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Abstract

The scale of ecological research is getting larger and larger. At such scale,
collaboration is indispensable, yet there is little consensus on what factors enable
collaboration. In the present article, we had investigated the temporal and spatial
pattern of institutional collaboration within the US LTER Network based on the
bibliographic database. Social network analysis and Monte Carlo method were
applied to identify the characteristics of papers published by LTER researchers within
a baseline of papers from 158 leading ecological journals. It was found that long-term
and long-distance collaboration are more frequent in the LTER Network, and the
underlying mechanisms were investigated and discussed. We suggest that the
maturing infrastructure and environment for collaboration within the LTER Network
could encourage the scientists to make large-scale hypothesis and ask big questions in

ecology, breaking the boundaries of time and space.
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Introduction

Answering fundamental scientific questions in ecology now requires experiments and
observations at greater temporal and spatial scales than ever before, making scientific
collaboration indispensable. Early ecologists typically worked on specific problems as
individuals or small teams. The Long Term Ecological Research (LTER) Program
was established by the National Science Foundation (NSF) in 1980 — with long term
collaboration among scientific teams as one of its goals. For nearly 40 years, the
LTER Program has supported long term ecological research at a wide variety of sites
and made fundamental contributions to general theory in community and ecosystem
ecology (Hobbie 2003, Kominoski et al. 2018), as well as revealing key mechanisms
of evolutionary biology and social sciences (Brodersen and Seehausen 2014, Gragson
and Grove 2006, Redman et al. 2004). The International Long Term Ecological
Research (ILTER) Network, of which the US LTER Network is now a member, was
founded in 1993 during the US LTER All Scientists Meeting at Estes Park, Colorado.
ILTER unites regional networks and local sites all around the world, enabling sharing,
comparison, and synthesis of site-based long-term ecological observations to capture
changes in ecological process at the global scale (Haase et al. 2018, Kim 2006,

Trajanov et al. 2019, Vanderbilt and Gaiser 2017).

The concept of “big ecology” — the data-intensive science of ecological systems —
has become prevalent in recent decades (Coleman 2010, Soranno and Schimel 2014).
But big ecology requires long-term research, and long-term research cannot function

without collaboration. The US LTER program emphasized collaboration at an early
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stage. In designing the program, special consideration was given to defining five core
areas that were seen as foci for collaboration: primary production, dynamics of
population, transport of organic matter, movements of inorganic matter, and
disturbance (Callahan 1984). In addition, LTER researchers have consistently worked
to ensure a supportive environment for cooperation among ecologists. For instance,
the US LTER Network leadership developed a strategic plan in 2002, which defined
research priorities and developed new goals for the coming decade, known as the
“Decade of Synthesis” (https://Iternet.edu/wp-

content/uploads/2010/12/Iter 2010.pdf). The EcoTrends project compiled common
LTER data in a consistent format to enable the use and synthesis of long-term data
(Peters et al. 2013). Other efforts include developing standards for meteorological
measurements at LTER sites, holding triennial All-Scientists’ Meetings and annual
Science Council meetings, developing a network-wide data vocabulary, and multiple
other improvements to the data management of the LTER Network (Greenland 1986,

Miiller et al. 2010, O'Brien et al. 2016, Servilla et al. 2016).

In the new era of big data, computer science and information technology are changing
the modes of cooperation and innovation, bringing both opportunities and challenges
to large-scale collaboration in ecological science (Hampton et al. 2013, Soranno and
Schimel 2016, Farley et al. 2018). Using social network analysis, Johnson et al.
(2010) found that individual US LTER sites evolved from isolated individuals to
multiple connected groups and finally formed a large collaborative network. In our
study, we explores whether participation in LTER research accelerates cross-
institutional collaboration and compares LTER collaboration to that found in the

broader ecological community. Here, the term “institution” means research units
4
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including universities and research institutes. We focus on multi-institutional
collaboration because of its potential to benefit the involved institutions and

accelerate dissemination of knowledge and ideas (Ye et al. 2012).

To establish a basis for comparison, we built a bibliometric database covering
research articles published in 158 leading ecological journals according to ISI Journal
Citation Reports and distinguished LTER papers published from 1981 to 2018. We
compared LTER with the general corresponding ecological research and focused on
three questions in our investigation: (1) What are the general patterns of collaboration
among institutions within the US LTER Network? (2) Did the LTER program
improve long-term collaboration among institutions and why? (3) Did the LTER

program improve long-distance collaboration among institutions and why?

