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Lei (Nico) Zheng a, Feng Mai b, Bei Yan b, and Jeffrey V. Nickerson b

aCollege of Management, University of Massachusetts Boston, Boston, MA, USA; bSchool of Business, Stevens 
Institute of Technology, Hoboken, NJ, USA

ABSTRACT
Participants in open collaboration communities coproduce knowledge 
despite minimal explicit communication to coordinate the efforts. 
Studying how participants coordinate around the knowledge artifact 
and its impacts are critical for understanding the open knowledge 
production model. This study builds on the theory of stigmergy, 
wherein actions performed by a participant leave traces on 
a knowledge artifact and stimulate succeeding actions. We find that 
stigmergy involves two intertwined processes: collective modification 
and collective excitation. We propose a new measure of stigmergy 
based on the spatial and temporal clustering of contributions. By 
analyzing thousands of Wikipedia articles, we find that the degree of 
stigmergy is positively associated with community members’ partici
pation and the quality of the knowledge produced. This study con
tributes to the understanding of open collaboration by characterizing 
the spatial-temporal clustering of contributions and providing new 
insights into the relationship between stigmergy and knowledge pro
duction outcomes. These findings can help practitioners increase user 
engagement in knowledge production processes in order to create 
more sustainable open collaboration communities.

KEYWORDS 
Open collaboration; 
collaboration communities; 
stigmergy; work 
coordination; Wikipedia; 
community participation; 
information quality; Moran’s 
I; knowledge production

Introduction

Open collaboration communities such as Wikipedia and open-source software projects are 
new kinds of knowledge production enabled by information technology. This knowledge 
production model has attracted considerable attention because both scholars and practi
tioners want to understand how collective knowledge production can occur on digital 
platforms without formal organizational structures or coordination mechanisms [41]. 
Compared to conventional organizations, these online communities are characterized by 
fluid membership, high turnover rates, dependence on voluntary contributions, and a lack 
of formal structure and face-to-face interactions [29]. Because of this, coordination meth
ods that are commonly used to organize tasks in conventional organizations are often 
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inapplicable, or even in conflict with contributors’ needs for openness, autonomy, and 
egalitarianism [45, 50].

There is growing recognition that the key to successful open collaboration is coordina
tion via shared knowledge artifacts. Through co-created knowledge artifacts, large numbers 
of geographically dispersed participants can build knowledge on top of each other’s work 
without explicit communication [40] and can self-organize based on the state of the artifacts 
[4, 5, 44, 50]. Such artifact-centric coordination is helpful because it allows effective 
coordination in a variety of situations where traditional command and control structures 
are not tenable [21]. For example, members of a community may be separated from each 
other because of time zone differences or work patterns. With thousands of people involved 
in a project, universal point-to-point communication is not feasible [26]. However, despite 
the increasing recognition and adoption of open collaboration knowledge production [4, 5,  
40, 44], how participants self-organize via knowledge artifacts to produce coherent, high- 
quality knowledge remains unclear.

To shed light on this issue, IS scholars have proposed the concept of stigmergy to explain 
the role of shared knowledge artifacts in open collaboration [4, 9, 21]. Originally a term used 
in biology [37], stigmergy is a mechanism of coordination in which an action performed by 
an agent leaves traces on the environment that stimulate succeeding actions by the same or 
another agent. For example, when termites build nests, the pheromone left on the existing 
soil pellets stimulates other termite builders to drop their pellets in the same spot, con
structing skyscraper-like pillars [25]. This mechanism can also be used to explain the 
coordination that occurs in self-organized human collectives where participants are physi
cally dispersed and cannot communicate synchronously. For instance, in Wikipedia, editors 
build knowledge on top of each other’s work to develop articles [40, 59].

Although the concept of stigmergy has the potential to advance our knowledge of self- 
organized coordination in contexts where direct communication is limited, the investiga
tion is still in an early stage. Existing theorization [9, 16, 21] and operationalization [20, 59] 
efforts have proposed stigmergy as a form of self-organization enabled by knowledge 
artifacts. Yet the consequences of such coordination remain vague. This paper extends 
prior research by further clarifying its processes and conducting an empirical study to 
answer the following research question:

Research Question: How is stigmergy related to participation and quality in online knowledge 
production?

Our inquiry into this question is motivated by both theoretical and practical considerations. 
With respect to theory, current research contends that edits in knowledge artifacts without 
explicit communication constitute stigmergic coordination [20, 59]. However, an absence 
of explicit coordination is not evidence that such absence is always beneficial. The platform 
features that afford stigmergy and thereby enable any community member to change 
content and render the changes universally discoverable can also provoke clashes of 
opinions, edit wars, or deliberate vandalism [13]. Current stigmergy studies in information 
systems do not clearly demonstrate that the modification process is coordinated. Nor do the 
studies weigh in the extent to which stigmergy is effective in affecting desirable outcomes. 
There is also not currently a way to distinguish between activities with high versus low 
degrees of stigmergy. For the theory to be improved, we need to dive deeper into the 
constituent processes of stigmergy in the context of open collaboration.
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With respect to practice, answers to the question may help address two major challenges 
facing open collaboration communities: improving information quality and encouraging 
participation. On Wikipedia, only 0.55 percent of the articles are considered by human 
raters to be good [68]. Because articles produced through open collaborations have become 
a leading source of information both for the general public and for artificial intelligence (AI) 
systems, increases in the quality of open collaboration can have positive societal conse
quences [39, 67, 69]. Moreover, open collaboration communities face challenges related to 
participation. For example, more volunteers are leaving than joining Wikipedia since 2008 
[3], putting increased pressure on platforms to keep participants engaged. For platforms 
that plan to use stigmergy to enhance participation and quality, it is vital to better under
stand its constituent processes. It also will be helpful to have ways of measuring stigmergy in 
order to empirically examine how it impacts knowledge production performance in open 
collaboration platforms.

