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Scientists must have an integrative understanding of ecology and 
evolution across spatial and temporal scales to predict how species will 
respond to global change. Although comprehensively investigating 
these processes in nature is challenging, the infrastructure and data from 
long-term ecological research networks can support cross-disciplinary 
investigations. We propose using these networks to advance our 
understanding of fundamental evolutionary processes and responses 
to global change. For ecologists, we outline how long-term ecological 
experiments can be expanded for evolutionary inquiry, and for 
evolutionary biologists, we illustrate how observed long-term ecological 
patterns may motivate new evolutionary questions. We advocate for 
collaborative, multi-site investigations and discuss barriers to conducting 
evolutionary work at network sites. Ultimately, these networks offer 
valuable information and opportunities to improve predictions of species’ 
responses to global change. 

Predicting species’ responses to environmental change is increasingly 
important as global change continues to alter ecosystems worldwide1–3 . 
Global change may require species to evolve at a pace that matches 
environmental change to persist4. Fortunately, there is some evidence 
for rapid adaptation (when evolutionary processes occur on ecological 
timescales), especially in species with short generation times2,5,6. Yet, 
it remains unclear whether most species have the capacity to adapt 
fast enough (particularly in complex environments that may constrain 
evolutionary responses7,8) and how evolutionary changes might affect 
community and ecosystem processes (particularly in dominant taxa). 
As a result, there is a need for targeted studies investigating evolution-
ary processes under natural environments in ecosystems worldwide9. 

We contend that global long-term ecological monitoring networks 
provide an unparalleled opportunity for such evolutionary inquiry. 

Long-term ecological research networks (LTERNs) support 
research sites where environmental conditions and biological com-
munities have been monitored for decades. Data collected at LTERNs 
have historically been used to investigate community and ecosystem 
dynamics and social–ecological processes, and to support environmen-
tal stewardship10,11. However, recent studies have demonstrated how 
these long-term ecological experiments can be successfully leveraged 
to address evolutionary questions (for example, examining whether 
increased nitrogen or long-term drought causes rapid adaptation of 
rhizobium mutualists12 or primary producers13). In general, long-term 
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for example, by capturing fluctuating selection (when the direction of 
selection changes over a relatively short time). We encourage research-
ers to explore the Dynamic Ecological Information Management Sys-
tem—Site and Dataset Registry (https://deims.org/), Environmental 
Data Initiative (https://edirepository.org/) and Forest Global Earth 
Observatory websites (https://forestgeo.si.edu/) to better understand 
the extent of available site-specific, open-source ecological data, spe-
cies lists and resources and facilities. 

In this Perspective, we address how LTERNs can help researchers 
to unravel the interconnected ecological and evolutionary processes 
driving species responses to global change (Fig. 1). First, we provide 
guidance on expanding long-term ecological experiments to address 
evolutionary questions that we specifically believe ecologists will find 
useful. Importantly, LTERNs provide unique opportunities to integrate 
ecology and evolutionary biology, as evolutionary processes undoubt-
edly affect the ecological patterns observed across LTERN sites (and 
vice versa) (Fig. 1). Second, we hope to familiarize researchers with 
the exciting opportunities that global LTERNs offer by illustrating 
how commonly collected data can be leveraged for new evolutionary 
insights. Third, we wish to call attention to barriers historically hinder-
ing evolutionary work within LTERNs. Ultimately, we intend to highlight 
how these networks can be used to advance our understanding of 
evolutionary responses to global change. 

Expanding long-term ecological experiments for 
evolutionary insights 
To understand evolutionary patterns, we must evaluate whether 
phenotypic change arises due to adaptive evolution (evolution that   
confers a fitness advantage in the context of selective pressures), 
non-adaptive evolution (evolution due to random processes such as 

studies have established links between the environment and individual 
traits, genes and fitness14–17 to document how natural populations are 
responding to environmental change18–20. Despite this, studies con-
ducted at LTERNs rarely consider evolutionary questions. 

Yet, these networks provide an important opportunity for evolu-
tionary research because they: (1) span a huge variety of systems and 
species with diverse life histories in natural settings; (2) host ongoing, 
long-running experiments that can be harnessed to analyse drivers of 
evolutionary change; and (3) have extensive datasets on ecological 
and environmental conditions that comprise an excellent springboard 
for the pursuit of eco-evolutionary questions. For example, the Inter-
national Long-Term Ecological Research Network includes more than 
800 sites in various ecosystems (for example, grassland, temperate 
forest and marine) across 44 member countries where ecological 
data (for example, temperature, rainfall and abundance of focal spe-
cies) have been gathered for up to five decades21,22. The Forest Global 
Earth Observatory Network includes over 77 sites across 29 countries 
that have collected data on forest function and diversity for the past 
four decades. These networks create extraordinary opportunities 
to examine the effects of global change on species, populations and 
communities (for example, ref. 23). 

Although current ecological data collected over four to five dec-
ades may be insufficient for investigating evolutionary processes in 
longer-lived species, these data are certainly valuable when consider-
ing taxa with short generation times (insects, small mammals, many 
reptiles and amphibians, herbaceous plants and so on). This timeframe 
may also reveal evolutionary patterns such as gene flow or strong 
directional selection within longer-lived species. In addition, such 
time periods may help researchers to better understand how global 
change affects the direction and stochasticity of evolutionary change; 
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Fig. 1 | Global LTERNs provide unique opportunities to study the complex 
evolutionary patterns that are revealed over longer timescales. a, Leveraging 
LTERNs can help us to better understand the vital relationships between 
ecological processes, environmental changes and evolution. Such networks 
are currently underutilized for evolutionary studies, but can support our 
understanding of how species are simultaneously responding through ecological 
and evolutionary processes to global change. b, Schematic of ecological and 

evolutionary dynamics under global change. Leveraging these networks for 
evolutionary research can enhance the understanding of ecological dynamics 
and evolution under global change. The black arrows represent existing 
ecological relationships between common processes studied at global LTERNs, 
the red arrows represent evolutionary change affecting ecological processes 
and the blue arrows represent ecological or environmental change affecting 
evolutionary processes. 
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Box 1 

A framework for leveraging long-term ecological research to 
answer evolutionary questions 
Many long-term ecological experiments at LTERNs involve decades 
of manipulation in replicate plots (for example, nitrogen addition or 
precipitation addition or removal). Researchers may be motivated 
to test for rapid evolution when they observe different phenotypic 
responses of the same species to alternative treatments. Researchers 
may also pursue evolutionary questions based on other theoretical or 
empirical knowledge (for example, one predicts that severe drought 
selects for trait values that confer drought avoidance or tolerance). 
It is important to emphasize that although the following methods 
do not require LTERNs, long-term experimental plots associated 
with LTERNs provide researchers with invaluable information and 
resources, including (but not limited to) plot history, detailed data 
on microhabitats and species, local knowledge on abiotic and 
biotic conditions from site managers and, crucially, the chance 
for comprehensive experimental results to be obtained through 
repeated measurements both within and across sites. 

