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Abstract:  Conversion of moorland to coniferous woodland is a common land-use change in the high latitude uplands. Conifer woodlands are known to increase detrimental acidification in upland streams, but can benefit some invertebrates by increasing allochthonous inputs. We aimed to identify the effects of conifer woodlands on benthic stream macroinvertebrate communities in the North York Moors National Park, whose streams are some of the most acidified in the UK. Benthic invertebrates from eight moorland and eight conifer woodland catchments were gathered using kick sampling in 2014. Taxonomic composition and diversity differed significantly in woodlands and moorlands, with woodland communities showing higher diversity, and species characteristic of lower levels of stressors. Moorland and woodland communities did not differ in average acid sensitivity, and taxa were typical of close-to-neutral pH, matching spot pH measurements taken during sampling that were 2-3 pH units higher than in 2005. We conclude that conversion of moorland to coniferous woodland does not necessarily detrimentally affect upland stream invertebrate communities, and that those on the North York Moors are not always highly acid-tolerant, perhaps indicating biotic recovery from previous acidification.
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Introduction
There are currently numerous threats to natural ecosystems, ranging from climate change to pollution and land-use change (MEA 2005). These different threats carry the potential to interact in their effects on ecosystems such that the effect of one can depend on another (Tu 2009, Wu et al. 2012, García-Valdés et al. 2015). Acidification is one widespread form of ecosystem damage that may be influenced by both pollution and land-use change (Harriman and Morrison 1982, Kernan et al. 2010). Acidification is the process by which anions are added to a system via wet or dry deposition and/or cations are lost from a system (Cresser and Edwards 1987). Freshwaters are a focal point for ions within ecosystems, making them key indicators of anthropogenic acidification (Battarbee et al. 2014). In this paper we observe how the benthic macroinvertebrate stream assemblages of an upland area in the UK, known for its high acidification, have responded to land use. 
Many ecosystems worldwide have naturally acidic drainage water due to the mineral composition of the bedrock and chemical and biological processes in the soil (Cresser and Edwards 1987, Curtis et al. 2014). Land use change can alter those processes and affect the degree of acidification. In the UK, some 11% of the land area is occupied by exotic softwood plantations, much in upland areas, where they can affect the chemistry of the headwaters of major rivers (Ormerod et al. 1993). Coniferous woodland generally has soils of lower pH than both deciduous woodland and moorland due to biotic interactions with the organic material and increased interception of pollutants from the atmosphere (Dunford et al. 2012, Evans et al. 2014). Coniferous woodland may exacerbate damage caused by low pH by mobilizing high quantities of Al3+ from soils (Dunford et al. 2012, Evans et al. 2014, Graham et al. 2014, Malcolm et al. 2014b). Severe acid flush events from such soils can occur when pH rapidly decreases over a short space of time in response to storm events (or more gradually with the seasons) (Cooper et al. 1987, Eimers et al. 2008).
Pollution is another major anthropogenic contributor to acidification in high latitude upland regions (Cresser and Edwards, 1987, Bouwman et al. 2002). Through diatom and sediment surveys, past fossil fuel combustion has been linked with changes in the chemical composition of surface waters (Battarbee et al. 1988, Schindler 1988). Decreases in pH, and mobilization of Al3+ from soils at low pH, can directly retard the development of fish, damage plant growth, kill aquatic invertebrates (potentially causing trophic cascades), diatoms, and algae, severely harm overall photosynthetic production, and impact on decomposition of organic detritus in the water (Delhaize and Ryan 1995, Schindler 1988, Lien et al. 1996, Clivot et al. 2014, Malcolm et al. 2014a) . This damage has led to efforts to restore upland ecosystems by curbing atmospheric sulphur emissions (RoTAP 2011). There has since been a general chemical recovery of upland surface waters in the Northern Hemisphere (Evans et al. 2001, Stoddard et al. 2003, Davies et al. 2005, Kopáček et al. 2006), although biological recovery is less pronounced (Monteith et al. 2005).  
Benthic invertebrates are known to be sensitive indicators of a wide range of environmental stressors in freshwater systems (Hering et al., 2006, Murphy et al. 2013, Paisley et al. 2014), as well as being of great functional ecological importance (Covich et al. 1999).  Invertebrate communities in upland streams have been severely affected by acid pollution (Monteith et al. 2005), and communities have been more degraded under conifer plantations, consistent with more intense acidification (Harriman and Morrison 1982, Friberg et al. 1998, Ormerod & Durrance 2009).  However, invertebrate communities under forestry have sometimes shown more rapid recovery from acid pollution than in moorland (Feeley & Kelly-Quinn 2014, Malcolm et al. 2014b), whilst the enhanced allochthonous inputs from forestry over moorlands can sometimes boost the abundance and richness of certain invertebrate guilds (Ventura and Harper 1996, Broadmeadow and Nisbet 2002, Pretty and Dobson 2004), because acid streams can be resource-limited (Hildrew 2009). As surface water chemistry shows long term recovery from previous acidification (Evans et al. 2001, Hildrew 2009), and as conifer plantations become more sensitively managed for their stream communities (Ormerod et al. 1993, Broadmeadow and Nisbet 2002), the effect of conifer plantations on benthic invertebrate communities could potentially change. 
The aim of this study was to investigate whether upland streams in conifer woodlands contain more degraded invertebrate communities compared to moorlands in the North York Moors National Park. Such an outcome would be consistent with previous water chemistry measurements (Evans et al. 2014). Alternatively, plantations may affect other aspects of upland streams (such as allochthonous  inputs) that could benefit their invertebrate communities in the context of recovering surface water chemistry. 
Study site