To address the research question, we propose that underlying stigmergy are two related 
processes. The first is a collective modification process, which allows an artifact to be 
changed by members of a community [9, 40, 44]. The second is a collective excitation 
process, in which work done by one participant stimulates further contributions from other 
participants [25, 38]. The collective excitation process highlights the spatial-temporal 
clustering of contributions inherent in stigmergy. When stigmergy occurs, participants 
coordinate by interpreting tasks and task dependencies that emerged from changes to 
a shared artifact [9]. Therefore, participant contributions will be concentrated in adjacent 
sections of the knowledge artifact and follow each other in time. Stigmergy thus can be 
observed and measured via the spatial-temporal clustering of participant activities with 
respect to the shared knowledge artifacts.

We use a qualitative example to illustrate this new theoretical insight and develop a new 
measure of stigmergy by adapting Moran’s I to capture stigmergy’s spatial and temporal 
characteristics [55]. We then analyze a large dataset with over 1 million revisions of 2,275 
Wikipedia articles within the Apple Inc. WikiProject between 2001 and 2017. We find that 
the degree of stigmergy is positively associated with both community members’ participa
tion and the information quality of the knowledge produced. Our findings are robust to 
different model specifications and alternative samples.

This study makes several contributions to the literature on open collaboration. First, 
previous literature suggests that editors coordinate around the knowledge artifact [4, 5, 40,  
44, 50] and stigmergy may play an important role in coordinating the collective effort [9,  
19]. However, there is a lack of clarity on the processes at work and their consequences. We 
extend this line of research [9, 19] by explaining stigmergy among editors as a pair of 
intertwined processes. There is a process of collective modification, which allows artifacts to 
be constructed through the joint efforts of community members. There is also a process of 
collective excitation, through which members become aware of each other’s edits, edit in 
reaction to those edits, and excite more edits as a result.

Second, we develop a new measure of stigmergy that reflects the spatial and 
temporal clustering that happens when the modification process changes an artifact, 
which leads to more edits as a result of the excitation process. Understanding how 
stigmergy affects online knowledge production is limited due to the lack of reliable 
empirical measures [9]. With the new measure, our empirical analyses show that 
stigmergy is strongly and positively associated with both user participation and 
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production quality. The positive associations of stigmergy and knowledge production 
outcomes show that stigmergy serves not only as a coordination mechanism for 
modifying an artifact but may also stimulate continuous participation and quality 
improvement in open collaborations. Lastly, through a large-sample study, we identify 
new avenues for improving open collaboration and retaining contributors on digital 
platforms. This study offers prescriptive insights to platform managers and project 
owners of collaboration platforms who want to increase participation in knowledge 
production processes.

Background

Coordination in Open Collaboration Communities

Coordination among a group of people is the orchestration of interdependent actions 
and fundamentally concerns the management of dependencies [30, 52, 53, 61]. 
Coordination is essential in open collaboration because of task dependency—numer
ous participants are working on the same artifact together without face-to-face inter
action or role/task assignment, but the contributions they make need to fit with one 
another to produce a coherent final product. Although the participants may never 
meet or know one another in person, they nonetheless need to coordinate their 
contributions with others to ensure their work complements rather than duplicates 
or contradicts others’ work to produce a complete final product. Consider the co- 
editing process of a Wikipedia article as an example: someone adds a piece of 
information to the article; others will soon review the information, and some of 
them will modify it by adding external references, neutralizing the tone, and integrat
ing it with the rest of the article—by doing these, they coordinate with each other and 
manage task dependencies.

Although coordination is essential in open collaboration or any form of collabora
tive work, it may take different forms compared to traditional organizational contexts 
where people interact directly face-to-face or using virtual communication tools. 
Explicit coordination methods—schedules, plans, hierarchies, and feedback through 
communication developed for conventional organizations [27, 28]—are less applicable 
to open collaboration communities for several reasons. First, contributors to open 
collaboration communities are volunteers who work across temporal and geographical 
distances. Even though they may use communication media such as mailing lists and 
notice boards to coordinate [7, 11, 32], they often cannot avail themselves of the 
standard working hours and regular meetings that are common practices in conven
tional organizations. Second, collaboration in online communities lacks a formal 
organizational structure, monetary incentives, and leaders who control compensation 
and assign tasks [32], making coordination through hierarchies less feasible [50]. 
Third, collaboration in online communities usually involves a large number of indivi
duals with diverse knowledge backgrounds [2, 11]. However, with the ongoing turn
over of participants [29, 58] and low levels of task familiarity [35], it can be 
challenging for participants to use explicit coordination methods [65] or develop 
a shared cognition (e.g., transactive memory system, situational awareness) [17, 23,  
28] through interpersonal interactions.
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Stigmergy in Open Collaboration Communities

