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Cities and towns are complex ecosystems with features that can vary dramatically in
space and time. Our knowledge of the spatial structure of urban land and ecological
systems is expanding. These systems have been investigated across spatial scales,
urban to rural gradients, networks of urban macrosystems, and global megalopolises.
However, the temporal dimensions of urban ecosystems — such as those related to
ecological cycles and historical legacies — are far less understood and investigated.
Here, we outline the main dimensions of time that can shape how events in urban
ecosystems unfold, which we categorize as: (i) time flows and duration, (i) synchrony,
lags, and delays, (i) trends and transitions, (iv) cycles and hysteresis, (v) legacies and
priming, (vi) temporal hotspots and hot moments, and (vii) stochastic vs. deterministic
processes affecting our ability to forecast the future of cities and the species that live in
them. First, we demonstrate the roles of these understudied dimensions by discussing
exemplary studies. We then propose key future research directions for investigating
how processes over time may regulate the structure and functioning of urban land
and biodiversity, as well as its effects on and implications for urban ecology. Our
analysis and conceptual framework highlights that several temporal dimensions of urban
ecosystems — like those related to temporal hotspots/moments and stochastic vs.
deterministic processes — are understudied. This offers important research opportunities
to further urban ecology and a comprehensive research agenda valuing the “Urban
Chronos” — the change of urban ecosystems through time.

Keywords: urban dynamics, urban change detection, history, urban development, urban trajectories

INTRODUCTION

Cities are intrinsic spatial systems, wherein variation in ecological structure and function across
small spatial scales is easily observed. As a result, it is no surprise that the spatial nature of
cities is the dominant foundation for contemporary urban scholars and practitioners. Cities have
been investigated extensively across diverse spatial scales — from local studies of habitat patches,
observations across rural to urban developments, to surveys of global urban networks (Gilbert,
1991; McDonnell et al., 1997; Seto et al., 2012; Groffman et al., 2017). Assessments of urban
morphologies have a long tradition grounded in ancient cartographic and cadastral records, now
translated into modern geographic information systems, with help from big data and remote
sensing. With these tools in hand, a large body of research now highlights the extent to which urban

Frontiers in Ecology and Evolution | www.frontiersin.org 1

March 2021 | Volume 9 | Article 620620


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.620620
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.620620
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.620620&domain=pdf&date_stamp=2021-03-16
https://www.frontiersin.org/articles/10.3389/fevo.2021.620620/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Ossola et al.

Time in Urban Ecology

ecosystems vary across space, including complex effects of spatial
variation on ecological and other facets of cities (Beninde et al,,
2015; Ossola et al., 2020).

Most processes within cities — such as urbanization,
regeneration, redevelopment, abandonment, densification,
and transformation - are spatially structured, but these processes
also happen over time. Temporality is often included in
conceptual models of the dynamics of urban ecosystems,
yet empirical studies rarely quantify changes over time
in, e.g., the forces structuring urban biodiversity or land
systems over decades to centuries (Marcus and Colding,
2014; Pickett et al., 2017). This general pattern may be due
to a lack of robust, standardized data describing events
and processes over the period of anthropogenic change.
This lack of data has real consequences; in cities, decisions
made in one decade can affect future generations of both
humans and other organisms. Thus, understanding cities in
a temporal context is critical for urban ecological research,
practice and management.

Recent efforts toward scenario-based urban planning
highlight our limited ability to anticipate the needs of future
urban societies (Malekpour et al., 2015). Similarly, strategic
urban planning and governance are often little informed by a
solid understanding of the urban past (Howlett and Goetz, 2014;
Malekpour et al., 2015). How cities are managed remains flawed
by implicit assumptions that urban land is a largely static entity,
unlikely to change significantly over short time scales, such as
that of a single human lifespan or that of a few generations. It
is no surprise that space, not time, is still considered the main
driver governing cities (Marcus et al., 2019). As put by Davis
(2019) in the context of regeneration studies “this reflects a
broader tendency [...] to emphasize the physical and spatial
aspects of planned change at the expense of the temporal aspects of
transformation.”

