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Abstract
Landuseintensificationfavoursparticulartrophicgroupswhichcaninducearchitec-
turalchangesinfoodwebs.Thesechangescanimpactecosystemfunctions,services,
stabilityandresilience.However,theimprintoflandmanagementintensityonfood-
webarchitecturehasrarelybeencharacterizedacrosslargespatialextentandvarious
landuses.Weinvestigatedtheinfluenceoflandmanagementintensityonsixfacets
offood-webarchitecture,namelyapexandbasalspeciesproportions,connectance,
omnivory,trophicchainlengthsandcompartmentalization,for67,051Europeanter-
restrialvertebratecommunities.Wealsoassessedthedependencyofthisinfluence
ofintensificationonlanduseandclimate.Inadditiontomorecommonlyconsidered
climaticfactors,thearchitectureoffoodwebswasnotablyinfluencedbylanduseand
managementintensity.Intensificationtendedtostronglylowertheproportionofapex
predatorsconsistentlyacrosscontexts.Ingeneral,intensificationalsotendedtolower
proportions of basal species, favouredmesopredators, decreased foodwebs com-
partmentalizationwhereasitincreasedtheirconnectance.However,theresponseof
foodwebstointensificationwasdifferentforsomecontexts.Intensificationsharply
decreased connectance inMediterraneanandAlpine settlements, and it increased
basal tetrapodproportions and compartmentalization inMediterranean forest and
Atlanticcroplands.Besides,intensiveurbanizationespeciallyfavouredlongertrophic
chainsandloweromnivory.Byfavouringmesopredatorsinmostcontexts,intensifi-
cationcouldunderminebasaltetrapods,thecascadingeffectsofwhichneedtobe
assessed.Ourresultssupporttheimportanceofprotectingtoppredatorswherepos-
sibleand raisequestionsabout the long-termstabilityof foodwebs in the faceof
human-inducedpressures.
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1  |  INTRODUC TION

Landuseintensificationandchangehavebeenidentifiedasthemost
impactful factors of biodiversity loss in terrestrial and freshwater
ecosystems(IPBES,2019),generatinghabitatfragmentationor loss
(Fahrig,2003),introductionofinvasivespecies(Dohertyetal.,2016),
direct interactions between humans andwildlife (e.g. exploitation,
hunting)andpollution.Increasingly,studieshaveshownthatlanduse
intensificationleadstochangesinspeciescompositionacrosstrophic
groups (Etard et al.,2022;Gossner et al.,2016).However, species
arenotindependentofeachother.Insteadtheyinteractincomplex
foodwebsthatreflecttheflowofenergyandbiomassinthesystem,
andthe interdependencyamongspecies (Linketal.,2005).Thear-
chitectureoffoodwebs,namelytheconfigurationoftrophicinterac-
tionsbetweenspeciesinacommunity,canbesummarizedintokey
propertiesthathaveanimpactonfood-webdynamics(e.g.degreeof
omnivory, generalism, compartmentalization, trophic chain lengths,
seeBotellaetal.,2022).Changes in food-webarchitecture follow-
ing landuse intensificationmightbe indicativeof thepotential for
ecosystemcollapse(Evansetal.,2013;Keyesetal.,2021;Saint-Béat
etal.,2015).Foodwebssustainanumberofecosystemfunctionsand
services,suchaspestcontrol(Montoyaetal.,2003),seeddispersal

(Corlett,2017) or nutriment cycling in soils (DeVries et al.,2013),
andtheirarchitecturepartlydeterminescommunitystability(Mestre
etal.,2022;Saint-Béatetal.,2015;Tylianakisetal.,2010).Wethus
urgentlyneedtounderstandhowchangesinlandusewillmodifythe
architectureoffoodwebs (Lietal.,2018;Rigaletal.,2022).While
localstudiesfocusingonspecificlandusesortaxonomicgroupscan
helpformulatehypothesesonhowlandmanagementintensityaffects
food-webarchitecture (Agostinietal.,2020;deVisseretal.,2011; 
Gossneretal.,2016;Hallmannetal.,2014;Heger&Jeschke,2018; 
Herbstetal.,2013),welackamacroecologicalassessmentofthese
hypothesesandtheircontextdependence.

Local-scalestudieshaveshownthat landuseintensificationfa-
voursalimitedsetofsynanthropicandgeneralistspecies, interms
of habitat (Clavel et al.,2011) and trophic interactions (McKinney
& Lockwood, 1999), at the expense ofmore specialist ones, lead-
ing to biotic homogenization (Gossner et al., 2016; McKinney & 
Lockwood, 1999). On the one hand, intensive grassland manage-
mentreducesplantdiversityandinduces localextinctioncascades
inhighertrophiclevels(Herbstetal.,2013).Likewise,increaseduse
ofpesticidesindirectlyaffectsspeciesfeedingonplantsorinverte-
bratesandisawell-knowncauseofthelossofbasalvertebratespe-
cies,suchasinbirds(Geigeretal.,2010;Hallmannetal.,2014)and

