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Abstract

Analysis of species’ habitat associations is important for biodiversity conservation and spatial
ecology. The original phi coefficient of association is a simple methodithest lgoth positive and
negative associations of individual species with habitats. The methodate®in assessing the
association of plant species with habitats, sampled by quadrats. Usingethisd for mobile animals
creates problems as records often have imprecise locations, andreguite either using only records
related to a single habitat or arbitrarily choosing a single habitat to assign.

We propose and test a new weighted version of the index that retaimsaoords, which improves
association estimates and allows assessment of more species. It weightsthabltatwithin the area
covered by the species record with their certainty level, in our case gtagroportion of the grid cell
covered by that habitat.

We used carabid beetle data from the National Biodiversity Network atlas and CEKCbaer Map
2015 across Great Britain to compare the original method with the weiggrsidn. We used presence-
only data, assigning species absences using a threshold based anlibeofwother species found at a
location, and conducted a sensitivity analysis of this threshold. Qualitaeseemtions of habitat
associations were used as independent validation data.

The weighted index allowed the analysis of 52 additional species (19% momgg\ancesults with as
few as 50 records. For the species we could analyse using both indicesigihied index explained 70%
of the qualitative validation data compared to 68% for the original, indicating ncaagdass.

The weighted phi coefficient of association provides an improved methodbdgahanalysis giving
information on preferred and avoided habitats for mobile species that have liegiteds, and can be
used in modelling and analysis that directs conservation policy antitprac
Key-words: carabids, Coleoptera, ground beetles, habitat classification, hadfiea¢ipce, invertebrate,

land cover, site fidelity, phi coefficient of association



Introduction

Habitat association analysis is used in determining the likely habitat requiscofiémdividual species
(Cole et al. 2010). These requirements are important, for exaimgkedying impacts of habitat loss and
fragmentation (Maclean et al. 201t)spersal and habitat connectivity (Brodie et al. 2016), and
modelling foraging and movement over landscapesh as in pollinator models (Lonsdorf et al. 2009)
and conservation prioritisation (Pouzols and Moilanen 2014). Such anahgsparticularly important
when planning landscapes for conservation: for example, in assessingptct of adding a patch of
habitat for certain species, it is also necessary to understand which species ahaioitdiatawton et

al. (2010) highlight that the approaches available for designing ecological ketaverlimited by the
availability of evidence, usually using expert consensus. Habitat associatiosisnahtributes to this
evidence base.

Searching the literature for habitat association or preference returns naanplex of species
distribution models (SDMs) and indicator species analysis. Examples ofiatabfsng at preference of
a species to each of several alternative habitats are returned less often. For S@Mplpredict where
species are likely to be found within a landscape, with habitat type teiyngne factor (De Lima et al.
2016). Indicator species analysis identifies species that best represent a halotgh of pabitats, and is
used in monitoring habitat condition (Hill et al. 1975, De Gasperis et al. 2016t Rivalysis of which
habitats a species prefers and which it avoids, which is particularkyl isebnservation planning, are
few. In this paper, we consider a direct approach to determine hasibaiation, which comprises the
relative preference of a species for multiple habitats.

Information on habitat associations is generally derived from expert kngeviednsdorf et al. 2009) or
analysis over a small geographic area (Ball et al. 2013, De Lima et al.R20i4, et al. 2018) and is
often limited to associations with a single habitat or a few broad habitats (WalbB@t7) Large-scale
analysis of habitat association de-emphasises the less frequent recdrdisgedcies in a habitat in
which the specieis transient, which could be misconstrued at a small-scale as assoddéttiongh

SDMs (Petit et al. 2003, Phillips et al. 2006, Porto et al. 2018) and indépegoies analyses (Hill et al.
1975, Gardner 1991, Ricotta et al. 2015) are often done over large sdalestare for analysis of the
preference of a species . Exceptions are Eyre and Luff (2004 ))seldoordination to study habitat
preferences of carabids in North East England and the Scottish Bord&edimeld et al.(2016) who
used general linear mixed effects models to studigrfly habitats across Britain

Eyre and Luff (2004) used ordination in a straightforward wgaying each carabid species a weighted
average from positive to negative for each habitat. They did, howewet ppibthat care should be taken
in interpreting thig findings due to some anomalous results. Redhead(8046) used the coefficients
from their modeto derive association3 heir method worked well, albeit with large variation in the
associations within individual species, but needed approximately 5000g¢c@dsure accuracy. They
used this approach, as other methods required more precise locationgtiofotiran the 1 km they
used.