Due to these limitations, the temporal effects of urban change
on the ecological facets of cities have been poorly quantified or
neglected tout court. Like natural systems (Wolkovich et al., 2014;
Zelnik et al., 2018), the temporal dimensions and dynamics of
urban land are most likely to affect their intrinsic functioning,
sustainability, and resilience (Ramalho and Hobbs, 2012). For
instance, the signatures of urban and rural past can be found in
the very soil where modern cities sit; silent legacies of previous
land use and change (Clarke et al, 2015). Time represents
an important, yet poorly understood, factor driving all urban
events and their dynamics, dictating the pace and direction
of change and ultimately affecting the ecology of future urban
ecosystems. This is particularly relevant when considering the
complex interactions between the temporal and spatial nature of
cities and how their interplay can ultimately their ecology (Pickett
etal., 2017).

Here, we propose several research directions to guide the
investigation of time as a driver regulating structure and
functioning of urban ecosystems, as well as its implications
for urban ecological research. Selected studies are discussed to
highlight critical knowledge gaps and opportunities related to the
multiple dimensions of the “Urban Chronos,” as we define, the
change of urban ecosystems through time. In doing so, we lay out

a conceptual framework to move this rich and under-developed
aspect of urban exploration forward.

RESEARCH DIRECTIONS TO
INVESTIGATE AND PRACTICE URBAN
TIME

In each section below, we first define and describe the main
temporal dimensions of urban ecosystems (Figure 1), and key
research that exemplifies each dimension. In identifying past
research from various fields, we focus on ecological processes
and functions - the connections and interactions between biotic
and abiotic ecosystem elements that regulates fluxes of energy
and matter and the provision of ecosystem services. In doing
so, we highlight their interrelationships with other human and
technical elements, such as urban planning and management. We
then propose key overarching questions related to these temporal
dimensions and highlight opportunities for future investigation
building upon existing scholarship and practice. For the sake of
clarity, we discuss each temporal dimension separately, but we
recognize that they can overlap and interact with each other,
as well as with the spatial dimensions of urban ecosystems. We
avoid proposing a classification of these temporal dimensions,
but rather we aim to delineate the main characteristics that can
affect structure and functioning of urban ecosystems though the
targeted analysis of key ecological literature. In addition, we
recognize that some examples could fit more than one temporal
dimension or other temporal processes not discussed here.

Time Flow and Duration

Like space, time is affected by significant autocorrelation,
whereby a given event at a particular point in time can be
affected by other events. Unlike space, however, time has a single
directionality, and no change in direction is possible (Wolkovich
et al., 2014). Time is a defined dimension where a series of
chronological events — or processes — can only develop from
past to present to future following a particular series (i.e., time
flow). Each of these events develop over a specific length of time
(i.e., duration).

Sequences of events might happen in the same order in
different places, but the duration of these events may vary
with important implications for urban systems. For example,
a neighborhood at a specific location could be developed in a
mere matter of months, whereas a similar real estate development
elsewhere could take years to be built, if not decades. These
different time flows can have important consequences on
ecological systems and urban organisms, for instance when
trying to adapt to long-lasting, chronic vs. short-term, acute
anthropogenic disturbances (e.g., noise, pollution) (Grimm et al.,
2017). Similarly, relatively small difference in the duration of
storms, having similar rainfall intensity and yearly re-occurrence
frequency, can determine whether these weather events can
generate superficial runoff or not across urban green spaces
(Ossola et al., 2015).

Urban change - the flow of homologous events in an
urban system - can be ranked from slow to fast (Figure 1).
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FIGURE 1 | Exemplification of temporal dimensions, processes and questions related to urban time and its dynamics. Different letters represent different events and
are conceptualized as fast (capital letters) and slow-occurring events (lower case letters). Gray arrows between events represent time flows and direction.
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For instance, little evidence exists on how past planting
of tree species with different growth rates might have
contributed to different levels of canopy cover across
modern urban landscapes (Roman et al, 2018; Smith
et al, 2019). Planting tree species with different ages or
lifespans could be linked to greater urban forest turnover
(Figures 2A,B). Similarly, the use of different tree species with
a wide range of safe useful life expectancies [SULEs, i.e., the
maximum horticultural duration of a tree stem beyond which
maintenance costs exceeds replacement costs, Barrell (1993)]
can determine how urban forests change over time under
human management.