The North York Moors National Park contains unique biological communities, including the largest expanse of moorland in England (NYMNPA 2013a), but also contains extensive exotic conifer plantations, and is threatened by acidification (NYMNPA 2013b). It is surrounded by historic and current sources of sulphate and nitrate pollution such as the industrial centres of Manchester and Leeds, and the Tees valley and Hull. Mean estimates of sulphate deposition are 17 kgS/ha/yr through both wet and dry deposition (between 2004 and 2006) (Evans et al. 2014). Nitrate deposition was estimated at 22 kgN/ha/yr (in the same period) (Evans et al. 2014). These values predict that the Acid Neutralizing Capacity (ANC) of soils may currently be overwhelmed in this region (Bouwman et al. 2002). Uplands of the North York Moors are primarily underlain by Jurassic sandstone, siltstone, and mudstone, all of which are base-poor with a low buffering potential (Evans et al. 2014, BGS 2015). Much of the upland is also dominated by naturally acidic moorland environments. 
Despite these issues, studies of surface waters in the National Park have been sparse compared with other upland UK regions. Long term pH data for the upper reach of Danby Beck (one of the most acidified streams in the area) shows an average pH of 3.81 and studies showed an average rainfall pH of 4.5 between 1990 and 2000 across multiple sites (Chadwick 2001). These pH values are exceptional, even for acidified sites, seeming to lag behind the recovery predicted from the reduction in acidifying emissions in the UK (Battarbee et al. 2014, Evans et al. 2014). 
Surface waters in the North York Moors contain high quantities of aluminium, iron, and other metals, reaching 2000µg/l of Al (Evans et al. 2014), ten times that of the drinking water standard in England and Wales. Moorland and coniferous woodlands show similar pH measures, but the latter show higher aluminium and nitrate concentrations than moorland sites (Evans et al. 2014). Although fish kills within the National Park have previously been linked to acid flush events (Chadwick 2001), there is a deficit of scientific studies on the effects of acidification on local biotic communities. This deficit is partly because the park was omitted from the UK Acid Water Monitoring network of sites until 2012 when a single site (Danby Beck) was included (Battarbee et al. 2014).   
Sample site selection in this study was based on a previous investigation of stream chemistry in the North York Moors (Evans et al. 2014). We selected 16 sites for invertebrate sampling: eight moorland, and eight coniferous woodland (Fig. 1). All moorland sites and four woodland sites corresponded to sites previously surveyed by Evans et al. (2014) but four novel woodland sites were selected in order to increase the sample size for that habitat whilst keeping the woodland sites within the same general region as the moorland sites (Fig. 1).
All sites are independent catchments within the east of the park, sampling a narrow range of altitudes, catchment lengths, depths, and widths (Table 1). The bedrock of each site is within the sandstone layer of uplands of the region, with its low ANC (BGS 2015). 
Material and methods
Invertebrate sampling and assessment
Sites were sampled between 23 June and 10 July 2014 using the standard UK Environment Agency freshwater invertebrate 3-minute-kick sampling methodology (EA 2008). Previous water chemistry measurements of some of these sites in 2005 (reported in Evans et al. 2014) were made in March, which may have been less-representative of base-flow conditions, for which our samples provide a contrast. At the time of sampling, the location, substrate characteristics, and stream depth and width were estimated (Table 1). Conductivity was recorded on site with a Hanna HI 9033 conductivity meter (Hanna Instruments Inc), and pH was also recorded with a hand-held Eutech Cyberscan 310 pH meter (Eutech Instruments Pte Ltd). Altitude and catchment length were estimated using satellite imagery from Google Earth and Ordnance Survey maps to pinpoint locations, distances and elevations. Substrate characteristics were scored on an ordinal scale where 1 represents bedrock, 2 boulders, 3 cobbles, 4 pebbles, 5 gravel, 6 sand, 7 silt, and 8 mud/clay (EA 2008). Many sites were a mix of substrates, in which case the mean substrate score was taken.
Ephemeroptera, Plecoptera, Odonata, Trichoptera, Hemiptera, Elmidae (Coleoptera), Crustacea, and Gastropoda, being highly diagnostic of environmental conditions (Moe et al. 2010, Ungermanova et al. 2014) were identified to species where specimens allowed. All other groups were identified to at least family, except for Oligochaeta and Hydracarina. Keys used included Cham (2012; Odonata), Dobson et al. (2012; all invertebrates to family); Edington and Hildrew (1995; caseless Trichoptera); Elliot et al. (1988; Ephemeroptera); Hynes (1977; Plecoptera); Macan (1960; Gastropods); Savage (1989; Hemiptera); Wallace et al. (2003; casebearing Trichoptera). Identifications were checked for potential errors against National Biodiversity Network distribution data (NBN 2015).  
Statistical analyses
Several summary statistics of the invertebrate communities at each site were calculated. Simpsons diversity index (1-D; scale 0-1 with 1 being most diverse) was calculated across all taxa (the Shannon index is inappropriate as it assumes that 100% of taxa present were sampled (Magurran 2004)). The family level Acid Water Indicator Community (AWIC-fam) index (Davy-Bowker et al. 2005, Ormerod et al. 2006; scale 1-6 with 6 being most acid-sensitive) was also calculated for each site, as well as the Indicator Key grouping of Rutt et al. (1990; groups 1-4, with 3 & 4 being acidic streams). The species level AWIC index (Murphy et al. 2013) was also applied but was found to be inappropriate for the samples because two sites contained none of the indicator species required, whilst only one was present at a further six sites, making these scores less robust. Sites were also scored using the modified Biological Monitoring Working Party general water quality score (presence only) of Walley, Hawkes, Paisley and Trigg (WHPT) (Paisley et al. 2014) with higher scores (scale -0.8 to 12.7) indicating less degraded sites. 
Non-metric Multidimensional Scaling (NMDS), using the Bray-Curtis dissimilarity measure, was performed on the invertebrate abundances across sites to summarize the community composition and to detect associations with environmental variables, using the metaMDS function in the vegan package in R (R Core Team 2015). Two separate analyses were conducted: including all taxa at their finest identification scale, and at just the family level (or order for Oligochaeta and Hydracarina). However, results from these two analyses were very similar (see below). 
Abiotic and community differences between moorland and woodland sites were first tested using independent samples t-tests (having not violated test assumptions). Environmental variables were also correlated against each other to identify relationships between the conditions at each site. 
