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Abstract 

 
Amphibian population declines faster than the all the other vertebrate taxonomic groups. 

Linking biodiversity with ecosystem functioning through community composition could help 

us comprehend the risks from the consequences of biodiversity loss, thus the interest in 

functional diversity has increased over the past years. Functional diversity is the diversity of 

species traits in ecosystems, and reflects the range of things that organisms do in 

communities and ecosystems. This thesis attempts to investigate the distribution of 

amphibian species richness, functional traits and their diversity at macroecological scales 

across Europe using a dataset on 12 functional traits (morphological, reproductive and 

habitat-related) of amphibians of Europe.  

 

More specifically, this thesis examines the effect of different types of distribution richness 

data sources: presence / absence atlas and expert-drawn range maps at 50 km x 50 km 

across Europe, on the relationship between diversity and different environmental drivers. 

For this reason, the role of energy availability and its relative importance compared with 

land cover diversity and human influence factors  in shaping broad-scale richness patterns is 

assessed. The two types of species richness data explored, yielded different richness maps 

with range map-based richness per cell being higher than atlas map-based richness while in 

many cases (specifically for 10.5% of grid cells) atlas map-based richness exceeded the range 

map-based richness. Hence, the relative importance of different environmental variables to 

act as drivers of biodiversity patterns changed depending on the dataset used. Energy 

availability variables explained more environmental variation than landscape and human 

influence variables (37.6% of the total variation for atlas map-based richness and 53.6% for 

range map-based richness). However, for atlas map-based richness land cover diversity 

followed energy availability predictors with a significant contribution (20.7%) supporting the 

argument that climate is apparently a stronger force in defining species ranges, even though 

within these ranges (where climatic conditions are favorable for the persistence of the 

species) the species presence is affected by other factors (like land cover/land use), whose 

primary importance appears when analyzing the atlas map-based estimates of species 

richness. 

 

Trait selection is a critical step of functional diversity studies and is often hampered by the 

limited availability of trait data for large sets of species. Thus, most studies examine 
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functional diversity using traits determined primarily by the availability of data rather than a 

specific function. This practice implicitly assumes that the subset of functional traits 

available will be representative of the trait data of interest. Range map-based richness data 

were used to quantify functional diversity of amphibians of Europe and to examine whether 

the different functional trait groups (distinct axes of ecological niches of the species e.g. 

morphological, reproductive, habitat-related) show congruent functional diversity spatial 

patterns and if one functional trait group could act as a surrogate for another functional trait 

group. Six functional diversity indices representing three functional diversity aspects: 

functional richness, functional evenness and functional dispersion were calculated firstly 

using the complete set of amphibian traits and secondly using one functional trait group 

each time (e.g. morphological or reproductive). Functional richness indices displayed 

significantly strong correlations. Significant but of intermediate strength correlations were 

observed for functional dispersion indices. However, functional evenness showed non-

significant relationships or even negative ones. Our results challenge the surrogacy value of 

one set of functional trait groups for another set of functional trait groups while for any 

given community, functional diversity is not characterized by a single spatial pattern, but by 

many depending on the function analyzed.  

 

Atlas map-based and range map-based richness data were used to quantify functional 

diversity and assess (i) the patterns of the distribution of functional diversity (three aspects: 

the volume of space occupied - functional richness, the spread of functional types with 

respect to the functional space local center - functional dispersion and the regularity of the 

distribution of species within the trait space - functional evenness) and (ii) the 

environmental drivers of these patterns for amphibians of Europe to estimate the relative 

importance of different hypotheses of latitudinal functional diversity gradients. Areas of high 

functional richness were observed in regions with distinct contemporary environmental 

conditions, notably regions with high topographic variability. Regions with the highest values 

of functional dispersion for both types of richness maps were found in Iberian peninsula. 

However, the functional evenness showed unclear patterns. The distribution of the different 

aspects of the functional trait space of amphibian assemblages across Europe is associated 

with contemporary environmental variables, in particular supporting the role of habitat 

heterogeneity (for atlas map-based richness) and ambient / productive energy (for range 

map-based richness) in latitudinal diversity gradients. High functional richness and 

dispersion was found in areas with high habitat heterogeneity while lower values were 
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found in areas with harsh environments e.g. with extreme temperatures and low 

precipitation. 

 

Community assembly rules for amphibian functional diversity patterns across Europe were 

assessed using the functional dendrogram index to quantify functional diversity and null 

models to investigate the variation from random expectations, with higher functional 

diversity values than randomly expected indicating limiting similarity, and lower functional 

diversity values than randomly expected indicating environmental filtering. The distribution 

of functional diversity is very similar to that for species richness e.g. highest functional 

diversity in Iberian peninsula and Central Europe. Areas of relatively higher than expected 

functional diversity values include Iberian peninsula, Central Europe while eastern, northern 

Europe and United Kingdom have particularly lower than expected functional diversity 

values. The results show that there is substantial evidence that gradients in environmental 

filtering may explain a significant proportion of spatial variation in functional diversity 

amphibian communities. Amphibian assemblages across the latitudinal gradient depend on 

increased productive energy (e.g. actual evapotranspiration) and temperature seasonality 

which might be in contrast with the claim that at higher latitudes functional diversity is 

restricted.  

 

Functional Diversity Area Relationship presents how functional trait diversity varies with 

area. In order to examine the functional diversity area relationship, and its relationship to 

the species area relationship, functional diversity accumulation curves (for six indices 

representing various aspects of functional diversity: functional richness, evenness, 

divergence, dispersion and entropy) based on nested sampling in two regions of Europe: 

central east Europe and Iberian peninsula were constructed and compared with the species 

accumulation curves. The different facets of functional diversity show different Functional 

Diversity Area Relationship patterns which either resemble the well-known patterns of 

species area relationship (functional richness indices) or not (functional evenness, 

divergence and dispersion indices). The results show that both species richness and 

functional richness seem to be equally vulnerable to habitat loss as they reach their 

maximum values at the same scale, while no redundancy is evident. 

 

In general, assessing the functional diversity spatial patterns can give valuable insights in 

biodiversity research and can act as complementary information on measuring other aspects 
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of biodiversity rather than using a sole measure, such as species richness. Furthermore, 

identifying the main drivers of functional diversity patterns, which and how many traits to 

use when quantifying functional diversity and how functional diversity varies with increasing 

area could help to identify areas with increasing or decreasing potential for delivery of 

ecosystem services and protect those at future risk. 
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Περίληψη 
 
Οι πληθυσμοί των αμφιβίων μειώνονται με έντονους ρυθμούς πολύ πιο γρήγορα από ότι οι 

πληθυσμοί άλλων ταξινομικών ομάδων. Η σύνδεση της βιοποικιλότητας με τις 

οικοσυστημικές λειτουργίες μέσω της σύνθεσης των βιοκοινοτήτων θα μπορούσε να 

προλάβει τις συνέπειες της απώλειας των ειδών, γι αυτό και υπάρχει αυτό το ενδιαφέρον 

για τη λειτουργική βιοποικιλότητα. Η λειτουργική βιοποικιλότητα είναι η ποικιλότητα των 

λειτουργικών χαρακτηριστικών των ειδών στις βιοκοινότητες και αντανακλά το εύρος των 

λειτουργιών που μπορούν να πραγματοποιήσουν τα είδη στα οικοσυστήματα. Αυτή η 

διατριβή προσπαθεί να διερευνήσει την εξάπλωση και τα χωρικά πρότυπα της ποικιλότητας 

ειδών, λειτουργικών χαρακτηριστικών και της λειτουργικής ποικιλότητας των αμφιβίων της 

Ευρώπης χρησιμοποιώντας ένα σύνολο από 12 λειτουργικά χαρακτηριστικά που αποτελούν 

διάφορες διαστάσεις της οικοθέσης των αμφιβίων (μορφολογικά, αναπαραγωγικά, 

σχετιζόμενα με το ενδιαίτημα στο οποίο διαβιούν). 

 
Πιο ειδικά, αυτή η έρευνα εξετάζει την επίδραση των διαφορετικών τύπων δεδομένων 

εξάπλωσης ποικιλότητας ειδών χρησιμοποιώντας έναν άτλαντα ειδών και πολύγωνα 

εξάπλωσης σε κλίμακα 50 χλμ. x 50 χλμ. στην Ευρώπη, στη σχέση των προτύπων εξάπλωσης 

της ποικιλότητας των ειδών με τους περιβαλλοντικούς παράγοντες που επηρεάζουν τα 

πρότυπα αυτά. Γι αυτό το λόγο, εξετάστηκε ο ρόλος της διαθέσιμης ενέργειας, η σχετική 

σημασία της τοπογραφικής ετερογένειας και οι ανθρωπογενείς επιδράσεις (π.χ. % 

αγροτικών εκτάσεων, ανθρώπινη πληθυσμιακή πυκνότητα) και το πώς επιδρούν οι 

παράγοντες αυτοί στο να καθορίσουν τα πρότυπα αυτά. Οι δύο διαφορετικοί τύποι 

εξάπλωσης των δεδομένων στους οποίους βασίστηκαν τα δεδομένα ποικιλότητας των 

αμφιβίων απέδωσαν διαφορετικά αποτελέσματα ποικιλότητας. Όπως ήταν αναμενόμενο 

(επειδή τα πολύγωνα εξάπλωσης ειδών θεωρούν ότι η εξάπλωση του είδους είναι 

ομοιογενής μέσα σε όλο το εύρος των ορίων τους) η  μέση ποικιλότητα των ειδών ανά κελί 

ανάλυσης βασισμένη σε πολύγωνα εξάπλωσης ήταν μεγαλύτερη από αυτή που προήλθε 

από τον άτλαντα των ειδών. Παρ' όλα αυτά ένα 10.5% των κελιών εμφάνισε μεγαλύτερη 

ποικιλότητα ειδών προερχόμενη από τον άτλαντα από ότι των πολυγώνων εξάπλωσης. 

Αυτό είχε ως αποτέλεσμα να διαφοροποιηθεί η σχετική δύναμη του κάθε περιβαλλοντικού 

παράγοντα στο να εξηγήσει τα πρότυπα ποικιλότητας, ανάλογα με τους διαφορετικούς 

τύπους δεδομένων εξάπλωσης της ποικιλότητας. Οι παράγοντες που σχετίζονται με τη 

διαθεσιμότητα της ενέργειας εξήγησαν μεγαλύτερο μέρος (37.6% της συνολικής 

μεταβλητότητας για την ποικιλότητα του άτλαντα και 53.6% της συνολικής μεταβλητότητας 
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για την ποικιλότητα που προήλθε από τα πολύγωνα εξάπλωσης) της περιβαλλοντικής 

μεταβλητότητας από ότι η τοπογραφική ετερογένεια. Ωστόσο, η τοπογραφική ετερογένεια 

εξήγησε ένα σημαντικό ποσοστό της συνολικής μεταβλητότητας (20.7%) της ποικιλότητας 

ειδών βασισμένης στα δεδομένα του άτλαντα υποστηρίζοντας το επιχείρημα ότι μπορεί το 

κλίμα να είναι ο σημαντικότερος παράγοντας που καθορίζει την εξάπλωση των ειδών, αλλά 

μέσα στα όρια εξάπλωσης του κάθε είδους (όπου οι κλιματικές συνθήκες είναι ιδανικές για 

την διατήρηση του είδους) η παρουσία του φαίνεται να επηρεάζεται και από άλλους 

παράγοντες (π.χ. κάλυψη/χρήσεις γης), των οποίων η σημασία εμφανίζεται όταν 

αναλύουμε δεδομένα ποικιλότητας τα οποία βασίζονται σε άτλαντα. 

 
Η επιλογή των λειτουργικών χαρακτηριστικών είναι ένα κρίσιμο βήμα για τις μελέτες που 

ασχολούνται με τη λειτουργική ποικιλότητα και συχνά παρεμποδίζεται από την 

περιορισμένη διαθεσιμότητα λειτουργικών χαρακτηριστικών ειδικά σε περιπτώσεις μελέτης 

όπου τα είδη είναι πολλά σε αριθμό. Επομένως οι περισσότερες έρευνες λειτουργικής 

ποικιλότητας χρησιμοποιούν λειτουργικά χαρακτηριστικά των οποίων τα δεδομένα είναι 

διαθέσιμα παρά εξυπηρετούν κάποια συγκεκριμένα λειτουργία. Αυτή η τακτική όμως 

πρακτικά θεωρεί ότι το υποσύνολο των διαθέσιμων λειτουργικών χαρακτηριστικών είναι 

αντιπροσωπευτικά των χαρακτηριστικών που ουσιαστικά χρειάζονται. Εδώ 

χρησιμοποιήθηκαν δεδομένα ποικιλότητας αμφιβίων βασισμένα σε πολύγωνα εξάπλωσης 

με βάση τα οποία υπολογίστηκε η λειτουργική ποικιλότητα χρησιμοποιώντας αρχικά όλα τα 

διαθέσιμα χαρακτηριστικά (μορφολογικά, αναπαραγωγικά και σχετιζόμενα με το 

ενδιαίτημα) και έπειτα μόνο ένα υποσύνολο λειτουργικών χαρακτηριστικών π.χ. μόνο τα 

μορφολογικά ή μόνο τα αναπαραγωγικά κ.ο.κ. για να διερευνήσουμε εάν τα πρότυπα 

λειτουργικής ποικιλότητας βασισμένα σε ένα υποσύνολο είναι ανάλογα των προτύπων 

λειτουργικής ποικιλότητας που βασίστηκε σε άλλο υποσύνολο ή του προτύπου που 

βασίστηκε σε όλα τα λειτουργικά χαρακτηριστικά. Επιλέχθηκαν έξι δείκτες λειτουργικής 

ποικιλότητας για την εκτίμησή της (λειτουργικό δενδρόγραμμα, λειτουργική πλούτος, 

λειτουργική ισοκατανομή, λειτουργική απόκλιση, λειτουργική διασπορά και λειτουργική 

εντροπία) οι οποίοι αντιπροσωπεύουν διάφορες διαστάσεις της λειτουργικής ποικιλότητας 

όπως πλούτος, ισοκατανομή, διασπορά κτλ. οι οποίοι υπολογίστηκαν αρχικά 

χρησιμοποιώντας όλα τα λειτουργικά χαρακτηριστικά και έπειτα υποσύνολα λειτουργικών 

χαρακτηριστικών. Μεταξύ των υποσυνόλων λειτουργικών χαρακτηριστικών που 

εξετάστηκαν ο λειτουργικός πλούτος έδειξε τις πιο σημαντικά υψηλές συσχετίσεις. 

Σημαντικές αλλά όχι τόσο υψηλές συσχετίσεις παρατηρήθηκαν και μεταξύ των υποσυνόλων 

για τη λειτουργική διασπορά (δείκτης Spearman rs = 0.433 - 0.942). Ωστόσο, οι συσχετίσεις 
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μεταξύ των υποσυνόλων της λειτουργικής ισοκατανομής έδειξαν μη σημαντικές ως και 

αρνητικές. Τα αποτελέσματα δείχνουν ότι αυτή η θεώρηση ότι ένα υποσύνολο 

χαρακτηριστικών μπορεί να λειτουργήσει ως υποκατάστατο για ένα άλλο, δοκιμάζεται ενώ 

για μια βιοκοινότητα, η λειτουργική ποικιλότητα δεν χαρακτηρίζεται από ένα μόνο χωρικό 

πρότυπο αλλά από περισσότερα ανάλογα με τη λειτουργία που εξετάζεται κάθε φορά. 

 
Επίσης, χρησιμοποιήθηκαν τα δεδομένα ποικιλότητας ειδών βασισμένα στον άτλαντα και 

τα πολύγωνα εξάπλωσης για να ερευνήσουμε τα πρότυπα εξάπλωσης τριών διαστάσεων 

της λειτουργικής ποικιλότητας (του λειτουργικού πλούτου που εκφράζει τον όγκο του 

πολυχώρου που καταλαμβάνουν τα είδη με βάση τα λειτουργικά χαρακτηριστικά, της 

λειτουργικής ισοκατανομής που μετράει πόσο ισοκατανεμημένα είναι τα είδη με βάση τα 

λειτουργικά τους χαρακτηριστικά στον πολυχώρο και τέλος της λειτουργικής διασποράς 

που εκφράζει τη διασπορά των λειτουργικών τύπων μέσα τον πολυχώρο) και τους 

περιβαλλοντικούς παράγοντες που καθορίζουν τα πρότυπα αυτά. Τα αποτελέσματα 

υπέδειξαν ότι περιοχές με υψηλό λειτουργικό πλούτο παρατηρήθηκαν εκεί όπου οι 

περιβαλλοντικές συνθήκες είναι ιδιαίτερες π.χ. σε περιοχές με υψηλή τοπογραφική 

ετερογένεια. Στην Ισπανική χερσόνησο βρέθηκαν οι υψηλότερες τιμές λειτουργικής 

διασποράς ενώ τα πρότυπα εξάπλωσης της λειτουργικής ισοκατανομής δεν ήταν ξεκάθαρα. 

Τα πρότυπα εξάπλωσης των τριών διαστάσεων της λειτουργικής ποικιλότητας των 

αμφιβίων της Ευρώπης σχετίζονται με σύγχρονους περιβαλλοντικούς παράγοντες και πιο 

ειδικά με την τοπογραφική ετερογένεια για τη λειτουργική ποικιλότητα που βασίστηκε στον 

άτλαντα ειδών και με την περιβάλλουσα / παραγωγική ενέργεια, η λειτουργική ποικιλότητα 

που βασίστηκε στα πολύγωνα εξάπλωσης. Υψηλός λειτουργικός πλούτος και υψηλή 

λειτουργική διασπορά βρέθηκαν σε περιοχές με υψηλή τοπογραφική ετερογένεια ενώ 

χαμηλότερες τιμές παρατηρήθηκαν σε περιοχές με δριμείς περιβαλλοντικές συνθήκες π.χ. 

με ακραίες θερμοκρασίες και χαμηλή βροχόπτωση. 

 
Οι κανόνες συνάθροισης των αμφιβίων σε βιοκοινότητες εξετάστηκαν με βάση τη 

λειτουργική ποικιλότητα βασισμένη σε λειτουργικό δενδρόγραμμα και σε μοντέλα 

μηδενικής υπόθεσης για να διερευνηθεί η απόκλισή τους από την τυχαία συνάθροιση 

βιοκοινοτήτων. Περιοχές οι οποίες έχουν μεγαλύτερη λειτουργική ποικιλότητα από την 

τυχαία αναμενόμενη υποδεικνύουν περιορισμένη ομοιότητα ειδών με βάση τα λειτουργικά 

τους χαρακτηριστικά, περιοχές οι οποίες έχουν χαμηλότερη λειτουργική ποικιλότητα από 

την τυχαία αναμενόμενη υποδεικνύουν ότι τα είδη έχουν συγκεκριμένα χαρακτηριστικά 

επειδή περιβαλλοντικοί παράγοντες είναι αυτοί που τα καθορίζουν / περιορίζουν 
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(περιβαλλοντικό φιλτράρισμα). Τα πρότυπα εξάπλωσης της λειτουργικής ποικιλότητας ήταν 

παρόμοια με αυτά της ποικιλότητας των ειδών π.χ. με την Ιβηρική χερσόνησο και την 

κεντρική Ευρώπη να εμφανίζουν τις υψηλότερες τιμές λειτουργικής ποικιλότητας. Περιοχές 

οι οποίες έχουν μεγαλύτερη λειτουργική ποικιλότητα από την τυχαία αναμενόμενη 

περιλαμβάνουν την Ιβηρική χερσόνησο, την κεντρική Ευρώπη ενώ περιοχές οι οποίες έχουν 

χαμηλότερη λειτουργική ποικιλότητα από την τυχαία περιλαμβάνουν τη νοτιοανατολική 

Ευρώπη και το Ηνωμένο Βασίλειο. Τα αποτελέσματα δείχνουν ότι το περιβαλλοντικό 

φιλτράρισμα εξηγεί ένα σημαντικό ποσοστό της χωρικής μεταβλητότητας της λειτουργικής 

ποικιλότητας των αμφιβίων. Οι βιοκοινότητες των αμφιβίων από το χαμηλότερο ως το 

υψηλότερο άκρο του γεωγραφικού πλάτους που έχει εξεταστεί φαίνεται να καθορίζονται 

από την αυξημένη παραγωγική ενέργεια (π.χ. πραγματική εξατμισιδιαπνοή) και την 

θερμοκρασιακή εποχικότητα. 

 

Τέλος, αναλύθηκε η σχέση της λειτουργικής ποικιλότητας - έκτασης και η συσχέτισή της με 

την αντίστοιχη σχέση αριθμού ειδών - έκτασης. Γι αυτό το λόγο κατασκευάσθηκαν 

καμπύλες συσσώρευσης της λειτουργικής ποικιλότητας με βάση την αύξηση της έκτασης 

για έξι δείκτες λειτουργικής ποικιλότητας για την εκτίμησή της (λειτουργικό δενδρόγραμμα, 

λειτουργική πλούτος, λειτουργική ισοκατανομή, λειτουργική απόκλιση, λειτουργική 

διασπορά και λειτουργική εντροπία) οι οποίοι αντιπροσωπεύουν διάφορες διαστάσεις της 

λειτουργικής ποικιλότητας όπως πλούτος, ισοκατανομή, διασπορά κ.τ.λ. και οι οποίες 

βασίστηκαν σε δεδομένα ποικιλότητας από έναν ένθετο σχεδιασμό για δύο περιοχές: μία 

στην κεντρική Ευρώπη και μία στην Ιβηρική χερσόνησο. Οι συγκεκριμένες καμπύλες 

συσχετίστηκαν με τις αντίστοιχες καμπύλες συσσώρευσης της ποικιλότητας των ειδών με 

την αύξηση της έκτασης. Παρατηρήθηκε ότι οι διάφορες διαστάσεις της λειτουργικής 

ποικιλότητας έχουν διαφορετικά πρότυπα καμπυλών με την έκταση τα οποία κάποιες 

φορές μοιάζουν με αυτά της σχέσης αριθμού ειδών - έκτασης (π.χ. τα πρότυπα του 

λειτουργικού πλούτου με την έκταση) ενώ άλλοτε δεν μοιάζουν (π.χ. τα πρότυπα της 

λειτουργικής ισοκατανομής και της διασποράς με την έκταση). Τα αποτελέσματα δείχνουν 

επίσης ότι και η ποικιλότητα των αμφιβίων αλλά και η λειτουργική ποικιλότητα αυτών των 

ειδών φαίνεται να είναι ευάλωτη σε απώλεια έκτασης και άρα ενδιαιτήματος γιατί και οι 

δύο μορφές βιοποικιλότητας φτάνουν στις υψηλότερες τιμές τους στο ίδιο σημείο ενώ δεν 

παρατηρήθηκε πλεονασμός λειτουργικών χαρακτηριστικών για το ίδιο σημείο. 

 
Τελειώνοντας, η διερεύνηση των προτύπων λειτουργικής ποικιλότητας μπορεί να μας 

προσφέρει αξιόλογες γνώσεις στην έρευνα της βιοποικιλότητας γενικότερα και ειδικότερα 
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να λειτουργήσει ως συμπληρωματικός παράγοντας ώστε να μην εξετάζεται μόνο η 

ποικιλότητα ειδών ως μοναδικό υποκατάστατο της βιοποικιλότητας σε τέτοιες έρευνες. 

Επιπροσθέτως, διερεύνηση των ζητημάτων όπως: η ταυτοποίηση των βασικότερων 

περιβαλλοντικών παραγόντων που καθορίζουν τα πρότυπα εξάπλωσης της λειτουργικής 

ποικιλότητας, ο αριθμός των λειτουργικών χαρακτηριστικών και ο τύπος των λειτουργικών 

χαρακτηριστικών που πρέπει να χρησιμοποιήσουμε για να ποσοτικοποιήσουμε τη 

λειτουργική ποικιλότητα και το πώς επίσης η λειτουργική ποικιλότητα μεταβάλλεται με την 

έκταση θα μπορούσαν να μας βοηθήσουν να βρούμε τις περιοχές οι οποίες δέχονται τις 

περισσότερες ή λιγότερες οικοσυστημικές διαδικασίες και να προστατέψουμε στο μέλλον 

αυτές που είναι σε κίνδυνο. 
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Abbreviations 

 
AIC: Akaike Information Criterion 

FDen: Functional dendrogram index 

FRic: Functional richness index 

FEve: Functional evenness index 

FDiv: Functional divergence index 

FDis: Functional dispersion index 

FTG: Functional trait group 

FDAC: Functional diversity accumulation curves 

FDAR: Functional diversity area relationship 

FDobs: Observed functional diversity 

FDexp: Expected functional diversity 

GLS: Generalized least square models 

HP: Hierarchical partitioning 

IUCN: International Union for Conservation of Nature 

MAM: Minimum adequate model 

OLS: Ordinary least square models 

RaoQ: Rao's functional entropy 

SAC: Species accumulation curves 

SAR: Species area relationship 

SES: Standardized effect size 
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Chapter One: General introduction 
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1.1 Different facets of biodiversity 

 
Until recently, most of the macroecological studies on biodiversity were mainly focused on 

patterns of species richness (Gaston, 2000), as species richness (the number of species in a 

sampled area) is often considered as synonymous with biodiversity, the variety of life in 

Earth. In reality biodiversity "is the variety within and between all species of plants, animals 

and micro-organisms and the ecosystems within which they live and interact" (UN, 1992) and 

is extremely complex and dynamic as includes diversity within species, between species, and 

of ecosystems. The large-scale spatial distribution of biodiversity across the world is 

heterogeneous (Gaston, 2000) and the examination of these patterns has attracted the 

interest of a large number of scientists. One of the few general laws in ecology is that 

species richness of the majority of taxa declines from the equator to the poles (latitudinal 

gradient) (Brown, 1981; Rosenzweig, 1995; Gaston, 2000) and this has been described for a 

wide variety of taxa (Hillebrand, 2004). Understanding the determinants and processes of 

the latitudinal diversity gradient and other large-scale patterns of biodiversity measures, will 

help us to conserve ecosystem services (services humans obtain from the environment), 

ecosystem processes (ecological functions vital to human life and health, depend on 

biodiversity) (Hooper et al., 2005) and biodiversity. Biodiversity loss is accelerated with 

21,000 species assessed as threatened with extinction by IUCN (IUCN, 2013). Broad-scale 

biodiversity analyses rely on a variety of species distribution data, ranging from point locality 

data obtained from databases, atlases, expert-drawn range maps and species distribution 

models. However, all methods are approximations of species distribution and try to 

represent where the species actually occurs, a pattern that is by its very nature dynamic and 

scale-dependent. As a result, all methods are prone to errors and imperfections (none of 

them give us "exactly" where a species is distributed) and this might affect any conclusions 

driven by them (La Sorte and Hawkins, 2007). Most of the available broad-scale data are 

expert-drawn range maps (assuming that the species are distributed across the entire area 

of their ranges including in areas that in reality may be unfavorable habitat); while, survey 

data collection is more locally precise information, but covers only a small proportion of any 

geographic extent. There are a number of cases that atlas maps have been created from 

compilations of survey data for continental scale distributions of a number of taxa e.g. birds, 

mammals, amphibians and reptiles, vascular plants of Europe (Hagemeijer and Blair, 1997; 

Mitchell-Jones et al., 1999; Kurtto et al., 2013; Sillero et al., 2014). Remote sensing and the 

growing availability of environmental layers have improved the research in biogeography 
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and macroecology and despite the acknowledged limitations of all these methods, maps of 

species richness lie at the heart of many studies regarding biodiversity patterns (Grenyer et 

al., 2006; Hortal et al., 2008), prioritization of conservation areas (Margules et al., 2002), 

detecting endemism and threat status of species (e.g. Rodrigues et al., 2004; Orme et al., 

2005). 

 
Species diversity as a function of both species richness and evenness, has been measured in 

a variety of ways (e.g. Shannon, 1948; Simpson, 1949; Shannon and Weaver, 1963; Peet, 

1974). However, the quantification of biodiversity, has recently moved from numbering 

species (e.g. species richness) to more integrative approaches such as using information on 

species' identities. For example, considering evolutionary history and relationships between 

species (e.g. the sum of the lengths of branches linking species in a cladogram) measures 

phylogenetic diversity (Faith et al., 1992; Safi et al., 2011; Mazel et al., 2014). Phylogenetic 

diversity implicitly suggests that a community is more phylogenetically diverse when 

contains more distantly related species while less diverse when species are less evolutionary 

diverged (Devictor et al., 2010). Another novel approach has increased emphasis on species' 

traits considering functional distinctiveness in order to investigate their roles within a 

community and the relationships between biodiversity and ecosystem processes through 

measuring of functional diversity (Loreau et al., 2001; Petchey and Gaston, 2002; Hooper et 

al., 2005). A number of definitions have been given to functional diversity but one of the 

most widely accepted definitions is “the value and range of those species and organismal 

traits that influence ecosystem functioning” (Tilman, 2001). Functional diversity is the 

diversity of species traits in ecosystems, and reflects the range of things that organisms do in 

communities and ecosystems (Petchey and Gaston, 2006; Schleuter et al., 2010). Even 

though the term 'functional diversity' appeared in ecological research in the early nineties, 

for many years only few articles on functional diversity were published. Still in the last 

decade, the number of publications regarding functional diversity has increased 

exponentially with more than 600 articles published till 2015. This increase confirms the 

importance of functional diversity for ecology, since it is becoming apparent that species 

richness alone may not be sufficient to fully understand ecosystem resilience but that 

functional diversity may be more relevant (Chillo et al., 2011). The three aspects of 

biodiversity (species, phylogenetic and functional) are interrelated and there might be 

expected a high congruence between species richness hotspots and hotspots of 

phylogenetic and functional diversity but there have been a few studies which have shown 

the opposite e.g. low congruence was found for bird assemblages across France (Devictor et 
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al., 2010) and globally for mammals (Safi et al., 2011; Mazel et al., 2014). Functional diversity 

does increase with species richness, but not always positively and linearly (Petchey and 

Gaston, 2006; Mouchet et al., 2010). For example, Stevens et al. (2003) examined the 

latitudinal gradient in functional diversity of New World bats and showed that functional 

diversity increased towards the equator faster than the species richness did. Thus, a 

community might be of high species richness but of low functional diversity when the 

species present in the community are functionally similar (Flynn et al., 2009). Also several 

studies have documented that functional diversity is linked to ecosystem functions and 

services more strongly than species diversity (Scherer-Lorenzen, 2008; Philpott et al., 2009; 

Schmitz, 2009; Flynn et al., 2011).  

 
1.2 Functional traits 
 
 
The first step in measuring functional diversity is to describe the functional strategies of 

species occurred in the community using a set of functional traits. Functional traits refer to 

characteristics of species that influence their performance and infer a linkage to ecosystem 

function (McGill et al., 2006; Violle et al., 2007). By definition, functional traits reflect 

species' adaptations to different environmental conditions and may be morphological (e.g. 

body size), reproductive (e.g. seed or egg size, age of sexual maturity), physiological (e.g. 

potential photosynthetic rate), ecological (e.g. habitat breadth) or behavioural (e.g. feeding 

method) (Bremner et al., 2003, Dumay et al., 2004, Lepš et al., 2006). Functional effect traits 

affect ecosystem processes (e.g. productivity or pollination) and are mostly used in order to 

investigate relationships between biodiversity and ecosystem functioning. In addition, 

functional response traits link species to their interaction with biotic and abiotic factors (e.g. 

resource availability or climatic variations) and are commonly used to determine how 

species respond to environmental change (Hooper et al., 2002, Kraft et al., 2015). However, 

the linkage between ecosystem response and species functional traits is still a matter of 

current debate (Lavorel and Garnier, 2002). Another classification of traits is the way they 

are measured (e.g. continuous, binary, categorical or ordinal variables). Most of the studies 

which describe morphological traits (e.g. mass, length, size) or physiological traits (e.g. % 

nutrient content) of species are measured as continuous variables. Niche based traits (e.g. 

feeding guild, feeding method) are usually coded as categorical or binary traits when the 

categories are not exclusive e.g. amphibian could feed both on the water and on the 

ground/vegetation. Also, continuous variables could be treated as ordinal when it is not 

possible to find information for all species (e.g. large range of body size and large species 
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pool; Villéger et al., 2011). Therefore, a large number of studies is based only on 

morphological traits (e.g. Cornwell et al., 2006; Villéger et al., 2010; Maire et al., 2015), some 

studies use both categorical and continuous traits (e.g. Olden et al., 2006; Buisson et al., 

2013) or even only for categorical traits (e.g. Villéger et al., 2011; Belmaker et al., 2013). 