We highlight two possible paths that researchers might take to 
explore evolutionary dynamics at LTERNs. The entire sequence of 
inference in the diagram may not be necessary for every situation. 
For example, dissecting the genetic basis of adaptation is largely 
irrelevant to questions about whether evolutionary change feeds 
back to influence community structure and ecosystem processes. 

In the first path (solid arrows), a researcher begins by testing 
whether potential phenotypic differences (panel a, step 2) have a 

heritable genetic basis and whether evolution has occurred (panel 
a, step 3). This hypothesis can be tested using a common garden 
experiment (panel b) to ask whether the mean phenotype from each 
treatment differs for organisms that were sourced from different 
treatments. Ideally, one should standardize maternal environmental 
effects by growing organisms for one generation in a common garden 
before the test generation. This step is also necessary for resurrection 
experiments (panel c). If desired, information on the quantitative 
genetic basis of phenotypic variation can be collected using 
pedigreed populations created through crosses. When phenotypic 
differences observed in the field do not persist in a common garden 
experiment, these differences probably reflect phenotypic plasticity. 
When researchers do not initially observe phenotypic differences, it 
may be valuable to test alternative explanations (panel a, step 3) to 
ask which factors may have impeded rapid evolution (for example, a 
lack of heritable genetic variation, gene flow through space or time or 
genetic constraints). 

Evidence of evolutionary change does not necessarily imply that 
phenotypic change has been adaptive. In some situations, gene flow, 
genetic drift or limited genetic variation restrict adaptive responses 
to treatments. Therefore, further experiments would be needed 
to test whether evolutionary change confers a fitness advantage 
(panel a, step 4). However, when consistent evolutionary changes 
are observed across multiple replicate treatment plots, researchers 
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mutation, recombination or genetic drift) or phenotypic plasticity 
(phenotypic variation resulting from environmental effects on trait 
expression). Additionally, an important component is understanding 
whether plasticity is adaptive or not24. As a first step towards deter-
mining whether evolution has occurred in response to components 
of global change, researchers can expand on long-term field experi-
ments that are a hallmark of LTERN sites (for example, refs. 25–27). 
The most common ecological processes studied at LTERNs include 
nutrient cycling, primary production, disturbance and population 
and community dynamics (Fig. 1). 

Researchers can collect individuals from treatment and/or control 
groups and use experimental approaches to assess whether phenotypic 
differences result from plasticity or evolution (Box 1a). For example, 
researchers capitalized on a long-term (22 years) LTERN experiment 
by using a common garden experiment (Box 1b) to demonstrate the 
evolution of less mutualistic Rhizobium strains in response to elevated 
nitrogen levels12. Other studies have used genotyping-by-sequencing 
in populations undergoing long-term treatments to reveal rapid evolu-
tion and reduced genetic diversity; for instance, in black grama grass 
(Bouteloua eriopoda) under drought conditions13 and in the common 
reed (Phragmites australis) under increased nitrogen28. Resurrection 
experiments (Box 1c) can be used to compare the fitness and pheno-
typic traits of historical and contemporary lineages and rely on species 
having a dormant egg or seed stage. Such species are well represented 
across global LTERNs and have proved fruitful for evolutionary insights 
(for example, refs. 29–31). Reciprocal transplant experiments (Box 1d) 
or common garden experiments under natural conditions32 can deter-
mine whether experimental populations have adapted to manipulated 
global change factors, as can resurrection methods in combination with 
a reciprocal transplant design33. Cross-site LTERN investigations would 
particularly benefit these types of studies, specifically when research-
ers are interested in dominant, generalist or invasive species that can be 
found across LTERN sites comprising similar ecosystems (see https:// 
deims.org/, where a researcher can search for specific ecosystems or 
choose observed properties and all relevant sites and the affiliated 
network will be listed). Common gardens, reciprocal transplants and 
resurrection experiments can also be used to discern the effect of 
phenotypically differentiated populations on ecological processes and 
ecosystem parameters for researchers interested in feedback loops and 
how evolutionary change shapes ecological processes (Fig. 1). 

In cases where long-term studies lack a control, researchers can 
use unassociated reference plots at each site to account for site-specific 
random effects (for example, ref. 34). Although this can also apply to 

long-term studies conducted outside of LTERN sites, using long-term 
experimental plots associated with LTERNs is valuable because 
researchers have access to: (1) information on plot history (for exam-
ple, treatment timing, effect size and so on); (2) high-resolution micro-
habitat and species data that are otherwise unrepresented in global 
temperature datasets and species distribution models; and (3) repeated 
measures via replicate plots both within and across sites. 

Quantitative trait loci (QTL) mapping (Box 1e) and genome-wide 
association studies (Box 1f ) can reveal genomic changes linked to 
traits and fitness shifts in long-term treatment and control groups. 
For example, researchers used QTL mapping to uncover the major loci 
influencing adaptation in two grass ecotypes physiologically adapted 
to different ecosystems within LTERN sites35. Researchers should avoid 
concluding an adaptive response from molecular studies alone because 
differences may be attributed to non-adaptive or neutral evolution 
(evolution due to the accumulation of mutations that do not provide a 
selective advantage or disadvantage)36. However, combining genomic 
techniques with the experimental approaches described above can be 
extremely powerful for linking the genomic basis of adaptation across 
space and time to phenotypes, community shifts and ecosystem func-
tions (for example, refs. 37,38). 

