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Urban ecology

Cities are challenging environments for human life, because of multiple environmental issues driven by urban-
ization. These can sometimes be mitigated through ecosystem services provided by different functions supported
by biodiversity. However, biodiversity in cities is affected by numerous factors, namely habitat loss, degradation,
and fragmentation, as well as pollution, altered climate, and new biotic challenges. To better understand the link
between biodiversity and ecosystem functions and services, we need to improve our mechanistic knowledge of
these relationships. Trait-based ecology is a promising approach for unravelling the causes and consequences of
biodiversity filtering on ecosystem processes and underlying services, but large gaps remain unexplored.Here, we
present a series of research directions that are aimed at extending the current knowledge of the relationship be-
tween trait-based biodiversity and ecosystem functions and services in cities. These directions are based on: (1)
improving urban habitat mapping; (2) considering often neglected urban habitats and ecological niches; (3) inte-
grating multiple urban gradients; (4) using trait-based approaches to improve our mechanistic understanding of
the relationships between biodiversity and ecosystem functions and services; and (5) extending the involvement
of citizens.Pursuing these research directions may support the sustainable management of urban ecosystems and
the long-term provision of ecosystem services, ultimately enhancing the well-being of urban populations.

Introduction

Cities are socio-ecological systems mostly dominated by the grey in-
frastructure (built-up area, including buildings and roads) and the green

Humans and their activities have been transforming the Earth and its
ecosystems in multiple ways, including alterations of the landscape, dis-
turbance regimes, species distributions and interactions (Boivin et al.,
2016). Urbanization is one such global trend within the Anthropocene,
impacting people, biodiversity and consequently ecosystem functions
(EF) and services (ES).

* Corresponding author.
E-mail address: ppinho@fc.ul.pt (P. Pinho)

and blue infrastructure, which include all natural, semi-natural and ar-
tificial (i.e. entirely human-made) habitats within a city, such as parks,
rivers and green-roofs. Despite their socio-economic benefits, urban ar-
eas are a challenging environment for city-dwellers (Engemann et al.,
2019). For instance, cities typically have higher temperatures and more
air pollution than rural areas (Munzi et al., 2014). To mitigate these
urban problems, cities can rely on a mixture of technological and na-
ture-based solutions to provide key services, including climate and water
regulation, noise reduction, air filtration and recreational and aesthetic
value (Capotorti et al., 2019; Diaz et al., 2018;



IPBES, 2019). Recently, the added value of green spaces to amelio-
rate the multiple negative impacts of pandemic situations (such as the
CoVid-19) on human well-being is being heighted by a sharp increase in
visitation to such green areas (Grima et al., 2020). Nature-based so-
lutions are intended to benefit both people and nature, with the added
advantage of promoting biodiversity and fostering cities as socio-ecolog-
ically resilient systems (Elmqvist, Andersson & Frantzeskaki, 2019).

Biodiversity faces multiple challenges in cities, including habitat
fragmentation and high spatio-temporal disturbances when compared to
non-urban areas. Changes in biodiversity and species composition due
to these stressors often cascade down to shifts in EF and ES provisioning,
including the potential loss of key ES (e.g., (Tresch et al., 2019b)).
These stressors can also impact species composition with knock-on ef-
fects on ES provisioning due to species-specific responses depending on
species traits, for example causing a decline in pollination service (mea-
sured by flower visitation) through favouring Hymenoptera in cities
compared to Diptera and Lepidoptera (Theodorou et al. 2020). The need
for ES provisioning differs across cities, depending on cultural, polit-
ical, socio-economical, and historical aspects, as well as topographic,
climatic, and geological conditions (Ossola, Locke, Lin & Minor,
2019). Nonetheless, biodiversity is universally shaped by a set of fac-
tors that filter the regional species pool and select for adapted species
that might result in functionally similar species assemblages (Fournier,
Frey & Moretti, 2020). In this regard, research approaches based
on traits, i.e. phenotypic features of organisms that affect their fit-
ness (Violle et al. 2007), have been proposed. Still, the relative con-
tribution of different components of biodiversity and the mechanisms
behind the provision of ES remains understudied (Schwarz et al.,
2017). Moreover, studies about urban ecology, as in other fields of
ecology (Meyer, Weigelt & Kreft, 2016), have some major spatial
and taxonomic biases. Many studies can only cover a subset of the
existing ecological components (e.g. through targeting specific habi-
tats or times of the day) and taxonomic groups, ultimately

limiting the knowledge on the relationship between biodiversity and EF.