With limited explicit coordination, the literature posits that the shared knowledge 
artifacts co-created by the participants play a central role in coordinating open 
collaboration [4, 5, 40, 44]. Specifically, participants coordinate and self-organize 
by interacting with the knowledge artifact such as a Wikipedia article [40, 41]. These 
interactions leave digital traces that others can see, enabling participants to learn 
about the task, task dependencies, and information about others in order to coordi
nate [9, 19]. For example, in Wikipedia, editors’ contribution behavior depends on 
the life cycle of an article [42], and more developed content reduces editors’ 
tendency to contribute [44]. Roles and routines are frequently redefined based on 
changes to the knowledge artifact [4, 50]. Despite the increased recognition of the 
importance of knowledge artifacts in coordination, the mechanism that enables 
artifact-centric coordination is not obvious.

In an attempt to explain artifact-centric coordination, scholars have theorized the mechanism 
as stigmergy [9, 19, 21], analogous to the biological mechanism that coordinates behaviors of 
social insects such as ants and bees. Stigmergy in biology is defined as the “stimulation of 
workers by the performance they have achieved” [37, p.43, 25, p.852]. For example, in ant 
foraging, the pheromone trail laid by a returning forager stimulates other outgoing foragers to 
follow the path to the most promising food source [36, 62]. When adopted by the IS field, 
stigmergy refers to a coordination mechanism in which “actors are leaving traces of their actions 
in the code (artifact) and they are reading and reflecting on the code written by others (changes 
made to the artifact) in order to take coordinated action” [9, p. 20]. Stigmergy has been observed 
in traditional groups such as construction workers [14–16], as well as in open-source software 
projects [9], data science teams [21], and Wikipedia [26, 59]. For example, when a new version 
of the iPhone came out, someone added a sentence in the iPhone article in Wikipedia that said, 
“In early September, Apple released iPhone 7.” After reviewing the sentence and its context, other 
editors soon adopted various ways to improve it. They extended this sentence by adding more 
descriptions, referring to external sources, and revising the writing style, which eventually 
expanded the initial seven-word sentence into a comprehensive introduction to the new 
iPhone. As a result, without any planning or direct communication, editors were able to 
coordinate with others and manage task dependencies (e.g., add descriptions, add citations, 
etc.) by following and observing the emerging changes in the knowledge artifact [9].

Stigmergy offers a compelling explanation of how artifact-centric coordination unfolds 
dynamically. Most existing studies focus on theoretical development illustrated by case 
studies [9, 19]. This is because the process of stigmergy is difficult to observe and measure as 
participants dynamically adjust their behaviors based on their observations and interpreta
tions of others’ behavior [9]. In the next section, we further develop the concept of 
stigmergy by differentiating its two underlying processes. We then propose hypotheses 
regarding the impact of stigmergy on online knowledge production outcomes.

Theory and Hypothesis Development

Processes Underlying Stigmergy

Existing information systems (IS) literature theorizes stigmergy as coordination and 
self-organizing via the shared knowledge artifact. This is what we call the collective 
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modification process because this process invites everyone to make changes and 
observe the changes. This process appears well-understood in the IS literature [4,  
5, 40, 44]. In the biological literature, stigmergy also involves a collective excitation 
process that regulates behaviors. As Heylighen writes, “A process is stigmergic if the 
work (‘ergon’ in Greek) done by one agent provides a stimulus (‘stigma’) that entices 
other agents to continue the job” [38, p. 7]. In ant colonies, such excitation is 
achieved by the pheromones diffusing chemical substances in the environment to 
stimulate others to follow the action [37]. For example, termite builders use soil 
pellets soaked with pheromones to construct nests. The nest-building takes two 
phases [25]. Initially, individual builders randomly drop pellets on the ground. 
The dropped pellets keep emitting pheromones that attract other builders to leave 
their pellets in the same spot. When one of the piles reaches a critical size, 
a coordination phase takes place. In the coordination phase, every termite drops 
mud around the pile, and pillars emerge.

This example illustrates that successful collective action through stigmergy is demon
strated by the clustering of activities along two dimensions: space and time. Spatially, 
the existence of an initial pile stimulates builders to accumulate more pellets in the 
same spot through a positive feedback loop as the accumulation of pheromones 
reinforces the attractiveness of the pile. The accumulation of pellets also clusters in 
time because the pheromone scent is strong and exciting at first but decays over time. 
Empirical studies identify strong spatial-temporal clustering behavior in ants’ stigmergy 
[25, 64].

We propose that the same collective excitation process also manifests in the stigmergy in 
open collaboration. Contributions can excite more contributions by enacting a positive 
feedback loop between contribution and attention. Knowledge contributors to open colla
boration communities are often consumers of that knowledge; they are attracted to the 
community by high-quality knowledge created by others [44]. Cumulative contributions 
and content growth thus not only improve the quality of the knowledge artifact, but also 
excite contributions from members of the communities [1, 74]. At the same time, the 
contributions reveal more information about the task and task dependencies, which, by 
themselves, are stimulating [14, 40]. For example, when an editor adds a sentence such as 
“Apple designs iPhone” to the company’s Wikipedia page, the edit itself excites more edits 
that modify and extend the statement.