Establishing the databases

To build a comprehensive database of ecological literature, we referred to ISI Journal
Citation Reports and retrieved the journal list under the “ecology” category.
According to the journal list, we extracted all the available literature information from
the Scopus database (https://www.scopus.com). We removed the incomplete entries
and merged duplicate publications to produce at a bibliometric database of all
research articles from 158 leading ecology journals (other document types such as
review or meeting paper are excluded). A full list of selected journals is available in
Table S1. This database serves as the source of LTER articles as well as the baseline

for comparison (EBD, Figure 1).
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A crucial part of database establishment was identifying LTER publications within
the overall database. We narrowed the scope to peer-reviewed articles, and used title
matching to extract the target papers. The LTER bibliography information was
provided by LTER Network Office (LNO), and can be viewed at the Zotero library
(https://www.zotero.org/groups/2055673/1Iter network/items). It should be noted that
we were extracting LTER publications from the ecological literature database,
therefore LTER articles published in journals outside of our selected journal list
(Table S1) are excluded from our investigation. After data cleaning, we retrieved the
literature information of 4028 LTER articles published between 1981 and 2018. (The
LTER program was established in 1980 and 2018 was the last complete year of data
available for this analysis.) A full list of the selected LTER articles with basic
information can be found in Table S2. Although the selected articles represent only
about 25% of the articles published with LTER support in the same time period, we
believe that it could well reflect the overall pattern of scientific activities, including
collaboration, within the academic community of the US LTER Network. The
databases used in this study include Ecological Bibliometric Database (EBD), LTER
Bibliometric Database (LBD) and LTER Ecological Bibliometric Database (LEBD).
Relationships of these bibliometric databases are displayed in Figure 1. All data
processing procedures were conducted in R 3.6.1 (R Core Team 2019), using the

“tidyverse” package (Wickham 2016) as a comprehensive tool for data arrangement.

Construction of institutional collaboration network

Social network analysis (SNA) has long been used to quantify and visualize scientific

collaboration in academia (Newman 2001, 2004). While research collaboration can

6
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take multiple forms (Katz and Martin 1997), by specifying different definitions of
node and edge in the network, SNA can be applied to explore patterns and
mechanisms of scientific collaboration under various scenarios (Gazni et al. 2012).
The basic unit of scientific collaboration is the individual researcher; however,
institutional policies and cultures also facilitate or constrain this behavior (Koseoglu
2016, Melin and Persson 1996). By focusing on institutions, we aim to reveal
collaboration patterns at a larger scale and provide guidance for LTER and other
collaborative program management from a different perspective. The whole network
construction process could be largely divided into three steps: (1) Recognize the
affiliations of each article; (2) Establish an edge list linking every two co-occurring
affiliations in the sample articles; (3) Construct the undirected graph based on the
established edge list. In our study, data retrieved from Scopus database API
(https://dev.elsevier.com/sc_apis.html) via r-package ‘rcopus’ (Muschelli 2018) have
attached IDs for each author and affiliation, which improves positive identification of
authors and institutions. If two or more institutions co-occur in the same paper as
author affiliations, these institutions are regarded as cooperating, therefore forming a
collaboration network with nodes representing institutions joined by edges
representing publications. We conducted our network analysis in R 3.6.1 (R Core
Team 2019) using the “igraph” (Csardi and Nepusz 2006), “tidygraph”(Pedersen

2018) and “multinets”(Crepalde 2019) package.

Identification of collaboration patterns in LTER ecological studies among the general
corresponding ecological studies (baseline) is a central focus of our work. To make an
objective comparison, factors including sample size, publication year, research focus