 
Thus, a number of decisions have to be made on which traits are useful to include and how 

to record them. For example, studies on plant functional diversity and community assembly 

included specific leaf area (Swenson et al., 2012) or seed morphology and weight 

(Karadimou et al., 2015) while studies working on mammals functional diversity (Safi et al., 

2011) and spiders (Whittaker et al., 2014) used body mass (or body length) and feeding 

guild. According to Petchey and Gaston (2006) the number of traits as well as their type 

(quantitative or qualitative) differ depending on the taxonomic diversity of the species 

present in the communities but also on the size of the communities. However, it is still 

unknown how trait selection which is often hampered by the limited availability of trait data 

(Violle et al., 2007) affects the results of functional diversity patterns and analyses. 

 

1.3 Functional diversity measures 

 
Functional diversity is then calculated based on the combination of functional traits of the 

species present within the assemblages (Petchey and Gaston, 2006; Villéger et al., 2008). 

Some functional diversity indices (mainly used for single traits) can be computed directly 

based on trait values (e.g. functional distance between species; Walker et al., 1999; Ricotta 

and Szeidl, 2009) but in most cases indices require the positioning of species within a 

functional space to determine their distribution (Mouchet et al., 2008; Villéger et al., 2008).  

 
Functional diversity can also be addressed in terms of the number of functional groups 

present in a community and the relative abundance of species in those groups (e.g. Arenas 

et al., 2006; Petchey and Gaston, 2006). However, the use of functional groups has been 

criticized because it assumes that all members of a group are functionally identical (Ricotta, 

2005). Although the concept of functional group richness might seem simplistic, it actually 

includes more assumptions than do continuous measures of functional diversity (Petchey 

and Gaston, 2006). Petchey (2004) analyzed functional groups with random combinations of 

species to functional groups, and showed that in some cases the explanatory power was 

higher, than analyses based on the a priori assignment of species to groups based on 

functional traits.  
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However, most approaches to quantify functional diversity are based on the concept of 

functional space which is based on arranging the species in t-dimensional space (Fig. 1.1a) , 

where each dimension represents a trait (Villéger et al., 2008); species that have more 

similar traits, occupy more similar niches and are adjacent in this space. Two frameworks 

have been proposed for the indices which require a functional space.  

 
The first and oldest framework is based on functional dendrograms (FDen index) whereas 

hierarchical clustering groups species according to their functional similarity using the 

distances between them in functional trait space (Fig. 1.1b). These clusters are then used to 

produce a functional dendrogram (species which are closer together in the trait space are 

also closer together on the dendrogram) (Fig. 1.1b). Dendrogram based functional diversity 

is then calculated as the sum of the lengths of branches required to connect the species in a 

community (Petchey and Gaston, 2002; 2006). This representation is similar to those indices 

developed for phylogenetic diversity (e.g. Faith PD; Faith et al., 1992).  

 
The second method is based on the question of which functional traits are most important in 

structuring the dissimilarity between species in an assemblage. Therefore, species are 

plotted along trait axes in a multidimensional functional space (Cornwell et al., 2006; Villéger 

et al., 2008). Multidimensional functional spaces are constructed based on the dissimilarity 

matrix using a principal coordinates analysis (PCoA; a generalization of the principal 

component analysis, PCA). These multidimensional spaces allow the computation of several 

complementary facets of functional diversity (Mouillot et al., 2013) (Fig. 1.1c). These facets 

of functional diversity are thoroughly described in Villéger et al. (2008) and Mouchet et al. 

(2010) and represent: (i) functional richness: the volume of trait space occupied by the 

species of the assemblage (FRic index), (ii) functional evenness: the regularity of species 

within the space (FEve index), (iii) functional divergence: the species deviance from the 

mean distance to the centre or towards the extremity of the occupied functional trait space 

(FDiv index), (iv) functional dispersion: the spread of functional types with respect to the 

functional space local center (FDis) and (v) functional entropy: the degree of dissimilarity 

between species in the community (RaoQ; expressed as an equivalent number of species; 

Ricotta and Szeidl, 2009) (Fig. 1.1c). Recently, Maire et al. (2015) examined how the number 

and the type of functional traits used and the number of species affects 'the quality of the 

best functional space' (i.e. the extent to which it gives a confident representation of the 

initial functional trait values) and whether the quality of the functional space affects 

functional diversity patterns in local assemblages. 
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Fig. 1.1 Ordination techniques are used to arrange species in multidimensional functional trait space 

(here we use a 2-D trait space). (a) A two - dimensional functional trait space which shows that the 

first ordination dimension with traits 1, 3 and 5 is most important to discriminate species ('Sp A', 'Sp B' 

etc.). Species with more similar traits are much closer e.g. species 'Sp B' and 'Sp C' in contrast to 

species 'Sp A'. (b) Pairwise distances between species in trait space are recorded in a matrix, then via 

hierarchical clustering a functional dendrogram is produced. (c) Functional richness is a measure of 

the volume of functional trait space occupied, functional evenness is a measure of the regularity of 

species within the space, functional divergence measures the species deviance from the mean 

distance to the centre or towards the extremity of the occupied functional trait space, functional 

dispersion is a measure of the spread of functional types with respect to the functional space local 

center and functional entropy quantifies the degree of dissimilarity between species in the 

community. 
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Hence, they proposed a new framework for evaluating the quality of a functional space and 

computing all possible functional spaces, in order to prevent the computation of biased 

estimates of functional diversity (depending mainly on the dimensions of the functional 

space: functional spaces of two dimensions were of lower quality than those with more than 

four dimensions). 

 
1.4 Biodiversity at macroecological scales: the desire to see the bigger 

picture 

 
The term "macroecology" was first used in Brown and Maurer (1989) trying to describe the 

large-scale assembly processes of biotas understanding “how the physical space and 

nutritional resources of large areas are divided among diverse species” (Brown and Maurer, 

1989). Macroecology seeks to develop an understanding of the abundance and distribution 

of the species at large spatial and temporal scales through the study of the properties of the 

whole (Gaston and Blackburn, 1999). Gaston and Blackburn (2000) also mention that 

macroecology is the method that “attempts to see the wood for the trees”. A number of 

studies have assessed at large scales (continental to global) the distribution of species 

richness (e.g. Orme et al., 2005; Storch et al., 2006; Davies et al., 2007; Belmaker and Jetz, 

2011), geographic range size (e.g. Stevens, 1989; Orme et al., 2006; Laube et al., 2013), 

phylogenetic diversity (e.g. Fritz and Purvis, 2010), species' traits such as body size (e.g. 

Blackburn and Gaston, 1994; Olson et al., 2009; Fritz and Purvis, 2010), species area 

relationship (Storch et al., 2012) and more recently traits such as feeding guild (e.g. 

Belmaker et al., 2012) or even lately functional diversity and functional biogeography (e.g. 

Safi et al., 2011; Violle et al., 2014). Although, macroecological approaches have enlightened 

the large-scale patterns of biodiversity, the underlying mechanisms that drive these large-

scale patterns are much more difficult to be identified and despite exhaustive research 

efforts during the past two centuries, this puzzle remains unsolved. However, increasing 

efforts to understand the patterns have shown that over 30 hypotheses involving various 

ecological, biogeographic and evolutionary mechanisms have been proposed to explain 

macroecological patterns of species richness (Hawkins et al., 2003) concluding that a 

complex set of determinants rather than one theory (Currie et al., 2004) is the answer to this 

question. Thus, there is a suspicion that functional diversity could be also driven by the same 

environmental drivers as species richness but still this field remains unexplored except for a 

few studies (Pakeman et al., 2011; Safi et al., 2011; Swenson et al., 2012).  
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1.5 Functional diversity: a useful route to disentangle among several 

community assembly processes 

 
Functional diversity measures those aspects of diversity that potentially reflect community 

assembly processes (Cadotte et al., 2011). That is perhaps why this question has been much 

debated for decades by ecologists working with functional diversity. There are several 

studies, examining the role of community assembly mechanisms and maintenance of 

ecological communities, with particular considerations of the effects of environmental 

factors, biological interactions and random or neutral processes (Clements, 1936; Hubbell, 

2001; Leibold et al., 2004; Mouillot et al., 2007; McGill, 2010; Pavoine and Bonsall, 2011; de 

Bello, 2012; Gotzenberger et al., 2012; Münkemüller et al., 2012). Neutral theory is based on 

the idea that communities represent random assemblages from a regional species pool, with 

species coexisting independently of their traits and being ecologically equivalent (Hubbell, 

2001). In contrast, niche-assembly theory considers that species of a community are non-

randomly assembled but possibly because specific traits are constrained through various 

biotic and environmental filters. Therefore, the community assembly rules can be tested by 

comparing the distribution of functional diversity to the null distribution of species predicted 

by null models and the neutral theory. Environmental filtering will constrain specific traits 

from the species pool, resulting in species with more similar traits (underdispersion: species 

are likely to be more similar than expected by chance). Conversely, competitive exclusion, 

will result in species with more dissimilar traits (overdispersion of traits: species are likely to 

be more dissimilar than expected by chance). It has been also suggested that the role of the 

structuring mechanisms may be scale-dependent (Kraft et al., 2007; Funk et al., 2008). 

Environmental filtering may act at larger scales than biotic interactions (Díaz et al., 1999). 

Environmental filtering has been reported for plant communities in NE Spain (Bello et al., 

2009); tropical dry forests (Lebrija-Trejos et al., 2010); bird communities in Great Britain 

(Petchey et al., 2007); temperate forests of North and South America (Swenson et al., 2012; 

Lamanna et al., 2014), so it might be more conspicuous in macroecological analyses.  

 
These structuring mechanisms are not necessarily mutually exclusive and can co-occur 

simultaneously across scales (de Bello et al., 2006; Mouillot et al., 2007). For example, low 

water availability is a harsh environmental condition, may prevent the traits from the species 

pool to arrive in the community allowing only for a narrow range of similar traits to be 

present in the community (e.g. those species which are drought resistant), but 

simultaneously competitive interactions might be intensified among similar species as a 
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result of limiting resources because of the drought. Also there is some evidence that 

different processes appear to take place at different spatial scales. Ingram and Shurin (2009) 

showed that the relative eye size of a pacific rockfish (the trait is related to the depth that 

the species can survive) was under-dispersed with regard to the null model indicating 

environmental filtering hypothesis at larger spatial scales while gill raker morphology (the 

trait is related to trophic level and the resource use) was over-dispersed supporting the 

niche differentiation hypothesis at smaller spatial scales. Currently there is not much 

empirical evidence for how the relative strength of mechanisms structuring communities 

may vary along environmental gradients, and this is an issue that requires further research. 

 
1.6 Functional diversity: a number of questions awaiting to be 

answered 

 
Functional traits and functional diversity have been used to address many ecological 

questions. Functional diversity has been repeatedly been used on questions related to 

community assembly on local scales (e.g. Petchey et al., 2007; Mason et al., 2008; Thompson 

et al., 2009; Lebrija-Trejos et al., 2010; Cardoso, 2012; Naaf and Wulf, 2012; Spasojevic and 

Suding, 2012). Moreover, functional diversity can also address questions on the 

determination of  ecosystem level processes (Chapin et al., 2000; Díaz and Cabido, 2001; 

Tilman, 2001) trying to link species and ecosystems through complementarity of resource 

use. It might also be a tool for predicting the functional consequences of biotic change 

caused by humans (e.g. Chapin et al., 2000; Loreau et al., 2002; Pakeman, 2011; Pakeman et 

al., 2011; Papanikolaou et al., 2012) or the impact of the human-driven biodiversity change 

on species extinction (e.g. Flynn et al., 2009; Edwards et al., 2013). A number of studies have 

assessed the role environmental gradients such as productivity and temperature on 

functional diversity for various taxa on local scale e.g. plants (Pakeman et al., 2011; Perez-

Camacho et al., 2012), bees (Moretti et al., 2009) and fish (Pool et al., 2010; Villéger et al., 

2010). There are questions about the evolutionary determinants of functional diversity (e.g. 

Weiher et al., 1998) while studies of the temporal the spatio-temporal patterns of functional 

diversity (Panitsa et al., 2008; Stegen and Swenson, 2009; Mendez et al., 2012; Bush and 

Novack-Gottshall, 2012) are even more limited. Perhaps because of the importance of these 

questions, research related to methodological issues on measuring functional diversity has 

been started to be addressed. Petchey and Gaston (2006) described well-known and 

unknown general properties of the different functional diversity measures highlighting the 

advantages and disadvantages. Moreover, a lot of suggested questions from the same study 
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e.g. How many traits to use? Which traits? Is it necessary to weight the traits? Which 

functional diversity is more suitable? are still trivial and certainly there are various answers 

on them. Recently, Maire et al. (2015) pointed out that the type of functional trait used 

(ordinal or continuous) can affect functional diversity patterns while Mazel et al. (2014) 

checked if the number of traits used affects the functional diversity patterns of mammals of 

the globe. Before a decade some purely descriptive questions concerning, for example, the 

nature of latitudinal gradients in functional diversity and whether these differ from what one 

expects by chance, (e.g. Stevens et al., 2003) emerged. However, still our understanding of 

large scale patterns of functional diversity and its drivers remain fragmentary since most of 

these studies were referred to local level while only a few examples on continental or global 

geographical extent have been reported till recently (Devictor et al., 2010; Cardoso et al., 

2011; Meynard et al., 2011; Safi et al., 2011; Swenson et al., 2012; Thuiller et al., 2013; 

Mazel et al., 2014). Of the many issues that surround functional diversity, this thesis centres 

on the environmental influences on the large-scale distribution of amphibian functional 

diversity and how some methodological considerations such as the different distribution 

data sources of species richness (atlas vs ranges) and the use of different number and type 

of functional traits affect these patterns. 

 
1.7 Amphibians an interesting taxon to investigate functional diversity 

distribution patterns 

 
Amphibians are ectothermic vertebrates which inhabit a variety of habitats such as forests, 

rivers, streams and alpine environments. Amphibian population declines faster than the all 

the other vertebrate taxonomic groups with 30% of all species listed as threatened according 

to the IUCN (Stuart et al., 2004; Wake and Vredenburg, 2008; IUCN, 2013). Causes for this 

decline which is observed in all regions of the world are anthropogenic land-use changes, 

with habitat destruction and fragmentation ranking first, and the disease chytridiomycosis 

which is caused by the chytrid fungus Batrachochytrium dendrobatidis and other threats 

(e.g. climate change interacted with chytridiomycosis, environmental pollution and the 

spread of invasive species) (Blaustein and Kiesecker, 2002; Beebee and Griffiths, 2005). Hof 

et al. (2011) also showed that salamanders of southeastern Europe are heavily affected from 

climate change. This concern about amphibians is due to the fact that they are good 

indicators of environmental stress (Blaustein, 1994; Blaustein and Wake, 1995) as (i) most of 

them experience both aquatic and terrestrial pressures because they live as larvae and 

adults in water or close to that and on the ground, (ii) their eggs and moist skin are directly 
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exposed to soil, water and sunlight and (iii) they are very important components of many 

ecosystems as they might consist of the highest fraction of vertebrate biomass (Blaustein et 

al., 1994). Also due to their contribution in trophic dynamics in many communities a further 

decline would have major impacts on other taxa as well (Blaustein et al., 1994).  

 
Amphibians are also an interesting taxon to be studied for its functional diversity since it 

contributes important ecosystem services. Hocking and Babbitt (2014) refer that amphibians 

are particularly important for regulating services including: invertebrate pest control, seed 

dispersal (some frogs consume fruits and disperse the seeds), pollination (through altering 

pollination dynamics e.g. most adult amphibians feed on a variety of arthropods which can 

be important pollinators for many plants including some agricultural crops), also predatory 

amphibians can reduce the spread of mosquito based illness through predation or 

competition with mosquitoes. In addition, amphibians contribute to supporting services 

through soil burrowing and aquatic bioturbation, decomposition and nutrient cycling 

through waste excretion, controlling for primary productivity, through changes in the food 

web. 

 
1.8 Thesis structure 

 
In this thesis, I used two sources of amphibian distribution data: presence / absence atlas 

and expert-drawn ranges and I compiled a database of functional traits for amphibians of 

Europe to investigate the distribution of species richness, functional traits and their diversity 

at macroecological scales. More specifically, I use these data to explore: (1) the 

environmental drivers of species richness patterns and the possible mechanisms underlying 

these patterns; (2) whether the different functional trait groups (distinct axes of ecological 

niches of the species e.g. morphological, reproductive, habitat-related) show congruent 

functional diversity spatial patterns and if one functional trait group could act as a surrogate 

for another functional trait group; (3) the environmental influences on the large-scale 

distribution of amphibian functional diversity for three facets of functional diversity: 

functional richness, functional dispersion and functional evenness; (4) what amphibian 

functional diversity implies for the community assembly of amphibians; and (5) the 

functional diversity area relationship and its similarity to the species area relationship. 

 
Chapter two assesses the environmental variables (climatic, landscape and human influence 

factors) which drive amphibian richness patterns based on reported theories (e.g. species-

energy theory, range limitation mechanism). Although, a number of studies have described 
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richness patterns and their potential drivers, less is known about the effect of different types 

of data sources on the richness patterns produced and the consequent differences in the 

effect of environmental predictors. Thus, two different data sources are used: expert drawn 

species range maps, and presence / absence atlas to construct richness maps of 50 km x 50 

km grid cell and spatial regression models which account for spatial autocorrelation were 

performed to identify the most important predictors for richness patterns of atlas based and 

range based maps. 

 
Chapter three addresses the issue of trait selection and how using different functional traits 

affects the functional diversity patterns and any conclusions related to them (e.g. 

relationship with latitude or species richness). Although, trait selection is a critical step of 

functional diversity studies, this step is often hampered by the limited availability of trait 

data and most studies examine functional diversity use traits determined primarily by the 

availability of data rather than a specific function. Thus, this chapter examines whether the 

use of different Functional Trait Groups (FTGs - distinct axes of ecological niches of the 

species e.g. morphological, reproductive, habitat-related) show congruent functional 

diversity spatial patterns and if one FTG could act as a surrogate for another FTG. 

 
Chapter four uses a multidimensional functional trait space to measure three facets of 

functional diversity: functional richness which reflects the volume of a multidimensional trait 

space defined by using a convex hull volume, functional dispersion which measures the 

spread of functional types with respect to the functional space local center and functional 

evenness reflecting the regularity of the distribution of species within the trait space and 

map the spatial patterns of them in order to identify which environmental drivers are most 

important for the functional diversity patterns. Spatial regressions and hierarchical 

partitioning investigated which of the environmental predictors used to define amphibian 

species richness patterns, are also good predictors for the three facets of functional diversity 

patterns. Also, potential differences on functional diversity patterns based on different 

richness data sources (atlas vs ranges) are referred. These analyses provide insight 

concerning mechanisms underlying the latitudinal diversity gradients. 

 
Chapter five aims to assess what amphibian functional diversity implies for the community 

assembly rules (environmental filtering / biotic interactions or neutral theory). Thus, in this 

chapter the distribution of dendrogram based functional diversity (observed functional 

diversity) was mapped and compared to null models (i.e. those expected if assemblages are 
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random with respect to species and thus species' traits). Also, the different Functional Trait 

Groups (FTGs - distinct axes of ecological niches of the species e.g. morphological, 

reproductive, habitat-related) were used to test if they affect the results. Using spatial 

regression models to account for spatial autocorrelation, variables such as  energy and 

landscape related and human influence factors were used to identify the most important 

predictors of the distribution of functional diversity (both absolute values and those relative 

to null expectation). 

 
Chapter six examines the functional diversity area relationship (FDAR), and how it relates to 

the species area relationship (SAR). FDAR presents a measure of functional diversity as a 

function of area. For this reason, FDAC curves (functional diversity accumulation curves 

based on six functional indices) based on nested sampling in two regions of Europe: central 

east Europe and Iberian were constructed and compared this relationship with the species 

accumulation curves (SACs). 

 

Finally, Chapter seven provides a synthesis of the main results from the thesis. 
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Chapter Two: Discrepancies between atlas and range map-

based species richness: patterns and environmental predictors 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Part of this chapter is included in the manuscript: 

Tsianou, M.A., Koutsias, N., Mazaris, A.D. & Kallimanis, A.S. Climate and landscape explain richness patterns 

depending on the type of species' distribution data. Under review after minor revision in Acta Oecologica. 
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2.1 Abstract 

 
Aim: Understanding the patterns of species richness and its environmental drivers, remains 

a central theme in ecological research. However, the effect of different types of distribution 

richness data on the relationship between diversity and different environmental drivers has 

been little understood especially in the continental scales where many conservation 

decisions are made. We aim to assess the role of energy availability and its relative 

importance compared with land cover diversity and human influence factors, in particular, in 

shaping broad-scale richness patterns estimated from two different data sources for 

amphibians of Europe: expert drawn species range maps, and presence / absence atlas. 

 
Methods: We used two different data sources: expert drawn species range maps, and 

presence / absence atlas to construct richness maps of 50 km Χ 50 km grain size. At this 

scale, we evaluated how richness estimated from atlas dataset correlate with species 

richness estimates from range dataset, also testing for omission and commission errors in 

species rich and poor areas. We also examined the association of both richness data (atlas 

and range map-based) with energy availability related (temperature, precipitation and their 

seasonalities, actual and potential evapotranspiration, and net primary productivity), 

landscape attributes (land cover diversity) and human influence variables (agricultural area 

extent and human population density) using glmmPQL models which account for spatial 

autocorrelation effects. We also performed hierarchical partitioning to assess the relative 

strength of environmental variables to the total variation.  

 
Results: We found that the two types of species richness data explored in this study yielded 

different richness maps, and while we expected range map-based estimates of species 

richness to exceed those from atlas data (due to the assumption that species is present in all 

locations throughout its region), we found that in many cases the opposite is true 

(specifically for 10.5% of grid cells the atlas map-based estimates of richness was greater 

than the range based estimates). Also these discrepancies meant that for the same grain of 

analysis and taxonomic group, the relative importance of different environmental variables 

to act as drivers of biodiversity patterns changed depending on the dataset used. Results 

from variation partitioning demonstrated that the energy availability theory explained most 

of the environmental variation (37.6%) for atlas map-based amphibian species richness 

followed by land cover diversity (20.7%) and human influence predictors (11.2%) while for 

range map-based richness variables which best represent energy availability theory clearly 
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dominated (53.54%) over land cover diversity (5%) and human influence predictors (17%) in 

explaining the richness patterns. 

 
Main conclusions: The two types of species richness data explored in this study yielded 

different richness maps and thus the relative importance of different environmental 

variables to act as drivers of biodiversity patterns changed depending on the dataset used. In 

general, energy availability variables explained more environmental variation than landscape 

and human influence variables. However, for atlas map-based richness land cover diversity 

followed energy availability predictors with a great contribution supporting the argument 

that landscape attributes will be conducive to better understanding the drivers of richness 

patterns and modelling amphibian species richness at macroecological scales. 

 
Keywords: distribution maps, energy availability, landscape, human influence, amphibians, 

hierarchical partitioning 
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2.2 Introduction 

 
Large-scale species distributional maps are fundamental for understanding macroecological 

patterns, such as the spatial patterns of species richness but also their drivers  (e.g. Grenyer 

et al., 2006; Orme et al., 2006; Buckley and Jetz, 2007; Hurlbert and Jetz, 2007; Kent, 2007; 

Hortal et al., 2008; Jetz et al., 2008), or of even more applied conservation issues such as to 

detect the extinction risk of species and define their conservation status (e.g. Rodrigues et 

al., 2004; Orme et al., 2005; IUCN, 2013). 

 
There is a considerable variation in how such species distributional maps are generated. The 

choice of mapping methodology relies on the availability of expert knowledge concerning 

the species (e.g. field data on habitat preferences and ecology of species) and the 

environmental variation (e.g. availability of environmental datasets). Maps of richness 

patterns are usually constructed from (i) species expert-drawn range maps which are 

overlaid and (ii) occurrence data (counting occurrences derived from field survey data, 

museum records, point observations, interpolated or modelled distribution maps) which are 

recorded, to estimate the number of species expected to occur at a given locality (Graham 

and Hijmans, 2006; Gaston and Fuller, 2009). 

 
Over broad spatial scales survey data collection is only rarely conducted, thus most 

continental and global patterns of species richness analyses have been based on expert-

drawn range maps. Hawkins et al. (2003) reviewed 85 analyses of species richness whereas 

69% used range maps at global and continental scales despite the number of limitations that 

have been acknowledged (Van Jaarsveld et al., 1998; Hurlbert and Jetz, 2007). The 

advantages and disadvantages of atlas map-based and range map-based data have been 

repeatedly discussed in the literature (Hurlbert and White, 2005; Hurlbert and Jetz, 2007). 

Expert-drawn range maps are usually based on a drawn outline which encompasses all the 

present occurrences at which a species has been recorded (Gaston, 1996; Brown and 

Lomolino, 1998) and thus establish the shape and the size of a species' distribution. This type 

of data may be prone to commission errors, assuming that the species are distributed across 

the entire area of their ranges (which in most cases includes areas of unfavourable habitat 

conditions) (Pulliam, 2000; Hubbell, 2001; Svenning and Skov, 2004; Rondinini et al., 2006). 

Thus, "range overlap maps" might overestimate species richness because they include areas 

where species might not occur (Gaston, 2003; Cantú-Salazar and Gaston, 2013). On the 

other hand, atlas map-based data are also not perfect, since they may be prone to omission 
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errors. In atlas map-based data presence is based on observations, so presence data are 

quite reliable, but absence data are based on lack of observations which may be due to true 

species absences but also to other causes (e.g. inadequate and / or spatially biased sampling, 

etc.) (Balmford and Gaston, 1999; Hijmans et al., 2000). 

 
What is clear is that both approaches are approximations of species distribution and try to 

represent where the species actually occurs. As a result, all methods are prone to errors and 

imperfections (none of them give us "exactly" where a species is distributed) which might 

affect any conclusions driven by them (La Sorte and Hawkins, 2007). This mismatch has been 

linked to an inherent difference in the spatial resolution at which range maps and atlases 

capture distributional information (range map data are more coarse grained while survey 

data more fine grained) (Hurlbert and White, 2005; Hurlbert and Jetz, 2007).  

 
Species richness patterns are often driven by different environmental variables across 

different scales (Rahbek and Graves, 2001; Belmaker and Jetz, 2011). A substantial 

discrepancy between atlas map-based and range map-based richness patterns would have 

important implications on the relative ranking and explanatory power of various 

environmental predictors which could also conclude to different results about the 

determinants of species richness (see Hurlbert and White, 2005).  

 
Among the 30 or more hypotheses proposed to explain macroecological patterns, two in 

particular have shown widespread empirical support. Each of them, in turn, been regarded 

as having two alternative facts. The first hypothesis is related to energy availability (Evans et 

al., 2005) which represents two available forms of energy, the ambient energy sub-

hypothesis and the productive energy sub-hypothesis. Ambient or solar energy sub-

hypothesis derived from the observation that temperature influences distributional ranges 

of species via physiological constraints (range limitation mechanism) while in homeotherm 

species affects the available energy for reproduction, and hence the rates of population 

growth and their turnover (Turner et al., 1987; 1988; Currie, 1991; Allen et al., 2002). 

Additionally, the theory also includes the influence of solar energy and temperature on 

speciation rates via the linking between ultraviolet (UV) radiation and evolutionary rates 

(Rohde, 1992; Allen et al., 2002; 2006). Thus, as solar energy increases we expect that 

climatic conditions are more suitable for more species and the species richness is increased 

(Evans et al., 2005). In terms of ambient energy, variables such as temperature, precipitation 

and potential evapotranspiration are appropriate measures of energy availability (Evans et 
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al., 2005). The productive energy sub-hypothesis, which is best described by environmental 

factors like actual evapotranspiration, net primary productivity (Evans et al., 2005) claims 

that consumers' species diversity depends primarily on the conversion of energy into plant 

productivity and biomass, flowing through food webs (Wright et al., 1993), and thus depends 

on the available water, heat and light (Waide et al., 1999). As a consequence, an increase in 

productive energy will lead to an increase in the abundance of individual resource types and 

thus species will be able to specialize more narrowly on using their more preferred resources 

which will lead to a decrease of niche breadth for each species (Evans et al., 2005). This 

reduced niche breadth reduces rates of competitive exclusion and increases species richness 

in high energy species areas (Evans et al., 2005). The second one hypothesis, is considered as 

habitat heterogeneity hypothesis whereas heterogeneity is measured either as 

topographical variability (elevational range) (Richerson and Lum, 1980; Kerr and Packer, 

1997; Rahbek and Graves, 2001) or as the number of habitat types (Rosenzweig, 1995; Kerr 

et al., 2001) present within an area and argues that greater habitat heterogeneity facilitates 

species diversity through increased resources (e.g. Pianka, 1966; Kerr and Packer, 1997). 

 
Temperature and productivity have often been identified as the major determinants of 

species richness patterns (Currie, 1991; Pearson and Dawson, 2003; Rodríguez et al., 2005). 

Empirical evidence has shown that climatic variables contribute to variation in species 

richness on average more than 60% across a wide range of taxonomic groups (Hawkins et al., 

2003; Field et al., 2009). However, it has been reported the explanatory power of landscape 

attributes for species richness patterns strongly improves the power of climate at large 

scales (50-200 km; Rahbek and Graves, 2001; Davies et al., 2007; Xu et al., 2014) but also at 

finer scales around 10 to 20 km (Luoto et al., 2007; Reino et al., 2013). Conversely, there are 

studies arguing that landscape configuration variables did not contribute anything significant 

to climatic factors (Thuiller et al., 2004; Triviño et al., 2011).  

 
Moreover, research on environmental drivers which govern richness patterns has focused on 

classical ecological predictors while other factors that might have influenced richness 

patterns, have been largely omitted. Although, a number of human influence factors such as 

contemporary human population density and the extent of agricultural area have been 

widely reported as important predictors especially for threatened species (McKinney, 2001; 

McKee et al., 2003; Scharlemann et al., 2005; Davies et al., 2006), and it is likely to have an 

impact also on biodiversity and the distributional ranges of non-threatened species. Hof et 

al. (2011) report that the major causes for amphibians' populations decline are land use and 
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climate change which act in synergy with chytridiomycosis (a pathogenic fungal disease) 

especially in areas where the current human footprint is larger. 

 
Several authors examined how different types of data used for the analysis affect species 

richness values (Graham and Hijmans, 2006; Hurlbert and Jetz, 2007; McPherson and Jetz, 

2007) but few examined how the different types of data affect the relationship between 

species richness and environmental variables (Hurlbert and White, 2005). Most of the 

studies concluded that diversity patterns are  influenced by variations of data sources 

(Hurlbert and White, 2005; Rahbek, 2005; Hurlbert and Jetz, 2007; Hawkins et al., 2008; 

Hortal et al., 2008; Pineda and Lobo, 2012). Still, there is no much evaluation at a continental 

extent of how estimates of species richness from range maps correlate with those based on 

atlas map-based data, and how these differences affect the inferences regarding the effect 

of current environment (energy availability, landscape attributes and human influence 

factors) as a driver of species richness. Here, we use atlas map-based and range map-based 

richness data for amphibians at intermediate scale (50 x 50 km) and at continental extent to 

explore possible discrepancies in species richness estimates for Europe. In addition, we also 

explore how these discrepancies between richness estimates from atlas and range map-

based may affect the relative ranking and explanatory power of environmental predictors. 

We attempt to understand what is the strength of energy availability related factors, land 

cover diversity and human influence variables in shaping biodiversity patterns, and how our 

understanding is affected by the source of the data (atlas vs range map-based richness 

patterns). We test our hypothesis by analyzing the relationship between the mean number 

of species per atlas and range map-based richness and seven measures of energy availability 

theory (mean annual temperature, total precipitation, temperature and precipitation 

seasonality, net primary productivity and actual and potential evapotranspiration) one 

landscape attribute (land cover diversity which reflects both natural and human land-use 

effects, and may also capture aspects of habitat conditions not accounted for by elevational 

range) but also human influence factors such as agricultural area extent and human 

population density that possibly affect distributional ranges and hence richness patterns. 
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2.3 Methods 

 
2.3.1 Species richness maps 

 
Species distribution data for amphibians were obtained from the recently published and 

available New Atlas of European Amphibians and Reptiles (NA2RE; Sillero et al., 2014; see 

also http://na2re.ismai.pt) which covers all European herpetofauna. This atlas provides 

distributional maps and taxonomical information on an equal area grid with cells of 50 x 50 

km based on the Universal Transverse Mercator (UTM) projection and the Military Grid 

Reference System (MGRS). We used a part of the atlas for which Corine Land Cover data for 

year 2000 were available (i.e. the European Union). Exclusion of grid cells with less than 50% 

land-area resulted in 2488 cells of 50 km x 50 km across Europe. All native terrestrial 

amphibians (n = 68) were included (Appendix S1). 