Since cities are socio-ecological systems driven by human percep-
tions and needs, citizen science programs can provide important con-
tributions to biodiversity data and promote awareness among city res-
idents. Citizen science programs could ultimately help fill gaps in the
knowledge of species’ distributions and their relationships to ES in cities
(Serret, Deguines, Jang, Lois & Julliard, 2019). To overcome these
knowledge gaps a comprehensive overview on trait-based biodiversity
EF and ES research in cities is needed as a solid basis for future research
agendas including academic and citizen sciences approaches. Building
on extensive literature research focussed on the relationships between
biodiversity, EF and ES provision, and on the questions raised during the
development of the European research project BioVeins (Connectivity of
green and blue infrastructures: living veins for biodiverse and healthy
cities, BiodivERsA3201510), we identified multiple knowledge gaps for
biodiversity, EF and ES research in cities. Acknowledging that these gaps
could be tackled using an approach based on the quantification of EF
and ES and their relationships with biodiversity, and with the ultimate
objective of promoting resilient cities, we present a series of research di-
rections that point towards: (1) improving urban habitat mapping; (2)
considering neglected urban habitats and ecological niches; (3) integrat-
ing multiple urban environmental gradients; (4) using trait-based ap-
proaches to improve our mechanistic understanding of biodiversity and
its relationship with EF and ES; and (5) extending the involvement of
citizens in biodiversity, EF and ES research. A conceptual scheme of the
research agenda is presented in Fig. 1.

Research agenda to assess biodiversity, EF and ES in cities
Improving urban habitat mapping

Urban biodiversity research needs detailed knowledge of the habitat
types and their spatial distribution in cities. Habitat composition in the
Natura 2000 network of protected areas is being characterized through
a coordinated effort at the European level (EC, 2020), but this work re-
mains limited to case studies and does not provide extensive mapping
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Fig. 1. Conceptual research agenda to improve our understanding of relationships between biodiversity and ecosystem functions and services (B-EF/ES) in cities. The five topics high-
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of urban areas. Some cities, such as Zurich or Paris, map their habi-
tats at a very fine spatial resolution, and city-scale studies can make
use of these resources. However, thematic and temporal resolutions are
not compatible, and standard habitat mapping is currently not available
at the European level (Kabisch, Strohbach, Haase & Kronenberg,
2016). Although the European Urban Atlas (EEA., European Environ-
mental Agency, 2012) uses a consistent set of rules for mapping, its
habitat definition is limited to only three classes: ‘Green Urban Areas’,
‘Forest’, and ‘Herbaceous Vegetation Association’, and it omits key at-
tributes, such as vegetation structure and management, which are criti-
cal for linking them to biodiversity (Pinho et al., 2016) and ES provi-
sioning (Mexia et al., 2018). Moreover, small habitat patches, such as
green roofs and walls, flower beds and domestic gardens, as well as lin-
ear elements, such as green belts and ecotones, are often omitted even
though they are novel urban habitats with critical features for biodiver-
sity and ES provision (Hand et al., 2017).

Remote sensing data can be an important source for mapping ur-
ban land use. Unlike land-cover maps, remote sensing data is continuous
over space, can be continuously updated, and has been used in urban
areas to assess e.g. carbon stocks, urban heat island hotspots (Dobbs,
Hernandez-Moreno, Reyes-Paecke & Miranda, 2018) and patterns
of urban biodiversity (Pellissier, Mimet, Fontaine, Svenning & Cou-
vet, 2017). An added value of remote sensing is that it enables rapid
collection of data that can be used for monitoring and as part of an early
warning system, i.e. signalling areas that are currently unchanged but
that are likely to undergo changes in the future, such as drought-induced
tree mortality, based on time-series analysis (Yanlan et al. 2019). This
area of research remains unexplored regarding biodiversity changes.