and author nationality should all be taken into consideration. For instance, LTER
7
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research might take greater interest in community and ecosystem ecology, so that
simply using the whole EBD for a baseline might lead to a comparison of
macroecology studies with non-macroecology, rather than focusing on the effects of
LTER program. As different journals have specific aims and scopes, here we have
restricted the journal selection to avoid this bias. Likewise, authors from the same
period and nation might be more likely to cooperate. To avoid this complication, we
made additional restrictions on the publication year and first author nationality.
Interestingly, though US LTER mainly serves American scientists, we found many
foreign scientists utilizing this platform and publishing papers as first authors,
including examples from Canada (54), Australia (50), UK (48), China (37), Germany
(35), etc. Moreover, the sample size may introduce another type of bias. Therefore,
here we adopted a Monte Carlo method to form the baseline by making repeated
simulations. For each simulation, we chose the same number of articles from EBD,
using the same journals and the same specific years. That is to say, if we found 5
articles with first authors from the US published by journal J in 2001 in LEBD, then
in every simulation we would randomly select 5 articles with an American as the first
author, from journal J, published in 2001. Since the scale of computation is large, 99
simulations were performed to balance the test performance and computational
burden. The LTER group was merged with the 99 simulations to form the final
baseline group with 100 samples with the same distribution of journals, publication
years, and first author nationality. For any calculated statistics, if the LTER group was
much higher than the mean of baseline, then there was strong support that the
statistical indicator of the LTER group was higher than that of the general baseline.
This method tests whether LTER has had a significant effect on the state of

collaboration.
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Evolution of institutional collaboration in LTER Network

In order to get a general view of collaboration in LTER Network, we used the
common bibliometric indicators, average author number and average institution
number. These indicators reveal the extent of cooperation in scientific research. First,
we calculated the average number of authors per paper and average number of unique
institutions per paper at the annual scale for LEBD, then we did the same calculation
on EBD within the same period (1981-2018) to form the baseline group. We found
that the LTER group had more authors per paper than the baseline group (Figure 2a).
This suggests that long-term ecological research demands more collaborating
scientists than do general ecological studies. Surprisingly, not until the second decade
did the LTER Network exhibit greater collaboration among institutions (Figure 2b).
Collaboration in academic communities has increased recently, likely because
collaboration is deemed to enhance research productivity, increase scientific impact,
and help solve complicated multidisciplinary problems (Hara et al. 2014, Lariviere et
al. 2014, Lee and Bozeman 2005). Our findings show that the extent of cooperation in
ecology is increasing over the study period, and researchers who participate in long-
term ecological studies are becoming even more cooperative (the gap between the
LTER group and the baseline group increases over time in both Figure 2a and Figure

2b).

When the LTER network launched in 1980, surface mail and telephone were the

primary forms of communication, restricting the potential for inter-institutional

collaboration. As email, online journals, videoconferencing, and other tools for
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collaborative analysis have developed, these barriers have eased. At the same time,
institutional norms have also changed, raising expectations that researchers will
address large-scale ecological problems (Miiller et al. 2010). Ecologists involved in
the LTER program may have been on the leading edge of this trend both because
long-term study demands collaboration to break the boundaries of time and space and
because the program was structured to support it. For instance, LTER All Scientists’
Meetings (ASM), initiated at Cedar Creek LTER site in 1985, were held only twice
during the 1990s. But since 2000, the LTER ASM has become a routine gathering for
scientists to exchange their perspectives and experience every three years.

(https://Iternet.edu/lIter-all-scientists-meetings/).

To understand the evolution of cooperation structure among institutions in the LTER
Network we apply social network analysis to visualize and quantify changes in
collaboration patterns over time. First, we constructed the institutional collaboration
network. Only LEBD was used in this process. As every LTER article contains
information on the researchers’ institutions, we could discern which institutions had
contributed to each article. Two distinct institutions constitute a pair of cooperation
relations. For instance, if institutions A, B, and C had cooperated to conduct the
research and publish an article, we would record their cooperation relationships as
“A--B; B--C; A--C”. Using the published year of these articles, we constructed the
institutional collaboration networks year by year from 1981 to 2018. Site information
is also important for better understanding collaboration patterns, thus we have also
displayed them in the visualization. If researchers from institution A has published an
article with support of site X, then institution A would be linked to site X. In the

visualization (Figure 3) based on multilevel network analysis (Lazega and Snijders
10
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2015), institutions and sites are displayed as nodes in different forms, while
cooperation relationships between institutions, relationships between sites and site-
institution relationships are displayed as edges. Inspired by the previous research on
network analysis of LTER collaboration (Johnson et al. 2010), we used two indicators
from network science to measure the cohesion of collaboration networks: proportion
of nodes in giant component and average degree of giant component. In network
theory, a large group of nodes that are all connected to one another by paths of
intermediate nodes is described as the giant component (Newman 2001). In such
cases, the second-largest group of connected nodes is far smaller than the largest one.
When it comes to our study, we wanted to know how many institutions were
connected directly or indirectly to the largest group, which provides a measure of how
completely the institutional network is connected. On the other hand, the degree of a
node is the number of edges connected to it. While the proportion of nodes in the
giant component tells us what proportion of institutions were in the largest group, the
average degree of institutional nodes in the giant component indicates how intensely

those institutions are connected to each other.