The exciting effect of activities may occur when an action is performed in the shared 
knowledge artifact, regardless of whether participants intentionally leave traces for coordi
nation [1]. Participants may be attracted because somebody left a message saying, “more 
revision is needed here,” or simply because a recent change was made by someone who 
made no attempt to exhort others. Moreover, the collective excitation process may be 
amplified by modern information system features such as notifications, awareness displays, 
easy version comparisons, and hyperlinked networks [22, 56, 57, 74]. For example, changes 
made to a Wikipedia article can attract the attention of other editors who receive notifica
tions about those changes or come across the article following article hyperlinks. Once 
editors are attracted to the page, they are further influenced by others’ behavior by obser
ving each other’s edits [22, 56]. Therefore, with the excitation process at work, participants 
pay attention to each other’s activity, and the rate of activity functions as a signal that 
coordinates community members’ actions.
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Stigmergy, User Participation, and Information Quality

We argue that the effects of stigmergy on knowledge production outcomes can be best 
understood through the examination of its relationship with two important knowledge 
production outcomes, namely user participation [1, 44, 71, 74] and information quality of 
the coproduced knowledge [5, 6, 43, 46, 66]. The processes of collective modification and 
collective excitation serve as the underlying processes driving this relationship. Because of 
these two processes, more participants are attracted to the knowledge artifact by responding 
to modification activities clustered in time and space. In this way, participants coordinate by 
being aware of what is happening (the collective modifications) and when and where it is 
happening (the collective excitations).

Since user activity serves to excite other users’ actions in stigmergy, the collective 
excitation process can generate a positive influence on user participation by encouraging 
repeated interactions and reinforcing members’ tendency to contribute. In the context of 
Wikipedia, such interactions are enabled through the articles that editors contribute to. 
Editors follow digital traces made by other contributors and allocate their effort to extend or 
modify one another’s work. Observing someone editing the same article at about the same 
time can entice the editors to further contribute, because it indicates their work has been 
noticed and provides an immediate reinforcement for their contributions [8, 10, 63]. 
Newcomers are also more willing to contribute when receiving feedback from others, 
regardless of the content and sentiment of the message [73]. Thus, frequent interactions 
create a positive reinforcement loop that motivates editors to spend greater effort and 
contribute more [56]. Therefore, our first hypothesis is: 

Hypothesis 1 (H1): Stigmergy is positively associated with an increase in user participation.

The collective excitation process may also improve the quality of knowledge production by 
facilitating collaborative learning among participants. Collaborative learning occurs when 
a group of people gain new knowledge in a common task, capitalizing on each other’s 
resources and skills [24]. In the context of Wikipedia, editors learn and build shared 
knowledge by interacting with each other via co-editing the knowledge artifact [5, 40, 44]. 
It is through such interactions that editors exercise, verify, solidify, and improve their 
knowledge. On the one hand, previous edits carry task-relevant information and provide 
good examples of how to engage with the artifact [40]. To illustrate, an editor may learn the 
proper syntax to add a citation to a Wikipedia article by observing previous edits that add 
citations to the page. On the other hand, later edits facilitate the learning of previous 
contributors by providing general feedback about the quality of their edits [54]. A later 
edit rejecting or correcting their edits reveals signs of low-quality contributions and ways to 
improve them; an edit accepting or extending their edits shows signs of high-quality 
contributions and encourages further high-quality edits. This collective learning process 
is further accelerated by the excitation process that encourages more frequent and rapid 
feedback. For example, software developers may find it frustratingly slow to learn if they can 
only receive feedback from others days after deploying their code [48]. By contrast, in the 
presence of stigmergy, edits spur more edits in a short time span and later edits provide 
immediate feedback to previous edits, thus facilitating fast learning. As a result, editors can 
exchange information more frequently and learn more efficiently by constantly observing 
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and interpreting changes made by others [21, 22]. This increased collective learning is likely 
to increase the quality of the artifact. As a result, we hypothesize: 

Hypothesis 2 (H2): Stigmergy is positively associated with an improvement in the quality of 
a peer-produced artifact.

Measuring Stigmergy

We adapt Moran’ I to gauge the level of spatial-temporal clustering in Wikipedia edits to 
measure stigmergy. Moran’s I is a correlation coefficient that measures how closely points 
are clustered together in a two-dimensional space [55]. In contrast to previous attempts that 
measured stigmergy by distinguishing communicative and noncommunicative group activ
ities [20, 59], our approach leverages the insight that the excitation process of stigmergy 
leads to a high dependence of group activities within the knowledge artifact in space and 
time. When members coordinate in a stigmergic fashion, they pay attention to each other’s 
activities and are excited by each other’s actions. Thus, previous contributions increase the 
probability of observing a later contribution around the same location in space soon after, 
leading to strong dependencies of user contributions in the spatial-temporal space or 
clustered activities [25,56]. Conversely, when there is a low level of stigmergy, contributions 
do not excite each other, resulting in evenly or randomly distributed activities in both space 
and time.

