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Here again we are reminded that in nature nothing exists alone.  

(Rachel Carson, 1962, Silent Spring) 

 

Having recently passed the great age of biogeography, we will have entered 

the age after biogeography, in that virtually everything will live virtually everywhere, 

though the list of species that constitute “everything” will be small. (…) 

My label for that place, that time, that apparently unavoidable prospect, is the 

Planet of Weeds. Its main consoling felicity, as far as I can imagine, is that there will 

be no shortage of crows. (David Quammen, 1996, The Planet of Weeds) 

 



 
 

RESUMO 
 

Invasões biológicas são uma das principais causas de perda de diversidade global e 
o número de espécies introduzidas tende a continuar aumentando. Devido a 
dependência do contexto no processo de invasão, prever quais espécies não-nativas 
(ENN) irão causar mais impacto para priorizar investimentos de manejo e detecção 
rápida torna-se um desafio. A resposta funcional (RF) – a relação entre a taxa de 
consumo e a disponibilidade de recursos – foi proposta como uma metodologia 
universal para quantificar e prever o impacto de espécies invasoras. Essa tese tem 
como objetivo investigar a contribuição da abordagem de RF para a ciência de 
invasões, através de revisão sistemática, meta-análise e abordagem experimental. A 
revisão sistemática foi conduzida para entender o estado-da-arte do uso de 
experimentos de RF na pesquisa sobre invasões biológicas. Um total de 120 artigos 
foram incluídos, revelando vieses para estudos conduzidos no Hemisfério Norte 
investigando interações predador-presa em ambientes de água doce, principalmente 
com invertebrados e peixes como consumidores. Entretanto, essa abordagem tem um 
amplo potencial de aplicação na ciência de invasões podendo ser usada para testar 
as principais hipóteses deste campo de pesquisa. A meta-análise foi realizada 
utilizando dados de taxa de ataque e taxa máxima de consumo, de um subconjunto 
de estudos que compararam a RF de espécies nativas e ENN usando o mesmo 
recurso. O principal objetivo foi testar a hipótese de que ENN são mais eficientes em 
consumir recursos do que espécies nativas troficamente análogas. Ao todo, 125 
tamanhos de efeito foram calculados como o log da razão de resposta dos parâmetros 
de RF da ENN e sua nativa análoga. Em geral, consumidores não-nativos apresentam 
taxas máximas de consumo superiores corroborando a hipótese inicial; porém, não há 
diferença significativa nas taxas de ataque. Por fim, a revisão evidenciou que a RF é 
classicamente aplicada para quantificar os efeitos consumíveis de ENN. Contudo, 
efeitos não-letais de predadores (i.e., ecologia do medo) podem ser tão cruciais 
quanto os efeitos consumíveis, resultando em cascatas tróficas. Assim, a abordagem 
de RF foi aplicada para investigar experimentalmente os efeitos não-letais de uma das 
100 piores espécies invasoras do mundo, o peixe predador de topo black bass 
(Micropterus salmoides), nas taxas de consumo de consumidores intermediários: uma 
espécie nativa e três ENN de lagostins. Os lagostins foram expostos ao tratamento 
com pistas químicas do predador ou ao tratamento controle enquanto predavam 
caramujos. Verificou-se que as taxas de consumo foram menores quando as pistas 
químicas do predador estavam presentes, exceto para o lagostim nativo em que os 
parâmetros não diferiram. Isso demonstra que os efeitos não consumíveis das ENN 
também devem ser considerados na previsão de seus impactos, com potenciais 
aplicações no manejo de populações invasoras. Por fim, conclui-se que a abordagem 
de RF tem um amplo potencial de contribuição para o campo da ciência de invasões, 
podendo ser utilizada para quantificar o impacto de ENN, testar hipóteses de ecologia 
de invasões, prever em quais contextos bióticos e abióticos os impactos de ENN serão 
mais pronunciados e fornecer soluções para o manejo. 

 
Palavras-chave: avaliação de risco e de impacto; ecologia de invasões; interações 

tróficas; revisão quantitativa; risco de predação. 



 
 

ABSTRACT 
 

Biological invasions are among the leading causes of global biodiversity loss, and the 
number of introduced species tends only to grow in the future. Due to the context-
dependency of the invasion process, predicting which non-native species (NNS) will 
cause more impact to prioritize investments for their management and rapid detection 
becomes a challenge. The functional response (FR) – the relationship between 
consumption rate and resource availability – has been proposed as a universal 
methodology for quantifying and predicting invasive species impacts. This thesis aimed 
to investigate the contribution of the FR approach to the invasion science, through a 
systematic review, meta-analysis, and experimental approach. The systematic review 
was conducted to understand the state-of-the-art of using FR experiments in invasion 
science research. A total of 120 papers were included in the review, revealing biases 
for studies conducted in the Northern Hemisphere investigating predator-prey 
interactions in freshwater habitats, mainly using invertebrates and fish as consumers. 
However, this methodology has broad potential application in invasion science and can 
be used to test major hypotheses in this research field. The meta-analysis was 
conducted using data of FR parameters’ attack rate and maximum feeding rate from a 
subset of studies that compared FRs of native and NNS towards the same resource 
type. The main aim was to test the hypothesis that NNS are generally more efficient in 
consuming resources than trophically analogous native species. A total of 125 effect 
sizes were calculated as the log response ratio of FR parameters from the NNS and 
its native analogue. Overall, non-native consumers have higher maximum feeding 
rates than their native counterparts corroborating the hypothesis; however, there is no 
significant difference regarding attack rates. Finally, the review evidenced that FR is 
classically applied to quantify the consumptive effects of NNS. Nevertheless, non-
lethal effects of predators (i.e., ecology of fear) can be as crucial as consumptive 
effects, resulting in trophic cascades. Thus, the comparative FR approach was applied 
to experimentally investigate the non-lethal effects of one of the 100 world's worst 
invasive species, the top predator fish largemouth bass (Micropterus salmoides), on 
consumption rates of intermediate consumers: a native and three NNS of crayfish. 
Crayfish were exposed to either predator cue treatment or control while preying on 
snails. Consumption rates were lower when predator chemical cues were present, 
except for the native crayfish where FR parameters did not differ between the treatment 
and the control. This demonstrates that non-consumptive effects of NNS should also 
be considered when predicting their impacts, with potential applications for the 
management of invasive populations. To conclude, the FR approach has a wide range 
of contributions to invasion science as it can be used to quantify NNS impacts, test 
hypotheses in invasion ecology, predict which biotic and abiotic contexts can magnify 
NNS impacts and provide insights for management. 

 
Keywords: invasion ecology; predation risk; risk and impact assessments; quantitative 

review; trophic interactions. 

  



 
 

PREFÁCIO 

Antes de apresentar 

formalmente os resultados da minha 

pesquisa de doutorado, peço licença 

para compartilhar um pouco da minha 

perspectiva pessoal sobre esta jornada 

acadêmica que está se encerrando 

agora.  

Minha história com a ciência de 

invasões começou ainda na graduação, 

em algumas disciplinas que cursei e 

posteriormente, no projeto de verão que 

desenvolvi durante meu intercâmbio 

acadêmico na Inglaterra pelo programa 

Ciência sem Fronteiras, e na minha 

monografia. Mas foi no mestrado que eu 

me deparei com o conceito de resposta 

funcional. Um colega de laboratório me 

indicou a leitura de um artigo1 enquanto 

eu ainda estava pensando em que 

projeto queria desenvolver durante 

aqueles dois anos. Podemos dizer que 

foi amor à primeira vista quando se trata 

de ciência? Na hora que terminei de ler 

o artigo eu sabia que queria aplicar 

aquela metodologia tão interessante 

para quantificar o impacto de espécies 

invasoras na minha dissertação. E foi 

assim que nasceu meu primeiro artigo 

publicado como primeira autora2.  

1 Dick, J. T. A. et al. (2014). Advancing 
impact prediction and hypothesis testing in 
invasion ecology using a comparative 
functional response approach. Biological 
Invasions, 16(4), 735–753. 

2 Faria, L., Alexander, M. E., & Vitule, J. R. 
S. (2019). Assessing the impacts of the 

PREFACE 

Before formally presenting the 

results of my doctoral research, I ask 

permission to share a bit of a personal 

perspective on this academic journey 

that is being concluded now. 

My story with invasion science began 

during my undergraduate years, in some 

classes I took and later, in the summer 

project I developed during my academic 

exchange in England through the 

Science without Borders programme 

and in my bachelor’s final project. But it 

was during my master's degree that I 

came across the concept of functional 

response. A lab mate recommended me 

a paper1 to read while I was still thinking 

about what project I wanted to develop 

during those two years. Can we say it 

was love at first sight when it comes to 

science? By the time I finished reading 

the paper, I knew I wanted to apply that 

interesting methodology to quantify the 

impact of invasive species on my 

master’s dissertation. And that was how 

my first publication as first author was 

born2. 

introduced channel catfish Ictalurus 
punctatus using the comparative 
functional response approach. Fisheries 
Management and Ecology, 26(6), 570–
577.  



 
 

Assim que ingressei no doutorado, no 

início de 2020, eu tinha certeza de que 

queria me aprofundar mais neste tema. 

Então, decidi fazer uma ampla revisão 

sobre o tópico, tentando capturar todas 

as possibilidades da metodologia para 

então aplicá-la de maneiras ainda pouco 

exploradas, principalmente no Brasil. O 

plano da revisão funcionou, porém, com 

a explosão do novo coronavírus, a parte 

aplicada foi prejudicada pelas 

dificuldades impostas por uma 

pandemia (universidade fechada, 

distanciamento social, etc., vocês 

sabem!). 

Com o cronograma já um pouco 

apertado, começamos a coleta de 

peixes para os experimentos apenas 

após todos estarem vacinados contra a 

covid-19, no início de 2022. Foi na 

mesma época em que surgiu a 

oportunidade de realizar parte da 

pesquisa nos Estados Unidos através 

de uma bolsa concedida pela Comissão 

Fulbright. Sendo assim, adaptamos a 

parte experimental para essa nova 

perspectiva. A ideia era comparar a 

resposta funcional de uma população 

naturalizada nos EUA do black bass, 

uma das 100 piores espécies invasoras 

no mundo, com uma população 

invasora no Brasil. Entretanto, 

diferenças nas normas de comitê de 

ética nos dois países fizeram com que 

só fosse possível realizar metade desse 

plano.  

As soon as I started my doctorate at the 

beginning of 2020, I was sure that I 

wanted to delve deeper into this subject. 

So, I decided to do a broad review on the 

topic, trying to capture all the 

possibilities of the methodology and 

then apply it in ways that were still little 

explored, especially in Brazil. The review 

plan worked, however, with the 

explosion of the new coronavirus, the 

applied part was hampered by the 

difficulties imposed by a pandemic 

(closed university, social distancing, etc., 

you know!). 

With the schedule already tight, we 

started collecting fish for experiments 

only after everyone was vaccinated 

against covid-19, in early 2022. At the 

same time, the opportunity to carry out 

part of the research in the United States 

through a scholarship awarded by the 

Fulbright Commission came up. 

Therefore, we adapted the experimental 

part to this new perspective. The idea 

was to compare the functional response 

of a North American naturalised 

population of largemouth bass, one of 

the 100 worst world invasive species, 

with that of an invasive population in 

Brazil. However, differences in ethics 

committee standards in Brazil and the 

USA resulted in just half of this plan 

being possible. 

 

 



 
 

Os experimentos foram conduzidos no 

Brasil conforme planejado, porém, 

chegando na University of Washington 

descobri que não conseguiríamos a 

aprovação do projeto pelo comitê de 

ética da Universidade, pois lá eles têm 

regras mais rígidas para experimentos 

em que a morte de vertebrados é 

esperada – no nosso caso, devido à 

predação pelo black bass. Mais uma vez 

os planos tiveram de mudar. Como as 

restrições não se aplicavam a 

invertebrados, mudamos o nosso 

modelo experimental para lagostins 

predando caramujos, investigando o 

efeito indireto do black bass, e assim, 

tentando preencher uma das lacunas 

observadas na revisão.   

Como vocês podem perceber, o projeto 

inicial do meu doutorado mudou muito 

ao longo desses quatro anos. E assim 

aconteceu comigo também. Sinto que 

amadureci muito nesse período, tanto 

pessoalmente – com uma pandemia e 

uma mudança de país (e de estado 

civil!) no meio do percurso – como 

cientificamente também. A sensação 

nesta reta final é de dever cumprido. 

Pode soar clichê, mas já começo até a 

sentir saudades de tudo que vivi nesses 

últimos quatro anos e, com certeza, 

muitos momentos ficarão guardados 

com carinho na minha memória.  

 

 

The experiments were conducted in 

Brazil as planned, however, upon 

arriving at the University of Washington, 

I found out that the project would not get 

the approvement from the University's 

ethics committee, as they have stricter 

rules for experiments in which the death 

of vertebrates is expected – in our case, 

due to predation by largemouth bass. 

Once again plans had to change. As the 

restrictions did not apply to 

invertebrates, we changed our 

experimental model to crayfish preying 

on snails while investigating the indirect 

effect of largemouth bass, thus 

attempting to fill one of the gaps noted in 

the review. 

As you can see, the initial project of my 

doctorate changed a lot over these four 

years. And so did I. I feel like I've grown 

a lot during this period, both personally – 

with a pandemic and a change of 

country (and marital status!) along the 

way – and scientifically as well. The 

feeling in this final stretch is one of 

accomplishment. It may sound cliché, 

but I'm already missing everything I've 

experienced in these last four years and 

many moments will certainly be kept 

fondly in my memory. 

 

 



 
 

Foram tantas leituras, planilhas, 

fórmulas, códigos, idas ao laboratório 

em finais de semana e feriados para 

cuidar dos bichos, passeios de barco 

para coletar peixes e lagostins, aulas 

online, reuniões online, apresentações, 

e claro, muitos surtos! Devo confessar 

que quando terminei o mestrado não 

imaginei que um dia estaria aqui 

escrevendo esse texto, prestes a 

concluir o doutorado. Mas que bom que 

estou! Espero que essa tese inspire 

você, leitor, que está com dúvidas sobre 

seguir a carreira acadêmica, ou que já 

está nesse barco se perguntando se vai 

dar conta de tudo. Meu conselho para 

você é aquele que eu sempre dou a mim 

mesma: só vai! Ou como diria a nossa 

querida Dory3: “Continue a nadar, 

continue a nadar...”. 

 

 

 

 

 

 

 

 

 

 

3 Personagem de “Procurando Nemo” (Pixar 
Animation Studios, 2003).  

There was so much reading, 

spreadsheets, formulas, coding, trips to 

the lab on weekends and holidays for 

animal caring, boat trips to collect fish 

and crayfish, online classes, online 

meetings, talks, and, of course, many 

mental breakdowns! I must confess that 

when I finished my master's degree, I 

didn't imagine I would be here writing 

this text one day, about to complete my 

doctorate. But how glad I am now! I hope 

this thesis inspires you, reader, who is 

questioning yourself about pursuing an 

academic career, or who is already on 

this boat wondering if you will manage 

everything. My advice to you is the one I 

always give myself: go for it! Or as our 

beloved Dory would say3: “Just keep 

swimming, just keep swimming...".

3 “Finding Nemo” character (Pixar Animation 
Studios, 2003). 
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PRESENTATION 
 

This presentation aims to provide some context and historical perspective for 

the thesis. Here, I discuss the relationship between invasion science and functional 

response and how they are related to my research. In the following chapters, I will 

delve deeper into important concepts in the introduction section of each paper. 

INVASION SCIENCE: WHERE ARE WE STANDING NOW? 

Since the 19th century, the phenomenon of biological invasions has been 

observed by prominent naturalists such as Charles Darwin (Ludsin & Wolfe, 2001; 

Richardson & Pyšek, 2008). Indeed, the movement of species outside their native 

geographic range initiated as soon as humans started to travel around the world 

(Simberloff & Rejmanek, 2011). When a species is introduced into a new geographic 

location, intentionally or not, through human activities, it is considered non-native 

(Lockwood et al., 2007). Darwin (1859) speculated about which factors determine the 

naturalisation of non-native species (NNS) in a new environment and their possible 

impacts on the naïve native biota in several passages of his book ‘On the Origin of 

Species’ (Simberloff & Rejmanek, 2011) and in his annotations aboard the Beagle’s 

expedition – later edited in a book by R. D. Keynes (2001). Despite these very early 

and insightful observations, biological invasions were not explicitly studied as a human 

alteration on the planet until the middle of the 20th century.  

Invasion science as a systematic discipline has emerged only recently, and 

the book ‘The Ecology of Invasions by Animals and Plants’ by Charles Elton (1958) is 

claimed as its foundation (Ricciardi & MacIsaac, 2008; Simberloff, 2011). However, 

even after the book’s publication, studies about invasive species and their 

consequences were not highly produced until the mid-1990s (Richardson & Pyšek, 

2008; Simberloff, 2011). Only after the establishment of an international programme 

on invasion ecology, the Scientific Committee on Problems of the Environment 

(SCOPE), intensive research on biological invasions in many parts of the world started 

(Richardson & Pyšek, 2007; Simberloff, 2011). Since then, it has emerged as a multi-

disciplinary field with many hypotheses being proposed to explain why and how NNS 

are successful and impactful, yet the pressing issue remains the lack of a strong 

predictive framework (Enders et al., 2020; Heger et al., 2013; Ricciardi et al., 2021). 
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Our ability to predict NNS’ success and impacts is challenged by the context-

dependency of the biological invasion process (Catford et al., 2022; Kumschick et al., 

2015; Novoa et al., 2020; Thomsen et al., 2011). Many factors are at play when one 

species is moved from its native distribution to a new region, such as how many 

individuals are transported and whether they are healthy or not (Lockwood et al., 2007). 

Likewise, characteristics of the new environment, such as temperature, resource 

availability and the resident species, will strongly influence its probability of surviving, 

establishing a new population and spreading (Pyšek et al., 2020). Still, the impacts of 

non-native populations can vary in space and time (Jeschke et al., 2014; Strayer et al., 

2006) and indirectly affect the resident community through non-consumptive 

interactions, for instance when native prey needs to keep vigilance for predators 

instead of foraging (Preisser et al., 2005; Sih et al., 2010). All of this complicates the 

much-needed capacity to predict which NNS will be more impactful to prioritise their 

management, particularly in a globalised world where rates of new introductions are 

constantly increasing (Hulme, 2021; Ricciardi et al., 2013; Seebens et al., 2021; 

Simberloff et al., 2013). 

A NNS can cause impacts at any ecological level, ranging from genes to entire 

ecosystems (Parker et al., 1999; Ricciardi et al., 2013). The impact of a NNS has 

initially been described as the final stage in the invasion process (i.e. transport, 

establishment, spread, impact) (Catford et al., 2009; Lockwood et al., 2007) however, 

it is now presumed that it can happen at any stage since the introduction, being usually 

defined as a measurable change in the invaded ecosystem (Blackburn et al., 2011; 

Jeschke et al., 2014; Ricciardi et al., 2013). The first attempt to create a predictive 

metric of invasion impacts recognised three factors that might play a role in the overall 

impact of a NNS: the total area occupied, their abundance and some individual 

measure of impact, or the per capita effect (Parker et al., 1999). After that, other 

frameworks were proposed, usually with per capita effect as a central factor 

determining impact (Thomsen et al., 2011). Conversely, while quantifying the 

abundance and the area occupied by a species are somewhat straightforward 

(although not always feasible), it is less clear how the per capita effect of a species 

should be measured (Parker et al., 1999; Thomsen et al., 2011). 

Non-native species have been perceived as more efficient consumers 

compared to native species (Funk & Vitousek, 2007; Morrison & Hay, 2011; Paolucci 

et al., 2013; Salo et al., 2007). Indeed, many hypotheses in invasion science that 
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intended to explain the success and impacts of NNS are linked to their efficiency in 

consuming available resources (Catford et al., 2009; Ricciardi et al., 2013). It can be 

assumed then that impactful NNS will be those with higher consumption rates, being 

this rate a proxy of their impact (Dick et al., 2014). Under this context, the classical 

ecological concept of functional response – the increase in consumption as a function 

of the availability of resources, was proposed as a universal method for quantifying per 

capita effects of NNS (Dick et al., 2014, 2017). 

FUNCTIONAL RESPONSE: A PROMISING TOOL FOR INVASION SCIENCE 

The first model used to explain population dynamics governed by consumption 

was proposed by two independent researchers in the early 1920s and is known as the 

Lotka-Volterra model (Begon et al., 2006). This seminal model assumed that a 

consumer’s consumption rate would be constant, proportionally increasing as the 

availability of resources increased. However, this assumption is quite unrealistic since 

consumers eventually become satiated, besides being limited by the time needed to 

pursue and consume each item (Gotelli, 2008). Therefore, the consumption rate must 

be affected by the availability of resources in a density-dependent manner (Solomon, 

1949). Based on this, Solomon defined the term functional response (FR) for the first 

time as:  

“there must be a functional response to (say) an increase in the host density, 
because of the increased availability of victims: as host density rises, each 
enemy will attack more host individuals, or it will attack a fixed number more 
rapidly.” (Solomon, 1949, p. 16). 

Afterwards, the term was used again only ten years later by Holling when describing 

the three basic FR types (Holling, 1959a) and the equation that depicts consumption 

rate as a function of resource density, known as the disc equation (Holling, 1959b). 

Since then, the concept has been used in classical ecological studies, once the FR 

type can determine if a consumer will stabilise or destabilise population dynamics 

(Begon et al., 2006; Gotelli, 2008; Juliano, 2001).  

The FR was applied in the invasion context only in the early 2000s to estimate 

the predatory impact of non-native crustaceans such as amphipods and copepods 

(Bollache et al., 2008; Hooff & Bollens, 2004). These initial studies were followed by 

many others (e.g. Alexander et al., 2012, 2013; Dick et al., 2010, 2013; Twardochleb 

et al., 2012) sparking an interest in the approach that culminated in its proposal as a 
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universal proxy of per capita effects to predict the ecological impacts of invasions, as 

discussed in the first chapter of this thesis. The reasoning is that higher FRs are 

observed for NNS with known field impacts relative to trophically analogous native 

species; hence, it could be used to predict impact (Dick et al., 2014). At the time, 

however, there were just a few studies employing this approach and the authors 

encouraged more research encompassing different taxa and populations to verify its 

utility (Dick et al., 2014), which are here explored in the first and second chapters.  

A key advantage of using the comparative FR approach is the possibility of 

including different biotic and abiotic features in laboratory experiments to deal with the 

context-dependency of the invasion process and provide more realistic assessments 

(Dick et al., 2014, 2017). Indeed, the FR is not a fixed trait of a species but may vary 

with different factors such as habitat complexity, presence of alternative resources, 

temperature, consumer health, and so on (DeLong, 2021; Dick et al., 2014; Holling, 

1959). All these factors can be incorporated into FR studies to account for relevant 

features of the invaded system, as presented here in the third chapter, or to investigate 

possible synergistic effects of NNS and other drivers of global change, such as habitat 

degradation and climate change (e.g. South et al., 2017). 

Another feature of the approach is the chance of testing classical hypotheses 

in invasion science. For instance, the Biotic Resistance hypothesis predicts that more 

diverse assemblages will be less prone to the introduction and impacts of NNS due to 

more antagonistic interactions (Elton, 1958; Jeschke, 2014; Jeschke et al., 2012). In 

this case, the FR could be used to measure if the consumption rates of native 

consumers towards non-native prey will be enough to control them. Similarly, the 

Ecological Naïveté hypothesis which predicts that prey without previous experience 

with a novel predator will be more susceptible to their negative effects (Cox & Lima, 

2006; Saul & Jeschke, 2015), can be tested by comparing the FR of a co-evolved 

predator and an introduced NNS towards the same prey. In the same vein, the classical 

Enemy Release hypothesis and correlates (e.g. Enemy of my Enemy and Evolution of 

Increased Competitive Ability), can be verified by testing the effect of enemies such as 

parasites or top predators in the FR of non-native consumers, once the success and 

impacts of NNS can be correlated to the lack of a natural enemy in the invaded 

community (Colautti et al., 2004; Jeschke, 2014; Jeschke et al., 2012; Keane & 

Crawley, 2002). These and other hypotheses in invasion science can be tested using 
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the FR approach (Saul et al. 2013; Saul & Jeschke, 2015), and the first chapter 

provides suggestions of how it could be done. 

Despite being a promising method for quantifying and predicting NNS impacts 

while dealing with the context-dependency of invasions, it has been argued that scaling 

up per capita effects measured as FRs in the laboratory to field conditions might not 

be realistic (Griffen, 2021; Griffen et al., 2020). These arguments are based generally 

on the simplistic setups of experiments, e.g. offering just one resource type while 

consumers may forage on a range of them, the confined configuration of experiments 

that do not allow prey to escape or ignoring other interactions occurring at the same 

time as intra- and inter-specific competition (Landi et al., 2022). Indeed, these critics 

(discussed in detail in the first chapter) will apply to any experiment that needs to 

simplify the reality observed in nature to understand a specific facet without a myriad 

of confounding factors. However, being aware of these limitations is key to refine the 

method and move forward.  