De Céceres and Legendre (2009) created a framework for ecologisisiexpwhen to use IndVal oma
alternative, the Phi coefficient of correlation (Pearson 1896). We foc¢hisipaper on the Phi coefficient
of correlation, (“correlation index”) which like IndVal is simpler than ordination. Unlike IndVal, the
correlation index gives a negative association value when a species appeait achabitat, and uses
species’ absences to provide extra information (De Céceres and Legendre 2009). The Phi coefficient

gives degree of preference for a habitat compared to other groupsnigst IndVal assesshow much
the target site group matches a set of sites where the species is foundraimdlisator species analysis.
The correlation index was created by Karl Pearson (1896) and at its simmplesbinary version of the
Pearson’s correlation (De Caceres et al. 2008). It is the preferred method in plant science for calculating
site fidelity (De Céaceres and Legendre 2009), but has not been adoptegemenadly despit®e

Céceres and Legendsg2009) framework. The index uses two binary vectors to desgtdration: one
representing presence or absence of the species and the other whethemaidatatibabitat of interest
The index does not incorporate uncertainty in the habitat of the location, it isteithit or not. Species
records often have a degree of uncertainty, particularly concerniisgatial resolution of the recard
The area covered by the resolution of the record may contain multiple habitatsinary nature of the
correlation index requires either removal of mixed or uncertain habitat datadgenjent as to which
habitat to assign. While this might be considered as an error in the recoemerdwf individuals from
preferred into adjacent less-preferred habitats is common (Ries et al. 200gl),thacprecise location in
which a mobile individual is found may not be in a preferred habitat. Topgocate these issues, we
propose a new version of the correlation indadding a third vector to each record, which is a weighting
based on the certainty of the habitatta location. We present the weighting as the proportion of a



particular habitat i00m grid cell. However, the weighting could be the probability of correctly
classifying a habitat from remote sensing or a combination of weightings

In this paper, we present our weighted version of the correlation &mdetest it against the original
version using a case studf/carabid beetles of Great Britain. We also carry out a partial validation of the
correlation indices using qualitative data from species descriptions. The analgsisagsds from the

UK National Biodiversity Network (NBN) Atlas (2018) and Centre for Ecology ldgdrology (CEH)

Land Cover Map 2015 (LCM2015) (Rowland et al. 201¥#@ used a method that considers the number
of other species within the family found at a location as proxy fewegwffort (Hickling et al. 2006,
Redhead et al. 2018)Ve useanabsence threshold of 14 carabid species and conduct a sensitivity
analysis of the threshold value. Most species have feweldi@drecords. We, therefore, ascertain how
many records are required to give a valid estimate of habitat association.

Methods

Correlation indices

The original correlation index uses binary presence-absence with eachnlesaiigned to one group
(habitat) (De Caceres and Legendre 2009). The index is the Pearson corcelatiicrent for two binary
vectors with lengttL, one vector representing the spegiesence/absence at each locats)rafd
another representing if each location is the habitat of intdig¢De Céceres and Legendre 2009). The
lengths and sums of each vector are used in equation 1

o= anp—anp

A

\/(an—nz)x(Npr—sz)
Where N is the total number of locatieitNV = L), N,, the number of locatigwith the habitat of

interest (V,, = >k . hy), nis total number of occurrences across all locatiar= Y, s;), andn,, is the

number of occurrences in habitat of interest € >k, hisy). In the event that a location is not a point

location and instead covers an area, a location could contain more than itette Rabexample, in
location 4 (Table 1), an area location contains acid grassland (2%), intknb886) and heather (39%).
We do not know in which habitat the species was found, therefore whetetalg the original index,
either only locations that contain a single habitat could be included or a hahitdtnged to be chosen.
We might choose to discard all locations with more than one habitatw®dbld leave locations 1, 2, 3, 5,
and 7 in Table 1. The carabid species of interest is then either present omathéethat single land
cover type. Using this approach can remove a large proportioa dath, sometimes making a species
unviable for analysis. Another way of conducting the unweighted analysitd have been to choose the
habitat covering the largest proportion of the 100 m location; a verktbe analysis doing this can be
found in Appendix 1. To allow the use of a larger proportiothefdata, we created a weighted version of
the index (equation 2).

w N xXny —nx Ny
oY = )

\[(an—nz) X (N X Ny — Ny2)

This version added a third non-binary vector of the weighting of lealltat at each locatiow{. This
weighting could be any by which each location sums to one (for dgdamul cover classification
certainty) but we used the proportion of each habitat. All three vecteeddragthL. N is still the total
number of location®( = Yi_, w;)r, andn is still the total number of occurrences across all locatioss(
Yk, w;s;). The values oV andn are the same as they would be if each of the locations only had a
weighting of one (a single habitat in our example). Np@ndn,, values change however, now denoted
asNy’ andny’. These can be calculatedgs = >k, w;h; (lower than a hypothetical, would be) and
ny = Yk wih;s;(smaller than a hypothetical,). So for only the data in Table 1 (assuming no
threshold was applied) and with Inland rock being the habitat of integgst 0.59 + 1 = 1.59,