In figure 3, we display institutional collaboration networks at 10-year intervals,
namely in 1985, 1995, 2005 and 2015. Clearly, more institutions can be tracked over
time because more sites had joined the network. According to the history of LTER
(https://Iternet.edu/network-organization/lter-a-history/), only 6 sites had been
established by 1981. This number rises to 11 in 1985 and reaches 18 in 1995, and by
the year of 2015 there are 26 active sites. More LTER sites draw more scientists from
various institutions to carry out research together, frequently on the same LTER sites.

We also found that the overall density of the institutional collaboration network
11
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increases with time (Figure 3). In 1985, only 3 institutions were connected to each
other, while in 1995 most institutions form small clusters to carry out their research.
By 2005, few institutions were working on their own, and a condensed giant cluster
had formed by 2015 (Figure 4). One factor contributing to this phenomenon may be
single institutions managing more than one site. For instance, Coweeta (CWT) and
Georgia Coastal Ecosystems (GCE) LTER sites were both headquartered at the
University of Georgia, whereas Santa Barbara Coastal (SBC) and Moorea Coral Reef

(MCR) LTERs are both run by the University of California, Santa Barbara.

In the meantime, the average degree of the institutional collaboration network is also
increasing (Figure 4), indicating increasing collaboration cohesion over time. The
proportion of nodes in the giant component rose after a slight decrease in the early
90’s, and has remained at a high level ever since. In the early stages of LTER, only a
few sites were selected and supported by NSF. Once some collaborations were
formed, the giant component made up a large share of the total number of institutions.
As more sites joined, they effectively diluted the collaboration intensity until they
became integrated and began publishing together. Once the number of sites achieved
stability, the level of collaboration also stabilized. By the year 2005, nearly all

institutions are connected to the giant component of the network (Figure 4).

Another important trend for the LTER Network is that many researchers from various
backgrounds have participated in the program, making LTER research more
diversified (Figure 5). To explore such pattern, we extracted journal articles from
LBD and investigated the subdisciplines of these papers according to the sub-subject

area of journals from the Scopus source list (https://www.scopus.com/sources,
12
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retrieved at August 24, 2019). In Figure 5, we found that “Ecology” and “Ecology,
Evolution, Behavior and Systematics” have taken the lead in all periods, but in recent
decades LTER research has also integrated diverse subdisciplines such as “Aquatic
Science”, “Environmental Chemistry”, “Water Science and Technology”, “Soil
Science”, “Global and Planetary Change”, “Plant Science”, “Earth-Surface Processes”
and “Forestry”. While these fields have their own specific research focuses, their

domain knowledge could all serve the ecological and environmental management.

Collaboration across time

In this section, we wanted to know: does participation in the LTER network increase
the duration of collaborations? To answer it, we hypothesized that the LTER program
boosts the number of institutional collaborations and confirmed the hypothesis using
the Monte Carlo method. First, we needed a way to measure the temporal length of
cooperation among institutions. In the previous analysis we recorded the cooperating
institution pairs in each year from 1981 to 2018. Each year in which two institutions
appeared on the same publication was recorded as a single year of collaboration —
regardless of the number of authors from that institution, the order of authorship, or
additional shared publications in the given year. We summarized the occurrence
number of the institution pairs in this period and used it as an indicator of the
temporal length of cooperation. For instance, if we found authors from institution A
and institution B had cooperated and published 5 articles together in 2001, 2005 and
2010 in our database, then the cooperation time of institutions A and B was recorded
as 3 years. It is true that the research may have started before the year of publication,

and some types of cooperation might not be recognized in the author list with

13
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institutional information. Nevertheless, the overall frequency with which authors from
given institutions publish together offers a reliable indicator of the collaboration

intensity among institutions.