F I G U R E  1 Hypotheticalfood-webarchitecturechangesrelatedtotheecologicalprocessesassociatedwithlanduseintensification.
However,ourgeneralassumptionscouldbecontradictedbythecontextdependenceoftheseprocesses,thatis,intensificationdoesnot
necessarilyenhancealltheseprocessesunderalllandusesorclimates,theirinteractionsandtheeffectofotherunknownprocesses.
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amphibians(Agostinietal.,2020;Sparlingetal.,2001).Ontheother
hand,humanactivitiesandhabitat lossoftennegativelyaffect top
predatorsevenmoredrasticallythanlowertrophiclevels(deVisser
etal.,2011;Dobsonetal.,2006;Estesetal.,2011).Thismightleadto
alossoftop-downcontrolofmesopredatorsintrophiccommunities,
calledmesopredatorrelease(Prughetal.,2009),andofferopportu-
nitiesfornewmesopredatorstoestablish(Heger&Jeschke,2018).
Themesopredatorreleasecould indirectlygeneratenegativepres-
sureonbasalspecies(Estesetal.,2011).Thedecreaseinrichnessof
both basal species and top predators could induce shorter trophic 
chainsanddensernetworksthroughthereplacementofspecialists
by generalists or omnivores. Thesemore frequent generalists and
omnivoresshouldalsomakenetworks lesscompartmentalized (i.e.
groups of species interactingmore together than with others are
expected to be more rare). These ecological processes related to
intensification should thus translate into the following changeson
sixdifferentfacetsoffood-webarchitecture(Figure 1)thatwetest
here:decreasedproportionsof(1)apexand(2)basalspecies,higher
proportionsof(3)trophicgeneralistsand(4)omnivores,(5)shorter
trophicchainsand(6)decreasedcompartmentalization.

Webuildona recentmacro-scalestudyonEuropeanterrestrial
vertebrate food-webarchitectures (Bragaet al., 2019) that founda
decreasedconnectanceandincreasedcompartmentalizationinland-
scapesmorestronglyinfluencedbyhumans.Thesetrendscontradict
ourgeneralexpectations,motivatingfurther investigationsaccount-
ing forcontextdependency.Weuseda recenthigh-resolutionclas-
sificationof landmanagementintensityfordifferent landuses(Dou
etal.,2021),alongwithmassivepresence-onlyobservationscollected
across Europe (GBIF, iNaturalist) and knowledge of trophic interac-
tions between all European terrestrial vertebrates, hereafter called
the metaweb (Maiorano et al., 2020). Through a thorough spatial
samplinganalysis,wereconstructed67,051localmetafoodwebscon-
tainingallpotentialinteractionsamongthespeciespresentina1-km2 
resolution.Theselocalmetafoodwebshadatotalof756vertebrate
species and spanned five bioclimatic regions (Atlantic, Continental,
Mediterranean,AlpineorBoreal)andsixlanduses(forest,grasslands,
arableandpermanentcroplands,agriculturalmosaicsorhumansettle-
ments)acrossEurope.Wequantifiedthesixabove-mentionedarchi-
tecturalfacets(Figure 1)ineachlocalmetafood-web,andevaluated
howtheywereinfluencedbylandmanagementintensity.Toinvesti-
gate thecontextdependenceof the response to intensification,we
tested this response per land use and bioclimatic region.

2  |  MATERIAL S AND METHODS

2.1  |  Data

2.1.1  |  Speciespresence/absence/
uncertainty rasters

ToquantifytheeffectsoflandmanagementintensityonEuropean
tetrapodstrophicnetworks,wegriddedspeciesoccurrencesfrom

GBIFandiNaturalist.Wechosetousetheseoccurrencestocom-
plementtheextentofoccurrencefromIUCNorBirdLife,commonly
used previously (e.g. Braga et al., 2019; O'Connor et al., 2020),
whichcannotbeinterpretedasanareaofcertainpresenceatour
resolution.Weconsidered756terrestrialvertebrate(hereafterver-
tebrate)specieswithatleastonegeolocatedoccurrenceafterdata
cleaning (see Appendix S1) across continental Europe (35 coun-
tries). Sincemost data inGBIF and iNaturalist are presence-only
data,wesubselectedcellstominimizetheimpactoffalseabsences.
Morespecifically,foreachspecies,webuiltarasterindicatingthe
presence,absenceoruncertainstatusofthatspeciesineach1 km
by 1 km cell of the land use raster described below (as shown in
box2ofFigure S1.1).Asaconservativestrategy,wefirstconsid-
eredaspeciesasabsentinacellifitwasoutofthespecies'distri-
butionrangeprovidedbytheIUCNRedList,includingbothnative
and invasive ranges (IUCN, 2021). Within the IUCN range, cells
having at least one occurrence of the focal specieswere consid-
eredaspresences.Theremainingcellsforthatspecies(insidethe
IUCNrangebutwithoutoccurrence)wereconsideredasabsences
ifthesamplingeffortinthecellexceededadefinedspecies-specific
threshold,oruncertainotherwise.Thesamplingeffortinacellfora
givenspecieswasapproximatedbythetotalnumberofoccurrences
across all species of the same taxonomic class (Aves,Mammalia,
AmphibiaorReptilia).Thesamplingeffortthresholdtoconsiderthis
speciesasabsentwhenundetectedwasdefinedasthefirstdecile
ofsamplingeffortvaluesacrossallpresencecellsofthatspecies.
Thesensitivityofourmainresultstothestringencyofthesampling
effortthresholdandtaxonomicsamplingbias(e.g.favouringAves
comparedtoReptilia/Amphibia)wereinvestigatedinAppendixS8. 
Weexcludedfromthestudyallcellswheremorethan30%ofall
756species(i.e.227species)haduncertainstatusortheobserved
richnesswaslowerthan20(box3ofFigure S1.1),becausealower
richness is rare in tetrapod communities studied at comparable 
scale(Bragaetal.,2019;Gaüzèreetal.,2022)andwouldlikelybe
duetoimperfectdetection.

Afterthisfilteringprocess,cellsweregroupedpercombinationof
bioclimaticregionandlanduse(explainedfurtherbelow)onlyretaining
combinations containing enough cells to compare land management 
intensity levels (seebox4ofFigure S1.1 formoredetail).After cell
filtering,weretained67,051cellswhichareshowninFigure 2,thatis,
1.3%ofourstudyarea(EU28+filledwithdarkgreyinFigure 2).