 
We used these data to derive maps of species richness of Europe within 50 km x 50 km grid 

cells based on the records of the New Atlas of European Amphibians and Reptiles. For the 

same grid cells, we estimated species richness from digitized geographical range vector 

maps (expert-drawn range maps) for amphibians (IUCN, 2013) and constructed a 

biodiversity range map based on the same grid as the atlas maps. Because of differences in 

the taxonomy of species between the databases (atlases vs IUCN species ranges) we 

preferred to follow the atlas taxonomy as it was more recently updated. Thus, we avoided 

possible mismatches in the summed species richness which could be derived not because of 

the different distributional information but because of different species nomenclature 

between the databases. 

 
2.3.2 Environmental variables 

 
The explanatory variables chosen are summarized in Table 2.1. The data for the 

environmental variables were reprojected and resampled to the same projection and 

resolution as the species atlases (50 km x 50 km). Climate layers were based on the 

WorldClim climate database (Hijmans et al., 2005) aggregated to 50 km x 50 km resolution. 

Climate was considered as: annual mean of temperature and total precipitation versus 

annual seasonality of temperature and precipitation (Carrara and Vázquez, 2010). We also 

tested the energy availability theory using potential evapotranspiration (e.g. Schall and 

Pianka, 1978; Turner et al., 1987; Currie, 1991; Kerr and Packer, 1997) and actual 

evapotranspiration as a measure of water-energy balance (Hawkins et al., 2003) which might 
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be of great importance for amphibians, as these species require moisture for reproduction. 

For, evapotranspiration data we used MODIS16 (Mu et al., 2011) remotely sensed 1 km 

resolution monthly data available for the time period of 2000 – 2010. The MOD16 ET data 

sets are estimated using Mu et al. (2011) Evapotranspiration (ET) algorithm (MOD16) 

available at (ftp://ftp.ntsg.umt.edu/pub/MODIS/Mirror/MOD16/). We also used net primary 

productivity (kg C x 0.0001 / m2 x year) as an indicator of plant biomass; data were obtained 

from the same source as the source of potential and actual evapotranspiration and 

calculated using the MOD17 algorithm. We used the number of land cover types within grid 

cell, to account for the potential influence of habitat heterogeneity on species richness 

(Currie, 1991; Kerr and Packer, 1997), via effects of habitat turnover (Whittaker, 1960). All 

information provided by the land cover dataset CLC2000 (Corine Land Cover Land Use data 

of Europe) (European Environment Agency, 1994). The CLC2000 consists of 3 levels: I, II and 

III (thematic resolutions) and each level comprises 5, 15 and 44 categories respectively. The 

classification scheme equally includes human land use classes and natural or semi-natural 

land cover classes. Thus, in order to examine the importance of landscape heterogeneity we 

used the more detailed level of thematic resolution (level III). Among our predictors of 

human influence, we included human population density (persons km-2) (Klein Goldewijk et 

al., 2011). The influence of agricultural land use was tested using the fit of (both cropland 

and pastureland) agricultural land area extent (km2) provided by CLC2000. Land area (km2) of 

each grid cell was included as a covariate in all models to control for species-area effects 

(Macarthur and Wilson, 1967; Preston, 1960; 1962).  

 
Pairwise plots between each of the predictors were used to assess potential collinearity and 

the variance inflation factors (VIF) calculated to assess the levels of collinearity. Since each of 

the VIF values was <10 (Quinn and Keough, 2002), all predictors in Table 2.1 were 

considered in model selection. The following variables were transformed because they 

showed right-skewness: total precipitation, precipitation seasonality and potential 

evapotranspiration were square-root transformed while land cover diversity, agricultural 

land area (cropland and pastureland extent) and human population density were log10-

transformed. We plotted species richness against all variables to identify non-linearities and 

the fit of quadratic forms was used for the following variables: mean annual temperature, 

net primary productivity and land cover diversity. Resampling of all environmental and 

human influence data was carried out in QGIS version 2.10.0. 

  



42 
 

Table 2.1 The predictors of amphibian species richness used at 50 km x 50 km scale 

considered in this and the next chapters for functional diversity 

 
Environmental Absolute Mean annual temperature  

(-4.7 - 19.3 oC) 
  Total annual precipitation 

(273.1 - 2652.5 mm) 
  Annual net primary 

productivity (0.12 - 1.7 kg C x 
0.0001 / m2 x year) 

  Actual evapotranspiration 
(2279 - 9956.6 mm/year) 

 Variability Temperature seasonality 
(standard deviation) (1.12 - 
19.5)  

  Precipitation seasonality 
(coefficient of variation) (0-
229.0)  

  Potential evapotranspiration 
(standard deviation) (3557.3 
- 19964.3 mm/year) 

 Heterogeneity  Habitat heterogeneity - 
number of CORINE land 
cover classes of level III (1-
36)  

Anthropogenic Agriculture  Cropland and pastureland 
area extent (0 - 2069.4 km2) 

 Population  Human population density in 
2000AD (0 - 1983.3 persons 
km-2) 
 

 

2.3.3 Statistical analysis 

 
To analyze the relationships between atlas map-based species richness and range map-

based richness for amphibians, we used Spearman correlations calculating "effective" 

degrees of freedom to avoid the overestimation of degrees of freedom due to spatial 

autocorrelation (Clifford et al., 1989). We also performed standardized major axis 

regressions to test whether the slopes of such relationships were significantly different from 

one (as a measure of the species over- or underestimation by one method or the other, 

especially in species-rich areas) and whether the intercepts were significantly different from 

zero (indicating how accurately each method estimate species richness in species-poor 

areas) (Pineda and Lobo, 2012). All spatial correlations were performed using SAM software 
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version 4.0 (Rangel et al., 2010). Regressions were performed with the package 'smatr' 

(Warton et al., 2012) version 3.0.3 in R software (R Development Core Team, 2014). 

 
2.3.4 Environmental models accounting for spatial autocorrelation 

 
We tested our hypotheses by analyzing the relationship between the mean number of 

species (estimated either from atlas or range map-based data) and environmental and 

human influence predictors. To deal with spatial autocorrelation and response variables that 

were not normally distributed, we used generalized mixed effects models with Poisson 

errors (glmmPQL) and exponentially spatially structured (exponential spatial covariance 

structures were used instead of spherical or Gaussian because it best captured the spatial 

relationships within the data) random effects (spatially correlated residuals), fitted using 

penalized quasi-likelihood, to deal with the potential difficulties (biased parameter 

estimations, inflated Type I errors) caused by residual spatial autocorrelation (Dormann et 

al., 2007). We calculated pseudo-R2 as the squared Pearson correlation coefficient between 

observed and predicted values (Kissling and Carl, 2008). Moran’s I correlograms were used 

to inspect visually whether residual spatial autocorrelation persisted (Appendix S2). All 

analyses were performed in R version 3.0.3 (R Development Core Team, 2014) using the 

glmmPQL function in R package 'MASS' (Ripley et al., 2015).  

 
We firstly performed single-predictor models of each variable with land area as a covariate 

to check the direction and the fit of individual relationships. To test the relationships with 

squared terms, we also included the linear term in the model. Starting with a full model that 

fitted all predictors (Table 2.1) we used backwards removal (based on improvement of AIC) 

to arrive at a minimum adequate model (MAM) with the lowest AIC. Squared terms were 

only included in models where the linear term was also present. Land area was fitted as a 

covariate in all models. We also used hierarchical partitioning (HP) to evaluate the relative 

contribution of each predictor in the MAM. Since this method cannot be used with glmmPQL 

models, we firstly removed the spatial component of the fitted values with the glmmPQL 

models and richness without spatial components was used for HP performed in R package 

'hier.part' (Walsh and MacNally, 2013). 
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2.4 Results 

 
The frequency distributions of species numbers when using atlas map-based richness 

compared with range map-based richness was significantly different from one another (two-

sample Kolmogorov–Smirnov test, D = 0.158, p < 0.0001), with skewness of the distribution 

of richness values from atlas being higher than that of the range map richness estimates (Fig. 

2.1a). The frequency distribution of the species richness for the two mapping methods was 

right-skewed (Fig. 2.1a). Species richness estimated from atlas map-based data and species 

richness estimated from range map-based data showed a significant positive relationship, 

with rs = 0.777,  corrected d.f. = 21.57, p < 0.001 (Fig. 2.1b). The mean species richness 

estimate (± SD) at 50 km x 50 km resolution was 7.59 ± 4.89 species based on atlas map-

based data (Fig. 2.2a) while 9.33 ± 4.72 species based on range map-based data (Fig. 2.2b). 

The relationship showed a strong association with estimates of species richness from range 

overlap maps being greater than richness estimates from atlas, although for 10.5% of grid 

cells, species richness estimates from atlas exceeded those from range maps (Fig. 2.2c). The 

intercept of the standardized major axis regressions was significantly different from zero 

(Intercept = -2.063, limits = (-2.299 - 1.827), t = -17.15, p-value < 0.0001), showing that range 

map-based richness in grid cells with lower species richness is generally underestimated. The 

slope of the relationship was not significantly lower from one (Slope = 1.034, limits = 1.012 - 

1.057, p-value < 0.0001, R2 = 0.698, p-value < 0.0001, d.f. = 2486), counteracting the 

differences in intercept, so as at high richness grid cells there was no systematic bias among 

datasets.  

 
The best supported (lowest AIC) univariate models for species richness estimated from atlas  

were the quadratic model of land cover diversity, followed by net primary productivity and 

then the linear model for precipitation seasonality (Table 2.2). Univariate models fitting one 

more climatic and the landscape factor (total annual precipitation and the agricultural land 

area) were also the best supported for atlas map-based species richness. Of the measured 

variables, the best supported univariate models for species richness estimated from range 

map were the quadratic model of mean annual temperature, followed by total annual 

precipitation and the potential evapotranspiration. In all cases the predictors showed 

significant positive associations with species richness. 

 

The final multivariate model for atlas map-based species richness, which explained 70.9% of 

the variance in the data (Table 2.3, Fig. 2.3a). In terms of HP components, land cover  
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Fig. 2.1 (a) Frequency distributions of amphibian atlas based map estimated species richness (grey 

bars) and richness estimated from range maps (bars with thick borders) (b) relationship between 

amphibian atlas map-based and range map-based estimated species richness, in Europe at 50 km x 50 

km resolution. 
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Fig. 2.2 Distribution of amphibian species richness based on (a) atlas, (b) range maps (c) the 

difference in species richness between richness estimates from atlas maps and estimates derived 

from range maps (positive values indicate that the atlas map-based estimated richness values exceed 

those of range map-based while negative values that the range map estimates more species than 

atlas map) at the 50 km x 50 km resolution for Europe.  
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Table 2.2 Single-predictor models of amphibian species richness estimated from (a) atlas and (b) range map with environmental predictors including: 

energy availability related variables, land cover diversity and human influence factors. All models also include land area as a covariate. Models either 

include just a linear term or a linear and a quadratic term. All predictors were z-standardised. Significance values: **** <0.0001, *** <0.001, ** <0.01, * 

<0.05, NS Non-significant. 

 

    Atlas based map richness Range based map richness 

Variable   Parameter estimate (± SE) Pseudo-R2 AIC Rank Parameter estimate (± SE) Pseudo-R2 AIC Rank 

Mean annual temperature Linear 0.010 (± 0.001)*** 0.67 -2031.21 7 0.031 (± 0.001)*** 0.82 -4594.88 1 

 
Quadratic 0.003 (± 0.001)*** 

   
0.001 (± 0.001)***       

Temperature seasonality Linear 0.001 (± 0.001)*** 0.64 -1857.88 10 0.012 (± 0.001)*** 0.78 -4109.33 6 
Total annual precipitation Linear 0.015 (± 0.001)*** 0.68 -2086.89 4 0.027 (± 0.001)*** 0.80 -4430.32 2 
Precipitation seasonality Linear 0.019 (± 0.010)*** 0.68 -2117.93 3 0.018 (± 0.001)*** 0.80 -4410.90 4 
Net primary productivity Linear 0.022 (± 0.001)*** 0.69 -2181.57 2 0.005 (± 0.001)*** 0.76 -3969.55 9 

 
Quadratic 0.004 (± 0.001)*** 

   
0.001 (± 0.001)*** 

   Actual evapotranspiration Linear 0.003 (± 0.001)*** 0.66 -1979.49 8 0.007 (± 0.001)*** 0.77 -4071.92 8 
Potential evapotranspiration Linear 0.001 (± 0.001)*** 0.67 -2072.92 6 0.022 (± 0.001) *** 0.80 -4425.70 3 
Land cover diversity Linear 0.037 (± 0.001)*** 0.68 -2269.62 1 0.015 (± 0.001)*** 0.79 -4266.41 5 

 
Quadratic 0.008 (± 0.001)*** 

   
0.002 (± 0.001)***       

Agricultural area extent Linear 0.016 (± 0.006)*** 0.70 -2085.29 5 0.009 (± 0.003)*** 0.77 -4085.10 7 
Population density Linear 0.006 (± 0.010)*** 0.66 -1954.46 9 0.004 (± 0.001)**** 0.74 -3758.70 10 
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diversity was the most important predictor, followed by agricultural area extent, 

precipitation seasonality and actual evapotranspiration in fourth place. Land cover diversity 

which explained 20.7% of the total variance, was positively associated with species richness 

while showed a quadratic association that was also positive. Of the human influence 

predictors tested, agricultural area extent also showed a significantly strong positive 

association with species richness and a remarkable HP component of 11.2%. Precipitation 

seasonality and actual evapotranspiration were included in the MAM and showed positive 

associations while significantly contributed in the environmental variation 9% each one 

respectively (Table 2.3, Fig. 2.3a). In contrast, the final multivariate model for range map-

based species richness, which explained 79.4% of the variance, indicated that mean annual 

temperature was the most important predictor of amphibian species richness (Table 2.3, Fig. 

2.3b). Mean annual temperature showed a quadratic relationship with species richness, 

being the same positively associated with atlas and range map-based estimated species 

richness but showing greater HP variance explained for range map-based richness (17.56%). 

Precipitation seasonality and potential evapotranspiration were also included in the MAM 

range map-based richness model showing a negative relationship with richness but 

explaining 8.4% and 15% of the variance, respectively while total annual precipitation 

showed a positive relationship. Actual evapotranspiration yielded HP components of less 

than 3% even though it was maintained in the range map-based model (Table 2.3, Fig. 2.3b). 

Compared with the model for atlas map-based species richness, land cover diversity showed 

relatively less power yielding 5% of the total variance while the human influence predictors 

also included human population density which was not present in the MAM atlas map-based 

model contributing 7% on the variance. In total, the energy availability theory explained 

most of the environmental variation (37.6%) for atlas map-based amphibian species richness 

followed by land cover diversity (20.7%) and human influence predictors (11.2%) while for 

range map-based richness variables which best represent energy availability theory clearly 

dominated (53.54%) over land cover diversity (5%) and human influence predictors (17%) in 

explaining the richness patterns. In terms of energy availability predictors, for atlas map-

based richness data ambient energy (mean annual temperature, total precipitation and 

potential evapotranspiration) contributed with 14.9% while for range map-based with 42.8% 

in the total variance. In addition, productive energy (actual evapotranspiration and net 

primary productivity) yielded 13.8% and 2.4% in the variance for atlas and range map-based 

richness data respectively while seasonalities contributed almost the same percentage that 

of 9% for the two mapping methods.  
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Table 2.3 Summary of minimum adequate models (MAMs) for predictors of amphibian 

species richness estimated from (a) atlas and (b) range map. The environmental predictors 

include: energy availability related variables, land cover diversity and human influence 

factors. All models also include land area as a covariate. All predictors were z-standardised. 

Significance values: ****<0.0001, ***<0.001, **<0.01, *<0.05, NS Non-significant.  

 

 
Atlas map-based richness Range map-based richness 

Variable Parameter estimate (± SE) Parameter estimate (± SE) 
Mean annual temperature 0.024 (± 0.001)*** 0.037 (± 0.001)*** 
Mean annual temperature2 0.002 (± 0.001)*** 0.001 (± 0.001)*** 
Temperature seasonality 

  Total annual precipitation 0.008 (± 0.001)*** 0.016 (± 0.001)*** 
Precipitation seasonality 0.019 (± 0.020)*** -0.005 (± 0.003) NS 
Net primary productivity 0.011 (± 0.001)*** 

 Net primary productivity2 0.001 (± 0.001)*** 
 Actual evapotranspiration 0.013 (± 0.001)*** 0.001 (± 0.001)*** 

Potential evapotranspiration 
 

-0.022 (± 0.001)*** 
Land cover diversity 0.032 (± 0.001)*** 0.009 (± 0.001)*** 
Land cover diversity2 0.005 (± 0.001)*** 0.001 (± 0.001)*** 
Agricultural area extent 0.015 (± 0.008)*** 0.025 ± (0.004)*** 
Population density 

 
0.017 (± 0.005)*** 

Land area 0.001 (± 0.001)*** 0.001 (± 0.001)*** 
pseudo-R2 0.706 0.794 
AIC -2321.663 -4303.401 

 

 

 

  

 

 

 

 

 

 



50 
 

 
Fig. 2.3 The relative importance of predictors as determined by hierarchical partitioning in the 

minimum adequate spatial models for (a) atlas map-based and (b) range map-based estimated 

amphibian species richness and the environmental drivers. Variables marked with an asterisk also 

include the square term. 
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2.5 Discussion 
 
 
The two types of species richness data explored in this study yielded different richness maps, 

highlighting the importance of considering the method used to create such maps when 

interpreting the results. The differences in the richness maps meant that, for the same 

taxonomic group in Europe, different geographic locations could be considered as peaks or 

troughs. Also these discrepancies meant that for the same scale and taxonomic group, the 

relative importance of different environmental variables to act as drivers of biodiversity 

patterns changed depending on the dataset used. For both atlas map-based richness 

estimates and for range map-based richness estimates variables related to energy 

availability theory one of the proposed and most tested theories for explaining richness 

patterns, were more important. However, the various factors related to this theory 

contributed differently to the final multivariate model followed by land cover diversity and 

human influence factors.  

 
Several sources of variability or bias are associated both with atlas and expert-drawn maps 

(Graham and Hijmans, 2006) and not all analyses are affected equally. The frequency 

distribution of atlas map-based richness is slightly less right-skewed than that of range map 

with higher number of grid cells with low species richness than in the case of range maps. 

Thus, although estimates of species richness from both types of data are positively 

correlated, species richness estimates obtained from range map would tend to set the upper 

bound and those obtained from atlas, the minimum especially in species-rich areas. 

Surprisingly, for 10.5% of grid cells, species richness estimated from atlas exceeded the 

values estimated from range maps. These percentages indicated that range maps 

underestimate species richness found in cells during field surveys. A number of empirical 

studies have used range maps among other distribution data types and have reported 

overestimation of species richness which is expected due to the assumption of homogenous 

occurrence of species within their range (Graham and Hijmans, 2006; Rondinini et al., 2006; 

Hurlbert and Jetz, 2007; Hawkins et al., 2008; Cantú-Salazar and Gaston, 2013). Such results 

could be partially explained by the fact that atlas data were more recently compiled than 

range data and more information was available for their production. According to Cantú-

Salazar and Gaston (2013) this unexpected omission error of range maps could result from 

inconsistencies (i) at the extent and spatial coverage of the databases, e.g. the boundaries of 

the range maps are smooth lines and there might be a mismatch with the actual landscape 

or habitats where a species is present, (ii) field surveys often seek and detect potentially rare 
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or elusive species that range maps do not capture. Our study shows that range maps 

underestimate species-poor cells compared to atlas maps, but no systematic bias was 

observed for species rich cells. The overestimation of the area of occupancy by range maps is 

in accordance with previous studies (Hurlbert and White, 2005; Hurlbert and Jetz, 2007; Jetz 

et al., 2008; Cantú-Salazar and Gaston, 2013) while this underestimation of species richness 

in grid cells with lower richness values might be due to sparse sampling and failing to detect 

species and where they actually occur ("true" range) (Gaston, 2003). In addition, atlas data 

often underestimate the "true" area occupied by a species because of sampling bias and 

temporal turnover of species distribution due to metapopulation type dynamics (Pulliam, 

2000). 

 
The discrepancies between the two types of distribution data led to differences in the 

richness-environment relationships. The use of different data types affected the contribution 

and the relative ranking of environmental predictors (Huston, 1999; Gaston, 2000; Willis and 

Whittaker, 2002). Hurlbert and White (2005) found that different environmental factors 

were more strongly correlated with richness maps based on bird survey data than with maps 

based on expert-drawn ranges, while Mathias et al. (2004) found that different sets of 

expert-drawn range maps did not greatly affect richness patterns. We found that for 

amphibian richness both distribution data types showed that variables associated with the 

energy availability theory (temperature, precipitation and potential evapotranspiration) 

played a more important role than landscape and human influence factors. Interestingly, for 

atlas map-based richness land cover diversity followed energy availability predictors with a 

great contribution of 20.1% in contrast to range map-based richness data whereas the same 

variable contributed with only 5% in the total variance indicating that landscape attributes 

can explain remarkable amounts of the variations of species richness and could be a merit 

for disentangling the drivers of richness patterns (Xu et al., 2014). What is particularly 

surprising about our results is that the magnitude of the effect of some variables on species 

richness but also the direction of the effect vary between data types (precipitation 

seasonality and potential evapotranspiration had a positive sign for atlas map-based richness 

while a negative one for range map-based richness). A possible explanation might be that 

energy availability and especially climate is apparently a stronger force in defining species 

ranges, even though within these ranges (where climatic conditions are favorable for the 

persistence of the species) the species presence is affected by other factors (like land 

cover/land use), whose primary importance appears when analyzing the atlas map-based 

estimates of species richness. 
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Both univariate and multivariate models support the observed patterns. Contemporary 

climate in terms of temperature, precipitation and evapotranspiraion is considered as the 

main driver of species richness for many taxonomic groups, since many studies have 

identified strong correlations with coarse-scale richness patterns (Hawkins et al., 2003; Field 

et al., 2009; Stein et al., 2014; Xu et al., 2014). The results suggest that energy, either alone 

or in combination with water availability, is a major predictor of amphibian species richness 

in Europe. This also agrees with other studies (e.g., Diniz-Filho et al., 2003; Hawkins and 

Porter, 2003; Rodríguez et al., 2005), and in other parts of the world (Hawkins et al., 2003). 

The superior predictive power of temperature in amphibian richness is probably because 

these are ectothermic species, and therefore their physiological activities and thus their 

distribution and richness are more contingent on climatic variables such as temperature 

than for endothermic animals (Araújo et al., 2007). Amphibians, although ectothermic and 

sensitive to temperature as well, also usually require water for reproduction in contrast with 

reptiles which are extreme solar ectotherms, and measures of energy usually best describe 

their richness gradients (Pianka and Schall, 1981; Rodríguez et al., 2005). The importance of 

solar energy is also known through the range limitation mechanism which postulates that as 

solar energy increases, thus more species are physiologically tolerant within these conditions 

and the species richness is increased. As well as the importance of energy availability, 

authors have highlighted the role of energy seasonality (Carrara and Vázquez, 2010). 

Precipitation seasonality was included in both multivariate models and significantly 

contributed to the total variance. Areas of high productive energy might be also areas of 

environmental stability and thus with higher species richness (Carrara and Vázquez, 2010). 

  
The data also show the secondary role of land cover diversity and human influence variables 

in driving amphibian richness variation, which was stronger for atlas map-based estimated 

species richness while less stronger for range map-based richness. This finding highlight the 

ongoing debate with some macroecological studies documenting that landscape attributes 

are less important than climate in explaining diversity patterns (Thuiller et al., 2004; Luoto et 

al., 2007; Triviño et al., 2011) while  other studies reporting that landscape attributes can 

explain remarkable amount of variation in species richness (Xu et al., 2014) but in addition to 

climatic factors. Our results regarding habitat heterogeneity could be partly explained by the 

fact that amphibians manifest a clear latitudinal  pattern and also due to specific life history 

traits are not habitat specialists and thus they are not highly sensitive to 

landscape/composition or structure.  Land cover diversity often used as proxy for the habitat 

type diversity in broad-scale studies of biodiversity (e.g. Currie, 1991; Kerr and Packer, 1997). 
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However, this is based on the assumption that the greater habitat heterogeneity of an area, 

the greater spatial scale variability of its climate and thus, the area will have more habitats. 

As a result,  the observed relationship with atlas based map species richness and land cover 

diversity might also be associated with climate at finer scales (Rodríguez et al., 2005). The 

relatively high proportion of variance explained by land cover diversity and human influence 

factors for atlas map-based richness might be partly explained by the fact that richness of 

areas that they have been affected by land use changes is strongly related with human or 

fragmentation effects. The role of human influence factors in shaping richness patterns at 

broad scales remains less understood (Davies et al., 2006) than at local and intermediate 

scales. Previous studies showed positive correlations between human population density 

and species richness for a variety of taxonomic groups (Luck, 2007). However, our results 

indicated that human influence factors made remarkable contribution to richness patterns 

especially for estimated richness from atlas map. Land cover diversity and human influence 

variables exhibited substantial explanatory power for richness patterns of amphibians across 

Europe. This agreed with the findings of previous studies on broad-scale species distribution 

in relation to some aspects of landscape attributes (Luoto et al., 2007; Reino et al., 2013). Xu 

et al. (2014) also proposed that a considerable proportion of the variation explained by 

climatic predictors is overlapped with landscape attributes and anthropogenic variables, 

suggesting that climatic factors play an important role in shaping landscapes. The two data 

sources of richness data represent two fundamentally different scales of coexistence. 

Species occurred on a survey are possibly observed within the same habitat or at similar and 

narrow range of environmental conditions while species overlapped to a range map may not 

coexist at the local scale as they may occupy a wide range of habitats (Bullock et al., 2000; 

Hurlbert and White, 2005). As such, range map-based estimates of species richness include 

both energy availability related factors and landscape attributes and explain a greater 

proportion of the variation in range map-based richness compared to survey map-based 

richness.   
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2.6 Conclusions 

 
In summary, we have shown that atlas and range map-based data can produce markedly 

different estimates of the geographical patterns of species richness, the magnitude of effect 

of different drivers of species richness, and the partitioning of diversity into components. 

Our results suggest that different predictors appear to play different roles in shaping 

biodiversity patterns according to the distribution data information of species richness. We 

found that for amphibian richness both distribution data types showed that variables 

associated with the energy availability theory (temperature, precipitation and potential 

evapotranspiration) played a more important role than landscape and human influence 

factors supporting the range limitation mechanism but also the argument that areas of 

environmental stability might support higher species richness. However, for atlas map-based 

richness land cover diversity followed energy availability predictors with a great contribution 

of in contrast to range map-based richness data whereas its contribution in the total 

variance was inconsiderable supporting the assumption that increasing habitat 

heterogeneity through increased resource type elevates species richness. Hence, we 

conclude that broad-scale amphibian richness patterns are shaped by a complex set of 

determinants. Although, energy availability had the strongest influence on the richness 

patterns, we showed that landscape attributes can explain remarkable amounts of the 

variations of species richness and could be a merit for disentangling the drivers of richness 

patterns complementary to energy availability. 
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Chapter Three: Different species traits produce congruent and 

incongruent spatial functional diversity patterns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part of this chapter has been published as: 

Tsianou, M.A. & Kallimanis, A.S. (2016). Different species traits produce diverse spatial functional diversity 

patterns of amphibians. Biodiversity and Conservation, 25: 117-132. 
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3.1 Abstract 

 
Aim: Trait selection is a critical step of functional diversity studies and is often hampered by 

the limited availability of trait data for large sets of species. Thus, most studies examine 

functional diversity using traits determined primarily by the availability of data rather than a 

specific function. This practice implicitly assumes that the subset of functional traits 

available will be representative of the trait data of interest. Here, we test whether the 

different Functional Trait Groups (FTGs - distinct axes of ecological niches of the species e.g. 

morphological, reproductive, physiological) show congruent functional diversity spatial 

patterns and if one FTG could act as a surrogate for another FTG.  

 
Methods: We used the distribution maps provided for 85 amphibian species of the European 

Union to construct a species richness map and estimate three aspects of functional diversity 

(richness, evenness and dispersion) for three different FTGs (Morphological, Reproductive 

and Habitat-related) and the complete set of available traits. We tested the congruency 

between the FTGs using spatial correlations. 

 
Results: The strength of the correlations between the functional diversity of each FTG and 

the complete set of traits differed significantly between the different aspects of functional 

diversity (richness-evenness-dispersion). FRic and FDen displayed significantly strong 

correlations in most cases. Significant but of intermediate strength correlations were 

observed for FDis and RaoQ, with spatial Spearman rank correlation coefficient ranging 

between 0.433 and 0.942. However, for FEve and FDiv in some cases the correlations were 

not significant, but more intriguingly in other cases there were significant but negative 

correlations. For example, the increase of FDiv estimated with habitat-related traits was 

associated with a decrease of FDiv estimated with reproductive traits (rs=-0.515, p<0.05).  

Similar results were obtained when comparing the functional diversity patterns of different 

FTGs, with correlations for functional diversity indices quantifying functional volume being 

strong but functional diversity indices reflecting the distribution of traits showing weak to no 

correlations (e.g. the correlation between the Morphological and the Reproductive FTG was 

0.492 for FRic and 0.047 for FEve). 

 
Main conclusions: Our results challenge the surrogacy value of one set of FTGs for another 

set of FTGs. We further found that this has an impact on identifying hotspots (different 

functions will have different hotspots). So the argument that functional diversity is easier to 
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preserve in less area due to the redundancy of traits may hold true for a specific function, 

but will not necessarily be the same for different functions. Finally, our results reveal that, 

for any given community, functional diversity is not characterized by a single spatial pattern, 

but by many depending on the function analyzed.  

 
Keywords: amphibians, cross-function congruence, functional diversity, functional trait 

group, indices 
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3.2 Introduction 

 
Recently, ecological research focus shifted towards more functional aspects of biodiversity 

with an emphasis on functional diversity. In the last decade, the number of publications on 

functional diversity has increased exponentially with more than 600 articles published till 

2015 (papers containing the phrase 'functional diversity' in the title in the category 'Ecology' 

in Web of Science). This increase is due to the acknowledgment of the importance of 

functional diversity for ecology, since species richness alone may not be sufficient to fully 

explain ecosystem functioning, and that the concept of functional diversity may be more 

relevant (Chillo et al., 2011). Furthermore, there are documented cases where functional 

diversity is linked to ecosystem processes more strongly than taxonomic diversity (Scherer-

Lorenzen, 2008; Philpott et al., 2009; Schmitz, 2009; Flynn et al., 2011) but also it has been 

shown that multidimensional functional diversity indices explain less than single traits in 

modelling ecosystem process (Díaz et al., 2007; Pakeman, 2014a).  

 
Functional diversity measures the variability in the functional traits displayed by species 

within communities (Díaz and Cabido, 2001; Tilman, 2001). Thus, two communities with the 

same number of species can have very different functional diversity value depending on how 

similar or vice versa dissimilar are the functional traits of the species in each community. A 

range of methods have been developed to quantify functional diversity (reviewed in 

Mouchet et al., 2010) incorporating information on a variety of quantitative or qualitative 

functional traits of species. Functional traits refer to characteristics of species that influence 

their performance and infer a linkage to ecosystem function (McGill et al., 2006). By 

definition, functional traits reflect species' adaptations to different environmental conditions 

and may be morphological (e.g. body size), reproductive (e.g. seed or egg size, age of sexual 

maturity), physiological (e.g. potential photosynthetic rate), or behavioural (e.g. feeding 

method) (Bremner et al., 2003; Dumay et al., 2004; Lepš et al., 2006). So far researchers 

have used functional traits that relate species to ecosystem processes, such as productivity 

or pollination (Hooper et al., 2005), or even traits that link species to their interaction with 

biotic and abiotic factors (e.g. resource availability or climatic variations) (Hooper et al., 

2002; Kraft et al., 2015).  