To avoid the pitfalls of using linear city-centre to peri-urban gradi-
ents to characterize polycentric cities (Ramalho & Hobbs, 2012), fu-
ture studies should consider the characteristics of each habitat patch and
its surroundings, irrespective of its geographical position and distance
from the city centre. This can be done, for example, by stratifying sam-
pling to the environmental factor of interest or to a proxy of environ-
mental factors (e.g. dense urban landcover as a proxy for air pollution)
(Pinho et al., 2016). Future work using spatially complete analyses
(Pinho et al., 2008) could provide further insights into species-specific
mechanisms (such as dispersion) or the spatial structure of underlying
socio-ecological factors (such as management intensity, urban heat-is-
land effect and equity in the distribution of ES).

Research directions - urban habitat mapping:

1. Create ecologically meaningful habitat-based maps of cities, in-
cluding the full range of land uses, management strategies and
habitat sizes.

2. Use remote sensing data series to create a spatially com-
plete and temporally replicated sampling design, enabling better
characterization of urban habitats and long-term processes.

Considering neglected urban habitats and ecological niches

Typically, urban areas contain three main land cover types: artifi-
cial built-up area, e.g. houses and roads (grey infrastructure), terrestrial
and aquatic habitats (green and blue infrastructures, respectively). Al-
though these land covers are intermingled in cities in space and time,
they are often studied separately regarding: (1) their identity (green,
blue, grey); (2) their vertical distribution (above vs. below the surface),
(3) the time of day when the investigation occurs (day vs. night) and
(4) typology (e.g. green roof vs. meadow). However, urban habitats are
perceived and used by most animals as a continuum, since they often

depend on more than one habitat to complete their life cycle or to per-
form important activities, such as reproduction, nesting, and foraging
(Colding, 2007). Moreover, it is important not to minimize the impor-
tance of the below-ground habitat to many organisms, including bac-
teria, arthropods, fungi, and snails. Belowground biodiversity is tightly
connected with the aboveground compartment through processes such
as leaf litter decomposition, nutrient exchange, and soil formation. Par-
ticipating in shaping primary productivity, the roles of belowground
biodiversity thus cascades into the next trophic levels, ultimately de-
termining other ES such as pest control, pollination, and food produc-
tion (Tresch et al., 2019a). Such nutrient and energy transfers across
neighbouring habitats are expected to be intense but remain largely un-
explored.

Day and night provide two contrasting habitat spaces and ecological
niches for nocturnal and diurnal organisms. Nocturnal habitats are key
for species such as bats, ground-dwelling arthropods, moths and a myr-
iad of other insects that carry out a range of under-studied ES in cities,
such as pollination of night-flowering plants (Knop et al., 2017) and
pest control. While other animals such as birds share the same space
during the day, only by looking at both, nocturnal and diurnal organ-
isms, we can have a complete perspective on the local food webs (Vil-
larroya-Villalba et al., 2021).

To balance the impossibility of investigating all ecological niches
and habitats during the whole life cycle of organisms, we can focus on
traits related to daily and annual activity time, voltinism (number of
generations an organism completes within a year), and ontogeny (the
developmental history of an organism during its lifetime; see Moretti
et al. (Moretti, Dias & De Bello, 2017) for terrestrial invertebrates,
Pérez-Harguindeguy et al. (2013) for plants, and Dawson et al. (Daw-
son, Boddy & Halbwachs, 2019) for fungi). Moreover, by investigat-
ing trait variation at the individual rather than species level, one could
consider phenotypic plasticity and possible adaptations to the particular
environmental conditions in cities, thereby shedding light on important
eco-evolutionary mechanisms that need to be explored further at the ge-
netic level (Uchida et al., 2021).

Research directions - neglected habitats and niches:

1. Use trait-based approaches to understand species’ responses
to unexplored niches and to compare responses across taxa, cities
and regions.

