BioScience, 2025, 75, 15-29

https://doi.org/10.1093/biosci/biae108
Advance access publication date: 11 November 2024

Overview Article

OXFORD

Advancing terrestrial ecology by improving
cross-temporal research and collaboration

Lauren Azevedo-Schmidt (), Madeleine Landrum, Meghan M. Spoth, Nikhil R. Brocchini, Kit M. Hamley, Alessandro Mereghetti,
Andrea J. Tirrell and Jacquelyn L. Gill

Lauren Azevedo-Schmidt (lazschmidt@ucdavis.edu) is affiliated with the Department of Entomology and Nematology at the University of California Davis, in
Davis, California, in the United States. Lauren Azevedo-Schmidt, Madeleine Landrum, Meghan M. Spoth, Nikhil R. Brocchini, Kit M. Hamley, Alessandro Mereghetti,
Andrea J. Tirrell, and Jacquelyn L. Gill are affiliated with the Climate Change Institute at the University of Maine, in Orono, Maine, in the United States; Madeleine
Landrum, Nikhil R. Brocchini, Kit M. Hamley, Alessandro Mereghetti, Andrea J. Tirrell, and Jacquelyn L. Gill are affiliated with the School of Biology and Ecology at
the University of Maine, in Orono, Maine, in the United States; and Meghan M. Spoth is affiliated with the School of Earth and Climate Science at the University of
Maine, in Orono, Maine, in the United States.

Abstract

Ecology spans spatial and temporal scales and is inclusive of the history of life on Earth. However, research that occurs at millennial
timescales or longer has historically been defined as paleoecology and has not always been well integrated with modern (neo-) ecol-
ogy. This bifurcation has been previously highlighted, with calls for improved engagement among the subdisciplines, but their priority
research areas have not been directly compared. To characterize the research agendas for terrestrial ecological research across dif-
ferent temporal scales, we compared two previous studies, Sutherland and colleagues (2013; neoecology) and Seddon and colleagues
(2014; paleoecology), that outlined priority research questions. We identified several themes with potential for temporal integration
and explored case studies that highlight cross-temporal collaboration. Finally, a path forward is outlined, focusing on education and
training, research infrastructure, and collaboration. Our aim is to improve our understanding of biodiversity patterns and processes by

promoting an inclusive and integrative approach that treats time as a foundational concept in ecology.

Terrestrial ecological research spans scales, approaches, and tem-
poral extents (figure 1), each of which have their own strengths,
limitations, and biases. The temporal grain (table 1) and extent
of ecological analyses span days to eons, and most ecological pro-
cesses are time dependent, including demography, dispersal, com-
munity assembly, and disturbance—processes that, themselves,
influence ecological communities and processes over a range of
timescales (Delcourt and Delcourt 1988). Despite this, ecological
research is often separated by research communities research-
ing the ecological processes of today (or modern ecology, referred
to in the present article as neoecology) and those who study the
past (or paleoecology; Jackson 2001). Paleoecologists further divide
themselves as deep, which is typically ecological research involv-
ing organisms or deposits that are from the Pliocene or older (e.g.,
more than 2.5 million years; Jackson 2001), as opposed to near-time
ecological research from the Quaternary, which typically involves
subfossils in Pleistocene or Holocene deposits. Although ecolo-
gists working in the fossil record typically call themselves paleoe-
cologists, neoecologist is typically a term used by paleoecologists to
differentiate themselves from colleagues working on the scale of
days to decades; most neoecologists simply refer to themselves as
ecologists. Furthermore, this bifurcation fails to acknowledge the
growing number of researchers who work across scales, integrat-
ing actualistic studies or modern experiments with reconstruc-
tions of past organisms or ecosystems. In any case, the temporal
boundaries of our subfields do not necessarily themselves capture
the timescales relevant to the lifespans of organisms or the pat-
terns and processes we seek to understand (DiMichele et al. 2004),
nor do they capture the breadth of time that a given individual re-
searches, because many paleoecologists span numerous time bins

in order to address particular ecological questions. This has led to
multiple calls through the years for a better integration of ecolog-
ical research across timescales (e.g., Flessa and Jackson 2005, Rull
2010, Birks 2012, Smith and Boyer 2012, Gavin et al. 2014, Yasuhara
et al. 2015, Bakker et al. 2016, Manzano et al. 2020, Nieto-Lugilde
et al. 2021, Goodenough and Webb 2022).

Regardless of their tools and approaches, ecologists working
across all timescales often ask similar questions (table 2; Willis
et al. 2010, Bennington and Aronson 2012, Kiessling et al. 2019),
although our studies may have different temporal grains and
extents (figure 1; Turner et al. 1989). A species, community, or
ecosystem is the integration of processes and events that span the
3.7-billion-year history of life, which means that ecological un-
derstanding depends on incorporating information from a range
of temporal perspectives. Direct observations and experimental
manipulations provide powerful insights about ecological pro-
cesses across hours to decades (neoecology), whereas centennial
to millennial scale observations provide valuable perspectives on
natural populations and environmental variability, range shifts,
community assembly, and long-term responses to global change
(paleoecology). At the scale of millions of years, the ecoevolution-
ary and biogeographic processes driving macroscale biodiversity
patterns begin to emerge; study at these scales is necessary to
contextualize the magnitude and scale of modern biodiversity
losses (e.g., Dietl 2016, Price and Schmitz 2016).

As with other subdisciplines, such as community ecology,
ecosystem ecology, and behavioral ecology, ecologists working
across different timescales generally use different field and lab-
oratory methods to collect data that may be similar (e.g., commu-
nity composition) but that may have different sources, taxonomic
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Figure 1. The conceptual framework shows the importance of incorporating deep-time (dark green), quaternary (tan), and modern (textured melon)
perspectives into ecological research, using plant-insect interactions as an example. The temporal resolution of the source data (deep time,
quaternary, or modern) is represented by the length of the dashed lines, whereas the resolution or extent is represented by the width of the dashes
(i.e., less space between the dash marks indicates greater resolution). Although the extent of the deep-time record is greater, the grain is often coarser
than other time bins. The vertical black lines mark ecological events rooted in time that influenced plant-insect interactions. Finally, the pie charts are
meant to visualize the value of the temporal source data and what is lost when it is not considered within the overall framework. Although the
example we provide is plant and insect centered, these concepts are widely applicable across organisms and environments.