Ny =059 +1+1=259,N=7andn=2 and therefoirggute equation for the weighted correlation
index (equation 2) gives;

7 X 1.59 — 2 X 2.59 3)
v 0.56

V(7 x 2 =22)(7 x 2.59 — 2.592)
The weighted version balances the reduced tains the numerator of the equation witly’ in the
numerator and denominator meaning the equation still gives both posithelyegatively correlated
habitats. If all of the locations within the analysis are certain (one Habii@twveighting is 1 and the




result is the same as the original correlation index. See Appendix 2 fox negiresentation of the data
and other equations.

We calculated both the original and the uncertainty-weighted correlationéngdnes and permutated
(De Céceres and Legendre 2009) to get a p-value for each habitat anthfoarédid species. See De
Céceres and Legendre (2009) for additional considerations when cogduertimutation tests.

Data

We used the large volume of carabid (Coleoptera: Carabidae) location recdtoiglasguality land
cover data available in Great Britain.

Carabid data

The National Biodiversity Network (NBN) atlas (2017) contains presence sefmrchany species, at
100m resolution resulting from the six digit Ordnance Survey grid refer@raléer 2006) We
downloaded all records of carabid locations from the NBN atlas on the G1T14ad initially selected
those above an arbitrary threshold of at least 10 records (268 spé@es)nverted the coordinates into
100m grid cells, with the coordinates representing the bottom left corner, usi@$\ (v 10.4.1 © 2016
ESRI, Redlands, California). NBN species names were checked and synomggutedausing the

Natural History Museum UK species inventory checklist (Raper 2&ethaining synonyms were
corrected using the checklist in Luff (200These steps increased the number of records for species with
accepted names on these checklists.

The NBN does not include absence datapecies cannot be considered to be absent from all losation
where it is not recorded o allow us to have confidence that a species was genuinely noawicalpr
location, we counted the number of other species found in each locatiomeasare of survey effort
Following Hickling et al (2006) we considered a location to be a true abgenbad more records than
a threshold number of other carabitiee threshold number of species is arbitrary. For butterflies,
Redheacktal. (2016) used a value of 10% of the species pool (5 spddssy 10% of the carabid
species would have required 28 or more spegiesg only 94 locations across Britaiiwe used a
threshold of 14 species (5%) giving 556 potential absence grid cells andttamhd sensitivity analysis
of this value Absence locationfor a species are the remainder of these 556 grid cells after removing
those containing the species of interest

Land cover

We used the vector LCM2015 for Great Britain (Rowland et al. 201 faptade habitat datd CM2015
contains 21 land cover classes based on the UK Biodiversity Action Plan Broad Habitkt®n 2000)
These classes are assigned to Ordnance Survey Master Map polygorssRasidgm Forest
object-based classification of satellite Landsat-8 (30 m resolution) and AW&ERI60 m resolution)
(Rowland et al. 2017b). Polygons smaller than 0.5 ha or less thanrb@idth are merged into
neighbouring polygondhis can remove linear habitats such as those within freshwalecagiuring
larger water bodies and wide rivers (Rowland et al. 2017b).

We intersected LCM2015 data with th@0m NBN squares and calculated the proportion of each habitat
at each location. In principle, one might include terapuee or altitude, or group land cover classes.
Analysing a large number of alternative habitats can lead to a loss of. ddweegfore, if dividing some
habitats, others should be amalgamated. But here, for simplicitysedethe LCM2015 classes as they
are without further classification.

Validation data

To allow validationof both weighted and original correlation indices we used information frdm Lu
(2007)“The Carabidae (ground beetles) of Britain and Irelahdff (2007) is a comprehensive text on
British carabid identification including descriptions of where the species migbtibd We used only
habitat preferences within the British Isles due to differences in associatiother parts of Europe
(Eversham and Telfer 1994, Desender et al. 2005). Luff, (2@@edsthe preferred habitat for each
carabid species in a descriptive wéyt,example, “In most habitats, especially agricultural fields, gardens
and other disturbed, open and dry situations” (p. 68, Trechus quadristriatusuff (2007) did not create
the book as a database of species associattomas, therefore, necessary to convert the text into a
database against which we could compare our analyses

We developed a method using as little subjective interpretation as podggbleoked at all words in the
descriptions in Luff (2007) of habitat and picked out those words mpanirabitat. We then translated
these, into either an individual or group of LCM2015 habitat clagsegxample;'moorland in Luff
was translated as including Inland rq@kLCM2015 documentation included under “Mountain, heath,



bog’ (Rowland et al. 2017b)), Acid grassland, Heather grassland, and HeaBogr Where Luffs

habitat descriptions represented a group of land covers, the group was imcltitedatabase as an
aggregate class against which to check the anaR@isa table showing a full list of the words used and
resulting LCM2015 habitat classes and aggregates (see Table S1).