OBJECTIVES 

Since its recent proposal, the comparative FR approach has not been critically 

reviewed and applications are mainly limited to single resource-consumption 

interactions. Therefore, the general aim of this thesis is to investigate the overall 

contributions of the classical FR ecological concept to the invasion science field. To 

this end, the thesis is structured into three chapters presented as papers, starting from 

a holistic view to a more practical and applied approach.  

The first chapter aims to delineate the status of the FR approach in invasion 

science, through a systematic review. Specific objectives were to review which types 

of studies are being conducted in the field and to identify gaps, biases, and sub-

explored pathways to move forward.  

The second chapter aims to check if the underlying assumption NNS have 

higher FRs than their native counterparts is verified. A meta-analysis of comparative 

FR studies was performed with the specific objectives of testing if NNS are more 

efficient in consuming resources compared to trophically analogous native species and 

under which conditions this pattern emerges. With that, the comparative FR approach 

is critically reviewed as a useful rapid assessment tool to predict the impacts of 

invasions.  
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Finally, the third chapter explores experimentally other potential applications 

of the method, such as revealing indirect effects of NNS. This chapter aims to 

investigate how a broader biological context can be incorporated into NNS impact 

prediction. Therefore, comparative FR experiments were conducted considering the 

predation risk imposed by a non-native top predator on the consumption rate of native 

and non-native intermediate consumers. The specific objectives were to examine if the 

non-lethal effects of NNS can influence the FR of lower trophic levels and demonstrate 

the approach's utility in providing more realistic assessments. 
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1 THE RISE OF THE FUNCTIONAL RESPONSE IN INVASION SCIENCE: A 
SYSTEMATIC REVIEW 

 

This paper is the result of a collaboration with a team of invasion scientists experienced 

with the comparative functional response approach and is already published in 

NeoBiota. The initial idea was conceived by me and my advisor Professor Jean Vitule, 

with later inputs from all the other authors. I performed the collection and analysis of 

data and wrote the initial draft. All authors revised the manuscript. The supplementary 

material of this paper can be found in Appendix 1. 

 

Published as1: Faria, L., Cuthbert, R. N., Dickey, J. W. E., Jeschke, J. M., Ricciardi, A., 

Dick, J. T. A., & Vitule, J. R. S. (2023). The rise of the Functional Response in invasion 

science: a systematic review. NeoBiota, 85, 43–79. 

https://doi.org/10.3897/neobiota.85.98902 

Abstract 

Predicting which non-native species will negatively impact biodiversity is a 
longstanding research priority. The Functional Response (FR; resource use in relation 
to availability) is a classical ecological concept that has been increasingly applied to 
quantify, assess and compare ecological impacts of non-native species. Despite this 
recent growth, an overview of applications and knowledge gaps across relevant 
contexts is currently lacking. We conducted a systematic review using a combination 
of terms regarding FR and invasion science to synthesise scientific studies that apply 
the FR approach in the field and to suggest new areas where it could have valuable 
applications. Trends of publications using FR in invasion science and publications 
about FR in general were compared through the Activity Index. Data were extracted 
from papers to reveal temporal, bibliographic, and geographic trends, patterns in study 
attributes such as type of interaction and habitat investigated, taxonomic groups used, 
and context-dependencies assessed. In total, 120 papers were included in the review. 
We identified substantial unevenness in the reporting of FRs in invasion science, 
despite a rapidly growing number of studies. To date, research has been 
geographically skewed towards North America and Europe, as well as towards 
predator-prey interactions in freshwater habitats. Most studies have focused on a few 
species of invertebrates and fishes. Species origin, life stage, environmental 
temperature and habitat complexity were the most frequently considered context-
dependencies. We conclude that while the FR approach has thus far been narrowly 

1 Copyright Larissa Faria et al. This is an open access article distributed under the terms of the Creative 
Commons Attribution License (CC BY 4.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original author and source are credited. 
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applied, it has broad potential application in invasion science and can be used to test 
major hypotheses in this research field. 

Keywords: ecological impact prediction, hypothesis testing, invasive alien species, 
resource use, risk assessment, trophic interactions 

 

1.1 INTRODUCTION 

With rates and effects of biological invasions magnifying worldwide (Pyšek et al. 2020, 

Diagne et al. 2021, Seebens et al. 2021), predicting and quantifying which non-native 

species (NNS) will have the greatest impacts has become a research priority, 

especially in the face of ongoing anthropogenic environmental change (Kumschick et 

al. 2015, Ricciardi et al. 2021). Invasion science has been slow to develop predictive 

approaches that explain and forecast the negative ecological impacts of existing 

invasive and emerging NNS under relevant contexts (Dick et al. 2017a). This hampers 

management prioritisation towards the most damaging species across invasion stages 

(Robertson et al. 2020). Moreover, research has been highly uneven across taxa, 

trophic groups, regions and forms of impact (Pyšek et al. 2008, Bellard and Jeschke 

2016, Braga et al. 2017, Crystal-Ornelas and Lockwood 2020), possibly reflecting the 

lack of standardised and broadly applicable methods (but see Dick et al. 2014, 2017a). 

The rapid exploitation of resources (e.g. food, water, space, nutrients) is considered a 

characteristic trait of high-impact invasive consumers (Johnson et al. 2008, Morrison 

and Hay 2011, Ricciardi et al. 2013). It has been hypothesized that the most 

ecologically disruptive NNS typically exploit resources more efficiently than other 

resident species (Funk and Vitousek 2007, Ricciardi et al. 2013). On this basis, a 

valuable and still largely underexploited approach to quantify and compare NNS 

ecological impact is the classical Functional Response (sensu Solomon 1949, Holling 

1959), the relationship between resource availability and resource consumption rate. 

In addition to being employed in studying predator-prey dynamics (e.g. Sinclair et al. 

1990, Eby et al. 1995, Heikinheimo 2001), the Functional Response (FR) has also 

been used to evaluate the efficacy of biological control agents towards target 

organisms (van Driesche and Bellows 1996, Madadi et al. 2011), sport fish-angler 

interactions (Johnson and Carpenter 1994, Yodzis 1994, Eggleston et al. 2003), and 

impacts of human hunting on wildlife conservation (Sinclair et al. 1998, Swanepoel et 
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al. 2015). Over the past decade, the FR has been applied to predict and quantify NNS 

impacts on native populations and communities (Dick et al. 2014, 2017a). 

The Functional Response has been broadly characterised into linear (Type I), 

hyperbolic (Type II), sigmoidal (Type III), or dome-shaped (sometimes called Type IV) 

curves (Jeschke et al. 2004). As many invasion hypotheses are centred on trophic 

interactions (Catford et al. 2009, Ricciardi et al. 2013, Enders et al. 2020), FRs can be 

useful in hypothesis testing and measuring trophic impacts of non-native consumers 

(Dick et al. 2014). Indeed, as all living organisms use resources, there is no limit 

taxonomically or trophically to the use of FRs, and hence it could be a unifying method 

across all NNS (Dick et al. 2017a). Furthermore, the type of FR mediates impact; for 

example, predators exhibiting Type II FRs are deemed to be more destabilising to 

resource populations than those exhibiting Type III FRs, owing to high proportional 

feeding rates at low resource densities and a concomitant lack of low-density refugia 

for prey (Murdoch and Oaten 1975). 

The comparative FR approach has been grounded in relative pairwise comparisons of 

native and NNS under standardised conditions, or by comparison of the same NNS 

under different contexts when trophic analogues are absent, normally in controlled 

laboratory environments (but see Smout et al. 2013, Goss-Custard et al. 2006 for field-

derived FRs). By carefully matching comparator species according to size, sex, life 

stage, and other variables, a balanced comparison of per capita impacts is sought, 

usually in terms of consumer attack rates, handling times, maximum feeding rates, and 

combinations of such parameters (Cuthbert et al. 2019b), acknowledging NNS impacts 

relative to native consumers or different contexts. Critically, NNS with a higher 

magnitude FR, characterised by greater search efficiencies and/or shorter handling 

times (depending on the FR shape), are predicted to have greater per capita ecological 

impacts than trophically analogous native species with lower magnitude FRs (Fig. 1). 

Across studies, there is a tight corroboration of these experimentally derived patterns 

with actual impacts recorded in the field (Dick et al. 2017a). Indeed, the FR could be 

considered a universal per capita measure for consumptive effects within the classical 

Parker-Lonsdale impact equation which defines that the total impact of a given NNS is 

the product of its abundance, range, and per capita effect (Parker et al. 1999, Dickey 

et al. 2020).  
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Figure 1. Functional Responses of known impactful invasive non-native species (NNS) are often higher 
when compared to those of native or non-invasive NNS trophic analogues, as shown for aquatic snails: 
the invasive NNS Pomacea canaliculata, the non-invasive NNS Planorbarius corneus, and the native 
Bellamya aeruginosa feeding on four locally occurring plant species in China. Reproduced from Xu et 
al. (2016). 

 

A species FR is not a fixed trait and, like NNS impacts, can vary across myriad biotic 

and abiotic contexts. The advantage of FRs is that these context-dependencies can be 

incorporated into experimental designs to provide more realistic assessments while 

isolating the variables of interest (Dick et al. 2017a, 2017b, Penk et al. 2017), and help 

to understand how NNS impacts relate to physical habitat conditions (i.e. the 

Environmental Matching hypothesis; Iacarella et al. 2015a). Nevertheless, although 

context-dependent variation remains a challenge for reliably predicting NNS impacts, 

the malleability of the FR approach makes it an excellent tool to explicitly incorporate 

and test context-dependencies. Given ongoing climate and land-use changes, for 

example, it is relevant to test variation in FRs under different temperatures (Englund et 

al. 2011, Uiterwaal and DeLong 2020) or related abiotic variables to understand how 

impacts of NNS may be altered. Furthermore, FRs can be combined with different 

levels of habitat complexity, a feature that may have direct implications on the type of 

FR and thus on resource population stability (Toscano and Griffen 2013, Murray et al. 

2016, Kalinkat et al. 2023). Biotic contexts, such as organism life stage, multiple 

predator effects or higher-order predator presence, can also be useful to understand 
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impacts, considering that consumers may not forage alone in nature (Smout et al. 

2010, Ball et al. 2015, Médoc and Spataro 2015). 

The FR measures individual per capita effects and then can be scaled with the 

numbers of individual consumers to derive a measure of overall impact (i.e. Total 

Response = Functional Response x Numerical Response; Holling 1959), as has been 

done with biological control (e.g. killing rate per individual agent x number of agents) 

and fisheries assessments (e.g. overall offtake rates by predators). The Relative 

Impact Potential (RIP) metric integrates numerical responses (consumer population 

change) or their proxies — such as field abundances or other population-level metrics 

(Dick et al. 2017b, Dickey et al. 2020) — to reveal overall expected field impacts of 

novel NNS. Further advances to this approach have amalgamated different 

parameters of the FR to streamline impact comparisons (e.g. the Functional Response 

Ratio, FRR; Cuthbert et al. 2019a) and integrated measures of propagule pressure that 

combine impact with risk assessment (Dickey et al. 2022). Moreover, GIRAE 

(Generalised Impact = Range size × Abundance × per-unit Effect) has been recently 

developed as a tool to predict per capita ecological and economic effects of NNS based 

on available data, again stemming from the Parker-Lonsdale impact equation 

(Latombe et al. 2022). 

There are some important criticisms to the comparative FR approach related to its 

generalization and the potentially unrealistic nature of the experiments. Vonesh et al. 

(2017) argues that if consumers used in trials have different ecological parameters 

beyond those estimated in experiments, the comparison of their FRs has less 

ecological meaning. Specifically, two consumers may differ in their mortality rate when 

resources are absent (background mortality) and also on the proportion of resource 

consumed that is effectively converted into increasing the abundance of the consumer 

(conversion efficiency), which can substantially influence consumer effects on 

resource dynamics in the long-term (Landi et al. 2022). Likewise, Griffen (2021) points 

out that the comparative FR approach is only useful if species respond similarly to the 

artificial conditions and techniques employed, and that directly scaling FRs measured 

on individuals to entire populations could yield misleading results. However, previous 

syntheses of the limited number of FRs available in the context of invasion impacts 

attest to its high potential to explain and predict impact (Dick et al. 2017b). 
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Despite the rapidly increasing use of the FR approach in invasion science, we still lack 

a synthesis of its application in this field that could reveal knowledge gaps to be 

addressed and avenues for future improvement. Currently, studies are potentially 

disparate across different life stages of the same organism, taxonomic groups, trophic 

groups, environments, and geographic regions, meaning likely unevenness in the 

testing of the approach in different study systems, and in turn frustrating the holistic 

assessment of its efficacy. Therefore, this timely systematic review of studies to date 

aims to synthesise the available scientific literature that applies the FR approach in 

invasion science to elucidate potential shortcomings that can be addressed in future 

work to improve the representativeness and the explanatory and predictive capacities 

of the method. 

 

1.2 METHODS 

1.2.1 Literature search and screening 

We performed a literature search in January 2021 using the Web of Science database 

(WoS). The following combination of search terms was used: TOPIC = (“functional 

response*”) AND (invasive OR invader OR introduced OR alien OR exotic OR non-

native OR nonnative OR non-indigenous). We limited our search to papers published 

up to 2020. After the removal of duplicates, publications were evaluated by their title 

and abstract in the first screening, and through full reading in the second screening 

(Supplementary material, Fig. S1). Papers were excluded if they: 

(i) did not conduct classical FR experiments (i.e. application of FR in mathematical 

models; using only a single resource density; did not estimate the parameters; did not 

model the type of curve; strictly investigated feeding preference); 

(ii) were observational studies (the initial densities and the consumption were not 

controlled, only estimated); 

(iii) did not use NNS in the experiments, either as a consumer or as a resource, or the 

NNS was only indirectly related (effect of their presence in the FR of a native species, 

for example); 

(iv) were in other languages than English; 
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(v) were book chapters or other types of documents that did not present original data. 

Despite the comparative FR approach being the reason that sparked interest in 

applying FR in invasion science, we found a variety of study frameworks beyond 

explicit native versus NNS comparisons. While all of these studies were included 

because they met the above criteria, they are not comparative per se. Thus, the term 

“FR approach” is used here to refer to any study in our review (i.e. that used a NNS as 

a consumer or resource in FR experiments), whereas the “comparative FR approach” 

refers only to those that clearly make a comparison between native and NNS. 

1.2.2 Data extraction and publication trends 

Data were extracted through a full reading of the papers selected in the second 

screening (a list of the data extracted from each study is available in Supplementary 

material, Table S1). To compare the trend of publications using FR in invasion science 

with publications concerning FR in general, a new search in the WoS database was 

performed using only the search term TOPIC = (functional response*), again up to 

2020. The results were then filtered through the WoS website, as follows: 

(i) the Research Area filter was used to refine the search for ecological studies and to 

exclude mathematical modelling studies (corresponding to the first and second steps 

in our original search); 

(ii) the Languages filter was used to select only English papers (corresponding to the 

fourth step in our original search); 

(iii) the Document Types filter was used to exclude reviews and book chapters 

(corresponding to the fifth step of the original search). 

To make this comparison between FR publications in invasion science and in general, 

we calculated the Activity Index (AI) (Caliman et al. 2010, Evangelista et al. 2014): 

 

where CY is the number of papers using FR in invasion science published in a given 

year; CT is the total number of papers using FR in invasion science published in all 

years; TY is the number of papers on FR in general published in a given year; and TT 

is the number of papers on FR in general published for all of the years studied. 
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Considering this, AI = 1 indicates that papers on FR in invasion science were published 

at the same relative rate as those in the overall literature (in our case, publications that 

used FR in studies other than invasion science); AI > 1 indicates that papers on FR in 

invasion science were published at a higher relative rate compared to the overall 

literature; and AI < 1 indicates that papers on FR in invasion science were published 

at a relatively lower frequency compared to the overall literature. Due to the low number 

of papers that used FR in invasion science until the 1990s, we analysed the AI for the 

last 30 years. Journal trends were also analysed as an absolute and weighted number 

of publications per journal (Supplementary material 3). 

1.2.3 Study attributes 

Papers were classified into three categories regarding their main aims: biological 

control, biotic resistance, or impact assessment. Papers about biological control tested 

the efficiency of a native or NNS as a biological control agent of a pest using FR 

experiments. Papers classified as biotic resistance tested the ability of a native 

consumer to consume a non-native resource. On the other hand, impact assessment 

papers used FR to predict or evaluate the effect of NNS as consumers or resources in 

different contexts. The type of interaction, whether predator-prey, host-parasitoid, 

herbivore-plant, filter-feeding, or plant-nutrient was recorded according to the authors’ 

classification. Finally, the habitat where the experiment was performed was classified 

into freshwater, marine/brackish water, or terrestrial according to the methods 

described in each paper and the country where the study was conducted was recorded 

to identify geographic trends of FRs in invasion science. 

A Pearson’s chi-squared test of homogeneity was used to test if the frequency of 

studies was evenly distributed across the different types of interaction and habitats 

investigated. A chi-square test of independence was used to test for independence 

between these attributes and the study category (biological control, biotic resistance, 

or impact assessment). 

1.2.4 Taxonomic trends 

The Latin names of the species used in the FR experiments were recorded. Some 

studies did not identify the consumer/resource to the species level, so we used the 

most specific classification given (whether family or genus). Some studies used more 
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than one species in each case, so the number of species exceeded the number of 

studies. Each species used in the studies, whether as a consumer or as a resource, 

was classified into its corresponding coarse taxonomic group following Pyšek et al. 

(2008). A chi-square test of homogeneity was used to verify if the frequency of studies 

was evenly distributed through the taxonomic groups used, both as consumer and 

resource. 

The origin of the species used as consumer and resource was defined according to 

the authors’ own classification. Species classified as adventive, alien, exotic, 

immigrant, imported, invader, invasive, introduced, naturalised, non-indigenous, non-

native, or novel, were considered here as "non-native” in origin. For species classified 

as pests, we checked their origin in the literature. Species described as endemic, 

indigenous, native, or natural were considered “native” in origin. When the origin of the 

species was not clearly stated in the text, the classification was searched elsewhere 

or considered as “non-identified” when it was not possible to confirm. 

1.2.5 Context-dependencies and FR types 

A single study can perform more than one FR experiment under different contexts. 

Here, we recorded the number of different contexts used, as well as whether they are 

biotic (such as life stage, starvation period, and sex) or abiotic (for example, 

temperature and habitat complexity), and which treatments were tested within each 

context (a list of treatments for each context is available at the Supplementary material, 

Table S2). 

For each FR experiment, the FR type was identified through the text, tables, or figures 

according to the authors’ classification. If the paper did not explicitly classify into one 

of the FR types, it was identified by the equation used to model the curve. For example, 

Rogers’ random predator equation and Holling’s disc equation were considered Type 

II FR, whereas Hassell’s equation was considered Type III. Pearson’s chi-squared tests 

of independence were used to test for independence between the FR curve type and 

the type of interaction, or the habitat studied. All analyses were performed in R v. 4.1.0 

(R Core Team 2021), considering a significance level of alpha = 0.05. 
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1.3 RESULTS 

1.3.1 Literature search and screening 

The search yielded 785 documents and the first screening through title and abstract 

was more conservative, so all potentially relevant papers were selected for the next 

step, totalling 175 papers. The second screening through full-text reading resulted in 

120 papers included in the systematic review (Fig. S1; the list of all references included 

in the systematic review is available in Supplementary material). 

1.3.2 Publication trends 

The first paper published in our survey of FRs in invasion science dates from 1966; 

however, this study investigated a non-native consumer FR without clearly aiming to 

assess impacts or test invasion hypotheses. Likewise, publications were generally rare 

(i.e. one or none per year) and strictly related to biological control until 2003 (Fig. 2A). 

The relative frequency of studies using FR in the context of invasion science only 

surpassed those of FR in general in 2014, corroborating the growth in the AI (Fig. 2B). 

Journal trends are presented in the Supplementary material (Fig. S2). 
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Figure 2. Temporal trends of papers using Functional Response in invasion science (i.e. FR + NNS) 
and Functional Response in general (FR). A number of published papers per year (please note the 
different scale on the right) B the Activity Index (AI) in research output that used Functional Response 
in the context of invasion science relative to all studies about Functional Response in general in the 
same period. 

 

1.3.3 Study attributes 

Most of the studies were classified as impact assessment (62.5%), whereas 28.3% 

were categorised as biological control and 9.2% as biotic resistance. Studies 

investigating predator-prey interactions were by far the most common (76.7%), 

followed by host-parasitoid interactions (12.5%), herbivory (5.8%), and filter-feeding 

(4.2%), while plant-nutrient interactions were the least studied (0.8%). Therefore, the 

distribution of studies according to the type of interaction was not homogeneous (χ2 = 

245.2, df = 4, n = 120, p < 0.001), with predator-prey interactions predominantly 

featuring in impact assessment studies, and all studies of host-parasitoid interactions 

classified as biological control (χ2 = 47.1, df = 8, n = 120, p < 0.001; Fig. 3). There are 
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also significant differences regarding the type of habitat, as almost half of the studies 

featured freshwater environments (50.8%), followed by terrestrial (35.8%) and 

marine/brackish water (13.3%) (χ2 = 25.7, df = 2, n =120, p < 0.001). Most studies in 

the terrestrial environment were those classified as biological control (79%), whereas 

all the freshwater studies were classified as impact assessment or biotic resistance, 

and hence these two variables were not independent (χ2 = 92.8, df = 4, n = 120, p < 

0.001; Fig. 3). Regarding geographic trends, most studies were conducted in the UK 

(n = 35), followed by USA (n = 20), Canada (n = 13), and China (n = 8). Six papers 

were conducted in more than one country and thus were counted more than once. 

Striking gaps in FR reporting from NNS were found across much of Asia, Africa, 

Eastern Europe, and South America (Fig. 4). 

 

Figure 3. The proportion of studies per category. A regarding type of interaction B regarding habitat 
type. The numbers inside the bars indicate the total number of papers. The plant-nutrient interaction 
type was omitted in plot A to facilitate visualisation (only one study in the freshwater environment). 
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Figure 4. World map showing the number of studies conducted per country included in this review. 
Antarctica is omitted from the map but there are no studies conducted in this region. 

 

1.3.4 Taxonomic trends 

In general, insects and crustaceans were the most studied taxonomic groups, both as 

consumers (χ2 = 98.1, df = 7, n = 122, p < 0.001) and as resource (χ2 = 176.5, df = 7, 

n = 134, p < 0.001), followed by fish and molluscs as consumers and resources, 

respectively (Fig. 5). Yet within crustaceans, gammarids (Gammaridae) comprised 

almost half (49%) of the studies using a crustacean as a consumer. Among biological 

control studies in the terrestrial habitat, investigations of host-parasitoid interactions 

were most common and always used insects as study species. Regarding impact 

assessment and biotic resistance studies, most investigations were related to predator-

prey interactions, mainly using crustaceans and fish. 

As some studies used more than one species as a consumer and/or resource, a total 

of 249 species were used in the FR experiments. Some species were used both as a 

consumer and as a resource, resulting in 147 species used as consumers and 112 as 

resources. Regarding consumer species, Gammarus pulex (Amphipoda: 

Gammaridae) (n = 15 studies) was most frequently used, followed by Dikerogammarus 

villosus (Amphipoda: Gammaridae) (n = 8), Gammarus duebeni celticus (Amphipoda: 

Gammaridae) (n = 6), and Hemimysis anomala (Mysida: Mysidae) and Neogobius 

melanostomus (Perciformes: Gobiidae), which were both used in five studies each. All 
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other species were used in fewer than five studies. The species most commonly used 

as a resource was also G. pulex (n = 9), followed by Daphnia magna (Diplostraca: 

Daphniidae) (n = 8), and Asellus aquaticus (Isopoda: Asellidae) and Tuta absoluta 

(Lepidoptera: Gelechiidae), which were both used in five studies each. All other 

species used as a resource were employed in fewer than five studies. In 22 studies, 

the resource was not identified at the species level, with Chironomidae larvae being 

most frequently employed (n = 14). 

Most studies used non-native consumers (39.2%), or compared native and non-native 

consumers (38.3%), whereas 22.5% used a native consumer only. Regarding the 

resources, the greatest number of studies used only non-native resources (40.7%), 

whereas 18.6% of studies used native resources and 17.8% compared native and 

NNS. For some studies, it was not possible to identify the origin of the resource used, 

either in the text or in other sources (22.9%). 

1.3.5 Context-dependencies and FR types 

Most studies (81.7%) considered context-dependency in their experimental design by 

modelling the FR under different biotic and abiotic treatments. From these, the majority 

tested biotic contexts (65.7%), followed by studies testing different abiotic contexts 

(20.2%), while just 14.1% used both biotic and abiotic treatments. Each study used 

from one to four different treatments, and because of that, the 120 papers yielded data 

from 735 FR curves. Among the biotic contexts, the most frequently used were 

consumer or resource origin (i.e. native or non-native), and life stage (Fig. 6). 

Regarding abiotic contexts, the most frequently tested were temperature and habitat 

complexity (Fig. 6).  
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Figure 5. Frequency of studies for each taxonomic group considering the different study categories. A 
regarding the consumer used B regarding the resource used. Studies that used species from different 
taxonomic groups were counted once for each case. 

 

Most of the 735 FR curves recorded were classified by the study as Type II (87.7%). 