resolutions, or even scales (Perry et al. 2021); paleoecologists of-
ten work with proxy data reconstructed from natural archives,
whereas neoecologists are able to directly observe and even ma-
nipulate their study systems. This mismatch of temporal scales
between neo- and paleoecologists leads to varying conceptions of
time. A survey of marine conservation biologists showed that 67%
of its respondents reported using long-term data, but 49% of those
respondents indicated that “long-term” data referred to decadal
scales, whereas only 5% considered timescales of thousands of
years “long term” (Smith et al. 2017). Importantly, however, the or-
ganisms and ecological processes we study often represent the
amalgamation of processes that transcend the differences exhib-
ited in our approaches and perspectives. Although some studies
have addressed questions across multiple timescales, questions
remain as to whether the patterns or processes observed at one
time scale matter at others (Jackson 2001, Willis et al. 2010a, Ash
et al. 2017). For example, because neoecology grapples with sys-
tems affected by multiple global changes (which has long been a
central interest of paleoecology), neoecologists are investigating
which timescales may best allow for the detection of critical tran-
sitions or regime shifts (Price and Schmitz 2016, Estes et al. 2018,
McGuire et al. 2023). Although a growing number of studies are
integrating across timescales (table 2, figure 2; e.g., Boulton and
Belcher 2019, Kiessling et al. 2019), there are still opportunities
to enhance cross-temporal collaboration, which has become par-
ticularly relevant to the interconnected biodiversity and climate
crises.

Here, we explore the past, present, and future of cross-temporal
ecological research: We first present a brief overview of the his-
tory of ecology as a temporally integrative discipline and then
highlight shared agendas (see the “The past: ecology’s roots as a
temporally integrative field” section; table 2) from an analysis of
two major horizon-scanning efforts in neoecology (Sutherland et
al. 2013) and paleoecology (Seddon et al. 2014), as well as several

case studies that have fostered new insights through temporal in-
tegration of research agendas and themes. Finally, we provide rec-
ommendations for how ecologists working across timescales can
approach this work going forward. This is not meant to be an ex-
haustive review of all ecological subdisciplines or systems but,
rather, a demonstration of the power of cross-temporal integra-
tion and of where opportunities lie. Notably, we focus on terres-
trial examples, because this was the main focus of Sutherland and
colleagues (2013) and Seddon and colleagues (2014), and it repre-
sents where the collective ecological expertise of the present au-
thors lies (ironically, the siloing of paleo- and neoecology mirrors
that of terrestrial and aquatic or marine ecology; sensu Munguia
and Ojanguren 2015). As ecologists whose work spans the tem-
poral gamut described in the present article, our goal is to fos-
ter an improved understanding of our systems across timescales
(Bennington et al. 2009, Smith et al. 2023) and to create a more
impactful, inclusive, and collegial approach to cross-temporal in-
terdisciplinary research.

The past: Ecology’s roots as a temporally
integrative field

Much of the foundational work in ecology was done by widely
read naturalists with interdisciplinary backgrounds, often includ-
ing training in geology, as well as biology (Jackson 2001). Such
long-term perspectives arguably contributed to some of the most
important advancements in the field; Charles Darwin drew heav-
ily on work by Lyell and other geologists to inform his theory of
evolution (Rudwick 1998). Henry Chandler Cowles, who studied
botany and geology as an undergraduate, drew from both dis-
ciplines to develop foundational theories about succession and
space-for-time substitution (Cowles 1899). E. Lucy Braun, who also
studied geology as well as botany, drew on her knowledge about
glacial histories in her work on the biogeography of Eastern North
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Table 1. Glossary of terms used within the manuscript in alphabetical order.

Term

Definition

Actualistic studies

Bipartite networks

Cenozoic

Climate refugia

Fossil record

Holocene

Hyperthermal event

Mega-annums
Megaherbivore
Pleistocene
Pliocene

Proxy

Quaternary

Refugia

Subfossil

Taphonomic
Temporal extent

Temporal grain

Modern study that tests assumptions around past processes and patterns

A network built on graph theory that focuses on the properties, structural dynamics, and relationships between the
structure and function of networks. Bipartite networks therefore consist of nodes of two different natures that are
linked between dissimilar nodes.

The current and most recent era covers the last 66 million years. This era is notable as the age of the mammals, following
the extinction of nonavian dinosaurs.

Regions that serve as a refuge for flora or fauna during periods of extreme climate or climate transitions. Traditionally
refugia is used in reference to the migration of flora downslope and poleward following glacial periods.

The mineralized remains or imprint of organic life preserved within sedimentary processes. The fossil record can be used
to study long extinct organisms, but the record is limited to materials that can withstand geologic processes.

The last 11,700 years of Earth'’s history, defined by the end of the last major glacial epoch.

A sudden warming of the planet that occurs at a geologic time scale (e.g., PETM). Altithermal, hypsithermal, and climatic
optimum have all been used to describe warming events.

A period of 1 million years.

Terrestrial herbivores weighing 1000 kilograms (2200 pounds) or more.

The oldest epoch of the Quaternary (11,700 years ago- 2.58 million years ago).
The epoch preceding the Quaternary Period (2.58-5.33 million years ago).

A variable that indirectly represents a variable of interest (e.g., fossil pollen as a representation for past vegetative
composition).

The current and most recent epoch of the Cenozoic Era, occurring from 2.58 million years ago. The Quaternary is defined
by the growth and decay of continental ice sheets as related to the Milankovitch cycles and their associated
environmental changes.

An area in which a population can survive a set of unfavorable conditions.

Remains of an organisms that are not completely (i.e., permineralization or the replacement or organic material with
inorganic) fossilized

The processes of fossilization that includes transport, burial, compaction, and preservation.
The total length of a time period such as 1000 years or 500,000 years

The resolution of the event or the frequency at which the event occurred.

American forests (Braun 1947). However, despite these early
works, subsequent decades saw an increasing trend toward disci-
plinary specialization that has resulted in neoecologists and near-
(Quaternary) and deep-time ecologists often being separated in
different departments, attending different conferences, and pub-
lishing in different journals. Although specialization can lead to
important insights and methodological advances, a trend toward
temporal siloing has arguably created barriers to ecological un-
derstanding; neoecologists rarely cite long-term data (Silvertown
et al. 2010, Willis et al. 2010, Cusser et al. 2020, 2021), whereas pa-
leoecologists initially emphasized the study of patterns, because
direct mechanisms can be harder to detect in the fossil record
(Fenton 1935), although this is changing (Kelley et al. 2013); how-
ever, following the quantitative revolution of the 1970s, paleobi-
ologists are increasingly adopting the statistical approaches used
by neoecologists (Sepkoski 2005).