Analyses

The NBN data contained a separate record for each species at each relevaldcHidn meaning that
individual locations appeared multiple tim&ge created a version of the data with each location
represented once, giving presenc@bsence (absences determined as described above) for each species
at that locationWe created this wide format version by usargR script to go through each location and
assign a new binary column of presence for each species. Tabled ahewample of the data after pre-
processingThe correlation index and permutations of the analysis, for each spetiesraions of the
method, were processed using the JASMIN cluster (Lawrence et a). Z0&3R scripts for all analyses

are given in Appendix 3.

Sensitivity analysis

We conducted a sensitivity analysis of threshold number of spesgesto define absence locations by
using Spearman’s rank correlation to determine to what extent the order of the habitat associations from
positive to negative ¢ changed using seven (2.5% of the total species numbeB84t0%) species

number thresholds compared with the baselinbedofWe also compared the order of habitat associations
from positive to negative ¢ between the weighted and original index for each specigiag Spearman’s

rank correlation.

Validation

The correlation index results for each carabid species were validated by cortipamirtg the database
created from Luff (2007) (section 2.For each species, we calculated the percentageufffhabitats’
that were also found to be significenfp-value< 0.05) and positively associated habitats in our
correlation analysis for that species.

Results

By allowing the use of locations containing more than one habitat, thetegiigidlex used more records
for each species and therefore included 52 extra species; 19%Hmoexample, for Bembidion
prasinum the original method only included 14 records, buvéighted method used 79 recardsff
(2007) describes this species as living in shingle near running. Wateoriginal method did not include
freshwater at all due to a lack of recarilke weighted method associated the species most strongly with
freshwaterComparing the rank of the habitats based on their Phi score for theede#gid original
analysedor this species using Spearman’s rank, the rho value was only 0.6he species that have far
fewer records in the original than the weighted version, likgr&sinumdrove the average correlation
down In most cases where both species had many records, the rank corredetioigfrer One

exception to high correlation with many records is Curtonotus auhetisha 1060original and 258
weighted records. The original version had freshwater non-sigrifiqgn= 0.392) positive despite this
being described as a dry habitat species (Luff 2007 weighted analysis of C. aulicus had freshwater
as the habitat most significantly €8.00 x 10**) avoided.

Validation

Using thel4 species threshold for absence, the original versior26@dnd the weighted version 264
species with at least one significant habitat associdfiathermore, the weighted and original indices
gave similar ranked habitat associations, with the ave¥pg@man’s rank correlation 0.82 (SE 0.008)
between the two indices. That is not to say however, that significantsresnlibly described the habitat
of the speciedWVe, therefore validated the correlation results against the database created from Luff
(2007).

Considering the average (across species) percentage match of owrstodlyff habitats, the original
analysis identified on average 68% (using 187 species) of Luff haditdtthe weighted analysis 70%
(using 239 species). This is not a great deal more on average gbuhdode more species. In the
original version, all of the Luff habitats were identified for 94 speciesaafehst one Luff habitat fdi57
species. In the weighted analysis, all of the Luff habitats were selectePlF@pecies and at least one
Luff habitat for 205 specie€omparing with Luff (2007)the weighted version matché&8 species less



well than the original version, 141 matched as well, and 28 matetta.lOverall, using only the
species analysed using both methalis weighted version matchéd% on average better compared to
the original versionFig 1 shows the graphical comparison of the two versions of tea.ifidhe weighted
version generally gave a slightly higher percentage reafon species with a moderate to large number
of records, and included more species with few records.

Individual species examples.

Here we give examples showing comparisons between the originaledgitted version of the indethe
improvement using the weighted method and establishing how femdeeare required to give
reasonable estimate of habitat preferefoe the full dataset of all carabids analysed see Appendix 4.

Original vs weighted index

Abax parallelepipedus is described by Luff (2007) as a woodland aodamd specieDue to
insufficient data, the origad version failed to classify three habitats, despite having 176 recordtidbut
show a preference for woodland and heather grassland (Higeyeighted method classified all
habitats and captured the woodland and more of the moorland habitaFypAsupalpus dubius neither
analysis matched Luff[n litter, moss and tussocks near fresh water”(p.175) translated as Freshwater)
but may give additional information (Fig 2) as an association was foith¢&en, marsh and swamp”,
potentially represenhe moss and tussocks of Luff’s description. The analyses identifies freshwater for
other waterside species (see Appendix 4), this therefore is not a considbégrnprith detecting
freshwater. Two examples are; Anthracus consputus and Trechobteenas, which both Luff and our
analysis classify as freshwater species.