The different duration of urban events and time flows may
affect many aspects of urban ecosystems, raising numerous
opportunities for research and practice. One might well ask “what
is the effect of having similar events happening at a slower or
faster pace?,” “is the rate of urban events related to their overall
duration?” and “to what extent events in urban ecosystems differ
based on different time frames considered; i.e., what is the effect of
temporal scales on urban ecosystems and ecology?”

Synchrony/Asynchrony, Time Lags and
Delays

Urban events can be conceptualized as happening at the same
absolute time (i.e., synchronous events) or being separated in
time (i.e., asynchronous events). (A)synchrony can affect all

urban events regardless of their codependency (e.g., flower-
pollinator systems), causation (e.g., urban heat islands and early
season flowering) or independency. Perfect synchrony means
that the initiation, development and termination of two or
more urban events happen at the same time (Figure 1). Once
historically coupled events are out of synchrony, a temporal
mismatch might occur, potentially leading to the disruption of
previously coupled events. For example, budburst and flowering
are advanced by days to weeks in urban areas compared to
surrounding rural areas due to urban areas being warmer (Neil
and Wu, 2006). The cascading effects of this asynchrony on plant-
animal interactions are largely uncharacterized. In a rare example
along these lines, Fisogni et al. (2020) recently observed that
urbanization advanced the timing of flowering in France, but
not pollinator flight, potentially leading to disrupted pollination
in cities. In another example, ecological theory predicts that
higher trophic levels may become less synchronized due to
the urban heat island effect, disrupting ecosystem services,
such as biological pest control. This was observed for a scale
insect pest of oak trees and its suite of parasitoid wasps in
Raleigh, NC, United States, where urban warming shortened the
vulnerable development period for the scale insect, and parasitoid
development did not similarly advance (Meineke et al., 2014).
Generally, the potential decoupling of plant relationships
with co-evolved species in urban areas (e.g., pollinators, insect
herbivores, and soil microorganisms) remains underexplored.
Such asynchronies have been investigated in relation to climate
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FIGURE 2 | Example of tree planting interventions using trees of different size
and age. (A) Tree saplings ready to be planted in a residential development in
Melbourne, VIC, Australia (Author provided) and (B) planting of adult
“recycled” palm trees in San Francisco, CA, United States (Courtesy: Bertrand
Duperrin, Flicker). Despite streetscapes being redeveloped around the same
time, these urban green spaces might have a different vegetation structure
due to the different age of the trees planted. Example of an urban forest
growth over seven decades. The Tiergarten in Berlin, Germany, in 1945 at the
end of WWII (C) was used as a large urban farm to sustain the city’s starving
population, with only a few scattered trees left standing (Courtesy:
Landesarchiv Berlin). Today, Tiergarten Park (D) is a dense urban forest
enjoyed by Berlin’s residents for leisure and sport activities with little evidence
of its wartime past (Courtesy: Savin A., Wikimedia Commons).

change (Kharouba et al., 2018), but evidence regarding urban
change is scant. Similarly, while the effects of pesticide application
on urban insects are relatively well-known (Botias et al., 2017),
no conclusive evidence exists on how the different timing of
chemical (re)application across urban ecosystems might affect
insect communities over time. For example, in residential
landscapes, timing of application of yard chemicals represents a
complex patchwork based on individual choices of residents that,
due to limited biological knowledge, might be out-of-sync with
targeted phenological phases, or in sync with plant flowering,
thus endangering already threatened species.