As the subfields developed, a growing divide began to reflect
how paleoecologists discussed their relationship to ecology. In
1935, Carroll Lane Fenton defined paleoecology as a third branch
of ecology (along with autecology and synecology) and empha-
sized that “despite its geologic affiliation, paleoecology rests on

biologic viewpoints, because it considers fossils as organisms, not
as constituents of sediments” (Fenton 1935). Only two decades
later, Paul E. Cloud (1959) described paleoecology as being situ-
ated squarely within geology (although he noted its parent dis-
ciplines were paleontology and ecology). By the late twentieth
century, a number of Quaternary paleoecologists were noting a
growing disconnection between ecology and paleoecology, calling
for the need to apply geohistorical data to understand modern
ecological phenomena (Delcourt and Delcourt 1988, Hunter et al.
1988, Jackson 2001), although Jackson (2001) also pointed out a
lack of dialog among Quaternary paleoecologists and those work-
ing in deeper-time records. A recent resurgence of calls for cross-
temporal integration (Flessa and Jackson 2005, Louys 2012, Jack-
son and Blois 2015, Yates et al. 2018, Buma et al. 2019, Manzano
et al. 2020, Nieto-Lugilde et al. 2021) has arguably been driven
by a growing recognition of the fossil record’s relevance to global
change research, particularly as we face future climate analogs
that resemble the Pliocene or the Eocene (Burke et al. 2018); abrupt
climate change, novel ecosystems, range shifts, and extinction
dynamics are all areas where paleoecological data have helped
shape modern theory (Foster et al. 1990, Jablonski and Sepkoski
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Table 2. Comparison between Sutherland and colleagues (2013) review of neoecology to Seddon and colleagues (2014) paleoecology
research goals provides an opportunity to compare the future of these subdisciplines.

Neoecology Paleoecology

Percentage of Percentage of

Unified theme Process Sections questions Sections questions Case Studies
Community and ecosystem processes Ecosystem function and 3 42 1 16 3.2.1. How did life
process recover in the
Evolution on various 1 10 1 16 aftermath of the K-Pg
timescales extinction?
Biodiversity with a 1 20 1 20
spatial focus
Understanding the Anthropocene Human impacts and 1 17 1 14 3.2.2. What role do
climate change megaherbivores play
in structuring plant
communities and
their resilience to
climate change?
Methodology Furthering the field 1 11 2 34 3.2.3. How will fire

regimes change in a
warming world?

Note: The sections and questions of the respective reviews were sorted into our three unified themes: Community and Ecosystem Processes, Understanding the
Anthropocene, and Methodology and then further divided into subthemes. The percentages were calculated by taking the number of questions within a section
and dividing it by the overall number of questions (Sutherland et al. 2013, n = 100; Seddon et al. 2014, n = 50) before multiplying it by 100. The focus (i.e., more
important within neo- or paleoecology) was determined by evaluating (less than a 10% difference in the two groups) the differences in percentage of questions
within a topic. Case studies that emphasize these findings are listed with the section they correspond to in the manuscript.

1996, Gavin et al. 2014, Jackson and Blois 2015, Birks 2019). This
lack of temporal integration notably applies to both neo- and
paleoecologists, because paleoecologists rely on observations and
measurements from modern-day ecosystems to interpret fossil
records, including the actualistic studies that validate proxy work
(Jackson 2012). Modern ecology typically deals with short-term
records generated over subannual to decadal scales, whereas the
fossil record captures broader temporal extent (Wolkovich et al.
2014). Understanding the drivers of patterns and short-term re-
sponses in contemporary ecosystems is vital for interpreting past
records, particularly in an era of interacting global changes. How-
ever, recent efforts do indicate some progress toward improved
temporal integration, particularly in the field of conservation pa-
leobiology (Dietl and Flessa 2011), which seeks to apply paleonto-
logical perspectives to conservation practice (Dillon et al. 2023).
Notably, however, extending this work into conservation prac-
tice has lagged (Groff et al. 2023), indicating that there are still
opportunities to recenter time as a focus of ecological inquiry
(Wolkovich et al. 2014).

The present: Identifying shared research
priorities across timescales

Two community-curated horizon-scanning efforts by Sutherland
and colleagues (2013) and Seddon and colleagues (2014) provide
a powerful opportunity to assess areas of cross-temporal interest
and identify shared research priorities working across timescales.
Although these papers were published a decade ago, the research
agendas they outline are still widely relevant (both papers are
actively cited; figure 2) and represent two data sets with simi-
lar methodologies that provide a state-of-the-field snapshot of re-
search interests and priorities. To our knowledge, the research pri-
orities outlined by the two communities have not previously been
compared.

To assess the degree of overlap among the priority research
agendas for neo- and paleoecology, we assigned the questions
identified in the two papers into three themes: community and
ecosystem processes (i.e., research about species, interactions,
communities, and ecosystem processes), global change (i.e.,
applied science to understand conservation, management, and
anthropogenic impacts), and methodology (table 2). We selected
these broad themes because they are timescale neutral and rep-
resent the major groupings within both manuscripts. Assigning
questions into these broad themes allowed us to identify not
only areas of overlapping priority but also areas where either
paleo- or neoecologists—but not both—had identified significant
interest. Areas of shared overlap can be interpreted as areas of
research where future cross-temporal collaboration would be
especially fruitful. Areas that do not overlap could either reflect
areas that had been the subject of past focus in one field (and
that is therefore not considered in future priorities), in which case
they could indicate topics where engaging with existing literature
from different timescales could be useful in developing future
research priorities.