2.1.2  | Metaweboftetrapodtrophicinteractions

We used the metaweb of potential trophic interactions between
European tetrapod species (Maiorano et al., 2020), which we re-
stricted to 756 selected species with enough observations. The
metawebofthesespeciesisfullyrepresentedinFigure S2.2ofthe
appendix, highlighting its decomposition into 46 trophic groups.
These46 trophicgroupsassembledbyO'Connoretal. (2020) are
synthesizedinTable S2.1.Wealsoprovideasimplifiedvisualization
in Figure 3 where species were aggregated per trophic group.
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2.1.3  |  Localmetafoodwebs

Themetawebwasusedtoreconstructwhatwecallherethe local
meta food-webassociatedwith thesetofspeciespresent ineach
retainedcell.Twospecieswereassumedto interact locally if they

arebothobservedinthecellandiftheyareknowntointeractinthe
metaweb.This representationof foodwebscanbealsoseenasa
localrealizationofthemetawebinteractionsbasedontrustedspe-
ciespresencesandabsences,consistentlywithmanyrelatedstudies
(e.g.Bragaetal.,2019;Kortschetal.,2019;O'Connoretal.,2020; 

F I G U R E  2 Mapofthe67,051studied
localmetafoodwebs(1 km2cells).(a)Cell
locations coloured by land management 
intensity.(b)Celllocationscoloured
by observed species richness. Map 
lines delineate study areas and do not 
necessarily depict accepted national 
boundaries.

 13652486, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17167 by Portail B

ibC
N

R
S IN

E
E

, W
iley O

nline L
ibrary on [14/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  5 of 14BOTELLA et al.

Poisotetal.,2012).Specieshavinglocallynopreyandpredatorwere
kept,astheycanfeedonnon-tetrapodspecies(aquaticvertebrates,
invertebrates,fungi,plants),withoutaffectingmostnetworkmetrics
(seearchitecturefacets'sectionbelow).

2.1.4  |  Landuseandmanagementintensity

Weusedanewlandsystemmapthatintegrateslandusedatawith
intensityofuse for thepastdecadeoverEuropeat1-km2 resolu-
tion(Douetal.,2021),whichcoversEU28+ (includingtheEU,the
UnitedKingdom,Norway,SwitzerlandandtheWesternBalkans,but
excludingIceland,TurkeyandMacaronesia).Weconsideredsixland
uses:forest,grassland(exceptgrasswetlands),permanentcropland
(vineyards,olivegroves,fruitgardens),arablecropland,agricultural
mosaic (cropland andgrassland) andhuman settlement (cities and
peri-urbanlandscapes).Douetal.(2021)decomposedeachlanduse
intodifferentlevelsoflandmanagementintensity(low/highforper-
manent croplands, low/medium/high for others) based on criteria
that(i)dependonthelanduse(seeTable S3.2)and(ii)havedocu-
mentedimpactsonbiodiversity,whichmaketheselanduseclassifi-
cations suitable to our purpose.

2.1.5  |  Bioclimaticregions

As climate influences tetrapod foodwebs (Braga et al., 2019),we
integrated it tocontrol for the influenceof itsspatialvariations in
ouranalysis.Weconsideredthebiogeographicalregionsdefinedby
theEuropeanEnvironmentAgency (EEA,2021).Thesebioclimatic
regions represent large-scale biodiversity units reflecting climatic
contrastsandarebasedonaninterpretationofgeobotanicaldata.

Among the 11 original regions, five were used in our study, the
Alpine,Atlantic,Boreal,ContinentalandMediterraneanregions,for
whichwehadenoughsampledcells,as illustratedbythecountof
cells by bioclimatic region, land use andmanagement intensity in
Figure S3.3.Tovalidatethatourcellselectionprocedureminimized
thebiasesduetospatialvariationsinsamplingeffortinouranalysis,
weplottedthesamplingeffortperbioclimaticregion,landuseand
managementintensityforeachtaxonomicclassinFigure S3.4.

2.2  |  Analysis methods

Toevaluate theeffectof landmanagement intensityonsix facets
offood-webarchitecture(seeFigure 1),weselectedoneorseveral
networkmetrics summarizingeach facet.Wemeasured themean
deviationpermetricrelatedtoanincreaseoflandmanagementin-
tensityandtested,foreachfacet,thestatisticalsignificanceofthe
multivariatedeviationbetween intensity levelspercombinationof
bioclimaticregionandlanduse(whichwerefertoascontextbelow,
forinstancemediterraneanforests).

2.2.1  |  Networkarchitecturefacets

The networkmetrics composing each architecture facet are sum-
marizedinTable 1.Theywerecomputedforeachlocalmetafood-
web.DetailedexplanationsarepresentedinAppendixS4.Forapex
proportion,wecomputedtheproportionofobservedspeciesthat
areapexpredators(pApexMeta),whichisdeterminedfromspecies
trophic levels (MacKayetal.,2020) in themetawebcompletedby
species diets as additional nodes (as recommended in Maiorano
et al.,2020). Dietswere represented alongwith tetrapod trophic