Time lag analyses on drivers structuring biological
communities and their diversity — as regulated by dispersal
barriers, trophic interactions, parasitism, life history, etc. —
are commonplace in natural ecosystem investigations
(Kampichler and van der Jeugd, 2013). In cities, however,
these investigations are more limited. For instance, time
lags were found when analyzing global urban biodiversity
patterns and extinction debts (Hahs et al., 2009), and in
South African urban grasslands, du Toit et al. (2016) found
that time lags in the compositional change of communities
were longer for indigenous woody grassland species than
open grassland species. Moreover, evidence on urban time
lags and the cascading effects on urban ecosystem function,
recovery from stress and perturbations, and resilience is
scant. This is an important data gap because evidence
from non-urban systems demonstrates ecological time lags

can determine the success of ecological management and
conservation efforts (Watts et al, 2020). For instance, in
road verges, multi-decadal time lags have been identified
when investigating community assembly, thus posing new
challenges when designing appropriate urban restoration
and conservation efforts (Auffret and Lindgren, 2020). More
detailed knowledge is needed on the effects of time lags and
delays on urban biodiversity and ecological functioning,
and how they could underpin effective urban planning and
management interventions.

Temporal coupling of urban ecosystems leads to little explored
research questions such as “what happens when interdependent
events, that are supposed to occur at the same time, are out of
sync?,” “if the events are out of sync, how far out of sync can
they be and still retain the functioning of urban ecosystems?,” “can
asynchrony be compounded and determine cascading effects?)” “to
what extent can time lags and delays change over time affecting
structure or functioning of urban ecosystems?”

Trends, Rates of Event Change and

Transitions

In general, urban events may appear static and semi-stationary
(i.e, have a null rate of change), particularly if the temporal
scale of the event does not align with the temporal scale of
observations. The transition between events may be slow and
progressive, and thus unnoticeable if only observed during a short
window of time during the transition (Figures 2, 3). However,
when considering a longer temporal scale, urban properties can
noticeably change, revealing clear temporal trends. In other
words, urban systems that appear stationary at a particular time
scale, might be non-stationary on a different time scale. For
instance, neighborhoods across Detroit, MI, United States in the
early 20th century appeared stable in population and housing
density (Figure 3). However, because of a protracted event such
as its slow economic decline, these areas saw a progressive
downward trend in population and housing density, pushing
the urban system into a non-stationary state that ultimately
led to a much lower housing and population density, and,
concomitantly a higher green space cover today. On the other
hand, Joplin, MO, United States saw an abrupt drop in housing
and population density because of a tornado that obliterated
parts of the city in 2011 (Figure 3). While Joplin’s urban
ecosystem bounced back to a state comparable to that existing
prior the tornado disaster, the downward trend in Detroit’s status
caused the city to reach a new dynamic equilibrium significantly
different from the initial one (Figure 3). It is worth noting
here that some trends can happen at spatial scales much larger
than that of a city or a neighborhood and be determined by
exogenous forces, such as climate, macro-economic trends, and
human drivers, that reach well beyond the single urban area
investigated (Figure 4A).

Attempts to answer questions related to trends, rates of
event change and transitions could employ historical data on
urban ecosystems as well as emerging big data (Ossola et al.,
2020). For instance, the use of natural history collections -
herbaria and animal specimens — could help clarify the effects
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Chronic change

Acute change
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New dynamic equilibrium

v

2006, 2011, 2017, and 2018, accessed on 15 February 2020).

FIGURE 3 | Examples of urban land system change (i.e., trends) following a catastrophic event in Joplin, MO, United States (above orange panel and line), after part
of the city was obliterated by a category 5 tornado on May 22nd 2011, and following a chronic and slower change in Detroit, MI, United States caused by the
decline of the local automotive industry (below in blue). While Joplin was quickly rebuilt with similar urban form, housing and population density, achieving a new
equilibrium similar to that prior to the tornado, Detroit plateaued to a new urban equilibrium significantly different from the original with lower housing and population
density, albeit higher green and open space cover. Imagery is courtesy of https://digital.library.wayne.edu (years 1949 and 1981) and www.google.com/earth/ (years,

of urbanization on urban biodiversity, its change over time
(e.g., species turnover), and the ability of organisms to survive
new urban conditions within particular time periods through
tolerance, plasticity, and/or adaptation (Shultz et al., 2020), and
even evolution of new urban phenotypes and genotypes (Rivkin
et al,, 2019). Future studies could test whether some organisms
may tolerate a relatively slow change to their urban habitat, but
not a fast one, likewise some organisms might be able to adjust
to the “press” of climate trends (i.e., acclimation) but not to the
“pulse” of climate extremes (i.e., adaptation) (Harris et al., 2018).