 
The first step in any study examining functional diversity is to identify how many and which 

functional traits to analyze. Petchey and Gaston (2006) underscore the importance of trait 

selection urging researchers to include “all traits that are important for the function of 
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interest and no traits that are functionally uninformative”. However, collecting data on traits 

especially in macroecological studies (where many species are included) could be certainly 

time and manpower demanding and in some cases it might prove impossible if the desired 

traits for the focus species have not been measured. The traits measured and available in 

the literature are limited and reflect the interest of the previous researchers. Generally, 

body size tends to be the more readily available trait for animals e.g. data on the body mass 

of ~85% of bird species are available in  Dunning (2007) (see also Jones et al., 2009; Olson et 

al., 2009; Wilman et al., 2014). Thus body size is the most commonly used trait in animal 

functional diversity studies. Body mass variation has been suggested as a suitable proxy for 

functional diversity (Fritz and Purvis, 2010) since many important traits co-vary with body 

size. For example, body size is used as a surrogate of the quantity and size of resources 

consumed, organism's growth rate, life span etc. (Brown, 1995). Another limitation is that 

many species are rare, endangered or occur in remote locations and thus most of their traits 

have not been recorded (Nakagawa and Freckleton, 2008). As a result it is time consuming 

and expensive to go into the field and measure their traits, not to mention the ethical issues 

as to whether we should disturb their few remaining populations in order to measure their 

functional traits. So in most cases, a functional trait may have been measured for some 

species but not all species in a given community. For example, Trochet et al. (2014) compiled 

a database of life-history traits for European amphibians. They collated information on the 

morphological traits of 70-99% of the species. But, they found that information for specific 

traits reflecting key niche characteristics, like metabolism rate, was available for less than 

27% of the species. Recently, Pakeman (2014b) concluded that failing to measure the traits 

of all the species in a community (especially rare species) affects the value of functional 

diversity indices and thus may bias any conclusion drawn from such data. And more 

generally, it has been argued that deleting missing values may result in misleading 

inferences or biased estimates of ecological and evolutionary parameters (Hadfield, 2008; 

González-Suárez et al., 2012; Pakeman, 2014b). 

 
Trait selection is a critical step in functional diversity studies and a series of questions have 

to be addressed in studies measuring functional diversity (Petchey and Gaston, 2006): What 

types of traits? Which traits? How many traits? How to obtain trait values? According to 

Petchey and Gaston (2006) researchers should include all functionally informative traits, 

since fewer traits may overestimate the functional redundancy of communities. However, 

this step is hampered by the limited availability of data on traits for large sets of species. 

Thus it is not surprising that in most relevant studies only few traits are used. We conducted 
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a short review (searching for papers containing the phrase 'functional diversity' or 

'functional traits' in the title or text in the category 'Ecology' of Web of Science in order to 

examine how many traits and which trait categories are used to estimate functional diversity 

in most relevant studies. In this short review of 150 published papers on functional diversity 

which are listed in Appendix S3, we found that 52% use 5 or fewer traits, 28.6% use 6-10 

traits, 11.3% use 11-20 traits, and only 8% more than 20 traits. In addition, (and even though 

it is not explicitly stated) traits used in many cases are determined primarily by availability 

rather than for describing a specific function, and in most cases this is the best we can do. So 

it is not surprising that most studies include morphological characteristics e.g. body mass or 

body length (in our review we found that 50 out of 55 published papers working on 

taxonomic groups such as birds, mammals, beetles, insects etc. were using body size as one 

of the traits included in the analyses). And it is often implicitly assumed that 3, 4 or 5 traits 

for calculating multidimensional functional diversity indices is informative enough to reflect 

the ecological processes operating in the species assemblage. In other words, this approach 

of estimating functional diversity using available traits data relies on an implicit assumption 

that the functional diversity patterns estimated from the available functional traits will 

reflect the functional diversity pattern of the functional traits we are interested in, but do 

not have data on. Or alternatively, that there is one functional diversity spatial pattern 

(produced if we consider all traits) and that all subsets of traits would produce functional 

diversity patterns that reflect this one overall pattern. This implicit assumption is often taken 

for granted but has not been tested with empirical data. 

  
As with numerous macroecological analyses of latitudinal gradients in species richness (e.g. 

Hawkins et al., 2003), functional diversity does increase with species richness, but this is not 

necessarily a linear relationship (Petchey and Gaston, 2006). The relationship between 

species richness and functional diversity has received extensive attention at fine scale 

studies (e.g. Bady et al., 2005; Petchey and Gaston, 2002). Still our understanding of the 

spatial patterns of functional diversity at continental or global scales is limited, since 

research only recently has started investigating the latitudinal patterns of functional 

diversity and their relationship to other environmental factors (Stevens et al., 2003; Devictor 

et al., 2010; Safi et al., 2011). For example, functional diversity of New World bats increases 

towards the tropics at a greater rate than the increase in species richness (Stevens et al., 

2003). Safi et al. (2011) demonstrated that mammal communities in the temperate regions 

limited functional similarity, the tropical mammal communities consisted of many more 
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functionally similar species.  Unraveling the mechanism on how the functional traits work 

(single vs multiple traits or functional trait groups) still is a major challenge. 

 
Recently, novel approaches in conservation science have identified biodiversity hotspots 

using functional and phylogenetic diversity instead of species richness (Devictor et al., 2010; 

Huang et al., 2012; Mazel et al., 2014; Parravicini et al., 2014) considering the high 

evolutionary or functional distinctiveness information that might come from species of 

conservation interest (Isaac et al., 2007; Mouillot et al., 2013). This multifaceted approach 

provided new and useful insights on the congruency between the different facets of 

diversity (Mazel et al., 2014). For example, Mazel et al. (2014) concluded that the 

conservation of functional diversity demands less area than that of compositional diversity 

due to the functional redundancy observed. 

 
Here for the first time, we test the hypothesis that different functional trait groups 

(hereafter referred to as FTGs) show congruent functional diversity spatial patterns i.e. that 

one FTG (a subset of functional traits e.g. morphological, physiological etc.) could act as a 

surrogate for another FTG, and/or that it will produce functional diversity patterns that 

reflect the functional diversity pattern produced by the set of all traits. Also we test the 

hypothesis that the functional diversity patterns produced by different FTGs would  lead to 

similar inferences regarding the environmental factors that drive the functional diversity 

patterns (in our case latitude and species richness). This is the first study examining this 

hypothesis with empirical data at coarse scales. We analyzed the functional diversity of the 

amphibians of Europe, a well-studied taxonomic group, to test multifaceted patterns of 

functional diversity based on different combinations of functional traits and on various 

functional diversity indices. In this methodological examination of the congruence of the 

spatial patterns of multidimensional functional diversity indices, we used three subsets of 

traits and the set of all available traits to calculate the functional diversity indices and 

compared and contrasted for each index the spatial pattern produced by each trait group.  

 

 

  



63 
 

3.3 Methods 

 
3.3.1 Distribution of species and trait data 

 
We used the distribution maps provided by the Red List Assessment (IUCN, 2013) for 85 

amphibian species (49 Anuran and 36 Urodela species) of the European Union to construct a 

species richness map with 40 km x 40 km grid cell size. Using the species composition of 

each cell we calculated six functional diversity indices (FDen, FRic, FEve, FDis, FDiv and RaoQ; 

see section below for description of functional diversity indices) which represent the main 

aspects of functional diversity (richness, evenness and divergence) and are calculated using 

multiple functional traits (for a review see Petchey and Gaston, 2006; Mouchet et al., 2010). 

We used 3 main FTGs represented by 12 traits in total, 3 traits related to morphology (body 

length, dorsal main coloration, dorsal pattern) 4 to reproduction (number of eggs per clutch, 

duration of breeding activity, sexual maturity, life span) and 5 to habitat use (spawn site, life 

history habit, time partitioning, diet and mobility mode; for details see Table 3.1), to 

calculate these indices (see next section for details of calculations).  

 
The traits represent many aspects of resource acquisition and define important niche 

dimensions of the studied species. Trait information was collated from various sources such 

as books, electronic databases for amphibians and some published papers (Appendix S4). 

The selection of traits was also based on the completeness of the availability of species' trait 

data (check Trochet et al., 2014 for data deficiency on amphibians' traits). Morphological 

data were available for 95% of species, reproductive and habitat-related for 93% of species. 

For the 5% of species we lack morphological data, genus values were used (3 species were 

assigned values for one trait using the genus average and 1 species was assigned values for 

more than one trait using the genus average). For the 7% of species with missing 

reproductive and habitat-related trait data, only 1 species was missing value for one trait 

and was assigned values for one trait using the genus average and 5 of these species were 

assigned values for more than one traits using the genus average. Overall, in 94.6% of the 

species-trait combinations we used values specific to individual species, and in only 5.4% of 

the combinations genus average values were used. Dorsal main coloration, spawn site, life 

history habit, time partitioning, diet and mobility mode were considered as binary traits 

since the categories are not exclusive e.g. an amphibian could feed both with insects but also 

with molluscs. 
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Table 3.1 Traits used to calculate functional diversity indices (FDen, FRic, FEve, FDiv, FDis and RaoQ) categorized in three functional trait groups (FTGs): 

Morphological, Reproductive and Habitat-related for amphibians of Europe.  

 

Functional 
Trait Group 

(FTG) 
Trait Type Values Units/categories Values 

 Number of 
species with 

available data 

Morphological 

body length Continuous Mean Centimetre 0.27 - 25 81/85 

dorsal main coloration Binary 8 categories grey, yellow, brown, white,  

    

Yes/No 85/85 

dorsal pattern Categorical 3 categories spotted, reticular, homogenous Yes/No 85/85 

Reproductive 

number of eggs per clutch Continuous Mean  1 - 17500 80/85 

duration of breeding activity Categorical 2 categories prolonged, explosive Yes/No 80/85 

sexual maturity Continuous Mean Years 1 - 6 80/85 

life span Continuous Mean Years 2.8 - 20 80/85 

Habitat-

related 

spawn site Binary 4 categories aquatic, terrestrial, arboreal/phytotelms, parent Yes/No 80/85 

life history habit Binary 3 categories aquatic, terrestrial, arboreal Yes/No 80/85 

time partitioning Binary 2 categories nocturnal, diurnal Yes/No 79/85 

diet Binary 6 categories 
carnivorous, insectivorous, molluscivorous,  

cannibalism, herbivorous, detritivorous 
Yes/No 80/85 

mobility mode Binary 7 categories jumper, walker, runner, climber,  

   

Yes/No 80/85 
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3.3.2 Quantifying functional diversity 

 
FDen (functional dendrogram index) (Petchey and Gaston, 2002; 2006; Podani and Schmera, 

2007) was computed for each grid cell from a matrix of pairwise distances between species 

based on their traits and Gower distance was used throughout because it is suitable for traits 

not measured on a continuous scale (Gower, 1971; Podani and Schmera, 2006). UPGMA 

clustering was used since it produced the highest cophenetic correlation (Blackburn et al., 

2005) compared with single linkage and complete linkage (c = 0.67). The cophenetic 

correlation measures how well the species distances are preserved in the functional 

dendrogram compared with the distance matrix (Blackburn et al., 2005).  

 
We also used the following functional diversity indices: FRic (functional richness) – reflecting 

the volume of a multidimensional functional trait space defined by using a convex hull 

volume, FEve (functional evenness) - reflecting the regularity of species within the functional 

trait space, FDiv (functional divergence) - reflecting the species deviance from the mean 

distance to the centre or towards the extremity of the occupied functional trait space, FDis 

(functional dispersion) - reflecting the spread of functional types with respect to the 

functional space local center and RaoQ (Rao's quadratic entropy) - reflecting the degree of 

dissimilarity between species in the community. FEve, FDiv, FDis and RaoQ are weighted by 

the relative abundance of species (Villéger et al., 2008) which was not available in our study 

so we used the percentage of the grid cell occupied by the species range as a proxy to 

relative abundance. 

 
All five indices were calculated from the distribution of species in a multidimensional 

functional trait space following the methods described in Villéger et al. (2008). Principal 

Coordinates Analysis (PCoA) (Gower, 1966), was used to describe the distribution of species 

within the overall functional trait space defined by all species. The PCoA (a generalization of 

the principal component analyses) was used to ordinate species along axes. FRic (Villéger et 

al., 2008) was calculated for each grid cell as the convex hull volume defining the subset of 

functional space occupied by centroids for all species present (but see Podani 2009 that the 

application of convex hull polygon should be applied with due caution given to sample sizes). 

The five indices were calculated for each community using the FD package in R (Laliberté and 

Shipley, 2011). Each index was calculated firstly based on the complete set of traits, and 

secondly for the three FTGs (Morphological, Reproductive and Habitat-related traits) and 

thirdly for combinations of FTG (e.g. Morphological and Reproductive). 
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Correlations between traits might affect reported levels functional redundancy (Petchey and 

Gaston, 2002). Therefore, we tested for associations among the squared distances obtained 

by pairs of variables to check for correlations between the traits (Pavoine et al., 2009). Most 

of the correlations among the squared distances obtained by pairs of variables were close to 

0.22, with a mean of 0.32 and a standard deviation of 0.06 suggesting low redundancy 

between the variables. We also performed Spearman correlations for continuous traits, 

point biserial correlations between continuous and binary traits, Kruskal-Wallis test for 

continuous and categorical trait combinations, phi coefficients for binary traits and chi-

squared tests for categorical traits. We only found a significant but weak relationship (r = 

0.09; p<0.001) between sexual maturity and life span. Because they were weakly correlated, 

we included both traits as they capture different aspects of amphibian functionality. 

 
3.3.3 Statistical Analyses 

 
We evaluated the effects of the spatial pattern of each functional diversity index calculated 

using different FTGs, by simple correlation analysis. We used the method from Clifford et al. 

(1989) to calculate "effective" degrees of freedom and to avoid the overestimation of 

degrees of freedom due to spatial autocorrelation. To test the relationship between diversity 

components (species richness and functional richness) and FTGs with latitude, we performed 

generalized linear mixed models that accounted for spatial dependence between samples. 

These models are generalized linear models with an exponential covariance structure that 

accounted for spatial autocorrelation between samples (Pinhero and Douglas, 2000). 

Therefore, all tests took into account spatial autocorrelation. We also tested the congruency 

between the hotspots and coldspots of the different FTGs. In the results presented we 

defined hotspots as 5% of the grid cells with the highest functional diversity values while 

coldspots as 5% of the grid cells with the lowest values. Using different percentages for 

defining hotspots and coldspots produced qualitatively similar results (even if the exact 

numbers differed). All spatial correlations between FTGs patterns and between the hotspots 

and coldspots of the different FTGs were performed using SAM software (Rangel et al., 

2010). Generalized linear models and maps were performed with R statistical software 

version 3.0.3 (R Development Core Team 2014) using packages 'nlme' (Pinheiro et al., 2015) 

and 'raster' (Hijmans and van Etten, 2015). 
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3.4 Results 

 
3.4.1 Congruence of functional diversity patterns of different trait groups or lack 

thereof 

 
Functional diversity patterns varied across different FTGs and functional diversity indices 

(Figs. 3.1 and 3.2). The congruence of functional diversity spatial patterns estimated for the 

same communities and for a given facet of functional diversity but based on different 

functional traits showed significant correlations but in some cases strong ones (e.g. the 

correlation between the Morphological and the Reproductive FTG was 0.492 and 0.047 for 

FRic and FEve respectively). Spatial Spearman correlations between the functional diversity 

of each FTG and the complete set of traits (Table 3.2) differed significantly between the 

different aspects of functional diversity (richness-evenness-dispersion). Functional diversity 

indices that reflect the volume of functional space occupied displayed significantly strong 

correlations in most cases, especially for the FDen. But even in this group, there were weak 

to non-significant correlations when comparing between the spatial pattern of FRic 

estimated with reproductive traits and all other FRic spatial patterns (Table 3.2). Significant 

but of intermediate strength correlations were observed for the indices quantifying 

functional dispersion (FDis and RaoQ), with spatial Spearman rank correlation coefficient 

ranging between 0.433 and 0.942 (Table 3.2). However in the case of the functional diversity 

indices quantifying the evenness and divergence in the distribution of traits (FEve and FDiv) 

things were very different. In some cases the correlations were not significant, but more 

intriguingly in other cases there were significant but negative correlations (Table 3.2). For 

example, the increase of functional divergence estimated with habitat-related traits was 

associated with a decrease of functional divergence estimated with reproductive traits (rs=-

0.515, p<0.05).   

 
We repeated the analysis using combinations of FTGs. The correlations between functional 

diversity patterns calculated with these combination and functional diversity pattern 

calculated with the complete set of traits differed depending on the aspect of functional 

diversity analyzed, but generally followed the same patterns as above (Figs. 3.3 and 3.4). The 

strongest correlations were indicated between combinations of FTGs and the complete set 

of traits for the three functional diversity metrics (FRic, FDen and FDis) (e.g. rs ranged from 

0.717 - 0.991). In addition for the same indices, significant and strong correlations between 
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Fig. 3.1 The distribution of three functional diversity indices of functional richness, evenness and 

dispersion (FRic, FEve and FDis) calculated using three functional trait groups (FTGs) a. Morphological 

(traits measured: body length, dorsal main coloration and dorsal pattern), b. Reproductive (traits 

measured: number of eggs per clutch, duration of breeding activity, sexual maturity and life span) c. 

Habitat-related (traits measured: spawn site, life-history habit, time partitioning, diet and mobility 

mode) and d. the complete set of traits for amphibians of European Union at 40 km x 40 km grid cell 

resolution. 
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Fig. 3.2 The distribution of three functional diversity indices of functional richness, divergence and 

dispersion (FDen, FDiv and RaoQ) calculated using three functional trait groups (FTGs) a. 

Morphological, b. Reproductive, c. Habitat-related and d. the complete set of traits for amphibians of 

European Union at 40 km x 40 km grid cell resolution. 
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Table 3.2 Correlation coefficients (Spearman's r with corrected degrees of freedom using the 

method proposed by Clifford et al., 1989) between functional trait groups (FTGs): 

Morphological, Reproductive, Habitat-related and the complete set of traits used to 

calculate the different functional diversity measures (FRic, FDen, FEve, FDiv, FDis and RaoQ). 

Results are shown for amphibians of Europe; *p< 0.05 ; **p < 0.01; ***p< 0.001. 

 

Functional 
Diversity 
Measure 

Functional Trait 
Group (FTG) 

Reproductive Habitat-related Complete set 

 Morphological 0.492*** 0.680*** 0.711*** 
FRic Reproductive  0.445 0.653*** 

 Habitat-related   0.795*** 
 Morphological 0.781*** 0.970*** 0.985*** 

FDen Reproductive  0.830*** 0.814*** 
 Habitat-related   0.984*** 
 Morphological 0.047*** 0.143*** 0.135*** 

FEve Reproductive  -0.013*** 0.28*** 
 Habitat-related   -0.233*** 
 Morphological -0.008*** -0.332*** 0.214*** 

FDiv Reproductive  -0.515*** 0.411*** 
 Habitat-related   -0.203*** 
 Morphological 0.649*** 0.474*** 0.714*** 

FDis Reproductive  0.761*** 0.937*** 
 Habitat-related   0.874*** 
 Morphological 0.633*** 0.433*** 0.673*** 
 Reproductive  0.774*** 0.942*** 

RaoQ Habitat-related   0.878*** 
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Fig. 3.3 The distribution of three functional diversity indices of functional richness, evenness and 

dispersion (FRic, FEve and FDis) calculated using combinations of the three functional trait groups 

(FTGs) a. Morphological-Habitat-related, b. Reproductive-Habitat-related, c. Morphological-

Reproductive and d. the complete set of traits for amphibians of European Union at 40 km x 40 km 

grid cell resolution. 
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Fig. 3.4 The distribution of three functional diversity indices of functional richness, divergence and 

dispersion (FRic, FDiv and RaoQ) calculated using combinations of the three functional trait groups 

(FTGs) a. Morphological-Habitat-related, b. Reproductive-Habitat-related, c. Morphological-

Reproductive and d. the complete set of traits for amphibians of European Union at 40 km x 40 km 

grid cell resolution. 
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Table 3.3 Correlation coefficients (Spearman's r with degrees of freedom corrected using the 

method proposed by Clifford et al. 1989) between combinations of functional trait groups 

(FTGs): Morphological-Habitat-related, Reproductive-Habitat-related, Morphological-

Reproductive and the complete set of traits used to calculate the different functional 

diversity measures (FRic, FDen, FEve, FDiv, FDis and RaoQ). Results are shown for 

amphibians of Europe; *p< 0.05 ; **p < 0.01; ***p< 0.001. 

 

Functional 
Diversity 
Measure 

Functional Trait 
Group (FTG) 

Reproductive-
Habitat-related 

Morphological-
Reproductive 

Complete set 

 Morphological-
Habitat-related 0.857*** 0.783*** 0.915*** 

FRic Reproductive-
Habitat-related  0.674*** 0.929*** 

 Morphological-
Reproductive   0.717*** 

 Morphological-
Habitat-related 0.967*** 0.959*** 0.991*** 

FDen Reproductive-
Habitat-related  0.976*** 0.984*** 

 Morphological-
Reproductive   0.981*** 

 Morphological-
Habitat-related -0.076*** 0.221*** 0.671*** 

FEve Reproductive-
Habitat-related  -0.324*** -0.201*** 

 Morphological-
Reproductive   0.329*** 

 Morphological-
Habitat-related -0.067*** 0.302*** 0.574*** 

FDiv Reproductive-
Habitat-related  -0.266*** -0.226*** 

 Morphological-
Reproductive   0.312*** 

 Morphological-
Habitat-related 0.908*** 0.844*** 0.951*** 

FDis Reproductive-
Habitat-related  0.852*** 0.97*** 

 Morphological-
Reproductive   0.924*** 

 Morphological-
Habitat-related 0.167*** -0.507*** -0.174*** 

 Reproductive-
Habitat-related  -0.066*** 0.167*** 

RaoQ Morphological-
Reproductive   -0.507*** 
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combinations of FTGs emerged. However, evenness and divergence in the distribution of 

traits (FEve and FDiv) showed lower and in most pairwise comparisons, negative correlations 

(Table 3.3). In addition to the statistical correlations we examined how well the different 

FTGs could lead to the identification of the functional diversity hotspots or coldspots across 

EU. In general, there was lower spatial congruence between different FTGs hotspots than 

the corresponding congruence of coldspots (Table 3.4). Low spatial overlap was found 

between Morphological and the complete set of traits but also with Reproductive (2.83%) 

FTGs of FRic. Similarly between Morphological and the Reproductive FTGs of FDiv there was 

total mismatch (0%). In contrast, FDen showed a 74% hotspot congruency between the 

Morphological FTG and the complete set of traits pattern. On average, richness and 

dispersion functional indices showed low mismatches in coldspots particularly between 

Habitat FTG and the complete set of traits (Table 3.4). 

 
3.4.2 Inference regarding drivers of functional diversity patterns estimated from 

different FTGs 

 
So given the limited congruence of the functional diversity patterns we investigated if the 

functional diversity patterns of different FTGs relationship with environmental drivers led to 

similar or contrasting conclusions. Different aspects of functional diversity displayed 

different latitudinal gradients. We could group functional diversity indices regarding their 

latitudinal gradients in three groups reflecting three aspects of functional diversity: richness 

(FDen - FRic), evenness (FEve - FDiv) and dispersion (FDis - RaoQ). Functional richness indices 

consistently showed negative associations with latitude, but the strength of the relationship 

depended on the FTG analyzed, with the weakest and non significant relationship recorded 

for the Reproductive FTG of FRic (-0.002 ± 0.0006; parameter estimate ± standard error, 

R2=0.718, p=0.093) and the strongest and significant for the Morphological FTG of FRic (-

0.0021 ± 0.002, R2=0.946, p<0.05). Latitude was strongly and significantly related to all FTGs 

of functional dispersion indices. Although, the strongest relation was recorded for the 

Reproductive FTG of FDis (-0.006 ± 0.0012, R2=0.969, p=0.001). Interestingly, functional 

evenness displayed contradictory latitudinal gradients, leading to all possible outcomes. 

Spatial patterns of FEve based on either the complete set of traits or on the Reproductive 

FTG were positively and significantly associated with latitude (0.0004 ± 0.0004, R2=0.821, 

p<0.01 and 0.0006 ± 0.0011, R2=0.815, p<0.001 respectively). However, functional evenness 

(FEve) patterns based on the Morphological FTG and the Habitat-related FTG followed the 

opposite trend showing non-significant but negative correlations (-0.0003 ± 0.0012, 
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R2=0.803, p=0.833 and -0.0007 ± 0.002, R2=0.889, p=0.668 respectively) (Table 3.5). As a 

result, there is a trend for higher functional richness and dispersion at species-rich regions, 

while functional evenness and divergence increased at higher latitudes (Figs. 3.1 and 3.2). 

 

The importance of species richness as a driver of functional diversity patterns again 

depended strongly on the aspect of functional diversity analyzed. Generally, relationships 

with species richness were stronger for the richness and dispersion aspects of functional 

diversity (FDen, FRic, FDis, RaoQ) while weaker for evenness and divergence (FEve, FDiv).  

Generalized mixed models with spatial structure indicated that between the different 

aspects of functional diversity based on the complete set of traits and species richness, there 

was a positive relation which was higher for functional richness aspect (e.g. for FDen: 

p<0.0001, R2=0.95, F=33326.31; for FRic: p<0.0001, R2=0.744, F=2317.12) while for 

functional evenness was very low (for FEve: p<0.0001, R2=0.009, F=4.56; for FDiv: p<0.0001, 

R2=0.006, F=1.77). The results showed that 55-60% of the variation of the functional 

dispersion aspect remained unexplained by species richness (for FDis: p<0.0001, R2=0.445, 

F=972.14; for RaoQ: p<0.0001, R2=0.414, F=1084.16). However for each functional diversity 

index, the strength and form of the relationship was influenced by the type of traits used to 

calculate the index. For the complete set of traits as well as for morphological and habitat 

related traits the relationship between species richness and FRic is monotonical increase 

(with R2 ranging between 0.66 - 0.736, p<0.0001) but for reproductive traits the relationship 

is weaker (R2=0.13, p<0.0001) and appears to reach the highest FRic values, even from low 

species richness value (Fig. 3.5). Although, all the FTGs of FEve and FDiv reached their higher 

values from low species richness (Fig. 3.5), still weakly related with species richness (R2 

ranging between 0.01 - 0.365, p<0.0001). Interestingly, dispersion indices showed similar 

patterns with evenness indices (Table 3.6). 
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Table 3.4 Congruence (% spatial overlap) of hotspots and coldspots between the different FTGs of tree functional diversity aspects (richness, evenness and 

dispersion) and six functional diversity indices. The hotspot and coldspot definition was based on 5% threshold of the grid cells with the highest or lowest 

functional diversity values. 

 

    Hotspots  Coldspots 
Functional 

diversity metric FTG Morphological Reproductive Habitat-related 
 

Morphological Reproductive Habitat-related 
 Complete Set 2.84 22.70 41.84  27.66 61.70 93.62 

FRic Morphological  2.84 3.55   36.17 35.46 
  Reproductive     34.75      61.70 
 Complete Set 74.47 12.77 46.81  99.29 94.33 95.74 

FDen Morphological  18.44 42.55   93.62 95.04 
  Reproductive     7.09      98.58 
 Complete Set 15.60 29.79 3.55  2.84 1.42 10.79 

FEve Morphological  15.60 2.13   58.87 65.25 
  Reproductive     6.38      68.09 
 Complete Set 2.84 0.00 63.12  0.71 2.84 24.11 

FDiv Morphological  5.67 7.80   1.42 0.00 
  Reproductive     0.00      0.71 
 Complete Set 9.93 78.01 64.54  37.59 58.87 74.47 

FDis Morphological  7.80 1.42   0.00 12.06 
  Reproductive     49.65      58.87 
 Complete Set 8.51 75.89 62.41  32.62 58.87 73.05 

RaoQ Morphological  7.09 1.42   0.00 15.60 
  Reproductive     45.39      58.87 
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Table 3.5 Generalized linear models between latitude and six functional diversity indices for different FTGs: Morphological, Reproductive, Habitat-related, 

the complete set of traits and combinations of FTGs for amphibians of European Union at 40 km x 40 km grid cell resolution. Parameter estimate ± standard 

error, p-value with asterisk(s) in the parameters estimate (*p< 0.05 ; **p < 0.01; ***p< 0.001) and pseudo-r2 - as a measure of model fit, are shown in the 

table. 

Functional 
diversity metric 

 

Functional Trait Groups (FTGs) 

    Morphological Reproductive Habitat-related 
Morphological-
Habitat-related 

Reproductive-
Habitat-related 

Morphological-
Reproductive 

Complete set of 
traits 

FRic Value -0.0021* -0.0020 -0.0016 -0.0011 -0.0011 -0.0022 -0.0009 

 
SE 0.0024 0.0006 0.0024 0.0014 0.0007 0.0007 0.0007 

 
r2 0.946 0.718 0.933 0.923 0.91 0.93 0.912 

FDen Value -0.0049 -0.0057 -0.0028* -0.0038 -0.003 -0.0035 -0.0028 

 
SE 0.0183 0.0058 0.0207 0.0226 0.0183 0.0167 0.0221 

 
r2 0.773  0.89 0.81 0.783 0.823 0.802 0.835 

FEve Value -0.0003 0.0006*** -0.0007 0.0003 -0.0010 0.0005 0.0004** 

 
SE 0.0012 0.0011 0.002 0.0006 0.0014 0.0004 0.0004 

 
r2 0.803 0.815 0.889 0.819 0.888 0.834 0.821 

FDiv Value -0.0016** -0.003 0.0007 -0.00004 0.0015 -0.0042*** -0.0001 

 
SE 0.0008 0.0014 0.0009 0.001 0.0006 0.0008 0.0004 

 
r2 0.411 0.507 0.576 0.548 0.477 0.701 0.356 

FDis Value -0.0064* -0.006*** -0.0068* -0.0063* -0.0065** -0.0063** -0.0063** 

 
SE 0.0030 0.0012 0.0028 0.0025 0.0022 0.0022 0.0021 

 
r2 0.948 0.969 0.937 0.949 0.968 0.975 0.969 

RaoQ Value -0.0014 -0.0015** -0.0014* -0.0012* -0.0012** -0.0012** -0.0012** 

 
SE 0.0008 0.0002 0.0006 0.0005 0.0002 0.0004 0.0004 

 
r2 0.956 0.959 0.952 0.97 0.97 0.975 0.979 
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Table 3.6 Generalized linear models between species richness and six functional diversity 

indices for different FTGs a. Morphological, b. Reproductive, c. Habitat-related and d. the 

complete set of traits for amphibians of European Union at 40 km x 40 km grid cell 

resolution. F-value, p-value: *p< 0.05 ; **p < 0.01; ***p< 0.001; ****p<0.0001; NS non 

significant; df and pseudo-r2 as a measure of model fit, are shown in the table. 

 

  Functional Trait Groups (FTGs) 

  

Morphological Reproductive Habitat-related Complete set 

FRic F-value 2002.05 340.32 1902.58 2317.12 

 

p-value **** **** **** **** 

 

df 2813 2813 2813 2813 

 

r2 0.929 0.489 0.941 0.95 

 

F-value 12999.70 2102.42 25133.21 33326.31 

FDen p-value **** **** **** **** 

 

df 2813 2813 2813 2813 

 

r2 0.66 0.13 0.736 0.744 

FEve F-value 62.30 16.65 39.2425 4.5694 

 

p-value **** **** **** * 

 

df 2813 2813 2813 2813 

 

r2 0.001 0.007 0.365 0.009 

FDiv F-value 3.92 156.25 20.72 1.77 

 

p-value * **** **** NS 

 

df 2813 2813 2813 2813 

 

r2 0.001 0.276 0.069 0.006 

FDis F-value 745.78 568.30 545.54 972.14 

 

p-value **** **** **** **** 

 

df 2813 2813 2813 2813 

 

r2 0.464 0.281 0.462 0.445 

RaoQ F-value 748.70 274.43 564.83 1084.16 

 

p-value **** **** **** **** 

 

df 2813 2813 2813 2813 

  r2 0.464 0.195 0.457 0.414 
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Fig. 3.5 Functional diversity indices of  functional richness and evenness (FRic and FEve) as a function 

to species richness, calculated using three functional trait groups (FTGs) morphological, reproductive, 

habitat-related and the complete set of traits for amphibians of European Union. Box plots show 10th 

and 90th percentile, quartile and the median value (black line). 
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3.5 Discussion 

 
Our results showed that, in certain cases, different sets of traits used in the calculation of 

functional diversity indices lead to different functional diversity patterns for the same 

functional diversity index and the same species assemblage. Thus our findings do not 

support the hypothesis that using one subset of functional traits to estimate functional 

diversity patterns will reflect the functional diversity pattern of all other sets of functional 

traits. And more interestingly, the spatial pattern produced using more traits does not 

necessarily reflect the spatial pattern of the subsets of traits. For functional diversity indices 

that are strongly related to species richness different sets of traits produce functional 

diversity spatial patterns that are significantly – but only in some cases weakly – correlated, 

and the functional diversity hotspots for the different sets of traits are in different 

geographic locations across European Union. But more importantly, for functional diversity 

indices (like evenness) that are not related to species richness the spatial patterns of 

functional diversity of different sets of traits are either statistically independent or even 

negatively correlated. This has significant impact not only for identifying functional diversity 

hotspots, but also for inferring the role of different environmental factors as drivers of 

functional diversity, and correspondingly on inferring the role of functional diversity as driver 

of ecosystem services and functions. In simple words, we found that, for a given taxon, 

different species traits produce functional diversity patterns that vary considerably in space.   