To summarize the variation in abiotic variables across sites into a smaller number of independent variables, a Principal Components Analysis (PCA) was conducted using the prcomp function in R with pH, conductivity, substrate score, altitude, depth x width (D x W), and catchment length as input variables, all standardized. The components were correlated against the NMDS axes to test if the abiotic variables explain community composition. 
To further test whether woodland and moorland communities differed in taxonomic composition, Permutational Multivariate Analysis of Variance (PERMANOVA) (Anderson 2001) was conducted using the adonis function in the vegan package in R, using 999 permutations.  A matrix of Bray-Curtis dissimilarities across sites was the input data, produced in the vegdist function in vegan, and the PERMANOVA assumption of homogeneity of multivariate spread amongst groups was validated using the betadisper function in vegan. 
Results
A total of 2605 individuals from 49 different taxonomic groups were collected across the 16 sites (Table S1). Twenty-two individual species were identified, whilst 27 taxa were identified only to a higher level (four to genus, 21 to family, and two to order). Only Chironomidae (Diptera) were present in all samples, with Leuctridae (Plecoptera) species present in all but two samples, and Plectrocnemia conspera (Trichoptera) in all but three (Table S1). 
Although the number of individuals collected did not differ between woodland and moorland sites (Fig. 2a), taxonomic richness and the Simpsons diversity index were greater in woodland than moorland sites (Fig. 2b,c). The low diversity in the moorland sites was a result of the dominance of Chironomidae, with few other taxa present, which also tended to be present in lower abundance (Table S1). In woodlands, Chironomidae were still abundant, but greater numbers of other taxa were also present, sometimes reaching similar abundance (e.g. Simulidae, Baetidae, Leuctridae, Siphloneuridae, and Polycentropodidae).  AWIC-fam did not differ between moorland and woodland sites (Fig. 2d). Upland site scores ranged from 3 at moorland site 8 (Bluewath Beck) to 4.67 at moorland site 4 (Brocka Beck), with a mean of 4.01. Consistent with this, all sites grouped in class 4 (acidic streams) on the Indicator Key of Rutt et al. (1990) due to insufficient key acid-sensitive families. However, some sites did contain some acid-sensitive or highly-sensitive taxa. Examples included the caddisfly Odontocerum albicorne found at woodland site 6 (Hipperley Beck) and woodland site 8 (Muffles Dyke), the caddis Rhyacophila dorsalis found at four woodland sites, the mayflies Ecdyonurus torentis and Habrophlebia fusca at Hipperley Beck, and the isopod Asellus aquaticus found at woodland site 3 (May Beck) and moorland site 3 (Darnholme). 
The WHPT scores were significantly higher in woodland than moorland sites (Fig. 2e), indicating that the general level of environmental stressors is lower at woodland sites. Scores ranged from 4.97 at moorland site 5 (Sliving Beck) to 7.22 at woodland site 3 (May Beck), indicating an intermediate level of stressors. 
The first community NMDS axis (NMDS 1) site scores were significantly different across habitats for all taxa combined (t [14] = -4.375, p = 0.0006) (Fig. 3), and for just families (t [14] = -4.838, p = 0.0003) (scores for taxa are given in Table S2). The second NMDS axis (NMDS 2) site scores however did not differ significantly across habitats either for all taxa (t [14] = 0.138, p = 0.893) (Fig. 3) or for just families (t [14] = 0.969, p = 0.349). Unsurprisingly therefore, PERMANOVA showed that habitat (moorland or woodland) significantly affected community composition (All taxa combined: F[1,14] = 4.08, p = 0.004, r2 = 0.226; families F[1,14] = 4.13, p = 0.003, r2 = 0.228)
The NMDS 1 site scores for all taxa were highly correlated with those for families (Rs = +0.979, n = 16, p <0.0001). For all taxa, NMDS 1 values were significantly positively correlated with pH (Rs = +0.723, n = 16, p < 0.0001), conductivity (Rs = +0.746, n = 16, p = 0.0009), substrate score (Rs = +0.658, n = 16, p = 0.006), D x W (Rs = +0.810, n = 16, p = 0.0001) and negatively correlated with altitude (Rs = -0.612, n = 16, p = 0.01), but not significantly correlated with catchment length (Rs = +0.327, n = 16, p = 0.216). None of the NMDS 2 values were significantly correlated with any of these environmental variables. Results were similar for the NMDS analysis of families.  
Across sites, many of the abiotic variables were inter-correlated (Table 2). For example, sites with higher pH also tended to have higher conductivity, higher D x W, and were at lower altitudes (for ranges see Table 1). Woodland sites differed from moorland sites in a number of these characteristics: they had finer substrates, larger cross sections, and higher conductivities, but did not differ significantly in altitude, pH, or catchment length (Table 1). A PCA on the abiotic variables resulted in a first component axis (PCA 1) summarizing 53.1% of the site variation and a second axis (PCA 2) accounting for a further 21.5% of the variation, with no other component having an eigenvalue >1. The first axis was most highly positively correlated with pH, D x W and conductivity, and negatively correlated with altitude (Table 3). The second axis was negatively correlated with substrate score and positively correlated with catchment length (Table 3). The PCA 1 scores were positively correlated with the NMDS 1 scores across sites (Rs = +0.785, n = 16, p < 0.001; Fig. 3) but not NMDS 2 (Rs = 0.209, n = 16, p = 0.436), and PCA 2 scores were not correlated with either NMDS axes (NMDS1: Rs = -0.188, n = 16, p = 0.484; NMDS2: Rs = -0.071, n = 16, p = 0.797). A regression showed that NMDS 1 was highly driven by PCA 1 (F[1,14] = 26.10, p < 0.001, R2 = 0.651, y = 0.00 + 0.236x; Fig. 4) but that after accounting for PCA 1 in an ANCOVA, habitat was not significant (F[1,12] = 3.45, p = 0.088) and that there was no significant interaction between PCA 1 and habitat (F[1,12] < 0.01, p = 0.976). This suggests that differences in the benthic macroinvertebrate communities are largely driven by the abiotic variables in PCA 1 acting in the same manner across habitats. 
Stream pH at the time of sampling (June-July 2014) was positively correlated with pH measurements taken in March 2005 (data from Evans et al. 2014) (Rs = +0.712, n = 12, p = 0.009) (Fig. 5a), more so if the outlying datapoint of Darnholme (pH = 7.51 in Evans et al. 2014) was omitted (Pearson’s R = +0.782, n = 11, p = 0.004). However, pH in 2014 was consistently less acidic than in 2005 by 2-3 pH units (Fig. 5a). Predicted pH based on the site AWIC-fam scores matched the 2014 pH measurements much better than the 2005 measurements (Fig. 5b). There was however a tendency for the communities to over-predict low pH values and under-predict high pH values (Fig. 5b). 