Leveraging long-term data for novel evolutionary insights 
Applying these classic approaches in LTERN studies might be particu-
larly powerful given that long-term ecological changes are already 
well documented in many LTERN sites11—providing an opportunity 
to investigate the effects of changing ecological patterns on evolu-
tion. To familiarize scientists with LTERNs, we propose examples of 
evolutionary questions motivated by existing LTERN studies (Fig. 2). 
Most ongoing LTERN studies focus on the ecological impacts of altered 
nutrient fluxes, bioinvasions, environmental disturbances, extreme 
climatic events or changes to community structure or primary produc-
tion. These ecological patterns may alter the evolution of component 
populations and can therefore be used to address questions about how 
ecological pressures affect evolution, and reciprocally how evolution-
ary responses may influence ecological outcomes. 

Opportunities to study evolution under natural environments 
Performing evolutionary experiments in laboratory settings or 
semi-natural environments allows researchers to isolate the effect of 
one or a few environmental variables on fitness and trait expression39,40 . 
Yet, it does not account for the complex and covarying factors that are 
inherent in nature and are perhaps the most important influences on 

could infer that selection probably underlies parallel evolution 
(although it is possible that replicated phenotypic evolution   
is due to mutational bias coupled with strong drift induced by an 
experimental treatment)70. To test for local adaptation, one must 
reciprocally expose a sample of genotypes sourced from each 
treatment plot or environment to all treatment conditions. Ideally, 
reciprocal transplants (panel d) are performed in the same   
field plots and under the same environment when permitted. 
Alternatively, one might grow organisms at another LTERN site 
or under a controlled environment where the original long-term 
treatments are simulated (for example, drought versus control 
treatments in a greenhouse). 

Although a reciprocal transplant experiment can test whether 
evolutionary change is adaptive, it does not identify the traits that 
have been the targets of selection (panel a, steps 5 and 6). In the 
second path (dashed arrow), a researcher may begin by asking 
whether alternative environments differentially select for traits. The 
classical approach for identifying traits under selection is to relate 

fitness components to trait variation under different environments 
or treatments using selection analyses71–73 (panel a, step 6). This 
approach is most effective when trait variation is manipulated (for 
example, expansion of trait variance) and when genotypes are 
replicated within a randomized design. We urge caution when 
attributing selection or adaptation to particular traits, as genetic 
correlations between traits due to pleiotropy or tight linkage may 
confound inferences of the targets of selection. 

Molecular approaches such as QTL mapping (panel e), population 
genomic outlier analyses or genome-wide association studies 
(GWASs; panel f) can identify regions of the genome and candidate 
loci associated with traits subject to selection (panel a, step 5). 
Additionally, in cases where researchers have hypotheses about the 
alleles involved in adaptation to environmental factors (for example, 
from large-scale environmental association analyses), LTERN 
experiments can be used to retrospectively validate whether such 
alleles have changed in frequency (relative to controls) in plots that 
have been experimentally manipulated on those environmental axes. 

(continued from previous page) 
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eco-evolutionary dynamics and outcomes41–43 . Importantly, we urge 
researchers to consider global LTERNs as a valuable resource for study-
ing evolution in the real world because: (1) the infrastructure to perform 
field studies in natural environments already exists (for example, labora-
tories, field stations and treatment plots); and (2) an existing community 
of researchers can provide knowledge on how best to conduct complex 
experiments specific to each site when considering site-specific prob-
lems (flooding, biotic interruptions and so on). Engaging with local 
researchers is also important when considering that many sites have 
intricate plot histories, where treatments may have changed over time 
due to the need to secure long-term funding. To secure ongoing sup-
port, researchers may need to explore new questions and introduce 
additional treatments. Yet, this challenge underscores an advantage of 
LTERNs over other research locations for those considering long-term 
studies. These networks provide access to extensive records and the 
expertise of researchers familiar with plot history. 

We would also like to highlight additional infrastructures such 
as the Nutrient Network (https://nutnet.org/), FLUXNET (https:// 
fluxnet.org/), the International Drought Experiment (https://drought-
net.weebly.com/) and the Disturbance and Resources Across Global 
Grasslands Network (https://nutnet.org/dragnet). These networks 

support global, long-term experiments with standardized protocols, 
allowing for increased precision and inference about evolutionary 
dynamics under natural conditions. Importantly, these initiatives are 
driven by voluntary participation and researchers are encouraged to 
propose add-on measurements to their often simple designs, affording a 
straightforward mechanism to the inclusion of evolutionary research44 . 
Additional information on research initiatives, parameters observed, 
biomes represented and the number of sites and countries participating 
in each LTERN mentioned here can be found in Supplementary Table 1. 

Overcoming limitations of global LTERNs 
Despite their utility for answering evolutionary questions, few evo-
lutionary studies have been conducted at LTERNs. Here we address 
obstacles hindering evolutionary work at LTERNs and offer suggestions 
to overcome them. 

Focal species studies 
Studies at LTERN sites tend to focus on individual species that are eco-
logically important, such as dominant plant species that mediate eco-
system function or are of conservation interest. For example, Spartina 
alterniflora is well studied in coastal LTERNs given its global distribution 
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species? 
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invasive prey in™uence 
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Is community restructuring a 
result of thermal evolution to 
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Do evolutionary shifts in 
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predator foraging traits? 

Can competition over 
decreasing resources cause 
rapid evolution of foraging 
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How does a disturbance 
event impact the adaptive 
potential of a population? 
Does it decrease genetic 
diversity? 

Invasion by a novel prey 
species, the soy bean aphid, 
aflects the population 
dynamics of a predator, the 
Asian lady beetle. Mean 
predator abundance (a) 
initially increased (b) before 
decreasing to an intermediate 
level (c) after prey invasions 
were stopped66 . 

Decreased atmospheric 
pollutants and increased 
water temperature (+1.5 °C) 
caused community 
restructure and an increase in    
the abundance (+173%) and 
richness (+51.6%) of 
freshwater 
macroinvertebrates67 . 