Calathus fuscipes and Loricera pilicornis are two examples of species thagdnatthhabitats better in
the original than the weighted version, which failed to match open gresmtal suburban respectively
(Fig 3). For both species the named habitat remained positively associated in the waigihysis, but
had higher p-values, 0.16 and 0.23 respectively.

Number of records required

Species with between 10 and 35 records in the weighted analysisngéshes with an average of 66% of
Luff habitats. With so few presence records, however, the anabaie$s power to differentiate habitats
and to detect significae. For Amara curta the analyses was not able to detect any avoided habitats and
analysis failed to pick up on the heath association suggested by Luff).(2¢i€h 50 or 60 records, as in

the case of Bracteon litorale or Harpalus anxius, the analgsisnore able to differentiate the individual
habitats Bracteon litorale, which Luff (2007) describas‘On bare sand and fine shingle near rivers or
standing water”, was associated in our analysis with broadleaved woodland and imprasstagd, as

well as agreeing with Luff by including freshwatBor Harpalus anxius, the analysis seemed to select
the dunes of Luft description well, with supralittoral sediments the most preferred habitat, buttdid no
select heathAdditionally a positive association with saltmarsh was identified, whicfies mear dunes

(Fig 4).

Sensitivity analysis
Spearman’s rank correlation values were high when comparing habitat association calculated with the

threshold value of 14 to a threshold of seven or 28 (Table 2).d&wreparing the seven to the 28
threshold, the rank of the habitats remained consistent.

Discussion

Our new weighted version of the Phi correlation index allowed substamtiaty records to be included
for each species and therefore increased the number of species that coulgiseel @mal improved the
predictions of habitat associatiorhe use of the number of species records as a proxy of sureey eff
was robust, being insensitive to the threshold for defining absence tacatie weighted analysis was
able to give accurate results with as few as 50 recandsthe use of absences enleaitbe ability to
determine habitat associatiomsformative results using so few records are in stark contrast to other
methods which require thousands of records for each spBadbead et al. (2016) suggest that few taxa
are well-enough recorded to provide so many records, our iegnmethod will be applicable to many
more taxaFor example, 35% of cerambycid beetles have 50 or more records irB&taam (44% for
carabids) Our method also gives a target for recording the rarer specialist species,amhesrvation
most requires an evidence base (Lawton et al. 2010).



As the number of records gets very large the Phi coefficient becomes theidxawhich is itself
related to a modified version of IndVal (De Caceres et al. 2008). The nufmieeords in the data we
have are not large and the Ochiai index was therefore not applicable. It is pbssilgeer, to extend
both the non-equalized and group-equalised IndVal in a similar way thiteegfficient we present in
this paper by adding habitat weighting. The values still range between zeroeaddthe weighted
version gives a value for more of the habitats. The results of weidhtiival have not been tested, but
this could be done in future research identifying indicator species. ilitafacsuch a test, this capability
is included in our PhiCor R packadeufréne and Legendre (1997) used carabid data from pitfall traps to
validate IndVal originally. The capture locations of all individuals were knpregisely. However,
besides using the weighting for imprecise locations, as presented in oatuthsen the phi coefficient,
the weighting method could be useful in cases with precise locatioasumber of the indices
presented in De Céaceres and Legendre (2009). These cases include spepmgsdo dispersing into
neighbouring habitats (Mclntire et al. 2018purce-sink dynamics of plants (Kadmon and Shmida 1990)
or to account for the uncertainty of land cover classification (Morton ed&L)2It may even be
worthwhile drawing buffers around record locations so as to in¢ghfidemation on surrounding habitat.
Unlike species distribution models, the correlation index does not suffer frerfitting (Breiner et al.
2015) However, as numbers of presences and absences differ between spegdasison among
species is not straightforwartihe maximump values vary with the number of records and are rarely
comparable between specigbe rank of the habitats is comparable but where two speciesinailar
ranks for a habitat they may not have the same affiffig number of positive habitats for each species,
however, is positively correlated with the degree to which a species isrisgéegadependently as
generalist vs specialist (see Appendix 5).