Sutherland and colleagues (2013) sorted 100 questions into
seven sections, whereas Seddon and colleagues (2014) had 50
questions divided into six sections. The two review papers had
similar methodologies, where questions were solicited from
the research communities of each subdiscipline, which were
then refined, combined, or eliminated during workshops to
identify research priorities. It is important to note that both
papers resulted from exercises involving a subset of experts
in each field; questions were solicited from the broader com-
munity, and workshop participants were selected from a pool
of applicants. Although the neo- and paleoecological com-
munities were not formally surveyed, efforts were made to
reach as broad a representation of these research communities
as possible (e.g., listservs, direct emails). A different commu-
nity of scientists may have identified different research priorities,
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Figure 2. Using the Web of Science, we created a visualization of the journal subdisciplines that cite Sutherland and colleagues (2013; yellow or neo) or
Seddon and colleagues (2014; blue or paleo). Each subdiscipline is listed on the y-axis, with the x-axis showing the percentage of overall citations. To
normalize the difference in overall citations, the bars represent the percentage of the total citations within the temporal range (Sutherland et al. 2013,
n = 798; Seddon et al. 2014, n = 328). The precise percentage is provided at the top of each bar. This visualization emphasizes that paleo- and
neoecology are largely drawing from within their temporal ranges. Sutherland and colleagues (2013) is most highly cited with the ecology
subdiscipline, whereas Seddon and colleagues (2014) is most highly cited within multidisciplinary geosciences. However, Seddon and colleagues (2014)
was also highly cited in ecology, environmental science, and physical geography, likely reflecting the different departments and subdisciplines
paleoecologists are in. The total citation counts for each subdiscipline can be found in supplemental table S2.

particularly at the workshop stage, although the organizers strove
for a broad representation of expertise. For our analysis, all of the
questions were kept in the original sections of their respective pa-
per, and we instead assigned sections to our themes on the basis
of the original section description. A full list of which sections (and
their respective questions) were compiled into each theme and
more detailed methods can be found in supplemental table S1.

To normalize discrepancies in the number of sections and ques-
tions within each previously published manuscript, we first tal-
lied the number of sections assigned within each paper to the
general themes outlined above. The percentages of questions
within each section were then calculated by taking the number
of questions within a section and dividing by the total (Suther-
land et al. 2013, n = 100; Seddon et al. 2014, n = 50). These values
were then used to compare across publications as a measure of
focus.

A quantitative comparison of neo- and
paleoecological research agendas

Broadly, our analysis of the Sutherland and colleagues (2013) and
Seddon and colleagues (2014) horizon-scanning papers indicates
that neoecology and paleoecology share considerable overlap in
priority research agendas, although our subfields use different
vocabulary and methodologies (table 2). Three of the five sub-
themes showed similar importance for neo- and paleoecologists.
We found that the influence of anthropogenic global change on
ecosystem dynamics was a research priority for both Sutherland
and colleagues (2013) and Seddon and colleagues (2014; table 2),
indicating an area in which future collaboration would be ben-
eficial. Sutherland and colleagues (2013) specifically called for
continued research on the scale and types of ecological moni-
toring used within neoecology, whereas Seddon and colleagues
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(2014) focused on building new methods within paleoecology
that could detect human impacts (see supplemental table S1).
Evolution was similarly a unifying theme of shared importance
across various timescales, which is unsurprising, given its core
role in disentangling ecological processes (table 2). Evolution
was slightly more of a priority within the paleo community (16%;
table 2) than the neoecology (10%; table 2), which could reflect the
fact that paleoecologists regularly work across broad time spans
and temporal scales. Regardless, this shared overlap in interest
shows promising avenues for future collaborations, especially as
we grapple with the drivers and mechanisms of evolution from
the micro to the macro scale.

The two subthemes that were focused toward one specific tem-
poral bin were ecosystem function and process (neoecology fo-
cused 42%) and furthering the field (paleoecology focused, 34%;
table 2). This lack of overlap between the temporal bins could rep-
resent an area of research that has already been a heavy focus.
Topics such as range shifts and no-analog assemblages have been
the focus of extensive research in paleoecology and so are unlikely
to be highlighted as horizon scanning despite being identified as
priorities to neoecologists. Similarly, paleoecology’s stronger em-
phasis on methods is not surprising, given the challenges and lim-
itations of working with proxy data. Although subthemes with a
particular temporal focus show where the futures of neo- and pa-
leoecological research are headed, similar to the subthemes with
overlapping interest, they also represent areas in which ecolo-
gists across all temporal fields can collaborate. For example, the
need to continue developing quantitative tools, ancient DNA, sta-
ble isotopes, and other approaches within paleoecology highlights
a powerful opportunity to disentangle pattern and process by fos-
tering collaborations with neoecologists doing experimental work.

The results reveal existing shared research priorities, as well as
areas where a research theme is prioritized by one subdiscipline
but not the other. Both categories represent areas for future col-
laboration and where such work can help break down temporal
barriers. Research questions with shared overlap could manifest
into novel approaches for tackling questions that bridge evolu-
tionary history of organisms or patterns, whereas areas with spe-
cific temporal skews represent areas where one temporal domain
can leverage the expertise of the other.

Case studies highlighting cross-temporal
advances in ecology

To highlight the utility of cross-temporal approaches, we pro-
vide several examples of case studies that demonstrate effec-
tive collaboration between neo- and paleoecology. When cross-
temporal collaboration and dialog occur, we often see exciting
advancements as a result, such as with the identification of cli-
mate refugia (Gavin et al. 2014), restoration ecology (Barak et al.
2016), the risks of specialists under climate change (Colles et al.
2009), and the ecological impacts of megaherbivores on woody
vegetation (Bakker et al. 2016). This point can be illustrated by
research on plant-insect interactions across all spatiotemporal
scales (figure 1). Modern surveys of plant-insect interactions may
fail to capture how range shifts, historical legacies, and coevolu-
tion influence contemporary patterns (figure 1), but by incorporat-
ing the full spatiotemporal breadth of research, a more complete
story emerges. This type of integration is what we aim to facili-
tate in the future by showcasing examples of how this has been
done successfully in the past. Here, we review recent research that
highlights work being done within the unifying themes identified
above (table 2). These case studies do not represent an exhaustive

list of all the past research that has been conducted that integrate
paleo- and neoecological perspectives, but, rather, provide exam-
ples to inspire for future research.

The geologic past provides so-called natural experiments that
allow for a deeper understanding of the ecological and evolution-
ary impacts of extinction on ecosystem biodiversity and recovery
(Lockwood 2008). This is of particular interest for both paleo- and
neoecologists as we face an ongoing extinction crisis, although
whether this can be considered the sixth mass extinction is de-
bated by paleontologists, who point to the challenges of compar-
ing contemporary rates of extinction with that of the fossil record
(Cowie et al. 2022). Although many extinction events took place
over millions of years or longer, the Cretaceous-Paleogene (K-Pg,
66 million years ago) mass extinction represents a geologically
rapid event that resulted in the highest temporal rates of extinc-
tion in Earth’s history (Wilf et al. 2023). The K-Pg mass extinction
was triggered by the Chicxulub asteroid impact 66 million years
ago, which resulted in a loss of more than 60% of species (Schulte
et al. 2010), including all nonavian dinosaurs (e.g., Brusatte et al.
2015), and local extinction rates of up to 90% for plants (Stiles et
al. 2020). This extinction event drastically altered the course of life
on Earth during the Cenozoic, completely rearranging biological
communities, promoting the diversification of angiosperms (Vajda
and Bercovici 2014) and a shift from slow to fast plant life history
strategies (Blonder et al. 2014) and ushering in the age of mam-
mals (Lohaus and Van de Peer 2016). Both the extinction event it-
self and the postrecovery dynamics had profound impacts on the
development of modern biodiversity over the Cenozoic, but the
mechanisms facilitating ecological recovery in the aftermath of
the impact have been poorly understood.