To capture patterns indicating stigmergy in a Wikipedia article using Moran’s I, 
we first map a Wikipedia article’s editing activities as a point pattern along the 
spatial and temporal dimensions using edits’ timestamps and changed locations. For 
example, Figure 1A shows the point pattern of the Myst article, in which each dot 
represents one edit. The x-axis, or the temporal axis, represents when each edit is 
made in the number of days since the page’s creation. The y-axis, or the spatial axis, 
records where the edit is made in the article, determined by comparing the text of 
the current revision with its previous revision. For example, if a revision states, 
“Apple is an IT company,” and its succeeding revision states “Apple is an American 
IT company,” the changed location for the later revision will be 4 as it inserts a new 
word in position 4. Since an article’s length increases over time as the article 

Figures 1. A and B. Spatial-temporal point patterns of the Myst Article.
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develops, we remove the influence of article length by converting the raw changed 
locations into a ratio of the raw location divided by the total article length as shown 
in Figure 1B. When stigmergy is present, we would expect to see edits cluster 
together temporally and spatially in the 2D spatial-temporal point pattern, as illu
strated by the red box in Figure 1B.

To calculate Moran’s I based on the spatial-temporal point pattern of editing activities, 
we first separate the points into smaller spatial-temporal units by taking bins on the 
temporal axis (x-axis) and spatial axis (y-axis). We set the number of bins on the temporal 
axis equal to the article age in days and the number of bins on the spatial axis to 10. This 
way, each spatial-temporal unit i represents one day temporally and 10 percent of the total 
article length spatially. We use xi to denote the number of edits occurring in the unit. 
Consistent with other uses of Moran’s I [31], we define a weight matrix Wij in which the 
weight wij equals 1 if two units xi and xj are neighbors (adjacent in the spatial-temporal 
space); otherwise 0. Then, Moran’s I is defined as: 

where N is the number of units indexed by i and j, and W is the sum of all wij.
Moran’s I has a value in the bounded range [-1,1], and its magnitude indicates the point 

pattern’s degree of clustering. An activity pattern with spatial-temporal randomness will 
yield a neutral M ¼ 0, whereas M ¼ 1 is the most clustered pattern, and M ¼ �1 is an 
evenly dispersed (rhythmic) pattern. Higher values correspond to higher dependency 
between edits in both time and space, thus indicating higher stigmergy. The articles in 
our sample have a Moran’s I ranging from -0.49 to 0.736 with a mean value of 0.107, which 
is significantly greater than zero.1 The majority of the articles (98.42 percent) exhibit 
a Moran’s I value greater than 0, indicating the prevalence of spatial-temporal clustering 
patterns on Wikipedia.

Figure 2 compares the editing timestamps of two pairs of Wikipedia articles with 
a similar number of edits but different M, where each dot represents one edit in the article 
history. Figures 2A and 2C show two articles with higher M. The dark clustered points are 
the results of intensive edits in approximate positions in a short time span. In Figures 2B 
and 2D, the articles have lower M, which have lower levels of clustering in time and space, 
that is, editing patterns are closer to random.

We take a two-pronged approach to show that M can capture the clustering of editing 
activities on Wikipedia. First, we analyze the edits in the Myst article using a qualitative 
approach and illustrate that stigmergy is reflected by clustered activity in space and time. 
Then, in Online Supplemental Appendix B, we perform a simulation analysis which 
shows that in the absence of stigmergic activities along either or both the space and time 
dimensions, M would have been lower. These analyses suggest the validity of the 
measure to reflect the level of stigmergy through editing patterns at the article level. 
However, it should be noted that the measure does not directly gauge the stigmergic 
process. A more direct measure would require somehow instrumenting the editors to 
know exactly what they viewed before editing. This is difficult because, for privacy 
reasons, Wikimedia makes publicly visible who has edited content but not who has 
viewed content.
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Extended Example: The Myst Article

To further illustrate why temporal and spatial clustering can be used to measure stigmergy, we 
take a closer look at what happens in a highly stigmergic cluster in the Myst article. Figure 3 
summarizes a series of stigmergic edits among five editors in the cluster on the Myst article in the 
red box in Figure 1B. The editing sequence started when an anonymous editor wrote “On the 2nd 
of May, 2009, Myst was released as a 700mb download for the iPhone and iPod Touch via the App 
Store.” New issues emerged because of the newly added sentence. Editors noted the new sentence 
overlaps with the existing content in the article. They also noted that the claim lacks an external 
reference. Also, they found out that the sentence was inaccurate because the size of the software 
was slightly over 700 MB and the release date of the software was earlier than claimed in the edit. 
Moreover, the format of the date (On the 2nd of May) was not consistent with the rest of the 
article. In the next 34 hours, four different editors came to resolve these issues. As shown in 
Figure 3, these editors made their contributions on top of each other in a stigmergic fashion by 
directly modifying previous edits. Moreover, the edits excited other edits, as the newly added 
content introduced new issues that needed to be resolved. For example, when another anon
ymous editor added another date (April 22) as the software’s release date, the new information 

Figure 2. A, B, C, D. Editing point patterns and Moran’s I of Wikipedia articles. Notes: * Each dot represents 
one edit in the article history. A. Myst page with a high Moran’s I M = 0.213, Total Edits = 1496; B. Star 
Wars: Knights of the Old Republic page with a moderate Moran’s I M = 0.097, Total Edits = 1438; 
C. Macintosh Classic page with a high Moran’s I M = 0.39, Total Edits = 376; D. Photo Booth page with 
a low Moran’s I M = 0.048, Total Edits = 377.
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created confusion about the actual release date of the software. This issue was soon addressed by 
Islander, an editor who found that both dates were valid because one was the time the developer 
released the title (April 22) and the other was the time the game was made available in the iOS 
store (May 2). Islander clarified this information, but her contribution created another issue as 
she could not find an appropriate reference. As a result, she put a {{citation needed}} tag as 
a placeholder, and possibly to request assistance from others until the issue was resolved.