Investigating trends in urban systems could be organized by
questions like “what is the effect of having a progressive versus
abrupt change to urban ecosystems?,” and further “do urban
ecosystems return to prior states after a tipping point or become
temporarily or permanently shifted to a different state [e.g., legacy

lock-ins sensu Ziter et al. (2017)]?” Ultimately, “can transitions
between events be managed or regulated?”

Cycles and Hysteresis

Urban cycles capture a series of events that repeatedly lead
to comparable results. Hysteresis manifests when two events
reoccur following different pathways, thus representing the
simplest type of cycle (Figure 1). It is important to note that these
recurrent points in time might not be the exact manifestation
of a particular urban past, but rather the realization of a similar
status within a particular urban facet, process or function. For
instance, considering the United States real estate market, new
residential constructions in the last six decades demonstrated a
cyclical pattern. Each year the number of new units fluctuated
between 12,000 and 25,000 new units/year. This cyclic pattern
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Owner occupancy rate

Renter occupancy rate

Percent (%)

Vacancy rate

1965 1975 1985 1995 2005
Year

FIGURE 4 | (A) Historical trends (1965-2017) in owner and renter residential occupancy and vacancy rate across the entire United States (in gray, blue, and orange,
respectively). Ownership rapidly increased between 1995 and 2005 to then return to the original level in the decade after the global financial crisis in 2007-2008. The
trend in new residential constructions in the United States (dashed line), however, had a cyclical regime (drawn with data from
https://www.census.gov/econ/currentdata/, accessed on 15 February 2020). (B) Relationship between current residential ownership and tree canopy cover
measured across 1,709 United States neighborhoods (i.e., census tracts) and calculated based on vegetation data measured in 1,482,206 residential properties in
nine cities and 2010 United States Census data (re-drawn from data in Ossola and Hopton, 2018a).
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was disrupted by the 2008 financial crisis (Figure 4A). The
cyclical nature of urbanization trends, land development and
real estate markets is a common feature of most urban areas
(Riggleman, 1933; Nystrom, 1992; Gabrovski and Ortego-Marti,
2019). This reflects macrotrends in dynamics affecting urban land
systems (Figure 4B) that have been captured in some urban
planning theories, such as the “neighborhood life-cycle theory”
in the first half of the 20th century (Metzger, 2000) and more
recently the “adaptive renewal cycle” framework (Marcus and
Colding, 2014) and the concept of “rotating land-use” (Davis,
2019), though their implications and impacts on urban systems
are yet to be fully explored. Cyclicity is a recurrent characteristic
affecting many facets of urban ecosystems like those related to
climate seasonality (e.g., wet/dry seasons), sunlight availability
(e.g., day—night year cycle), and recurrence of human actions and
disturbance (e.g., bird feeding, mowing, pruning).

Evidence of effects of urban cycles has been documented for
some organisms. For instance, altered mowing regimes can shift
the composition of plant communities and insect assemblages
predictably, such that reduced mowing frequency generally
benefits plant and insect diversity (Sehrt et al., 2020; Watson et al.,
2020). Human perceptions of outdoors organisms and the urban
environment, as measured by people’s online search patterns, is
strongly affected by seasons (Figure 5), as is human perceptions
of colors, in mid- to high-latitude cities (Welbourne et al,
2015). This raises opportunities to deepen our knowledge on
nature-human interactions and their change over time, seasons
and years. Like other temporal dimensions discussed here, it is

important to note that cycles in one urban ecosystem might have
complex interactions with cycles of other urban systems, often
connected through globalized networks of energy and materials,
as well as those of natural systems.

Attempts to investigate urban cycles could focus on questions
such as “what happens to an urban ecosystem when an existing
cycle is interrupted or a new cycle is formed?,” “does the number
of cyclical events affect properties and functioning of urban
ecosystems and to what extent?,” and again “what is the effect
of two looped events happening in a different trajectory (i.e.,
hysteresis)?”