 
Different facets of functional diversity display very different patterns and lead to different 

conclusions (e.g. Mouchet et al., 2010; Karadimou et al., 2015), something that has been 

verified in our study also. However, previous studies use only one set of species traits to 

estimate functional diversity and are based on the implicit assumption that there is only one 

functional diversity pattern and that different indices capture different aspects of it. Our 

results indicate that this is not the case. Different sets of traits used in the calculation of 

functional diversity indices lead to strikingly different functional diversity patterns for the 

same functional diversity index. The non-congruence among these patterns is highly 

influenced by the functional diversity index used. The facets of functional diversity that 

quantify the volume of functional space occupied (like FRic and FDen) are strongly related to 

species richness (as is often documented) and display rather strong significant correlations; 

thus in their case the common practice of using the set of available traits as a surrogate for 

other traits is partially justifiable. But when analyzing other facets of functional diversity 

(and especially the ones quantifying the evenness in the distribution of traits, like FEve and 
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FDiv) there is no congruence, and generalizations about functional diversity patterns should 

be done with caution. 

 

Previous research highlights the sensitivity of functional diversity indices to measuring the 

traits of all the species in the community (Pakeman, 2014b). These studies using the same 

traits dataset and omitting some rare species of the community document how considerably 

the value of functional diversity changed. Here, we kept the species composition intact (and 

collected trait data for all species in it, common and rare) but calculated the functional 

diversity indices for sets of different species traits, and thus obtained considerable changes. 

These changes refer not only to the value of the functional diversity index calculated, but 

more importantly to the spatial pattern of functional diversity across Europe, i.e. where the 

peaks and troughs are located. 

  
Conservation planning is often based on identifying biodiversity hotspots (Mazel et al., 2014; 

Parravicini et al., 2014). We demonstrated that the use of some traits to define functional 

diversity hotspots and coldspots may identify different locations than using different traits 

and yet different locations from the complete set of traits. Again the sensitivity of this 

mismatch depends on the functional diversity index used, with lower mismatches for FDen, 

FRic, FDis and RaoQ and greater mismatches for FEve and FDiv. These results are congruent 

with those of a recent study revealing important mismatches between taxonomic and 

functional richness and also their hotspots (Devictor et al., 2010; Huang et al., 2012; Mazel 

et al., 2014). But our results go one step further and show that even for functional diversity 

the hotspots are different depending on the species traits analyzed. So we argue that, for 

the same taxonomic group, different functions will have different hotspots and would 

demand different management plans to preserve different functions. So the argument that 

functional diversity is easier to preserve in less area due to the redundancy of traits may 

hold true for a specific function, but these areas will not necessarily be the same for 

different functions. Since hotspots of different aspects of biodiversity often show low spatial 

congruence (Orme et al., 2005; Stuart-Smith et al., 2013) we further revealed that different 

facets of functional diversity but even more different trait groups in the same functional 

diversity facet could propose different priority areas. It has been suggested that identifying 

areas of high functional diversity could be a way of setting conservation priorities in order to 

maintain ecosystem processes and services (Devictor et al., 2010). Our findings provide 

interesting questions on which functional diversity hotspots (based on different FTGs) could 
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be also implemented in monitoring programs or national priorities (such as those proposed 

by Schmeller et al., 2014; Schmeller et al., 2015).   

 
Indeed, it has been assumed that the loss of particular combinations of functional traits is 

often related with functional diversity loss, thus might affect ecosystem functioning while 

the loss of a given single species might not be as ecologically damaging, as other species 

which they persist have functional analogues with (Loreau et al., 2002; Srivastava et al., 

2012). Since hotspots of different aspects of functional diversity often show low spatial 

congruence, we would recommend that is necessary to consider a suite of different 

functional traits to adequately conserve functional biodiversity, and that this should be done 

case by case for each ecosystem function of interest, since different functions may have very 

different functional diversity hotspots. Furthermore, we caution that the use of all traits to 

obtain a single set of functional diversity hotspots may be ill advised, since it might miss the 

hotspots of certain functions.  

 
One big issue of biodiversity research is trying to infer the environmental drivers of diversity 

patterns. Our results show that this task is more complicated for functional diversity than for 

indices of compositional diversity (like species richness). For any given functional diversity 

index, different sets of traits led to lesser or greater differences in the correlations with the 

two factors examined (in our case, we examined latitude and species richness). Some 

indices, like FRic and FDen, showed consistent correlations and similar patterns for all FTGs 

examined.  While for other indices like FEve, we found that the relationship between 

functional diversity and latitude may be significantly positive and not significantly negative 

depending on the FTG used. This makes inference difficult and generalizations questionable. 

While Safi et al. (2011) have proposed that the latitudinal gradient of the mammalian 

functional diversity could be partly explained by temperature seasonality here the 

amphibians functional diversity based on different sets of traits do not show a clear 

latitudinal pattern and it may prove that any single predictor is not possible to explain the 

latitudinal patterns.  

 
This non-congruence of functional diversity spatial patterns produced by different species 

traits raises another important point. There is an ongoing research trying to elucidate the 

role of functional diversity on ecosystem functioning and services (among others Díaz et al., 

2007). The reason why no clear pattern has emerged might be due not to the lack of a 

relationship, but due to the use of inappropriate traits to estimate functional diversity. If we 
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use different traits or more interestingly if we use more traits that are not related to the 

function of interest this is likely to produced functional diversity spatial patterns that 

significantly differ from the functional diversity pattern of interest and obscure the role of 

functional diversity on shaping ecosystem services and functions. This pattern might be the 

reason why Pakeman (2014a) found that productivity is highly dependent on one leaf trait 

(leaf dry matter content) and weakly related to the multidimensional functional diversity 

indices calculated using this and other traits.  
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3.6 Conclusions 

 
This is the first study that examines the “cross-function” congruence of functional diversity 

patterns. So before generalizations could be made, there is a need to verify these findings 

for different taxa, in different biogeographic regions and scales and more importantly for 

different functional traits. And even though this analysis is based on only one taxon 

(amphibians), we argue that this non-congruence of functional diversity spatial patterns 

from different traits might prove a general pattern observed in other taxa (e.g. mammals, 

birds or even plants and microbes) and scales. In this analysis we used a relatively well 

known taxon (amphibians) in a well studied geographic region (Europe) and we still had 

difficulty to collect many species traits. Given the results of Pakeman (2014b) about the 

importance of analyzing all species in the community, we only used traits that we had 

information for most if not all of the species in our study. However, different sets of traits 

may have different results. Concludingly, we found that different functional traits for the 

same community may lead to very different spatial patterns of functional diversity. The 

assumption that one set of traits could be used as a surrogate for another is justifiable only 

for specific sets of traits and for specific functional diversity indices. But more importantly 

our results show that functional diversity is not one thing but many different things 

depending on the function examined. So in a community, a species that may appear as 

functionally redundant for a specific function, may not be so for a different function. Also 

this result may explain the difficulty to locate the link between biodiversity and ecosystem 

functioning. Since for different functions the same biodiversity pattern may result in multiple 

very different functional diversity patterns. As a way forward, we suggest that the traits 

selected for estimating functional diversity should be those that are already shown to be 

important response traits for the function of interest (for example see Pakeman, 2011). If 

that approach is not possible (either because we do not have data on those traits or do not 

know which the important response traits), then we suggest to estimate the functional 

diversity using different sets of traits and iteratively examine the patterns produced to find 

out which traits produce the strongest relation to the phenomenon of interest and not to be 

satisfied with only one pattern. 
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Chapter Four: Geographical patterns and environmental 

drivers of functional diversity of amphibians of Europe 
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4.1 Abstract 

 
Aim: We investigate the patterns of the distribution of functional diversity (three aspects: 

the volume of space occupied - functional richness, the spread of functional types with 

respect to the functional space local center - functional dispersion and the regularity of the 

distribution of species within the trait space - functional evenness) and the environmental 

drivers of these patterns for amphibians of Europe to estimate the relative importance of 

different hypotheses of latitudinal functional diversity gradients. 

 
Methods: Atlas and range map-based data on distributions of amphibian species and 

functional trait information were used to estimate functional richness, functional dispersion 

and functional evenness for 50 × 50 km grid cells across Europe. Generalized least square 

models and hierarchical partitioning were used to identify the most important 

environmental predictors of the three examined aspects of functional diversity. 

 
Results: In general, the functional richness, dispersion and evenness of amphibians varied 

with latitude. Areas of high functional richness were observed in regions with distinct 

contemporary environmental conditions, notably regions with high topographic variability. 

Regions with the highest values of functional dispersion for both types of richness maps 

were found in Spain. However, the functional evenness showed an unclear pattern with 

areas of highest values found in Iberian peninsula, Central Europe, Scandinavia but also in 

Balkan peninsula and South Europe. Land cover diversity was the factor that mostly 

contributed to the explanation of the total variation (37%) for functional richness and 

(32.5%) for functional dispersion of atlas map-based functional diversity. For range map-

based functional diversity, actual evapotranspiration (22.5%) and mean annual temperature 

(51%) explained most of the variation of functional richness and functional dispersion, 

respectively. Mean annual temperature was the most significant factor for atlas based 

functional evenness (31%) and agricultural area for range based functional evenness (24%). 

 
Main conclusions: The distribution of the different aspects of the functional trait space of 

amphibian assemblages across Europe is associated with contemporary environmental 

variables, in particular supporting the role of habitat heterogeneity (for atlas map-based 

richness), ambient and productive energy (for range map-based richness) in latitudinal 

diversity gradients. High functional richness and dispersion was found in areas with high 
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habitat heterogeneity while lower values were found in areas with harsh environments e.g. 

with extreme temperatures and low precipitation.  

 
Keywords: functional richness, functional dispersion, functional evenness, functional traits, 

principal coordinates analysis, habitat heterogeneity, ambient energy, productive energy, 

environmental stability, redundancy 
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4.2 Introduction 

 
Classically, latitudinal gradients have been studied to explain patterns of species richness 

(e.g. Blackburn and Gaston, 1996; Davies et al., 2007), geographic range size (e.g. Stevens, 

1989; Orme et al., 2006) and species characteristics e.g. body size and diet (e.g. Olson et al., 

2009; Belmaker et al., 2012). A number of theories have been proposed to explain these 

patterns including: 1) contemporary environmental drivers hypothesis (e.g. Currie and 

Paquin, 1987; Francis and Currie, 2003), which postulates that the contemporary 

environmental conditions are responsible for the observed diversity patterns, 2) the 

isolation hypothesis (Field et al., 2009) which assumes that dispersal barriers such as 

mountainous areas explain diversity patterns and 3) historical biogeography (e.g. Ricklefs, 

1987; Mittelbach et al., 2007) which postulates that past climatic events affected diversity 

through mass extinctions. In addition, the contemporary environmental drivers hypothesis 

includes two sub-hypotheses which are among the best explanations given until now related 

to a) environmental energy (e.g. Wright, 1983; Currie, 1991) and b) habitat heterogeneity 

sub-hypotheses (e.g. Kerr et al., 2001; Rahbek and Graves, 2001; Davies et al., 2007). The 

environmental energy hypothesis or environmental harshness sub-hypothesis predicts that 

in harsh environments (e.g. cold temperature or aridity) fewer species are able to cope with 

the present conditions which are either highly adapted individuals or generalists that 

manage to survive in fluctuating environmental conditions (Clavero et al., 2004). The habitat 

heterogeneity sub-hypothesis postulates areas with a greater variety of habitats, i.e. greater 

diversity of available resources, (which could be quantified both in terms of land use and 

topography) promotes spatial turnover of species because of adaptations to a greater 

variety of habitats and niche differentiation (habitat heterogeneity hypothesis, e.g. Kerr et 

al., 2001; Field et al., 2009). 

  
One main obstacle in disambiguation among these hypotheses is that they are not mutually 

exclusive. These explanations require consideration of species' niches and traits and species 

interactions. For example, small-bodied species are less well adapted to cold temperatures 

during the winter at high latitudes (ambient energy hypothesis, e.g. Olson et al., 2009) while 

high species richness is occurred in high energy areas such as the tropics because the 

abundance and diversity of resources enables species to co-exist having narrower niches and 

therefore more similar traits (productive energy hypothesis and niche breadth mechanism, 

e.g. Tognelli and Kelt, 2004; Evans et al., 2005). More interestingly, the importance of energy 
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seasonality has been highlighted in species-energy relationships (Carrara and Vázquez, 

2010). Thus, in areas of high environmental stability (high productive energy) populations of 

species with specialized narrow range of resources and thus narrower niche breadth can 

exist. Since seasonality is lower and productive energy higher in the tropics, this might 

indicate that niches are narrower at lower latitudes. The idea that niche breadth increases 

with latitude (the latitude-niche breadth hypothesis) has been supported in a number of 

studies for birds (Evans et al., 2006; Belmaker et al., 2012) and mammals (Eeley and Foley, 

1999) although there are opposing views as well (Vázquez and Stevens, 2004). The latitude-

niche breadth hypothesis is also related to Rapoport's rule that purports a positive 

correlation between a species' geographical range size and its latitude (Stevens, 1989) which 

assumes that species at higher latitudes have wider climatic tolerances to cope with 

fluctuating environmental conditions (Clavero et al., 2004).  

 
An important concept that unifies many ecological theories is the concept of the 

Hutchinsonian multidimensional niche (Hutchinson, 1957). The niche was described as an “n-

dimensional hypervolume” where each dimension represents an environmental variable. In 

order to consider the variety of niches represented by species in an assemblage (functional 

diversity), you can use a t-dimensional volume, where each dimension represents a trait 

(Villéger et al., 2008). Considering the use of functional trait space by assemblages we can be 

informed for, how a community changes along environmental gradients (Schirmel et al., 

2012; Pakeman et al., 2011; Gerisch et al., 2011) and also the potential relationship between 

biodiversity and ecosystem services (Clark et al., 2012). 

 

Functional diversity aims to describe how a community spreads in this functional trait space. 

Three independent aspects of functional diversity are functional richness, functional 

dispersion and functional evenness. The arrangement of species in this multidimensional 

functional trait space quantifies the overall volume of niche space occupied (functional 

richness; Mason et al., 2005), the spread of functional types with respect to the functional 

space local center (functional dispersion; Laliberté and Legendre, 2010) and the regularity of 

species within the trait space (functional evenness; Mason et al., 2005). While functional 

richness provides a measure of how much space is occupied by co-occurring species, 

functional dispersion measures niche segregation among coexisting species and functional 

evenness measures how evenly species are distributed in trait space and thus how evenly 

the community occupies the trait space. 
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Until recently there are a few studies trying to find out what environmental factors and 

mechanisms shape functional diversity patterns (Mason et al., 2007; 2008; Swenson et al., 

2012; Lamanna et al., 2014). Functional richness demonstrates the quantity of the available 

resources have been used by a community i.e. low functional richness indicates that some 

potential niches are unoccupied either because species that could exploit the particular 

resources are not present in the community or because environmental conditions restrict 

the availability of the resources (Mason et al., 2005). The absence of those species that 

potentially could fill those unoccupied niches might be because of the disadaptation due to 

the local environmental conditions. Hence the volume and use of functional trait space, the 

spread of functional types in the functional space and the distribution of species and traits in 

the niche space may in part be determined by environmental conditions (Mason et al., 2007; 

2008; Schleuter et al., 2012; Bello et al., 2013). For example, with niche availability, 

functional richness is in turn expected to increase, while patterns of functional evenness and 

functional dispersion are less predictable. Also the isolation hypothesis predicts that in 

isolated areas (e.g. the Iberian peninsula and Italy compared to Central Europe) functional 

diversity differs, with comparatively low functional richness and high functional evenness in 

the isolated areas. Thus, low functional richness might therefore be expected to be 

associated with more extreme environmental conditions (e.g. very low temperatures or 

precipitation, high seasonality, arid climate). Recently, the results of a few large scale studies 

for fish communities (Schleuter et al., 2012), woody plants of North and South America, tree 

assemblages of New World (Lamanna et al., 2014) are consistent with contemporary 

environmental drivers hypothesis. However, for some taxa such as amphibians it still 

remains unknown how the functional trait space spatial patterns vary along a number of 

environmental gradients.  

 
In this chapter, we use a multivariate trait space approach to further understand the 

latitudinal gradients of diversity of amphibian assemblages across Europe and test the first 

hypothesis, that of contemporary environmental drivers hypothesis. We investigate the total 

volume of trait space – functional richness, the spread of functional types with respect to 

the functional space local center - functional dispersion and the regularity of species within 

the trait space - functional evenness, in order to identify the importance of environmental 

constraints on functional diversity. We compare patterns of the three functional diversity 

patterns based on atlas map-based species richness and range map-based richness since this 

may reveal alternative explanations on how the different sources of data may affect the 

patterns and the strength of environmental gradients which drive these patterns. 
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4.3 Methods 

 
4.3.1 Distribution of amphibian species 

 
We used these data to derive atlas maps of species richness within Europe within 50 km x 50 

km grid cells. We estimated species richness from digitized geographical range vector maps 

(expert-drawn range maps) for amphibians (IUCN, 2013) and constructed a biodiversity 

range map based on the same grid as the atlas maps; for more details see description in 

2.3.1 part of Chapter 2. 

 
4.3.2 Trait data 

 
For our estimates of amphibian assemblage functional diversity, we selected traits related to 

resource acquisition and define important niche dimensions of the studied species. We used 

12 traits in total, 3 traits related to morphology (body length, dorsal main coloration, dorsal 

pattern) 4 to reproduction (number of eggs per clutch, duration of breeding activity, sexual 

maturity, life span) and 5 to habitat use (spawn site, life history habit, time partitioning, diet 

and mobility mode; for details see Table 3.1 and part 3.3.1 of Chapter 3. 

 
4.3.3 Quantifying functional diversity 

 
We used the following functional diversity indices: FRic (functional richness) – reflecting the 

volume of a multidimensional trait space defined by using a convex hull volume, FEve 

(functional evenness) - reflecting the evenness of abundance distribution in a functional trait 

space and FDis (functional dispersion) - reflecting the average distance of individual species 

to their group centroid in multivariate trait space that has been defined by an appropriate 

distance measure. FEve is weighted by the relative abundance of species (Villéger et al., 

2008) which was not available in our study so we used the percentage of the grid cell 

occupied by the species range as a proxy to relative abundance. All three indices were 

calculated from the distribution of species in a multidimensional functional trait space 

following the methods described in Villéger et al. (2008); for more information see part 3.3.2 

of Chapter 3.  
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4.3.4 Explanatory variables 

 
The explanatory variables chosen are summarized in Table 2.1. As potential drivers of 

functional diversity we used: mean annual temperature, total precipitation, temperature 

and precipitation seasonality, net primary productivity and actual and potential 

evapotranspiration, land cover diversity, agricultural area extent and human population 

density. The data for the environmental variables were reprojected and resampled to the 

same projection and resolution as the species atlases (50 km x 50 km). We checked for 

potential collinearity between the variables using pairwise plots between each of the 

predictors and the variance inflation factors (VIF). Since each of the VIF values was <10 

(Quinn and Keough, 2002), all predictors were considered in model selection. The following 

variables were transformed because they showed right-skew: total precipitation, 

precipitation seasonality and potential evapotranspiration were square-root transformed 

while land cover diversity, agricultural area extent and human population density were log10-

transformed. To identify for non-linearities we plotted functional diversity against each of 

the variables. As a result, the fit of quadratic forms was used for the following variables: 

mean annual temperature, net primary productivity and land cover diversity. Resampling of 

all environmental and human influence data was carried out in QGIS version 2.10.0. 

 
4.3.5 Environmental models accounting for spatial autocorrelation 

 
We analyzed the environmental predictors of the distribution of functional diversity of 

amphibians (functional richness, evenness and dispersion) using generalized linear models 

with an exponential covariance structure in order to control for the effects of spatial 

autocorrelations (Pinhero and Douglas, 2000) since OLS (models which do not account for 

spatial autocorrelation) residuals showed autocorrelation (see correlogram in Appendix S5). 

To determine the autocorrelation structure that best captured the spatial relationships 

within the data, we generated full GLS (generalized least squares) models (including all 

environmental variables) with exponential, spherical and Gaussian spatial covariance 

structures, and compared these models using AIC and visual inspection of the semi-

variogram plots.  Pseudo-R2 provided an indication of the percentage variation explained in 

the model (Nagelkerke, 1991). All analyses were performed in R version 3.0.3 (R 

Development Core Team, 2014) using the gls function in R package 'nlme' (Pinheiro et al., 

2015).  
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We firstly performed single-predictor models of each functional diversity aspect and each of 

the variables (with land area as a covariate) to check the direction and the fit of individual 

relationships. To test the relationships with squared terms, we also included the linear term 

in the model. We used backwards removal (based on improvement of AIC) to arrive at a 

minimum adequate model (MAM) with the lowest AIC, starting from fitting all the predictors 

against functional diversity indices. Squared terms were only included in models where the 

linear term was also present. Land area was fitted as a covariate in all models. We also used 

HP to evaluate the relative contribution of each predictor in the MAM. Since this method 

cannot be used with GLS models, we firstly removed the spatial component of the fitted 

values with the GLS models and the response variables without spatial components was 

used for HP performed in R package 'relaimpo' (Groemping, 2013).  

 
  



94 
 

4.4 Results 

 
In general, functional richness, dispersion and evenness of amphibians varied with latitude. 

The three aspects of functional diversity showed negative correlations with latitude which 

were weak for functional evenness (rs = -0.111, corrected d.f. = 34.735, p<0.05 for atlas 

map-based richness and rs = -0.099,  corrected d.f. = 70.79, p<0.05 for range map-based 

richness) but stronger for functional richness (rs = -0.331, corrected d.f. = 18.271, p<0.05 for 

atlas map-based richness and rs = -0.431,  corrected d.f. = 16.021, p<0.05 for range map-

based richness) and stronger still for functional dispersion (rs = -0.503, corrected d.f. = 24, 

p<0.05 for atlas map-based richness and rs = -0.611,  corrected d.f. = 27.785, p<0.05 for 

range map-based richness). Functional richness estimates based on multiple-traits but also 

for both sources of richness data (atlas and ranges) exhibited clear geographic patterns (Fig. 

4.1a). Areas of high functional richness were observed in regions with distinct contemporary 

environmental conditions, notably regions with high topographic variability (e.g. the 

Pyrenees and Alps) while grid cells with the lowest functional richness were found in regions 

with low temperature such as Scandinavia but also in arid areas such as coastal areas of the 

Mediterranean and the southeastern part of Europe. Also, functional richness was strongly 

correlated with species richness (rs = 0.931, corrected d.f. = 18.536, p<0.001 for atlas map-

based richness and rs = 0.911, corrected d.f. = 15.824, p<0.001 for range map-based 

richness) but the relationship did not appear to reach saturation (Appendix S6). Regions with 

the highest values of functional dispersion (Fig. 4.1b) for both richness maps were found in 

Spain while the intermediate values found across all Europe and also areas of high 

seasonality and precipitation (e.g. a large part of Scandinavia). The lowest values of 

functional dispersion were found in Ireland, the west part of Scandinavia and the 

southeastern part of Europe especially for the atlas map-based richness. Additionally, 

functional dispersion showed a high correlation with species richness (rs = 0.81, corrected 

d.f. = 26.899, p<0.001 for atlas map-based richness and rs = 0.739, corrected d.f. = 30.403, 

p<0.001 for range map-based richness). In contrast, patterns of functional evenness (Fig. 

4.1c)  showed that the lowest values were found at the same regions as found for functional 

dispersion while the highest functional evenness showed an unclear pattern with areas of 

highest values found in Iberian peninsula, Central Europe, Scandinavia but also in Balkan 

peninsula and the south part of Europe. Functional evenness exhibited a weak relationship 

with species richness (rs = 0.461, corrected d.f. = 37.343, p<0.001 for atlas map-based 

richness and rs = 0.037, corrected d.f. = 80.6, p<0.001 for range map-based richness). For the 

same functional diversity index calculated using the two different sources of species richness 
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(atlas and range map-based richness) there was a high spatial correlation for functional 

richness and dispersion (for FRic: rs = 0.835, corrected d.f. = 18.023, p<0.001, for FDis: rs = 

0.873, corrected d.f. = 49.361, p<0.001) but it was low in the case of functional evenness 

(FEve: rs = 0.328, corrected d.f. = 173.708, p<0.001). 

 
The best supported (lowest AIC) univariate models for the different aspects of functional 

diversity differed, and even for the same indicator they differed depending on the data 

source used. For FRic, based on atlas richness data were the actual evapotranspiration 

model, followed by temperature seasonality and the linear model of total annual 

precipitation (Table 4.1). While for FRic based on range richness map, the most supported 

models were that of precipitation seasonality, followed by mean annual temperature and 

total annual precipitation (Table 4.2). For FDis of atlas based-map richness, the quadratic 

models of mean annual temperature and land cover diversity were the most supported 

(Table 4.1) while for FDis of range map-based richness, precipitation seasonality and mean 

annual temperature models (Table 4.2). Of the variables measured, the best supported 

univariate models for FEve atlas map-based richness was temperature seasonality (Table 

4.1) and for FEve range map-based richness agricultural area extent (Table 4.2). In all cases 

the relationships were positive except for FEve-agricultural area extent for range map-based 

richness which was negative. 

  
Compared with the non-spatial OLS models, the GLS models substantially reduced spatial 

autocorrelation in the residuals (Appendix S5) and presented larger R2 and a smaller AIC 

(Table 4.3). Of the three functional diversity indices, functional richness showed the 

strongest associations with the environmental factors analyzed, followed by functional 

dispersion and functional evenness. In all cases the functional diversity indices calculated 

using range map-based richness demonstrated slightly stronger associations with the 

collective environmental variables than the functional diversity indices estimated using atlas 

map-based richness data. The final multivariate model for FRic atlas map-based richness 

data, which explained 74.4% of the variance in the data, indicated that land cover diversity 

and net primary productivity, temperature seasonality and total annual precipitation were 

important predictors of atlas based functional richness. In terms of HP components, land 

cover diversity was the factor that mostly contributed to the explanation of the total 

variation (37%) followed by net primary productivity which contributed 19% (Table 4.3, Fig. 

4.2a). All predictors were positively associated with atlas based functional richness. In 

contrast to the atlas based functional richness MAM which included four predictors, the 
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range based functional richness MAM, which explained 79.8% of the total variance, included 

almost all the examined predictors of the study except for precipitation seasonality and the 

quadratic form of net primary productivity. Among the included predictors in the MAM the 

most important regarding their contribution to the total variance were actual 

evapotranspiration (22.5%), mean annual temperature (17.2%), land cover diversity (11%) 

and agricultural area (9.3%) (Table 4.3, Fig. 4.2a). Agricultural area extent was negatively 

associated with range based functional richness. When we also included species richness as 

a covariate in the multivariate models of functional richness, as expected from its 

relationship with functional richness (Appendix S7), species richness showed highly 

significant quadratic relationships with functional richness improving the fit of the models 

and also explaining 77.2% of variation for atlas map-based richness and 75.7% for range 

map-based richness (Appendix S7). The final multivariate models for functional dispersion 

explained 74% and 77.7% for dispersion of atlas and range based map richness respectively 

while showed positive relationships with the predictors included in the MAMs apart from 

agricultural area extent which was negative. HP components indicated that dispersion of 

functional traits for atlas based richness data was mostly explained from land cover diversity 

(32.5%), net primary productivity (22.3%) and temperature seasonality (15%) (Table 4.3, Fig. 

4.2b). However, functional dispersion of traits estimated from range map richness showed a 

positively strong relationship with mean annual temperature whereas temperature 

explained half (51%) of the total variation followed by land cover diversity which contributed 

with a 12%. Finally, the pattern of functional evenness of traits was explained 50.2% and 

62.2% from the final multivariate models for atlas and range maps, respectively. Mean 

annual temperature was the most significant factor for atlas based functional evenness (31% 

HP component) and agricultural area extent range based functional evenness (24% HP 

component) (Table 4.3, Fig. 4.2c).  
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Fig. 4.1 The distribution of the three aspects of functional diversity for amphibians across Europe for 

(a) functional richness (volume of trait space occupied), (b) the functional dispersion (the spread of 

functional types with respect to the functional space local center) and (c) the functional evenness (the 

regularity of the distribution of species within the trait space).  
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Table 4.1 Single-predictor models of the functional richness (volume of trait space occupied - FRic), the functional dispersion (the spread of functional types 

with respect to the functional space local center - FDis) and the functional evenness (the regularity of the distribution of species within the trait space - 

FEve) calculated using atlas map-based richness with potential environmental predictors including: climate, evapotranspiration, land cover diversity and 

human influence variables. All models also include land area as a covariate. Models either include just a linear term or a linear and a quadratic term. All 

predictors were z-standardised. Significance values: **** <0.0001, *** <0.001, ** <0.01, * <0.05, NS Non-significant. 

 
  FRic FDis FEve 

Variable   
Parameter estimate 

(± SE) R2 AIC Rank Parameter estimate 
(± SE) R2 AIC Rank Parameter estimate 

(± SE) R2 AIC Rank 

Mean annual temperature Linear 0.001 (± 0.001)**** 0.695 -10861.58 9 0.010 (± 0.001)NS** 0.737 -12113.732 1 0.001 (± 0.001)* * 0.477 -11564.787 10 

 
Quadratic 0.001 (± 0.001)**** 

   
0.002 (± 0.001)NS** 

   
0.001 (± 0.001)NS 

   
Temperature seasonality Linear 0.010 (± 0.001)NS** 0.703 -10913.75 2 0.001 (± 0.001)NS** 0.731 -12070.501 9 0.012 (± 0.001)* * 0.499 -11652.303 1 

Total annual precipitation Linear 0.009 (± 0.001)NS** 0.702 -10908.19 3 0.001 (± 0.001)NS** 0.732 -12077.946 8 0.002 (± 0.001)NS 0.482 -11586.865 5 

Precipitation seasonality Linear 0.005 (± 0.003)NS** 0.700 -10895.17 5 0.003 (± 0.001)NS** 0,733 -12087.418 4 0.001 (± 0.001)NS 0.481 -11584.178 9 

Net primary productivity Linear 0.008 (± 0.001)** ** 0.702 -10905.85 4 0.003 (± 0.001)NS** 0,733 -12087.143 5 0.001 (± 0.001)* * 0.482 -11586.054 8 

 
Quadratic 0.001 (± 0.002)* *** 

   
0.001 (± 0.001)NS** 

   
0.001 (± 0.001)NS 

   
Actual evapotranspiration Linear 0.015 (± 0.001)**** 0.706 -10938.97 1 0.001 (± 0.001)NS** 0,732 -12081.206 7 0.005 (± 0.001)NS 0.483 -11588.297 3 

Potential evapotranspiration Linear 0.001 (± 0.001)**** 0.696 -10871.29 8 0.004 (± 0.001)NS** 0,732 -12081.650 6 0.001 (± 0.001)NS 0.482 -11586.797 6 

Land cover diversity Linear 0.003 (± 0.001)NS** 0.698 -10885.64 6 0.007 (± 0.001)NS** 0,734 -12095.925 2 0.003 (± 0.001)* * 0.482 -11587.496 4 

 
Quadratic 0.001 (± 0.001)NS** 

   
0.001 (± 0.001)NS** 

   
0.001 (± 0.001)NS 

   
Agricultural land area Linear 0.002 (± 0.010)**** 0.694 -10856.06 10 0.001 (± 0.001)**** 0,730 -12065.469 10 0.008 (± 0.008)* * 0.483 -11591.354 2 

Population density Linear 0.003 (± 0.057)** ** 0.697 -10878.85 7 0.005 (± 0.001)**** 0.734 -12094.119 3 0.002 (± 0.001)* * 0.482 -11586.218 7 
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Table 4.2 Single-predictor models of the functional richness (volume of trait space occupied - FRic), the functional dispersion (the spread of functional types 

with respect to the functional space local center - FDis) and the functional evenness (the regularity of the distribution of species within the trait space - 

FEve) calculated using range map-based richness with potential environmental predictors including: climate, evapotranspiration, land cover diversity and 

human influence variables. All models also include land area as a covariate. Models either include just a linear term or a linear and a quadratic term. All 

predictors were z-standardised. Significance values: **** <0.0001, *** <0.001, ** <0.01, * <0.05, NS Non-significant. 