Next, we calculated the cooperation time for every institution pair using the data in
LTBD database, so as to get the cooperation time of all recorded institution pairs
involved in the LTER program. Then we counted how many pairs had cooperated for
at least 3 years or 5 years between 1981 and 2018 and used those metrics to test the
effect of LTER on length of collaboration. Details about the establishment of the
baseline Monte Carlo simulations can be found above in the section introducing the

construction of the institutional collaboration networks.

In our investigation, we found more frequent long-term collaborations in the LTER
group than in 99 random selections of comparable baseline groups of the same size
(Figure 6). Overall, for the LTER group there were 1081 pairwise institutional
collaborations that were active for at least three years during the investigated 28 years,
while in general only 250 collaborations would occur within an identically sized
baseline group of articles published in the same period. Moreover, in the LTER group
we tracked 367 collaborations lasting at least five years, while the corresponding
average number in the baseline group is 40. The LTER program has clearly promoted
frequent and long-lasting collaboration among ecological researchers from different
institutions. One reason is that researchers from different institutions have worked
together on the same LTER sites, which makes further cooperation convenient. On
average, 66.7% of the publications from pairwise institutional long-term collaboration

(pairwise institutional collaboration for at least 5 years) came from the same LTER
14
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site. But even accounting for this dynamic, collaborations of 5 or more years are 3

times as frequent among LTER publications as among the baseline publications.

Another important factor is the long-lasting alliances developed by active researchers.
In LEBD we tracked a pair of institutions collaborating for at least 16 years with a
total of 23 publications. One author had coauthored 20 articles, while the researcher
with the second highest count of cross-institution publications had contributed to 17
of them. On inspection, we found that these two authors coming from two different
institutions had maintained a long-term collaboration since 1999. The full catalog of
institutional collaboration relationships in the LTER program can be found in Table
S3. For collaborations of three or more years, the author with the most cross-
institutional publications contributes to 54.6% of the total number of cooperated
articles. We infer that these high frequency authors play an important role in long-
term collaboration in LTER program. Further investigation showed that authors
contributing to collaborations of longer than 9 years had worked at more institutions
during their academic careers than the average collaborator (4.36 v. 1.23 institutions,
respectively). While these are highly productive researchers who collaborate
frequently, it appears that their professional mobility also plays a role in sustaining

long-term collaborations.

Despite the increasing ease of videoconferencing and data sharing, we hypothesize
that geographic distance remains a consideration for potential collaborators. Among
long-term (>=5 years) institutional collaborations, 3.4% were between institutions in
the same city. Among all other collaborations, those in the same city made up just

2.6%. Although geographic distance does not appear to play a defining role in
15
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initiation of collaboration, a shorter physical distance does appear to promote longer-

lasting collaborations.

While many factors affect long-term collaboration, the core motivation is the desire to
answer scientific questions that require long-term accumulation of knowledge and
diverse expertise. The keywords associated with long-term collaborative publications
may shed some light on the nature of those questions. For institutional collaborations

99 ¢¢

of 5 or more years, the top 10 popular research topics are “nitrogen,” “climate

99 ¢¢ 29 ¢¢ 99 ¢ 29 ¢c

change,” “stream,” “global change,” “carbon,” “biodiversity,” “metabolism,”

99 ¢

“disturbance,” “stable isotope,” and “species richness.” Clearly, long-term
collaborations have addressed the research hotspots of global climate change and
biodiversity conservation in different ecosystems. This is not surprising, as both
topics require long term observation and experimentation. But the increased
frequency of certain other keywords in collaborative papers suggests the core
thematic areas that were established at the beginning of the LTER program have, in
fact, facilitated — or at least nucleated — cross-site collaboration. From its inception,
the LTER program has encouraged researchers to focus long-term datasets around 5
core research areas: primary productivity, populations, organic matter, inorganic
nutrients, and disturbance (Callahan 1984). Explicitly intended as a way to encourage
collaboration, the continued utility of the core areas has been a subject of debate as
scientific focus has shifted to new topics. The increased prevalence of core area-
related keywords (nitrogen, carbon, biodiversity, metabolism, disturbance, species
richness) among collaborative papers implies that designating core themes for the

network has successfully facilitated collaborations around those themes — but cannot

answer the question of whether equally important collaborations might have
16
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developed around other themes without that guidance. The popular keywords in

publications of collaboration in LTER Network can be found in Table S3.