F I G U R E  3 Themetaweboftrophic
interactionsofour756European
tetrapods aggregated per trophic groups 
(O'Connoretal.,2020).Eachnodeis
oneofthe46trophicgroups(detailedin
Table S2.1),itssizerepresentsthenumber
ofspecieswhilethecoloursrepresentthe
proportionofclasses.Thetrophicgroups
were automatically positioned vertically 
according to their trophic level and 
horizontallysothatconnectedgroupsare
morealignedthannon-connectedones
(TL-tsnelayoutmethodoftheRpackage
metanetwork:https:// marco hlmann. 
github.io/metanetwork/).Basalresources
(i.e.dietsthatarenotwildvertebrates)
were included as yellow nodes.
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groupsinthefullmetawebvisualizationofFigure 3.Forbasalpro-
portions, we computed two metrics: pBasalMeta and pBasal are
theproportionofobservedspecieshavingnotetrapodpreyinthe
metaweborlocalmetafood-web,respectively.Bothversionsofthe
metricwereconsideredbecausesomeofaspecies'potentialprey
(metaweb)mighthavenotbeendetectedin localmetafoodwebs.
Forconnectance,wecomputedthedensityofdirectedtrophicinter-
actionsamongtetrapodspeciesinalocalmetafood-web(dirCon).
Foromnivorylevels,wecomputedtwometricsbasedonacontinu-
ousorcategoricalviewoftrophiclevels:omniLvlistheaverage,over
non-basalandnon-apexspeciesinthemetaweb,ofthestandardde-
viationoftheirprey'strophiclevels,whileomniPropisthepropor-
tionofnon-basalandnon-apexspecies in themetawebpredating
severallevels(basal/intermediary/apex,seeAppendixS4).Forchain
indices,wecomputedthelongest(maxPath),mean(meanPath)and
standarddeviation(sdPath)oftheshortestpathsfromlocallybasal
species to topspecies.Finally, forcompartmentalization,wecom-
putedthe localmodularity (modul,Newman,2006),andthemean
distance(meanShortDist)betweenspeciesonthe(undirected)local
meta food-web. Severalmetricswere chosen for one facetwhen
one dimension alone could not capture the ecological meaning well. 
Asalogicalconsequence,metricsinsideeachfacetwerepositively
correlatedbutweaklycorrelatedbetweenfacets(seeFigure S5.6).
Welaterinterpretlandmanagementintensityasinfluencingagiven
facetonlyifallitsmetricswereinfluencedinthesameway.

2.2.2  | Meanmetricdeviationsrelatedtoland
management intensity

Toassessthe influenceof landmanagement intensityonarchitec-
ture facets and its context- dependence, wemeasured themean

deviation of each metric related to an increase in land manage-
ment intensityper context.We fittedamultivariate linear regres-
sion(Johnson&Wichern,1992)over localmetafoodwebswhere
themetricsweresetasdependentvariables,andthecombination
of context and landmanagement intensity as categorical explana-
toryvariablewithnestedcontrasts,sothatthedeviationrelatedto
ahigherintensitylevel(highormediumcomparedtolow)isnested
percontext(i.e.estimatedforeachcontext).Moreprecisely,these
nestedcontrastsareimplementedwiththeRformula:metric~ bio-
climatic region/land use/intensity.We obtained one mean devia-
tionrelatedtoanincreaseofintensity(highvs.low,ormidvs.low)
foreachnetworkmetricandforeachcontext(bioclimateandland
use).Somecombinationswerenotconsideredduetoalackofwell-
sampledcells(seeFigure S3.3).Weobtained38meandeviationsper
metric, includingdeviationsfromlowtomediumintensitycellsfor
20contexts,andfromlowtohighintensityfor18contexts,span-
ningatotalof21contexts(seeFigures S6.7–S6.12,whereeachtable
showsone facet). The fit of the linearmodels (R2) permetric and
relativeinfluenceofclimate,landuseanditsintensityisreportedin
Table S7.3.Wealsotestedtherobustnessofthesegeneralresults
toseveralpotentialbiases,namelythechoiceofoursamplingeffort
thresholdforspeciesdetection,taxonomicdetectionbiasandout-
lierfoodwebs,inAppendixS8.

2.2.3  |  Testsofmultivariatedeviationsignificance

We testedwhether themeandeviations related to an increaseof
intensity were significant for each facet and context. We tested
the equality between the two multivariate distributions of food-
web metrics (high vs. low intensity, or medium vs. low intensity)
includedinthefacet,anddetectedsignificantdeviationswhenthe

TA B L E  1 Architecturalfacetsandtheirconstituentmetricscomputedforalllocalfoodwebsinthisstudy.

Architecture facet Metric acronym Description
Range of 
values

Apexproportion pApexMeta Proportionofspeciesthatareapexpredatorsinthemetaweb. [0,0.3]

Basal proportions pBasalMeta Proportionofspeciesthatarebasalinthemetaweb. [0,1]

pBasal Proportionofspeciesthatarebasalinthelocalmetafood-web(havenopreys). [0.1,1]

Connectance dirCon Directedconnectance:densityofinteractionsinthelocalmetafood-web. [0,0.3]

Omnivory levels omniProp Proportionofgeneralomnivorespeciesamongnon-basalandnon-topspecies. [0.3,1]

omniLvl Meanstandarddeviationofpreytrophiclevelsofthenon-basalandnon-topspecies. [0.1,0.7]

Chainindices maxPath Maximumlengthacrossshortestpathsfrombasaltoapexspeciesinthelocalmeta
food-web.

[0,12]

meanPath Meanlengthacrossshortestpathsfrombasaltoapexspeciesinthelocalmeta
food-web.

[0,3.8]

sdPath Standarddeviationoflengthsacrossshortestpathsfrombasaltoapexspeciesinthe
localmetafood-web.

[0,2.4]

Compartmentalization
metrics

modul Modularity(Newman,2006):Ameasureofdenselyinterconnectedgroupsofspecies
being less connected with other species.

[−1,0.4]

meanShortDist Meanpathdistanceacrossspeciespairsintheundirectedtransformofthelocalmeta
food-web.

[1,4.3]
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nullhypothesiswasrejected(i.e.noeffectofhigher landmanage-
ment intensity).Thiswasdoneusinganonparametricmultivariate
testbasedonWilk'sLambdastatistics,whichaccountsfortheun-
balancednumberofcellsbetweenintensitylevels(Liuetal.,2011,
implemented in the npmv R package, Burchett et al., 2017). We
definedtheriskofdetectingatleastonefalsenon-equalityacross
oursixfacetsto5%percontext,asexplainedinAppendixS6.The
significanceofthedeviationineachcontextisindicatedbyawhite
backgroundofthecellsinFigures S6.7–S6.12.

