	
	
	Bruisex2:ET
	-0.242
	17.163
	-0.01
	0.9888
	ns

	
	
	
	Bruisex3:ET
	2.293
	17.163
	0.13
	0.8942
	ns

	
	
	
	Cutx2:ET
	74.873
	17.163
	4.36
	0.0001
	***

	
	
	
	Cutx3:ET
	44.285
	17.163
	2.58
	0.0126
	*

	
	
	
	Spray:ET
	30.870
	17.163
	1.80
	0.0777
	+

	
	
	
	Bruisex2:ET
	2.311
	17.163
	0.14
	0.8934
	ns

	
	
	
	Bruisex3:ET
	-0.140
	17.163
	-0.01
	0.9935
	ns

	
	
	
	Cutx2:ET
	28.753
	17.163
	1.68
	0.0997
	+

	
	
	
	Cutx3:ET
	19.500
	17.163
	1.14
	0.2609
	ns

	
	
	
	Spray:ET
	22.305
	17.163
	1.30
	0.1993
	ns

	Interaction
	No
	Rhytidiadelphus squarrosus cover
	Untr(Intercept)
	1.175
	1.859
	0.63
	0.5300
	ns

	
	
	
	Bruisex2
	2.133
	2.629
	0.81
	0.4207
	ns

	
	
	R2adj =50.9
	Bruisex3
	3.842
	2.629
	1.46
	0.1498
	ns

	
	
	ΔDev% =17.2
	Cutx2
	5.533
	2.629
	2.11
	0.0400
	*

	
	
	
	Cutx3
	7.658
	2.629
	2.91
	0.0052
	**

	
	
	
	Spray
	3.133
	2.629
	1.19
	0.2386
	ns

	
	
	
	ET
	-6.718
	15.775
	-0.43
	0.6719
	ns

	
	
	
	ET
	1.516
	15.775
	0.10
	0.9238
	ns

	
	
	
	Bruisex2:ET
	-7.435
	22.309
	-0.33
	0.7402
	ns

	
	
	
	Bruisex3:ET
	-12.092
	22.309
	-0.54
	0.5901
	ns

	
	
	
	Cutx2:ET
	-40.083
	22.309
	-1.80
	0.0780
	+

	
	
	
	Cutx3:ET
	-60.357
	22.309
	-2.71
	0.0091
	**

	
	
	
	Spray:ET
	-16.365
	22.309
	-0.73
	0.4664
	ns

	
	
	
	Bruisex2:ET
	0.998
	22.309
	0.05
	0.9645
	ns

	
	
	
	Bruisex3:ET
	-15.148
	22.309
	-0.68
	0.5000
	ns

	
	
	
	Cutx2:ET
	27.515
	22.309
	1.23
	0.2228
	ns

	
	
	
	Cutx3:ET
	47.059
	22.309
	2.11
	0.0396
	*

	
	
	
	Spray:ET
	10.799
	22.309
	0.48
	0.6303
	ns

	Interaction
	No
	Bryophyte cover
	Untr(Intercept)
	11.833
	2.406
	4.92
	0.0000
	***

	
	
	R2adj =69.0
	Bruisex2
	-4.617
	3.403
	-1.36
	0.1805
	ns

	
	
	ΔDev% =50.4
	Bruisex3
	0.233
	3.403
	0.07
	0.9456
	ns

	
	
	
	Cutx2
	7.892
	3.403
	2.32
	0.0242
	*

	
	
	
	Cutx3
	6.975
	3.403
	2.05
	0.0452
	*

	
	
	
	Spray
	-3.850
	3.403
	-1.13
	0.2629
	ns

	
	
	
	ET
	-0.687
	20.416
	-0.03
	0.9733
	ns

	
	
	
	ET^2
	23.543
	20.416
	1.15
	0.2539
	ns

	
	
	
	Bruisex2:ET
	-21.880
	28.873
	-0.76
	0.4519
	ns

	
	
	
	Bruisex3:ET
	0.970
	28.873
	0.03
	0.9733
	ns

	
	
	
	Cutx2:ET
	-118.582
	28.873
	-4.11
	0.0001
	***

	
	
	
	Cutx3:ET
	-83.772
	28.873
	-2.90
	0.0054
	**

	
	
	
	Spray:ET
	-34.083
	28.873
	-1.18
	0.2430
	ns

	
	
	
	Bruisex2:ET^2
	-7.293
	28.873
	-0.25
	0.8015
	ns

	
	
	
	Bruisex3:ET^2
	-26.621
	28.873
	-0.92
	0.3606
	ns

	
	
	
	Cutx2:ET^2
	68.844
	28.873
	2.38
	0.0206
	*

	
	
	
	Cutx3:ET^2
	63.904
	28.873
	2.21
	0.0311
	*

	
	
	
	Spray:ET^2
	-17.913
	28.873
	-0.62
	0.5376
	ns

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Table S4 (continued)
	
	
	
	
	
	
	

	Model
	Spatial effect
	Variable (ΔDev%/ ΔAIC)
	Coefficients
	Estimate
	SE
	t-value
	P
	Sign

	Interaction
	Yes
	Pleurozium schreberi cover
	Untr(Intercept)
	10.008
	2.315
	4.32
	0.0001
	***

	
	
	
	BlockB
	-0.842
	2.005
	-0.42
	0.6763
	ns

	
	
	R2adj =48.0
	BlockC
	-4.183
	2.005
	-2.09
	0.0418
	*

	
	
	ΔDev% =9.1
	Bruisex2
	-6.633
	2.835
	-2.34
	0.0232
	*

	
	
	
	Bruisex3
	-3.267
	2.835
	-1.15
	0.2545
	ns

	
	
	
	Cutx2
	0.550
	2.835
	0.19
	0.8469
	ns

	
	
	
	Cutx3
	-3.567
	2.835
	-1.26
	0.2140
	ns

	
	
	
	Spray
	-7.183
	2.835
	-2.53
	0.0143
	*

	
	
	
	ET
	10.910
	17.009
	0.64
	0.5241
	ns

	
	
	
	ET^2
	5.704
	17.009
	0.34
	0.7387
	ns

	
	
	
	Bruisex2:ET
	-15.880
	24.054
	-0.66
	0.5121
	ns

	
	
	
	Bruisex3:ET
	9.617
	24.054
	0.40
	0.6910
	ns

	
	
	
	Cutx2:ET
	-76.267
	24.054
	-3.17
	0.0026
	**

	
	
	
	Cutx3:ET
	-42.022
	24.054
	-1.75
	0.0865
	+

	
	
	
	Spray:ET
	-10.647
	24.054
	-0.44
	0.6599
	ns

	
	
	
	Bruisex2:ET^2
	-3.708
	24.054
	-0.15
	0.8781
	ns

	
	
	
	Bruisex3:ET^2
	-5.560
	24.054
	-0.23
	0.8181
	ns

	
	
	
	Cutx2:ET^2
	44.264
	24.054
	1.84
	0.0715
	+

	
	
	
	Cutx3:ET^2
	12.179
	24.054
	0.51
	0.6148
	ns

	
	
	
	Spray:ET^2
	-14.070
	24.054
	-0.59
	0.5611
	ns
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