Collaboration across space

Generally, we would expect the likelihood of co-publication to decrease as geographic
distance increases, however, in the context of globalization young ecologists may
experience collaboration that breaks geographic and socioeconomic barriers (Parreira
et al. 2017). To address general problems in ecology, LTER has emphasized
ecological research based at multiple sites on a large spatial scale. Many sites have
participated in the Nutrient Network, the Long-Term Intersite Decomposition Team
(LIDET), and the International Tundra Experiment (Baker et al. 2000). More recently,
LTER researchers have led and participated in extensive efforts such as the Global
Lakes Ecological Observatory Network (GLEON) and research collaboration
networks such as the Urban Sustainability (UREX) and the Permafrost Carbon
research networks. In our study, we want to get a clear view of whether the LTER
program has promoted long-distance collaboration over time. For each record
representing an article in the database, we calculated the greatest distance between
collaborators, based on the cities in which institutions were located. If the authors
came from the same institution or institutions in the same city, the longest distance
would be zero. Multiple institutions from different cities would be arranged to form
distinct city pairs. According to the longitude and latitude of these cities, we
calculated the geodesic distance for the city pairs and extracted the longest distance to
represent the spatial span of the collaboration. We divided the whole period into 4

parts, namely 1981-1990, 1991-2000, 2001-2010 and 2011-2018. As above, we used

17
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the Monte Carlo method to establish baselines for each of the 4 time periods. We
found that the average maximum distance between collaborating institutions rose
rapidly over the last four decades, led by the LTER program (Figure 7). In all 4
periods, the LTER group was the top outlier among 100 samples, indicating that
LTER has promoted cooperation in ecological research among institutions from
distant areas. This trend became even more clear in the recent periods, as the gap

between the LTER group and the baseline group has grown over time.

Next, we wanted to know how the LTER program improved long-distance
collaboration. We sorted the records according to the maximum distance of pairwise
institutional collaboration for every paper (S4 Table) to identify the collaborations
bridging the greatest distances. Articles resulting from longer-distance collaborations
usually involved more authors and institutions than average. Focusing on the top 15
papers (by distance), we found that data is the bond linking researchers from
institutions across the world. Two of the studies with the longest collaboration
distance are related to the PREDICTS (Projecting Responses of Ecological Diversity
In Changing Terrestrial Systems) project (Hudson et al. 2014, Hudson et al. 2017),
which aims to collect data from scientists worldwide to produce a global database of
terrestrial species’ responses to human pressures (https://www.predicts.org.uk/). In
these two papers, hundreds of researchers who contributed to the database were all
listed as authors. One the one hand, it is a wonder that scientists who might never
meet or directly communicate with one another could be banded together in an effort
to predict biodiversity changes worldwide; on the other hand, these papers raise new
questions about the ambiguous definition of authorship and incentive mechanisms for

collaborators. Other reviews of global projects include CTFS-ForestGEO (Anderson
18
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Teixeira et al. 2015), monitoring the response of forests to global change, and
BioTIME (Dornelas et al. 2018), establishing a database containing time series data of
species abundance at a global scale. Other examples of global public databases
include CoRRE (Langley et al. 2018), FRED (Freschet et al. 2017), ForestGEO
(Langley et al. 2018) and TRY (Pierce et al. 2017). LTER and other long-term
networks, such as AmeriFlux, ForestGEO, CZO, ILTER, and NEON often form the
foundations of these global databases, with individual, un-networked studies adding
site diversity, geographic extent, and filling key gaps. The formalized data structures,
thorough documentation, and public availability of LTER and other network data
make them especially useful in this context and help explain the large difference in

geographic extent between LTER and baseline publications.