3  |  RESULTS

Theinfluenceoflandmanagementintensitywasoverallweakerthan
thoseofclimateandlandusebutaccountingforlandmanagement
intensityyieldedagreaterexplanatorypoweroffood-webvariabil-
ity based on the model partial R2s(Table S7.3).Thegeneralinfluence
oflandmanagementintensitywasquitestronglynegativeforapex
proportions,withameanrelativedeviationbelow−10%(Figure 4a),
andsubstantialonallotherfacets(around±5%),exceptomnivory,as
explainedbelowperfacet.

Apex predator proportion decreased strongly under higher
land management intensity. In agreement with our hypothesis,
apexpredatorproportion(pApexMeta)decreasedwithincreasing
land management intensity and had the strongest mean deviation 
of all food-web metrics (greater than 10% of the interquartile
range,Figure 4a).Inotherwords,thedecreaseofapexproportion

in high land use intensity compared to low intensity represents 
>10% of the inter-quartile range of the overall metric variation
amongthe70,000localmetafoodwebswhencorrectingforthe
effectofclimateandlanduse.Thistrendwasrobustwithanearly
constant magnitude across sensitivity analyses (Appendix S8).
Thisdecreaseconcernedeightoftheninehighesttrophicgroups
which included only apex predators (Figure 5). Negative devia-
tionsspanned15ofthe21contexts,represented68%ofallde-
viations,while positive deviationsweremostly small (Figure 4b; 
Figure S6.7).

Basal species proportions decreased under higher land manage-
ment intensity. Inagreementwithourhypothesis,thetwometrics
of basal species proportionswere lower,with a relative deviation
of−5%inthemostintensivelymanagedlandscapesaveragingover
both metrics (Figure 4a) while controlling for context. This trend
wasalsorobustinallsensitivityanalyses(AppendixS10).Thesede-
creasesincluded12ofthe16trophicgroupscontainingbasalspe-
cies(Figure 5).Fiftypercentofthe34significantmeandeviations
showedadecreaseofbothpBasalandpBasalMetametrics, span-
ninghalfofthe21contexts(Figure 4b).Thisdecreasewasparticu-
larlystrongincontinentalandborealcontexts(Figure 6).Contrary
to our expectation, pBasal and pBasalMeta increased with land
managementintensityin26.5%ofthesignificantcontexts(Figure 6; 
Figure S6.8). In contrast, two contexts showed a strong increase
of basal proportions under higher intensity, that is, Atlantic crop-
lands andMediterranean forests (Figure S6.8). Even though basal
tetrapod diversity decreased under high intensity compared to low 

F I G U R E  4 Food-webmetricdeviations
related to higher land management 
intensityperarchitecturefacetand
agreement with the initial hypothesis. 
(a)Foreachmetric(x-axis),therelative
deviation(barplotony-axis)istheaverage
over18contexts(greydots)ofthemean
deviationfromlow-tohigh-intensityfood
websdividedbytheinterquartilerangeof
theglobalmetricdistribution.Thisrelative
deviation indicates the general response 
to land management intensity while 
controllingforcontextdependence.The
barplot'scolourindicatesifthedeviation
isconfirming(green)orcontradicting
(red)theinitialhypothesisonthe
correspondingfacet(seeFigure 1).(b)
Foreachfacet,apieplotsummarizesthe
testsofdeviationsignificanceoverthe38
contextsandintensitylevelcomparisons
(highvs.lowandmediumvs.low)into
agreements(green)ordisagreements(red)
withthehypothesis,discordantmetrics
(purple)ornon-significant,basedonthe
multivariate test.
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8 of 14  |     BOTELLA et al.

intensity in thesecontexts (−12%forAtlanticcroplandsand−31%
forMediterraneanforests,respectively),thediversityofmesopred-
ators (−16%and−46%, respectively)and toppredators (−25%and
−35%,respectively)decreasedmorestrongly.Indeed,thetotalloss
intetrapodspeciesrichnesswasstronginthesecontexts(−15%and
−37%,respectively).

Connectancesubstantially increasedunderhigher landman-
agement intensity. Connectance substantially increased in gen-
eral with land management intensity with a relative deviation 
greater than +5%(Figure 4a).Positivemeandeviationsspanned
17 of the 21 contexts, represented 74% of all deviations and

werenotablystronginallforestsexcepttheMediterraneanones
(Figure S6.9). Mediterranean contexts hosted most significant
negativemeandeviations.However,when considering only the
most sampled cells for all taxonomic classes, the influenceof a
higher land management intensity on connectance was nega-
tive(AppendixS8,Figure S8.14),duetotheselectionofSpanish
Mediterranean cells.

Omnivory showed contrasted responses to land manage-
ment intensity. OmniLev and omniProp had context-dependent
responses to landmanagement intensity (Figure 4a) across biocli-
matesandlanduses.Whilemostmeandeviationsweresignificant

F I G U R E  5 Changesoftrophicgroupfrequencieswhenincreasinglandmanagementintensity.Thisdifferenceplotbetweenaverage
networksinhighandlowlandmanagementintensitycellsisproducedbythediff_plotfunctioninmetanetworkRpackage.AsinFigure S2.2,
eachnodeisonetrophicgroupanditssizerepresentsthesumofspeciesfrequenciesacrossthe67,051localmetafoodwebs.Ared(resp.
green)nodecolourindicatesadecrease(resp.increase)ofthegroupfrequencyinhigh-intensitycellscomparedtolow-intensitycells.More
details on the trophic group compositions are provided in Table S2.1.
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    |  9 of 14BOTELLA et al.