 

    FRic FDis FEve 

Variable   
Parameter estimate 

(± SE) R2 AIC Rank Parameter estimate 
(± SE) R2 AIC Rank Parameter estimate 

(± SE) R2 AIC Rank 

Mean annual temperature Linear 0.011 (± 0.001)**** 0.753 -13141.70 2 0.010 (± 0.001)**** 0.738 -14099.635 2 0.003 (± 0.001)NS 0.791 -14786.706 4 

 
Quadratic 0.001 (± 0.001)**** 

   
0.001 (± 0.001)**** 

   
0.001 (± 0.001)NS 

   
Temperature seasonality Linear 0.001 (± 0.001)NS** 0.744 -13058.43 10 0.001 (± 0.001)NS** 0.731 -14046.339 10 0.001 (± 0.001)NS 0.790 -14774.118 10 

Total annual precipitation Linear 0.010 (± 0.001)* *** 0.752 -13131.55 3 0.002 (± 0.001)NS** 0.733 -14062.826 6 0.002 (± 0.001)NS 0.791 -14783.645 6 

Precipitation seasonality Linear 0.013 (± 0.001)NS** 0.753 -13145.04 1 0.011 (± 0.001)NS** 0.737 -14100.191 1 0.001 (± 0.001)NS 0.792 -14799.871 9 

Net primary productivity Linear 0.005 (± 0.001)**** 0.749 -13104.83 6 0.001 (± 0.001)NS** 0.733 -14060.116 7 0.001 (± 0.001)NS 0.791 -14780.697 8 

 
Quadratic 0.001 (± 0.001)NS** 

   
0.001 (± 0.001)NS** 

   
0.001 (± 0.001)NS 

   
Actual evapotranspiration Linear 0.008 (± 0.001)**** 0.751 -13119.23 4 0.005 (± 0.001)NS** 0.733 -14063.001 5 0.002 (± 0.001)NS 0.791 -14785.669 5 

Potential evapotranspiration Linear 0.003 (± 0.001)NS** 0.748 -13098.63 7 0.004 (± 0.001)NS** 0.734 -14067.871 4 0.001 (± 0.001)NS 0.791 -14782.035 7 

Land cover diversity Linear 0.002 (± 0.001)NS** 0.746 -13079.41 9 0.001 (± 0.001)**** 0.732 -14053.043 8 0.005 (± 0.001)NS 0.792 -14788.792 3 

 
Quadratic 0.001 (± 0.001)NS** 

   
0.001 (± 0.001)** ** 

   
0.001 (± 0.001)NS 

   
Agricultural land area Linear 0.001 (± 0.001)NS** 0.747 -13086.78 8 0.001 (± 0.003)**** 0.732 -14050.776 9 -0.012 (± 0.004)NS 0.792 -14791.381 1 

Population density Linear 0.005 (± 0.001)NS** 0.750 -13111.58 5 0.006 (± 0.001)** ** 0.736 -14085.061 3 0.009 (± 0.001)NS 0.791 -14790.270 2 
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Table 4.3 Parameter estimates (±SE) for the minimum adequate models (MAMs) of the functional richness (FRic), the functional dispersion (FDis) and the 

functional evenness (FEve) calculated using atlas and range map-based richness with potential environmental predictors including: climate, 

evapotranspiration, land cover diversity and human influence variables. All models also include land area as a covariate. Models either include just a linear 

term or a linear and a quadratic term. The R2 is determined by hierarchical partitioning. All predictors were z-standardised. Significance values: **** 

<0.0001, *** <0.001, ** <0.01, * <0.05, NS Non-significant. 

 
Atlas map Range map Atlas map Range map Atlas map Range map 

 
FRic FRic FDis FDis FEve FEve 

Variable Parameter estimate (± SE) Parameter estimate (± SE) Parameter estimate (± SE) Parameter estimate (± SE) Parameter estimate (± SE) Parameter estimate (± SE) 

Mean annual temperature  0.013 (± 0.001)****  0.011 (± 0.001)**** 0.009 (± 0.001)****  
Mean annual temperature2  0.001 (± 0.001)****  0.001 (± 0.001)**** 0.001 (± 0.001)****  

Temperature seasonality 0.002 (± 0.001)*** 0.001 (± 0.001)**** 0.006 (± 0.001)NS 0.001 (± 0.001)**** 0.005 (± 0.001)****  

Total annual precipitation 0.008 (± 0.001)NS* 0.003 (± 0.001)NS**     

Precipitation seasonality     -0.001 (± 0.002)NS 0.002 (± 0.001)NS 

Net primary productivity 0.010 (± 0.001)*** 0.005 (± 0.001)NS** 0.009 (± 0.001)NS 0.001 (± 0.001)NS 0.003 (± 0.001)**** 0.006 (± 0.001)NS 

Net primary productivity2 0.001 (± 0.001)***  0.001 (± 0.001)NS    

Actual evapotranspiration  0.017 (± 0.001)****    0.009 (± 0.001) * 

Potential evapotranspiration  0.002 (± 0.001)NS**   0.001 (± 0.001)NS 0.004 (± 0.001) ** 

Land cover diversity 0.015 (± 0.001)**** 0.010 (± 0.001)NS** 0.012 (± 0.001)NS 0.008 (± 0.001)****   

Land cover diversity2  0.001 (± 0.001)NS** 0.001 (± 0.001)NS 0.001 (± 0.001)****   

Agricultural area extent  -0.009 (± 0.002)NS** -0.003 (± 0.009)NS -0.003(± 0.002)NS 0.002 (± 0.002)NS 0.012 (± 0.001)NS 

Population density  0.006 (± 0.001)NS** 0.001 (± 0.001)NS 0.002 (± 0.001)NS 0.002 (± 0.001)NS  

Land area 0.001 (± 0.001)**** 0.001 (± 0.001)**** 0.001 (± 0.001)NS 0.001 (± 0.001)* 0.001 (± 0.001)* 0.001 (± 0.001)NS 

OLS R2 0.261 0.567 0.256 0.496 0.165 0.067 

AIC OLS -9134.75 -11848.08 -10080.62 -12607.87 -10644.22 -12707.13 

GLS R2 0.744 0.798 0.740 0.777 0.502 0.622 

AIC GLS -11197.12 -13575.13 -12123.78 -14455.64 -11650.31 -14754.36 
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Fig. 4.2 The relative importance of predictors as determined by hierarchical partitioning in the final 

models (MAM) for (a) the functional richness (volume of trait space occupied), (b) the functional 

dispersion (the spread of functional types with respect to the functional space local center) and (c) 

the functional evenness (the regularity of the distribution of species within the trait space) calculated 

using atlas and range based map richness.  
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4.5. Discussion 

 
The present environmental conditions, especially habitat heterogeneity (here land cover 

diversity), ambient and productive energy best explain the functional diversity patterns for 

the amphibian communities in Europe. More particularly, functional richness and to some 

extent functional dispersion, can be explained from this hypothesis of contemporary 

environmental drivers. Among the predictors we examined, land cover diversity and actual 

evapotranspiration were the most important predictors for functional richness of atlas map-

based and range map-based richness, respectively. In addition, for functional dispersion 

estimated from atlas map-based richness, land cover diversity mostly explained the patterns 

while mean annual temperature yielded HP components of more than 50% for functional 

dispersion of range map-based richness. Considering the environmental drivers alone, 

habitat heterogeneity best fit with functional richness and dispersion of atlas map-based 

richness data. Thus, we found evidence for habitat heterogeneity hypothesis which 

postulates that community diversity increases with increasing resource diversity a major 

component of habitat heterogeneity (Field et al., 2009; Hugueny et al., 2010; Schleuter et 

al., 2012). Also, increased area, increases niche availability so we demonstrate that for 

functional richness and dispersion from atlas data, regions with high habitat heterogeneity 

increase and thus niche availability.  

 
In addition to habitat heterogeneity hypothesis, climate, particularly temperature, fitted 

best with the different functional diversity indices. Climate can act in different ways on 

functional diversity. We found evidence for the contemporary environmental drivers 

hypothesis, which predicts lower diversity in harsh environments (Currie et al., 2004; Mason 

et al., 2008). As shown, functional richness and functional dispersion were lowest in areas 

with extreme average annual temperature in southern and northern Europe. Additionally, 

net primary productivity was the most important parameter for range map-based functional 

richness. As a result areas with high net primary productivity and actual evapotranspiration 

also support high species richness, allowing for increased niche specialization (Evans et al., 

2005). This has been previously supported from a number of studies especially for European 

fish communities (Mason et al., 2008; Schleuter et al., 2012) indicating that an increase in 

temperature, increased functional richness. In the present study with a broader temperature 

range, we also show that not only functional richness but also functional dispersion increase 

to a certain extent with temperature. The positive association between precipitation only 

with functional richness suggests an extra support for the productive energy hypothesis in 
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explaining the latitudinal distribution of functional richness. This is consistent with previous 

findings that productive energy is important in explaining species richness distributions for a 

variety different taxa e.g. birds (Hawkins et al., 2003; Davies et al., 2007), mammals (Tognelli 

and Kelt, 2004) and  lepidoptera (Kerr et al., 1998). However, the decrease in the 

Mediterranean regions might be attributed to some extent to the combination of high 

temperatures and low precipitation. For example, it has been reported that for the Iberian 

peninsula freshwater fish are largely habitat specialists, because of fluctuating water levels 

(Magalhães et al., 2002; Clavero et al., 2004), resulting in less space for functionally different 

species.  

 
Our analyses also provided some insights into the role of seasonality and environmental 

stability on diversity patterns. Interestingly, the results show that temperature seasonality 

was positively correlated with functional richness, dispersion and evenness as ranked high 

for functional richness and evenness but not for dispersion in the single-predictor models 

while it was included in all MAMs and significantly contributed in explaining the total 

variance. Thus, the patterns of functional diversity trait space are not only a latitudinal issue 

but are best considered also from climatic gradients such as seasonality. Since seasonality is 

higher at higher latitudes (productive energy and environmental stability lower; see Carrara 

and Vázquez, 2010) functional richness was lower and the patterns demonstrated that these 

areas support mainly species with broader niches. However, increased functional dispersion 

and functional evenness is shown in parts of areas with high temperature seasonality and 

precipitation (e.g. Scandinavia). Hence, precipitation might act as a filter but for functional 

dispersion and evenness. Precipitation was also an important predictor for amphibian 

species richness (see part 2.4 in Chapter 2) which was explained by the fact that amphibians 

although ectothermic and sensitive to temperature as well, also usually require water for 

reproduction and spend part of their life cycle in aquatic environments. Interestingly, 

precipitation seasonality had the opposite influence on functional trait diversity suggesting 

that seasonality in general does not necessarily limit functional diversity which is in 

accordance with Swenson et al. (2012) and their analyses on woody plants of North America.  

 
Our results with respect to the functional trait space occupied by amphibian assemblages 

showed low levels of redundancy even at high species richness. This is consistent with 

Petchey et al. (2007) who found no redundancy in assemblages of British birds using the 

FDen, an indirect measure of functional richness (FDen is highly correlated with FRic; 

Mouchet et al., 2010). In addition, the use of FRic which is a continuous measure of 
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functional diversity, might provide for a stronger evidence that the redundancy in amphibian 

assemblages of Europe is low. However, this result should be interpreted with caution as our 

regional pool is small (68 species) while for similar regional pools have been also found 

contrasting results. Petchey et al. (2007) for 192 species found no redundancy while 

Cumming and Child (2009) for 150 South African birds found high redundancy. Although 

functional richness describes the volume of trait space occupied, it provides no information 

about the distribution of species within the space. As a consequence, its significance is 

dependent on the extreme trait values of occupied trait space. Hence, the answer on how 

redundant is a community will depend partly on whether species with extreme trait values 

are more important to ecosystem processes than species closer to the assemblage centroid 

in trait space.  

 
Moreover, the results driven from FEve should be interpreted with caution since this index 

requires abundance data for its calculation which at this scale of analysis is very difficult to 

be found. The relatively high proportion of variance explained by land cover diversity for 

atlas map-based estimated species richness while by mean annual temperature for range 

map-based richness might be due to effects of habitat suitability. It is known that species do 

not occur in all areas within their extent of occurrence range (Hurlbert and White, 2005). 

Therefore, the value calculated for functional diversity of atlas map-based richness shows 

that has been particularly impacted by land cover diversity and habitat heterogeneity 

processes while values of functional diversity estimated with range map-based source are 

impacted by more large-scale driven mechanisms such as climate (Hurlbert and White, 

2005). 
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4.6 Conclusions 

 
The present study suggests that the distribution of functional richness, dispersion and 

evenness of amphibian assemblages across Europe largely reflects contemporary 

environmental gradients in terms of the habitat heterogeneity hypothesis and the climate 

(indicated by the positive relationships with mean annual temperature) and filtering effects 

of harsh environmental conditions (very cold and/or arid regions). Specifically, 

environmental harshness such as extreme temperatures and low precipitation as in the 

Mediterranean can lead to low functional richness. In addition, low values of functional 

richness have been found in Scandinavia whereas high seasonality and precipitation seem to 

filter the functional trait space. Some parts of Europe (mainly coastal regions of the 

Mediterranean) might experience lower functional richness and higher evenness. The lower 

functional richness and higher evenness suggests that in these areas species are more 

functionally redundant from other areas in contrast to temperate regions which might 

support higher niche differentiation and possibly a higher functional complementarity that is 

more susceptible to a loss of functions. 
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Chapter Five: Community assembly patterns of European 

amphibians are shaped by a complex set of determinants 
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5.1 Abstract 

 
Aim: We aim to assess what amphibian functional diversity implies for the community 

assembly of amphibians of Europe. We use null models to assess the variation from random 

expectations, with higher functional diversity values than randomly expected indicating 

limiting similarity, and lower functional diversity values than randomly expected indicating 

environmental filtering. We also test whether the different Functional Trait Groups (FTGs - 

distinct axes of ecological niches of the species e.g. morphological, reproductive, habitat-

related) affect the results. We investigate the influence of environmental and human 

influence factors upon these deviations from random expectations. 

 
Methods: We used presence / absence atlas with 50 km Χ 50 km grain size. We used 

functional dendrogram (FDen) to estimate the distribution of functional diversity and the 

Standardised Effect Size - SES: calculated as the difference between the observed functional 

diversity (FDobs) and the functional diversity expected (FDexp) by randomly selecting the same 

number of species from the regional species pool, and dividing this difference by the 

standard deviation of FDexp. At this scale, we identified the most important predictors of 

FDobs and SES (temperature, precipitation and their seasonalities, actual and potential 

evapotranspiration, land cover diversity, agricultural land area extent and population 

density) using GLS models which account for spatial autocorrelation effects. We also 

performed hierarchical partitioning to assess the relative strength of environmental 

variables to the total variation.  

 
Results: The distribution of functional diversity at 50 km x 50 km is very similar to that for 

species richness e.g. highest functional diversity in Iberian peninsula and Central Europe. 

Areas of relatively high SES include Iberian peninsula, Central Europe and some places in 

Italy including the island of Corsica while eastern, northern Europe and United Kingdom 

have particularly low values of SES. The final multivariate model for FDobs, which explained 

70% of the variance in the data, indicated that agricultural area extent (17.77%), mean 

annual temperature (13.18%) and land cover diversity (9.4%) were important predictors of 

functional diversity while for SES, which explained 67.5% of the variance, mean annual 

temperature (19.8%) and temperature seasonality (9.1%) explained most of the variance 

respectively. Different contributions of the predictors tested were indicated when using 

different FTGs with mean annual temperature and agricultural area extent being the most 

important. Relationships with predictors varied from negative for FDobs to positive for SES for 
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total annual precipitation, precipitation seasonality and potential evapotranspiration and 

from negative to positive for agricultural area extent and population density. 

 

Main conclusions: While it is almost certain that no single mechanism will explain the 

patterns of species richness and functional diversity across large-scale gradients, we show 

that there is a substantial evidence that gradients in abiotic filtering may explain a significant 

portion of spatial variation in functional diversity amphibian communities. Amphibian 

assemblages across the latitudinal gradient depend on increased productive energy (e.g. 

actual evapotranspiration) and temperature seasonality which might be in contrast with the 

claim that at higher latitudes functional diversity is restricted. By considering the SES of FTGs, 

it has been demonstrated that the relationships with variables tested and their relative 

importance is different to when only specific traits are included in the analyses.  

 
Keywords: community assembly, environmental filtering, functional traits, null model, 

functional trait groups 
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5.2 Introduction 

 
Functional diversity is a biodiversity metric which includes information on the variety of 

ecological roles contributed by each species and thus is a suitable metric for understanding 

ecosystem functioning (Díaz and Cabido, 2001; Tilman, 2001) and community structure 

(Petchey and Gaston, 2002). Several hypotheses on community assembly have been 

previously reported to explain species coexistence, and have been examined using 

functional diversity. Neutral theory assumes that all species are ecologically equivalent thus, 

communities represent random assemblages from a regional species pool, whereas all 

species coexist independently of their traits (Hubbell, 2001). In contrast, niche-based models 

predict that communities are assembled non-randomly, based on the similarities or 

dissimilarities of their traits which are influenced either by environmental filtering processes 

or species interactions. Using this approach, observed values of functional diversity (FDobs) 

are compared with randomly expected functional diversity (FDexp) values which have been 

produced using a null model of random assemblages of equal species richness from the 

regional species pool.  

 
In this context, the null-model defines a baseline (random expectations) with which to 

examine if observed values imply the operation of ecological mechanisms on the community 

which will lead to deviations from the null model expectations (Mouchet et al., 2010; de 

Bello, 2012). Lower functional diversity than expected by the null model means that the trait 

clustering is greater than randomly expected and coexisting species will be more functionally 

similar than expected, which is often considered as a result of environmental filtering. The 

environmental filtering models assume that one or more abiotic factors act as a constraining 

factors filtering specific traits within the species pool and allowing only species with specific 

adaptations to be present in natural communities (Petchey et al., 2007). Higher functional 

diversity than expected by the null model means that the trait dispersion is greater than 

randomly expected and the species will be more functionally dissimilar, this is often 

considered as a result of the influence of biotic interactions such as competition, where 

species with similar niche will exclude one another. The models based on species 

interactions assume that species with similar traits will be displaced and communities will 

consist of species with complementary traits (Petchey et al., 2007; de Bello et al., 2009; 

Thompson et al., 2010). 
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The relative influence of environmental filtering and biotic interactions is an open debate in 

the scientific literature, and may depend on the spatial scale at which community assembly 

studies are conducted. But more importantly, these mechanisms are not mutually exclusive 

(Laliberté et al., 2013; Karadimou et al., 2015). It has been reported that environmental 

filters are more possible to act at large scales (Díaz et al., 1999) while biotic interactions 

effect becomes more pronounced at more local scales (Gotelli et al., 2010). Recent studies 

working at more local scales reported that without accounting for the influence of 

environmental filtering it is not possible to detect biotic interactions (e.g. de Bello et al., 

2012; Laliberté et al., 2013). But on the bigger picture, it is still unknown if and how 

community assembly mechanisms vary with latitudinal gradients, climate, habitat 

heterogeneity and human influences. Furthermore, we have also shown that different 

functional traits produce diverse spatial patterns of functional diversity (see Chapter 3). 

However, unraveling how the selection of specific functional traits influences community 

assembly rules it is still a major challenge. And it is theoretically possible that for some traits 

the environment act as a filter that allows only a specific set of trait values to persist, while 

for other traits biotic interactions may shape the community structure.  

 
A number of studies mainly at local scale and using traits of coexisting species have reported 

that environmental filtering significantly explains community assembly in bird communities 

in Great Britain (Petchey et al., 2007; Mendez et al., 2012), in fish communities (Mason et 

al., 2007; 2008), in a tropical dry forest (Lebrija-Trejos et al., 2010), in temperate forests 

(Swenson et al., 2012; Lamanna et al., 2014) and plants in England (Thompson et al., 2009). 

Environmental or abiotic filtering which assumes that the current environmental conditions 

are responsible for the observed diversity patterns, could act on community assembly 

patterns via the influence of (a) energy availability (ambient and productive) constraints and 

/ or (b) habitat heterogeneity (Schleuter et al., 2012).  

 
The mechanisms proposed to underpin the species-energy relationship and thus, functional 

diversity - energy relationship rely on the range limitation mechanism linked to ambient 

energy (Evans et al., 2005) and the niche breadth mechanism which is related to productive 

energy (Currie et al., 2004; Evans et al., 2005; Mason et al., 2008). This range limitation 

mechanism predicts that in areas with extreme climatic conditions (e.g. extreme 

temperatures or low water availability) we expect either highly adapted individuals with a 

few traits or generalist species adapted to a wide range of environmental conditions 

(Clavero et al., 2004). For example, in European fish communities, areas with harsh 
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environmental conditions (extreme temperatures and low precipitation) had lower 

functional diversity (Schleuter et al., 2012). However, direct consequences for average niche 

breadth are not obvious. In addition, an increase in the productive energy will lead to an 

increase in the abundance of individual resource types and thus species will be able to 

specialize more narrowly on using their more preferred resources which will lead to a 

decrease in average niche breadths (Evans et al., 2005). As a result, if increased productive 

energy promotes differentiation and specialization on a community we should expect an 

increase in functional diversity even if the rate of functional diversity might be slower. In 

contrast, we could also predict weaker functional diversity - energy relationships compared 

with species-energy relationships and analyses which takes into account random 

assemblages should find negative functional diversity - energy associations because 

aggregation of functional diversity should be reduced more rapidly with increasing 

productivity than the aggregation of species richness. Recent studies also highlight the 

potential role of energy seasonality in shaping richness patterns (Carrara and Vázquez, 2010) 

and thus potentially functional diversity. Climate seasonality and of resource availability are 

predicted to elevate niche breadth (Evans et al., 2005). However, Carrara and Vázquez 

(2010) using data on land birds and mammals predicted that seasonality of resources could 

act as a constraint more than mean annual levels of resource availability. Thus, we predict 

that high seasonality of resources will be associated with low overall functional diversity but 

relatively higher functional diversity than expected for the number of species present in the 

assemblages while temperature seasonality might strongly filter on species traits present in 

the communities. 

 
On the other hand, habitat heterogeneity hypothesis, can also be of great importance as it is 

associated with increasing diversity of resource types and thus it may be able to support 

more viable populations (Evans et al., 2005). Thus, we predict that medium to high habitat 

heterogeneity will be associated with high overall functional diversity. In cases of negative 

impact on functional diversity then this might indicate habitat fragmentation (Fischer and 

Lindenmayer, 2007). Although, habitat heterogeneity is thought to independently to energy 

affect species richness, may be seen as complementary with niche position mechanism and 

thus be connected to energy availability. There are two types of niche specialism: niche 

position specialists specializing on rare resources and niche breadth specialists which 

specialize on a narrow range of resources and both contribute to species - energy 

relationship (Gaston, 1994). Niche position mechanism argues that increased productive 

energy increases the abundance of rare resources which are used by species specialists 
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(Evans et al., 2005). Hence, in high-energy areas we expect more species to be niche-

position specialists to be present. 

 
Human influence factors such as land use have negative impacts on functional diversity 

(Flynn et al., 2009; Edwards et al., 2013). The more space humans occupy and the more 

intense they use the land the greater stress they impose on the wild fauna and flora. Human 

presence does not only remove resources (like biomass) from the ecosystem, but also acts 

as a disturbance that directly or indirectly affect species persistence in the area. A recent 

study found that for some communities of birds and mammals, functional diversity 

decreased with increasing agricultural intensification at a greater rate than the species 

diversity proposing that functionally dissimilar species were more prone to be lost as a result 

of agricultural intensification than the functionally similar species (Flynn et al., 2009), 

perhaps implying that human influence is an environmental filter. It has also been reported 

that for bird assemblages that logged forests and oil palm plantations had lower functional 

diversity than less human influenced habitats (Edwards et al., 2013) possibly indicating biotic 

homogenization (Mckinney and Lockwood, 1999).  

 
In this study, we use atlas map-based richness data to estimate and map the distribution of 

functional diversity of amphibians of Europe at 50 km x 50 km. We assess the relative 

strength of climatic, land cover and human influence drivers on functional diversity. To 

better examine the influence of environmental filtering we also map functional diversity 

from null models and compare this with the functional diversity patterns. Finally, we also 

test how the functional diversity patterns change across latitudinal diversity gradients when 

we used different FTGs (Morphological, Habitat-related and Reproductive) to calculate 

functional diversity instead of using the complete set of traits. 
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5.3 Methods 

 
5.3.1 Distribution of amphibian species 

 
Species distribution data for amphibians were obtained from the recently published and 

available New Atlas of European Amphibians and Reptiles (Sillero et al., 2014) which covers 

all European amphibian species. We used these data to derive map of species richness 

within Europe within 50 km x 50 km grid cells; for more details see description in 2.3.1 part 

of Chapter 2. 

 

5.3.2 Trait data 

 
For our estimates of amphibian assemblage functional diversity, we selected traits related to 

resource acquisition and define important niche dimensions of the studied species. We used 

3 main FTGs represented by 12 traits in total, 3 traits related to morphology (body length, 

dorsal main coloration, dorsal pattern) 4 to reproduction (number of eggs per clutch, 

duration of breeding activity, sexual maturity, life span) and 5 to habitat use (spawn site, life 

history habit, time partitioning, diet and mobility mode and the complete set of traits; for 

details see Table 3.1), to calculate functional diversity; for details see Table 3.1 and part 

3.3.1 of Chapter 3. 

 
5.3.3 Functional diversity 

 
We used FDen (Petchey and Gaston, 2002; 2006; Podani and Schmera, 2007) to compute 

functional diversity. FDen is a continuous dendrogram-based measure based on the 

distribution of species in trait space: high functional diversity means that species are distant 

in trait space and more dissimilar, whereas low functional diversity means that species are 

more similar and, thus, more clustered in trait space. We used Gower distance and the 

unweighted pair group method with arithmetic averages to produce the distance matrix and 

the functional dendrogram (Petchey and Gaston, 2006; Appendix S8). Functional diversity 

was calculated for each grid cell, using the sum of the dendrogram branches necessary to 

connect all species that were present in the grid cell using R version 3.0.3 (R Development 

Core Team, 2014) and the package 'ape' (Paradis, et al., 2015). 
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5.3.4 Null model 

 

Because functional diversity is positively correlated with species richness (Petchey and 

Gaston, 2002), we used a null model that standardizes for the assemblages species number. 

To compute our null model, random communities were assembled assuming that each 

species from the regional pool has the same probability of occurring. Our regional pool used 

for all grid cells included all amphibians species present in our dataset. The functional 

diversity of the simulated community was calculated, and 100 iterations were made for each 

grid cell. Thus, the mean functional diversity of these 100 randomizations was calculated and 

was used as the expected functional diversity (FDexp), also the standard deviation of these 

100 values was calculated. The next step was to compare the observed functional diversity 

value (FDobs) with the null model values. To this end, the difference between FDobs and FDexp 

(FDobs minus FDexp) was calculated and divided by the standard deviation of FDexp to 

calculate a standardised effect size (SES) (Gotelli and Mccabe, 2002). The SES ensures that 

potential differences between FDobs and FDexp are directly comparable for cells with 

different species richness. Randomizations and all statistical analysis was carried out using R 

version 3.0.3 (R Development Core Team, 2014) with the packages 'ape' (Paradis, et al., 

2015) and 'vegan' (Oksanen et al., 2015). However, we note that, to date, there is still widely 

debated on how to best to generate the random communities for the null models (e.g. 

Mason et al., 2007; Thompson et al., 2010; de Bello, 2012). We repeated the analysis using 

all traits in our dataset, but also each of the three FTGs separately (Morphological, Habitat-

related and Reproductive). 
 
5.3.5 Explanatory variables 

 
The explanatory variables chosen are summarized in Table 2.1. As potential drivers of FDobs 

and SES we used: mean annual temperature, total precipitation, temperature and 

precipitation seasonality, net primary productivity and actual and potential 

evapotranspiration, land cover diversity, agricultural area extent and human population 

density. The data for the environmental variables were reprojected and resampled to the 

same projection and resolution as the species atlases (50 km x 50 km). We checked for 

potential collinearity between the variables using pairwise plots between each of the 

predictors and the variance inflation factors (VIF). Since each of the VIF values was <10 

(Quinn and Keough, 2002), all predictors were considered in model selection. The following 

variables were transformed because they showed right-skew: total precipitation, 
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precipitation seasonality and potential evapotranspiration were square-root transformed 

while land cover diversity, agricultural area extent and human population density were log10-

transformed. To identify for non-linearities we plotted functional diversity against each of 

the variables. As a result, the fit of quadratic forms was used for the following variables: 

mean annual temperature, net primary productivity and land cover diversity. Resampling of 

all environmental and anthropogenic data was carried out in QGIS version 2.10.0. 

 
5.3.6 Environmental models accounting for spatial autocorrelation 

 
We analyzed the environmental predictors of FDobs and SES using generalized linear models 

with an exponential covariance structure in order to control for the effects of spatial 

autocorrelations (Pinhero and Douglas, 2000) since OLS residuals showed autocorrelation 

(see correlogram in Appendix S9). To determine the autocorrelation structure that best 

captured the spatial relationships within the data, we generated full GLS models (including 

all environmental variables) with exponential, spherical and Gaussian spatial covariance 

structures, and compared these models using AIC and visual inspection of the semi-

variogram plots.  Pseudo-R2 provided an indication of the percentage variation explained in 

the model (Nagelkerke, 1991). All analyses were performed in R version 3.0.3 (R 

Development Core Team, 2014) using the gls function in R package 'nlme' (Pinheiro et al., 

2015).  

 
We firstly performed single-predictor models of each variable with FDobs and SES (with land 

area as a covariate) to check the direction and the fit of individual relationships. To test the 

relationships with squared terms, we also included the linear term in the model. Starting 

with a full model that fitted all predictors (Table 2.1) we used backwards removal (based on 

improvement of AIC) to arrive at a minimum adequate model (MAM) with the lowest AIC. 

Squared terms were only included in models where the linear term was also present. Land 

area was fitted as a covariate in all models. We also used hierarchical partitioning (HP) to 

evaluate the relative contribution of each predictor in the MAM. Since this method cannot 

be used with GLS models, we firstly removed the spatial component of the fitted values with 

the GLS models and the response variables without spatial components was used for HP 

performed in R package 'relaimpo' (Groemping, 2013).  
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5.4 Results 

 
Our results show that functional diversity is highly correlated with species richness (rs = 

0.991, p<0.001) (Fig. 5.1a) while SES is weakly correlated with species richness (rs = 0.072, 

p<0.001) (Fig. 5.1b). Thus, the distribution of functional diversity at 50 km x 50 km (Fig. 5.2b) 

is very similar to that for species richness (Fig. 5.2a), e.g. highest functional diversity in Spain 

and Central Europe (Fig. 5.2a). A large number (52%) of grid cells have negative values of SES 

(Fig. 5.2b) both at lower and higher latitudes. Areas of relatively high SES include SE Spain, 

Central Europe and some places in Italy including the island of Corsica while eastern, 

northern Europe and United Kingdom have particularly low values of SES. The spatial 

patterns of functional diversity based on Morphological and Habitat-related FTGs were 

highly correlated with functional diversity calculated using all traits (rs = 0.987, p<0.001; rs = 

0.988 respectively) (Fig. 5.3a,b) while the spatial pattern of the Reproductive FTG (Fig. 5.3c) 

was strongly but slightly less correlated with functional diversity than the other two FTGs 

with functional diversity calculated using all traits (rs = 0.914, p<0.001) (Fig. 5.3c) (similar 

patterns are presented in Chapter 3). In addition, the pattern of SES based on the different 

FTGs showed some interesting results. For the Morphological FTG (Fig. 5.3a), the majority 

(76.9%) of cells have positive SES values, which cover a large part of Europe. Broadly similar 

results are achieved with the Habitat-related FTG SES pattern whereas 59.1% have higher 

SES values (Fig. 5.3b). In contrast, 80% of the cells of Reproductive FTG spatial SES pattern 

are negative (Fig. 5.3c) and this is particularly evident across Central and North East Europe. 