The fossil record provides valuable information regarding
ecosystem restructuring and aftermath of the K-Pg, which was
characterized by continental-scale fires, darkness caused by an
impact winter that severely restricted photosynthesis, and acid
rain (Wilf et al. 2023). It has long been recognized that ferns were
some of the first species to colonize the denuded landscapes fol-
lowing this mass extinction, recorded in the sediment record by
high values of fern spores known as the fern spore spike (e.g.,
Barreda et al. 2012). The widespread success of ferns in the af-
termath of the K-Pg impact and the Mount St. Helens eruption in
1980 CE led Tschudy and colleagues (1984) to classify ferns as dis-
aster taxa, because of their high dispersal capability and their abil-
ity to withstand stressful environments. For decades, fern spore
spikes in the geologic record were interpreted through the lens
of competition, despite a growing body of evidence that many
ferns act as facilitators in modern-day ecosystems. In a reexam-
ination of the disaster-taxon framework, Azevedo-Schmidt and
colleagues (2024) proposed that ferns instead acted as facilita-
tors of community assembly following the K-Pg mass extinction,
on the basis of modern-day observations of ferns following a dis-
turbance. Ferns within modern ecosystems provide many facilita-
tive traits that promote ecosystem recovery, including an ability to
modify soils by removing heavy metals (Schmitt et al. 2017, Yang
et al. 2021), stabilizing substrates (Sanchez-Castillo et al. 2019, Os-
man et al. 2021, Yang et al. 2021), and increasing soil organic mat-
ter and water content (Walker 1994, Zhao et al. 2012, Gallegos et
al. 2015, Lyu et al. 2019); they also mediate competition among
plants following a disturbance (Brock et al. 2018, Yuan et al. 2019,
Yang et al. 2021). Modern fern physiology has shown the high tol-
erance of ferns within stressful abiotic environments and their
adaptability as a group of plants (Anderson 2021) that has colo-
nized nearly all ecosystem types (Azevedo-Schmidt et al. 2024).
The cross-temporal approach utilized by Azevedo-Schmidt and
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colleagues drew from insights across timescales by applying in-
ferences about mechanisms from neoecological research to the
observed patterns in the fossil record, leading to an improved un-
derstanding of the effects of ferns on ecosystem recovery. By reen-
visioning the approach required to create analogous data sets (i.e.,
replicating paleological methods in modern ecosystems) cross-
temporal validation of these ideas can be directly tested open-
ing new lines of inquiry between paleo and neoecologists (see the
“Collaboration” section).

Megaherbivores (typically defined as herbivores heavier than
1000 kilograms) have long been recognized as ecosystem engi-
neers because of their disproportionate impact on shaping com-
munity composition, ecosystem structure, and function rela-
tive to their biomass (Owen-Smith 1988, Waldram et al. 2008,
Daufresne 2013) and in ways that cannot be replicated by smaller
animals (Johnson 2009, Owen-Smith 2016, Hyvarinen et al. 2021).
Meanwhile, large species are some of the most threatened on
the planet today (Ripple et al. 2015), leading to a growing inter-
est in understanding the ecological consequences of their ex-
tirpation. The global extinction of megafauna during the late
Pleistocene (Koch and Barnosky 2006), a size-selective event that
resulted in the loss of over 50% of large species, provides a natural
experiment in understanding the role that large herbivores play
on ecological processes (Malhi et al. 2016). Recent methodological
advances, including the use of biomarkers such as coprophilous
fungi (Perrotti and Van Asperen 2019), fecal sterols (Harrault et al.
2019), and ancient DNA preserved in sediment records (Murchie
et al. 2021) have enabled paleoecologists to reconstruct local
megaherbivore populations, vegetation composition, and other
ecological processes in tandem. Such work has shown that the
extinction of large herbivores has been associated with state
changes in vegetation composition (Rule 2012, Barnosky et al.
2016), the emergence of novel ecosystems (Gill et al. 2009, 2012),
and reductions in plants with fruits adapted for dispersal by endo-
zoochory (Pires et al. 2018, Adeleye et al. 2023). Other research has
shown that megaherbivore extinctions changed ecosystem struc-
ture and function by increasing woody cover (Doughty et al. 2016),
altering the spatial dynamics of nutrient cycling (Doughty et al.
2013), and enhancing global fire regimes (Karp et al. 2021), and
they may even have influenced the climate system via vegetation-
induced changes in albedo (Doughty et al. 2010) and atmospheric
chemistry (Smith et al. 2016).

Studies of megaherbivore impacts on ecosystems are well
suited to a temporally wide range of approaches, as has been ex-
emplified by research on megafaunal impacts on Arctic vegeta-
tion (Wal 2006, Zimov et al. 2012, Post 2013, Brathen et al. 2021).
Because the proposal of the megafaunal hypothesis to explain
the presence of highly productive and biodiverse Arctic ecosys-
tems during the Pleistocene (Zimov et al. 2012, Barrio et al. 2016,
Brathen et al. 2021), researchers have sought to understand the
role of megafaunal herbivory on vegetation resilience, in part to
evaluate rewilding as a tool to address climate change (Malhietal.
2016, Olofsson and Post 2018, Beer et al. 2020, Verma et al. 2020).
In fact, paleoecological data have been central to discussions of
rewilding to restore lost ecological functions that may support
biodiversity under global change (Donlan et al. 2006, Svenning
et al. 2016, Fordham et al. 2020) and were highlighted as an av-
enue of neo- and paleoecology collaboration by Kiessling and col-
leagues (2019). Meanwhile, modern observations and experiments
have been foundational to understanding megaherbivore diets
(Kartzinel et al. 2015) and the impacts of herbivory (Bakker et al.
2016), allowing for a stronger link between patterns and drivers
observed in long-term records. Together, such work is driving a
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new understanding of the importance of trophic interactions in
structuring ecosystems, both locally and at large spatiotemporal
scales.