(34/38),only23.5%ofthemshowedanincreaseofbothomnivory
levels(Figure 4b),challengingourexpectations.Thesespannedsix
contexts, including three forest contextswhere strong deviations
of both metrics were observed under the highest intensity level
(Figure S6.10).Incontrast,omnivorylevelsbothdecreasedin47.1%
ofthesignificantmeandeviations,includingallsettlementcontexts
wheredeviationswereparticularlystrong.Theseunexpectednega-
tiveresponsesmightbepartlyduetothetaxonomicsamplingbias
because both metric mean deviations became positive and increased 
inmagnitudewhenminimizingthisbiasinacomplementaryanalysis
(AppendixS8,Figure S8.14).

Trophic chain lengths increased under high land management
intensity inhumansettlements.Contrary toourexpectations, the
three metrics describing trophic chain length increased on average 
with landmanagement intensity but with a moderatemagnitude,
that is, therelativedeviationswere inferiorto+10%forthethree
metrics (Figure 4a). Local meta food webs under low land man-
agement intensity had relatively more shortest paths of length 1
(direct predation on a basal species), while local meta foodwebs
underhigh landmanagement intensityhadmoreshortestpathsof
length2–5(seeFigure S9.18).Thisgeneraltrendconcealedastrong
context dependence. Indeed, four of the nine contextswherewe
measuredsignificantpositivedeviationswereinhumansettlements
andtherelativedeviationswerestrongfortheBoreal,Continental
and Atlantic settlements (Figure S6.11). Outside cities, significant
positive deviations covered fewer contexts than significant nega-
tivedeviations (5vs.6).Besides, thegeneral increaseofthethree
metricswas softerwith amore stringent sampling effort quantile
forcellselection(Figure S8.13)orwhenremovingoutlierfoodwebs
(Figure S8.17).

Compartmentalizationoverall decreasedunderhigh landman-
agementintensity.Bothcompartmentalizationmetricsdecreasedin
general with increasing land management intensity with a moderate 
magnitudeasrelativedeviationsweresuperiorto−10%forbothmet-
rics(Figure 4a).Thisgeneraltrendisconfirmedbyahigherpropor-
tionofdisconnectedpairsofbasalandapexspeciesinlow-intensity
foodwebscomparedtothehighintensityones(Figure S9.18),thatis,
morefrequentdisconnectedtrophicchainsorspecies.Thedecrease
was robust in all sensitivity analyses and larger in magnitude for
bothmetricswhencorrectingfortaxonomicbiasorremovingoutlier
foodwebs (AppendixS10).Of the34significantmeandeviations,
56%showedadecreaseand27%anincreaseinbothmetrics,halfof
whichwerelocatedintheMediterraneanregion(seeFigure S6.12).

Theinfluenceoflandmanagementintensitywasstronglycontext
dependent.Thegeneralinfluenceoflandmanagementintensitycon-
cealedlarger,contrastingeffectsacrossdifferentclimaticandland-
usecontexts,as shownby theveryspreadout relativedeviations
percontexts,oftengreaterthan20%inabsolutevalue,forallfacets
(Figure 4a).Thesignofmeandeviationsvariedacrosslandusesand
bioclimaticregionsforallfacets,exceptforapexproportionswhose
relative deviationwas rarely positive andweak in these contexts
(lowerthan+10%).Forests,croplandsandsettlementsshowedpar-
ticularly strong responses in comparison to agricultural mosaic and 
grasslands:ThelabelsareoftenfurtherfromthecentreinFigure 6 
forforestandsettlementscontexts.TheresponseofMediterranean
foodwebsdiverged from thegeneral trendsdescribedaboveand
was quite consistent among forest, settlements and croplands of
thisregion:Connectancestronglyandsignificantlydecreasedwhile
compartmentalization strongly and significantly increased when
landmanagementwasmoreintense(illustratedinFigure 6,detailed

F I G U R E  6 Summaryoftherelative
deviationspercontextandfacet
directionsinasummary2-dimensional
plane.Themultivariateresponsesofthe
sixfacetsrelativedeviations(averaged
forhighandmidintensities)overthe21
contextsweresummarizedintwoaxes
using a singular value decomposition 
(SVD),explaining55%ofthetotal
variability.
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10 of 14  |     BOTELLA et al.

deviations in Figures S6.9 and S6.12).Mediterraneanforestsandset-
tlementsalsoshowedstronglyandsignificantlyincreasedbasalpro-
portions,contrarytomostothercontextsincludingMediterranean
croplands (Figure S6.8). Even though other settlement contexts
followedthegeneraltrends,AlpineandMediterraneansettlements
strongly differed from it regarding connectance, with a strongly
negativedeviation(Figure 6; Figure S6.9).Theinfluenceofintensi-
ficationwasmostopposedtothegeneraltrendsinMediterranean
forestsandAtlanticcroplands(Figure 6),asbothcontextsshowed
a sharp increase of basal proportions (Figure S6.8), compartmen-
talization (Figure S6.11) and a strong decrease of connectance
(Figure S6.9)andchainindices(Figure S6.10).

4  |  DISCUSSION

Wedemonstrated that, in addition tomore commonly considered
climaticfactors(Bragaetal.,2019;Kortschetal.,2019),thearchi-
tectureof localmetafoodwebs issignificantly influencedby land
use and management intensity. Although the overall impact of
land management intensity was less pronounced compared to cli-
mate and land use, it still exerted a notable influence on specific
trophic groups. Landmanagement intensity generally strongly re-
ducedtheproportionoftoppredators.Furthermore,weobserved
asubstantialnegativegeneral influenceof intensificationonbasal
tetrapods and compartmentalization, along with a positive influ-
enceonconnectanceand the trophic chain lengths.However, for
theselatterarchitecturefacets,theinfluenceofintensificationwas
highly contingent on the context. Notably, intensification sharply
decreased connectance inMediterranean andAlpine settlements,
and it increased basal proportions and compartmentalization in
MediterraneanforestsandAtlanticcroplands.Besides,weobserved
asharpdecreaseofomnivoryinallsettlementcontexts.