One possible way of increasing the comparability between species is e yseup equalised
correlation index (Tichy and Chytry 200®eyer et al(2010) reviewed the factors influencing habitat
preference of species, arguing that species which are found more ofterbacagse the habitat is more
common Tichy & Chytry (2006) suggested a group (habitat) equalised veo$ithie correlation index
This version modifies several of the inputs by the number afpgrén our case, group equalising usually
resulted in the same habitats having significant associations, althougyhatlaes were often different

As an example, Bembidion lamprizsassociated in theon-equalised analysis with arable followed by
conifer and urban. In the equalised analysis the same habitattasmed in the top three, but now the
beetle is most associated with coniferous, urban and then.akabéighted group-equalised version
(Appendix 6) did not match the Luff (2007) validation data quite as welisbocluded in the full output
(Appendix 4). It should be noted that species may not be equally detectalfferentihabitats and
therefore, where the data is available a similar equalisation could be doneaisittglality.

The analysis we have conducted agrees to some extent with prawialier scale studies of carabids
using different analytical approaches. Eyre and Luff (2004) used coesti@idination with 126 carabid
species against the proportion of 12 habitats within 1 km squares aartssatEngland and south-east
Scotland Some of their results agree with ours, although, as an examplerihsisis suggests a higher
preference of Abax parallelepipedus for inland water than broadleavetlandd=yre and Luff (2004)
point out that some unexpected relationships of species and land coverst sageg is needed when
interpreting their results and that the low eigenvalues and cumulative fagieeariation suggest noisy
data.

Within the literature the same species is sometimes attributed to different haldiffesr@nt studies
without clear information on where this association information stemsdrahe speciéther
associationsAn example is Pterostichus madidus, which is variously describetiasiting dry open,
urban, moorland or grassland (Butterfield et al. 1995, Dennis et al. 209dld et al. 2006, Morecroft et
al. 2009) with Luff (2007) describinghe species as “woodland, garden and dry grassland”. Our analysis
agrees with all of these habitats, suggesting the species is associated idé&hange of habitatghe
method we present provides a robust method of presenting all the assoobtiamecies, which can be
used to paint a clearer picture of habitat associations.

We chose in the main analysis to remove record locations with naretie habitat. Another option was
to choose the most abundant habitat. We conducted a version of the unwaigtysts choosing the
most abundant habitat in each 100 m square. This version matched t{200dff validation less well
than the unweighted version removing records (Appendix 1).i3kilkely due to misclassification of the
habitat that the species was found in or the loss of information about dbdhat individuals of the
species could have been in prior to being caught.

In conclusion, our new weighted method demonstrates an improvémtée Phi coefficient of
association, which is simpler than ordination, requires fewer recordsetipassion, and gives habitat
preference and avoidance. Our method allows for uncertainty in the habgatsated with the record
location and is ideal for mobile species, which may be found outsigiefgfrred habitats. It utilises more



of existing sources of data, including every habitat within a nont-fmgation, giving quantitative
information on habitat preference. Our work provides guidance on theldékileshold defining absence
records and targets for the number of records necessary to achievenaliasesult for each species.
The method is usable as-is to provide detailed data usable in conservation pdauanihg case study
provides the carabid analysis ready to use in modelling and imgronerpretation of the results of
future studies. Having established the method as working for carald@daethod would benefit from
further testing with different taxa.
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Figure Legends

Fig 1 Comparison of original and weighted correlation index showsmgthey match the validation data.
Species are in bins of the number of records (using the recordsiwigmeoval, as used in the
weighted version). Species that did not have enough records in the origgwah\aee included on
the left to show that the weighted version on average when includirggpesies achieves a match
with the validation data.
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Fig 2 Abax parallelepipedus and Acupalpus dubius original and weightédtlelrelation analysis
showing the relative positive and negative ¢ and p values. These examples show the improvement
offered using the weighted method, matching better with Luff and imgudiore habitats.

Abax paralielepipedus

Acupalpus dubius

“In woods and damp, well vegetated moorlands” (Luff, 2007, p. 116)

“In litter, moss and tussocks near fresh water” (Luff, 2007, p. 175)

Agg. (Broadleaf woodland; Coniferous woodland); Age. (Inland rock; Acid grassland;
Heather grassland; Heather; Bog)