Those classified as Type III accounted for 7% of the FR curves, and only 25 (3.4%) 

were classified as Type I. One study classified the curve as Type IV, whereas four 

studies did not clearly define the FR type in the text or figures, nor the type of equation 

used to model the FR. The type of interaction and the FR type are not independent, as 

Type II FRs were more common for all types of interaction except filter-feeding (χ2 = 

243.3, df = 6, n = 717, p < 0.001). Type II was also the most common type of FR 

regardless of the type of habitat studied (χ2 = 33.2, df = 4, n = 717, p < 0.001). 
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Figure 6. Different contexts used in experiments of the studies which derived Functional Responses 
under more than one treatment. A regarding biotic contexts B regarding abiotic contexts. For biotic 
contexts, treatments used in two or fewer studies (alternative resource 2, invasion gradient 2, consumer 
experience 1, consumer source 1, resource exposition 1, and starvation period 1) were included in 
“other”. For abiotic contexts, treatments used in only one study (depth, disturbance, field versus 
laboratory, light regime, period of the day, and site) were included in “other”. 

 

1.4 DISCUSSION 

The Functional Response can be applied broadly to any consumer-resource 

interaction, despite being classically used to understand how predation affects 

population dynamics (Jeschke et al. 2004). In recent years, this concept has gained 

attention due to its application in fields beyond population ecology, biological control, 

fisheries management and in particular, invasion science (Ricciardi et al. 2021). 
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However, the rapidly growing number of invasion science studies that use FR have 

done so in environmentally, geographically and taxonomically restricted applications, 

thus impeding large-scale quantitative comparisons and tests of hypotheses across 

different contexts. There is a conspicuous bias in the geographic distribution of studies, 

reflecting a common trend in invasion science (Pyšek et al. 2008, Bellard and Jeschke 

2016). A limitation of our review is that we only searched for publications in English 

(Angulo et al. 2021); if we had included grey literature or used other repositories, we 

may have further broadened the geographic distribution of the reviewed papers. 

Nevertheless, we found that FR research has been geographically skewed towards 

North America and Europe (especially the United Kingdom), where research capacities 

are comparatively high, as well as towards predator-prey interactions in freshwater 

habitats, with a paucity of terrestrial and marine studies and other trophic and 

taxonomic groups. In turn, most studies have focused on a few species of crustaceans, 

insects, molluscs, and fishes, and considered origin, life stage, temperature, and 

habitat complexity as principal context-dependencies. 

Despite rapid growth in the FR approach in the last decade, the first study investigating 

the FR of a NNS (Mook and Davies 1966) was published only seven years after the 

seminal paper about FR by Holling (1959). The Activity Index (AI) showed that, after 

2014, papers using FR in invasion science were published at a higher relative rate 

compared to the overall literature on FR (i.e. AI >1). This coincides with the publication 

of a series of seminal papers using FR in the context of invasion science between 2008 

and 2014 (e.g. Bollache et al. 2008, Dick et al. 2013a, Alexander et al. 2014), 

culminating in the first paper formally outlining the use of the comparative FR as a 

methodology to predict NNS impacts (Dick et al. 2014). This suggests that the papers 

published in the period and empirical demonstrations of the method (e.g. Alexander et 

al. 2014) had a substantial impact in the field, generating a ‘boom’ of studies applying 

the FR approach in impact assessment of NNS, which was claimed to be a method 

capable of unifying invasion science (Dick et al. 2017a but see Vonesh et al. 2017, 

Griffen 2021). 

Among study types, it was revealed that studies using the FR approach to demonstrate 

the impact of NNS were more common than those with a biological control focus or 

investigating biotic resistance. However, it is important to highlight that our search 

string was focused on invasion science terminology. Despite many pests being NNS, 
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their origin is often disregarded in purely biological control studies, whereas studies 

that investigate NNS ecological impacts generally clearly state the non-native origin of 

the species. Therefore, we do not expect to have captured all studies that used FR in 

the biological control context, largely because of a different terminology (e.g. “pest” or 

“weed” species). There is also a difference in journals that typically publish these study 

types. For instance, we found that Biological Invasions and Biological Control were the 

journals with a higher number of publications of FRs in invasion science; however, the 

former published proportionally more impact assessment studies than the latter. 

We found important biases regarding study attributes, such as the type of interaction 

and habitat investigated. Studies on the FR of predators are numerous, and this was 

somewhat expected given that predators are long recognised as damaging NNS (Salo 

et al. 2007, Paolucci et al. 2013). Also, the general idea of FR was classically applied 

to understand the effects of predators on prey population dynamics (Holling 1959, 

Oaten and Murdoch 1975) and in early work concerning FRs in invasion science 

(Bollache et al. 2008), although FR use was recognised in algal nutrient uptake (e.g. 

Tilman 1977) and herbivory (e.g. Farnsworth et al. 2002, Gioria and Osborne 2014). 

Thus, there is a historical bias towards the investigation of predator-prey interactions. 

This pattern is also found in a global compilation of FR data, where more than 90% of 

the compiled curves were from predators (FoRAGE database; Uiterwaal et al. 2022). 

The second most studied type of interaction was host-parasitoid, albeit always in 

biological control studies. As parasitoids are often specialists, this may explain their 

application to biological control investigations, mainly when trying to control an 

introduced pest that is released from its natural enemies in the invaded system (Hassell 

and Waage 1984). Despite this, it is important to highlight that FRs can be applied to 

other forms of resource exploitation (including resources other than food), such as 

plant nutrient uptake, habitat conversion, shelter use, pollination of flowering plants, 

and so on (Dick et al. 2017a, Dickey et al. 2020). An example of its potential for diverse 

application is the employment of FRs to quantify the exploitation of invasive 

macrophyte as case-building material by larval caddisflies (Crane et al. 2021). 

Another striking bias is the number of studies performed in the freshwater environment, 

given that the vast majority of NNS are in terrestrial ecosystems (Cuthbert et al. 2021), 

and most studies in invasion science focus on the terrestrial realm (Pyšek et al. 2008, 

Jeschke and Heger 2018). A priori, one might thus assume that there would be more 
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FR studies of NNS in this realm. One potential driver for this prevalence of freshwater 

research could be the practicalities of measuring FRs in aquaria, for which methods 

have been well developed, in addition to the interests of active research groups in the 

field that use FR. However, experiments can also be easily performed in other 

environments, as evidenced by similar proportions of FR curves derived for marine, 

terrestrial and freshwater environments in the FoRAGE database (Uiterwaal et al. 

2022), with greater research effort therefore needed to measure FRs of NNS in 

terrestrial and marine realms. When studying marine organisms, researchers can use 

artificial seawater in experimental setups similar to those applied in freshwater studies 

(e.g. Alexander et al. 2015, DeRoy et al. 2020). On the other hand, cages placed in the 

field can aid in investigating FRs of terrestrial organisms outside of the laboratory. For 

instance, Norbury and van Overmeire (2019) measured the predation rate of the 

invasive European hedgehog on native invertebrate prey, placing small cages in 

pastures of native and non-native vegetation. 

The bias in habitat types is also reflected in the taxonomic groups and species used in 

the experiments. Crustaceans and insects are significantly more employed, not only 

as resources but also as consumers, a trend also observed in the FoRAGE database 

(Uiterwaal et al. 2022). Although it is not surprising regarding biological control studies, 

given that many pests are insects (as well as their respective predators and 

parasitoids; or weeds with insect agents), it is unexpected in the case of impact 

assessment and biotic resistance investigations. This may be explained by 

invertebrates being small-sized and easier to maintain in artificial environments such 

as laboratories. Additionally, many countries are faced with restrictions on the use of 

vertebrates in experimental studies, which may bias investigations towards 

invertebrate interactions. An alternative is to derive FRs using field data for vertebrate 

taxa (Goss-Custard et al. 2006, Smout et al. 2013) or through the use of quantitative 

PCR of gut contents. However, even when it is possible to use vertebrates in 

experiments, a common challenge is the number of organisms needed to perform 

sufficient replications under an adequate gradient of initial resource densities. 

Recently, novel approaches have been applied to quantify FR using fewer individuals, 

such as via measuring time between captures and gut content analysis (Mofu et al. 

2019, Coblentz and DeLong 2021) which could allow FR studies to involve more 

practically challenging taxa (e.g. limited numbers, large-sized, ethically restricted). 
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The species most commonly used as both a consumer and a resource was Gammarus 

pulex, being already studied in a wide variety of contexts such as infection (Haddaway 

et al. 2012, Bunke et al. 2019), temperature (Laverty et al. 2017), habitat complexity 

(Barrios-O’Neill et al. 2015), and substrate (Dodd et al. 2014, Cuthbert et al. 2019b). 

Moreover, we noticed a similar trend for freshwater crustaceans in general 

(gammarids, mysids, decapods), which may reflect their prevalence as invasive 

freshwater species (Gherardi 2007, Strayer 2010), as well as the value of these taxa 

as model organisms for predator-prey interactions. Several known impactful species, 

for example the walking catfish (Clarias batrachus) and the red imported fire ant 

(Solenopsis invicta), and rapidly spreading NNS such as the striped eel catfish 

(Plotosus lineatus), however, are still entirely understudied regarding their FRs. In 

particular, we found only one study measuring FRs of invasive plants, but this may 

relate to differences in terminology in terms of resource acquisition in plants (e.g. 

“uptake curves”, Rossiter-Rachor et al. 2009; "resource use efficiency", Funk and 

Vitousek 2007; "nutrient responses", King and Wilson 2006). 

Despite the comparison of the FR of non-native and native analogue consumers being 

proposed as a practical tool to predict and quantify the impacts of NNS, just half (53%) 

of the impact assessment studies have performed such a comparison. We highlight 

that the comparative FR approach is a phenomenological rather than a mechanistic 

method to understand impacts of NNS and should be interpreted relative to native 

trophic analogue consumers. When native analogues are absent, it can still be used 

within species as a response to different relevant contexts. For example, four studies 

compared the FR of the same species from different populations of its native and 

introduced ranges (Dick et al. 2013a, Howard et al. 2018, Boets et al. 2019, Grimm et 

al. 2020). Intraspecific inter-population comparisons in disparate geographical regions 

and eco-evolutionary contexts may help to shed light on the adaptive mechanisms of 

NNS that make them impactful in their introduced region. Moreover, impact 

assessments based on estimates from single populations or a single site could be 

misleading due to context-dependencies (Howard et al. 2018, Boets et al. 2019, Grimm 

et al. 2020), and further studies comparing multiple populations must be performed to 

understand sources of variation in per capita effects of the same species in different 

regions. 
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Indeed, the possibility of incorporating different context-dependencies in FR 

experiments is taken as one of the main advantages of this methodology in NNS impact 

prediction (Dick et al. 2014, 2017a). Several different biotic and abiotic variables can 

influence the FR (Holling 1959), and accordingly many studies use different treatments 

to simulate more realistic conditions when deriving FR curves for a species. The biotic 

contexts most investigated were the origin (native or non-native) of the consumer or 

resource species, which was expected given the studies targeted by this review. 

Following origin, the second most studied biotic context was the life stage. It is well 

known that the diet of a given species can change along with its ontogenetic 

development (Werner and Gilliam 1984) and reproductive cycle (Dalal et al. 2021), 

influencing the identity and quantity of the resources used. Additionally, the life stage 

is directly related to size, influencing the FR parameter of handling time and thus the 

maximum consumption rate (Vucic-Pestic et al. 2010, Barrios-O’Neill et al. 2016). 

Ecological interactions such as cannibalism, intra-guild predation, competition, and 

higher-order predator presence (Paterson et al. 2015, Bunke et al. 2019, DeRoy et al. 

2020, Otturi et al. 2020) were among the most highly investigated biotic contexts. 

These contexts are critical for upscaling interactions to the ecosystem level where, for 

example, the presence of conspecifics or other species can lead to facilitation or 

interference (Griffen 2006, Médoc and Spataro 2015, Médoc et al. 2015), in turn 

directly influencing consumption rates. This is a feature that should be more often 

incorporated in future FR studies in the context of invasion science to provide realistic 

assessments (Griffen 2021). 

In addition to biotic variables, the most tested abiotic contexts across studies were 

temperature and habitat complexity. Temperature has well-known effects on 

metabolism of ectothermic organisms (DeLong et al. 2018), directly influencing 

consumption rates across species. The general relationships between temperature 

and the FR parameters attack rate and handling time have become well established 

(Englund et al. 2011, Uiterwaal and DeLong 2020). They suggest that under future 

climate warming (IPCC 2021) the negative trophic effects of NNS will be exacerbated 

(Sorte et al. 2013). Many studies thus tested projected temperatures to better 

understand the impacts of non-native consumers in this scenario (Pellan et al. 2016, 

Gebauer et al. 2018, Kemp and Aldridge 2018). 
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Habitat complexity is also an important abiotic context, given its capability of changing 

the FR curve type. Complex environments create barriers between the consumer and 

the resource, particularly at low densities, which favours the observation of a Type III 

FR; whereas in simpler habitats it is common to observe Type II FRs (Alexander et al. 

2012, 2015, Barrios-O’Neill et al. 2015). Furthermore, the simplified habitat of aquaria 

and cages used in experiments and their limited space intensifies consumer-resource 

encounters, likely resulting in higher consumption rates than those expected to be 

observed in natural conditions (Bergström and Englund 2004, Uiterwaal et al. 2019, 

Griffen 2021). However, rather than trying to derive “true” FRs of species, it is the 

comparison among species (i.e. relative FRs) that are of interest in this context. Indeed, 

relative FR values correspond with actual impact in the field; for example, NNS/native 

species FR disparities explained differential impacts of invasive mysids (Dick et al. 

2013b). 

From our set of 120 papers, we obtained data from 735 FR curves, with Type II the 

most commonly reported form, and this is considered the simplest curve to model 

(Jeschke et al. 2002, 2004). However, it is important to keep in mind that this curve 

type can again be a result of the simplified arena and limited space used to perform 

trials, or the absence of alternative resources and thus lack of switching opportunities 

(Kalinkat et al. 2023). However, we found that studies employing more complex 

habitats in the experiments do not frequently observe the expected change from Type 

II to Type III curves. These studies found that the FR magnitude (i.e. the maximum 

feeding rate) was higher in low complexity environments (Alexander et al. 2015, 

Norbury and van Overmeire 2019) or that the estimated parameters differed (South et 

al. 2017). Although Barrios-O’Neill et al. (2015) found subtle changes towards Type III 

in more complex environments when using a flexible FR model, the same data were 

also adequately categorised as Type II. This underlines the potential importance of 

other contexts that modulate FR form, such as prey preferences and switching in 

environments with diverse prey assemblages (Murdoch 1969, Kalinkat et al. 2023). 

Typically, FR studies provide only one resource, therefore accentuating impacts and 

neglecting to consider more complex communities that could influence resource 

refugia. 

The pattern of Type I FR being typical for filter feeders (Jeschke et al. 2004) is often 

cited in the literature. Surprisingly, we found the most common curve type for filter 



43 
 

 

feeders to be Type III, however this was heavily influenced by a single study which 

derived 16 FR curves under various treatments, from which 13 were classified as 

sigmoidal (Marescaux et al. 2016). When this study was excluded, Type I was indeed 

shown to be most common (10 FR curves from a total of 11) for filter feeders, however 

not exclusively, with examples encountered for parasitoids (Matadha et al. 2005, 

Savino et al. 2012, Wang et al. 2020) and predators (Kushner and Hovel 2006, Tilves 

et al. 2013, Benhadi-Marín et al. 2018, Poley et al. 2018). 

Our results highlight some challenges in FR analysis in general. The classification of 

FR types and the correct estimation of parameters is not trivial and depends on data 

quality (i.e. enough number of replications and optimised initial resource densities). 

Indeed, there is still a lot of discussion in the literature around how to achieve a more 

accurate result based on data from laboratory experiments that are often 

heteroscedastic (Uszko et al. 2020, Papanikolaou et al. 2021). Flexible or generalised 

models, where a scaling component q can assume values that range from a strict Type 

II FR (q = 0) gradually to a Type III (q = 1) can be useful to avoid a dichotomy among 

types (e.g. Mistri 2004, Kushner and Hovel 2006, Twardochleb et al. 2012, Joyce et al. 

2020). The type of FR can nevertheless provide different information to the parameters 

in terms of theoretical resource stability implications (i.e. Type II FRs can be more 

destabilising to low-density resources than Type III FRs), thereby complementing 

information from FR parameters, which can be incomparable between different FR 

types and models. However, despite being complementary pieces of information, the 

magnitude of the FR curve, and therefore its parameters, can be more informative 

regarding the effect of the consumer on the resource population than the FR type, 

particularly in impact assessment studies (Boets et al. 2019). Indeed, it has been 

shown in previous studies that the maximum feeding rate (1/h) can predict damaging 

invaders, which is the rationale to use it as the per capita effect within the RIP metric 

(e.g. Dick et al. 2017b). 

 

1.5 OUTLOOK AND RECOMMENDATIONS 

This review shows that the use of FR in invasion science is increasing, particularly 

since the first paper conceptualising the comparative approach (Dick et al. 2014). 

Despite the burgeoning number of publications, FR studies are highly variable 
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regarding their approaches, and there are pervasive biases in the geographic regions, 

taxonomic groups, and habitats being studied. Besides addressing the gaps and 

biases identified here, we propose other underexploited avenues for futures studies 

applying the comparative FR approach; some general areas of research as well as 

examples of hypotheses in invasion science that could be tested are presented in Table 

1. 

We have four primary recommendations to advance the use of the comparative FR 

approach in invasion science. First, invasion scientists should keep abreast of 

developments in the analysis of FR to refine their approaches. Despite the FR being a 

classical ecological concept, its application is still developing, with new studies 

proposing best practices, analysis protocols, and how parameters may be accurately 

estimated and interpreted (Rosenbaum and Rall 2018, Uszko et al. 2020, Novak and 

Stouffer 2021, Papanikolaou et al. 2021, Giacomini 2022). For example, research is 

needed to understand how different conversion efficiencies and background mortalities 

may affect the general pattern of FRs; and if so, how to consider this in the method. As 

proposed by Landi et al. (2022), short-term FR experiments can be paired with longer 

consumer growth response experiments, to check if changes in consumer biomass 

across resource densities are significantly different between consumers. 

Second, future studies should embrace the possibility of including context-

dependencies to provide more realism to experimental results. For instance, species 

usually have more than one type of resource available in natural environments and will 

often not be foraging alone, thus facing competition for resources with conspecifics 

and other species. The presence of alternative resources leading to prey switching can 

effectively change the FR curve type (Murdoch 1969), so it is important that we also 

unravel this during experimental trials. Additionally, we can use FR-based metrics to 

assess the impacts of NNS through competition for resources (Dickey et al. 2020). 

Thus, there is an urgent need to include alternative resources, and inter- and 

intraspecific competition in FR experiments to obtain more accurate and realistic 

assessments (e.g. Médoc et al. 2015, DeRoy et al. 2020, Otturi et al. 2020). Likewise, 

the source of the organisms used in the experiments needs attention. Many studies 

use resources (and even consumers) sourced from artificial suppliers such as 

aquaculture and pet retailers (e.g. South et al. 2017, 2019, Cuthbert et al. 2019a), but 

this may bias the results as the species have not coexisted naturally and likely respond 
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differently to those in nature. If we want to understand real ecological impacts, it is 

fundamental to favour organisms sampled from the natural habitat whenever possible, 

with a special focus on ecologically relevant resources. 

Third, we recommend that future studies use FR-based metrics to improve impact 

predictions. Given that FR considers only per capita effects, consideration of numerical 

responses or associated proxies could improve predictive efforts (e.g. by accounting 

for the influence of field abundance or reproductive efforts on impact), such as with the 

RIP metric (Dick et al. 2017b, Dickey et al. 2020). Differential numerical responses 

should be addressed in risk assessment studies, given that FRs from NNS and native 

comparators may often be similar or even greater for natives, but impacts can be 

explained by the higher abundances of non-natives. In turn, the RIP metric originally 

considered only the maximum consumption rate of the species, but a more intricate 

relationship of impact and FR parameters can exist. Given this, a useful metric is the 

Functional Response Ratio (FRR), which reveals impacts through the ratio between 

the FR parameters attack rate and handling time (i.e. FRR = a/h), and can be a reliable 

tool for risk assessment of new NNS (Cuthbert et al. 2019a). 

Table 1. Examples of research topics and hypotheses related to non-native species (NNS) that could 
be explored using the comparative Functional Response (FR) approach. Further relevant hypotheses 
that could be explored can, for example, be found in Enders et al. (2020) and Daly et al. (2023). 

Topic Application Key references 

Trophic 
interactions 

Classical concepts including prey switching, 
omnivory, multiple and non-lethal predator 
effects, interaction strengths, and trophic 
cascades, can be measured and compared 
under different experimental contexts using 
the FR. 

Alexander et al. 
2012, Barrios-O’Neill 
et al. 2015, 2016, 
Iacarella et al. 2018 

Non-trophic 
interactions and 
behaviour 

The effects of key behaviours such as 
aggression, activity, and boldness can be 
quantified by the FR, yielding predictive 
information on NNS success and ecological 
impacts. Competitive interactions (e.g. of 
omnivores) can be revealed using 
combinations of stable isotope metrics to 
quantify shifts in trophic niche space and 
comparative FRs to quantify interaction 
strengths. 

Dominguez Almela 
et al. 2021, McGlade 
et al. 2022 

Ecomorphology 
and ecophysiology 
traits related to 

As the FR can be a phenomenological 
approach, integrating ecomorphological traits 
(e.g. body size, feeding structures), metabolic 

Naranjo and Hagler 
2001, Taylor and 
Dunn 2018, Luger et 
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ecological impacts 
of NNS 

rate measurements, or immunoassay 
analysis can provide mechanistic 
explanations for differences in consumption 
impacts, thus improving predictive capacity. 

al. 2020, Giacomini 
2022 

Spatiotemporal 
variation in the 
impacts of NNS 

Impact prediction based on estimates from 
single populations can be misleading if per 
capita effects vary greatly across space and 
time. Studies comparing variation in FRs 
across conspecific populations have tested 
the importance of environmental context and, 
in some cases, revealed predictable patterns. 
Largescale geographical comparisons, thus 
far rare, could test fundamental questions 
such as whether predation intensity (e.g. 
attack rate) is higher in the tropics. 

Dick et al. 2013b, 
Iacarella et al. 
2015b, a, Howard et 
al. 2018, Grimm et 
al. 2020, Freestone 
et al. 2021 

Differential impact 
of invasive species 
based on 
biogeographic 
origin 

In some situations, native species are 
considered invasives. The FR can be applied 
to compare the differential impact of NNS, 
whether invasive or not, to invasive native 
species. 

Valéry et al. 2008, 
Simberloff et al. 
2012, Cunico and 
Vitule 2014, Xu et al. 
2016 

How consumer 
population 
abundance affects 
trophic impacts 

While the FR considers only per capita 
effects, consideration of numerical responses 
or associated proxies in combined metrics 
improve predictive efforts. Furthermore, the 
FR can be derived under different 
combinations of consumer density. 

Dick et al. 2017b, 
Iacarella et al. 2018, 
Dickey et al. 2020 

Hypothesis Prediction (in italics) and application Key references 

Resource 
Consumption 

Successful NNS are often more efficient at 
exploiting key resources than functionally-
similar native species. Invasive and non-
invasive NNS and trophically analogous 
native species could be compared with 
respect to per capita effects related to feeding 
efficiency and voracity (e.g. attack rate, 
handling time).  

Funk and Vitousek 
2007, Johnson et al. 
2008, Morrison and 
Hay 2011, Dick et al. 
2013b, Ricciardi et 
al. 2013, Gioria and 
Osborne 2014 

Biotic Resistance Diverse communities of native species (and 
previously established NNS) inhibit 
subsequent establishment, population 
growth, and impacts of subsequently 
introduced NNS through antagonistic 
interactions including competition and 
predation. FR experiments can be used to 
measure the magnitude of consumptive 
effects of native consumers on NNS. 

Twardochleb et al. 
2012, MacNeil et al. 
2013 



47 
 

 

Invasional 
Meltdown 

NNS can facilitate one another in various 
ways to increase colonization success, 
abundance, or performance, thereby causing 
an acceleration in the rate of invasion and 
increasing the likelihood of synergistic 
impacts. FR experiments could compare 
interactions between NNS and native 
consumer-resource combinations, besides 
different combinations of NNS to reveal if 
impacts of co-occurring NNS are additive, 
antagonistic, or synergistic. 

Simberloff and Von 
Holle 1999, 
Simberloff 2006a, 
Braga et al. 2020 

Ecological Naïveté NNS will be more impactful if the recipient 
community do not share an eco-evolutionary 
experience with functionally similar species, 
being naïve to the novel species. One can 
use the FR to test the prediction that prey 
exposed to novel generalist predators would 
be more likely to be destabilized by the 
interaction (i.e. FR Type II, with high 
maximum feeding rate), compared to prey 
that have experience with such predators. 
Similarly, comparisons of conspecific 
populations of NNS on islands and mainlands 
could be done to test the related hypothesis 
of increased susceptibility of prey in insular 
habitats. 