Foodwebsarchitecturewasmorehierarchicalinlessintensively
used landscapes. Indeed, local meta foodwebs under lower land
management intensityweremade of a higher proportion of apex
andbasaltetrapodspeciesandwithagreatercompartmentalization.
This combination of properties strongly suggests that food webs
became topologically more hierarchical (Clauset et al., 2008, see
networkonleftofFigure 1asanillustration)inresponsetointen-
sification, namely networks that are similar to a tree. These find-
ings support those ofMestre et al. (2022),who showed that low
human pressures favours scale-free architectures, that is, where
thenodedegreedistribution followsapower-law.Ascale-freear-
chitecture combined with a high compartmentalization results in
ahierarchicalarchitecture (Barabásietal.,2003).Thishierarchical
architecturetendsto limit thenumberofpredatorsperbasalspe-
cies.Apexpredatorswerealsorelativelymorediverseunderlower
humanpressures,suggestingabetterregulationofmesopredators,
which might indirectly limit the predation pressure on the basal layer 
(Prughetal.,2009).

Intensification concentrated species diversity among meso-
predators, potentially participating in basal tetrapod decline. In

intensiveenvironments,foodwebsexhibitedareducedproportion
ofapexpredatorspecies,aphenomenonoftenattributedtodirect
humaninterference(deVisseretal.,2011;Estesetal.,2011;Prugh
et al., 2009).Additionally,humanactivities led toadecline in the
proportionofbasaltetrapodspecies,sothattheproportionofme-
sopredatorspeciesincreased.Thisredistributionofspeciesdiversity
between trophic layers suggests a role played by mesopredator re-
lease(Souléetal.,1988).Alackofregulationbytoppredatorscould
induceagrowthofmesopredators,itselfprovokinglocalextinctions
ofbasalpreyspecies,asobservedwithcoyotesincoastalsouthern
California(Crooks&Soulé,1999;Souléetal.,1988).Mesopredator
releaseisindeedthoughttobecommoninourcontextoflanduse
changeandhabitatfragmentation(Prughetal.,2009)anditsimpact
onbasaltetrapodsdeclinewouldbelikelygiventhatpredationisthe
primarycauseoftheirmortality(Hilletal.,2019).However,welack
abundance measures to assess whether the increased relative di-
versityofmesopredatorstranslatesintoahigherpredationpressure
onbasaltetrapods.Thedeclineofbasaltetrapodscanbeattributed
toacombinationofother factors tied tohumanactivity:hunting,
transport and agricultural practices account for a significant pro-
portion of tetrapod prey mortality (Hill et al., 2019). Our results
fuelthepressingquestionofthedriversandextentoffuturebasal
tetrapod collapse due to global changes. Further decline of basal
tetrapodscould incur further lossesofcrucialecosystemservices
alreadythreatenedbyclimatechange,asforinstancethecontrolof
mosquito-bornediseases(Bruguerasetal.,2020),andofcroppests
(Civantosetal.,2012).

Beyondgeneral trends, food-webarchitectureshowedstrongly
context-dependentresponsestolanduseintensification.InAtlantic
croplandsandMediterraneanforests,weobservedasharpincrease
intheproportionofbasalspecies(Figure 6).However,thisincrease
inproportionconcealedadeclineinthediversityofbasalspecies,ac-
companiedbyanevengreaterdeclineinthediversityofothertrophic
levels, includingmesopredators.Thedecline in local tetrapod rich-
nessinAtlanticcroplandsisacauseforconcern.Thisregionshowsby
farthelargestproportionofintensivecroplands(60%,Figure S3.3),
whichmayhavecontributedtothisdecline,giventhatthegeneral-
izationof intensiveagriculturehascontributed,forexample, tothe
declineofbirdsinEurope(Rigaletal.,2023).Besides,weobserveda
decreaseofomnivoryandanincreaseoftrophicchainlengthsinre-
sponsetohigherlandmanagementintensityincitiesandperi-urban
areas, partly explaining the unexpected general trends for these
two facets. These results support trophic dynamics phenomena
previouslydocumentedinurbanizedhabitatscalledpreyspecializa-
tionandpredatorsubsidyconsumption(Fischeretal.,2012):Dense
urbanhabitatsmayselectmesopredatorspeciesspecializingonprey
adapted to such habitat (prey specialization), such as certain small
birdandrodentspecies,ormesopredatorsconsuminganthropogenic
food(predatorsubsidyconsumption)suchasgarbage.

Contextdependenciesanddiscrepantresultscouldalsobeexplained
byotherformsofhumanimpactsthatdonotalwaysactinconcertwith
intense landmanagement.For instance,higherhabitat fragmentation
and diversitywere significantly associatedwith higher intensity only
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inMediterranean andAlpine forests (Figure S10.19). Thismay partly
explainthesingularresponseofMediterraneanforests,thatis,thede-
creased connectance and increased compartmentalization. A higher
agglomerationofdiverselandusesatasmallspatialscaleisthoughtto
host more diverse independent trophic chains even though empirical 
evidenceisstillrare(Gonzalezetal.,2011;Kortschetal.,2015).Braga
etal.(2019)showed,inthesamearea,thattheincreaseofhumanfoot-
printwasrelatedtoahighercompartmentalization,incontradictionwith
ourresults.Thisdiscrepancymightbeduetonotonlythedifference
betweenlandmanagementintensityandhumanfootprint(whichincor-
poratedifferentfactorssuchasnightlightintensity,roadandpopulation
density)butalsothedifferences intheanalysismethods,suchasour
choicetocontrolforthecontextandtousefood-webmetricsnormal-
izedforspeciesrichness.Whennotaccountedfor,food-websizevari-
abilitydrivesimportantvariationsinmostmetrics(Botellaetal.,2022),
whicharenotinterestinginourcontextbecausetheeffectsofhuman
pressures on species richness have been well studied.