Fire is an important disturbance that shapes ecological and
evolutionary processes across scales (McLauchlan et al. 2020). The
fossil record indicates that fire has been a part of Earth’s sys-
tem since land plants first evolved during the Late Silurian (443
million years ago; Pausas and Keeley 2009). The fossil record in-
dicates that some taxa were already fire specialized by the Late
Cretaceous (100-66 million years ago; Keeley et al. 2011), includ-
ing adaptations such as resprouting, serotiny, germination, and
seedling recruitment (Keeley et al. 2011, Pausas and Keeley 2019),
which speaks to the deep evolutionary importance of fire. Dis-
turbance is a natural ecosystem process that influences species,
populations, and communities by removing biomass, disrupting
life histories, and reducing critical resources (Pickett et al. 1989).
The paleoecological record expands the concept of disturbances
from short-term, localized events (e.g., fire, windthrows) to longer-
term perturbations that may express at the continental or global
scales (i.e., megadroughts, hyperthermal events; table 1); each al-
ters ecosystems in various ways, depending on their underlying
mechanisms (Turner 2010). Many deep-time events may there-
fore be considered disturbances, providing opportunities to both
quantify disturbance regimes (Gaiser et al. 2020) and to under-
stand the impacts of disturbances across timescales. Because fire
return intervals are often long (decades to centuries), particu-
larly in forested landscapes, where the trees themselves may live
for thousands of years, fire has been a natural focus for integra-
tive work among paleoecology, dendrochronology, and fire ecology
(Whitlock et al. 2010).

As fire regimes shift across the globe (O’Donnell et al. 2011,
Westerling 2016, Abram et al. 2021, Crist 2023), researchers are
increasingly looking to the paleorecord to quantify the drivers
and impacts of past fire regimes (Napier and Chipman 2021);
meanwhile, neoecological research has been critical to under-
standing the near-term impacts of fire, as well as linking the fossil
record of fire to fire histories through modern-process studies.
Coop and colleagues (2020) synthesized evidence surrounding
fire-driven ecosystem conversion across North America, predict-
ing ecosystem conversion while summarizing uncertainties and
proposing key themes for applied research that would support
management decisions in cases where prefire forests may not
return. One key component of the Coop and colleagues (2020)
synthesis was a consideration of spatial and temporal scales. The
authors proposed hypothetical ecological outcomes of fire on 1-,
10-, 100-, and 1000-year intervals, merging modern and paleoeco-
logical research to identify which systems will display resilience
to future changes in fire regimes, the limits to that resilience,
and to estimate postfire recovery times. Coop and colleagues
(2020) illustrates how researching a fundamental ecological
process across temporal scales can help us to address urgent
applied issues under global change, such as which ecosystems
are susceptible to tipping points and why, the factors and mech-
anisms that determine the resilience of ecosystems to external
perturbations, and how we measure resilience (e.g., Sutherland
et al. 2013).

The future: Improving cross-temporal
ecological research and collaboration
As the examples above show, not only do neoecology and pale-

oecology share research agendas, but those agendas are arguably
often more effectively advanced when we approach ecology as a
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temporally expansive discipline. However, such work has shared
many of the same growing pains and challenges of interdisci-
plinary research (Lin 2008). Given this, it would be fruitful for
terrestrial ecologists working across timescales to engage with
the work being done within conservation paleobiology (Dietl and
Flessa 2011, Louys 2012, Dillon et al. 2023, McClenachan et al.
2024), marine paleontology (Smith et al. 2017), historical ecology
(e.g., Bowman et al. 2011), and Indigenous engagement (Larson
et al. 2021, Roos et al. 2021, Greenler et al. 2024), which have
been leading the way in cross-disciplinary research that explicitly
spans timescales.

We aim to make it easier for terrestrial ecologists working
across timescales to both communicate and collaborate. Below,
we highlight institutional action items that could improve cross-
temporal integration by removing language barriers, improving
training, and developing research infrastructure.

Education and training

Perhaps one of the most significant barriers for the integration
of the subdisciplines of ecology is the nature of academic train-
ing. Paleoecologists are more likely to come from a background
in Earth sciences, whereas neoecologists tend to come from a life
sciences background (Jackson 2001). This has the potential to lead
to lost-in-translation scenarios where neo- and paleoecologists
encounter disciplinary language barriers rooted in differences in
jargon, methodology, analyses, conceptual frameworks, and even
data types and scientific norms (Kiessling et al. 2019). Although
these differences present a challenge, they also present a unique
opportunity to learn, refine, and synthesize shared concepts. In
most cases, it’s likely that instead of speaking completely differ-
ent disciplinary languages, the subfields of ecology are just using
different dialects to address the same research questions despite
temporal differences (figure 1). By integrating people and depart-
ments from across ecological subdisciplines, ecology can be bet-
ter incorporated across temporal scales that aim to answer shared
questions. One potential mechanism for thisis university research
centers or institutes that actively foster cross-temporal collabora-
tion on themes such as climate change, marine science, conserva-
tion, or global change.

In 2018, the Ecological Society of America endorsed a curric-
ular framework for undergraduate education in ecology, dubbed
the four dimensional ecology education framework (Klemow et al.
2019). This educational framework was designed to ensure that
educators incorporate key dimensions of ecology and the scien-
tific process when teaching undergraduate ecology majors. These
key dimensions include core ecological concepts, ecological prac-
tices, human-environment interactions, and cross-cutting scien-
tific themes. Core ecological concepts refers to key concepts that ev-
ery ecology student should be exposed to, whereas cross-cutting
scientific themes refers to scientific topics outside of the discipline
of ecology that should also be covered, which range from con-
cepts of biology and evolution, to physics. Unfortunately, these
core ecological concepts do not cover paleoecology or the concept
of ecological change over time. Temporal scales are mentioned
in the cross-cutting scientific themes section, but paleoecological
methods are not mentioned in the ecological practices section,
which details field methods, experimental design, and statistical
methods (Klemow et al. 2019). Sediment cores, tree rings, or pale-
ontological deposits that incorporate multiple taxonomic groups,
such as tar seeps or caves, are engaging topics for students that
could be used to illustrate how the fossil record informs our un-
derstanding of ecology and evolution, particularly with regards to

climate change impacts, extinction, and other pressing modern-
day topics. The temporal range of ecology spans millions of years;
however, there are many concepts from deep-time ecology that
are typically underrepresented in classroom settings (Libarkin et
al. 2007). Could including exploration of past hothouse worlds in-
spire new ecologists to think of modern conservation questions in
new ways? Or could lessons on geologic history affect how emerg-
ing ecologists think about community structure? Although such
topics are certainly included in ecological curricula at some insti-
tutions, there is always room for growth.