Ebenhard 1988, Cox 
and Lima 2006, Saul 
and Jeschke 2015, 
Anton et al. 2020 

Enemy of My 
Enemy 

A NNS co-evolved enemy has a stronger 
negative effect on resident native species, 
thereby reducing biotic resistance. The effect 
of parasites on per capita effects of NNS and 
natives could be used to evaluate competitive 
abilities with and without the presence of 
natural enemies. 

Colautti et al. 2004, 
Dick et al. 2010, 
Toscano et al. 2014 

Enemy Inversion Co-evolved enemies of NNS are less harmful 
for them in the non-native than in the native 
range, due to altered biotic and abiotic 
conditions. This hypothesis could be tested 
for predator-prey and herbivore-plant 
interactions in different biogeographic 
contexts using comparative FR experiments. 

Colautti et al. 2004 

Evolution of 
Increased 
Competitive Ability 

The release or reduction of enemies that 
constrain a NNS population or performance in 
the native range can trigger the evolution of 
increased competitive traits in the introduced 
range. This hypothesis could be tested 
through a comparison of FR per capita effects 
of conspecific populations in invaded and 

Blossey and Nötzold 
1995 
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native ranges. 

Evolutionary 
Imbalance 

Successful and more competitive NNS are 
likely originating from geographic regions of 
high phylogenetic diversity. FRs can compare 
per capita effects, and thus competitive 
abilities, of functionally or phylogenetically 
similar consumers from regions of contrasting 
diversity. 

Fridley and Sax 
2014 

Environmental 
Heterogeneity 

Spatiotemporal heterogeneity creates refugia 
against the impacts of NNS on native 
resources, thereby facilitating coexistence. 
FR experiments can incorporate multiple 
levels and types of habitat complexity to 
compare its effects on trophic impacts of 
NNS. 

Melbourne et al. 
2007, Barrios-O’Neill 
et al. 2014 

Environmental 
Matching 

The impact of a NNS is inversely correlated 
with the distance of the novel habitat 
conditions from the species’ environmental 
optimum. FRs can be used to measure 
variation in per capita effects across 
physicochemical gradients in the lab and in 
the field. 

Kestrup and 
Ricciardi 2009, 
Iacarella and 
Ricciardi 2015, 
Iacarella et al. 2015a 

Invasion Front Individuals at the front of a spreading NNS 
population have higher resource consumption 
rates (leading to higher trophic impacts) than 
those from the well-established core 
population, owing to selection for reduced 
intraspecific competition at the core. The 
comparative FR approach could be applied to 
test intraspecific differences in per capita 
effects across an expanding population to 
account for variation in impact across space 
and time. 

Iacarella et al. 2015b 

Taxonomic 
Distinctiveness 

NNS that belong to taxonomic groups 
(genera, families) that are not present 
historically in the invaded community are 
more likely to cause significant impacts on 
biodiversity, food webs, or ecosystem 
processes, owing to novel use of resources 
(see also Ecological Naïveté hypothesis). The 
comparative FR approach can be used to test 
differences in the impacts of conspecific NNS 
populations in invaded communities that 
contain genera shared with the NSS versus 
those communities in which the NNS belong 

Ricciardi and 
Atkinson 2004 
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to a novel genus.  

 

Our final recommendation is to unite disparate terminology in animal and plant 

research on FRs as well as between fields considering NNS (invasion science and 

biological control), as differences in nomenclature may impede us identifying patterns 

in NNS resource use among different taxa and study systems. This is an issue faced 

not only in ecology but in science in general (Hodges 2008, Jeschke et al. 2019), and 

polysemy may hinder our comprehensive understanding of NNS impacts across 

different types of interaction, simply because we cannot track relevant studies. For 

example, we found two papers that used the term “functional response” for assessing 

growth performance of plants (Radford et al. 2007, Radford 2013), so they did not meet 

the criteria to be included in our review. However, we may have conversely missed 

important studies with plants that used different terminology (e.g. uptake curves and 

nutrient responses). 

There is still a long path to establish the comparative FR approach as a potential 

universal NNS impact assessment tool, but here we have aimed to advance this goal 

by revealing knowledge gaps and identifying potential fertile ground for research. We 

advocate that FR-based metrics can be included in official risk assessment protocols 

adopted by the IUCN, such as the Environmental Impact Classification for Alien Taxa 

(EICAT). Although useful to categorise species regarding its impacts, EICAT depends 

solely on invasion history which is not available for all NNS. The incorporation of FR in 

this analysis would potentially allow proactive rather than reactive management, while 

supporting white and blacklists of NNS (Simberloff 2006b). 

As NNS can cause impact at any moment after introduction before going through the 

various invasion stages (e.g. Blackburn et al. 2011, Ricciardi et al. 2013), the FR 

approach can help target which species are more likely to cause harm before they 

become too entrenched to manage. In this sense, we conclude that the FR approach 

can also be valuable to disentangle the impacts of NNS from those of native species 

that eventually behave like invasives (i.e. increase their range and abundance), 

ultimately unravelling the role of biogeographic origin on consumptive and non-

consumptive effects (Richardson and Ricciardi 2013, Simberloff and Vitule 2014). 
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Abstract 

Non-native species contribute greatly to global biodiversity loss. Impactful non-native 
species have in the past been linked to greater resource use efficiency relative to 
analogous native species (Resource Consumption hypothesis), but evidence remains 
equivocal. Here, we tested this prediction quantitatively in a global meta-analysis of 
comparative functional response studies. Data were extracted from studies published 
until 2023. We calculated the log response ratio of paired non-native and native 
consumers’ functional responses, using attack rate and maximum feeding rate 
parameters as response variables. Explanatory variables were consumer taxonomic 
group and primary diet, non-native consumer invasiveness, habitat, native assemblage 
latitude, and non-native consumer taxonomic distinctiveness. Overall, non-native 
consumers had higher maximum feeding rates than their native counterparts; attack 
rates tended to be higher but were not significantly so. The magnitude of effect sizes 
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varied primarily with consumer taxonomic group and primary diet. Differential non-
native species impacts were greatest in freshwater habitats, suggesting insularity can 
exacerbate effects. In general, non-native consumers have higher feeding rates than 
trophically analogous native species, thus our results support the hypothesis that non-
native species are more efficient in consuming resources, which can partly explain their 
negative impacts on biodiversity and food webs. 

Keywords: ecological impact, effect size, feeding response, impact prediction, 
invasion hypothesis, invasion science, invasive alien species, meta-analysis, predation 
rate, risk assessment 

 

2.1 INTRODUCTION 

In our globalized world, the rates of introduction of non-native species into new 

environments can reach rates of hundreds of new species per year and there is no 

indication that this number will decelerate soon (IPBES, 2023; Seebens et al., 2021). 

This is worrisome once invasive non-native species are among the main drivers of 

biodiversity loss worldwide (Bellard et al., 2016; Blackburn et al., 2019; Jaureguiberry 

et al., 2022). Some of the main mechanisms through which non-native species cause 

negative impacts are competition for resources or direct consumption via predation 

and herbivory (Lockwood et al., 2007). Several examples of non-native species' 

potential to extirpate natives are known, such as the Nile perch introduced in Lake 

Victoria that led dozens of native cichlids to extinction and caused the decline of other 

carnivore species (Goudswaard et al., 2002; Kruuk & Goudswaard) as well as the case 

of the peacock bass (Cichla sp.) in South America, where significant negative effects 

on native prey due to predation and on native piscivores due to competition were 

observed after its introduction (Franco et al., 2021; Pelicice et al., 2015; Pelicice & 

Agostinho, 2009). 

It has been shown that many impactful non-native species are highly efficient in 

consuming available resources (Funk & Vitousek, 2007; Morrison & Hay, 2011). 

Potential underlying reasons include a release of the non-native species from parasites 

and predators (Enemy Release) (Keane & Crawley, 2002) or a lack of evolutionary 

history of the native prey with the novel consumer (Prey Naïveté) (Buckley & Catford, 

2016; Ricciardi et al., 2013). Whatever the reason, the likely result is that many non-

native species that successfully establish and invade new environments can consume 

resources in greater rates. This leads to the selection of efficient consumers, a tangible 
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trait that might be related to observed negative impacts of non-native species in the 

field (Dick et al., 2013). 

Per capita rates of consumption, such as those expressed by functional responses 

(see Box 1), have been claimed to be useful when quantifying and predicting non-

native species impacts (Dick et al., 2014; Faria et al., 2023). If efficient resource 

consumption is a general trait among invaders, it is expected that their functional 

responses would be higher when compared to those of native analogues (Dick et al., 

2017). Functional responses quantify per capita effects across a gradient of resource 

densities. The functional response can therefore infer density-dependence of invader 

effects. At low resource densities, if non-native species are more efficient in consuming 

resources when they are scarce then they are more likely to extirpate populations. If 

resources are abundant and the non-native species displays higher consumption rates, 

this could in the long-term drive increased population abundance, fitness, and spread. 

Thus, the comparative functional response (CFR) approach has been increasingly 

used in invasion science to predict and quantify non-native species negative impact 

(Faria et al., 2023). Per capita effects quantified through laboratory experiments can 

be a proxy of field impacts, and could support rapid assessment and prioritisation of 

high impact species for management (Faria et al., 2023; Ricciardi et al., 2021).  

Despite the rapid accumulation of evidence across study systems using CFR (Faria et 

al., 2023), the hypothesis that non-native consumers generally have higher functional 

responses than trophically analogous native species has not yet been quantitatively 

tested.  A previous study, analysing data from fish, found that non-native status did not 

strongly influence FR parameters (Buba et al., 2022); however, data used in this study 

was not from comparative studies such as the approach proposed in Dick et al. (2014). 

Here, we perform the first meta-analysis of previously published CFR studies to test 

the Resource Consumption hypothesis (Dick et al., 2014; Faria et al., 2023; Ricciardi 

et al., 2013). Additionally, we test the following specific predictions: (i) differences in 

feeding rates are greater in freshwater than marine and terrestrial habitats, reflecting 

prey naïveté stemming from differences in insularity of their respective biota; (ii) 

differences in feeding rates will be lower in more diverse assemblages (i.e. from 

tropical and sub-tropical latitudes) than in less diverse assemblages (temperate 

latitudes) because greater predation pressure reduces the evolutionary mismatch 

created by a novel consumer; and (iii) non-native consumers that represent novel 
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(unshared) genera in the region containing the native analogues to which they are 

compared will have higher impact than non-native consumers that belong to genera 

shared with the native biota (Taxonomic Distinctiveness hypothesis) (Ricciardi & 

Atkinson, 2004). 

Box 1: Functional response in ecology. 

The consumption rate of a consumer (e.g. a predator) as a function of the availability 

of a resource (e.g. prey) is known as the functional response (Holling, 1959b; Solomon, 

1949). Generally, it describes how much an individual consumer can eat during a 

specified amount of time. This relationship can be broadly described by at least three 

different functional response types (Figure 1). If there is a linear increase in the 

consumption rate as the availability of resources increases up to an abrupt limit, this 

relationship is characterised by a Type I functional response (Holling, 1959b). 

However, many consumers will be limited by the time they spend pursuing one 

resource item, decelerating the rate of consumption as resources becomes more 

abundant. This results in a hyperbolic relationship between resource availability and 

consumer feeding rate that characterises a Type II functional response (Holling, 

1959b). The third possibility is that, at low densities, resources are less likely to be 

found by the consumer or that the consumer will prefer a more abundant prey. In these 

cases, a Type III functional response can manifest, characterised by a sigmoidal curve 

(Holling, 1959b). Less common forms include a dome-shaped Type IV curve, with a 

reduction in consumption rate at very high densities of resource (DeLong, 2021). This 

happens when there are swarming effects at play, such as consumer confusion or 

accumulation of toxic substances produced by dangerous prey (Jeschke et al., 2004).  

Usually, functional responses are derived through laboratory experiments, consisting 

of offering a gradient of resources to a consumer for a prespecified experimental 

duration, and then checking how much has been consumed in the available time 

(DeLong, 2021). Consumption data are modelled using the relevant equation 

according to the functional response type (i.e. Type I, II, or III, alongside flexible models 

across types). The most important parameters in functional response models are (cf. 

Jeschke et al., 2002): the attack rate and the handling time (Holling, 1959a). Attack 

rate (a; also called the attack constant, capture rate, maximum clearance rate, 

instantaneous rate of discovery and related terms) describes the space or volume 

containing resources that is effectively cleared by the consumer per unit of time 
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(DeLong, 2021; Holling, 1959a). This parameter describes the slope of the functional 

response curve, being directly related to consumption of resources when they are in 

low abundance (DeLong, 2021). The greater the attack rate, the greater will be the 

impact of a consumer on resources in low densities. Handling time (h) is the time 

needed for capturing, consuming, and digesting one resource item, and limits the 

amount of resource consumed when resources are highly abundant (DeLong, 2021; 

Holling, 1959a). The shorter the handling time, the greater the number of resource 

items consumed (note that the handling time is negligible in Type I functional 

responses and typically dissolves to zero). Because of that, the inverse of handling 

time (1/h) determines the maximum consumption of a consumer when resources are 

not limiting, a parameter called maximum feeding rate (MFR; sometimes maximum 

consumption rate, maximum predation rate, maximum attack rate, and related terms) 

that corresponds to the asymptote of the Type II and Type III functional response 

curves (DeLong, 2021). Furthermore, the attack rate and handling time have been 

assimilated into the ‘Functional Response Ratio’, through a/h (Cuthbert et al., 2019).  

Determining the type and magnitude of functional responses is relevant, as it directly 

influences population dynamics (DeLong, 2021; Kalinkat et al., 2023). A Type II 

functional response may be destabilising as resources are consumed at high rates 

even when they are at low abundances, possibly leading to extinction (Hassell, 1978). 

On the other hand, a Type III functional response is more stabilising, as consumption 

rates are low when resources are scarce, giving the resource population a refugia to 

increase its abundance in the long term (Holling, 1959b; Murdoch & Oaten, 1975). It is 

important to note, however, that the functional response is not a fixed trait of a species 

or population; it can change from Type II to Type III when habitat complexity increases, 

for example (DeLong, 2021; Kalinkat et al., 2023). Yet, functional response parameters 

may change with several biotic and abiotic variables such as temperature, body size 

ratio, and parasite infection (DeLong, 2021). 
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Figure 1. General functional response types (linear I – orange, hyperbolic II – green, and sigmoidal III 

– violet). The attack rate parameter (a) determines the slope of the curve in Type II functional responses, 

whereas the inverse of handling time (1/h, dashed line) coincides with the asymptote in Type II and Type 

III functional responses. 

 

2.2 METHODS 

2.2.1 Selection of studies and observations 

We looked for a subset of CFR studies that compared the functional responses of 

native and non-native consumers feeding on the same resource. This subset was 

taken from a previously published systematic review about functional response in 

invasion science (Faria et al., 2023). Additionally, we updated the literature search in 

May 2023 following the same methodology employed by Faria et al. (2023) to increase 

the dataset. We assessed if non-native species have higher per capita effects on 

resources than their native counterparts, using proxies of feeding efficiency and 

voracity from functional response models. Therefore, we sought studies that provided 

the functional response parameters attack rate (a), handling time (h), and/or maximum 

feeding rate (MFR) comparably between native and non-native consumers (i.e. 

modelled using the same equation). Studies that failed to provide a detailed description 

of experiments (e.g. number of replicates for each resource density) were excluded. 

We only included studies where the response was consumption via feeding; thus, 
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studies using parasitoids (response recorded as attacks or oviposition) were not 

included in our analyses. 

We considered each pair of native and non-native consumer species preying on the 

same resource within studies as a separate observation. As previously reviewed by 

Faria et al. (2023), many studies perform more than one functional response 

experiment for the same pair of consumers under different biotic and abiotic 

treatments. In these cases, we chose to keep data from the most realistic treatment 

(when it was explicit from the text) or from the treatment that was comparable between 

studies. For example, Dickey et al. (2021) tested two salinities (10 and 16 ppt) and 

analysed data from consumption and consumption plus wounded prey. In this case, 

we decided to keep only observations from the ambient salinity (16 ppt) and excluded 

those that correspond to a future scenario of sea freshening (10 ppt, less 

representative currently). Likewise, we kept data from observations of consumption-

only analysis, as these are comparable among studies. If the treatments within studies 

were deemed equally realistic (e.g. different temperatures that correspond to current 

natural seasonal ranges), we averaged all parameter estimates of each consumer into 

a single composite sample (when provided, standard errors were propagated from 

individual estimates), to avoid pseudoreplication. Nonetheless, our final dataset still 

has more than one observation per study (e.g. the same pair of consumers feeding on 

a different resource, or different non-native consumers compared to the same native 

analogue). This non-independence within studies is accounted for statistically (see 

later). The screening of observations was performed by one author (LF) and 

subsequently checked by two other authors (RNC and JWED) to ensure agreement. 

2.2.2 Data extraction 

When available, we extracted data of a, h, and MFR parameters estimated from 

functional response models and their corresponding standard errors (SEs) for each 

consumer from text or tables within research articles. For parameter data presented 

as figures, we used WebPlot Digitizer (https://automeris.io/WebPlotDigitizer) to extract 

mean values and standard errors. Input data used to model functional response 

parameters (i.e. the sum of replicates of all initial densities used in the experiment) 

were recorded as the sample size, except when SE from estimates were obtained 

through bootstrapping (in these cases, we considered the number of bootstraps as the 
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sample size). Sample size and SE (when available) were used to calculate standard 

deviations (SDs) for each consumer. 

We used the h parameter estimate to calculate the MFR for each consumer species 

as 1/h, to standardize it as ‘units of resource consumed per consumer, per experiment’. 

Corresponding MFR SE was propagated from the SE of h. When h was not provided, 

we extracted the MFR as calculated by the study. All data were extracted by the same 

author (LF). 

Information on consumers' taxonomic group, consumers' primary diet, non-native 

consumer invasiveness, habitat, native consumer sampling site, resource origin and 

source were also recorded as provided by authors or searched in the relevant literature 

(see Table 1 for definitions). From the native consumer sampling site, we obtained 

coordinates to categorise the latitude of native assemblages as tropical/sub-tropical 

(0º to 35º N & S) or temperate (> 35º N & S). We also used the native consumer 

sampling site to check if the native community shared any species from the same 

genus as the non-native consumer considering the finer spatial scale possible, thereby 

inferring taxonomic distinctiveness. Taxonomic distinctiveness between non-native 

species and the native recipient community was only tested for those observations 

where the resource was a native species sourced in the wild. 

Table 1. Variables extracted from studies for each observation included in the meta-analysis. 

Variable Definition 
Consumers' 

taxonomic group 

Taxonomic group of the consumer defined as per Pyšek et 

al. (2008). 

Consumers' primary 

diet 

Primary diet of the consumer defined as carnivore, 

herbivore or omnivore, according to the study or relevant 

literature. 

Non-native consumer 

invasiveness 

Classification of the non-native consumer as invasive or not, 

according to the study or relevant literature. Invasiveness is 

considered here as the capacity of a non-native species to 

spread in the study area or elsewhere (Blackburn et al., 

2011), and does not denote impact directly. 
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Variable Definition 
Habitat Type of habitat where consumer and resource interact, 

being freshwater, marine (including brackish) or terrestrial, 

according to the study. 

Native consumer 

sampling site 

Where native consumer specimens were collected to be 

used in the experiments, according to the study methods. 

Resource origin Origin of the resource species (native or non-native) 

according to the study or relevant literature. In some cases, 

resources were not specified as species and therefore origin 

was not identified.  
 

Resource source From where resource specimens used in the experiments 

were sourced (wild or cultivated). In some studies, it was not 

specified. 

 

2.2.3 Meta-analysis 

Considering that functional response parameters are usually estimated from the same 

model (and thus likely correlated), we performed a meta-analysis for each response 

variable, a and MFR, separately. As many studies did not provide SEs to allow us to 

calculate SDs (72% of missingness in the a dataset, and 61% of missingness in the 

MFR dataset), we employed the “Missing Cases” method, as proposed by Nakagawa, 

Noble, et al. (2023), where sampling variances of observations with missing SDs are 

estimated by imputing the pooled coefficient of variation (CV) from the subset of studies 

that report SDs. We decided to handle missing data as such because alternatively we 

would need to rely on an unweighted meta-analysis, given that the low number of 

complete case observations would significantly decrease the sample size (k) of our 

analysis. 

For complete observations (i.e. with SD data), we calculated the effect size and 

sampling variance based on the log response ratio (lnRR), as originally proposed by 

Hedges et al. (1999), with the bias correction recommended by Lajeunesse (2015): 
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where mNN is the mean functional response parameter (a or MFR) of the non-native 

consumer, mN is the corresponding mean parameter estimated for the native 

comparator, CV (SD/m) is the coefficient of variation for each consumer and n is the 

sample size. For observations with missing SDs, we calculated the effect size (lnRR) 

and the sampling variance using the equations proposed by Nakagawa, Noble, et al. 

(2023): 

where CVNNi and CVNi are the CVs from the ith study (study; i = 1, 2, …, K; assuming 

the number of effect sizes = the number of studies = K). If functional response 

parameters of non-native consumers are greater than those of native consumers, the 

lnRR will be positive. Overall, a mean ratio that is significantly greater than zero (i.e. 

confidence intervals do not cross zero) would corroborate the hypothesis that non-

native consumers have higher feeding rates than trophically analogous native species.  

Given the dependence of our dataset (more than one observation per study and 

multiple non-native consumers compared to the same native analogue – “shared 

control”), we applied a multilevel meta-analysis model with study as a random effect 

(Mengersen et al., 2013; Nakagawa, Yang, et al., 2023; Noble et al., 2017). To account 

for shared-sampling variance between effect sizes due to a common native comparator 

species, we used Robust Variance Estimators (RVE) (Nakagawa, Yang, et al., 2023; 

Pustejovsky & Tipton, 2022). First, a null multilevel model was fitted using restricted 

maximum likelihood for each dataset without explanatory variables (moderators) to 

assess if the overall effect size differed significantly from zero. We then quantified the 

amount of heterogeneity (I2 total) of the null model using the function i2_ml 

implemented in the ‘orchaRd’ package (Nakagawa, Lagisz, et al., 2023). Given the 

resulting high levels of I2 total (>98% for both datasets) (Higgins & Thompson, 2002), 
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we employed meta-regression models to explain heterogeneity and test our 

predictions. 

We fitted univariate meta-regression models with consumer taxonomic group, 

consumer primary diet, and non-native consumer invasiveness (Table 1) as 

explanatory variables in exploratory analyses to assess their influence on the variability 

of calculated effect sizes, and with habitat, latitude, and taxonomic distinctiveness to 

test our predictions. We ran separate models including a single moderator each time 

due to insufficient sample sizes to assess interaction terms. We fitted our model to 

account for heterogeneous variances between groups, assuming heteroscedasticity to 

reduce Type 1 error rates (Rubio-Aparicio et al., 2020).  

All meta-analytic and meta-regression models were fitted using the rma.mv function in 

the ‘metafor’ package v.4.4 0 (Viechtbauer, 2010), setting test = “t” to obtain statistics 

and CIs based on a t-distribution. Moreover, meta-regressions were fitted setting struct 

= “HCS” to assume a heteroscedastic compound symmetry (heterogeneous 

variances). Visualisation of results was made through forest-like plots using the 

orchard_plot function in the ‘orchaRd’ package (Nakagawa, Lagisz, et al., 2023). All 

analyses and plots were performed in the R environment v. 4.3.1 (R Core Team, 2023). 

2.2.4 Sensitivity analysis and publication bias 

We checked the assumption of normality of our lnRR estimates using Geary’s test 

improved by Lajeunesse (2015) and performed a sensitivity analysis excluding effect 

sizes that failed the test (i.e. ≥ 3) as suggested by the author (Lajeunesse, 2015). We 

decided to employ the “Missing Cases” method given the large amount of missing data 

in our dataset (more than the 55% previously assessed by Nakagawa, Noble, et al. 

(2023)). However, it has been suggested that the “All Cases” method may perform 

better under several situations (Nakagawa, Noble, et al., 2023). We therefore repeated 

our analysis using the “All Cases” method as a sensitivity analysis to compare the 

mean estimate and its confidence limits. Finally, because we chose an arbitrary value 

of ρ = 0.6 to calculate our adjusted sampling variance matrix in the RVE analysis, we 

re-ran our model with ρ = 0.1 and 0.9 to check the robustness of our results, as 

suggested by Tanner-Smith & Tipton (2014). 
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To check for publication bias, we used the approach proposed by Nakagawa et al. 

(2022), consisting of an extension of regression-based methods (i.e. Egger's 

regression test) that is suitable for lnRR effect sizes and non-independent data. For 

that, we ran a multilevel meta-regression model using the square root of the inverse of 

the effective sample size as the moderator. If the intercept of the model was not 

statistically different from 0, we considered it as a potential adjusted estimate to check 

the robustness of our results (Nakagawa et al., 2022; Noble et al., 2017).  

 

2.3 RESULTS 

A total of 62 studies were retrieved from our search and screened for eligibility. From 

these, 52 studies were included in the meta-analysis resulting in a total of 125 

observations as pairs of non-native versus native consumers (Figure 2) that had either 

data on a, MFR or both response variables. A list of the data sources is found in the 

Appendix. Each study yielded an average of 2.4 ± 2.3 (mean ± SD) effect sizes, with a 

range of 1–12. Many observations involved non-unique comparisons from studies that 

compared more than one non-native consumer to the same native species (56% of 

effect sizes). 