Cumulative macrophyte 
abundance is positively 
correlated with chlorophyll a 
concentration and total 
nitrogen and negatively 
related to total phosphorous 
in lakes68 . 

Hurricanes impact 
community assemblages. 
Shown here, the disturbance 
caused by Hurricane Georges 
and Hurricane Irma 
decreased the total 
macrophyte density of the 
seagrass Syringodium 
ÿliforme ofl the coast of 
Florida, USA69 . 

Fig. 2 | Examples of published studies from global LTERNs and potential 
evolutionary inquiries. Existing, long-term ecological studies provide unique 
opportunities for collaboration among ecologists and evolutionary biologists 
to evaluate ecological dynamics and evolution under global change. a–e, Here 
we present the results of published studies from various LTERN sites around 
the globe that investigated how changing environmental conditions, including 
nutrient cycling65 (a), changes to population dynamics66 (b), community 
structure67 (c), primary production68 (d) and disturbance69 (e), affect ecosystem 
processes. These have been included as they are common overarching themes 
across many LTERNs. We propose questions specific to these themes that 

researchers can ask as an extension to existing studies. Additional research can 
focus on how ecological or environmental change is affecting evolutionary 
processes (ecology → evolution) or how evolution is affecting ecological 
processes (evolution → ecology). Information on potential sampling schemes and 
available data that can be used to address questions is also presented. Credit: a, 
adapted with permission from ref. 65, Elsevier; b, adapted with permission from 
ref. 66, American Institute of Biological Sciences; c, adapted with permission 
from ref. 67, Elsevier; d, adapted from ref. 68, Springer Nature; e, adapted from 
ref. 69, Springer Nature. 
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and role as an ecosystem engineer45,46 . Although this limitation may 
restrict researchers studying non-focal species, it also renders LTERN 
sites highly suitable for studying evolution in focal species. Indeed, 
because many focal species are clonal plants and long-term experi-
ments may retain source propagules, these species are amenable to 
the manipulative approaches we discussed earlier, including common 
garden studies, reciprocal transplants and resurrection experiments. 
Researchers interested in leveraging LTERN studies focusing on domi-
nant species should be mindful that manipulated plots may only con-
tain a fraction of the total population. If these plots constitute a small 
portion of the overall population, gene flow may dilute evolutionary 
responses to ecological manipulations (but see ref. 47 for a discussion 
on microgeographic adaptation). 

In the future, we argue that LTERNs should strategically begin 
archiving genetic material (for example, ref. 48) and recording pheno-
typic data (through photographic records or surveys) for ecologically 
important species. Although some sites may already record phenotypic 
data for certain species, the sampling scheme is often determined 
by the need of an individual study. An organized, multi-site endeav-
our would benefit all researchers. For example, the Disturbance and 
Resources Across Global Grasslands Network recommends that all 
participating sites start a seed bank, where propagules are collected 
and stored from both treatment and control plots. Soil microbiomes 
(and when appropriate, microbiomes specific to other species, such 
as skin microbiomes in amphibians) should also be considered for 
archiving, and cultures of infectious pathogens could be considered 
for cryopreservation. LTERN managers should consult evolutionary 
geneticists or other relevant experts for advice on archiving schemes 
(for example, the number of samples, time span between samples 
and so on). 

Single-site studies 
Most studies at LTERNs include experiments or long-term data col-
lected at a single site, probably because of the logistical difficulties of 
setting up, conducting and coordinating across-site experiments. We 
have discussed how in situ experiments such as reciprocal transplants 
should be considered across sites. However, we urge researchers and 
network managers to collaborate on identifying additional strategies 
to maximize data output for evolutionary insights. For example, sites 
that comprise similar ecosystems could start collecting individual-level 
data (trait data and genetic material) on the same species or species 
of the same functional group. By having data replicated across sites, 
researchers could potentially identify where natural selection has 
resulted (or not) in parallel evolution. Given that many species of 
plants and animals are advancing their phenological transitions in 
response to climate change49–51, we suggest that researchers consider 
monitoring phenology as a key trait in these new endeavours. When a 
disturbance or bioinvasion occurs exclusively at one site, genetic and 
ecological data will be available at other locations that have not been 
affected. For example, the National Ecological Observatory Network 
performs coordinated collection of abiotic and phenology data across 
sites in the USA that could be leveraged to examine the consequences 
of disturbance and to monitor invasion fronts. 

Lack of genetic reference material 
Assembled genetic material, in the form of reference genomes and tran-
scriptomes, has not yet become a research focus for LTERNs. Although 
many well-tested and reference-free approaches for analysing genetic 
data are available (such as reduced representation methods), these 
methods still present challenges for species with complex genetic 
structure, such as mixed polyploidy, and/or large genomes. Expand-
ing methods for analysing polyploid genetic data are promising52,53, as 
are the declining costs of sequencing and ongoing interdisciplinary 
collaborations aimed at producing high-quality reference genomes. 
For example, a large team recently created a high-quality switchgrass 

genome assembly to understand its adaptation to climate, despite its 
large and complex genome54. This resource will make it easier for future 
researchers to detect variation, monitor change and investigate gene 
function in this key species. We call for targeted funding programmes to 
create similar genomic resources for ecologically important non-model 
organisms in LTERNs. 

Geographical gaps 
The distribution of long-term studies tends to bias towards North-
ern Hemisphere ecosystems55. If researchers are to truly understand 
the long-term effect of global change on the world’s biodiversity and 
ecosystems, there needs to be a wider range and higher coverage of 
LTERN sites across a greater diversity of ecosystems. Accomplishing 
this expansion across political borders is challenging, particularly when 
considering the scope of funding needed to establish and maintain 
sites. It is fundamental that networks support programmes such as 
match-funding schemes across nations and incentivize collaborative 
efforts56. 

Awareness in the evolutionary biology community 
In general, the fields of ecology and evolutionary biology may often 
be siloed and there is no exception to this within the LTERN commu-
nity. Network managers and researchers familiar with LTERNs should 
encourage collaborative eco-evolutionary work by widely distributing 
network newsletters, attending evolution-focused conferences and 
planning dedicated sessions at interdisciplinary meetings to facili-
tate conversations and raise awareness on the exciting opportunities 
LTERNs present for evolutionary work. 