Lessons learned

At the advent of the Big Data era, fewer and fewer researchers work on their own on a
specific focused problem (Woodward et al. 2014). Large-scale and multidisciplinary
research programs have become the norm, which demands more and better
collaboration among ecologists. It is encouraging to find that ecological researchers
are becoming more collaborative than ever before (Figure 3). The LTER Network is
one of the programs leading the collaboration trend, breaking barriers of time and
space to answer fundamental ecological questions at ever larger scales. The rich
experience of the LTER program can lead us to better collaborations both in the
LTER Network and in other large collaborative scientific programs, such as

FLUXNET and Natura 2000.
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An academic institution, in some sense, is an organizational form for scientific
collaboration. Facilitated by geographical closeness, common policy, and shared
culture within the organization, academic activities are conducted and managed
among researchers within the same institutions at a lower cost. Scientists make their
choice of working institution in consideration of various factors including academic
prestige, financial support, working environment and family life; however, most
ecologists carry out scientific research for common reasons: to satisfy their curiosity
for nature and meet the needs of society. If an institution is regarded as a collaboration
of sorts — gathering talents to teaching and research careers, then large programs like
LTER are fostering collaborations of collaboration to address challenging large-scale
research questions from a high-level perspective. Our investigation found that LTER
sites serve as focal points for researchers from multiple institutions to communicate
and cooperate with each other. While in early years, many researchers from each
institution typically worked at only one site (Figure 3), in recent decades the
collaboration network of institutions in LTER has become more and more cohesive
(Figure 3, Figure 4). Johnson et al (2010) found that if two sites were managed by the
same institution, they were more likely to form cross-site collaborations. In our study,
we conjecture that the cooperation of researchers from two institutions working on the
same site might potentially lead to additional collaborations beyond that first pair of
sites. An inspiring case is the collaboration between Colorado State University and
University of New Mexico. According to our data records, these two universities
jointly published a paper supported by the Sevilleta LTER (SEV) in 1989. Since then,
these two institutions have 6 more joint publications based on SEV in the 1990s,
including a cross-site paper in 1997. In the meantime, researchers from Colorado

State University published 3 papers based on the Konza Prairie (KNZ) LTER site,
20
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1

2

2 457  whereas researchers from University of New Mexico had no publications based on
5 .

6 458  KNZ before 2000. From 2004 to 2018, however, we tracked 14 co-publications by the
7

8 459  two universities that were supported by both KNZ and SEV. We speculate that the
9

1(1) 460  long-term cooperation between these two universities at the SEV site may have

:g 461  facilitated an expanding cross-site collaboration afterward.

14

15 462

16

17 463  In a more general sense, data sharing plays a vital role in LTER collaborations. By
18

;g 464  sharing data, ecological observations and experiments can be conducted and

21

22 465  integrated regardless of the restrictions of time and space. Early in its development,
23

24 466  the LTER Network began encouraging scientists to share their research data, placing
25

;? 467 it among a small group of pioneers to do so (Michener 2015). By the end of 2018,
28 . . .

29 468  there were over 6,000 data packages contributed by LTER sites available on the

30

31 469  Environmental Data Initiative repository (https://portal.edirepository.org/), which is
32

2431 470  the successor to the LTER Network Data Portal. Nevertheless, this achievement was
22 471  not arrived at overnight, but in a stepwise process (Porter 2010). Early in the 1980s, it
37

38 472  was hard for researchers to even know what data had been collected in the LTER
39

40 473  Network. At the 1990 LTER All-Scientists Meeting, the LTER Coordinating

41

fé 474  Committee developed site data management policy guidelines, and the concept of
44

45 475  data-sharing took root in researchers’ hearts. As online data sharing expanded in

46

47 476 1994, LTER sites even embraced a competition among sites to make more data

48

:g 477  available (Porter 2010). Today, the quality of data receives as much attention as the
51 . o .

5o 478  quantity and greatly facilitates the re-use of data packages contributed by the LTER
53

54 479  Network.