Most observations come from omnivorous consumers (74%) — mainly crustaceans 

and fishes (89%) — from freshwater habitats (86%) in temperate locations (72%). 

Invasive non-native consumers represented 80% of total observations. Only 44 

observations were suitable to test the Taxonomic Distinctiveness hypothesis, and in 

most cases (82%) the native community did not share a species of the same genus as 

the non-native consumer.  

Overall, we found higher maximum feeding rates for non-native consumers compared 

to native trophic analogues (lnRRMFR = 0.285, 95% CI = 0.1 – 0.47; Figure 3b). Attack 

rates also tended to be higher for non-native consumers, but this difference was not 

significant (lnRRa = 0.209, 95% CI = -0.02 – 0.44, Figure 3a). From total heterogeneity 

(I2), the study random effect explained 41% of heterogeneity in the a dataset, and 30% 

in the MFR dataset. 

 



77 
 

Figure 2. PRISMA flowchart showing the number of studies (K) that used the comparative functional 
response (CFR) approach and observations (k) as pairs of non-native and native consumers feeding on 
the same resource that were retrieved, screened and included in our final dataset. 
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Figure 3. Orchard plots of the overall effect size (lnRR) obtained by our null multilevel meta-analysis 
model for both response variables: (a) attack rate and (b) maximum feeding rate. Positive effect sizes 
indicate that non-native consumers have higher functional response parameters than native consumers. 
The mean estimated effect size (solid filled circle) is considered statistically significant when the thick 
horizontal error bars (95% confidence intervals) do not cross the dashed line of zero. Thin horizontal 
whiskers indicate prediction intervals. k is the number of effect sizes followed by the number of studies 
in parentheses. I2 depicts the total heterogeneity of the model. 

 

Effect sizes of attack rate were not significantly positive regarding consumer taxonomic 

groups (Figure 4a). Regarding consumer primary diet, non-native carnivores presented 

a higher attack rate compared to native analogues (Table 2, Figure 4b); however, effect 

sizes did not differ significantly between different diet types (test of moderators: F(2,45) 

= 1.79, p = 0.17). Non-native consumer invasiveness did not influence the effect size, 

as both invasive and non-invasive were not significantly different from zero (Figure 4c). 

Effect sizes of attack rate in freshwater habitats were significantly positive (Table 2, 

Figure 4d), and despite a negative tendency in terrestrial and marine habitats, effect 

sizes did not significantly differ between habitats (F(2,45) = 1.03, p = 0.36). Effect sizes 

were not significantly different from zero regarding latitude of the native assemblage 

(Table 2, Figures 4e). 

Molluscs, insects and crustaceans had significantly positive effect sizes of MFR (Table 

2, Figure 5a); however, taxonomic groups did not differ significantly (F(4, 47) = 1.74, p = 
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0.16). Carnivores did not have a significantly higher MFR compared to natives, but 

omnivores and herbivores did (Table 2, Figure 5b). Nevertheless, we found no 

significant differences among different diets’ effect sizes (F(2, 49) = 2.35, p = 0.11). 

Invasive non-native consumers also presented higher effect sizes for MFR than their 

native comparators (Table 2, Figure 5c), while effect sizes did not differ significantly 

regarding invasiveness (F(1, 123) = 0.02, p = 0.9). As observed for attack rates, MFR 

was significantly positive only in freshwater habitats (Table 2, Figure 5d), while no 

significant differences in effect sizes were observed among habitats (F(2, 49) = 1.35, p 

= 0.27). Observations from tropical native assemblages were significantly positive 

(Table 2, Figure 5e) and also significantly different from observations of temperate 

regions (F(1, 50) = 5.08, p = 0.03). 

Table 2. Mean estimated effect sizes for both response variables (lnRRa: attack rate and lnRRMFR: 
maximum feeding rate) and their corresponding 95% confidence intervals (CI), obtained for each group 
from univariate meta-regression models considering potential influential moderators. 
 

lnRRa 95% CI lnRRMFR 95% CI 
Consumer taxonomic group 
Arthropod 0.171 [-1.074 – 1.416] 0.216 [-0.592 – 1.024] 

Crustacean 0.105 [-0.143 – 0.354] 0.302 [0.089 – 0.515] 

Fish 0.351 [-0.027 – 0.729] 0.194 [-0.097 – 0.485] 

Insect 0.452 [-0.250 – 1.154] 0.414 [0.068 – 0.760] 

Mollusc 0.587 [-0.735 – 1.909] 1.042 [0.441 – 1.643] 

Consumer primary diet 
Carnivore 0.517 [0.115 – 0.919] 0.177 [-0.238 – 0.591] 

Herbivore 0.590 [-0.728 – 1.908] 1.004 [0.328 – 1.680] 

Omnivore 0.106 [-0.131 – 0.344] 0.289 [0.099 – 0.479] 

Non-native consumer invasiveness 
Invasive 0.214 [-0.016 – 0.444] 0.281 [0.083 – 0.479] 

Non-invasive 0.256 [-0.254 – 0.766] 0.303 [-0.040 – 0.647] 

Habitat 
Freshwater 0.287 [0.032 – 0.541] 0.341 [0.148 – 0.533] 

Marine -0.074 [-0.589 – 0.442] -0.120 [-0.657 – 0.417] 

Terrestrial -0.116 [-1.147 – 0.915] 0.333 [-0.045 – 0.711] 

Latitude of the native assemblage 
Temperate 0.176 [-0.081 – 0.433] 0.191 [-0.025 – 0.406] 

Tropical 0.299 [-0.235 – 0.832] 0.607 [0.305 – 0.909] 
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Figure 4. Orchard plots showing effect size (lnRR) estimates of attack rate from univariate meta-
regressions with potentially influential moderators: (a) consumer taxonomic group, (b) consumer primary 
diet, (c) non-native consumer invasiveness, (d) habitat and (e) latitude of the native assemblage. 
Positive effect sizes indicate that non-native consumers have higher functional response parameters 
than native consumers in that group. Mean effects for each group (solid filled circles) are statistically 
significant when thick horizontal error bars (95% confidence intervals) do not cross the dashed line of 
zero. Thin horizontal whiskers indicate prediction intervals. k is the number of effect sizes followed by 
the number of studies in parentheses. Each shadowed circle represents individual effect sizes, scaled 
accordingly with their precision. 
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Figure 5. Orchard plots showing effect size (lnRR) estimates of maximum feeding rate from univariate 
meta-regressions with potentially influential moderators: (a) consumer taxonomic group, (b) consumer 
primary diet, (c) non-native consumer invasiveness, (d) habitat and (e) latitude of the native assemblage. 
Positive effect sizes indicate that non-native consumers have higher functional response parameters 
than native consumers in that group. Mean effects for each group (solid filled circles) are statistically 
significant when thick horizontal error bars (95% confidence intervals) do not cross the dashed line of 
zero. Thin horizontal whiskers indicate prediction intervals. k is the number of effect sizes followed by 
the number of studies in parentheses. Each shadowed circle represents individual effect sizes, scaled 
accordingly with their precision. 
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We did not find evidence that non-native consumers from a distinct genus of those in 

the native community have higher functional response parameters (Table 3, Figure 6). 

Actually, non-native consumers that share their genus with the native community had 

significantly positive effect sizes for MFR (Table 3, Figure 6b), with results differing in 

strength from consumers that do not share the same genus (F(1, 42) = 4.99, p = 0.03). 

Table 3. Mean estimated effect sizes for both response variables (lnRRa: attack rate and lnRRMFR: 
maximum feeding rate) and their corresponding 95% confidence intervals (CI), considering taxonomic 
distinctiveness of the non-native consumer as a potential influential moderator. 
 

lnRRa 95% CI lnRRMFR 95% CI 
Non-native consumer of a  

distinct genus 0.278 [-0.143 – 0.698] 0.104 [-0.523 – 0.731] 

Non-native consumer of a  

shared genus 0.006 [-0.514 – 0.526] 0.951 [0.082 – 1.82] 

 

Figure 6. Orchard plots showing effect size (lnRR) estimates from univariate meta-regression 
considering taxonomic distinctiveness of the non-native consumer as an influential moderator, for both 
response variables: (a) attack rate and (b) maximum feeding rate. Positive effect sizes indicate that non-
native consumers have higher functional response parameters than native consumers in that group. 
Mean effects for each group (solid filled circles) are statistically significant when thick horizontal error 
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bars (95% confidence intervals) do not cross the dashed line of zero. Thin horizontal whiskers indicate 
prediction intervals. k is the number of effect sizes followed by the number of studies in parentheses. 
Each shadowed circle represents individual effect sizes, scaled accordingly with their precision. 

 

Only two effect sizes (a and MFR from the same observation pair) failed to meet the 

normality assumption calculated by Geary’s test. The sensitivity analysis performed 

without these two effect sizes did not differ significantly from our original null model 

(Table S1; Supporting Information). Applying the "All Cases” method did not 

significantly change the results obtained using the “Missing Cases” method (i.e. similar 

estimates and 95% CI; Table S1). Finally, we obtained the same results using ρ = 0.1 

and 0.9 as those originally obtained considering ρ = 0.6 (Table S1). 

The intercept of our meta-regression testing for publication bias was not significant for 

both response variables (a: mean intercept = -0.591, p = 0.22; MFR: mean intercept = 

0.128, p = 0.75), thus we did not find evidence of a publication bias using this method. 

Additionally, we can consider the mean estimate of this meta-regression as an 

adjusted estimate of our overall effect size (Table S1). Regarding a, the mean estimate 

changed to a higher value of 0.273 with 95% CI not crossing the zero line, and for MFR 

there was a subtle change from 0.285 to 0.295 (Table S1). 

 

2.4 DISCUSSION 

Many hypotheses in invasion science aim to explain the subset of successful non-

native species that cause significant negative impacts in invaded ecosystems (Catford 

et al., 2009; Ricciardi et al., 2013), and it has been noted that non-native consumers 

are often more damaging than native species to resource populations (McKnight et al., 

2016; Paolucci et al., 2013; Salo et al., 2007). Related to that, the Resource 

Consumption hypothesis posits that successful non-native species are able to use 

resources more efficiently than trophically analogous native species (Dick et al., 2014; 

Faria et al., 2023; Ricciardi et al., 2013). Here, we provide the largest quantitative test 

of this hypothesis to date using data from CFR studies. We found that, in general, non-

native consumers have higher maximum feeding rates and a tendency of higher attack 

rates compared to native consumers, corroborating the hypothesis. Nevertheless, the 

consumptive impact of non-native species varies depending on other factors, such as 
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their taxonomic group, primary diet and invasiveness, as well as with the ecosystem 

or habitat where the interaction takes place. 

2.4.1 Feeding rates of non-native consumers are generally higher than trophically 

analogous native species 

Attack rates were significantly higher only for non-native carnivores and in freshwater 

habitats, although tendencies were mostly positive in favour of non-native species. We 

found no differences between taxonomic groups and non-native invasiveness. These 

results reveal that, in general, non-native consumers do not differ in efficiency of 

consuming resources when these are at low densities. This aligns with two related 

hypotheses linked to resource availability: the Increased Resource Availability 

hypothesis, which states that the invasion success of non-native species increases 

with the availability of resources (Sher & Hyatt, 1999) and the Resource-Enemy 

Release hypothesis, which predicts that non-native species released from their natural 

enemies can spend more energy in reproduction, and likewise successfully invade 

when resources are highly available (Blumenthal, 2006). Both hypotheses are rooted 

in the idea of fluctuation of resources favouring non-native species over natives (Davis 

et al., 2000). At low availability of resources, native species could perform equally or 

better than more specialist non-native species, as they are well adapted to the 

conditions; however, when resource availability increases, for example in response to 

a disturbance, non-native species will likely outperform native species (Daehler, 2003). 

Although most of the studies demonstrating these hypotheses were performed with 

plants (Knauf et al., 2021; Liu & van Kleunen, 2017), these postulated mechanisms 

may also apply to animal consumers. 

Conversely, maximum feeding rates were significantly higher overall, specifically for 

invertebrates (except arthropods), omnivores and herbivores, invasive non-native 

consumers, freshwater habitats and non-native consumers that shared the genus with 

the native community. Non-native invertebrates (except arthropods) presented higher 

MFR than native consumers, while this pattern was not observed for vertebrates, in 

line with the results obtained by Paolucci at al. (2013). Among invertebrates, molluscs 

presented the highest differential MFR, but results are mainly representative of two 

species of non-native herbivorous gastropods, the highly invasive Pomacea 

canaliculata (golden apple snail) and the non-invasive Planorbarius corneus (great 
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ramshorn snail) preying on a diversity of macrophyte resources compared to the native 

snail Bellamya aeruginosa (Xu et al., 2016). Likewise, non-native omnivores and 

herbivores presented higher MFR compared to their native counterparts. This result, 

however, should be interpreted in line with the usual experimental setting applied in 

functional response studies. In general, experiments are performed offering the 

consumer a single type of prey in the absence of alternative resources, which may not 

be realistic for omnivores that feed on a wide range of items (Maselou et al., 2014; 

Médoc et al., 2018). Nevertheless, their capacity for consuming significantly more than 

native omnivores when resources are abundant reveal their opportunistic habits, an 

important trait in successful invasive species (Romanuk et al., 2009; Vatland & Budy, 

2007). Herbivores represented by molluscs presented the highest MFR contributing to 

the body of evidence that non-native snails are highly efficient consumers when 

resources are abundant (Liu et al., 2021; Morrison & Hay, 2011).  

We found that invasive non-native species have significantly higher MFR than other 

non-native species, while no differences were observed for attack rates. Although 

previous reviews have not found a strong relationship between a non-native species’ 

invasiveness and its impact on the native biota (Ricciardi & Cohen, 2007), these results 

agree with the indication that invasiveness and availability of resources in the invaded 

site are strongly connected (Hui et al., 2016). When resources are abundant, invasive 

non-native species tend to perform better than non-invasive or native species given 

the greater opportunity niche created by more resources, consistent with the fluctuating 

resource hypothesis (Davis et al., 2000; Hui et al., 2016). For instance, this pattern 

was clear for herbivorous snails in a study demonstrating that non-invasive non-native 

consumers consistently had intermediate functional and numerical responses when 

compared to invasive and native species of snails, suggesting that CFR studies could 

also be applied to predict the invasiveness of non-native species (Xu et al., 2016).  

2.4.2 Differences in consumption rates are greater in freshwater habitats, in the 

tropics and in absence of taxonomic distinctiveness 

We found that the effect size of non-native consumer attack and feeding rates are 

significantly greater than zero only in freshwater habitats and not in marine and 

terrestrial habitats, in accordance with our related prediction. The greater degree of 

isolation in lakes and river systems creates an evolutionary isolation and thus greater 
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naïveté of their populations compared with continental terrestrial and marine habitats 

(Cox & Lima, 2006). An interesting subsequent question surrounds whether this effect 

lessens with time since invasion as communities adapt and novelty lessens. Our 

results also align with the greater proportion of high-impact invasive species found in 

freshwater compared to marine habitats (Ricciardi & Kipp, 2008). Unfortunately, there 

are no studies from terrestrial islands to check the effect of insularity in this type of 

habitat too. Regarding the latitude of the native assemblage, our results were contrary 

to expectations, with significant differences in the MFR of non-native consumers that 

are introduced to tropical and sub-tropical latitudes. The stronger predation pressure 

in the tropics due to great diversity does not seem to provide a protection against novel 

consumers as anticipated (Freestone et al., 2021). In fact, as there are more 

specialised interactions in the tropics, prey might have evolved specific defences 

against their native predators, which are likely not effective against novel predators 

since they have a low level of eco-evolutionary experience in interacting with them 

(Saul & Jeschke, 2015). Nevertheless, the majority of the observations used in our 

meta-analysis come from temperate regions (72%), which creates a bias for this 

region, a pattern commonly observed in invasion ecology studies (Chong et al., 2021; 

Pyšek et al., 2008) and one that impedes a balanced interpretation of these results.  

We expected that non-native consumers from a distinct genus would be more impactful 

to resources due to the lack of shared evolutionary history that make prey more 

vulnerable to them (Anton et al., 2020; Ricciardi & Atkinson, 2004). However, we found 

that MFRs of consumers that share a genus with the native community were 

significantly higher compared to native analogues. This could be explained by the 

alternative ‘pre-adaptation’ hypothesis: consumers more closely related to trophically 

analogous natives are more likely to perform well owing to pre-adaptation to an 

environment and available food resources (Ricciardi & Mottiar, 2006). Indeed, Ma et 

al. (2016) found that non-native species with greater impacts on native communities 

tend to be more closely related to natives at the local scale, consistent with the 

aforementioned hypothesis. Taxonomic distinctiveness, driven by prey naïveté and 

lack of resident enemies, might be most pronounced when the invader is a top predator 

(therefore lacking a native trophic analogue) or some other uncontrolled consumer 

(e.g. zebra mussels) (Ricciardi et al., 2013). From a methodological stance, the 

presence of common genera among native assemblages could improve native 
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comparator selection and representativeness, thus potentially accentuating 

differences from analogous non-natives. Given our limited sample size with a higher 

proportion of consumers from a distinct genus than those from the native community 

(82%), these results cannot firmly refute any hypothesis.  

2.4.3 Future directions and concluding remarks 

The CFR approach was originally designed as a tool to predict the consumptive impact 

of newly introduced species with no history of invasion elsewhere (Dick et al., 2014, 

2017). Here, we used studies that compared native versus non-native species with no 

explicit consideration of non-native negative impacts in the field. Therefore, a subset 

of invaders with demonstrable impact would likely show stronger effect sizes. We 

recognize that the selection of most established non-native consumers assessed in 

the studies was likely motivated by impact prior, but our results might still be 

conservative. Particularly because in some study systems, extreme ecological novelty 

results in a total paucity of available wild analogous comparators. We also note that 

impact can change over time (e.g. because novelty diminishes over time) (Saul & 

Jeschke, 2015), but few studies state the time period since the non-native study 

species was introduced, or assess changes in FR parameters over a long timescale, 

and our results might therefore vary according to this aspect (Crystal-Ornelas & 

Lockwood, 2020; Strayer et al., 2006). Indeed, it was observed for invasive plants that 

their negative effects on the native community decline after longer periods of time 

(Iacarella, Mankiewicz, et al., 2015). A study assessing the per capita effects of a 

known invasive predator Hemimysis anomala (bloody red mysid shrimp) from two 

different sites and times-since-introduction found that feeding rates were higher at the 

invasion front (i.e. a recently invaded site) (Iacarella, Dick, et al., 2015). This highlights 

the need for future studies to consider time since introduction and spatial factors in 

their analysis, clearly stating if they are evaluating a novel or established non-native 

population, since results may vary related to that. 

Our findings that non-native consumers are more efficient than native counterparts, 

particularly in high resource availability scenarios has important implications for 

management and conservation. Greater exploitation of resources by non-natives can 

lead to an increase in their numerical response (i.e. abundance) in the long term, 

increasing competition and predation pressure on native biota, which may yet result in 
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boom-bust dynamics that complicate our ability to control non-native populations 

(Strayer et al., 2016). Still this increased availability of resources can be the result of a 

non-native species itself, as in cases where an abundant non-native prey sustains a 

non-native predator population (Pope et al., 2008; Simberloff & Von Holle, 1999). What 

remains to be tested is if increased availability of resources coupled with multiple NNS 

will always result in more impact, or if other mechanisms, such as indirect effects, can 

prevent it. In other words, are highly resource abundant communities more susceptible 

to impacts than previously anticipated? Or does higher resource availability actually 

negate the impact, just because all species will have enough to consume (even tough 

non-natives will consume at higher rates)? In this case, we encourage more research 

by applying FR to reveal such feedback processes, informing best management 

practices. 

So far, invasion science has relied on invasion history and assessment protocols to 

identify non-native species that should be managed (Faria et al., 2023); nonetheless, 

as the number of introductions worldwide continues to raise, lack of data will impede 

us to apply these tools to all non-native species (Seebens et al., 2021). To avoid higher 

rates of biodiversity loss that will result in a homogenised world with a few winner 

species (McKinney & Lockwood, 1999), our focus should be on prevention rather than 

remediation (Leung et al., 2002). As many invaders negative impacts are due to 

competition for or consumption of resources, quantifying such impacts in terms of 

resource use is a practical way of predicting and therefore proactively targeting the 

most likely to cause harm (Dick et al., 2017). Our meta-analysis corroborates this, 

showing that non-native consumers indeed present higher feeding rates, and in some 

cases greater attack rates, supporting the use of the CFR approach as a rapid risk 

assessment tool for existing and emerging non-native species negative impacts 

worldwide.  
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Supporting information 

Table S1. Results from sensitivity analysis: mean effect size (lnRR) estimates and their corresponding 
95% confidence interval (CI) for both response variables (lnRRa: attack rate and lnRRMFR: maximum 
feeding rate). The original model is the null multilevel meta-analysis model, calculated using the Missing 
Cases imputation method for missing data and rho = 0.6 to estimate the sampling variance matrix. See 
the 'Methods' section for details about how comparator models were fitted. 
 

lnRRa 95% CI lnRRMFR 95% CI 
Original model 0.209 [-0.019 - 0.438] 0.285 [0.1 - 0.469] 

Geary's test 0.211 [-0.019 - 0.439] 0.285 [0.1 - 0.469] 

All Cases 0.204 [-0.019 - 0.426] 0.284 [0.098 - 0.470] 

rho = 0.1 0.209 [-0.019 - 0.437] 0.285 [0.1 - 0.469] 

rho = 0.9 0.209 [-0.019 - 0.437] 0.285 [0.1 - 0.469] 

Publication bias 0.273 [0.038 - 0.508] 0.295 [0.101 - 0.488] 
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3 PREDATION RISK BY LARGEMOUTH BASS MODULATES FEEDING 
FUNCTIONAL RESPONSES OF NATIVE AND NON-NATIVE CRAYFISH  
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Published as2: Faria, L., Vitule, J. R. S., & Olden, J. D. (2023). Predation risk by 

largemouth bass modulates feeding functional responses of native and non-native 

crayfish. NeoBiota, 87, 191–212. https://doi.org/10.3897/neobiota.87.108457 

Abstract 

Context-dependency is prevalent in nature, challenging our understanding and 
prediction of the potential ecological impacts of non-native species (NNS). The 
presence of a top predator, for example, can modify the foraging behaviour of an 
intermediate consumer, by means of non-consumptive effects. This raises the question 
of whether the fear of predation might modulate consumption rates of NNS, thus 
shaping the magnitude of ecological impacts. Here, we quantified the functional 
feeding responses of three non-native crayfish species – red swamp crayfish 
Procambarus clarkii, rusty crayfish Faxonius rusticus and virile crayfish Faxonius virilis 
– compared to the native analogue signal crayfish Pacifastacus leniusculus, 
considering the predation risk imposed by a top fish predator, the globally invasive 
largemouth bass Micropterus salmoides. We applied the comparative functional 
response (FR) approach using snails as prey and exposing crayfish to water containing 
predator and dietary chemical cues or not. All crayfish species presented a 
destabilising Type II FR, regardless of the presence of chemical cues. Predation risk 
resulted in significantly longer handling times or lower attack rates in non-native 
crayfish; however, no significant differences were observed in signal crayfish. We 
estimated per capita impacts for each species using the functional response ratio 
(FRR; attack rate divided by handling time). The FRR metric was lower for all crayfish 
species when exposed to predation risk. Rusty crayfish demonstrated the highest FRR 
in the absence of chemical cues, followed by signal crayfish, virile crayfish and red 
swamp crayfish. By contrast, the FRR of signal crayfish was nearly twice that of rusty 
crayfish and virile crayfish and ten times greater than red swamp crayfish when 

2 Copyright Larissa Faria et al. This is an open access article distributed under the terms of the Creative 
Commons Attribution License (CC BY 4.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original author and source are credited. 
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chemical cues were present. The latter result agrees with the well-recognised 
ecological impacts of signal crayfish throughout its globally-introduced range. This 
study demonstrates the importance of considering the non-consumptive effects of 
predators when quantifying the ecological impacts of intermediate non-native 
consumers on prey. The direction and magnitude of the modulating effects of predators 
have clear implications for our understanding of NNS impacts and the prioritisation of 
management actions. 

Keywords: ecology of fear, decapods, higher-order predator, kairomones, trait-
mediated indirect effects 

 

3.1 INTRODUCTION 

Non-native species (NNS) are a primary driver of environmental change, with negative 

impacts on individuals to entire ecosystems and severely disrupting important services 

provided by nature (Ricciardi et al. 2013). Economic burdens are also concerning, with 

estimated costs to prevent and control NNS impacts exceeding a hundred million 

dollars per year globally (Pyšek et al. 2020; Diagne et al. 2021), possibly increasing in 

the future (Ahmed et al. 2022). Management and policy strategies rely on identifying 

the most impactful species to help target prevention efforts and allocate limited 

resources to control or eradicate burgeoning populations. Still, this task is challenging 

due to variations in NNS impacts, based on ecosystem, geographical location, time 

since establishment and individual values (Závorka et al. 2018; Santos et al. 2019). 