Social and financial constraints 
Dismantling social barriers that prevent individuals from conduct-
ing evolutionary research at LTERN sites is imperative to productive 
investigations. First, creating an equitable, inclusive, safe and wel-
coming environment for fieldwork for all researchers is of the utmost 
importance57–60. Second, ecologists and evolutionary biologists must 
improve their collaborative efforts across disciplines, sites and coun-
tries to capitalize on global LTERNs. Collaborations with local com-
munities and/or Indigenous people in the areas of research, as holders 
of long-term knowledge, will serve to enhance efforts. Third, seasoned 
LTERN investigators should provide opportunities for early-career 
evolutionary researchers to become involved in long-term projects. 
Investigators will benefit from the diverse perspectives of early-career 
researchers and cross-disciplinary collaborations will support new 
evolutionary research. 

Early-career researchers may hesitate to pursue long-term 
research because of the pressure to publish frequently in academia. 
However, LTERNs mitigate this barrier by providing early-career and 
under-represented researchers access to long-term funding, rich lon-
gitudinal datasets, well-developed experimental infrastructure and 
extensive knowledge about local ecosystems. Although early-career 
researchers may be dissuaded from long-term research because their 
careers require them to move institutions often, LTERNs provide oppor-
tunities for research regardless of affiliation. 

To further the goals of this Perspective, we encourage funding 
organizations to consider additional support for evolutionary studies 
at LTERNs. Specifically, funding agencies should consider establishing 
a dedicated funding scheme explicit to supporting research addressing 
evolutionary questions at LTERNs, with an emphasis on international 
collaborations. This could be a new funding programme that is paral-
lel or similar to the Long Term Research in Environmental Biology 
Program from the US National Science Foundation. Targeted funding 
programmes can help to overcome limitations posed by the costs 
of archiving and organizing samples, preserving tissue samples for 
genomic analyses and conducting bioinformatics studies, in addition 
to evolutionary experiments. 
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Top four priorities moving forward 
We suggest four actions to increase evolutionary work at LTERN sites: 

(1) We encourage ecologists to record individual-level trait and 
fitness/performance data in ongoing and new experiments at 
LTERN sites. Researchers may consider archiving samples for 
genomic studies, as well as maintaining a collection of resting 
life stages of relevant species (such as seed banks). 

(2) We suggest that evolutionary biologists inquire with data man-
agers as to what types of studies and data are available at global 
networks and to look at existing data repositories. 

(3) We encourage network managers to publish and broadly distrib-
ute quarterly newsletters on recently published studies, facili-
tate network-wide mixed conferences that include evolutionary 
biologists and set up baseline species trait and genetic material 
data repositories. 

(4) We call for funding agencies to allocate more resources to 
programmes that support long-term experiments focused 
on evolution, such as the National Science Foundation’s Long 
Term Research in Environmental Biology Program, and to con-
sider creating additional dedicated funding programmes for 
long-term evolutionary research. Moreover, increased cross-site 
studies, including international collaborations, should be 
a priority. 

Concluding remarks 
Recent reviews highlight the importance of long-term ecological 
monitoring networks for ecological insights10,11,21,61 but overlook the 
opportunity that networks present for understanding evolutionary 
responses to environmental change62,63. The percentage of evolutionary 
studies that occur at such sites is low10 and recognition among ecolo-
gists and evolutionary biologists that long-term ecological networks 
are ideally suited for addressing species’ evolutionary responses to 
climate change is limited64. 

Here we have outlined how global LTERNs’ infrastructure and data 
can be used to investigate species’ evolutionary responses to climate 
change (Box 1). Additionally, we offer examples of recent studies from 
global LTERN sites that can inspire new evolutionary inquiries (Fig. 2) 
and we propose priorities for researchers, network managers and fund-
ing agencies moving forward. Most importantly, we believe that global 
LTERNs are valuable beyond the long-term data they provide. They 
also establish a foundation where researchers across institutions, dis-
ciplines and countries can foster new collaborations and instil future 
generations of ecologists and evolutionary biologists the value of 
long-term research for evolutionary insights. 

References 
1. Merilä, J. & Hendry, A. P. Climate change, adaptation, and 

phenotypic plasticity: the problem and the evidence. Evol. Appl. 
7, 1–14 (2013). 

2. Catullo, R. A., Llewelyn, J., Phillips, B. L. & Moritz, C. C. The 
potential for rapid evolution under anthropogenic climate 
change. Curr. Biol. 29, R996–R1007 (2019). 

3. Román-Palacios, C. & Wiens, J. J. Recent responses to climate 
change reveal the drivers of species extinction and survival. Proc. 
Natl Acad. Sci. USA 117, 4211–4217 (2020). 

4. Hoffmann, A. A. & Sgrò, C. M. Climate change and evolutionary 
adaptation. Nature 470, 479–485 (2011). 

5. Franks, S. J., Sim, S. & Weis, A. E. Rapid evolution of flowering time 
by an annual plant in response to a climate fluctuation. Proc. Natl 
Acad. Sci. USA 104, 1278–1282 (2007). 

6. McCulloch, G. A. & Waters, J. M. Rapid adaptation in a 
fast-changing world: emerging insights from insect genomics. 
Glob. Change Biol. 29, 943–954 (2023). 

7. Blows, M. W. & Hoffmann, A. A. A reassessment of genetic limits 
to evolutionary change. Ecology 86, 1371–1384 (2005). 

8. Strauss, S. Ecological and evolutionary responses in complex 
communities: Implications for invasions and eco-evolutionary 
feedbacks.Oikos 123, 257–266 (2013). 

9. Hendry, A. P. A critique for eco-evolutionary dynamics. Funct. 
Ecol. 33, 84–94 (2019). 

10. Hughes, B. B. et al. Long-term studies contribute 
disproportionately to ecology and policy. BioScience 67, 271–281 
(2017). 

11. Jones, J. A. & Driscoll, C. T. Long-term ecological research on 
ecosystem responses to climate change. BioScience 72, 814–826 
(2022). 