Discussion
The main finding of this study is that upland streams in conifer woodlands can contain less degraded benthic invertebrate communities than those on moorland. The communities found in this study were characteristic of close-to-neutral pH, matching spot pH measurements taken during sampling. This is contrary to expectations from previous water chemistry measurements, which showed these to be some of the most highly acidified waters in the UK. 
Coniferous forests are generally regarded to detrimentally affect stream invertebrates by increasing acidification as well as reducing the diversity and retention of organic inputs (e.g. Ventura and Harper 1996, Friberg et al. 1998, Pretty and Dodson 2004, Ormerod and Durance 2009). However, the AWIC-fam scores in our data do not show more acid-tolerant communities in coniferous woodlands than moorlands; whilst the WHPT scores indicate lower levels of stressors. Further, Simpson’s diversity was higher in woodlands, suggesting that woodlands may provide some benefits for stream invertebrates. The woodland sites differed in several abiotic variables, including a higher conductivity, smaller substrate grain size, and greater DW (Table 2). We do not know if these differences reflect the change to conifer woodland or existed previously. Shelter provided by trees may be beneficial to the terrestrial/aerial stages of stream insects, ameliorate the local climate, and provide a source of organic matter (Pretty and Dobson 2004), important  as acid stream communities may be resource limited (Hildrew 2009). In addition, a number of measures have been taken locally within the woodlands to conserve stream habitats (Walker 2014), including creating unplanted streamside buffer zones and log dams to slow flow. These measures may improve conditions for stream invertebrates (Ormerod et al. 1993, Pretty and Dobson 2004). Consistent with our findings, previous studies have found that some components of the invertebrate community are consistently enhanced in coniferous woodlands (Riipinien et al. 2009), suggesting that conifer woodlands are not universally detrimental to stream invertebrates. The sample size of eight woodland sites is relatively small. Despite this, any detrimental effects of coniferization appear not to have been severe enough to outweigh the effects of other, perhaps positive, abiotic differences with moorland sites.