Freshwater

Unweighted Weighted Unweighted Weighted
Presence Absence Presence Absence Presence Absence Presence Absence
176 195 448 | 473 184 176 449 444
¢ pvalue o™ p-value L p-value " p-value
Broadleaf Woodland: <0.01 Broadleafjwoodland <0.01 Fen, marsh andswamp <0.01 Fen, marshand swamp’ <0.01
Coniferous woodland <0.01 Coniferougwoadland <0.01 He; <0.01 Heagher. <0.01
Heather prassland 0.02 Acid grassland 0.01 Neutral grassland <0.01 Neutral grassland <001
Acid grisssland 0.07 Heather grassland 0.01 Broadleaf[Wobdland 0.10 Saltniiarsh 0.07
Supralittpral rock 0.10 Inland'fack 0.02 Freshluater 0.07 Heather grassland 0.07
Calcareou$grassland 0.47 Heather 0.09 Saltmarsh <0.01 BroadleafWéodland 0.16
Inlangifock 0.14 Calcareouygrassland 0.07 Heather grassland 0.14 BoE 0.25
Neutral grassland <0.01 Supralittpral rock 034 Littoral 4ediment 032 Freshwater 0.48
Heather <0.01 Neutral grassland 038 Conife {land <0.01 Coniferoug woodland 0.48
Littoral dediment 0.49 Saltwater 043 Supralittioral rock 037 Littorl rock 0.338
Subiirban 013 Subdrban 0.47 Bog Q.47 Arable an@fhorticulture 028
Saltrharsh <0.01 Littorgl rock 0.44 Sublirban 0.49 Littoralgediment 0.24
Ifban 0.03 Littoral dediment 0.50 Arable Bfdhorticulture 0.26 Inl&Ad rock 0.18
0.05 Wb 0.07 AGEEDssland 026 Calcar&@l grassland 0.17
Fen, iamshiand swamp <0.01 Urban 0.03 n <0.01
Su | sediment <0.01 Marsh 0.01 | sediment <0.01
Ar; orticuiture <0.01 ater <0.01 grassland <0.01
| grassland <0.01 Suﬁ‘l‘smﬂmenl <0.01 Calcareous grassland NA
Freshwater NA | grassland <0.01 Inland rock NA
Littoral rock NA Féfymarshiand swamp <0.01 Littoral rock NA
Saltwater NA Saltwater NA

Positively associated

orticulture 1
Negatively associated

Significant values in bold (p-values < 0.05)



Fig 3 Calathus fuscipes and Loricera pilicornis original and weighted habitat correla#itysis showing
the relative positive and negative ¢ and p values. Showing that in these cases the original version
matched more Luff habitats than the weighted version. The weighted nugihsdowever manage
to represent more of the habitats.

Calathus fuscipes Loricera pilicornis
"In grasstands, damp woodland, cultivated fields, gardens and near standing or running
fresh water” (Luff, 2007, p. 56)
; Agg. (Acid grassland; Calcareous grassland; Heather land; Neutral
grassland; Improved grassland); Agg. (Breadleaf woodland; Coniferous woodland);
Agg.(Arable and horticulture; Improved grassland}; Agg.(Suburban; Urban)

"In open grasslands, arable fields and gardens” (Luff, 2007, p. 121)

Agg. (Acid grassland; Calcareous grassland; Heather grassland; Neutral grassland; Improved
grassland); Agg.( Arable and horticulture; Improved grassland}; Agg.(Suburban; Urban)

Unweighted Weighted Unweighted Weighted

Presence Absence Presence Absence Presence Absence Presence Absence

163 [ 138 394 [ 404 375 [ 107 513 [ 281
p-value i p-value @ p-value " p-value
<0.01 Supralittoral sediment <0.01 st: 0.01 Bog <0.01
Urbian: <0.01 Littoral sédiment 0.00 Broadleaf woodland 0.02 Heagher <0.01
Inlangifeck 0.16 Urban 0.04 Heather 0.02 Broadleaf woodland 0.01
Acid griissland 030 Acid grpssland 0.06 Acid grpssland 0.10 Acid grissiand 0.02
Heather grassland <0.01 InlangdFock 0.09 Coniferoug woodiand <0.01 Fen, marshiand §wamp 0.07
Littoral dediment 031 Calcareous grassland 0.07 Neutral grassiand <0.01 Coniferoud Waadland 0.04
Coniferous'woodland <0.01 Littordlrock 0.08 irban <0.01 Heather grassiand 0.21
Subdrban 0.44 Heather gfassland 0.16 InlangiFack 0.30 Subyrban 0.23
Neutral Brassland 0.70 Heather 0.20 Fen, marshiand swamp 043 Supralittorl€ediment 0.25
Improvedigrassland 0.41 Coniferougwoodland 0.44 Heather grassland <0.01 Saltriiarsh 0.42
Arable andihorticulture 0.43 Saltwater 0.43 i 0.36 Neutral grassland 047
0.36 Neutral grassland 0.43 <0.01 Littorsl rock 0.46
arsh <0.01 Saltrparsh 0.44 <0.01 Calcareol$ grassland 032
pral rock <0.01 Subirban 0.21 0.03 Fri ater 0.24
afiwoodland 0.0z Arable andhorticulture 0.19 0.04 rock 011
£ <0.01 Supr?Eral rock 0.08 - Sug t 0.01 ater 0.08
' Fer Shiland swamp <0.01 Improv@dgrassland 006 EAmEbEERdhorticulture <0.01 &n 0.07
Calcareous grassland NA 0.01 Calcareous grassland NA diment 0.01
Freshwater NA Broadlléafiwoodland <0.01 Freshwater NA -m‘gmssland <0.01
Littoral rock NA Feshivater <0.01 Littoral sediment NA orticulture <0.01
Saltwater NA Fi nd swam) Saltwater NA ﬂral rock <0.01