Legacies, Priming and Time-Skipping

Temporal legacies are the manifestation of temporal
autocorrelation within and across urban ecosystems. Legacies
can be thought of as carry-over effects upon subsequent events
where urban ecosystems can change while retaining some
manifestations of prior events (Figure 1). Due to their long-
term nature, legacies can often be confounded with urban
events having relatively long durations and as such can be
identified by examples previously discussed (see section “Time
Flow and Duration”). Here, however, we consider as legacies
past, fully completed events that affect future consecutive and
non-consecutive events (i.e., “time-skipping”). Urban legacies
can form within and across urban systems and processes. For
instance, planting of a particular species might inhibit other plant
species with similar traits from existing in the same system in
the future through allelopathic processes (Tabassum et al., 2020).
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FIGURE 5 | (A) Example of cyclicity in urban ecosystems showing people’s online search interest for selected insect groups (solid lines) in relation to seasons (i.e.,
temperature dotted black line) across the conterminous United States from 2004 to 2016. People’s interest is measured through the normalized percent interest of
Google searches on the insect name as reported by Google Trends (accessed November 2016). Temperature is the mean monthly temperature for the conterminous
United States (accessed from https://www.ncdc.noaa.gov/cag/time-series/us/on November 2016). (B) Maps showing the United States cities with the greatest
online search interest for each insect group for the 2004-2016 reference period.

In this example, temporal autocorrelation is self-directed within
a single ecological system. On the other hand, the selection of
tree species to shade urban landscapes might provide tangible
benefits to the built environment only years or decades later, thus
causing temporal autocorrelation between an ecological and a
technical system.

Among the existing evidence on the effects of urban time,
legacies are perhaps the most commonly studied though not fully
understood or identified. Legacies of former urban land use have

been documented by measuring contamination of contemporary
soil with pollutants since banned (Nassauer and Raskin, 2014;
Clarke et al, 2015), as well as changes in soil physical and
chemical properties, and ecosystem services (Raciti et al., 2011;
Setild et al., 2016; Ziter and Turner, 2018). Effects of former
urban planning efforts dictate the structure of contemporary
urban forests (Figure 6), as well the benefits they provide to
residents (Boone et al., 2010). Similarly, infrastructure and zoning
plans have legacy effects on the urban fabric that can last
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FIGURE 6 | Legacy relationship between the historical trend in average residential parcel size (points in blue) measured across 1,503 neighborhoods (i.e., Census
blocks) in nine United States cities and average residential vegetation cover (bars in orange) (re-drawn from data in Ossola and Hopton, 2018Db). The historical trend
in parcel size (points in blue) affects the current amount of vegetated cover that is achieved in residential parcels (i.e., the legacy in light orange). The decade of
maximum housing development of a neighborhood is the decade when most buildings were built. Error bars are the respective standard errors of the mean.

for centuries (Ahlfeldt and Wendland, 2013; Twinam, 2018).
Legacies related to former “referential housing types,” aesthetics
and architectural styles (Ledent and Komossa, 2019) can further
determine how contemporary urban green spaces and landscapes
are structured and function (Ossola et al., 2019).

Complex urban legacies that arise from both the ecological
system and the coupled social and technological system and
their interactions deserve closer investigation. For example,
human factors can influence horticulture and landscaping
resulting in preferences of the past influencing current vegetation
composition and structure (Ossola et al., 2019; Avolio et al,
2020). In addition, the spatial spread of tree diseases such
as Dutch Elm disease through a population of urban trees is
influences by the spatial distribution of that species. Future
species distributions of trees will, in turn, by influenced by the
management choices made in an effort to deal with the spreading
disease. Heterogeneity at one time period - distribution of the
elm trees — becomes a driver of the heterogeneity in another
time period - distribution of diseased trees. The distribution of
diseased trees is an outcome but it, in turn, becomes the driver
for the heterogeneity in management response. This process has
been called dynamic heterogeneity and is a spiral of complex
social-ecological interactions (Pickett et al., 2017).