The aforementioned example also illustrates the two processes through which stigmergy may 
impact knowledge production: the collective modification process that allows editors to build on 
each other’s work, and the collective excitation process that motivates editors to remain engaged 
in consecutive modifications. Both processes can be seen in the interactions of an experienced 
editor (David Fuchs) and a new anonymous editor (93.84.249.57). When the new editor first 
came to the page, she found that the newly added information lacked sufficient references. Thus 
she added a link to a YouTube video in the format of “See https://. . . .” The edit created a new 
issue as both the source and the format of the reference did not comply with the Wikipedia 
writing style. This issue was soon addressed by an experienced editor, David Fuchs, who was one 
of the page’s leading contributors and likely received notifications about the page’s content 
change. David fixed the problem within 30 minutes by adding a link to the software’s official 
website with the correct formatting, and his copy-edit served as feedback for the new editor and 
stimulated the editor’s learning and contribution. Within 40 minutes, 93.84.249.57 came back 
and further copy-edited David’s revision. She also added another external reference, but this 
time, in the correct format.

Method

Data

We conduct our empirical analysis using the Apple Inc. WikiProject, an active 
subcommunity focusing on developing information related to Apple Inc. and its 

Figure 3. Interpreting the clustering editing activities.
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products. A WikiProject relies on the collaborative effort of a group of editors who 
develop, maintain, and organize articles associated with a specific topic area. At the 
time of writing, the Apple Inc. WikiProject consisted of 3,260 articles written by 
366,294 unique contributors. We gather the full-text history of 1,158,279 revisions of 
3,260 articles in the Apple Inc. WikiProject from 2001 until October 2017 using 
publicly provided APIs. For each revision of an article, we record the editor’s 
identity, the text of the edit, the editor’s description of the edit, and the time of 
the edit. We also gather the daily page view history of all the articles starting from 
July 2015.

We conduct the following data cleaning procedures for our sample. Bots are widely 
used in Wikipedia to perform routine tasks such as correcting typos, checking for 
copyright violations, and countering vandalism [72]. To address the influence of such 
agents, we first remove all bot edits (approximately 4.42 percent of all edits) by matching 
contributors’ usernames with a list of registered bots in English Wikipedia.2 Second, 
extremely short articles have limited content or edits for us to analyze their stigmergic 
processes. Therefore, we exclude articles that have fewer than 30 edits, leaving 2,275 
articles in our sample.

Measures

Dependent Variables
User Participation. Following prior studies, we measure user participation using the 
average duration of time spent by users on developing the knowledge artifact. 
Specifically, we segment user participation into edit sessions [5, 33], and compute the 
total amount of time a user devotes to the writing of an article by summing up the time 
duration of their individual edit sessions. Each edit session is defined as a sequence of 
edits made to an article by an editor in which time intervals between every two 
consecutive edits are less than one hour. We choose one hour as the cutoff time 
following [33], who demonstrate that editors generally make consecutive edits within 
one hour by analyzing one million randomly sampled revisions. Then, user participation 
is calculated as the total participation time divided by the total number of distinct 
editors on that article. We use average rather than total user participation time to adjust 
for the fact that total user participation time is likely to be higher when more users 
participate.

Information Quality. To assess information quality, we took advantage of Wikipedia’s 
article assessment project, which has evaluated over 5,971,036 articles by peer review in 
a consistent and uniform manner.3 The peer-rated article quality is widely used in related 
studies and is a good proxy for information quality [43, 46]. The peer reviewers assessed all 
articles in Wikipedia on a six-point scale (from lowest to highest quality: Stub, Start, C, B, 
Good, Featured). To avoid quality changes caused by further editing after the peer 
reviewers’ assessments, we remove all the revisions that occurred after the date the article 
was evaluated. This leaves a total of 656,738 revisions. We code the peer-rated article quality 
using six-point scale integers, ranging from 1 (Stub) to 6 (Featured). Table A1 in Online 
Supplemental Appendix A summarizes the number of articles in each quality level in our 
sample.
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Independent Variables
Stigmergy. We apply the Moran’s I of an article to capture the editing pattern indicating 
stigmergy. As explained previously, we convert edits within an article into a point pattern by 
mapping edits into a 2D spatial-temporal space and computing the Moran’s I for each 
article.

Control Variables
We control for the following variables: article age, article popularity, number of distinct 
contributors, anonymity, revert ratio, and article topics. The longer an article exists and the 
more popular the article is, the more editors may contribute to it, which in turn leads to 
higher information quality [43]. To control for the two variables, we first add article age, 
which is computed as the number of months since the article’s creation. We also use the 
article’s average daily pageviews as a proxy for an article’s topic popularity.