12. Weese, D. J., Heath, K. D., Dentinger, B. T. M. & Lau, J. A. Long-term 
nitrogen addition causes the evolution of less-cooperative 
mutualists. Evolution 69, 631–642 (2015). 

13. Whitney, K. D. et al. Experimental drought reduces genetic 
diversity in the grassland foundation species Bouteloua eriopoda. 
Oecologia 189, 1107–1120 (2019). 

14. Schroeder, J., Nakagawa, S., Rees, M., Mannarelli, M.-E. &   
Burke, T. Reduced fitness in progeny from old parents in a natural 
population. Proc. Natl Acad. Sci. USA 112, 4021–4025 (2015). 

15. Johnston, S. E., Bérénos, C., Slate, J. & Pemberton, J. M. 
Conserved genetic architecture underlying individual 
recombination rate variation in a wild population of Soay sheep 
(Ovis aries). Genetics 203, 583–598 (2016). 

16. Bonnet, T. et al. The role of selection and evolution in changing 
parturition date in a red deer population. PLoS Biol. 17, e3000493 
(2019). 

17. Festa-Bianchet, M., Côté, S. D., Hamel, S. & Pelletier, F. Long-term 
studies of bighorn sheep and mountain goats reveal fitness costs 
of reproduction. J. Anim. Ecol. 88, 1118–1133 (2019). 

18. Paniw, M., Maag, N., Cozzi, G., Clutton-Brock, T. & Ozgul, A. Life 
history responses of meerkats to seasonal changes in extreme 
environments. Science 363, 631–635 (2019). 

19. Reinke, B. A., Miller, D. A. W. & Janzen, F. J. What have long-term 
field studies taught us about population dynamics? Annu. Rev. 
Ecol. Evol. Syst. 50, 261–278 (2019). 

20. Benning, J. W., Faulkner, A. & Moeller, D. A. Rapid evolution 
during climate change: demographic and genetic constraints 
on adaptation to severe drought. Proc. R. Soc. B Biol. Sci. 290, 
20230336 (2023). 

21. Mirtl, M. et al. Genesis, goals and achievements of long-term 
ecological research at the global scale: a critical review   
of ILTER and future directions. Sci. Total Environ. 626, 1439–1462 
(2018). 

22. Dirnböck, T., Haase, P., Mirtl, M., Pauw, J. & Templer, P. H. 
Contemporary International Long-Term Ecological   
Research (ILTER)—from biogeosciences to socio-ecology   
and biodiversity research. Reg. Environ. Change 19, 309–311 
(2019). 

23. Muelbert, J. H. et al. ILTER—the International Long-Term 
Ecological Research Network as a platform for global coastal and 
ocean observation.Front. Mar. Sci. 6, 527 (2019). 

24. Ghalambor, C. K., McKay, J. K., Carroll, S. P. & Reznick, D. N. 
Adaptive versus non-adaptive phenotypic plasticity and the 
potential for contemporary adaptation in new environments. 
Funct. Ecol. 21, 394–407 (2007). 

25. Gough, L. & Hobbie, S. E. Responses of moist non-acidic arctic 
tundra to altered environment: productivity, biomass, and species 
richness. Oikos 103, 204–216 (2003). 

26. Ladwig, L. M. et al. Above- and belowground responses to 
nitrogen addition in a Chihuahuan Desert grassland. Oecologia 
169, 177–185 (2012). 

27. Koerner, S. E. et al. Invasibility of a mesic grassland depends on 
the time-scale of fluctuating resources. J. Ecol. 103, 1538–1546 
(2015). 

http://www.nature.com/natecolevol
https://doi.org/10.1038/s41559-024-02464-y


Nature Ecology & Evolution 

Perspective https://doi.org/10.1038/s41559-024-02464-y 

28. Mozdzer, T. J., McCormick, M. K., Slette, I. J., Blum, M. J. & 
Megonigal, J. P. Rapid evolution of a coastal marsh ecosystem 
engineer in response to global change. Sci. Total Environ. 853, 
157846 (2022). 

29. Magnoli, S. M. Rapid adaptation (or not) in restored plant 
populations. Evol. Appl. 13, 2030–2037 (2020). 

30. Magnoli, S. M. & Lau, J. A. Novel plant–microbe interactions: rapid 
evolution of a legume–rhizobium mutualism in restored prairies. 
J. Ecol. 108, 1241–1249 (2020). 

31. Vahsen, M. L. et al. Rapid plant trait evolution can alter coastal 
wetland resilience to sea level rise. Science 379, 393–398   
(2023). 

32. Huxman, T. E., Winkler, D. E. & Mooney, K. A. A common garden 
super-experiment: an impossible dream to inspire possible 
synthesis. J. Ecol. 110, 997–1004 (2022). 

33. Franks, S. J., Hamann, E. & Weis, A. E. Using the resurrection 
approach to understand contemporary evolution in changing 
environments. Evol. Appl. 11, 17–28 (2017). 

34. Avolio, M. L., Beaulieu, J. M. & Smith, M. D. Genetic diversity 
of a dominant C4 grass is altered with increased precipitation 
variability. Oecologia 171, 571–581 (2013). 

35. Zhang, L. et al. QTL × environment interactions underlie ionome 
divergence in switchgrass. G3 (Bethesda) 11, jkab144 (2021). 

36. Lambert, M. R., Brans, K. I., Des Roches, S., Donihue, C. M. 
& Diamond, S. E. Adaptive evolution in cities: progress and 
misconceptions. Trends Ecol. Evol. 36, 239–257 (2021). 

37. Franks, S. J., Kane, N. C., O’Hara, N. B., Tittes, S. & Rest, J. S. Rapid 
genome-wide evolution in Brassica rapa populations following 
drought revealed by sequencing of ancestral and descendant 
gene pools. Mol. Ecol. 25, 3622–3631 (2016). 

38. Browne, L., Wright, J. W., Fitz-Gibbon, S., Gugger, P. F. & Sork, V. 
L. Adaptational lag to temperature in valley oak (Quercus lobata) 
can be mitigated by genome-informed assisted gene flow. Proc. 
Natl Acad. Sci. USA 116, 25179–25185 (2019). 