2. Investigate intraspecific trait variability to quantify pheno-
typic plasticity and adaptations to the urban environmental condi-
tions.

Integrating multiple environmental gradients

The processes related to urbanization are associated with a multi-
tude of socio-ecological drivers, such as the management intensity of
green areas, air, light, and noise pollution, and climatic conditions (tem-
perature, humidity). Because these drivers act simultaneously with dif-
ferent spatio-temporal dynamics, it is increasingly important to study
their effects jointly to identify potential non-additive effects on EF and
trade-offs on ES.

Urban green space management (e.g. plant and vegetation com-
position, configuration, structure, and management) affects biodiver-
sity and EF, and can cause trade-offs on ES provision. For example,
slow-growing, open-crowned trees such as oaks and maples can increase
the aesthetic value and microclimate regulation more than fast-grow-
ing narrow-crowned trees (de Abreu-Harbich, Labak & Matzarakis,
2015), but these effects can be limited during the cold season due to
leaf loss, in comparison with evergreen species. Differences among veg-



etation traits and species composition also affect leaf litter (de)com-
position, which, in turn, affects environmental conditions for
ground-dwelling organisms and their associated ES, such as protection
against soil erosion (Li et al. 2014), habitat provision for biodiversity
(Smith, Broyles, Larzleer & Fellowes, 2014), organic matter decom-
position, and nutrient cycling (Tresch et al., 2019a).

Choices of plant species featuring specific traits by both home gar-
deners and by managers of public green spaces, has major impacts on
biodiversity and multi-trophic interactions. For instance, replacing in-
tensively managed lawns with extensively managed meadows has been
shown to enhance pollinator diversity (Baldock, Goddard & Hicks,
2019) and cultural services (Home et al., 2019), but meadows are
less suitable for other recreational activities and may increase a sense of
insecurity in people (Fischer, Neuenkamp, Lampinen, ... & Klaus,
2020; Home et al., 2019). An unintended consequence of plant selec-
tion by gardeners and managers of public green spaces is the introduc-
tion of exotic and potentially invasive species, and the associated ani-
mals (such as herbivore insects) and pathogens (such as fungi and bacte-
ria). While cultivar and exotic species provide ES and may benefit native
biodiversity, especially under extensive management and appropriate
densities and distributions (Ramirez-Cruz, Solano-Zavaleta, Men-
doza-Herndndez, Méndez-Janovitz & Sudrez-Rodriguez, 2019),
the risk of species becoming invasive must not be minimized, even if
these species are particularly appreciated by people, e.g. for their aes-
thetic value (Marija et al. 2020). Consequences of invasive species may
include e.g. being diseases vectors and homogenizing the biotic commu-
nities (see (Gaertner et al., 2017)). One important open question is
whether exotic and invasive species traits ranges fall within the native
species ranges (Finerty et al., 2016) and what are the consequences to
Es and EF.

Vegetation can mitigate the effects of urban pollution (e.g. air pol-
lution, (Grote et al., 2016; Matos, Vieira, Rocha, Branquinho &
Pinho, 2019)) but is simultaneously affected by it. For instance, tree
morphological, physiological and phenological traits influence the re-
moval of tropospheric ozone (Manes et al., 2012), while volatile-emit-
ting species can contribute to air pollution, providing an ecosystem
disservice (Yuan et al., 2020). At the same time, reduced air pol-
lution in European cities (EEA., European Environmental Agency,
2018) has positively influenced sensitive taxa, such as lichens, and ni-
trogen-tolerant species have recolonized cities after the decline in SO,
(Van Dobben & Ter Braak, 1998). Nonetheless, water, noise and light
pollution are still high in many urban areas (Gaston & Holt, 2018), im-
pacting biodiversity by adding additional environmental filters (Aron-
son et al., 2016). However, we have limited knowledge of how chang-
ing pollution levels can affect the assembly of urban species (by modify-
ing extinction and colonization rates) and subsequently the ES provided.
For example, the shift towards electric vehicles will likely decrease the
emissions of NOx in cities. This in turn could potentially reduce acidifi-
cation and eutrophication, boost the biodiversity of plant communities,
and increase the associated ES (Jones et al., 2014).