Most sites sampled in this study had a close-to-neutral pH at the time of sampling with only two upland sites lower than pH 6 (Table 1). These data diverge greatly from those in Evans et al. (2014) where the same sites had pH values mostly between 3.5 and 5 (Fig. 5a). High variability in pH is, however, a feature of upland streams in the North York Moors, with two-weekly measurements over 20 years ranging over 3-4 pH units (Evans et al. 2014). Evans et al. (2014) sampled in March 2005 whereas this study sampled in June-July 2014. During March, lower pH may be expected due to the naturally higher rainfall and potential for snowmelt causing higher leaching (Cooper et al. 1987, Eimers et al. 2008). A previous study of Brocka Beck (site M4 in this study; McNish et al. 1997) has also shown higher pH during summer baseflows, and this was also a feature of the lowland acid Broadstone stream model system (Hildrew 2009). A further consideration is that regional rainfall pH shows a weak upward trend (0.6 pH units between 1986 and 2007) consistent with efforts to reduce anthropogenic rainfall acidication (Evans et al. 2014), and there is a 10 year gap between the measurements in the two studies, during which pH may have continued to rise. Thus, the measurements here should not be taken to represent long term averages, but they probably fairly reflect differences across sites, since the measurements in the two studies are significantly correlated (Fig. 5). The higher pH measurements of this study, however, do help make sense of the invertebrate communities sampled, which were more acid sensitive than expected. 
There has been little previous work on upland stream invertebrate communities in the North York Moors. Based on previous water chemistry measurements we expected a low taxonomic diversity of highly-acid-tolerant species, exacerbated in catchments that are largely coniferous woodlands. Our findings are only partially consistent with these expectations. Whilst the Indicator Index groupings (Rutt et al. 1990) were consistent with acid sites, the AWIC-fam values are typical of less acidified sites than suggested by pH measurements taken in 2005 (Davy-Bowker et al. 2005), and better reflect pH measurements taken at the time of invertebrate sampling which were closer to neutral. This suggests that acidification of these upland streams had not recently (Davy-Bowker et al. 2005 suggest a timescale of weeks to months) been so severe as to produce highly degraded invertebrate communties. Despite this, many of the acid-sensitive taxa were found in very low abundance, or individuals were small, suggesting perhaps that the populations are not well established (Table S1). Recent data from Irish streams suggest that general recovery of invertebrate communities from acidification  may be hindered by episodic acidification during storm flows, although this has not prevented some acid-sensitive taxa establishing (Feely and Kelly-Quinn 2014). This has also been observed in the Broadstone acid stream model system in lowland Britain where acid-sensitive taxa are continually attempting to colonize but do not easily establish (Hildrew 2009). It may be that similar changes are presently in operation on the North York Moors. There was a continuum of community composition across sites (Figs. 3, 4) matching the changes in abiotic variables (Fig. 4, Table 1). 
There is little local data with which to compare our findings.  Danby Beck however, one of the most acidified sites in Evans et al. (2014),  was added to the UK Acid Water Monitoring network in 2012 (Battarbee et al. 2014). The samples so far show a low-diversity community dominated by taxa with moderate-to-high acid tolerant taxa, but some acid sensitive taxa (Shilland et al. 2014). AWIC-fam scores were 3.25 in 2012 and 3.00 in 2013, at the lower end of values obtained in the current study, but still predicting site pH values higher than those actually observed at the site (Davy-Bowker et al. 2005). Our data therefore suggest that the broader picture over moorland and conifer woodland sites, at least in the central-east of the National Park is better than suggested by this one site and by water chemistry alone. Future samples will be needed to test whether our data reflect a general recovery of biotic communities as a result of ongoing improvment of surface water chemistry (Evans et al. 2014). 
That the benthic invertebrate community composition was significantly correlated with a number of different physico-chemical stream characteristics is consistent with a large body of work showing that such taxa are sensitive indicators of several abiotic gradients (Hering et al. 2006). Substrate score, D x W, conductivity and pH all showed similar strengths and direction of association with community composition, whilst  altitude operated in the opposite direction. This reflects strong intercorrelations between these variables across sites (Table 2) which makes their independent roles difficult to tease apart in observational data. Nonetheless, pH was most highly weighted in the first PCA axis of environmental variables (PCA 1, Table 3), which correlated well with the first NMDS axis of community composition (NMDS 1, Fig. 3), suggesting that acidification has played a role in altering community composition in predictable ways across sites. The association between pH and altitude we found mirrors typical findings for UK streams (Davy-Bowker et al. 2005), which, at a national scale, is due to the interactions of geology, climate, vegetation and acid pollution (Cresser & Edwards 1987). 