Considering the increasing rate of invasions, comparative studies of the context-

dependency of NNS impacts will help prioritise which species should be managed in 

the future (Lockwood et al. 2007; Dick et al. 2017a; Seebens et al. 2017). 

Quantifying per capita effects of NNS remains central to most frameworks evaluating 

their ecological impacts (Parker et al. 1999; Kumschick et al. 2015; Griffen et al. 2020). 

Given the challenges of estimating per capita effects, focus has shifted to the use of 

experiments to quantify resource consumption rates as a proxy (Dick et al. 2017b). 

Non-native consumers often consume resources more efficiently than their native 

counterparts (Funk and Vitousek 2007; Salo et al. 2007; Paolucci et al. 2013), making 

comparative rates of consumption between native and NNS a useful currency to 

anticipate negative impacts from species introductions (Dick et al. 2014). 

The fundamental ecological concept of functional responses (FR) – resource use as a 

function of availability – provides a measurable estimate of the per capita effect of a 
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consumer on a given resource (Solomon 1949; Holling 1959; Dick et al. 2014). Type I 

FR describes a linear relationship between consumption and resource availability, 

typical of filter-feeding species (Jeschke et al. 2004). Type II FRs are destabilising due 

to high consumption rates at low resource densities, while Type III FRs promote 

stabilising effects due to low consumption rates when resources are scarce (Oaten and 

Murdoch 1975). The utility of FRs lies in comparing the maximum consumption rate 

between NNS and native trophic analogues in the same environmental context (Dick 

et al. 2014, 2017a), making this approach increasingly applied to quantify and predict 

ecological impacts of NNS (Faria et al. 2023). 

The comparative FR approach enables the evaluation of per capita effects in different 

contexts, allowing more realistic and practical impact assessments (Dick et al. 2017a; 

Dickey et al. 2020). Despite this, investigations involving trophic levels beyond the focal 

consumer-resource interaction remain limited (e.g. Barrios-O’Neill et al. (2014); 

Paterson et al. (2015)). Foraging behaviour and consumption rates of consumers are 

sensitive to the presence of higher-order predators, which invoke trade-offs in resource 

acquisition versus mortality risk by predation (Lima and Dill 1990; Brown and Kotler 

2004). Fear of predation can shape entire ecosystems through trait-mediated indirect 

effects (TMIEs) on prey traits, such as behaviour and physiology (Werner and Peacor 

2003; Peckarsky et al. 2008; Laundré et al. 2010). In some circumstances, the non-

consumptive effects of predators are thought to be as strong as direct consumption for 

population dynamics, leading to greater system stability (Brown et al. 1999) or even 

causing trophic cascades (Schmitz et al. 2004; Preisser et al. 2005; Peckarsky et al. 

2008). 

Trait-mediated indirect effects are particularly prominent in freshwater ecosystems, 

likely due to the effective transmission of visual and chemical cues indicating predator 

presence (Preisser et al. 2005). For example, the presence of largemouth bass 

(Micropterus salmoides) altered the foraging behaviour and habitat use of bluegill 

sunfish (Lepomis macrochirus) prey leading to cascading changes in zooplankton 

communities (Turner and Mittelbach 1990). In another example, rusty crayfish 

(Faxonius rusticus) displayed greater consumption of macrophytes when exposed to 

chemical cues from largemouth bass, suggesting a robust effect of predation risk on 

crayfish foraging behaviour (Wood et al. 2018). 
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Despite the strong effects of non-consumptive effects in shaping communities, they 

are relatively underexplored compared to consumptive effects in the context of 

quantifying NNS impacts. Applying the comparative FR approach, we aim to test 

whether the non-consumptive effects of a top predator, the non-native largemouth 

bass, mediate the consumptive impacts of three non-native crayfish species 

(Procambarus clarkii, Faxonius virilis and F. rusticus) and a native analogue 

(Pacifastacus leniusculus) preying on snails. We hypothesise that non-consumptive 

effects of a top predator will reduce consumption rates of all crayfish species, but to a 

lesser extent for non-native crayfish with a shorter evolutionary history with the 

predator. The differential response to predation risk imposed by the largemouth bass 

may explain the expected higher per capita effects of non-native consumers compared 

to native analogue species. 

 

3.2 METHODS 

3.2.1 Study system 

Our study system is a three-level food chain composed by a non-native top predator, 

the largemouth bass, an intermediate consumer represented by non-native or native 

crayfish (Table 1) and native freshwater snails (Gastropoda, Planorbidae) as the basal 

resource. Crayfish are known to be highly sensitive to different chemical cues such as 

predator odour, dietary and alarm cues (Beattie and Moore 2018; Wood et al. 2018; 

Wood and Moore 2020b, 2020a) and these cues show utility in assessing TMIEs 

(Paterson et al. 2013). Thus, we used a combination of predator and dietary chemical 

cues to provide the biological context of predation risk in our comparative FR approach. 

The geographic context of the study is the Pacific Northwest region of the US, where 

all species were sourced (Table 1). The apex predator largemouth bass has a native 

distribution that extends from north-eastern US to northern Mexico (Brown et al. 2009), 

with a long history of intentional introduction for recreational fishing in many regions of 

the US and the world, including the study region dating back to the beginning of the 

20th century (Stein 1970). The non-native crayfish used in this study have a varied 

history of introductions in the region (Table 1) and are amongst the most widespread 

and harmful invasive crayfish species in the world (Twardochleb et al. 2013). Signal 
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crayfish is the most widely distributed native crayfish species in the region (Larson and 

Olden 2011) and also highly invasive outside its native range (Usio et al. 2007; 

Twardochleb et al. 2013; Vaeßen and Hollert 2015). All crayfish species used in this 

study are omnivorous and nocturnal, presenting maximum feeding or growth rates 

between 20 and 30ºC (Crandall and Buhay 2008; Westhoff and Rosenberger 2016; 

Rodríguez Valido et al. 2021; Ruokonen and Karjalainen 2022). 

 

Table 1. Crayfish species examined in this study, including scientific and common names, history of 
introduction in the Pacific Northwest region, sampled populations (coordinates) and carapace length 
(CL) and mass, presented as the mean (SD), of the individuals used in the experiments. 

Crayfish Scientific 
name 

Common 
name 

Estimated 
time of 
introduction 

Sampled 
population 

CL 
(mm) 

Mass 
(g) 

 

Pacifastacus 

leniusculus 

Signal 

crayfish 

Native Skykomish 

River, WA 

(47.8482, -

121.8403) 

50.2 

(4.3) 

36.9 

(10.3) 

Procambarus 

clarkii 

Red 

swamp 

crayfish 

1970s Pine Lake, 

WA 

(47.5907, 

-122.0389) 

53.6 

(5.7) 

39.7 

(13.0) 

Faxonius 

rusticus 

Rusty 

crayfish 

2005 Magone 

Lake, OR 

(44.5486, 

-118.9119) 

41.1 

(3.1) 

25.9 

(5.3) 

 

Faxonius 

virilis 

Virile 

crayfish 

1980s Rattlesnake 

Lake, WA 

(47.4308, 

-121.7715) 

46.0 

(3.5) 

32.6 

(7.6) 
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3.2.2 Animal collection and maintenance 

Largemouth bass were collected using electrofishing from Lake Washington, WA 

(47.6469, -122.2991) in October 2022. A total of 33 fish were captured and transported 

to the lab facility at the University of Washington, where they were maintained in a 

circular tank of approximately 800 l without shelter (hereafter stimulus tank), aerated 

and continuously filled with water from Lake Washington, in an open circulation system 

(mean total length = 194 mm, SD = 53). Fish were acclimatised to the stimulus tank for 

two weeks before the beginning of the trials. 

A total of 433 crayfish were sampled using baited traps deployed overnight from lakes 

in Washington and Oregon States in October 2022 (Table 1). Crayfish were kept in 

tanks of 256 l separated by species, with a maximum stock density of 30 individuals 

per tank. Stock tanks were continuously filled with water from Lake Washington, in an 

open circulation system and contained abundant structure for shelter. Crayfish were 

fed daily with commercial algae pellets until satiation and were acclimatised for at least 

two weeks before being used in the experiment. Snails used as prey were obtained 

from various commercial pet retailers (shell length mean = 10.3 mm, SD = 2.4). Snails 

were kept in a separate tank, in the same conditions as crayfish. 

3.2.3 Functional response experiments 

Native and NNS of crayfish were tested for differences in their predatory rate of snail 

prey supplied in seven different initial densities (2, 4, 8, 12, 16, 24 and 40 snails) under 

the presence or absence of waterborne predator and dietary chemical cues (hereafter, 

predator treatment and control, respectively). Experiments were conducted in a fully-

randomised design with respect to crayfish species and initial prey densities assigned 

to predator treatment and control. Experimental arenas were round opaque tanks (44.5 

cm diameter, 42.5 cm height) filled with 10 l of water and no substrate or shelter were 

provided (Fig. 1A). At the predator treatment, water was supplied from the stimulus 

tank containing water from Lake Washington and bass (Fig. 1B), whereas under the 

control, just water from Lake Washington was supplied (as in the stock tanks) (Fig. 

1C). Lake Washington water is piped directly from 10 m depth where largemouth bass 

and other fish species are at low abundance. Water was supplied continuously by 

dripping through small hoses (5 mm diameter) to ensure that chemical cues were 

present throughout the experiment (Fig. 1D). Water temperature in experimental 
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arenas and stock tanks were similar, all demonstrating natural diel ranges of 12.5 º - 

18.5 ºC. 

 

Figure 1. Experimental setup used in the functional response trials. A Experimental arena with a signal 
crayfish and snail prey during a trial. B Water from the tank containing largemouth bass (left) was 
pumped to a head tank (upper right) and C distributed to the experimental arenas in the predator 
treatment (upper-left row) or water was supplied directly from Lake Washington to the control arenas 
(lower-right row). Blue tanks in the background were stock and starvation tanks where crayfish were 
kept before being used in trials. D The water from both treatments was supplied to each experimental 
arena via individually controlled hoses. 

 

Fish were starved for a week and then fed every other day a diet of crayfish before and 

during the experiments. Small individuals of all crayfish species were supplied 

simultaneously until satiation to enhance the response of crayfish to conspecific dietary 

cues released by the fish (Beattie and Moore 2018; Wood et al. 2018). Crayfish were 

starved in a separate tank for 48 h before use in experiments to standardise hunger 

levels. After the starvation period, an individual crayfish was allocated to each 

experimental arena containing one of the seven initial densities of prey and allowed to 

forage for 24 h. The number of remaining prey was recorded at the end of the trials, 

along with the number of attacked, but uneaten prey. Crayfish sex, carapace length 

(CL) and mass were recorded, as well as the water temperature at the end of the trial. 

There were seven replicates for each combination of crayfish species, initial density of 

prey and treatment. At least five replicates of each combination were performed in the 

absence of crayfish to account for any background mortality of prey. Prey survivorship 

in these replicates was 99.9%, thus all prey deaths during experiments were attributed 



108 
 

 

to crayfish predation. Crayfish were not reused in the experimental trials and replicates 

where crayfish moulted during the trial or one week after were repeated. 

3.2.4 Data analysis 

All statistical analyses were carried out in R version 4.1.2 (R Core Team 2021). 

Functional response analyses were conducted using the number of prey consumed as 

the response variable, under the frair package (Pritchard et al. 2017). For each crayfish 

species x treatment combination, FR type was determined by logistic regression of the 

proportion of prey consumed against initial prey density (Juliano 2001). If the 

proportion of prey consumed decreases with increasing prey density, it produces a 

significantly negative first-order term, indicating a Type II FR; if otherwise, a 

significantly positive first-order term is obtained then it indicates a Type III FR (Juliano 

2001). When the results of the logistic regression were not conclusive, different FR 

models were fitted directly and compared using Akaike’s Information Criterion (AIC) 

(Pritchard et al. 2017). 

Based on these analyses, all FRs were then modelled as Type II. Maximum Likelihood 

model fitting was used to fit data to the Rogers’ random predator equation (Rogers 

1972) that accounts for the depletion of prey along the experimental duration: 

 

where Ne is the number of prey consumed, N0 is the initial density of prey, a is the 

attack rate, h is the handling time and T is the time available for predation in days (i.e. 

experimental duration). As Ne is obtained experimentally, the estimated FR parameters 

are attack rate and handling time, representing a measure of successful attacks and 

the time needed for a predator to handle and ingest a prey item, respectively. The 

Lambert W function is implemented to solve the fact that Ne appears on both sides of 

the equation (Bolker 2008). 

To compare FR parameters a and h between predator treatment and control, we used 

the indicator variables method (Juliano 2001; Pritchard et al. 2017), as: 

 

where j is an indicator variable that takes value 0 for control and 1 for predator 

treatment. The parameters Da and Dh estimate the differences between treatments in 
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the value of the parameters a and h, respectively. If Da and Dh are significantly different 

from zero, then the estimated FR parameters differ between treatment and control 

(Juliano 2001). The maximum feeding rate of each crayfish species x treatment 

combination was calculated as 1/(hT) indicating the maximum number of prey that one 

crayfish can consume in one day (T = 1 day). Additionally, the functional response ratio 

(FRR) was calculated, as a comparative metric of the ecological impact of NNS 

(Cuthbert et al. 2019), dividing the attack rate parameter by the handling time (a/h). 

High values of FRR are indicative of strong per capita impacts, while low values 

indicate less impactful predators (Cuthbert et al. 2019). 

Potential differences in the trial’s water temperature amongst species and initial 

densities of prey were evaluated through Kruskal-Wallis tests, as well as differences in 

crayfish weight and carapace length (CL) amongst species and initial densities of prey. 

Water temperature in trials did not vary amongst species (Kruskal–Wallis Χ2(3) = 7.366, 

p = 0.06) nor in association with the initial densities of prey tested (Kruskal–Wallis Χ2(6) 

= 11.339, p = 0.08). Crayfish mass and carapace length varied amongst species (Mass: 

Kruskal–Wallis Χ2(3) = 96.73, p < 0.001; CL: Kruskal–Wallis Χ2(3) = 224.73, p < 0.001). 

The effect of crayfish size and sex on the proportion of prey consumed was 

investigated with Spearman’s correlation and Mann-Whitney tests, respectively. 

Crayfish size (Mass: r = 0.01, p = 0.84; CL: r = -0.08, p = 0.12) and sex (Mann-Whitney 

U = 14828, p = 0.74) had no relation to the proportion of prey consumed. 

 

3.3 RESULTS 

All crayfish species presented a destabilising Type II FR towards snail prey, regardless 

of the presence of chemical cues (Fig. 2). This was confirmed by the significantly 

negative first-order term of the logistic regression, except for red swamp crayfish under 

predator treatment and rusty crayfish under control, where the estimates were non-

significant (Table 2). For these two specific cases, the FR type was determined by 

comparing the AIC of different model fittings. For red swamp crayfish, Type I had a 

lower AIC (∆AIC = 0.8), while for rusty crayfish, Type II presented a better fit (∆AIC = 

1.1) compared to other models (generalised FR model, Type I and Type III). 

Non-consumptive effects were observed for all non-native crayfish species, except for 

native signal crayfish (Fig. 2). Predation risk lowered the magnitude of the FR, which 
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reflects reduced maximum consumption rates estimated in the predator treatment 

compared to the control (Table 2). These differences were driven by significantly longer 

handling time of snails for virile crayfish (Dh = -0.03 ± 0.008, p < 0.001) and rusty 

crayfish (Dh = -0.02 ± 0.008, p = 0.01) (Fig. 3A) and significantly lower attack rate 

displayed by red swamp crayfish (Da = 0.25 ± 0.09, p = 0.006) (Fig. 3B) in the presence 

of chemical cues. No significant differences in handling time or attack rates were 

evidenced for signal crayfish between treatment and control. 

 

 

Figure 2. Functional responses of native and non-native crayfish feeding on snails under predator 
treatment and control. A Native signal crayfish; B non-native red swamp crayfish; C non-native rusty 
crayfish and D non-native virile crayfish. Lines represent model fit (solid line: predator treatment, dashed 
line: control). Points represent mean consumption and error bars represent ± SE per density (filled 
circles: predator treatment, open circles: control; n = 7 per initial density x treatment combination). 
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Table 2. Functional response estimates of native and non-native crayfish species under predator 
treatment and control. The 1st order term of the logistic regression (see Methods), the functional 
response (FR) type, estimated parameters attack rate (a) and handling time (h), the maximum feeding 
rate (1/hT) and the functional response ratio (FRR).  

Treatment/ 

Species 

1st order 
term (p-
value) 

FR 
type 

a ± SE (p-
value) 

h ± SE (p-
value) 

1/hT FRR 

Predator        

Signal crayfish 

(native) 

-0.0617  

(> 0.001)* 

II 2.26 ± 0.23 

(>0.001)* 

0.04 ± 0.004  

(> 0.001)* 

28.02 63.5 

Red swamp 

crayfish 

-0.0078 

(0.29) 

I† 0.25 ± 0.05 

(> 0.001)* 

0.04 ± 0.037 

(0.271) 

24.81 6.1 

Rusty crayfish -0.0283  

(> 0.001)* 

II 1.16 ± 0.14 

(> 0.001)* 

0.03 ± 0.006  

(> 0.001)* 

31.37 36.3 

Virile crayfish -0.0411  

(> 0.001)* 

II 1.64 ± 0.23 

(> 0.001)* 

0.05 ± 0.006  

(> 0.001)* 

19.81 32.5 

Control       

Signal crayfish 

(native) 

-0.0358  

(> 0.001)* 

II 2.08 ± 0.24 

(> 0.001)* 

0.03 ± 0.004  

(> 0.001)* 

37.53 78.2 

Red swamp 

crayfish 

-0.0142  

(0.022)* 

II 0.50 ± 0.08 

(> 0.001)* 

0.04 ± 0.015 

(0.021)* 

28.59 14.3 

Rusty crayfish -0.0101 

(0.086) 

II 1.14 ± 0.13 

(> 0.001)* 

0.01 ± 0.006 

(0.061) 

94.99 108.0 

Virile crayfish -0.0252  

(> 0.001)* 

II 1.43 ± 0.15 

(> 0.001)* 

0.02 ± 0.005  

(> 0.001)* 

47.95 68.8 

* = significant results. †Despite being categorised as Type I using AIC, we fitted data to the Type II model 
to allow comparison of parameters between treatment and control. 
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Native signal crayfish demonstrated a greater consumption rate when exposed to 

predation risk compared to non-native crayfish (Fig. 2). Per capita effects of signal 

crayfish on snails, according to the FRR, was nearly twice that of rusty crayfish and 

virile crayfish and ten times greater than red swamp crayfish (Fig. 4, Table 2). By 

contrast, rusty crayfish demonstrated the highest FRR in the control, followed by signal 

crayfish, virile crayfish and red swamp crayfish (Fig. 4, Table 2). 

 

 

Figure 3. Estimated functional response parameters of native and non-native crayfish species under 
predator treatment and control. A Handling time parameter h and B attack rate parameter a. Points 
represent the mean estimate of the model (filled circles: predator treatment, open circles: control) and 
error bars represent ± SE. *p < 0.1 and **p < 0.05. 
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Figure 4. The functional response ratio (FRR) of native and non-native crayfish species under predator 
treatment and control. The calculated FRR (a/h) is represented as bars (solid bars: predator treatment, 
shadowed bars: control) and error bars represent propagated standard errors of original estimates of 
parameters attack rate a and handling time h. 

 

3.4 DISCUSSION 

Predators can exert non-consumptive effects on prey that are comparable in 

magnitude to consumptive effects (Werner and Peacor 2003; Preisser et al. 2005). 

Despite that, non-consumptive effects remain largely under-studied in evaluations of 

ecological impacts of NNS (Sih et al. 2010). Here, we quantified rates of snail predation 

by multiple non-native and a native crayfish species in the presence or absence of 

chemical and dietary cues from a higher-order predator. We found that predation risk 

reduced maximum consumption rates of snails due to longer handling times or lower 

attack rates, but did not alter the shape of the FR curve. Reduced foraging activity is a 

common antipredator behavioural response of crayfish when exposed to predation risk 

(Gherardi et al. 2011b; Beattie and Moore 2018; Kenison et al. 2018). For example, 

red swamp crayfish significantly reduces the time spent feeding by adopting a lowered 

posture after being exposed to largemouth bass cues (Gherardi et al. 2011b). 

Native signal crayfish was the only study species demonstrating little evidence for the 

effect of predation risk on the FR magnitude. This outcome is supported by a body of 

literature suggesting that the response of signal crayfish to predation risk is highly 

variable and context-dependent (Stebbing et al. 2010; Gherardi et al. 2011b; Beattie 

and Moore 2018; Wood and Moore 2020b). For instance, Stebbing et al. (2010) 
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observed altered behaviour as raised posture in signal crayfish exposed to the 

chemical cues of European eels (Anguilla anguilla), but not to European perch (Perca 

fluviatilis), whereas Hirvonen et al. (2007) reported crayfish reduced shelter use when 

exposed to eel odour. These studies were performed in the invaded range of signal 

crayfish; thus, unexpected behavioural responses were attributed to naïve juvenile 

individuals with a lack of evolutionary history with these predators (Hirvonen et al. 

2007; Stebbing et al. 2010). However, this may not be the case in our study where 

signal crayfish is native and has experience with largemouth bass in the region for over 

a hundred years. This suggests that signal crayfish may better assess the risk posed 

by a familiar predator using both chemical and visual cues (Blake and Hart 1993), 

whereas all three non-native crayfish species responded in a more conservative 

manner to the presence of chemical cues alone in a novel environment (Gherardi et 

al. 2002; Hazlett et al. 2003). Another possible mechanism is related to the larger body 

sizes of signal crayfish compared to other species (both in the wild and individuals 

used in this experiment: Table 1). There is evidence that crayfish can assess predator 

size through chemical cues (Wood and Moore 2020a; Wagner and Moore 2022); thus, 

the size of the largemouth bass in the experiment may have been too small relative to 

signal crayfish to elicit an antipredator behaviour resulting in reduced foraging rates. 

All crayfish species presented a Type II FR, which is deemed to destabilise resource 

populations. This result aligns with the known impacts of these species on biomass 

and abundance of benthic invertebrates, particularly snails (Twardochleb et al. 2013). 

Moreover, when applying an FR-based metric to evaluate impacts, our native 

comparator species generally showed a higher FRR than non-natives, which 

contradicts the pattern of invaders being more impactful than their native counterparts 

(Cuthbert et al. 2019). Nevertheless, signal crayfish is itself highly invasive in Europe, 

Japan and the south-western United States, usually reaching higher abundances than 

those observed in its native range (Larson and Olden 2013) and causing significant 

impact through their omnivorous feeding habits (Usio et al. 2009; Twardochleb et al. 

2013; Vaeßen and Hollert 2015). Our results also align with a previous study that 

experimentally compared the predation rate of signal crayfish and non-native crayfish 

towards Chinese mystery snail (Bellamya chinensis), where native signal crayfish 

consumed significantly more snails of all size classes than did non-native crayfish 

(Olden et al. 2009). Indeed, previous studies that used the comparative FR approach 



115 
 

 

to assess the impacts of signal crayfish where it is non-native found that the species 

generally present higher FR magnitude when compared to European native 

analogues, such as white-clawed crayfish (Austropotamobius pallipes) and noble 

crayfish (Astacus astacus), although impact varied with prey type (Haddaway et al. 

2012; Rosewarne et al. 2016; Taylor and Dunn 2018; Chucholl and Chucholl 2021). 

Differences in experimental systems, such as diverse prey types and arena sizes, 

preclude us from comparing the native signal crayfish findings here to those of invasive 

populations of the species. Future comparative studies of the FRs of native and non-

native populations are recommended. 

We found significant differences amongst NNS predatory impacts towards prey. Rusty 

crayfish and virile crayfish showed consumption rates similar to those of native signal 

crayfish, whereas red swamp crayfish demonstrated the lowest feeding rate, despite 

the latter species being considered one of the most impactful invasive crayfish in the 

world (Lodge et al. 2012; Twardochleb et al. 2013). Even though all crayfish are 

considered omnivorous or polytrophic, there are marked differences in their 

predominant trophic ecology (Reynolds et al. 2013). For instance, red swamp crayfish 

has a lower trophic position than signal crayfish, which is consistent with the perceived 

impact on macrophyte communities of the former species (Matsuzaki et al. 2009; 

Larson et al. 2017). Similarly, Madzivanzira et al. (2021) also reported a lower FR 

magnitude of red swamp crayfish preying on catfish fry compared to a native analogue 

crab. Despite this, it has been demonstrated that invasive populations of red swamp 

crayfish in Europe present ontogenetic niche shifts and have opportunistic feeding 

habits, adjusting its diet to different biotic and abiotic contexts, which further explains 

its success as an invader (Correia 2002, 2003; Carreira et al. 2017; Jackson et al. 