Between SES calculated with all traits and SES of Morphological FTG there was low 

correlation FTG (rs = 0.281, p<0.001) while there was an increasing correlation from Habitat-

related and Reproductive FTGs (rs = 0.488, p<0.001; rs = 0.632 respectively). Between the 

SES  FTG patterns, we found a negative and low correlation for Morphological and 

Reproductive FTGs (rs = -0.198, p<0.001) while a positive and higher than Morphological and 

Reproductive between Morphological and Habitat-related (rs = 0.438, p<0.001). Also, a 

positive but low correlation was shown for Reproductive and Habitat-related FTGs (rs = 

0.109, p<0.001). 
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Fig. 5.1 The relationship between amphibian species richness and (a) functional diversity observed 

(FDobs) calculated using 12 traits (morphological, habitat-related and reproductive) and (b) 

Standardised Effect Size of functional diversity (SES) calculated using a null model for 50 km x 50 km 

grid cell size across Europe. SES is the difference between FDobs and FDexp divided by the standard 

deviation of the FDexp values; high values indicate trait dispersion and low values indicate trait 

clustering. 
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Fig. 5.2 The distribution of (a) amphibian species richness (b) observed functional diversity (FDobs) for 

amphibian assemblages (c) Standardised Effect Size of functional diversity (SES) for all amphibian 

species across Europe at 50 km x 50 km grid cell size. SES is the difference between FDobs and FDexp 

divided by the standard deviation of the FDexp values; high values indicate trait dispersion and low 

values indicate trait clustering. Plots show the latitudinal relationships: grey points are grid cell values 

plotted against latitudinal mean values. 
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Fig. 5.3 The distribution of FDobs and the distribution of the Standardised Effect Size of functional 

diversity (SES) for amphibian assemblages of Europe at 50 km x 50 km grid cell size, calculated for 

three functional trait groups (FTGs) (a) Morphological (traits measured: body length, dorsal main 

coloration and dorsal pattern), (b) Habitat-related (traits measured: spawn site, life-history habit, time 

partitioning, diet and mobility mode), (c) Reproductive (traits measured: number of eggs per clutch, 

duration of breeding activity, sexual maturity and life span).  
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The best supported (lowest AIC) univariate models for FDobs were the quadratic model of 

agricultural land area extent, followed by total annual precipitation and then the linear 

model for potential evapotranspiration (Table 5.1). Univariate models fitting two more 

climatic factors (precipitation seasonality and the mean annual temperature) were also the 

best supported for FDobs. Of the measured variables, the best supported univariate models 

for SES were the linear model of agricultural land area extent, followed by population 

density and the actual evapotranspiration (Table 5.1). Mean annual temperature showed a 

positive association with FDobs and SES but a unimodal and quadratic association only with 

FDobs (Fig. 5.4a,d). The FDobs - environmental predictors relationships showed positive 

associations except for potential evapotranspiration which showed a negative one. The SES - 

environmental predictors relationships showed positive associations in all cases apart from 

precipitation seasonality, land cover diversity (Fig. 5.4b,e), agricultural land area extent and 

population density. Therefore, agricultural land area extent seem to be important 

independent predictor of FDobs but also of SES (Fig. 5.4c,f). 

 
The final multivariate model for FDobs, which explained 70% of the variance in the data, 

indicated that mean annual temperature, land cover diversity and agricultural area extent 

were important predictors of functional diversity (Table 5.2, Fig. 5.5a). In terms of HP 

components, agricultural area extent was the most important predictor, closely followed by 

mean annual temperature and land cover diversity with population density in fourth place. 

Mean annual temperature, land cover diversity and agricultural area extent were positively 

associated with FDobs while total annual precipitation, precipitation seasonality and potential 

evapotranspiration which all contributed 8.33% to the total variance showed negative 

associations with  FDobs (Table 5.2). Of the human influence predictors tested, human 

population density also showed a positive association with FDobs and moderate HP 

components. The MAM for species richness (see Table 2.3, Fig. 2.4a) found similar 

associations for mean annual temperature, land cover diversity and agricultural area extent 

but HP variance associated with total annual precipitation, precipitation seasonality and 

actual evapotranspiration was noticeably more than for functional diversity. 
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Table 5.1 Single-predictor models of FDobs for amphibians of Europe and Standardised Effect Size of functional diversity (SES) calculated using a null model 

to take account of species richness, with potential environmental predictors including: climate, evapotranspiration, land cover diversity and human 

influence variables. All models also include land area as a covariate. Models either include just a linear term or a linear and a quadratic term. The R2 is 

determined by hierarchical partitioning. All predictors were z-standardised. Significance values: **** <0.0001, *** <0.001, ** <0.01, * <0.05, NS Non-

significant. 

 

    FDobs SES 

Variable   Parameter estimate (± SE) R2 AIC Rank Parameter estimate (± SE) R2 AIC Rank 

Mean annual temperature Linear 0.010 (± 0.001)**** 0.701 900.72 5 0.001 (± 0.001)*** 0.665 -2823.95 10 

 
Quadratic 0.001 (± 0.001)**** 

       Temperature seasonality Linear 0.001 (± 0.001)**** 0.668 1162.98 10 0.001 (± 0.001)**** 0.686  -2983.66 9 

Total annual precipitation Linear 0.026 (± 0.002)**** 
 

0.711 819.36 2 0.011 (± 0.002)* 0.71 -3177.23 4 
Precipitation seasonality Linear 0.012 (± 0.010)**** 0.708   841.12 4 -0.007 (± 0.005)*  0.706   -3145.86 5 
Net primary productivity Linear 0.005 (± 0.001)**** 0.681 1066.04 8 0.001 (± 0.001)***  0.698   -3078.25 8 

 
Quadratic 0.001 (± 0.001)**** 

       Actual evapotranspiration Linear 0.008 (± 0.001)**** 0.697  934.91 6 0.013 (± 0.001)NS 0.711  -3184.56 3 
Potential evapotranspiration Linear -0.015 (± 0.002)* 0.71 827.66 3 0.005 (± 0.001)NS 0.7  -3091.05 6 
Land cover diversity Linear 0.017 (± 0.005)*** 0.69  993.63 7 -0.003 (± 0.001)*  0.699 -3087.27 7 

 
Quadratic 0.001 (± 0.001)* 

       Agricultural land area Linear 0.038 (± 0.007)**** 0.712  808.19 1 -0.048 (± 0.008)**** 0.713 -3204.60 1 

Population density Linear 0.003 (± 0.003)**** 
 

0.672  1135.64 9 -0.016 (± 0.005)*** 0.712 -3194.94 2 
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Fig. 5.4 Model predictions of FDobs and Standardised Effect Size of functional diversity (SES) 

calculated using a null model to take account of species richness for grid cells from single-predictor 

models. Predictions are shown for: mean annual temperature (°C), land cover diversity (number of 

land cover classes) and agricultural area extent (% of the total land area). 
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Table 5.2 Summary of minimum adequate models (MAMs) for predictors of FDobs and 

Standardised Effect Size of functional diversity (SES) calculated using a null model to take 

account of species richness. The environmental predictors include: climate, 

evapotranspiration, land cover diversity and human influence variables. All models also 

include land area as a covariate. All predictors were z-standardised. Significance values: 

****<0.0001, ***<0.001, **<0.01, *<0.05, NS Non-significant.  

 

 
FDobs SES 

Variable Parameter estimate (± SE) Parameter estimate (± SE) 
Mean annual temperature 0.014 (± 0.001)**** 0.015 (± 0.001)**** 
Mean annual temperature2 0.001 (± 0.001)**** 

 Temperature seasonality 0.001 (± 0.001)**** 0.012 (± 0.001)NS** 
Total annual precipitation -0.002 (± 0.002)NS** 0.001 (± 0.001)NS** 
Precipitation seasonality -0.003 (± 0.010)NS** 0.003 (± 0.005)NS** 
Net primary productivity 

  Net primary productivity2 
  Actual evapotranspiration 0.009 (± 0.001)**** 0.001 (± 0.001)* *** 

Potential 
evapotranspiration -0.007 (± 0.002)**** 0.001 (± 0.001)NS** 
Land cover diversity 0.012 (± 0.005)**** 0.009 (± 0.001)NS** 
Land cover diversity2 0.001 (± 0.001)NS** 

 Agricultural area extent 0.024 (± 0.023)NS** -0.010 (± 0.007)** ** 
Population density 0.010 (± 0.006)**** -0.008 (± 0.008)NS** 
Land area 0.001 (± 0.001)**** 0.001 (± 0.001)NS** 
R2 0.7 0.649 
AIC 933.364 -2685.012 
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Fig. 5.5 The relative importance of predictors as determined by hierarchical partitioning in the 

minimum adequate spatial models for (a) FDobs and (b) Standardised Effect Size of functional diversity 

(SES) calculated using a null model to take account of species richness. Variables with an asterisk also 

include the square term. 



125 
 

The final multivariate model for SES, which explained 67.5% of the variance, indicated that 

mean annual temperature, land cover diversity and human influence variables (agricultural 

area extent and population density) were the most important predictors of SES (Table 5.2, 

Fig. 5.5b). Agricultural land area and population density showed a negative association with 

SES (Table 5.2). Mean annual temperature and land cover diversity showed a positive but no 

quadratic relationships with SES and explained 19.8% and 8.9% of the variance, respectively. 

Compared with the model for FDobs, human influence showed relatively less power in 

explaining SES. Overall, species-energy theory predictors explained 38.08% of the variance in 

SES and 15.97% the human influence variables. 

 
The MAM for FDobs, for the three FTGs showed similar results for Morphological and Habitat-

related FTGs while results for Reproductive FTG were different. The final multivariate models 

for FDobs explained 68.7%, 70.2% and 75% of the variance in the data, for Morphological, 

Habitat-related and Reproductive FTG respectively. The Morphological and Habitat-related 

FTGs showed similar patterns with FDobs calculated using the complete set of traits. Thus, the 

models indicated that agricultural area extent, followed by mean annual temperature and 

either land cover diversity or population density (for one or the other group) were the most 

important predictors of functional diversity for Morphological and Habitat-related FTGs 

(Table 5.3, Fig. 5.6a,b). In terms of HP components, agricultural area extent explained 18.9% 

and 18.5% of the total variance followed by mean annual temperature which explained 12% 

and 13.6% of the total variance, of Morphological and Habitat-related FTGs respectively 

showing also positive association with FDobs. In contrast, the model for the FDobs of the 

Reproductive FTG showed among the important predictors that agricultural land area was 

negatively associated with FDobs and was followed by population density and land cover 

diversity (Table 5.3, Fig. 5.6c). In terms of HP components, mean annual temperature 

explained 22% of the total variation while the human influence variables 27.7%. 

Interestingly, the final multivariate model for SES for the three FTGs showed that the most 

important predictor was agricultural land area which was positively associated with SES for 

Morphological and Habitat-related FTGs and negatively associated for Reproductive FTG. 

However, HP components showed that actual evapotranspiration explained 13.7% of the 

total variation and mean annual temperature 14.6% for Morphological and Habitat-related 

FTGs. Following the model, partitioning of the SES Reproductive FTG indicated that 

agricultural land area explained 17.6% of the total variation. Overall, the performance of the 

multivariate models of the SES of FTGs was less satisfactory than the performance of the 

multivariate models of the FDobs of FTGs (Table 5.3, Fig. 5.6a,b,c). 
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Table 5.3 Summary of minimum adequate models (MAMs) for predictors of FDobs and Standardised Effect Size of functional diversity (SES) calculated using 

a null model to take account of species richness for (a) Morphological, (b) Habitat-related, (c) Reproductive FTGs. The environmental predictors include: 

climate, evapotranspiration, land cover diversity and human influence variables. All models also include land area as a covariate. All predictors were z-

standardised. Significance values: ****<0.0001, ***<0.001, **<0.01, *<0.05, NS Non-significant.  

 
Morphological Habitat-related Reproductive 

 
FDobs SES FDobs SES FDobs SES 

Variable Parameter estimate (± SE) Parameter estimate (± SE) Parameter estimate (± SE) Parameter estimate (± SE) Parameter estimate (± SE) Parameter estimate (± SE) 

Mean annual temperature 0.014 (± 0.001)**** -0.009 (± 0.001)**** 0.013 (± 0.001)**** 0.012 (± 0.001)NS 0.022 (± 0.001)**** 0.001 (± 0.001)NS 

Mean annual temperature2 0.001 (± 0.001)****  0.001 (± 0.001)****  0.001 (± 0.001)****  
Temperature seasonality 0.001 (± 0.001)NS 0.001 (± 0.001)NS 0.001 (± 0.001)* 0.002 (± 0.001)NS 0.001 (± 0.001)NS 0.003 (± 0.001)* 

Total annual precipitation -0.001 (± 0.002)NS 0.004 (± 0.002)* -0.002 (± 0.002)NS -0.003 (± 0.001)* 0.001 (± 0.001)NS -0.004 (± 0.003)NS 

Precipitation seasonality 0.003 (± 0.01)NS 0.018 (± 0.002)* -0.001 (± 0.009)NS -0.007 (± 0.007)NS -0.001 (± 0.005)NS 0.015 (± 0.013)NS 

Net primary productivity       
Net primary productivity2       
Actual evapotranspiration 0.006 (± 0.001)**** 0.017 (± 0.001)NS 0.005 (± 0.001)**** 0.006 (± 0.001)*** 0.002 (± 0.001)NS 0.015 (± 0.001)*** 

Potential evapotranspiration -0.008 (± 0.002)**** 0.006 (± 0.002)NS -0.008 (± 0.001)**** 0.001 (± 0.001)NS -0.004 (± 0.001)*** 0.012 (± 0.002)*** 

Land cover diversity 0.012 (± 0.005)**** 0.003 (± 0.002)NS 0.015 (± 0.005)**** 0.008 (± 0.001)NS 0.017 (± 0.002)**** -0.006 (± 0.003)* 

Land cover diversity2 0.001 (± 0.001)NS  0.001 (± 0.001)NS  0.001(± 0.001)****  
Agricultural area extent 0.025 (± 0.006)NS 0.016 (± 0.004)NS 0.022 (± 0.003)NS 0.004 (± 0.003)NS -0.016 (± 0.009)NS -0.029 (± 0.004)*** 

Population density 0.013 (± 0.005)* 0.003 (± 0.007)NS 0.012 (± 0.004)**** -0.007 (± 0.002)NS 0.012 (± 0.007)** -0.014 (± 0.023)NS 

Land area 0.001 (± 0.001)**** 0.001 (± 0.001)NS 0.001 (± 0.001)**** 0.001 (± 0.001)NS 0.001 (± 0.001)**** 0.001 (± 0.001)*** 

R2 0.687 0.391 0.702 0.582 0.75 0.551 

AIC 705.176 582.951 333.489 -994.508 -333.349 2.521.232 
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Fig. 5.6 The relative importance of predictors as determined by hierarchical partitioning in the 

minimum adequate spatial models for FDobs and Standardised Effect Size of functional diversity (SES) 

calculated using a null model to take account of species richness for (a) Morphological, (b) Habitat-

related and (c) Reproductive functional trait groups. Variables with an asterisk also include the square 

term. 
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5.5. Discussion 

 
According to our results, functional diversity shows a quadratic relationship with species 

richness which explains 99% of the variance indicating that functional diversity is largely 

dependent on species richness but shows low levels of functional redundancy. Although 

functional diversity and species richness was strongly correlated, we found differences in 

their relative strengths of association with environmental drivers. In addition, the different 

FTGs showed diverse spatial patterns which were explained by different environmental 

predictors which variously contributed in the total variance.  

 
Comparison of variation in SES using the complete set of traits and the FTGs reveals 

interesting insights on the spatial patterns of SES and the environmental factors that govern 

these patterns. Different sets of traits used in the calculation of SES lead to strikingly 

different SES patterns for the same functional diversity index. We show that a grid cell might 

gave lower than expected functional diversity for one FTG while for another FTG or the 

based on the complete set of traits, higher than expected functional diversity. This is in 

contrast with functional diversity results whereas between the different FTGs and with the 

functional diversity based on the complete set of traits there is a high correlation indicating 

that specific functions for the same community assembly we might have dispersion or 

clustering of the traits we have used. Interestingly, SES of Morphological and Habitat-related 

FTGs showed similar results indicating that species are functionally more dissimilar for these 

traits. In addition, HP components showed that actual evapotranspiration and mean annual 

temperature most contributed to the total variance. On the other hand, the SES of 

Reproductive FTG showed that species are functionally more similar for this FTG while 

agricultural area extent was explained the most of the total variance.  

 
Our analyses (univariate regressions and MAM results) support observed patterns. A 

number of studies working on macroecological analyses of latitudinal gradients and species 

richness have reported a complex set of determinants (Whittaker et al., 2001; Currie et al., 

2004).  This study finds that temperature, land cover diversity and agricultural area extent 

are the most important predictors in explaining functional diversity distribution of 

amphibians across Europe. Although, predictors of productive energy (e.g. actual 

evapotranspiration) were not the most important predictors of functional diversity and SES 

but we cannot exclude them from explaining the processes. Nevertheless, our MAM for 

species richness had higher HP components associated with productive energy predictors 
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than our functional diversity MAM, and also included net primary productivity (the most 

suitable predictor of measuring productive energy) which significantly contributed the total 

variance while the same factor was not included in the MAM of functional diversity and SES .  

 
The relatively high proportion of variance explained by land cover diversity and human 

influence factors for functional diversity and SES might be partly explained by the fact that 

functional diversity of areas that they have been affected by land use changes is strongly 

related with human or fragmentation effects. In addition, the patterns of SES are also 

strongly affected by human factors because the vulnerability of species to human impacts is 

non-random and possibly the species that can tolerate this disturbance regime (pollution, 

noise, habitat alterations) demand specific adaptations (Cardillo et al., 2005). Hof et al. 

(2011) report that the major causes for amphibians' populations decline are land use and 

climate change which act in synergy with chytridiomycosis (a pathogenic fungal disease) 

especially in areas where the current human footprint is larger. 

 
Mean annual temperature was one of the most important predictors of our models. It is also 

known that is strongly associated with species richness of a wide number of taxa (Currie, 

1991; Rodríguez et al., 2005; Davies et al., 2007), but also for individual eco-phsyiological 

traits related to temperature e.g. body size (Olson et al., 2009), particular diet preferences 

(Kissling et al., 2012) and time partitioning (Bennie et al., 2014). Our results indicate that 

mean annual temperature is also a very important parameter for reproductive functional 

diversity (Reproductive FTG) much more than for morphological and habitat-related traits. 

Arguably, this works in parallel as our studied taxon is amphibians (ectotherm). However, 

temperature seasonality has more explanatory power for functional diversity and even more 

for SES than for species richness (MAM for species richness did not include temperature 

seasonality see part 2.4 in Chapter 2). This happens for functional diversity calculated with 

the complete set of traits but not for the functional diversity of the different FTGs. For 

example Stevens (1989) report that areas of low seasonality are more preferred by species 

with specialized traits due to more anticipated resources. Interestingly, precipitation 

seasonality showed the opposite results explaining more variance in species richness than in 

functional diversity patterns while explained the same percentages of variance in functional 

diversity and SES both in functional diversity calculated with complete set of traits and the 

different FTGs. Despite that, temperature seasonality showed a positive relationship with 

functional diversity and SES in all FTGs and the complete set of traits. In contrast, 

precipitation seasonality showed various results as the slope of relationship was positive for 
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functional diversity and SES of Morphological FTG, negative for functional diversity and SES 

for Habitat-Related and switched from negative for functional diversity to positive for SES for 

Reproductive FTG and the complete set of traits. Although, it has been reported that the 

temperature and precipitation seasonality is positively associated with the niche width of 

vertebrates (Quintero and Wiens, 2012). Hence, it seems that amphibians are also species 

specialists for morphological traits as the niche width is positively associated with 

temperature and precipitation seasonality for Morphological FTG. Interestingly, the slope of 

relationship between precipitation and functional diversity or SES switched from negative 

for functional diversity to positive for SES for Reproductive FTG. Arguably, this was expected 

as amphibians usually require water for reproduction in contrast with reptiles which are 

extreme solar ectotherms (Pianka and Schall, 1981; Rodríguez et al., 2005).  

 

Our results indicate that a set of determinants act synergistically to explain functional 

diversity patterns. The null-models define a baseline to compare observed values and 

determine which ecological mechanisms might shape the real communities and thus 

generate deviation from the null model (de Bello, 2012). However, null models also have 

limitations, such as the choice of regional species pool which has an influence on defining 

random expectations, here for our continental analysis we defined the species pool as all 

species present in the continent, it is possible that if we had used as a pool all amphibian 

species, then results would have been different and possibly indicating a stronger 

environmental filtering effect. This is also obvious when using different FTGs as our results 

indicated significant differences when using different FTGs.  
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5.6 Conclusions 

 
In this chapter we attempt to explore the determinants of functional diversity of amphibian 

assemblages using richness data from atlas data. We also showed how the use of different 

FTGs affects the patterns of functional diversity and SES  but also the relative strength of 

each predictor to explain these patterns. Of the predictors tested, agricultural area extent, 

mean annual temperature and land cover diversity were very important in explaining the 

distribution patterns of functional diversity while the most important variables in explaining 

amphibian SES were mean annual temperature and temperature seasonality. Our results 

indicate that the range limitation mechanism (importance of mean annual temperature) is 

underpinned by an increase in niche breadth with increasing habitat heterogeneity via 

increasing resource types which is major component of productive energy theory. 

Nevertheless, the result that agricultural area extent explained also a significant part of the 

variance suggests that human impacts affect functional diversity as species richness. Also, 

the latitudinal gradient of amphibian assemblages depend on an increase of temperature 

seasonality and actual evapotranspiration via increase of niche breadth (increased 

productive energy) which might be in contrast with the claim that at higher latitudes 

functional diversity is restricted. By considering the SES of FTGs, it has been demonstrated 

that the relationships with variables tested and their relative importance is different to 

when only specific traits are included in the analyses.  
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Chapter Six: An introductory assessment of functional 

diversity area relationship for amphibians of Europe 
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6.1 Abstract 

 
Aim: We aim to examine the functional diversity area relationship (FDAR), and its 

relationship to the species area relationship (SAR). FDAR presents a measure of functional 

trait diversity as a function of area.  

 
Methods: We constructed FDAC curves (functional diversity accumulation curves) based on 

nested sampling in two regions of Europe: central east Europe (2 - 180 x 103 km2) and Iberian 

(2 - 76.5 x 103 km2) and compared this relationship with the species accumulation curves 

(SACs). To quantify functional diversity we used six indices which represent (i) the volume of 

functional space occupied (FDen and FRic), (ii) the distribution of species in the functional 

space (FEve, FDiv) and (iii) the spread of functional types with respect to the functional 

space local center (FDis, RaoQ) using 12 functional traits of amphibians of Europe. 

 
Results: Relationships with species richness were stronger for the richness (FDen, FRic), 

intermediate for dispersion aspects of functional diversity (FDis, RaoQ) while weaker for 

evenness and divergence (FEve, FDiv). The SAC models showed a strong positive relationship 

with area with polynomial models fitted as best models for both regions. The different 

functional diversity indices were grouped into three categories according to their FDAC 

patterns (i) FDen and FRic which showed a strong positive correlation with area similar to 

the well-known pattern of SAC, (ii) FEve and FDiv patterns which show a significant negative 

relationship with area, (iii) FDis and RaoQ which show contrasting results and either present 

a positive relationship with area (central east Europe region) or negative associations 

(Iberian region). In most cases polynomial followed by power law models were best fitted 

the relationships. 

 
Main conclusions: The different facets of functional diversity show different FDAR patterns 

which either resemble the well-known patterns of SAR (functional richness indices) or not 

(functional evenness, divergence and dispersion indices). The FDAR can be useful in 

providing insight into processes and patterns (e.g. ecosystem functioning collapse risk due to 

area loss, community assembly rules) that complement the investigation of species richness 

patterns. 

  
Keywords: functional diversity area relationship (FDAR), functional diversity accumulative 

curves (FDACs), species–area relationship (SAR), coarse spatial scale, nested design 
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6.2 Introduction 

 
The species–area relationship (SAR) is among the oldest known patterns in ecology 

(Rosenzweig, 1995). Originally, the objective was to estimate the species richness found in 

larger areas based on the patterns observed in the sampled area, and this debate led to the 

development of a number of models to describe the SAR relationship (e.g. Arrhenius, 1921; 

Gleason, 1925). However, the application of the well-documented pattern of SAR has not 

been thoroughly examined for other aspects of biodiversity, such as the various functional 

diversity aspects. Hence, it remains unclear to what extent the SAR relationship affects 

functional diversity patterns, at which direction, and if there are deviations how and why do 

they occur. 

 
Recently a few studies have worked on the investigation of functional diversity–area 

relationship (FDAR) (Smith et al., 2013; Wang et al., 2013; Mazel et al., 2014; Whittaker et 

al., 2014; Keil et al., 2015). All these studies assume that FDAR is primarily driven by SAR and 

they have shown strong positive correlation between functional diversity and area similar to  

the SAR pattern,  in terms of the graphical representation of the curve but also the best 

fitted models. However, the functional diversity index which has been used to investigate 

FDAR is the functional dendrogram (FDen) (e.g. in Mazel et al., 2014; Keil et al., 2015) or the 

functional richness index (FRic) (e.g. Smith et al., 2013; Wang et al., 2013; Whittaker et al., 

2014), i.e. aspects of functional diversity that measure the volume of functional space 

occupied by the community and both of them are strongly correlated with species richness 

(Mouchet et al., 2010). Smith et al. (2013) examined community assembly rules using FDAR 

and found that with increasing area functional richness based either on seed mass of 

grassland species or body mass of mammals was significantly and positively correlated with 

area while the inference regarding the assembly rules indicated that the functional richness 

of the first case (serpentine grassland species) is driven by habitat filtering while in the 

second case (mammals) is primarily affected by biotic interactions. Similarly, Whittaker et al. 

(2014) studied the FDAR in beetles and spiders of the Azorean archipelago and found a 

positive trend for the FDAR reporting that there was a strong dependence of the pattern 

with species richness. Wang et al. (2013) also supported that FDAR patterns were highly 

correlated with the SAR. On the other hand, Mazel et al. (2014) incorporated relative species 

coverage and found that the patterns of SAR and FDAR differed significantly and failed to be 

good surrogates. In addition, Mazel et al. (2014) also argued that functional diversity is 

easier to preserve in less area due to the redundancy of traits. Finally, Keil et al. (2015) 
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demonstrated that endemic functional diversity loss is highest when area is lost inward from 

the edge of a region while is lower when area disappears from the centre outwards or is lost 

randomly. Although, Keil et al. (2015) found that endemic functional diversity loss is less 

severe than species loss which is lost proportionally to area disappearing.  

 
It is widely known that the species richness increases with increasing area sampled 

(Macarthur and Wilson, 1967). Most of the studies which have investigated the relationship 

between functional diversity and species richness have reported that functional diversity 

indices related to the volume of functional space are strongly correlated with species 

richness while the indices related to evenness and divergence of the species within the 

functional space are weakly correlated or they show no significance (Petchey and Gaston, 

2006; Mouchet et al., 2010; Pakeman et al., 2011). Hence, based on the documented 

patterns between functional richness and species richness, SAR-FDAR relationships can be 

expected to broadly reflect the shape of SAR patterns and with increasing area the 

functional diversity should also increase. But there are many documented examples that 

other facets of functional diversity (like functional eveness, functional divergence) are less 

strongly associated with species richness, and with functional richness (Mason et al., 2008; 

Villéger et al., 2008; Mouchet et al., 2010; Pakeman et al., 2011). Thus, we predict that 

different FDAR patterns would be expected for different facets of functional diversity (e.g. 

functional richness aspect of functional diversity would strongly resemble SAR but FDAR 

patterns functional evenness, divergence and dispersion are less predictable). 

 
In this chapter we examine the patterns of the relationship between different facets of 

functional diversity and area (FDAR) and the association of FDAR with SAR for amphibians of 

Europe. We constructed FDAC curves (functional diversity accumulation curves) based on 

nested sampling in two regions of Europe: central east Europe (2 - 180 x 103 km2) and Iberian 

(2 - 76.5 x 103 km2) and compared this relationship with the species accumulation curves 

(SACs - measure the rate at which new species are found with increasing sampling effort) or 

type I SAR according to Scheiner (2003). To quantify functional diversity we used six indices 

which represent (i) the volume of functional space occupied (FDen and FRic), (ii) the 

distribution of species in the functional space (FEve, FDiv) and (iii) the spread of functional 

types with respect to the functional space local center (FDis, RaoQ).   
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6.3 Methods 

 
6.3.1 Sampling 

 
We constructed nested circles in two regions of Europe: central east Europe and Iberian. For 

the first region we created 40 nested circles (the first with a radius of 25 km2) while for the 

second region 20 nested circles (the first circle with a radius of 25 km2) (see Fig. 6.1 for the 

sampling method). For each circle we calculated area and these were increasing areas of 

analyses used to construct SAC and FDAC. To construct the species accumulation circle each 

time we merged the area of each circle with the area of the smaller circles, summing up 

their area each species occupied and thus calculating the total species richness, starting 

from the inner circles.  

 
6.3.2 Distribution data 

 
We used expert-drawn range maps for terrestrial amphibians. The range maps were based 

on the IUCN assessment (IUCN, 2013). We included the species in the circle if the species 

range was present in the circle. In total 30 species were used in the central east Europe 

analysis and 28 in the Iberian. 

 
6.3.3 Functional traits and functional diversity 

 
Using the species composition of each area we calculated six functional diversity indices 

(FDen, FRic, FEve, FDis, FDiv and RaoQ; see part 3.3.1 of Chapter 3 for description and details 

for calculations of these indices) which represent the main aspects of functional diversity 

(richness, evenness, divergence and dispersion) and are calculated using multiple functional 

traits. We used 12 traits in total, 3 traits related to morphology (body length, dorsal main 

coloration, dorsal pattern) 4 to reproduction (number of eggs per clutch, duration of 

breeding activity, sexual maturity, life span) and 5 to habitat use (spawn site, life history 

habit, time partitioning, diet and mobility mode; for details see Table 3.1), to calculate these 

indices (see next section for details of calculations). 
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6.3.4 Statistical analyses 

 
We estimated Spearman's rank correlation coefficients among the values of the indices and 

species richness to find out the correlation between of them. A wide range of statistical 

models have been proposed to describe SARs (Tjørve, 2009). We selected to fit four: the 

power law, the logarithmic, the linear and the polynomial model. The fit of the models was 

assessed using coefficient of determinations (R2) according to Quinn and Keough (2002). The 

analyses were carried out in R (R Development Core Team, 2014) using the package 'vegan' 

(Oksanen et al., 2015) and the function nls. 

 

 

 
 

Fig. 6.1 The map shows the two regions used to construct the nested sampling: central east Europe 

and Iberian. The first sampling consists of 40 nested circles and the second consists of 20 nested 

circles. In both cases, the first circle has a ratio of 25 km2.   
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6.4 Results & Discussion 

 
The Spearman rank correlations between the values of the six indices and species richness 

strongly depend on the aspect of functional diversity analyzed. Generally, relationships with 

species richness were stronger for the richness aspects of functional diversity (FDen, FRic), 

intermediate for dispersion aspects of functional diversity (FDis, RaoQ) while weaker for 

evenness and divergence (FEve, FDiv).  For both examined regions (central-east Europe and 

Iberian) between species richness and the six functional indices the highest correlations 

were for FDen (rs=0.998, p<0.001 for central-east Europe and rs=0.983, p<0.001 for Iberian 

region) followed by FRic (rs=0.992, p<0.001 for central-east Europe and rs=0.851, p<0.001 

for Iberian region). FDis and RaoQ showed contradictory results for the two regions e.g. for 

central-east Europe FDis and RaoQ were positively and moderately correlated with species 

richness (FDis: rs=0.319, p<0.001, RaoQ: rs=0.473, p<0.001), for Iberian region were not 

significantly correlated (FDis: rs=-0.430, p=0.056, RaoQ: rs=-0.089, p=0.33). In contrast, FEve 

showed a significant negatively high correlation with Iberian species richness (rs=-0.8, 

p<0.001) while a non-significant negative association with species richness of central east 

Europe (rs=-0.532, p=0.67). The functional divergence index (FDiv) showed significantly 

positive correlations  with species richness from both regions (rs=0.286, p<0.05 for central-

east Europe and rs=0.585, p<0.001 for Iberian region).  

 

The SAC models showed a strong positive relationship with area which appears stepwise 

(Fig. 6.2) with polynomial models fitted as best models for both regions (R2 = 0.85 and R2 = 

0.88 for central east Europe - Fig. 6.2a and Iberian - Fig. 6.2b respectively). The different 

functional diversity indices could be grouped into three categories according to their FDAC 

patterns. The first group consists of functional richness indices (FDen and FRic) which 

showed a strong positive correlation with area similar to the well-known pattern of SAC (Fig. 

6.3a,b,c,d). Interestingly, the second group includes FEve and FDiv patterns which show 

patterns of FDAC that do not resemble with SAC (Fig. 6.4a,b,c,d) and  display a significant 

negative relationship with area. The third group, includes FDis and RaoQ, which show 

contrasting results and either present a positive relationship with area (central east Europe 

region) or negative associations (Iberian region) (Fig. 6.5a,b,c,d). 

 

 



139 
 

 
Fig. 6.2 Species Accumulation Curves (SAC) for (a) central east Europe region and (b) Iberian region 

for amphibians of Europe. Gray color around the line shows the 95% confidence envelope of the 

model. 

 

The first group of indices (FDen, FRic) show a strong positive relationship with area (Fig. 

6.3a,b,c,d), and there is no saturation and thus do not indicate redundancy in the FDAC 

patterns, at the studied scales (we found also low redundancy in our results of the Chapters 

4 and 5). Not surprisingly, the patterns for both examined regions strongly resemble the SAC 

patterns as there is also a strong positive relationship with species richness as mentioned 

above. Among the models tested polynomial and power law showed the  best fit for the 

FDAC of functional richness. For FDen the polynomial model provided the best fit with 

R2=0.796 (y= 0.004x2+0.05x+1.6) for the central east Europe (Fig. 6.3a) while the power law 

model with R2=0.893 (z value = 0.07; y=0.86x0.07) provided best fit for Iberian region (Fig. 