Moreover, the number of distinct contributors and their membership status were shown 
to be associated with information quality [5, 58]. We control for their effects using the 
number of distinct contributors and article anonymity (the percentage of unregistered 
editors). In Wikipedia, people can make edits with or without logging into the Wikipedia 
system. Registered editors tend to be more familiar with the community norms and rules 
and are more likely to make edits consistent with the mainstream perspective. Unregistered 
editors tend to contribute novel ideas that expand article exploration [5].

We further control for the effect of task conflicts by adding the revert ratio, the 
percentage of reverts over all edits. Task conflict is a common phenomenon in open 
collaboration contexts as people with different backgrounds and viewpoints come together 
in developing the same knowledge artifact [47]. In Wikipedia, an example of excessive 
conflict is an edit war, in which editors revert each other’s previous edits, leading to 
meaningless or even harmful edits. Empirical evidence suggests that such excessive task 
conflicts impede successful collaboration and undermine information quality [6].

Finally, we control different article topics using their categories. We first retrieve all 
categories and their subcategories following the category hierarchy of the Apple Inc. 
WikiProject. For each article, we define a set of dummy variables that indicate whether 
the article belongs to a topic category. For instance, if an article belongs to the Apple Inc. 
hardware category or its subcategories, the associated variable will be one, otherwise zero. 
We control for five categories that are most frequently used within the project (hardware, 
software, people, products, and platforms) and aggregate articles that do not belong to any of 
them into others. Table 1 presents the summary statistics and correlations between the key 
variables.

Data Analysis

To test our hypotheses on the relationship between stigmergy and knowledge production 
outcomes, we use the following regression specification to analyze the data at the article 
level. The regression analysis takes into account the nature of the dependent variable. When 
the dependent variable Y is user participation, we estimate a log-level Ordinary Least 
Squares (OLS) regression because the dependent variable is continuous and highly skewed. 
When the dependent variable Y is information quality, due to its ordered and categorical 
nature, we estimate an Ordered Logistic regression following previous research [43]. To 
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ensure the variable coefficients are comparable, we standardize all independent variables. 
We enter the variables in a stepwise fashion, starting with the control variables, followed by 
the main effect of stigmergy. 

We find no significant concern of multicollinearity in our model by checking the 
variance inflation factors (VIFs). We find that the VIFs associated with variables are all 
less than 3.35, which is well below a critical value of 10 [12].

Results

Table 2 presents the OLS and Ordered Logistic Regression results. The two left columns 
illustrate the results of user participation. Model 1 only contains the control variables. In 
Model 2, we add the variable of interest, stigmergy, into the regression and find that the R2 

nearly doubled, showing the predictive power of stigmergy on user participation time. 
Supporting H1, the effect of stigmergy is positive and significant. Specifically, one standard 
deviation increase in stigmergy (0.1) is associated with a 16.1 percent increase in average 
user participation time (2.23 minutes per editor). Furthermore, since all independent 
variables are standardized, we could directly compare the effect size of stigmergy and 
other predictors of user participation. We find that stigmergy has a larger effect size than 
all the other controls, suggesting it is the greatest contributor to sustained user 
participation.

The two right columns summarize the results of information quality. The values pro
vided are odds ratios. Model 3 contains only the control variables. Supporting H2, Model 4 
shows that stigmergy has a significant positive effect (oddsratio ¼ 1:679; p< 0:01) on infor
mation quality. One standard deviation increase in stigmergy (0.1) is associated with a 1.679 
increase in the odds of the article being at a higher quality level. Furthermore, the effect size 
of stigmergy exceeds several control variables including article age, article anonymity, and 
revert ratio.

TABLE 1. Summary statistics and correlations.
Variables Mean STD 1 2 3 4 5 6 7 8 9

1. Quality Rating 2.08 0.83 1.00
2. User Participation 13.85 11.58 0.13 1.00
3. Stigmergy 0.11 0.10 0.32 0.28 1.00
4. Age (in month) 65.20 34.66 0.25 -0.21 -0.23 1.00
5. Topic Popularity 219.44 820.59 0.28 0.04 0.26 0.07 1.00
6. Distinct Contributors 151.70 314.50 0.40 -0.04 0.19 0.26 0.61 1.00
7. Anonymity (percent) 0.32 0.14 0.06 -0.27 -0.02 0.10 0.07 0.27 1.00
8. Revert Ratio (percent) 0.02 0.03 0.14 0.01 0.07 0.07 0.07 0.16 0.06 1.00
9. Average Stigmergy 0.10 0.03 0.16 0.06 0.18 -0.05 0.13 0.11 0.08 0.03 1.00
Observations 2,275
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Robustness Checks

We conduct a number of robustness checks. First, in the main regression of user participa
tion, we use a 1-hour cutoff for the user edit session to estimate our main dependent 
variable. To ensure the robustness of our analysis, we use 30-minute and 3-hour as two 
alternative cutoffs of user edit sessions and re-estimate the dependent variable. We find that 
using different cutoffs does not change the direction or significance level of stigmergy.