An understudied temporal dimension of urban systems relates
to “priming effects” - whereby the occurrence of one event, rather
than an alternative one, can lead to a significantly different future
status of an urban system (Figure 1). For instance, little is known
about how prior colonization or planting of particular species
might affect future biotic communities. Such “priority effects”
(Fukami, 2015) have the potential to shape urban communities
and have been found in some recent studies. For example, Aloisio
et al. (2019) found that established plant communities on green
roofs strongly affected which species were able to survive on
these same green roofs at a later time. In addition, Johnson
etal. (2015) found that after building removal, plant communities
within the footprint of the original building diverged compared
to those in the yard areas of parcels. If we can learn to facilitate
founder species that tend to promote the establishment, survival
and success of other desirable species, such as natives and other
organisms that provide targeted ecosystem services, we might be
able to harness more benefits from urban nature-based solutions
(Dallimer et al., 2015).

Several questions arise when trying to better understand the
effects of the past on contemporary cities: “how long do urban
legacies last?,” “are urban events more important if they create
long-lasting legacies?,” “what are the effects of interactive legacies in
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urban ecosystems?,” “what happens when legacies are not manifest
in all consecutive events along a time series (i.e., skipping)?,” or
“would the change of a foundational event determine a significantly
different series of events (i.e., priming)?”

Temporal Hotspots and Hot Moments
When looking at temporal dynamics in relation to the spatial
dimension of urban ecosystems, we can further conceptualize
places and periods with different temporality (i.e., the unfolding
of events and not the absolute time) as compared to nearby
locations and periods; temporal hotspots and hot moments,
respectively. These concepts arise from the recognition that cities
are intrinsically heterogeneous yet dynamic (Cadenasso et al.,
2006) and they have been recently reframed in the context
of “control points” within rural ecosystems (Bernhardt et al.,
2017). A cluster of residential parcels that changed little over
the last century could sit next to a group of parcels redeveloped
multiple times over the same period. Thus, a temporal hotspot
can be defined when urban events happen at a different rate
at a location compared to similar events at nearby locations.
In contrast, a hot moment refers to when urban events occur
more frequently within a particular time period compared to
another time period. For instance, urban tree removal is a
ubiquitous event across urban landscapes (Ossola and Hopton,
2018b), but its rate could significantly increase from a baseline
level after storms and hurricanes (i.e., hot moment), as well
as increase when moving from unaffected areas toward those
in the midst of wind gusts and tornado paths (i.e., temporal
hotspot). Similarly, prolonged illumination at night under a tree
can be considered a hot moment as it can locally extend the
duration of daily photosynthesis in trees around artificial light
sources. Considering the entirety of an urban forest, trees around
light poles could also be identified as temporal hotspots whereby
recurrent light pollution determines longer growth periods and
seasonal phenology (Ffrench-Constant et al., 2016; Figure 7).

The recent COVID-19 pandemic can be conceptualized as
a hot moment in itself, whereby sudden curfews, lockdowns,
and other restrictions to people’s movements likely released
anthropogenic pressures on several organisms causing many of
them to quickly (re)occupy many urban areas in various regions
globally (Bates et al., 2020). While global hot moments like this
might be relatively rare, they might have important implications
on how cities are envisioned, used and planned for the future.
Thus, future studies could further investigate the effects of more
localized, city-scale, hot moments, and temporal hotspots, such
as those related to climate change (i.e., fires, heatwave, flood, and
drought events). In particular, extreme heat events are expected
to become more common in the future as a result of climate
change and urban heat island effects will exaggerate these events
(Li and Bou-Zeid, 2013). The urban heat island effect is more
prominent in certain parts of cities due to higher concentrations
of impervious surfaces and vegetation removal, such that extreme
urban hot spots may arise during heatwaves, with uncertain
localized implications for human health, urban environment and
biodiversity (Ossola et al., 2021).

This type of thinking could help address questions like: “can
temporal hotspots and hot moments be regulated to promote

functions and services or mitigate unwanted effects?” and “are
there specific locations and periods for events to occur so that urban
functions are optimized?” By attempting to link temporal and
spatial dimensions one might ask “to what extent mapping the
development of urban events across landscapes and periods can
help us better understand and measure urban ecosystems and their
change?”