39. Stewart, R. I. A. Mesocosm experiments as a tool for ecological 
climate-change research.Adv. Ecol. Res. 48, 71–181 (2013). 

40. Zuk, M. & Travisano, M. Models on the runway: how do we make 
replicas of the world? Am. Nat. 192, 1–9 (2018). 

41. Brunner, F. S., Deere, J. A., Egas, M., Eizaguirre, C. & Raeymaekers, 
J. A. M. The diversity of eco-evolutionary dynamics: comparing 
the feedbacks between ecology and evolution across scales. 
Funct. Ecol. 33, 7–12 (2019). 

42. Van Nuland, M. E., Ware, I. M., Bailey, J. K. & Schweitzer, J. A. 
Ecosystem feedbacks contribute to geographic variation in plant– 
soil eco-evolutionary dynamics across a fertility gradient.   
Funct. Ecol. 33, 95–106 (2019). 

43. Bergelson, J., Kreitman, M., Petrov, D. A., Sanchez, A. &   
Tikhonov, M. Functional biology in its natural context: a search for 
emergent simplicity. eLife 10, e67646 (2021). 

44. Borer, E. T. et al. Finding generality in ecology: a model for 
globally distributed experiments. Methods Ecol. Evol. 5, 65–73 
(2014). 

45. Silliman, B. R. & Zieman, J. C. Top-down control of Spartina 
alterniflora production by periwinkle grazing in a virginia salt 
marsh. Ecology 82, 2830–2845 (2001). 

46. Peng, H.-B. et al. Efficient removal of Spartina alterniflora with low 
negative environmental impacts using imazapyr. Front. Mar. Sci. 
9, 1054402 (2022). 

47. Richardson, J. L., Urban, M. C., Bolnick, D. I. & Skelly, D. K. 
Microgeographic adaptation and the spatial scale of evolution. 
Trends Ecol. Evol. 29, 165–176 (2014). 

48. Whitney, K. D. & Campbell, M. Evolutionary Monitoring for the 
SEV LTER Program at the Sevilleta National Wildlife Refuge, New 
Mexico, https://doi.org/10.6073/PASTA/21589D5DE09B364C128C 
1456AAFAC39B (Environmental Data Initiative, 2024). 

49. Lustenhouwer, N., Wilschut, R. A., Williams, J. L., van der Putten, 
W. H. & Levine, J. M. Rapid evolution of phenology during range 
expansion with recent climate change. Glob. Change Biol. 24, 
e534–e544 (2018). 

50. Piao, S. et al. Plant phenology and global climate change: current 
progresses and challenges. Glob. Change Biol. 25, 1922–1940 
(2019). 

51. Menzel, A. et al. Climate change fingerprints in recent European 
plant phenology. Glob. Change Biol. 26, 2599–2612 (2020). 

52. Meirmans, P. G., Liu, S. & van Tienderen, P. H. The analysis of 
polyploid genetic data. J. Hered. 109, 283–296 (2018). 

53. Clark, L. V., Lipka, A. E. & Sacks, E. J. polyRAD: genotype calling 
with uncertainty from sequencing data in polyploids and diploids. 
G3 (Bethesda) 9, 663–673 (2019). 

54. Lovell, J. T. et al. Genomic mechanisms of climate adaptation in 
polyploid bioenergy switchgrass. Nature 590, 438–444 (2021). 

55. Sheldon, B. C., Kruuk, L. E. B. & Alberts, S. C. The expanding value 
of long-term studies of individuals in the wild. Nat. Ecol. Evol. 6, 
1799–1801 (2022). 

56. Long-term relationships. Nat. Ecol. Evol. 1, 1209–1210 (2017). 
57. Ramírez-Castañeda, V. et al. A set of principles and practical 

suggestions for equitable fieldwork in biology. Proc. Natl Acad. 
Sci. USA 119, e2122667119 (2022). 

58. Blonder, B. W. Carrying the moral burden of safe fieldwork. Bull. 
Ecol. Soc. Am. 104, e02031 (2023). 

59. Coon, J. J. et al. Best practices for LGBTQ+ inclusion during 
ecological fieldwork: considering safety, cis/heteronormativity 
and structural barriers. J. Appl. Ecol. 60, 393–399 (2023). 

60. Kottler, E. J., Shanebeck, K. M. & Collinge, S. K. Allyship requires 
action. Front. Ecol. Environ. 21, 163 (2023). 

61. Gaiser, E. E. et al. Long-term ecological research and evolving 
frameworks of disturbance ecology. BioScience 70, 141–156 (2020). 

62. Brodersen, J. & Seehausen, O. Why evolutionary biologists should 
get seriously involved in ecological monitoring and applied 
biodiversity assessment programs. Evol. Appl. 7, 968–983 (2014). 

63. Collins, S. L. & Avolio, M. L. Integrating evolution into long-term 
ecological research. BioScience 72, 499 (2022). 

64. Kuebbing, S. E. et al. Long-term research in ecology and 
evolution: a survey of challenges and opportunities. Ecol. Monogr. 
88, 245–258 (2018). 

65. Vuorenmaa, J. et al. Long-term changes (1990–2015) in the 
atmospheric deposition and runoff water chemistry of sulphate, 
inorganic nitrogen and acidity for forested catchments in Europe 
in relation to changes in emissions and hydrometeorological 
conditions. Sci. Total Environ. 625, 1129–1145 (2018). 

66. Knapp, A. K. et al. Past, present, and future roles of long-term 
experiments in the LTER network. BioScience 62, 377–389 (2012). 

67. Baker, N. J., Pilotto, F., Jourdan, J., Beudert, B. & Haase, P. Recovery 
from air pollution and subsequent acidification masks the effects 
of climate change on a freshwater macroinvertebrate community. 
Sci. Total Environ. 758, 143685 (2021). 

68. Germ, M., Remec-Rekar, Š. & Gaberščik, A. Weather conditions 
and chlorophyll concentrations determine long-term macrophyte 
community dynamics of Lake Bohinj (Slovenia). Reg. Environ. 
Change 19, 339–348 (2019). 