6.3c). Similarly, for FRic a polynomial model was the model with the highest R2=0.821 

(y=0.002x2-0.06x+0.038) for the central east Europe (Fig. 6.3b) while the power law model 

with R2=0.934 (z value = 1.69; y=0.003x1.69) was best fitted for Iberian region (Fig. 6.3d). In 

terms of functional richness accumulation, an increase in species richness with area, 

increases the volume of functional space occupied providing more opportunities for the 

community to include species with traits different than those already exist. Only when the 

new species added in the community with the increase of area have more similar traits with 

those that are already included in the community, the volume of functional space occupied 

will remain constant and the trait pool remains the same. Whittaker et al. (2014) have also 

shown that linear and polynomial models best fit the functional diversity relationship. The 

relationship between species richness with functional richness indices (FDen, FRic) has 
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already been reported in several studies (Mason et al., 2008; Villéger et al., 2008; Mouchet 

et al., 2010; Pakeman et al., 2011). Hence, our results are in accordance with these findings, 

FDen, and FRic increase almost linearly with increased species richness while there is no 

support for redundancy in this relationship, for the scales examined. 

 
Most of the studies examining FDARs have used independent and not accumulative sampling 

to quantify FDen and FRic (Smith et al., 2013; Wang et al., 2013; Whittaker et al., 2014; Keil 

et al., 2015). However, all these studies support our findings, that the FDAR patterns 

calculated based on the range of traits in a community, closely resemble those patterns of 

SAR. Wang et al. (2013) working on FDAR in temperate forests also report that the finding 

that the FDAR is basically driven by the SAR signifies that functional similarity does not have 

a relative importance in structuring community assembly in these forests. In addition to 

that, Mazel et al. (2014) studying the FDAC among ecoregions found that functional diversity 

with relation to area, reached its maximum value faster than species richness, arguing that 

functional diversity might be less vulnerable to habitat loss than species richness and thus is 

also easier to preserve in less area due to the redundancy of traits. Our results show a 

different trend, i.e. in the scales of our analysis both species richness and FDen or FRic seem 

to be equally vulnerable to habitat loss as they reach their maximum values at the same 

scale, while no redundancy is evident.  

 
The second group of FDAC includes FEve which displays a negative relationship with area 

(6.4a,b,c,d). Interestingly, the R2 values from the estimated models for the FEve FDACs range 

between 0.05 and 0.80 for central east Europe (Fig. 6.4a) while very low R2 values, between 

0.005 to 0.05 for FEve FDACs of Iberian (Fig. 6.4c). However, the highest R2 for the FEve 

FDACs for both regions were provided by polynomial followed by logarithmic in central east 

region (y=-0.004x2+0.06x+0.782, R2=0.796) and power law model for Iberian region 

(y=0.001x2-0.07x+0.73, R2=0.04). A decrease of functional diversity (here quantified as 

functional evenness) with area was not expected since the accumulation patterns we 

examine assume that larger areas includes the entire community observed at the smaller 

area. Functional richness is the volume of niche space occupied and functional evenness 

measures the regularity of the distribution of species within the functional space. Functional 

evenness is lower when distances between species in niche space are less regular (e.g. some 

areas of niche are not fully utilized by species which exhibit clustering) or when abundances 

are unevenly distributed in niche space (if species abundances are also taken into account) 

(Mouchet et al., 2010).  
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Fig. 6.3 Functional Diversity Accumulation Curves (FDAC) for two functional richness indices: FDen 

(a,c) and FRic (b,d) for central east Europe region (a,b) and Iberian (c,d) for amphibians of Europe.  

 

However, an influx of additional species with narrower niches may decrease functional 

evenness since species may be utilizing very similar resources and therefore cluster in 

functional space. This is based on the hypothesis that plentiful resources enable species to 

specialize on a narrow range of resources. In contrast, when there is lack of resources, there 

is a need for more generalists species, with wider niche breadths, and this therefore 

concludes in high functional evenness (Mason et al., 2008). Another possible explanation of 

the decreasing pattern of functional evenness is based on the skewness of amphibian range 

distributions. This is due to the fact as area increases more rare species (with restricted area) 

are added in the community but also more area occupied by the already present common 

species are added thus skewing the distribution of species. Although, species richness is 

increasing due to the increase of the total species richness, the species assemblage is less 

evenly distributed among species. 
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Fig. 6.4 Functional Diversity Accumulation Curves (FDAC) for two functional evenness indices: FEve 

(a,c) and FDiv (b,d) for central east Europe region (a,b) and Iberian (c,d) for amphibians of Europe. 

 

In our case any conclusion for FEve should be drawn with caution as due to the lack of 

abundance data we have used as substitute the area occupied by each species range. Also, 

as mentioned in Chapter 4, functional evenness is primarily driven by agricultural area 

extent (with a negative effect) and this decrease in regard with scale could be partly 

explained by the fact that an increase in area produces a more heterogeneous landscape but 

also but more affected by intensive human impacts such as agriculture area extent. Recent 

studies have reported increase in functional evenness with habitat heterogeneity (Barbaro 

et al., 2014; Massicotte et al., 2014). Other studies (Ding et al., 2013; Roscher et al., 2014) 

showed similar results to our study with a decreasing trend in functional evenness. Still, 
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there are a lot to be explored for this pattern before making general conclusions. FDiv also 

shows a strong positive relationship in the smaller scales examined here while  decreases in 

larger areas (6.4a,b,c,d). For FDiv of central east region (Fig. 6.4b) the polynomial model best 

fitted with R2=0.765 while the power law model with R2=0.771 (z value = 0.005) was best 

fitted for Iberian region (Fig. 6.4d). However, the decrease of functional divergence is much 

more slighter than that of functional evenness.  

 

The last group of FDAC includes FDis and RaoQ indices which show contrasting results (Fig. 

6.5a,b,c,d). For example, in central east Europe region (Fig. 6.5a,c) FDis (Fig. 6.5a) and Rao's 

entropy (Fig. 6.5b) demonstrate a positive trend, whereas there is s sharp increase of the 

dispersion and Rao's values towards the smaller scales while it slowly decelerates at larger 

scales. The other case is the example of Iberian region which shows a negative trend, with a 

slight and negligible increase at smaller scales and a sharp decrease at larger scales (Fig. 

6.5c.d). Polynomial and power models fit best the relationship of FDis and RaoQ indices of 

central east region with area with R2>0.85. These indices are sensitive both to the evenness 

in the distribution of species in the functional space and the volume of functional space 

occupied. Hence, there is no general pattern for these indices. For detailed results of best fit 

models see Appendix S10. 
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Fig. 6.5 Functional Diversity Accumulation Curves (FDAC) for two functional dispersion indices: FDis 

(a,c) and RaoQ (b,d) for central east Europe region (a,b) and Iberian (c,d) for amphibians of Europe.  
 

Previous studies have shown that each functional diversity aspect is independent of each 

other without being unnecessary to analyze them in parallel (Villéger et al., 2008; Mouchet 

et al., 2010; Pakeman et al., 2011; Karadimou et al., 2015) but also with other aspects of 

diversity (e.g. phylogenetic diversity) for the SAR issue (Wang et al., 2013; Mazel et al., 2014; 

Whittaker et al., 2014; Keil et al., 2015). As far as, the methodological part the polynomial 

models outperformed across almost all the different functional diversity indices but in some 

cases power law and logarithmic models prevailed. However, it is useful to perform a 

number of different models when trying to investigate FDAR because some of the functional 

diversity indices are calculated based on distribution of abundances where power and 

logarithmic models may prove misleading. 
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Chapter Seven: General conclusions 
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7.1 General conclusions 

 
Amphibian populations decline faster than all the other vertebrate taxonomic groups with 

30% of all species listed as threatened according to the IUCN (Stuart et al., 2004; IUCN, 2013) 

and despite the increased responses to biodiversity loss (e.g. protected areas networks) 

human demands on ecosystem services increase while species populations and habitats 

decline (Butchart et al., 2010). Understanding of the mechanisms by which habitats sustain 

amphibians, and the environmental and anthropogenic influences upon these, can greatly 

improve the conservation of amphibians across the world. Thus, it is of great importance to 

assess how ecosystem processes could be affected by human-driven biodiversity loss 

(Hooper et al., 2005). This thesis used amphibians to investigate these patterns. Most of 

those species experience both aquatic and terrestrial pressures because their habitats 

around the world suffer from anthropogenic land use changes (Hof et al., 2011). This thesis 

uses two sources of amphibian distribution data: presence / absence atlas and expert-drawn 

ranges and a database of functional traits for amphibians of Europe to investigate the 

distribution of species richness, functional traits and their diversity at macroecological 

scales. For the first time, morphological, reproductive and habitat-related characteristics of 

amphibian species are used to estimate the functional diversity of large-scale communities 

in Europe, and to investigate the factors determining the distribution of functional diversity 

patterns and the community composition. Furthermore, provides evidence that wintering 

the data sources such as the distribution data for species richness, the number and the type 

of functional traits used but also the aspect of functional diversity examined (e.g. functional 

richness or evenness) can affect the spatial patterns of functional diversity and the results 

driven by them. 

 
Functional diversity is increasingly investigated as the link between biodiversity and 

ecosystem processes and services; Cadotte et al. (2011) observed that the number of 

publications regarding functional diversity had increased exponentially and this trend is 

continuing. Species richness is a useful surrogate of measuring biodiversity because it is easy 

to measure and to comprehend. However, it has been reported that even this most widely 

used single biodiversity metric (species richness) misses 88.6% of the total diversity based on 

criteria such as taxonomic (a surrogate for genetic), functional (based on ecological roles) 

and structural (based on species abundance) diversity (Lyashevska and Farnsworth, 2012). 

As a consequence in this thesis we emphasize the importance of additional characters (e.g. 

functional traits) in order to further assess biodiversity. Most of the studies which have 
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previously examined functional diversity have focused on birds at a country-wide scale (e.g. 

Great Britain, Petchey et al., 2007; France, Devictor et al., 2010) and or for other vertebrate 

taxa at global scales (e.g. mammals, Safi et al., 2011; Mazel et al., 2014; fish, Stuart-Smith et 

al., 2013), but this is the first study which contributes to the investigation of biodiversity and 

ecosystem processes by assessing the large-scale distribution of functional diversity of 

amphibian assemblages across Europe and the potential drivers of these patterns. 

 
7.2 Environmental drivers of species richness and functional diversity 
spatial patterns 

 
The work presented in this thesis provided evidence that a complex set of determinants are 

responsible for the different biodiversity aspects (species richness and functional diversity). 

For species richness, energy availability related factors seem to play the most important role 

in driving richness patterns followed by landscape and human influence variables. However, 

for atlas map-based richness land cover diversity followed energy availability predictors with 

a significant contribution. Although, energy availability and especially climate is apparently a 

stronger force in defining species ranges, even though within these ranges (where climatic 

conditions are favorable for the persistence of the species) the species presence is affected 

by other factors (like land cover/land use), whose primary importance appears when 

analyzing the atlas map-based estimates of species richness (Hurlbert and White, 2005). In 

addition, the relatively high proportion of variance explained by land cover diversity and 

human influence factors for atlas map-based richness might be partly explained by the fact 

that richness of areas that have been affected by land use changes is strongly related with 

human or fragmentation effects. Functional diversity spatial patterns largely depended upon 

the aspect of functional diversity examined and the distribution data source used. For 

example, for functional richness and functional diversity patterns, land cover diversity was 

the factor that mostly contributed to the explanation of the total variation for atlas map-

based functional diversity. In contrast, for range map-based functional diversity, ambient 

and productive energy explained most of the variation of functional richness and functional 

dispersion, respectively.  

 
As such, high functional richness and functional dispersion was found in areas with high 

habitat heterogeneity while lower values were found in areas with harsh environments e.g. 

with extreme temperatures and low precipitation. This is in accordance with other findings 

related to species richness which have found strong correlations with energy variables and 



148 
 

habitat heterogeneity (e.g. Evans et al., 2005; Davies et al., 2007). However, the findings 

presented here reveal also a significant role of climatic seasonality (e.g. Hurlbert and Haskell, 

2003; Carrara and Vázquez, 2010) indicating that since seasonality is higher at higher 

latitudes (productive energy and environmental stability lower; see Carrara and Vázquez, 

2010) functional richness was lower and the patterns demonstrated that these areas 

support mainly species with broader niches. 

 

7.3 The distribution of amphibian assemblages indicates the evidence 

of environmental filtering 

 
Functional diversity measured by the functional dendrogram index was found to have 

positive relationships with mean annual temperature and agricultural area extent, which 

might indicate stronger environmental filtering in very arid or very cold regions but also in 

areas with high agricultural intensification. Species co-occurring in a community might be 

more functionally similar in order to confront the local environmental conditions. 

Consequently environmental filtering can cause trait clustering (Petchey et al., 2007), which 

might be more evident at large scales (Díaz et al., 1999). Environmental filtering was also 

evident in other taxonomic groups for which functional diversity patterns have been 

assessed. For example, Lamanna et al. (2014) reported that alpha functional diversity of 

temperate and tropical tree assemblages of New World decreased with absolute latitude 

and was lower than the observed patterns, consistent with environmental filtering. Swenson 

et al. (2012) examined the functional diversity of tree assemblages of North and South 

America and also showed that functional diversity increased towards the equator with the 

functional diversity being higher than expected given their species richness. Swenson and 

co-workers pointed out that abiotic filtering constrained the functional diversity pattern of 

temperate tree assemblages while this constraint was not so intense for the tropical 

assemblages. Low precipitation was also associated with low functional richness in European 

fish communities (Schleuter et al., 2012). 

 
7.4 Functional diversity does not always show an increasing trend with 

increasing area 

 
Different facets of functional diversity show different functional diversity area relationship 

patterns which either resemble the well-known patterns of species area relationship 
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(functional richness indices) or not (functional evenness, divergence and dispersion indices). 

Most of the studies examining functional diversity area relationships have used independent 

and not cumulative sampling as did this study to quantify functional richness (Smith et al., 

2013; Wang et al., 2013; Whittaker et al., 2014; Keil et al., 2015). In terms of functional 

richness accumulation, an increase in species richness with area, increases the volume of 

functional space occupied providing more opportunities for the community to include 

species with traits different than those already exist or the volume remains constant when 

the species added in the community has similar traits with those exist. In addition to that, 

Mazel et al. (2014) studying the functional diversity accumulation curves among ecoregions 

found that functional diversity with relation to area, reached its maximum value faster than 

species richness, arguing that functional diversity might be less vulnerable to habitat loss 

than species richness and thus is also easier to preserve in less area due to the redundancy 

of traits. Our results show a different trend whereas both species richness and functional 

richness seem to be equally vulnerable to habitat loss as they reach their maximum values at 

the same scale, while no redundancy is evident. However, functional evenness patterns 

show a decreasing relationship with increasing area. As a consequence, an influx of 

additional species with narrower niches may decrease functional evenness since species may 

be utilizing very similar resources and therefore cluster in functional space. In contrast, 

when there is lack of resources, there is a need for more generalists species, with wider 

niche breadths, and this therefore concludes in high functional evenness (Mason et al., 

2008). The functional diversity area relationship can be useful in providing insight into 

processes and patterns (e.g. ecosystem functioning collapse risk due to area loss, community 

assembly rules) that complement the investigation of species richness patterns. 

 
7.5 Methodological considerations 

 
The analyses in this thesis have been made using a newly published presence / absence atlas 

(Sillero et al., 2014) and expert-drawn ranges provided by IUCN (IUCN, 2013). Since species 

do not have a homogenous distribution within the outermost limits of their geographic 

range (Gaston, 2003) such commission errors by range maps (where a species is recorded as 

being present in an area in which it is not) can cause different results on identifying the 

drivers of diversity patterns (Hurlbert and Jetz, 2007). Thus, it was of great importance to 

use two different distribution data sources and this also improves the final results driven 

from such data. The study showed that the two types of species richness data explored in 



150 
 

this study yielded different richness maps and thus the relative importance of different 

environmental variables to act as drivers of biodiversity (species richness and functional 

diversity) patterns changed depending on the dataset used. Also, it was evident that habitat 

heterogeneity was mostly related with atlas map-based biodiversity patterns while mean 

annual temperature or actual evapotranspiration was strongly related with range map-based 

biodiversity patterns.  

 
Petchey and Gaston (2006) underscore the importance of trait selection urging researchers 

to include “all traits that are important for the function of interest and no traits that are 

functionally uninformative”. This is very important when choosing the number of traits to 

include. The fewer traits that are included, the greater redundancy of the assemblages 

(Petchey and Gaston, 2006). The effects of using different functional trait groups and thus 

fewer traits are described thoroughly in this thesis whereas the surrogacy value of one set of 

functional trait group for another set of functional trait groups is challenged. This has also an 

impact on identifying hotspots (different functions will have different hotspots). So the 

argument from Mazel et al. (2014) that functional diversity is easier to preserve in less area 

due to the redundancy of traits may hold true for a specific function, but will not necessarily 

be the same for different functions. Interestingly, the results reveal that, for any given 

community, functional diversity is not characterized by a single spatial pattern, but by many 

depending on the function analyzed.  

 
7.6 Conservation implications 

 
Amphibian assemblages show a low redundancy at high species richness both when 

functional diversity is measured as the volume of functional trait space but also when is 

measured using a functional dendrogram. The results related to functional redundancy have 

to be treated with caution as our regional pool is small (68 species) and that the volume of 

space is affected by the extreme trait values of occupied trait space. However, the low 

redundancy suggests that species-rich regions could not tolerate some amphibian 

extinctions without losing some of their ecosystem services associated with them. 

Therefore, because trait volume is affected by extreme trait values, the effects of species 

loss on ecosystem processes may depend in part on whether species with extreme trait 

values are more important to ecosystem processes than species closer to the assemblage 

centroid in trait space and thus responsible for the maintenance of these ecosystem 

services.  
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Interestingly, between the different functional diversity measures there were spatial 

mismatches and this might have widespread implications for environmental management 

and protected area design (Devictor et al., 2010). Also, this applies for the spatial functional 

diversity patterns emerged using various functional trait groups (e.g. morphological, habitat-

related). Areas of high conservation interest are often defined as biodiversity hotspots 

without having preceded relevant analyses such as gap analysis but based on arbitrary 

criteria. As such, species richness but also functional diversity must be considered to 

optimize reserve design. Using functional diversity, a more systematic assessment will be 

achieved reflecting also variations in community structuring and composition. 
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Appendices 

Appendix S1: List of amphibians used in our analyses 

Alytes cisternasii Rana arvalis 
Alytes dickhilleni Rana dalmatina 
Alytes muletensis Rana graeca 
Alytes obstetricans Rana iberica 
Bombina bombina Rana italica 
Bombina variegata Rana latastei 
Bufo bufo Rana pyrenaica 
Calotriton arnoldi Rana temporaria 
Calotriton asper Salamandra atra 
Chioglossa lusitanica Salamandra corsica 
Discoglossus galganoi Salamandra lanzai 
Discoglossus montalentii Salamandra salamandra 
Discoglossus pictus Salamandrina perspicillata 
Discoglossus sardus Speleomantes ambrosii 
Epidalea calamita Speleomantes flavus 
Euproctus montanus Speleomantes genei 
Euproctus platycephalus Speleomantes imperialis 
Hyla arborea Speleomantes italicus 
Hyla intermedia Speleomantes sarrabusensis 
Hyla meridionalis Speleomantes strinatii 
Hyla sarda Speleomantes supramontis 
Lissotriton boscai Triturus cristatus 
Lissotriton helveticus Triturus marmoratus 
Lissotriton italicus Xenopus laevis 
Lissotriton montandoni 

 Lissotriton vulgaris 
 Lithobates catesbeianus 
 Lyciasalamandra helverseni 
 Mesotriton alpestris 
 Pelobates cultripes 
 Pelobates fuscus 
 Pelobates syriacus 
 Pelodytes punctatus 
 Pelophylax cretensis 
 Pelophylax epeiroticus 
 Pelophylax esculentus 
 Pelophylax grafi 
 Pelophylax perezi 
 Pelophylax ridibundus 
 Pelophylax shqipericus 
 Pleurodeles waltl 
 Proteus anguinus 
 Pseudepidalea boulengeri 
 Pseudepidalea viridis 
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Appendix S2: Accounting for spatial autocorrelation  

 

 
 
 

Supplementary Fig. 1 Moran's I coefficients of the residuals of the final multivariate MAM 

(minimum adequate models) GLM and glmmPQL models of atlas map-based richness and range map-

based richness for amphibians of Europe at 50 km x 50 km grid cell size. 
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Appendix S3: List of 150 reviewed papers 

Supplementary Table 1 List of  150 papers on functional diversity reviewed to register the number of traits and the functional trait group (morphological, 

reproductive, physiological, habitat-related and behavioural) used in each study. The taxon studied is also referred (Plants (P) - Animals (A) - Bacteria (B)). 

 
    Trait Groups     

ID Reference Morphology Reproduction Physiological Habitat Behavioural Number 
of Traits 

Plants (P) - 
Animals (A) 
- Bacteria 

(B) 

1 
Audino, L.D., Louzada, J., Comita, L. (2014). Dung beetles as indicators of 
tropical forest restoration success: Is it possible to recover species and 
functional diversity? Biological Conservation, 169, 248–257.    x x 5 A 

2 
Barbaro, L., Giffard, B., Charbonnier, Y., Halder, I., Brockerhoff, E. G. (2014). 
Bird functional diversity enhances insectivory at forest edges: A 
transcontinental experiment. Diversity and Distributions, 20, 149–159. 

x x  x x 7 A 

3 
Berke, S.K., Jablonski, D., Krug, A.Z., Valentine, J.W. (2014). Origination and 
immigration drive latitudinal gradients in marine functional diversity. PLoS 
One, 9, e101494. 

x   x x 5 A 

4 

Bernard-Verdier, M., Flores, O., Navas, M-L., Garnier, E. (2013). Partitioning 
phylogenetic and functional diversity into alpha and beta components along 
an environmental gradient in a Mediterranean rangeland. Journal of 
Vegetation Science, 24, 877–889. 

x x x x  8 P  

5 
Bhaskar, R., Dawson, T. E., Balvanera, P. (2014). Community assembly and 
functional diversity along succession post-management. Functional Ecology, 
28, 1256–1265. 

x  x   3 P 

6 
Böhnke, M., Kröber, W., Welk, E., Wirth, C., Bruelheide, H. (2014). 
Maintenance of constant functional diversity during secondary succession of 
a subtropical forest in China. Journal of Vegetation Science, 25, 897–911. 

x  x   26 P 

7 
Bu, W., Zang, R., Ding, Y. (2014). Functional diversity increases with species 
diversity along successional gradient in a secondary tropical lowland 
rainforest. Tropical Ecology, 55, 393-401. 

x  x   6 P 
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8 
Buisson, L., Grenouillet, G., Villéger, S., Canal, J., Laffaille, P. (2013). Toward 
a loss of functional diversity in stream fish assemblages under climate 
change. Global Change Biology, 19, 387–400. 

x x  x x 13 A 

9 

Calba, S., Maris, V., Devictor, V. (2014). Measuring and explaining large-scale 
distribution of functional and phylogenetic diversity in birds: separating 
ecological drivers from methodological choices. Global Ecology and 
Biogeography, 23, 669–678. 

x x  x x 22 A 

10 

Cantarel, A. A. M., Bloor, J. M. G., Soussana, J.-F. (2013). Four years of 
simulated climate change reduces above-ground productivity and alters 
functional diversity in a grassland ecosystem. Journal of Vegetation Science, 
24, 113–126. 

x  x   3 P 
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Appendix S4: List of sources used for amphibian trait data 

 
Supplementary Table 2 Sources of information used to compile the database.  
 

Functional Trait 
Group (FTG) Trait Source Type of Source 

Morphological 
body length 

AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 dorsal main coloration 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 dorsal pattern 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

Reproductive 
number of eggs per clutch 

AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Blair, W. F. (1972). Evolution in the Genus Bufo. University of Texas Press, Louisiana Book 
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Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Pough, F. H. et al. (1998). Herpetology. Prentice Hall, Upper Saddle River, New Jersey Book 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 
 

Tsiora A, Kyriakopoulou-Sklavounou P (2002) Female reproductive cycle of the water frog Rana epeirotica in northwestern 
Greece. Amphibia-Reptilia 23:269-280 Published Paper 

 duration of breeding activity 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Blair, W. F. (1972). Evolution in the Genus Bufo. University of Texas Press, Louisiana Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Guarino FM, Caputa V, Angelini F (1992) The reproductive cycle of the newt Triturus italicus. Amphibia-Reptilia 13:121-133 Published Paper 

 
 

Kyriakopoulou-Sklavounou P, Loumbourdis N (1990) Annual ovarian cycle in the frog Rana ridibunda in Northern Greece. 
Journal of Herpetology 24:185-191 Published Paper 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 
 

Trochet A et al. (2014) A database of life-history traits of European amphibians. Biodiversity Data Journal 2: e4123. Published Paper 

 sexual maturity 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Duellman, W.E., Trueb, L.S. (1994). Biology of Amphibians. The Johns Hopkins University Press, Baltimore Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Malmgren JC, Thollesson M (1999) Sexual size and shape dimorphism in two species of newts, Triturus cristatus and T. 
vulgaris (Caudata: Salamandridae). Journal of Zoology 249:127-136 Published Paper 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 life span 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 
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Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 
 

Zug, G. R., Vitt, L. J., Caldwell, J. P. (2001). Herpetology, An Introductory Biology of Amphibians and Reptiles. Academic Press, 
San Diego, California Book 

Habitat-related 
spawn site 

AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 life history habit 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 time partitioning 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (Accessed: 25.04.2013) Website 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 diet 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Arnold, N. (2005). Collins Field Guide to the Reptiles and Amphibians of Britain and Europe, Harper Collins, London Book 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 

 mobility mode 
AmphibiaWeb – AmphibiaWeb: Information on amphibian biology and conservation. amphibiaweb.org. (Accessed 
20.02.2013). Website 

 
 

Reptiles and amphibians of France - www.herpfrance.com. (Accessed 20.09.2013) Website 
    Trochet A et al. (2014) A database of life-history traits of European amphibians. Biodiversity Data Journal 2: e4123. Published Paper 
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Appendix S5: Accounting for spatial autocorrelation 

 

Supplementary Fig. 2 Moran's I coefficients of the residuals of the final multivariate MAM 

(minimum adequate models) OLS and GLS models for functional diversity (a) functional 

richness (FRic), (b) functional dispersion (FDis) and (c) functional evenness (FEve) of atlas 

map-based richness and range map-based richness for amphibians of Europe at 50 km x 50 

km grid cell size. 
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Appendix S6: Analyses of functional richness 

 

Supplementary Fig. 3 The relationship between species richness and functional richness (FRic) for 

(a) atlas map-based richness and (b) range map-based richness. 
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Appendix S7: Analyses of functional richness with environmental 
variables and species richness as covariate 

Supplementary Table 3 Parameter estimates (±SE) for the minimum adequate models 

(MAMs) of the functional richness (volume of trait space occupied - FRic) calculated using 

atlas and range based-map richness with potential environmental predictors including: 

climate, evapotranspiration, land cover diversity and human influence variables. All models 

also include land area and species richness as covariates. Models either include just a linear 

term or a linear and a quadratic term. The R2 is determined by hierarchical partitioning. All 

predictors were z-standardised. Significance values: **** <0.0001, *** <0.001, ** <0.01, * 

<0.05, NS Non-significant. 

 

 
Atlas map-based Range map-based 

  FRic FRic 
Variable Parameter estimate (± SE) Parameter estimate (± SE) 
Species richness 0.046 (± 0.004)**** 0.011 (± 0.001)**** 
Species richness2 -0.002 (± 0.001)** 0.001 (± 0.001)**** 
Mean annual temperature 

  Mean annual temperature2 
  Temperature seasonality 0.001 (± 0.001)*** 0.001 (± 0.001)**** 

Total annual precipitation 0.001 (± 0.001)** 0.001 (± 0.001)**** 
Precipitation seasonality 

 
0.001 (± 0.001)NS 

Net primary productivity 0.001 (± 0.001)NS 
 Net primary productivity2 0.001 (± 0.001)NS 
 Actual evapotranspiration 0.001 (± 0.001)** 
 Potential 

evapotranspiration 
 

0.001 (± 0.001)NS 
Land cover diversity 

  Land cover diversity2 
  Agricultural area extent 
 

-0.005 (± 0.005)NS 
Population density 

 
0.001 (± 0.001)NS 

Land area 0.001 (± 0.001)NS 0.001 (± 0.001)NS 
OLS R2 0.779 0.812 
AIC OLS -11487.811 -13754.095 
GLS R2 0.939 0.977 
AIC GLS -13980.311 -18474.335 
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Appendix S8: Functional dendrogram 

 

Supplementary Fig. 4 The functional relationships among 68 amphibian species of Europe. The 

dendrogram is produced by hierarchical clustering using UPGMA algorithm of the distance matrix 

calculated from the functional traits of species. Horizontal distance represents separation in 

functional trait space. 
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Appendix S9: Accounting for spatial autocorrelation for FDobs and SES 

 

 
 

Supplementary Fig. 5 Moran's I coefficients of the residuals of the final multivariate MAM 

(minimum adequate models) OLS and GLS models for functional diversity FDobs and SES of atlas map-

based richness for amphibians of Europe at 50 km x 50 km grid cell size. 
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Appendix S10: FDAR models 

Supplementary Table 3 Functional diversity area relationship (FDAR) models and their 

relative fit (R2) for amphibians of central east Europe 

 

 Models  (R2) 
 Linear Logarithmic Polynomial Power law 

FDen y=0.6x - 1.457 
R2=0.748 

y=0.25ln(x) - 0.8 
R2=0.619 

y= 0.004x2+0.05x+1.6 
R2=0.796 

y=0.41x0.14 

R2=0.696 

FRic y=0.6x - 0.034 
R2=0.599 

y=0.04ln(x) - 0.382 
R2=0.315 

y=0.002x2-0.06x+0.038 
R2=0.821 

y=0.09x1.38 

R2=0.76 
FEve y=-0.03x + 0.947 

R2=0.56 
y=-0.08ln(x) - 1.63 

R2=0.253 
y=-0.0011x2-0.06x+0.781 

R2=0.797 
y=2.65x-0.118 

R2=0.234 
FDiv y=-0.7x + 0.9 

R2=0.263 
y=0.008ln(x) + 0.82 

R2=0.523 
y=-0.0012x2-0.007x+0.781 

R2=0.765 
y=0.824x0.009 

R2=0.525 
FDis y=-0.008x + 0.18 

R2=0.445 
y=-0.004ln(x) + 0.14 

R2=0.835 
y=-0.0012x2-0.007x+0.178 

R2=0.874 
y=0.149x0.021 

R2=0.836 
RaoQ y=-0.08x + 0.03 

R2=0.492 
y=0.001ln(x) + 0.02 

R2=0.863 
y=-0.0013x2-0.008x+0.033 

R2=0.865 
y=0.024x0.036 

R2=0.863 
 

Supplementary Table 4 Functional diversity area relationship (FDAR) models and their 

relative fit (R2) for amphibians of Iberian 

 

 Models  (R2) 
 Linear Logarithmic Polynomial Power law 

FDen y=-0.6x + 1.92 
R2=0.799 

y=0.16ln(x) + 0.24 
R2=0.86 

y= -0.0012x2-0.06x+1.85 
R2=0.833 

y=0.86x0.07 

R2=0.893 

FRic y=-0.05x - 0.041 
R2=0.873 

y=0.05ln(x) - 0.516 
R2=0.435 

y=-0.0013x2-0.07x-0.0093 
R2=0.921 

y=0.003x1.69 

R2=0.934 
FEve y=-0.008x + 0.672 

R2=0.008 
y=-0.03ln(x) + 1.04 

R2=0.038 
y=-0.0012x2-0.07x+0.73 

R2=0.05 
y=0.88x-0.035 

R2=0.005 
FDiv y=-0.8x + 0.934 

R2=0.287 
y=0.005ln(x) + 0.89 

R2=0.77 
y=-0.0014x2-0.008x+0.93 

R2=0.509 
y=0.886x0.005 

R2=0.771 
FDis y=-0.09x + 0.22 

R2=0.48 
y=-0.4ln(x) + 0.22 

R2=0.08 
y=-0.0015x2-0.009x+0.223 

R2=0.67 
y=0.224x-0.005 

R2=0.081 
RaoQ y=-0.001x + 0.05 

R2=0.17 
y=-0.06ln(x) + 0.05 

R2=0.0002 
y=-0.0015x2-0.009x+0.05 

R2=0.64 
y=0.05x-0.005 

R2=0.863 
 

 

 

 

 

 