The stream pH predicted from AWIC-fam scores was mostly within 1 pH unit of actual measures, as found by Ormerod et al. (2006) (Fig. 5b). However, predicted pH is consistently overestimated at low values and underestimated at high values (Fig. 5b), This reflects findings by Murphy et al. (2013) across a much larger number of sites, showing that the AWIC-fam index was less sensitive to pH than the species level, AWIC-sp index. Whilst the family level index brings practical advantages in that a lower level of taxonomic expertise is required to generate the data, our study shows that even where these resources are available, the species level index may not be applicable in some studies where few of the identified species have been assigned an AWIC-sp score. Only a subsample of the species that may be encountered in upland Britain have as yet been included in the index, and none of the sites used to train the index came from the North York Moors (Murphy et al. 2013). In contrast, the family level index is more inclusive of the taxa likely to be encountered, meaning that more of the data contribute to each site score. Our study also shows the limitations of the Indicator Index of Rutt et al. (1990), which does not distinguish between any of the individual locations, and indeed does not predict the neutral pH measures which AWIC-fam does quite well (Fig. 5b). 

In conclusion, our data suggest that the invertebrate communities of upland conifer woodlands are not always more degraded than those of moorland. Additionally, moorland and especially conifer-woodland streams in the North York Moors can, at least temporarily, hold moderately acid-sensitive communities. This suggests some potential for colonization by acid-sensitive species, and also that the degree of ecological degradation caused by acidification is not always as severe as supposed. These findings should stimulate future researchers to reassess the effects of upland land-use change on invertebrates and to continue to monitor changes to the communities of surface waters in this relatively undersampled part of upland Britain, and more broadly. 
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Figure legends