The urban heat-island effect, i.e. the higher temperature observed in
cities than in surrounding rural areas, selects for heat- and drought-tol-
erant species (Fournier et al., 2020; Piano et al., 2017) and in-
creases primary productivity (Shochat, Warren, Faeth, McIntyre &
Hope, 2006), with possible effects on biotic interactions, leaf litter de-
composition (Jochner & Menzel, 2015; Tresch et al., 2019a) and
tree transpiration (Z6lch, Maderspacher, Wamsler & Pauleit, 2016).
There are several open questions regarding the effects of climate change
superimposed on local urban heat-island effects (Grilo et al., 2020),
with birds and plants showing contrasting responses between species
(Wohlfahrt, Tomelleri & Hammerle, 2019).

All the environmental factors listed above act simultaneously on ur-
ban biodiversity and associated EF and ES. Their joint effects remain
understudied but could be effectively explored by using both an ade-

quate sampling design (de Keyzer, Rafferty, Inouye & Thomson,
2017) and a trait-based approach. The latter may allow us to identify
and predict which socio-ecological filtering mechanisms drive species
assembly and key ES in urban areas.

Research directions - multiple environmental gradients:

1. Quantify the multiple environmental drivers of biodiversity and
EF, and the trade-offs on ES, considering the ecological, cultural,
social, and economic dimensions.

2. Assess the new species assemblages, including exotic
species, and individual adaptations resulting from changing envi-
ronmental conditions, including ongoing climate change superim-
posed on the urban heat-island effect, and its consequences for
ESH

Using trait-based approaches to improve our mechanistic understanding of
biodiversity relationships with EF and ES

Trait-based approaches make it possible to identify biotic, abiotic
and socio-cultural control mechanisms acting on community assem-
blages and the resulting consequences for EF within and across trophic
levels (Diaz et al., 2007), as well as synergies and trade-offs among ES
associated with the traits involved (Lavorel & Grigulis, 2012). Syn-
theses of empirical studies conducted in non-urban systems have shown
that both trait dominance and trait complementarity, although not mu-
tually exclusive (Dias et al., 2013), can be important drivers of EF and
ES. As socio-ecological systems, cities challenge our traditional under-
standing of how species assemblages are filtered and how this, in turn,
influences ecosystem functioning, stability and service delivery (Aron-
son et al., 2016). Which traits and functional components of biodi-
versity drive EF and ES, and how these can be translated into plan-
ning and management guidelines that can be implemented in restoration
or conservation activities remains unknown (Luederitz et al., 2015;
Schwarz et al., 2017). For example, what type of socio-ecological fil-
ters are working during a pandemic situation and that lead people to
visit more a given green space than other (Grima et al., 2020) re-
mains unexplored. Investigation of the types of filters, traits and func-
tional components (including those related to socio-economic factors)
could therefore unravel the mechanisms linking biodiversity with EF
and ES in cities. By understanding these mechanisms predictions of ES
under global change and restoration strategies could be improved, e.g.
by promoting species assemblages that are able to provide the desired
ES (Laughlin, 2014).

Recent studies have highlighted the importance of long-term re-
search (Weisser et al., 2017). While species composition is tempo-
rally variable (e.g. due to stochastic processes), functionally redundant
species may be abundant in different years, thereby contributing to the
overall stability of EF and ES (Isbell et al., 2011; Winfree et al.,
2018). Thus, research conducted over long timescales and multi-service
provision is an important research direction, due to their paramount im-
portance to understand ecosystem resilience in ES provisioning.

Research directions - trait-based approaches:

1. Identify relevant socio-environmental filters, species traits and
functional components to unravel the mechanisms linking biodi-
versity and EF with ES.




2. Identify traits that will become important given future global
changes and include them in studies and restoration and conser-
vation guidelines.