2017). Additionally, red swamp crayfish has weaker chelae closing force compared to 

other decapods, which helps explain its preference for feeding on softer resources 

(South et al. 2020). Our findings support previously observed impacts of rusty crayfish 

and virile crayfish on snail communities where they are invasive (Dorn and Wojdak 

2004; McCarthy et al. 2006; Kreps et al. 2012). The greater consumption rate of 

invasive crayfish is likely associated with selected traits, such as boldness and foraging 

voracity in NNS populations, which are known to differ from their native range (Pintor 

and Sih 2009; Reisinger et al. 2017; Glon et al. 2018). 
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Previous studies that investigated TMIEs using the FR approach reported mixed 

outcomes. Considering simple habitats, the presence of predator cues reduced 

consumption rates of the amphipod Echinogammarus marinus, an intermediate 

predator, towards isopod prey (Alexander et al. 2013). By contrast, fish cues did not 

influence the FR’s magnitude of two amphipod species (the native Gammarus duebeni 

and the invasive Gammarus pulex) towards three different invertebrate preys 

(Paterson et al. 2015). Our study reinforces the need for considering the wider 

biological context of ecological interactions when quantifying the impacts of NNS. 

Moving forward, we suggest three primary ways that future studies could further 

explore context-dependencies. 

First, the effect of abiotic contexts, such as habitat complexity and presence of shelter, 

continues to be a research need. The Type II FR curves reported here align with 

general expectations from the broader literature (Jeschke et al. 2004); however, the 

lack of habitat complexity in experimental arenas may prevent the observation of more 

stabilising Type III responses (Alexander et al. 2012; Griffen 2021). Likewise, gravel 

substrate has been reported to reduce crayfish consumption of pelagic, but not benthic 

prey (Vollmer and Gall 2014; South et al. 2019). Additionally, shelter use is a common 

behavioural response of crayfish to predator cues (Blake and Hart 1993; Garvey et al. 

1994) and could have further magnified the observed differences between the predator 

treatment and control reported in our study. 

Second, it would be valuable to evaluate additional biotic contexts, such as alternative 

resource availability, the presence of intra- and inter-specific competitors and effects 

of visual predator cues. For instance, prey preference for different resources, such as 

macrophyte or detritus, could have a significant effect on FRs for omnivorous crayfish 

(Cuthbert et al. 2018; Médoc et al. 2018), ultimately defining their ecological impacts 

when invasive (South et al. 2019; Chucholl and Chucholl 2021). Better incorporating 

the effects of competitive interactions in FR experiments are also fundamental to more 

realistic scaling of NNS per capita effects in the wild (Dickey et al. 2020; Latombe et 

al. 2022). As crayfish can respond to predation risk using a variety of different cues, 

the relative importance of visual and alarm cues can also be investigated using FRs 

(Blake and Hart 1993; Ramberg-Pihl and Yurewicz 2020). Third, future research 

investigations discussed above would benefit from the linking of mesocosms 
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experiments with in situ field studies to ensure robust scaling of our understanding 

(Iacarella et al. 2018). 

 

3.5 CONCLUSIONS 

Ecological impacts of NNS are notoriously challenging to anticipate given a myriad of 

biotic and abiotic context-dependencies that can affect the organismal performance in 

nature. The comparative FR approach has been used to incorporate these context-

dependencies to predict the impact of NNS, through relative comparisons of per capita 

effects (Dick et al. 2014; Cuthbert et al. 2019; Faria et al. 2023). Here we showed that 

the presence of a higher-order predator can alter important parameters of FR, with 

direct effects on maximum consumption rates and predicted impact of intermediate 

non-native consumers. These findings suggest that the broader biological context in 

which consumer activities take place should not be overlooked if we aim to understand 

the ecological impacts of NNS. Likewise, biogeographic origin alone is not the sole 

indicator of impact, as we found that native signal crayfish demonstrated the highest 

estimated impact on prey in the presence of predation risk by a fish predator. 

The ecology of fear predicts that the cost of anti-predator behaviour is associated with 

reduced offspring, thus modulating consumer abundance (Zanette and Clinchy 2019). 

Given the immense challenges in eradicating and controlling invasive crayfish 

populations (Gherardi et al. 2011a; Manfrin et al. 2019), this raises the interesting 

question of whether chemical cues could be used as an additional management tool 

to reduce their short-term ecological impacts, while other control strategies are being 

implemented. We encourage more research on which and how chemical components 

of predator and dietary cues trigger behavioural responses in crayfish, as these are 

not entirely elucidated (Mitchell et al. 2017), but have potential management 

applications. 
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FINAL REMARKS 
 

This thesis aimed to investigate the contribution of the classical ecological 

concept of functional response (FR) to the invasion science field, particularly the 

comparative FR approach. This methodology was proposed in the early 2010s and 

has been claimed as capable of unifying invasion science since it can be used as a 

universal metric of invasion impacts. Since its proposal almost 10 years ago, an 

increasing number of studies started to apply this approach, accumulating important 

knowledge about its utility and limitations. With that, the need for compiling all this 

information to provide a critical view and propose novel or sub-explored pathways is 

urged. Here, three complementary chapters starting from a wide theoretical 

perspective and a meta-analytical approach, until an applied experiment, investigated 

that. A summary of the three chapters can be viewed in the Figure 1 below. 

 

Figure 1. Summary figure showing the overarching aim of this thesis and how it was achieved in three 
complementary chapters. Numbers are depicting each chapter, characterised by their different 
methodological approaches. Each chapter's main aim, results and conclusions are summarised in the 
corresponding boxes. Solid arrows show the direct relationship between the conclusions and aims of 
each chapter, whereas dashed arrows demonstrate the feedback between chapters’ conclusions. 
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The systematic review revealed conspicuous biases and gaps, as most studies 

investigate direct consumption effects and single resource-consumer pairs, ignoring 

other important facets of ecological interactions, such as non-consumptive effects of 

non-native species (NNS). When focussing on a subset of studies that used the 

comparative FR approach it was possible to test the underlying hypothesis that NNS 

are more efficient consumers than trophically analogous native species. The meta-

analysis showed that non-native consumers indeed have higher maximum feeding 

rates than their native counterparts; thus, when it comes to resource exploitation, the 

species' origin seems to matter. Accordingly, the comparative FR approach is a useful 

tool to assess that as previously suggested. Finally, after theoretically investigating this 

approach, it was applied in a still sub-explored design that examines the non-

consumptive effects of NNS. The results show the significance of considering a 

broader biological context of other interactions occurring in nature, to provide more 

realistic assessments. 

Future studies applying this approach should start planning it from the main 

objective, as illustrated in Figure 2. If it aims to assess NNS impacts through differential 

consumption of resources, these are the initial steps before conducting the 

experiments: 

 First, identify which is the target non-native consumer and the basic 

aspects of its ecology where it is native or elsewhere it has invaded.  

 After having a good understanding of the target species, it is time to 

look at the native community, in order to find a suitable native 

comparator, i.e. a native species that is trophically or functionally similar 

to the target NNS. 

 When consumers are defined, key resources should be identified. 

These could be food, but also refugia, depending on the context of the 

interaction between native and NNS. The resource choice can be based 

on previous impacts of the NNS observed in other communities. It is 

recommended to choose an ecologically relevant resource to obtain an 

applicable result. 

 After having identified all species involved in the main interaction, it is 

important to carefully assess which biotic and abiotic contexts may be 

influencing this interaction such as temperature, habitat complexity, 

consumer or resource life stage, or the presence of a top predator, for 
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example. A starting list of applied contexts can be found in the 

supplementary material of the first chapter (Faria et al. 2023; Appendix 

1). As long as possible, all contexts identified as highly influential should 

be assessed. 

 Likewise, having an estimate of the field densities of all species involved 

in the interaction is a good starting point to define the gradient of 

resource availability, as well as the arena size. 

On the other hand, if the main objective of the study is to test a hypothesis, 

these are the initial steps: 

 First, it is needed to clearly define the question or hypothesis to be 

tested, such as those suggested in the first chapter (Faria et al. 2023). 

 Having this, it is key to select suitable species to be used as consumers 

and resources, considering species abundances and traits, as well as 

other logistics, such as ethics restrictions. In this case, an ecologically 

relevant resource may not be essential to provide the answers sought. 

 The next stage will involve delineating the experimental design needed 

to answer the question or test the hypothesis. Here, it is important to list 

all the variables that may influence the results obtained, such as biotic 

and abiotic contexts and species densities. 

With all this information, pilot experiments could be performed to define 

experimental duration, for example, and then the FR experiment itself. At the data 

analysis step, it is key to be aware of all the available possibilities to fit experimental 

data to a model, such as flexible models or even the Bayesian approach. The 

parameters estimated in the laboratory can be used in simulations or mathematical 

models to predict the effects of the NNS and inform management. Finally, it is desirable 

to validate the results obtained in the lab setting at the field, conducting in situ or 

mesocosms experiments incorporating more realism. Depending on the habitat and 

species involved, this could be done using large cages, cameras, or bigger arenas. 

With the results of many experiments following these basic steps it would be possible 

to perform meta-analyses and syntheses to advance knowledge in the field. 
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Figure 2. Illustrated roadmap of the main suggested steps to apply the functional response approach 

to invasion science studies. 

 

To conclude, the contributions of the FR to the invasion science are manifold, 

and there are still many directions in which this approach can be leveraged. For 

instance, it can be used for quantifying the relative impacts of NNS, testing several 

hypotheses in invasion ecology, predicting which NNS will be more impactful in 

different biotic and abiotic contexts and providing insights for management. Future 

research should focus on exploring all this potential with creativity to apply it to different 

taxa and environments as well as to refine the experiments to consider more realistic 

contexts. This methodology holds promises as a practical and reliable prioritisation tool 

for NNS management and it could be included in formal assessment protocols. 

Evidently, the comparative FR approach cannot be understood as the Holy grail of 

invasion science because, as with any experiment, it is a simplification of reality. 

However, it can provide a valuable starting point when we are faced with emerging 

NNS with no history of invasion elsewhere or with many species to manage and limited 

resources to do so. I hope this thesis serves as a guide or a source of ideas for future 

research on the topic, hence contributing to improving the method.  
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APPENDIX 1 – SUPPLEMENTARY MATERIAL FROM CHAPTER 1 “THE RISE OF 
THE FUNCTIONAL RESPONSE IN INVASION SCIENCE: A SYSTEMATIC 

REVIEW” 
 

Supplementary material 1 

 

Figure S1. Flow chart showing the steps followed to evaluate studies that used the 

Functional Response (FR) related to non-native species (NNS) included in the 

systematic review. 
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Supplementary material 2 

Table S1. List of the data extracted from publications included in the systematic 

review. 

Field Description 

Publication year Publication year in issuea 

Journal Journal name 

Country  Country of the corresponding author 

Study category Biological control, biotic resistance, or impact assessment 

Type of interaction Predation, parasitism, herbivory or filter-feeding 

Habitat Freshwater, marine/brackish water or terrestrial 

Consumer origin Native, non-native, both or non-identified 

Resource origin Native, non-native, both or non-identified 

Consumer taxonomic 

group 

Algae and plants, amphibians and reptiles, crustaceans, fishes, 

insects, mammals, molluscs, or other invertebrates  

Consumer(s) species Consumer species Latin name 

Resource taxonomic 

group 

Algae and plants, amphibians and reptiles, crustaceans, fishes, 

insects, mammals, molluscs, or other invertebrates 

Resource(s) species Resource species Latin name 

Contexts Biotic, abiotic, both or none 

Number of treatments Number of different contexts tested 

Treatment type 

FR type 

Description of the contexts (e.g. temperature, life stage, etc) 

I, II, III, or not defined (for each Functional Response curve) 

a Note that even limiting our search in the Web of Science up to 2020, some papers 
published in issue in 2021 were included because they were indexed in the database as 
Early View papers. However, we recorded the year of publication in issue (2021). 

 

Supplementary material 3 

Journal trends analysis 
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We recorded the number of publications per journal. As each journal publishes variable 

numbers of papers per year, it is necessary to account for this bias (journals that 

publish more papers per year are likely to have published more papers on any given 

subject). To do that, a formula for relative weight was used (Braga et al. 2012, Frehse 

et al. 2016): 

 

where p is the average number of papers published in the journal’s first edition of each 

year, e is the average number of editions per year, y is the total number of years that 

the journal has published papers within the period of this review, and n is the number 

of resulting papers of this review for each journal. To create a proxy of the number of 

editions and papers published per journal, we used a subset of six years (1966, 1976, 

1986, 1996, 2006, and 2016) to calculate the formula. This was done only for journals 

that were more relevant in the review, i.e. had more than one published paper. 

In total, 50 different journals published papers about FR and NNS. Of these, only 24 

published more than one paper. The most relevant sources were: Biological Invasions 

(n = 19), followed by Biological Control and Freshwater Biology (n = 6 each), 

Environmental Entomology and NeoBiota (n = 5 each). Together, these five journals 

published 34% of the papers in this review. NeoBiota and Biological Invasions were 

the journals with the highest calculated weight (i.e. highest number of publications in 

this review relative to the total number of publications) (Fig. S2).  
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Figure S2. The weighted pattern of journals that published studies using Functional 

Response in invasion science, ordered by relative weight. Bars represent the raw 

number of resulting papers for each journal. The light grey line represents the relative 

weight of each journal. Relative weight was log transformed to facilitate visualisation 

(please note the different scale on the right). 
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Supplementary material 4 

Table S2. List of treatments used by the studies deriving Functional Response (FR) 

curves under different biotic and abiotic contexts. The list of references can be found 

in Supplementary material 5. 
Context Treatment Description References 
Abiotic    
 Depth The study analysed the 

FR in different depths in 
the aquatic environment. 

Barrios-O'Neill et al. 2014b 

 Disturbance The study analysed the 
FR in different 
hydrodynamic disturbance 
levels (e.g. high vs low). 

Joyce et al. 2020 

 Experimental time The study derived FR 
curves using different total 
experimental periods. 

Ruscoe et al. 2005, 
Bollache et al. 2008, 
Kestrup et al. 2011 

 Field vs. laboratory The study derived FR 
curves in the laboratory 
and in the field using cage 
enclosures. 

Sallam et al. 1999 

 Habitat complexity The study analysed the 
FR in different levels of 
habitat complexity (e.g. 
none, low, medium, high). 

Kushner & Hovel 2006, 
Alexander et al. 2015a, 
Barrios-O'Neill et al. 2015, 
South et al. 2017, Norbury 
et al. 2019 
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 Light regime The study performed FR 
trials under different light 
experimental treatments. 

South et al. 2017 

 Physicochemical 
parameters 

The study performed FR 
trials under different 
treatments of water 
physicochemical 
parameters (e.g. 
conductivity, salinity or 
dissolved oxygen). 

Kestrup et al. 2011, Laverty 
et al. 2015, Iacarella & 
Ricciardi 2015, Dickey et al. 
2021 

 Period of the day The study analysed the 
FR in different periods of 
the day (e.g. daytime and 
night). 

Barrios-O'Neill et al. 2014b 

 Season The study repeated the 
same FR procedure in at 
least two different seasons 
(e.g. summer and winter). 
It was not simply a 
temperature variation, but 
performing the FR trial in 
different periods of the 
year. 

Greenwood et al. 2020, 
Joyce et al. 2020 

 Site The study analysed the 
FR in different sites in the 
aquatic environment (e.g. 
shallow or deep). 

Barrios-O'Neill et al. 2014b 

 Substrate The study analysed the 
FR using different 
substrates in the 
experimental arena (e.g. 
none, sandy, gravel) 

Dodd et al. 2014, Gebauer 
et al. 2019, Cuthbert et al. 
2019b, South et al. 2019 

 Temperature The study performed FR 
trials under different 
temperatures. 

Wang & Ferro 1998, Jones 
et al. 2003, Hooff & Bollens 
2004, Mahdian et al. 2006, 
Iacarella et al. 2015a, 
Marescaux et al. 2016, 
Pellan et al. 2016, Xu et al. 
2016a, Laverty et al. 2017a, 
South et al. 2017, Kemp & 
Aldridge 2018, Gebauer et 
al. 2018, Benhadi-Marín et 
al. 2018, Mu et al. 2019, 
Mofu et al. 2019a, 
Haubrock et al. 2020 

Biotic    

 Alternative 
resource 

The study tested the FR of 
the consumer offering just 
one resource and the 

Médoc et al. 2018, Crane et 
al. 2021 
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same resource plus an 
alternative one. 

 Size The study tested the FR of 
different consumer size 
classes or assessed the 
effect of variations in 
predator–prey body size 
ratios (combinations of 
predator and prey size 
classes). 

Dodd et al. 2014, Taylor & 
Dunn 2017, Cuthbert et al. 
2020 

 Interactions The study investigated the 
effect of other ecological 
interactions on the FR of a 
focal consumer. Includes 
studies that used more 
than one consumer per 
trial (in intra- or 
interspecific 
combinations), studies that 
used a higher-order 
predator, and studies that 
investigated cannibalism 
(offering juveniles of the 
predator species as prey) 
and intraguild predation 
(offering juveniles of other 
species of the same 
trophic guild as prey). In 
competition arrangements 
some studies kept the 
competitor enclosed and 
some studies allowed 
them to feed together. 

Barrios-O'Neill et al. 2014a, 
Paterson et al. 2015, 
Slaughter et al. 2016, 
Bunke et al. 2019, Mofu et 
al. 2019b, Grimm et al. 
2020, DeRoy et al. 2020a, 
Otturi et al. 2020 

 Consumer 
experience 

The study investigated the 
effect of the consumer’s 
previous experience with 
the resource (e.g 
experienced consumer 
and naïve consumer). 

Mendes et al. 2018 

 Consumer life 
stage 

The study tested the FR of 
the consumer while 
varying its developmental 
life stage (e.g. juveniles 
and adults). 

Koch et al. 2003, Tilves et 
al. 2013, Mu et al. 2019, 
Seyfollahi et al. 2019, 
Fincham et al. 2019, 
Haubrock et al. 2020, Ren 
et al. 2020, Dalal et al. 2021 

 Consumer origin 

(population) 

The study compared the 
FR of different origins 
(native and non-native) of 
the same species using 

Bollache et al. 2008, 
Howard et al. 2018, Boets 
et al. 2019, Grimm et al. 
2020 
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populations from its native 
and introduced ranges. 

 Consumer origin 

(species) 

The study compared the 
FR of different origins 
(native and non-native) 
using different consumer 
species of the same 
location. 

Sallam et al. 1999, Jones et 
al. 2003, Bollache et al. 
2008, Kestrup et al. 2011, 
Farazmand et al. 2012, 
Haddaway et al. 2012, 
Kögel et al. 2013, Dick et al. 
2013, Alexander et al. 2014, 
Dodd et al. 2014, Hoki et al. 
2014, Barrios-O'Neill et al. 
2014a, Barrios-O'Neill et al. 
2014b, Bovy et al. 2015, 
Paterson et al. 2015, 
Barrios-O'Neill et al. 2015, 
Laverty et al. 2015, Médoc 
et al. 2015, Xu et al. 2016b, 
Rosewarne et al. 2016, 
Taylor & Dunn 2017, 
Laverty et al. 2017b, Guo et 
al. 2017, Iltis et al. 2018, 
Médoc et al. 2018, Poley et 
al. 2018, Hoxha et al. 2018, 
Taylor & Dunn 2018, Kemp 
et al. 2018, Bunke et al. 
2019, Crookes et al. 2019, 
Paton et al. 2019, Hoxha et 
al. 2019, Britton et al. 2019, 
Mofu et al. 2019b, Mofu et 
al. 2019a, Fincham et al. 
2019, Faria et al. 2019, 
DeRoy et al. 2020b, Otturi 
et al. 2020, Carvalho et al. 
2020, Dickey et al. 2021 

 Consumer sex The study analysed the 
FR of both sexes of the 
consumer. 

Li et al. 2017, Poley et al. 
2018, Linzmaier & Jeschke 
2020 

 Consumer source The study analysed the 
FR of the same species 
from different sources 
(e.g. wild and commercial 
stock). 

Linzmaier & Jeschke 2020 

 Infection The study investigated the 
effect of an 
infection/parasitism on the 
FR of the consumer (e.g. 
healthy and infected, 
unparasitised and 
parasitised). Some studies 
used naturally infected 
individuals, whereas other 

Dick et al. 2010, Haddaway 
et al. 2012, Paterson et al. 
2015, Laverty et al. 2017a, 
Iltis et al. 2018, Bunke et al. 
2019, Fincham et al. 2019 
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infected them in the 
laboratory. 

 Invasion gradient The study compared the 
FR of different populations 
of the same species, 
collected in several 
locations along the 
invasion pathway gradient 
(e.g. invasion front and 
well-established/low- or 
high density sites). 

Iacarella et al. 2015b, Paton 
et al. 2019 

 Resource 
exposition 

The study used a resource 
species that builds a 
defensive structure around 
its body (e.g. tubeless 
individuals and individuals 
in mud tube). 

Bovy et al. 2015 

 Resource life stage The study tested the FR of 
the consumer while 
varying the developmental 
life stage of the resource 
(e.g. eggs, larvae, adults). 

Koch et al. 2003, 
Farazmand et al. 2012, 
Renkema et al. 2015, 
Slaughter et al. 2016, Li et 
al. 2017, Patel & Zhang 
2017, Rios-Velasco et al. 
2017, Seyfollahi et al. 2019, 
Viteri Jumbo et al. 2019, 
Guleria et al. 2021 

 Resource origin 

(species) 

The study compared the 
FR of different origins 
(native and non-native) 
using different resource 
species of the same 
location. 

Sallam et al. 1999, Hooff & 
Bollens 2004, Griswold & 
Lounibos 2005, Kestrup et 
al. 2011, Zuharah & Lester 
2011, Bovy et al. 2015, 
Alexander et al. 2015b, 
Giacoletti et al. 2016, 
Cuthbert et al. 2018c, 
Bunke et al. 2019, Joyce et 
al. 2019, Cuthbert et al. 
2019a, Pacheco et al. 2020, 
Joyce et al. 2020 

 Starvation time The study varied the total 
period of starvation of the 
consumer prior the trials. 