55

56 480
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Two main reasons that researchers have sometimes preferred not to share their data
are: (1) Logistical barriers made data sharing inconvenient; (2) They wanted to use
data in their subsequent work without competition (Parr and Cummings 2005,
Michener 2015). Duke (2006) argued that “technology and infrastructure are not the
ultimate limiting factors for data sharing — the individual scientist is.” Recent
progress in information technology and platforms such as DataONE
(https://www.dataone.org/), Ecological Data Wiki (https://ecologicaldata.org/home)
or even Github (https://github.com/) have greatly reduced logistical barriers to sharing
data and analyses. In some quarters, reluctance to share data persists. In some cases,
this is based on authorship expectations and in others on the belief that users cannot
effectively interpret data without input from the original source. In our research, we
find that long-term collaboration between institutions relies heavily on a cadre of
individual scientists who nucleate collaborations through data synthesis or movement
among sites and institutions. Factors such as geographic distance have relatively
minor effects. Based on our analysis, a few types of policies emerge as likely to
support robust collaboration: (1) continued emphasis on publishing accessible, well-
documented data; (2) increased emphasis on expanding the use of tools to combine
and analyze publicly available data in a documented and reproducible manner (3) the
creation and maintenance of stable platforms for interaction; only in the LTER
program’s third decade did sites reach their collaboration potential; (4) mobility —
between sites and institutions — played a surprisingly large role in enhancing
collaboration. Clearly, the quest for collaboration shouldn’t dictate major life choices
for individual researchers, but similar effects might be achieved through graduate
student training, temporary exchanges of personnel, sabbatical fellowships, and

synthesis projects.
22
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A final consideration — call it the friendship factor — cannot be ignored just because
it is difficult to measure. LTER Network principal investigators have been meeting
annually for decades, as have information managers. A large portion of the network
gathers every 3 years at All Scientists’ Meetings. These meetings — as well as online
interactions — greatly reduce the activation energy required to initiate a collaboration
and the risk in pursuing a collaboration with an untested colleague. But they can also
limit those benefits to researchers who are already a part of the network. Improving
social relations within scientific communities can help reduce collaboration costs and
foster more novel and creative synthetic research, if new partners are consistently
invited into the circle (AlShebli et al. 2018, Bercovitz and Feldman 2011) and
provided with opportunities to develop and apply leadership skills. The LTER
Network not only provides researchers with invaluable long-term ecological data, but
also helps them identify potential collaborators from different backgrounds all over
the world. As the infrastructure and environment of collaboration continue to mature,
researchers are emancipated from concerns of research feasibility and manageability,
thus more likely to make large-scale hypothesis and ask big questions. In the era of
collaborative science, only by bringing scientists together and integrating their efforts
across times and spaces, can we effectively and efficiently address the most

challenging scientific questions in ecology and beyond.
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Figures

Figure 1. Relationship of bibliometric databases used in the study.
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Figure 2. Comparison of change in collaboration of US LTER Network vs Baseline.

(a) Comparison of average number of authors per paper. (b) Comparison of average
number of participant institutions per paper. The Baseline group was constructed

using the whole database of ecological literature.
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Figure 3. Evolution of institutional collaboration with site information in the US
LTER Network. The networks of four years (1985, 1995, 2005 and 2015) are
visualized and displayed. In the networks, the nodes at the top layer with labels
represent the US LTER sites, while nodes at the bottom layer represent the institutes.
Grey edge between institution and site indicates that institution has carried out
research in a site (in grey), edge between two sites shows cross-site collaboration (in

blue), while edge between two institutions shows institutional collaboration (in red).
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Figure 4. Temporal change of the LTER institutional collaboration network cohesion
from 1981 to 2018 (avg.degree: average degree of nodes in giant component; gc.prop:
proportion of nodes in giant component. Giant component is the largest cluster in the
network). The grey areas represent 95% CI. The length of y-axis has been plotted on a

log scale.
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oNOYTULT D WN =

24 733

26 734 Figure 5. Temporal change in interdisciplinarity of the LTER research from 1981 to
28 735  2018. The data source came from LBD, and the top 25 ranked subdisciplines were
736 selected.
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Figure 6. Exploration of whether the LTER program affects the duration of pairwise
institutional collaborations. The figure compares the number of longer cooperation (>
3 years or > 5 years) between the LTER group and baseline group. The boxplot
depicts the number of collaborations lasting more than 3 years and more than 5 years
for each of 99 Monte Carlo simulations drawn from the ecological literature.
Simulation sample sizes were identical to the sample size of LTER publications.
Length of actual LTER collaborations are displayed using a red triangle symbol with

text label.
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Figure 7. Exploration of whether the LTER program affects long-distance
collaboration. The figure shows the change of average max distance between
collaborating institutions in different periods. The boxplots show 100 samples of
articles including 99 samples of simulation and 1 LTER sample. The overall trend (for
all 100 samples) is depicted in dashed blue lines, while the trend of LTER is

highlighted using solid red lines.
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