Although it is important to address this temporal disconnect
in ecology at the undergraduate level, this issue can be addressed
even earlier in a student’s education. Primary and secondary ed-
ucation classrooms are a perfect place to begin reinforcing the
connectedness of ecological processes through time before im-
pressions about temporal boundaries are even formed. In the
United States, the adoption of Next-Generation Science Standards
(NGSS; NGSS Lead States 2013) by a majority of public schools
means that students are now exposed to concepts such as the
fossil record and geologic timescales at an early age; this could
help to address previous knowledge gaps, because even college
students have been found to struggle with deep-time concepts
(Libarkin et al. 2007). The vast timescales of the geologic record are
a particular challenge (Trend 2000, Catley and Novak 2009, Czajka
and McConnell 2018), which, in turn, exacerbates knowledge gaps
in biology, because undergraduate students have been shown to
struggle with evolutionary history and understanding the devel-
opment of the tree of life (Bishop and Anderson 1990, Abraham
et al. 2012, Kalinowski et al. 2013). Scale, proportion, and quantity
is one of the cross-cutting concepts in the NGSS, and American
public school students will now learn not only about the history
of the Earth but about how fossil and paleoclimate evidence from
sediment records is used to record and understand that history,
linking evidence to inference. Children develop foundational sci-
entific understandings at very early ages (Eshach and Fried 2005).
Introducing the concept of temporal scale early on could influence
the ways students understand past, present, and future ecologies.
For example, teachers can use preserved dinosaur trackways to
illustrate similarities between modern animal movement and an-
cient organisms, providing a tangible connection to the past while
remaining engaging.

Collaboration

Integrating data from neo- and paleoecological systems into a
unified, cross-temporal framework is also difficult because of dif-
ferent subdisciplinary norms, major methodological differences,
and challenges communicating the limitations and opportunities
provided by data gathered by those different methods. Method-
ological differences and misunderstanding of what types of in-
formation the deep-time fossil records hold is a large barrier to
comparisons across temporal scales (Kiessling et al. 2019). To
bridge the gap between modern and deep-time paleoecology, it’s
necessary to create analogous methods and data sets that are
comparable across temporal scales (Rappaciuolo and Blois 2019,
Nieto-Lugilde et al. 2021, Dillon et al. 2023, Smith et al. 2023). Stud-
ies that replicate methodologies across temporal scales bridge
our understanding of modern ecosystems in evolutionary time
(Azevedo-Schmidt et al. 2022). Specifically, this requires the orga-
nization of data in similar formats and units, the use of contem-
porary observations to test questions that emerge from long-term
and geologic data sets, and testing of theories that emerge from
contemporary studies using long-term data. Although this work



is challenging to conceptualize, we argue that researchers should
start small by familiarizing themselves with the methods being
used by their temporal counterparts. Paleoecologists should fa-
miliarize themselves with neoecological methods that are nec-
essary to answer questions related to their research organism,
ecosystem, or pattern of study, and neoecologists should do the
same by diving into the paleontological literature, not only when
it comes to using natural archives to reconstruct past ecosystems
but also around foundational concepts such as taphonomy and
temporal grain and extent. The adaptation of methods will vary
across studies, but with each data set, we get closer and closer to
creating a more normalized viewpoint of how ecosystems are not
truncated by temporal bins.

Although many universities have ecology departments where
neo- and paleoecology researchers coexist, the structure of our
institutions can be a barrier to interdisciplinary training and col-
laboration. Many Quaternary and deep-time paleoecologists are
housed and trained in geography or Earth science departments,
whereas the ecologists may be scattered across departments
organized by taxon (e.g., botany or entomology) or the natural
resources (e.g., forestry, wildlife biology; Jackson 2001). We think
it is significant that most of the authors of the present article
(whose expertise spans neoecology, Quaternary paleoecology, and
deep-time paleontology) have been trained or have a tenure home
in ecology departments and have participated in interdisciplinary
degree-granting programs designed to address environmental
problems. These programs promote interdisciplinary research
and offer space and opportunity to dismantle temporal discon-
nects. Writing groups, working groups, technical workshops,
seminar series, and informal gatherings provide a space to talk,
listen, and learn across temporal boundaries and have improved
the research of all the co-authors here. Ecology departments
should make concerted efforts to integrate neo- and paleoe-
cology at all levels, including their faculty, graduate students,
undergraduate students, and course content. Funding agencies,
such as the National Science Foundation (NSF) and the National
Aeronautics and Space Administration (NASA) in the United
States, should make concerted efforts to develop programs that
encourage cross-temporal collaboration and to train reviewers in
evaluating proposals that use such frameworks. Recent programs
such as the NSF's Biodiversity on a Changing Planet program
may provide a model for funding such research going forward.
The NSF Research Coordination Network program could also be
a powerful opportunity to bring together researchers from across
temporal backgrounds. And for such collaborations to be fruitful,
itis imperative to invest in research infrastructure that facilitates
cross-temporal research (Flessa and Jackson 2005, Boulton et
al. 2005) and comparable data sets (e.g., Goodenough and Webb
2022, Smith et al. 2023).

Academic community and research
infrastructure

Neo- and paleoecologists often attend different scientific confer-
ences, although we note that the Ecological Society of America
has elected many Quaternary paleoecologists as president in the
past, including Paul Sears (1948), Edward Deevey Jr (1969), and
Margaret Davis (1987). Deep-time paleoecologists tend to opt for
geology-focused conferences such as the Geological Society of
America’s annual meetings. Although there are other conferences,
such as those hosted by the International Organisation of Paleob-
otany and Climate and Biota of the Early Paleogene or the Cross-
ing the Palaeontological-Ecological Gap, they are relatively small
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and are held once every 4 years. Such conferences also tend not
to include neoecological and historical ecology. One conference
that does integrate ecological disciplines well is the International
Biogeography Society; there is often no divide between talks or
symposia that span timescales. Taxon-specific societies, such as
the Society of Vertebrate Paleontology, the Botanical Society of
America, and American Society of Mammalogists, also appear to
have successfully integrated deep-time, Quaternary, and neoeco-
logical perspectives, likely because of the presence of evolution-
ary ecologists and systematists; this success record could be built
on. Importantly, we should normalize organizing talks by ques-
tion, taxon, or theme, and not just timescale, to promote cross-
temporal discussion; paleoecologists working on fire likely have
more in common with other fire ecologists than they do with, for
example, vertebrate paleontologists.