Gonçalves et al. 2016 
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APPENDIX 2 – SUPPLEMENTARY MATERIAL FROM CHAPTER 3 “PREDATION 
RISK BY LARGEMOUTH BASS MODULATES FEEDING FUNCTIONAL 

RESPONSES OF NATIVE AND NON-NATIVE CRAYFISH” 
 

Supplementary material 1 
Data from functional response trials for each crayfish species under predator treatment 

and control. 

 
replicate treatment species density alive dead eaten temperature sex mass_g CL_mm 

1 control redswamp 2 1 0 1 18.1 M 23.8 44.3 

2 control redswamp 2 1 0 1 18.1 M 23.1 49.7 

3 control redswamp 2 2 0 0 15.6 M 50.6 58.5 

4 control redswamp 2 2 0 0 15.7 M 50 58.4 

5 control redswamp 2 1 0 1 13.9 M 60.4 64.2 

6 control redswamp 2 1 0 1 12.8 M 20.1 42.2 

7 control redswamp 2 0 0 2 13 M 31.9 52.2 

1 control redswamp 4 0 0 4 18 F 44.3 59 

2 control redswamp 4 4 0 0 16.3 F 28.9 49.5 

3 control redswamp 4 4 0 0 14.9 F 39.5 52.5 

4 control redswamp 4 3 0 1 14.8 M 27.2 47.9 

5 control redswamp 4 3 0 1 13.9 M 34.6 49.5 

6 control redswamp 4 3 0 1 13.2 M 64.4 62.6 

7 control redswamp 4 1 0 3 13.1 M 19.3 40.7 

1 control redswamp 8 7 0 1 18 M 53.2 57.1 

2 control redswamp 8 4 0 4 15.6 M 27.5 49.7 

3 control redswamp 8 5 2 1 14.3 M 34.8 53.4 

4 control redswamp 8 6 0 2 13.5 M 25.2 47.5 

5 control redswamp 8 6 0 2 12.5 M 39.5 54.9 

6 control redswamp 8 5 0 3 12.8 M 54.5 56.9 

7 control redswamp 8 4 0 4 12.9 M 31.3 58.3 

1 control redswamp 12 11 0 1 18 M 23.9 45.4 

2 control redswamp 12 9 0 3 17.9 F 39.9 56.8 

3 control redswamp 12 9 0 3 15.9 M 28.1 46.8 
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4 control redswamp 12 0 0 12 15.9 F 40.6 55.8 

5 control redswamp 12 7 0 5 12.7 M 60.9 61 

6 control redswamp 12 5 0 7 12.5 F 19 44.7 

7 control redswamp 12 10 0 2 13.2 M 17.5 41.8 

1 control redswamp 16 15 0 1 17.8 M 33 45.9 

2 control redswamp 16 2 0 14 17.9 M 49.2 60.2 

3 control redswamp 16 9 0 7 14.9 M 64.6 59.7 

4 control redswamp 16 13 0 3 14.2 M 35.1 52.6 

5 control redswamp 16 13 0 3 13.9 M 21 45.9 

6 control redswamp 16 14 0 2 13.4 M 53.1 56.8 

7 control redswamp 16 14 0 2 12.5 M 26.7 45.6 

1 control redswamp 24 21 0 3 15.6 M 28.3 49.1 

2 control redswamp 24 12 0 12 15.6 F 28.6 49.9 

3 control redswamp 24 21 0 3 15.9 F 31.2 53.6 

4 control redswamp 24 2 0 22 15.8 F 31.5 51.8 

5 control redswamp 24 5 0 19 14.9 M 42 52.8 

6 control redswamp 24 22 1 1 12.9 F 28.4 50.2 

7 control redswamp 24 22 1 1 12.9 M 34.3 48.7 

1 control redswamp 40 40 0 0 15.6 M 29.1 48.2 

2 control redswamp 40 10 0 30 16.1 M 43.2 54.7 

3 control redswamp 40 15 1 24 15.3 F 47.5 58.6 

4 control redswamp 40 39 0 1 15.2 M 23.4 44.6 

5 control redswamp 40 35 0 5 14.9 M 27.6 48.8 

6 control redswamp 40 31 3 6 14.7 M 49.9 54.8 

7 control redswamp 40 35 0 5 13.9 F 33.8 52.4 

1 control rusty 2 0 0 2 18.5 M 19.6 38 

2 control rusty 2 1 0 1 18 F 18.3 39.1 

3 control rusty 2 1 0 1 16.1 M 23.3 41.2 

4 control rusty 2 0 0 2 15.9 M 31.6 41.7 

5 control rusty 2 2 0 0 14.3 M 32.9 45.5 

6 control rusty 2 1 0 1 14.5 M 23 39.4 

7 control rusty 2 1 0 1 12.9 M 24.9 40.7 

1 control rusty 4 0 0 4 18.5 M 22.1 40.8 
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2 control rusty 4 2 0 2 18 M 17.9 36.2 

3 control rusty 4 0 0 4 17.8 M 22.9 39.4 

4 control rusty 4 2 0 2 15.9 M 27.8 42 

5 control rusty 4 1 0 3 15.7 M 27.5 43.4 

6 control rusty 4 0 0 4 14.9 M 30.8 43.8 

7 control rusty 4 2 0 2 13.5 M 22.5 40.8 

1 control rusty 8 1 0 7 18 M 19.1 37.3 

2 control rusty 8 7 0 1 17.9 M 31.9 38.9 

3 control rusty 8 3 0 5 17.8 M 19.7 36.4 

4 control rusty 8 8 0 0 14.8 M 17.9 36 

5 control rusty 8 0 0 8 14.4 M 23 40.7 

6 control rusty 8 0 0 8 14.5 M 34 46 

7 control rusty 8 2 0 6 13.3 M 19.8 38 

1 control rusty 12 2 0 10 18 M 27.9 43 

2 control rusty 12 3 0 9 17.9 M 18 36.6 

3 control rusty 12 0 0 12 17.8 M 18 37.1 

4 control rusty 12 1 0 11 15.6 M 35.8 47.6 

5 control rusty 12 8 0 4 15.9 M 22.9 39.5 

6 control rusty 12 1 0 11 14.9 M 30.2 43.8 

7 control rusty 12 12 0 0 13.3 M 21.2 36.8 

1 control rusty 16 4 0 12 17.8 M 33 47.3 

2 control rusty 16 0 0 16 18 M 21.3 38.9 

3 control rusty 16 2 0 14 15.6 M 33.6 45.8 

4 control rusty 16 3 0 13 15.7 M 35.8 48.8 

5 control rusty 16 1 0 15 16.3 M 25.8 41 

6 control rusty 16 2 0 14 15.9 M 21.6 40.2 

7 control rusty 16 12 0 4 12.6 M 17.5 36.8 

1 control rusty 24 1 0 23 16.4 M 27.1 42.6 

2 control rusty 24 15 0 9 16.1 M 23.1 39.4 

3 control rusty 24 10 0 14 15.1 M 29.1 45 

4 control rusty 24 20 0 4 14.8 M 30.5 44.2 

5 control rusty 24 19 0 5 14.4 M 27.2 41.4 

6 control rusty 24 20 0 4 14.4 M 24.8 40.8 
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7 control rusty 24 7 0 17 13.6 M 22.8 38.5 

1 control rusty 40 11 0 29 17.9 M 20.5 38.2 

2 control rusty 40 15 0 25 16.3 M 28.8 43.2 

3 control rusty 40 15 0 25 15.6 M 22.1 40 

4 control rusty 40 6 0 34 16.1 M 24.6 39.6 

5 control rusty 40 19 0 21 15.5 M 30.8 44.6 

6 control rusty 40 26 0 14 15.3 M 24.6 40.8 

7 control rusty 40 16 0 24 13.3 M 25.8 40.7 

1 control signal 2 0 0 2 18 F 20.3 42.1 

2 control signal 2 1 0 1 18 F 21.3 41.9 

3 control signal 2 0 0 2 17.9 M 24.3 44.7 

4 control signal 2 0 0 2 15.8 M 21.4 42.8 

5 control signal 2 0 0 2 15.4 F 43.5 54.6 

6 control signal 2 1 0 1 14.5 M 46.8 55.2 

7 control signal 2 0 0 2 13.5 F 25.4 45 

1 control signal 4 2 0 2 18.5 F 33.5 48.8 

2 control signal 4 2 0 2 18.5 F 35.7 52.7 

3 control signal 4 1 0 3 17.9 M 29.3 47.8 

4 control signal 4 0 0 4 15.6 M 30.6 47.9 

5 control signal 4 0 0 4 14.9 M 36.4 49.5 

6 control signal 4 0 0 4 14.5 M 48.7 55.9 

7 control signal 4 0 0 4 13.2 M 21.4 42.7 

1 control signal 8 5 0 3 18.1 F 24.6 44.8 

2 control signal 8 0 0 8 18.1 M 20.7 42.5 

3 control signal 8 4 0 4 15.8 F 31.5 48.9 

4 control signal 8 0 0 8 15.6 M 47.8 57 

5 control signal 8 2 1 5 15.5 M 30.1 48.6 

6 control signal 8 0 0 8 13.4 M 29.5 48.7 

7 control signal 8 0 0 8 12.9 M 48.8 56.1 

1 control signal 12 5 0 7 17.9 M 32 47.5 

2 control signal 12 2 0 10 15.9 M 38 52.9 

3 control signal 12 1 0 11 14.9 F 27.5 48.1 

4 control signal 12 0 1 11 14.3 M 50.7 59.4 
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5 control signal 12 1 0 11 12.9 F 25 47 

6 control signal 12 2 0 10 14.1 M 39.2 51.1 

7 control signal 12 0 0 12 12.8 M 31.7 52.1 

1 control signal 16 11 0 5 17.9 F 29.8 48.1 

2 control signal 16 1 0 15 17.8 M 40.6 53.8 

3 control signal 16 4 0 12 15.9 M 40.5 52 

4 control signal 16 0 0 16 15.6 M 35.6 51 

5 control signal 16 1 0 15 16.2 M 44.8 52.4 

6 control signal 16 2 0 14 14.4 F 37.1 49.7 

7 control signal 16 0 0 16 13.7 M 71.2 61.3 

1 control signal 24 14 1 9 18 M 37.2 50.9 

2 control signal 24 7 3 14 17.8 M 40.8 53.1 

3 control signal 24 5 0 19 18 M 34.4 49.4 

4 control signal 24 8 0 16 15.6 M 41.9 50.5 

5 control signal 24 16 0 8 16.1 F 36.9 50.9 

6 control signal 24 10 0 14 13.6 M 29.6 45.6 

7 control signal 24 8 0 16 13.1 M 36.7 50.6 

1 control signal 40 4 0 36 15.9 M 45.1 53 

2 control signal 40 19 4 17 14.9 M 36.9 47.4 

3 control signal 40 21 0 19 15.6 F 32.1 49.5 

4 control signal 40 13 1 26 14.3 M 40.2 51.6 

5 control signal 40 18 0 22 14.9 F 33.3 48.3 

6 control signal 40 3 1 36 14.3 M 45.5 49.2 

7 control signal 40 28 1 11 13.5 M 47.9 55.3 

1 control virile 2 1 0 1 18 F 26.3 45.9 

2 control virile 2 1 0 1 18 F 36.8 50.9 

3 control virile 2 0 0 2 18.1 M 28.7 43.5 

4 control virile 2 2 0 0 15.6 M 35.2 46.7 

5 control virile 2 1 0 1 15.6 M 34.1 45.8 

6 control virile 2 0 0 2 14.7 F 41.7 50.3 

7 control virile 2 2 0 0 13.3 M 23.9 42.2 

1 control virile 4 1 0 3 18.1 M 30.2 44.2 

2 control virile 4 4 0 0 17.8 M 30.4 44.9 
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3 control virile 4 1 0 3 17.9 M 32.5 44.8 

4 control virile 4 3 0 1 18.1 M 41.6 49.3 

5 control virile 4 4 0 0 15.7 M 26.9 42.8 

6 control virile 4 0 0 4 16 F 24.5 43.5 

7 control virile 4 0 0 4 12.9 F 23.8 43.5 

1 control virile 8 1 0 7 18.1 F 33.4 49.9 

2 control virile 8 2 0 6 18 M 38 46.2 

3 control virile 8 0 0 8 18.1 F 41.1 51.4 

4 control virile 8 4 0 4 15.6 F 22.5 42.8 

5 control virile 8 2 0 6 15.6 F 38.8 49.4 

6 control virile 8 1 0 7 14.9 M 28 44.2 

7 control virile 8 0 0 8 14 F 23 41.8 

1 control virile 12 0 0 12 17.8 M 35.7 50.2 

2 control virile 12 6 0 6 15.7 M 37 45.7 

3 control virile 12 6 0 6 14.5 M 34.1 44.8 

4 control virile 12 3 0 9 15.2 M 27.7 42.7 

5 control virile 12 0 0 12 14.3 F 27.4 45.5 

6 control virile 12 12 0 0 15.4 F 28.2 43.9 

7 control virile 12 4 0 8 12.8 F 20.3 39.3 

1 control virile 16 0 0 16 17.8 M 39.7 47.6 

2 control virile 16 4 0 12 15.6 M 41.9 45.5 

3 control virile 16 1 0 15 15.9 M 35.4 49.3 

4 control virile 16 3 0 13 15.7 M 27.2 42.4 

5 control virile 16 9 0 7 14.8 M 32.2 46.1 

6 control virile 16 3 0 13 14.3 F 27.1 45.7 

7 control virile 16 4 0 12 12.8 M 22.4 41.6 

1 control virile 24 3 0 21 18 M 33.9 45.5 

2 control virile 24 1 0 23 15.6 F 34.8 48.6 

3 control virile 24 5 0 19 16.3 M 33.1 46.5 

4 control virile 24 6 0 18 16.5 F 29.5 46.3 

5 control virile 24 8 2 14 15.1 M 51.7 51.5 

6 control virile 24 12 0 12 14.2 F 26.8 43.9 

7 control virile 24 23 0 1 13.9 M 24.5 41.7 
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1 control virile 40 20 0 20 18 M 33.6 47.1 

2 control virile 40 14 0 26 15.7 M 37.8 47.8 

3 control virile 40 17 0 23 15.9 M 54.5 54.5 

4 control virile 40 31 1 8 15.8 M 33.8 45.7 

5 control virile 40 8 3 29 14.5 F 27.1 45.7 

6 control virile 40 21 0 19 14.6 F 28.1 43.9 

7 control virile 40 19 1 20 13.1 F 21.1 42.1 

1 predator redswamp 2 2 0 0 18.5 F 45.6 56.8 

2 predator redswamp 2 2 0 0 17.8 F 41.5 55.1 

3 predator redswamp 2 1 0 1 17.9 M 25.4 43.5 

4 predator redswamp 2 2 0 0 17.9 M 29.3 49 

5 predator redswamp 2 2 0 0 16.1 M 36.4 51.3 

6 predator redswamp 2 1 0 1 16 M 30.6 50.8 

7 predator redswamp 2 1 0 1 13.2 M 46.8 56.6 

1 predator redswamp 4 4 0 0 17.9 M 29.1 46.7 

2 predator redswamp 4 4 0 0 16.1 F 29.1 50.9 

3 predator redswamp 4 2 0 2 14.9 M 51.4 58.3 

4 predator redswamp 4 3 0 1 15.6 M 48.7 54.3 

5 predator redswamp 4 3 0 1 15.9 M 31.3 48.7 

6 predator redswamp 4 4 0 0 13 F 44.6 60 

7 predator redswamp 4 4 0 0 13.5 F 26.1 49.5 

1 predator redswamp 8 7 0 1 17.8 F 30 52.1 

2 predator redswamp 8 3 0 5 18.5 M 50.3 58.5 

3 predator redswamp 8 8 0 0 17.8 M 37.3 54.5 

4 predator redswamp 8 6 0 2 16.2 M 56.4 60.5 

5 predator redswamp 8 1 0 7 15.9 F 42.3 56.1 

6 predator redswamp 8 8 0 0 14.7 F 40.5 55.1 

7 predator redswamp 8 8 0 0 13 M 21 43.7 

1 predator redswamp 12 1 0 11 17.8 M 54.9 56 

2 predator redswamp 12 9 0 3 15.9 F 47.1 58.5 

3 predator redswamp 12 9 0 3 15.9 M 37.9 53.1 

4 predator redswamp 12 12 0 0 14.9 M 73.4 65 

5 predator redswamp 12 11 0 1 15.9 M 60.9 61.3 
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6 predator redswamp 12 11 0 1 13.2 M 60.8 64.1 

7 predator redswamp 12 7 0 5 13.3 F 29.9 51.1 

1 predator redswamp 16 16 0 0 17.9 M 26.9 49.6 

2 predator redswamp 16 14 0 2 17.8 M 51.8 61.1 

3 predator redswamp 16 12 0 4 15.6 M 56.7 58.8 

4 predator redswamp 16 16 0 0 15.6 M 39.2 52.9 

5 predator redswamp 16 13 2 1 15.7 M 44.2 55.4 

6 predator redswamp 16 14 0 2 13.3 M 76.4 63.4 

7 predator redswamp 16 12 0 4 13.2 M 47.3 56.7 

1 predator redswamp 24 19 0 5 17.8 F 30.4 51 

2 predator redswamp 24 23 0 1 16.1 F 42.2 58.6 

3 predator redswamp 24 16 0 8 16.9 F 64.3 64.7 

4 predator redswamp 24 20 0 4 17 F 46.2 60.1 

5 predator redswamp 24 23 0 1 16 F 45.8 56.8 

6 predator redswamp 24 21 0 3 15.6 M 38.5 52.6 

7 predator redswamp 24 18 0 6 13.5 M 56.6 56 

1 predator redswamp 40 29 0 11 16.1 F 50.7 63.1 

2 predator redswamp 40 18 0 22 16.3 F 43.5 58.5 

3 predator redswamp 40 34 0 6 15.8 M 46.6 55.1 

4 predator redswamp 40 39 0 1 14.5 M 52.2 56.7 

5 predator redswamp 40 39 1 0 14.9 M 31.2 49.5 

6 predator redswamp 40 37 0 3 15.6 M 35.7 51.4 

7 predator redswamp 40 34 0 6 13.6 M 29.9 49.8 

1 predator rusty 2 0 0 2 17.9 M 21.6 37.5 

2 predator rusty 2 1 0 1 17.8 M 17.6 36.9 

3 predator rusty 2 2 0 0 17 M 21.9 36.5 

4 predator rusty 2 2 0 0 15.9 M 20.5 37.5 

5 predator rusty 2 1 0 1 15.2 M 27.5 42.7 

6 predator rusty 2 2 0 0 15.9 M 25 36.9 

7 predator rusty 2 2 0 0 13.9 M 24.5 39.7 

1 predator rusty 4 1 0 3 17.8 M 22.3 38.1 

2 predator rusty 4 3 0 1 17.9 M 24.8 42.6 

3 predator rusty 4 3 0 1 17.9 M 25.7 42.5 
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4 predator rusty 4 0 0 4 16 M 38.9 45.6 

5 predator rusty 4 1 0 3 16.2 M 25.1 40.9 

6 predator rusty 4 1 0 3 15.5 M 25 41.1 

7 predator rusty 4 3 0 1 13.4 M 21.3 41.4 

1 predator rusty 8 4 0 4 18 M 21.1 37.5 

2 predator rusty 8 2 0 6 17.8 M 28.4 41.8 

3 predator rusty 8 2 0 6 18.5 M 19.2 38.9 

4 predator rusty 8 3 0 5 14.7 M 24.4 41.5 

5 predator rusty 8 3 0 5 15.9 M 26.1 41.8 

6 predator rusty 8 3 0 5 15.9 M 32.5 44.3 

7 predator rusty 8 5 0 3 13.2 M 28.6 41.1 

1 predator rusty 12 0 0 12 18 M 29.6 42.5 

2 predator rusty 12 2 0 10 17.8 M 27.8 43.4 

3 predator rusty 12 4 0 8 17.9 M 27.3 43.8 

4 predator rusty 12 4 0 8 16 M 30.2 44.8 

5 predator rusty 12 2 0 10 15.9 M 32.8 47 

6 predator rusty 12 9 0 3 15.5 M 25.8 40.3 

7 predator rusty 12 9 0 3 13.4 M 20 38.8 

1 predator rusty 16 2 0 14 17.9 M 34.9 46.1 

2 predator rusty 16 3 0 13 18 M 29.4 46.6 

3 predator rusty 16 2 0 14 15.9 M 37 47.1 

4 predator rusty 16 5 0 11 16.2 M 31.1 42.9 

5 predator rusty 16 16 0 0 16.9 M 20.9 41.1 

6 predator rusty 16 8 0 8 16 M 34.3 40.5 

7 predator rusty 16 1 0 15 13.6 M 17 37.1 

1 predator rusty 24 11 0 13 16.1 M 30.1 42.5 

2 predator rusty 24 9 0 15 16.2 M 38.5 47.2 

3 predator rusty 24 7 0 17 15.7 M 30.4 39.9 

4 predator rusty 24 16 0 8 14.7 M 22.9 43 

5 predator rusty 24 13 0 11 14.6 M 25.6 39.9 

6 predator rusty 24 10 0 14 15.9 M 23.8 40.2 

7 predator rusty 24 18 0 6 13 M 23.3 36.7 

1 predator rusty 40 25 0 15 18 M 27.6 42.3 
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2 predator rusty 40 17 0 23 15.9 M 26.8 41.3 

3 predator rusty 40 15 0 25 16 M 27.5 41.9 

4 predator rusty 40 32 0 8 16 M 25.9 37.2 

5 predator rusty 40 29 0 11 15.4 M 28.8 41.5 

6 predator rusty 40 24 0 16 14.5 M 31.1 42.9 

7 predator rusty 40 28 0 12 13.3 M 17.7 36.8 

1 predator signal 2 0 0 2 18.5 F 28.7 47.4 

2 predator signal 2 2 0 0 17.8 M 29.9 45.4 

3 predator signal 2 2 0 0 17.9 F 30.3 47.1 

4 predator signal 2 0 0 2 16.5 F 29 49.3 

5 predator signal 2 1 0 1 15.8 M 43.6 53.8 

6 predator signal 2 0 0 2 15.9 F 30.7 47.5 

7 predator signal 2 2 0 0 13.3 F 24.3 46 

1 predator signal 4 2 0 2 18.5 M 31.9 48.3 

2 predator signal 4 3 0 1 17.9 F 28.9 48.1 

3 predator signal 4 3 0 1 17.8 F 26.1 45.8 

4 predator signal 4 1 0 3 16.4 F 28.2 46.8 

5 predator signal 4 1 0 3 15.6 M 33.7 49.7 

6 predator signal 4 0 0 4 14.6 M 45.1 51.6 

7 predator signal 4 3 0 1 12.9 M 35.6 50.9 

1 predator signal 8 0 0 8 17.9 M 25.9 47 

2 predator signal 8 0 0 8 17.8 M 33.8 53.3 

3 predator signal 8 2 0 6 15.9 M 32.4 46.3 

4 predator signal 8 0 0 8 16.9 M 44.9 54.7 

5 predator signal 8 0 0 8 15.3 F 31.5 49.6 

6 predator signal 8 0 0 8 15.6 M 44 53.2 

7 predator signal 8 1 0 7 13.2 M 25.9 43.9 

1 predator signal 12 4 0 8 18 F 28.3 46 

2 predator signal 12 0 0 12 16.2 M 30.4 47.3 

3 predator signal 12 5 0 7 15.9 M 36.4 51 

4 predator signal 12 1 0 11 16 M 49.9 58.9 

5 predator signal 12 0 0 12 14.4 M 39.8 51.7 

6 predator signal 12 3 0 9 14.5 M 53.4 55.3 
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7 predator signal 12 6 0 6 13.3 M 25.8 45.1 

1 predator signal 16 2 0 14 17.9 M 44.7 51.9 

2 predator signal 16 8 0 8 17.9 M 38.8 49 

3 predator signal 16 3 0 13 16.1 M 52.3 55.6 

4 predator signal 16 2 0 14 16.2 M 47.5 55.1 

5 predator signal 16 3 0 13 15.9 F 25.3 45.9 

6 predator signal 16 0 0 16 15.9 M 45.9 52.5 

7 predator signal 16 1 0 15 13.6 M 68.8 61.3 

1 predator signal 24 9 0 15 17.8 M 54.7 55 

2 predator signal 24 7 0 17 17.9 M 35.6 46.6 

3 predator signal 24 0 0 24 17.9 M 45 50.5 

4 predator signal 24 10 0 14 16.5 M 35.6 49.5 

5 predator signal 24 12 0 12 16.2 M 30.6 47.1 

6 predator signal 24 0 0 24 15.1 M 58.4 55.8 

7 predator signal 24 0 0 24 13.2 M 63.4 59.8 

1 predator signal 40 33 0 7 16.8 F 42.4 52.9 

2 predator signal 40 37 0 3 15.8 M 46.9 54.6 

3 predator signal 40 22 0 18 14.3 F 28.8 43.4 

4 predator signal 40 23 2 15 15.9 M 47.7 54.2 

5 predator signal 40 19 1 20 15.8 M 33.5 48.8 

6 predator signal 40 16 1 23 15.9 M 26.5 46.1 

7 predator signal 40 16 2 22 13.3 M 43.9 53.4 

1 predator virile 2 0 0 2 17.8 F 30.2 46.5 

2 predator virile 2 1 0 1 17.9 F 37.1 49.7 

3 predator virile 2 1 0 1 17.9 F 34.3 48.7 

4 predator virile 2 0 0 2 15.9 M 32.5 45 

5 predator virile 2 0 0 2 16.1 F 34.3 40.6 

6 predator virile 2 2 0 0 14.4 F 28.9 46.2 

7 predator virile 2 2 0 0 13.1 F 24.5 41.1 

1 predator virile 4 0 0 4 18.5 M 44.4 47.8 

2 predator virile 4 4 0 0 17.9 F 33.5 51.3 

3 predator virile 4 2 0 2 18 F 46.9 51 

4 predator virile 4 0 0 4 17.9 M 34.8 46.1 
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5 predator virile 4 2 0 2 16.3 F 25.7 44.2 

6 predator virile 4 1 0 3 15.9 F 26.3 45.3 

7 predator virile 4 0 0 4 13.9 F 23.9 37.6 

1 predator virile 8 1 0 7 17.8 F 32.7 45.6 

2 predator virile 8 1 0 7 17.9 M 32.7 44.6 

3 predator virile 8 2 0 6 17.9 M 35.9 48.3 

4 predator virile 8 0 0 8 16.3 F 38 49.8 

5 predator virile 8 1 0 7 15.9 F 31.1 48.1 

6 predator virile 8 2 1 5 15.6 F 39.8 50.3 

7 predator virile 8 1 0 7 13.5 F 23.5 43.8 

1 predator virile 12 10 0 2 17.9 F 34.8 47.8 

2 predator virile 12 0 0 12 16.5 M 43.5 48 

3 predator virile 12 1 0 11 14.6 M 49 54.5 

4 predator virile 12 8 0 4 14.6 F 24.3 43.1 

5 predator virile 12 5 1 6 15.4 F 29.5 48 

6 predator virile 12 3 0 9 15.5 M 21.9 39.9 

7 predator virile 12 1 0 11 13 F 25.1 43.4 

1 predator virile 16 0 0 16 17.9 M 36.6 47.5 

2 predator virile 16 4 0 12 16.2 F 37.2 44.4 

3 predator virile 16 4 0 12 16 M 26.4 41.6 

4 predator virile 16 11 0 5 15.8 M 55.8 52.5 

5 predator virile 16 5 0 11 14.4 F 34.8 49.5 

6 predator virile 16 12 2 2 15.6 M 39 48.1 

7 predator virile 16 9 0 7 13.3 F 21.6 41.5 

1 predator virile 24 10 0 14 17.9 M 39.4 47.9 

2 predator virile 24 17 0 7 16.1 M 42.5 50 

3 predator virile 24 4 0 20 15.9 F 26.3 44.8 

4 predator virile 24 23 0 1 16.5 F 25.2 44.4 

5 predator virile 24 13 1 10 15.6 M 24 42.2 

6 predator virile 24 15 0 9 14.7 M 26.6 41.5 

7 predator virile 24 11 1 12 13.1 M 21.1 39.2 

1 predator virile 40 13 0 27 17.9 F 38.9 49.1 

2 predator virile 40 12 0 28 16.1 F 41.5 53.2 
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3 predator virile 40 35 0 5 16.5 M 34.8 45.7 

4 predator virile 40 35 0 5 15.4 M 46.9 51.1 

5 predator virile 40 34 1 5 15.9 M 33.6 46.6 

6 predator virile 40 18 0 22 15.8 M 33.6 45.7 

7 predator virile 40 27 0 13 12.9 F 22.7 42.3 