Fig. 1. Locations (closed circles) of the woodland (W) and moorland (M) study sites (see Table 1). Watercourses sampled are shown (single black lines), with areas of coniferous plantation (tree symbols enclosed in single back lines), and major roads (double lines). Squares show settlements within the region. OS grid refs (SE) are given at 5km intervals. Insert shows location within UK. 

Fig. 2. Comparison of the invertebrate communities of upland streams of moorland (n = 8) and coniferous woodland sites (n = 8) in the North York Moors National Park, UK, obtained by 3 minute kick samples. Plots show the median (horizontal line), interquartile range (box), and the range (whiskers) for a. number of individuals sampled, b. number of taxa sampled, c. Simpson’s diversity, d. the AWIC-fam scores, and e. the WHPT scores (see text for explanations).  * p < 0.01, ** p < 0.001, independent-samples t. 

Fig. 3. Non-metric Multi-Dimensional Scaling (all taxa combined) site plot. Moorland sites are closed circles, woodland sites open circles. Labels correspond to sites in Table 1 and Fig. 1. The Bray-Curtis dissimilarity measure was used, with square root transformation, stress =0.157. 

Fig. 4. The first NMDS axis (all taxa combined) summarizing invertebrate community composition across sites, against the first Principle Component axis, summarizing abiotic differences across sites. Moorland sites are closed circles, and woodland sites are open circles. Site labels correspond to Table 1 and Fig. 1. For the NMDS, the Bray-Curtis dissimilarity measure was used, with square root transformation, stress =0.157. The PCA was based on the correlation matrix using standardized data.

Fig. 5. Stream pH across sites in June-July 2014 (x-axes) compared with a. pH at 12 of the same sites in March 2005 and b. pH predicted from the AWIC-fam scores (Davy-Bowker et al. 2005) of 2014 invertebrate communities. The solid lines are y = x.  



Table 1. Site information for the 8 moorland sites (M) and 8 woodland sites (W). Differences between woodland and moorland sites are assessed by independent samples t-tests (**p < 0.001). Predicted pH is the median for that AWIC-fam class in Davy-Bowker et al. (2005). 

	Site
	Site name
	OS Grid 
Reference
	Site in Evans et al. (2014)
	pH (predicted)
	Conductivity 
(μSm-1)
	Mean Substrate 
Score
	DW (cm2)
	Sample Altitude (m)
	Catchment length (m)

	M1
	Rutmoor Beck
	SE 8024 9697
	45
	6.7 (7.63)
	45
	3
	500
	173
	1400

	M2
	Collier Gill
	SE 8004 9920
	41
	6.8 (6.36)
	55
	4
	1500
	157
	1700

	M3
	Darnholme
	NZ 8359 0203
	19
	6.8 (6.36)
	80
	4
	1200
	122
	450

	M4
	Brocka Beck
	NZ 8595 0095
	16
	6.6 (7.63)
	76
	2
	1000
	204
	1100

	M5
	Sliving Beck
	SE 8622 9856
	17
	6.9 (7.63)
	50
	1
	1500
	186
	2200

	M6
	Little Eller Beck
	SE 8663 9840
	46
	6.3 (7.25)
	49
	1
	1500
	194
	2000

	M7
	Hunt House
Nt House
	SE 8160 9872
	21
	6.3 (6.65)
	48
	3
	500
	167
	1000

	M8
	Bluewath Beck
	NZ 7453 0005
	47
	5.1 (5.91)
	45
	2
	1000
	323
	900

	W1
	Keys Beck
	SE 7977 9527
	37
	5.2 (6.65)
	64
	8
	1000
	225
	950

	W2
	Brown Head
	SE 8087 9690
	-
	7.2 (7.25)
	77
	6
	3000
	183
	1000

	W3
	May Beck
	NZ 8908 0219
	42
	7.7 (6.65)
	125
	5
	3000
	169
	1500

	W4
	Blea Hill Beck
	NZ 8933 0237
	-
	7.5 (6.65)
	98
	5
	6000
	156
	3800

	W5
	Stockland Beck
	SE 9215 9280
	34
	7.3 (6.65)
	79
	4
	2400
	98
	3100

	W6
	Hipperley Beck
	SE 9283 9264
	28
	8.1 (7.63)
	88
	4
	3000
	96
	2350

	W7
	Little Beck
	SE 7618 9175
	-
	6.6 (6.36)
	69
	7
	1500
	149
	750

	W8
	Muffles Dyke
	SE 7611 9408
	-
	7.7 (7.25)
	144
	5
	4000
	143
	1100

	Mean
	
	
	