Stochasticity, Determinism and Future
Casting

The temporal dimensions analyzed in previous sections focus
on past and current urban events. These past and current
events can serve as a benchmark for future urban events as
well as a baseline to measure urban scenarios against, ie., a
rich suite of possible urban futures that can be envisioned and
planned for Iwaniec et al. (2020). These events can be used
when designing and implementing steps to reach desirable urban
futures through backcasting (Bibri, 2018). Urban futures can
themselves sometime “be described in terms of their duration -
the time, in other words, in which they are expected to exist, last or
persist before yielding to the present or to other futures” (Davis,
2019). For instance, the development of a new neighborhood
in the future might well have a defined start and end date, and
duration overall.

Future urban events can be further considered along a
deterministic-stochastic gradient. Fully deterministic events can
be predicted as they are less affected by temporal randomness,
at least within the time scale considered (e.g., the recurrence
of summertime in the next 50 years, Figure 5). For instance,
street tree diversity in the United States changed little in the
last 40 years (Ma et al., 2020); as such, without a significant and
widespread change in nursery production, plant selection or an
unanticipated climate disaster, it is reasonable to anticipate that
street tree diversity will remain constant in the next decade or so.
On the other hand, stochastic events are random by definition,
and as such, it is difficult if not impossible to predict their
future occurrence, development, and duration (e.g., a tornado
destroying a city, Figure 3).

Stochasticity has been considered in some ecological studies
looking for instance at biological control of invasive species in
the wild (Evans et al, 2012) and community ecology (Ning
et al.,, 2019; Shoemaker et al.,, 2020). To date, however, little
effort has been placed toward evaluating how stochastic vs.
deterministic processes in cities can affect biological communities
and urban ecology (Caruso et al., 2017; Goddard et al., 2021).
Recent research shows, however, that specialist insect herbivore
populations in cities might be governed more by stochastic events
rather than deterministic drivers (Herrmann et al., 2012). In
contrast to urban biodiversity research, modeling approaches
moved toward acknowledging the importance of stochasticity for
urban technological structures (Ellam et al., 2018), stormwater
quality (Obropta and Kardos, 2007), urban population growth
and morphogenesis (Raimbault, 2018) as a way to improve our
ability to make predictions of future urban events and properties.

More research effort could be placed toward looking back at
the urban past to test and validate current urban theories and
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FIGURE 7 | (A) Localized light pollution affecting the urban forest can be thought as a “temporal hotspot” whereby the longer duration of artificial ilumination can
determine longer plant growth periods and extended seasonal phenology. The image details delayed leaf drop in the most illuminated side of a canopy of Aesculus
hippocastanum in a public park in Lille, France, in December 2016 (Courtesy: Lamiot, Wikimedia Commons). (B) Peak nighttime traffic can be thought as a “hot
moment,” whereby the higher frequency and intensity of car illumination at determined periods can potentially affect light-sensitive organisms such as insects, plants,
and wildlife. The image details car light trails on a highway in Montreal, QC, Canada (Courtesy: Pierre Vignau, Wikimedia Commons).

models, and how these can be projected and extrapolated into
the future (Figures 2C,D). Particularly promising are studies
based on “time-for-place” surrogates that could be used to better
infer future properties of urban and non-urban systems. For
instance, contemporary cities produce microclimatic gradients
and conditions similar to those predicted under global and
climate change, such as heatwaves and droughts, thus opening
up unique experimental conditions to test how organisms,

communities and processes might work in the future (Lahr et al.,
2018). However, whether urban areas can serve as analogs for
rural areas in the future, and for what biological processes [e.g.,
Youngsteadt et al. (2015); Wohlfahrt et al. (2019)] remains an
important area for research.

When considering urban futures, numerous research
questions could be framed: “To what extent can the unfolding
of future events be predicted based on current and past ones?,”
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“how can current and past urban events inform the development
of scenarios and future-casting efforts?} or again “what is the
relationship between stochastic and deterministic events and their
interplay in affecting urban futures?”

CONCLUSION

In this contribution we outlined the main dimensions of
urban time that can shape how events develop in urban
ecosystems. Among these dimension, those related to temporal
hotspots/moments and stochastic vs. deterministic processes —
are understudied. We believe that — by better valuing urban
time - urban ecology can achieve a richer, more nuanced
and complete understanding of cities and towns through
investigations that utilize the theoretical lens discussed here.
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