Muchofthevariabilityoffoodwebarchitectureremainedunex-
plained.Indeed,mostofthevariationsinfoodwebmetricscouldnot
beexplainedbytheexplanatoryfactors included inourmodel (R2 
rangedfrom0.01to0.20acrossmetrics,Table S7.3).Thisisacon-
sequenceofourapproach:Weincludedalimitednumberoffactors,
corresponding to expectations identified from ecological theory,
hencelimitingtheriskofcapturingspuriouscorrelations,butyield-
ingarelativelysimplemodelcomparedtothenumberoffoodwebs,
diversityofcontextsandspatialscale.Manymoreunknownfactors
are likely to impact food web architecture. Yet, this unexplained
variabilityshouldnotpersechallengeour interpretations. Indeed,
asubstantialpartoftheunexplainedvariabilitywasdueto10%of
outliersinourfoodwebs,whoseremovalnearlydoubledthecoef-
ficientofdeterminationonaveragewhenrefittingourmodel(0.068
vs.0.112,Table S7.3).Besidesourgeneralinterpretationswerero-
busttovariouspotentialsourcesofbias,thatis,thestringencyofthe
speciesdetectionthreshold,thetaxonomicsamplingbiasandoutlier
foodwebs(AppendixS8).Lastly,wehighlightedthattheeffectsize
ofintensificationismuchgreaterinmanycontextscomparedtoits
generaleffects,whichisnotreflectedinthegeneralR2.

Weacknowledgeseverallimitationsinourstudystemmingfrom
constraintsrelatedtothedata,spatialresolutionandfood-webrep-
resentation.Weused a space-for-time substitution strategy (Blois
etal.,2013;Walkeretal.,2010)toexaminetheeffectsassociated
withvaryinglandmanagementintensityacrossspace.Thesespatial
effects likely reflect historical changes in intensificationoccurring
overseveraldecades.However,spatialpatternsmaynotalwaysac-
curatelymirrortheeffectsoflanduseintensificationorotherglobal
changes(Gaüzère&Devictor,2021).Whilewecomparedareaswith
similarlarge-scalebioclimatesandlanduses,werecognizethatsmall-
scale environmental variations covarying with land management in-
tensity,suchaselevationalgradientsinmountainregions,couldalso
impactfoodwebsarchitectureandbiasourresults.Anotherlimita-
tionofourstudypertainstothespatialscaleusedtoreconstructthe
localmetafoodwebs (1 km2).Somespeciesmayhavemuch larger
home ranges (e.g. wolf, bear), and interact with other species in

neighbouringcells,theextentofwhichdependsnotonlyonthespe-
ciesitselfbutalsoonlandscapestructure.Ourcellselectionprocess
favouredareaswithintenseandmulti-yearsamplingefforts,which
facilitatedthedetectionofhighlymobilespecies ineachoccupied
cell.Nevertheless, it ispossible thatweunderestimated thepres-
enceofthelargestandmostmobilespecies,potentiallyintroducing
anegativebiasinourestimatesofapexproportions.

Moreover,ourstudydidnotaccountforthedynamicnatureof
speciesdistributions,primarilyrelyingonspeciesobservationsover
thepast30 years.Consequently,wemayhaveoverlookedlocalde-
clinesofspeciesduringthisperiod.Improvingcontrolforspatialsam-
plingbiasescouldalsobeachievedthroughstatisticalmodellingof
speciesdetectionandabsenceprobabilities(Guillera-Arroita,2017).
Yet, even though such modelling was successfully used with
presence-onlydatafromcrowdsourcing(VanStrienetal.,2013),a
better understanding of opportunistic sampling behaviourswould
benecessarytoimplementiteffectivelyinourcontext.

Unlikesampledinteractionnetworks,ourlocalmetafoodwebs
are neither snapshots frozen in time nor limited by the imperfect
detectionof interactions. Instead, theyrepresenta ‘maximum’de-
pictionofall the interactions that likelyoccurred locallyoversev-
eralyears,whichmakessenseinthecontextofourstudy(Thuiller
etal.,2023).However,thesepotentialtrophicinteractionsmaynot
necessarily manifest locally due to factors like phenological mis-
matchesorlowabundancesofoneorbothinteractingpartners.As
aresult,wemayunintentionallyoveremphasizecertainraretrophic
interactions.Furthermore,localmetafoodwebsignorehowthere-
alizationofinteractionsdependsontheenvironment,whichmight
biasourresults.Toenhanceourapproach, itwouldbevaluableto
conduct a critical comparison with sampled food webs. Another
broader perspective is to integrate non-trophic interactions (Kéfi
etal.,2016),interactionstrengths(Saint-Béatetal.,2015)andfeed-
ingbehaviours(Heckmannetal.,2012)intofutureattemptstochar-
acterizeinteractionnetworkarchitecturechanges.

5  |  CONCLUSION

Land use intensification has already changed the architecture of
foodwebs, likelyaffectingecosystemfunctions, services, stability
andresilience.ThegeneralinfluenceofintensificationonEuropean
tetrapodfoodwebsconsistentlyunderminestoppredators.Itoften
decreased theproportionofbasal tetrapodspecies, compartmen-
talization and increased connectance and trophic chain lengths.
However, some contexts showed marked discrepant responses,
suchasanincreaseofbasaltetrapodproportionsandcompartmen-
talizationinMediterraneanforestandAtlanticcroplands.Intensive
urbanization especially favoured longer trophic chains and lower
omnivory. In summary, intensification has the potential to disrupt
theregulationofmesopredatorsandheightenpredationpressureon
thebasal layerof foodwebs.Thisunderscores the importanceof
protectingtoppredatorsandraisesquestionsaboutthe long-term
stabilityoffoodwebsinthefaceofhuman-inducedpressures.
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