Integrating cross-temporal perspectives in ecology requires a
similar approach to learning any new field or body of knowl-
edge. In addition to reading deeply within the discipline, read-
ing widely across disciplines is critical to building a foundation
of temporal approaches and perspectives outside of a single dis-
cipline (and, in the age of digital scholarship, it is easier than ever
before to access papers in journals with a different temporal fram-
ing). Although many geohistorical data sets papers are published
in paleoecology-focused journals, we are seeing greater integra-
tion with special editions in both the Proceedings of the National
Academy of Sciences (e.g., McGuire et al. 2023) and Frontiers in Ecol-
ogy and Evolution (Wingard et al. 2024) that have been dedicated
to incorporating neo- and paleoecology communities to improve
conservation efforts. As with any scientific publication, journal
selection is important for making sure the intended audience is
reached; however, this may be challenging when research is cross-
temporal. When it is unclear where an article should land within
the publishing landscape, it can fall between the cracks or end
up in subdisciplinary journals, where it may not be integrated
into either neo- or paleoecological scholarship (figure 2). Exam-
ples of peer-reviewed journals that publish research across tem-
poral bins of ecology are Ecology, BioScience, the American Journal
of Botany, Global Ecology and Biogeography, Ecography, Ecology Letters,
and Evolutionary Biology. Although this list is by no means exhaus-
tive, it is a starting point for researchers who work on tempo-
rally complex topics. In addition, the Conservation Paleobiology
Network integrates across temporal bins, merging paleontologi-
cal and historical data with management and restoration efforts.
This NSF-funded organization focuses on integration and collab-
oration with researchers and stakeholders.

Cross-temporal scholarship can take place informally in jour-
nal clubs or lab meetings but also in more formal settings, such
as classrooms and comprehensive or qualifying exams. As the
researcher transitions from reading to writing, the opportunity
to evaluate citation practice arises: Do citations cross tempo-
ral boundaries, both in terms of the timescales studied and
the publication date of the literature? The latter is particularly
important, given that much of the foundational literature re-
flects disciplinary breadth, as was noted above. If the student’s
work is contemporary, are historical legacies, long-term cycles, or
biogeographic processes that may have influenced observed pat-
terns being considered? If the study spans millennial timescales
or greater, are modern experimental, theoretical, or observational
studies that could deepen understanding of the study system or
focal organisms being considered? How much has the field grap-
pled with epistemological questions about the nature of the data
and its accompanying assumptions, and how might actualistic,
taphonomic, or proof-of-concept studies conducted at different
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Table 3. To further facilitate collaboration and fill the proposed gap between neo- and paleoecological researchers (figure 2), we provide

a checklist of recommended goals and actions.

Goal Action

Read Explore texts across disciplines. Exploring widely is critical to building a foundation of temporal approaches and
perspectives beyond an ecological subdiscipline.

Explore the influences of processes influencing the study that are not limited to the study’s temporal boundaries.

Citations Expand the traditional foundational citations typically applied in a subdiscipline.
Include the new applications to cross subdiscipline collaboration.

Connect Peers: Cross-temporal scholarship can take place informally in journal clubs or lab meetings.
Professional: Facilitate broader materials in classrooms and comprehensive or qualifying exams.
Career: Attend conferences with a wide scope of ecological application.

Organize Consider the actualistic, taphonomic, or proof-of-concept studies conducted at different temporal scales.

Methods

Explore epistemological questions about the nature of data and any accompanying assumptions.

Note: These are suggestions on how to engage with other disciplines and span temporal axes in research.

temporal scales influence the results? See table 3 for a full list of
suggestions.

As was outlined above, there are a number of pressing ques-
tions that would benefit from a cross-temporal approach, particu-
larly as we enter a time of rapid and widespread global changes. As
with cross-disciplinary research, fruitful collaborations are more
likely if they are approached with curiosity, humility, a willingness
tolearn, and respect for our colleagues’ expertise (especially when
methods or paradigms differ). The participants will soon learn
that many cross-cutting concepts are widespread across tempo-
ral perspectives, but terminology or definitions may shift across
subdisciplines. Even in the absence of such barriers, however, dif-
ferent temporal perspectives may shape frameworks about, for
example, the relative importance of ecological drivers through
time or the degree to which the temporal grain and extent (sensu
Dornelas et al. 2013) of ecological data may inform approaches to
a particular question. In the authors’ experience, while working in
teams across temporal perspectives, including on the present ar-
ticle, we have found that even when there is mutual respect and
clear communication, there will still be moments of confusion,
disagreement, or even tension. Such barriers are not insurmount-
able, however, in working to overcome epistemological tangles, the
resulting insights are typically deeper and more rewarding. In the
end, ecologists seek to understand the patterns and processes of
life on Earth. That history extends nearly 4 billion years; every
moment has something to offer our ecological understanding.

Conclusions

Paleo- and neoecologists ask many of the same questions, en-
gage with the same theories, and produce knowledge relevant to
the same practical applications. This should come as no surprise,
because the originators of the ecological discipline made no dis-
tinctions on the basis of methodology or temporal framings. Al-
though field specialization has led to important conceptual and
methodological advancements, the collective project of ecology—
to understand the natural world and its workings—will be im-
proved by deepening engagement of ecologists in working across
timescales. In his 2016 Recent Advances lecture at the Ecologi-
cal Society of America Annual Meeting, Quaternary paleoecolo-
gist Jack Williams noted that Earth’s climate system is moving to
a state unlike any in the instrumental record, and that various ge-
ological time periods are useful model systems for studying states
and rates of climate and ecological change beyond what may be
observed in the present, concluding that in a dynamic world, we
are all paleoecologists now. Building on that unifying message, it

is also possible to say that as scientists seeking to understand
species and their interactions, we're also all ecologists now. Or-
ganisms, and their ecosystems are the outcomes of processes
spanning the 4.5-billion-year history of the Earth and, therefore,
transcend the arbitrary temporal constraints researchers place on
them. Collaboration across timescales is eminently possible, as
the many publications cited within this article demonstrate. It is
our hope that the vision we have presented here inspires a return
to our roots as curious, engaged natural historians and that by
placing time as a central organizing principle within ecology, our
approach will be broader, richer, more inclusive, and more capa-
ble of addressing the urgent ecological questions presented by our
changing world.
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