	6.8 (6.91)
	74.5
	4
	2038
	171.6
	1581

	Mean M
	
	
	
	6.44 (6.92)
	56
	2.5
	1088
	190.8
	1344

	Mean W
	
	
	
	7.16 (6.88)
	93
	5.5
	2988
	152.4
	1819

	t (M-W)
	
	
	
	-1.90
	-3.33**
	-4.58**
	-3.37**
	1.49
	-1.05






Table 2. Spearman’s correlation matrix between site attributes (n = 16). Numbers above the diagonal are correlation coefficients, and numbers below the diagonal are associated probabilities. Correlations in bold are significant after accounting for multiple comparisons using the false discovery rate (Benjamini and Hochberg 1995). 

	Variable
	pH
	Conductivity
	Substrate
	DxW
	Altitude
	Catchment Length

	pH
	-
	+0.804
	+0.298
	+0.824
	-0.677
	+0.561

	Conductivity
	0.0002
	-
	+0.560
	+0.798
	-0.600
	+0.227

	Substrate
	0.2623
	0.0240
	-
	+0.431
	-0.319
	-0.240

	DxW
	<0.0001
	0.0002
	0.0953
	-
	-0.494
	+0.507

	Altitude
	0.0040
	0.0139
	0.2289
	0.0520
	-
	-0.255

	Catchment length
	0.0239
	0.3979
	0.3703
	0.0450
	0.3409
	-





Table 3. Principle Component Analysis of site characteristics (standardized). Numbers for site variables are component weights based on the correlation matrix. 
	Variable
	Component 1
	Component 2

	pH
	0.507
	0.136

	Conductivity
	0.447
	-0.340

	Substrate score
	0.187
	-0.721

	Depth  width
	0.484
	0.013

	Altitude
	-0.414
	-0.060

	Catchment length
	0.320
	0.585

	Initial eigenvalue
	3.183
	1.290

	% variance
	53.05
	21.50
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Fig. 1. Locations (closed circles) of the woodland (W) and moorland (M) study sites (see Table 1). Watercourses sampled are shown (single black lines), with areas of coniferous plantation (tree symbols enclosed in single back lines), and major roads (double lines). Squares show settlements within the region. OS grid refs (SE) are given at 5km intervals. Insert shows location within UK. 
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Fig. 2. Comparison of the invertebrate communities of upland streams of moorland (n = 8) and coniferous woodland sites (n = 8) in the North York Moors National Park, UK, obtained by 3 minute kick samples. Plots show the median (horizontal line), interquartile range (box), and the range (whiskers) for a. number of individuals sampled, b. number of taxa sampled, c. Simpson’s diversity, d. the AWIC-fam scores, and e. the WHPT scores (see text for explanations).  * p < 0.01, ** p < 0.001, independent-samples t. 
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Fig. 3. Non-metric Multi-Dimensional Scaling (all taxa combined) site plot. Moorland sites are closed circles, woodland sites open circles. Labels correspond to sites in Table 1 and Fig. 1. The Bray-Curtis dissimilarity measure was used, with square root transformation, stress =0.157. 


[image: L:\MyData\2016\papers\inland waters\Fig4.JPG]
Fig. 4. The first NMDS axis (all taxa combined) summarizing invertebrate community composition across sites, against the first Principle Component axis, summarizing abiotic differences across sites. Moorland sites are closed circles, and woodland sites are open circles. Site labels correspond to Table 1 and Fig. 1. For the NMDS, the Bray-Curtis dissimilarity measure was used, with square root transformation, stress =0.157. The PCA was based on the correlation matrix using standardized data. 
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Fig. 5. Stream pH across sites in June-July 2014 (x-axes) compared with a. pH at 12 of the same sites in March 2005 and b. pH predicted from the AWIC-fam scores (Davy-Bowker et al. 2005) of 2014 invertebrate communities. The solid line is y = x.  
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