Involving citizens in biodiversity, EF and ES research

Public participation is the involvement of stakeholders (mostly citi-
zens) in public consultations or scientific inquiries and ranges from in-
formation exchanges to active decision-making processes (Ambrose-QOji
et al., 2017). Citizen scientists can become involved in management
and conservation and often improve their urban ecology knowledge in
doing so (Deguines, de Flores, Lois, Julliard & Fontaine, 2018;
Deguines, Princé, Prévot and Fontaine, 2020). Citizen science projects
target a broad range of taxa (vertebrates, invertebrates, plants, bacteria,
fungi, and protozoa) in many marine and terrestrial ecosystems, many of
which are normally inaccessible, such as private gardens. Citizen scien-
tists can also investigate and map the (spatio-temporal dynamics of) ur-
ban filters such as air pollution and air temperature (Sauermann et al.,
2020). Cities encompass most of the world's human population; conse-
quently, enhancing the collection of data on urban biodiversity in future
projects using citizen science will improve the ability of citizens and pol-
icy-makers to respond to a wide range of ecological and environmen-
tal questions related to e.g. air quality, climate change, invasive species,
conservation biology, population ecology, ecosystem functioning, and
ecosystem service delivery by increasing the number and size of datasets
(Martin, Devictor, Motard, Machon & Porcher, 2019; Silvertown,
2009). Thus, the involvement of citizens in observing and sampling bio-
diversity has expanded to the fields of urban governance and planning
(Buijs et al., 2016), often driven by global and national policy agendas
(e.g. EC 2013, UN—HABITAT 2016).

The usefulness of citizen science projects in science is, however, de-
pendent on the quality of the collected data (Serret et al., 2019) and
can be limited by the non-random distribution of sampling effort and
poorly classified species (Crall et al., 2011). Future studies in citi-
zen science must ensure that standard protocols developed with statis-
ticians are used (Bird et al., 2014). Another open question regarding
citizen science is related to error propagation through complex chains
of data collection, because data is collected in very different conditions,
by multiple people, and in multiple events. Future research should at-
tempt to identify the main steps of data collection while validating each
step along the chain (Snyder, Whitney, Dam, Jacobs and Baumann,
2019).

One way to boost the participation of citizens in future studies is
to promote bottom-up initiatives that engage citizens with local green
spaces. It is important to ground such initiatives using a combination
of social and environmental objectives, rooted in environmental stew-
ardship that goes beyond immediate personal benefit and incorporates
wider cultural values (Buijs et al., 2016), thus contributing to science
and helping fulfil the aim of monitoring through indicators, as set out in
the Sustainable Development Goals (SDG). A powerful tool available to
do so is the public participation geographic information system (PPGIS),
a method combining spatially explicit data with local knowledge, per-
ceptions and values of individuals or groups of people (Brown & Fager-
holm, 2015). This method should be used in future studies to map ES
(Burkhard, Maes, Burkhard & Maes, 2017), identify cultural and
meaningful green spaces (Rall, Bieling, Zytynska & Haase, 2017),
model residents’ visits to green spaces (Luz et al., 2019), and identify
potential land use conflicts (Brown & Raymond, 2014) and environ-
mental justice issues (Raymond, Gottwald, Kuoppa & Kyttd, 2016),
amongst many other uses (Rall et al. 2018).

Research directions - involving citizens:

1. Use standard sampling protocols, include error reporting and
analysis, and frame future work within international initiatives,
such as the Sustainable Development Goals.

2. Support bottom-up initiatives of citizen science.

Conclusions

Here, we identified five major research gaps in urban ecology re-
search and put forth suggestions for future research directions, includ-
ing habitat mapping, neglected habitats and ecological niches, multiple
urban gradients, trait-based approaches, and citizens engagement. Over-
all, trait-based approaches emerged as a common ground to integrate all
research directions, from remote sensing detection, measuring impacts
of disturbance to targets of citizen science. In fact, trait-based metrics
are expected to provide the link of biodiversity with ecosystem functions
(EF) and thus ecosystem services (ES). Since these approaches remain
poorly investigated in urban environments, especially within the identi-
fied research directions, focussing on those directions can help overcome
the current knowledge gaps and enable us to make cities more resilient
for both nature and human life.
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