Positively associated Negatively associated Significant values in bold (p-values < 0.05)



Fig 4 Amara curta, Bracteon litorale, Harpalus anxius, and Dyschirius gloweggisted habitat
correlation analysis showing the relative positive and negative ¢ and p values. Showing that with
more than 50 records the analysis gives both significantly poaiigenegative association.

Amara curta Bracteon litorale Harpalus {Harpalus) anxius Dyschirius globosus
Presence Absence Presence Absence Presence Absence Presence Absence
10 540 51 [ 529 60 [ s30 357 [ a17
[ p-value @ p-value v p-value @" p-value
Supralittoralisediment’ 0 <0.01 Broadleaf Waodland 0.01 Supralittoralsediment” <0.01 Supralittoral sediment’ <0.01
Acid grassiand 0.05 Improvedigrassiand ! 0.02 Littoral sediment <0.01 Fen, marshjand swamp <0.01
Broadleaa@oedland 0.13 Freshiwater 0.03 Saltrarsh <0.01 Healher <0.01
Littorgl rock 0.80 Coniferougwoodland 0.15 Littoral'rack 0.05 Heather grassland <0.01
Calcareoud grassland 0.80 Heather grassland 0.34 Saltdiater 017 Bbg <0.01
Saltijater 0.76 Acid griissland 0.40 Urban 0.46 Saltrharsh’ <0.01
Neutrag‘rassland 071 Heather 048 Coniferou woodland 0.42 Littoral ¢ el 0.01
Inlafiél rock 0.74 Littdfal rock 0.29 Calcareous grassland 046 Neutral gra: 0.05
HeatheFgrassland 0.75 Calcari grassland 0.38 Acid gepssland 0.44 Acid grpsstand 0.05
Littoralgediment 0.71 ater 025 Neutraligrassland 037 Littoralfock 0.16
Sublirban 0.44 2 0.50 Inlang reck 032 Saltwater 027
e 0.75 NcMrassland 0.17 Heathefigrassland 030 Coniferdli§ woodland 023
her 0.66 Intang rock 021 Freshiwater 012 Calcar grassland 017
Sal rsh 0.69 WsGBErban 0.20 Bog 030 |Frashiwater 0.02
an 062 LiffaFalgediment 0.18 Hdather 022 WAlaRY rock 0.03
Coniferoli§ woodland 0.66 0.14 Supraliforal rock 0.19 EUEban 0.02
Supraliftbral rock 0.64 0.08 suliilrban 0.03 siiprElietoral rock <0.01
Arable momculture 0.29 011 Arable ai 0.01 <0.01
ater 0.22 0.08 Fen, marshia <0.01
Fen, nd swamp 034 | sediment 0.01 Improue <0.01
grassland 0.13 <0.01

<0.01 Broa

Positively associated Negatively associ Significant values in bold (p-values £ 0.05)



Table Legends

Table 1 Example of the vectors that can be used in calculating the Phiieaeffic each individual
habitat, showing the , proportion of each habitat within each locatiotharidinary presence data,
in this case for the species Abax parallelepipedus (see Appendix 2 for veasion of this
information and equations).

Locatio LCM 2015 habitat Heather Weigh  Species vector
niD habitat t ()
vector (h)  vector
(W)
1 Heather grassland -0 -1.007 -0
2 Suo;la_ralittoral 0 1.00 0
sediment

3 Heather grassland 8 (1)8(2) (1)
4 Acid grassland :

4 Inland rock 0 0.59 1
4 Heather 1 0.39 1
5 Inland rock 0 1.00 0
6 Heather 1 0.76 0
6 Improved grassland 0 0.24 0
7 Inland rock 0 1.00 1

All three vector s have length L



Table 2Comparison of the habitat associations using Spearman’s rank correlation between different
thresholds of species numbers used to define absence squares inyisie ahatrabid land cover

association.
Threshold Threshold Threshold Number of
7 and 14 14 and 28 7 and 28 species
Original | 0.90 (SE0.004) 0.86 (SE 0.009) 0.80 (SE 0.011) 212

Weighted | 0.95(SE0.002) 0.89 (SE 0.007)  0.84 (SE 0.009) 268