69. Wilson, S. S., Furman, B. T., Hall, M. O. & Fourqurean, J. W. 
Assessment of Hurricane Irma impacts on South Florida seagrass 
communities using long-term monitoring programs. Estuaries 
Coasts 43, 1119–1132 (2020). 

70. Bolnick, D. I., Barrett, R. D. H., Oke, K. B., Rennison, D. J. &   
Stuart, Y. E. (Non)parallel evolution. Annu. Rev. Ecol. Evol. Syst. 49, 
303–330 (2018). 

71. Rausher, M. D. The measurement of selection on quantitative 
traits: biases due to environmental covariances between traits 
and fitness. Evolution 46, 616–626 (1992). 

http://www.nature.com/natecolevol
https://doi.org/10.6073/PASTA/21589D5DE09B364C128C1456AAFAC39B
https://doi.org/10.6073/PASTA/21589D5DE09B364C128C1456AAFAC39B
https://doi.org/10.1038/s41559-024-02464-y


Nature Ecology & Evolution 

Perspective https://doi.org/10.1038/s41559-024-02464-y 

72. Lande, R. & Arnold, S. J. The measurement of selection on 
correlated characters. Evolution 37, 1210–1226 (1983). 

73. Kingsolver, J. G. et al. The strength of phenotypic selection in 
natural populations. Am. Nat. 157, 245–261 (2001). 

Acknowledgements 
We thank R. Shaw for thoughtful feedback. This study was supported 
by the National Science Foundation Division of Environmental Biology 
(award number 2110351). 

Author contributions 
J.M.C., A.M.H. and M.L.A. led the writing of the manuscript. All authors 
conceptualized the manuscript, contributed to writing and editing it 
and approved the submitted version. 

Competing interests 
The authors declare no competing interests. 

Additional information 
Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41559-024-02464-y. 

Correspondence should be addressed to Jennifer M. Cocciardi or 
Meghan L. Avolio. 

Peer review information Nature Ecology & Evolution thanks   
Ellen Welti, Beth Reinke and the other, anonymous, reviewer(s) for   
their contribution to the peer review of this work. 

Reprints and permissions information is available at   
www.nature.com/reprints. 

Publisher’s note Springer Nature remains neutral with regard   
to jurisdictional claims in published maps and institutional   
affiliations. 

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with 
the author(s) or other rightsholder(s); author self-archiving of the 
accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law. 

© Springer Nature Limited 2024 

1
Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, MD, USA. 

2
Department of Biostatistics, Fred Hutchinson Cancer 

Center, Seattle, WA, USA. 
3
Department of Biological Sciences, Ohio University, Athens, OH, USA. 

4
Department of Genetics, University of Georgia, 

Athens, GA, USA. 
5
Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA. 

6
Department of 

Biology, Indiana University, Bloomington, IN, USA. 
7
Department of Ecology, Montana State University, Bozeman, MT, USA. 

8
Department of Ecology and 

Evolutionary Biology, University of Michigan, Ann Arbor, MI, USA. 
9
Department of Botany, University of British Columbia, Vancouver, British Columbia, 

Canada. 
10

Department of Plant Biology, Michigan State University, East Lansing, MI, USA. 
11
Department of Biological Sciences, Texas Tech University, 

Lubbock, TX, USA. 
12

Department of Biology, University of New Mexico, Albuquerque, NM, USA. 
13

Department of Biology, Pennsylvania State University, 
University Park, PA, USA. 

14
Department of Plant and Environmental Sciences, Jornada Basin LTER Program, New Mexico State University, Las Cruces,   

NM, USA. 
15

Department of Biological Sciences, Fordham University, New York, NY, USA. 
16

Department of Integrative Biology, University of Texas at Austin, 
Austin, TX, USA. 

17
Department of Biology, University of Louisiana at Lafayette, Lafayette, LA, USA. 

18
Department of Ecology and Evolutionary Biology, 

University of Colorado Boulder, Boulder, CO, USA. 
19

Department of Evolution and Ecology, University of California, Davis, Davis, CA, USA. 
20

Department 
of Plant and Microbial Biology, University of Minnesota, Minneapolis, MN, USA. 

21
Department of Biology, Bryn Mawr College, Bryn Mawr, PA, USA. 

22
Department of Plant and Microbial Biology, North Carolina State University, Raleigh, NC, USA. 

23
Department of Biology, Colorado State University,   

Fort Collins, CO, USA. 
24

Division of Biology, Kansas State University, Manhattan, KS, USA. 
25

Department of Biological Sciences, University of Notre Dame, 
Notre Dame, IN, USA. 

26
Biology Department, Davidson College, Davidson, NC, USA. 

27
Department of Ecology, Evolution, and Behavior, University of 

Minnesota, Minneapolis, MN, USA. 
28

Present address: Department of Biology, University of Mississippi, Oxford, MS, USA. 
29

Present address: Department of 
Biological Sciences, University of South Carolina, Columbia, SC, USA.  e-mail: jmcoccia@olemiss.edu; meghan.avolio@jhu.edu 181 

http://www.nature.com/natecolevol
https://doi.org/10.1038/s41559-024-02464-y
http://www.nature.com/reprints
mailto:jmcoccia@olemiss.edu
mailto:meghan.avolio@jhu.edu

	The value of long-term ecological research for evolutionary insights

	Expanding long-term ecological experiments for evolutionary insights

	A framework for leveraging long-term ecological research to answer evolutionary questions

	Leveraging long-term data for novel evolutionary insights

	Opportunities to study evolution under natural environments


	Overcoming limitations of global LTERNs

	Focal species studies

	Single-site studies

	Lack of genetic reference material

	Geographical gaps

	Awareness in the evolutionary biology community

	Social and financial constraints


	Top four priorities moving forward

	Concluding remarks

	Acknowledgements

	Fig. 1 Global LTERNs provide unique opportunities to study the complex evolutionary patterns that are revealed over longer timescales.
	Fig. 2 Examples of published studies from global LTERNs and potential evolutionary inquiries.

	Copy Cover Page - USE ME.pdf
	Blank Page
	Blank Page