Second, we address the possibility that the observed high spatial-temporal dependency 
among edits is solely driven by external shocks instead of a natural synergy among editors. 
By definition, stigmergy triggered by external shocks is still stigmergy as long as the edits in 
the articles stimulate additional actions from editors. However, we may also observe high 
levels of spatial and temporal clustering in activities as a result of many editors flooding to 
edit the article when external events occur [51, 74]. Even though editors who converge on 
Wikipedia due to external shocks may inevitably need to coordinate with others in 
a stigmergic fashion, for the sake of generalizability, it is important to ensure that the effect 
of stigmergy is robust in the absence of external influences. Accordingly, we rerun our 
analysis using an alternative sample, Ancient Philosophy WikiProject, which is unlikely to 
be subject to external shocks. The Ancient Philosophy project has 1,325 articles that focus 
on developing information related to the philosophical schools and philosophers in early 
human history. It is less influenced by external shocks since few new facts would have 
emerged in short time windows. We gather the articles’ full text history, daily page views, 
and peer-rated quality. We perform the same data screening procedures as we did for the 
Apple Inc. project, leaving 671 pages that satisfy the requirement of our analysis.4 Then we 
parse all related variables and re-estimate our main regressions.

Table 3 shows the main regression results estimated using the Ancient Philosophy 
WikiProject. We see that the effects of stigmergy on user participation and information 
quality are still significant and positive. At the same time, using the alternative sample, the 

TABLE 2 Regression of user participation and information quality on stigmergy.
Participation Quality

Variables (1) (2) (3) (4)

Stigmergy 0.161*** 1.679***
(0.011) (0.099)

Age (in months) -0.077*** -0.020*** 1.174*** 1.435***
(0.007) (0.008) (0.062) (0.084)

Topic Popularity 0.058*** 0.031** 1.828*** 1.702***
(0.013) (0.013) (0.128) (0.124)

Distinct Contributors -0.032* -0.074*** 3.180*** 2.875***
(0.017) (0.015) (0.277) (0.251)

Anonymity (percent) -0.114*** -0.082*** 0.543*** 0.593***
(0.012) (0.010) (0.034) (0.035)

Reverts Ratio (percent) 0.021*** 0.018*** 1.061 1.059
(0.007) (0.006) (0.054) (0.056)

Constant 2.656*** 2.643***
(0.021) (0.019)

Article Topics Yes Yes Yes Yes
Observations 2,275 2,275 2,275 2,275
R-squared 0.202 0.390 0.196 0.217

Notes: * The sample includes 2,275 articles from February 2001 to October 2017. 
All variables are standardized. ***p < 0.01. **p < 0.05. *p < 0.1.
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effect of stigmergy on user participation is still robust to different cutoffs (30 mins and 3  
hours). Notably, we see that the effect sizes of stigmergy on both user participation and 
information quality increase when using the alternative sample. Specifically, the effect of 
stigmergy on user participation increases by 58 percent (from 0.161 to 0.255) and the effect 
on quality increases by 2 percent (from 1.679 to 1.714). This suggests that there is a stronger 
association between stigmergy and collaboration outcomes for editors working on articles 
less influenced by external shocks and surges of public attention.

Second, we use a fixed effect panel regression to further alleviate endogeneity concerns. 
Instead of assigning a single measure of stigmergy to an entire article, we measure stigmergy 
for each article-year combination. With such a panel dataset, we can examine whether 
article quality improves as its stigmergy changes over the entire life cycle of the article. In 
addition, by introducing article fixed effects into the model, we can account for article- 
specific unobserved confounders such as different initial article developmental stages.

Specifically, we construct a 16-year panel of yearly article-level data. Similar to the 
cleaning procedures executed at the article level, we remove all article-year observations 
whose total edits are less than 30. After this procedure, our panel contains 3,592 article-year 
observations of 844 articles. An article-year observation includes the average user participa
tion time in that year, the article quality change (ΔQ), the degree of stigmergy in that year, 
and all other controls. As most articles have only been evaluated once or twice by Wikipedia 
peers, we use the Objective Revision Evaluation Service (ORES)5 predicted article quality to 
assess the change in quality rating for an article in an observation year. The ORES service is 
an automated tool developed by the Wikimedia Foundation to estimate article quality. It 
uses machine learning models trained on peer-rated articles to assign quality ratings to 
article revisions. The ORES predicted quality has a rating scale that resembles the peer-rated 
quality scale (from lowest to highest quality: Stub, Start, C, B, Good, Featured) and has been 
used in previous research to assess article quality [5]. Thus, the quality change (ΔQ) is 
measured as the difference between the average quality of the first 5 revisions (Qbefore) and 
the last 5 revisions (Qafter) within the article-year observation (ΔQ ¼ Qafter � Qbefore). Then, 

TABLE 3. Results from alternative sample (ancient philosophy wikiproject).
Participation Quality

Variables (1) (2) (3) (4)

Stigmergy 0.255*** 1.714***
(0.020) (0.168)

Age (in month) -0.042** -0.032** 1.223** 1.260**
(0.018) (0.015) (0.114) (0.119)

Topic Popularity 0.214*** 0.130*** 1.543*** 1.307*
(0.043) (0.035) (0.248) (0.207)

Distinct Contributors -0.120** -0.140*** 2.717*** 2.716***
(0.060) (0.050) (0.525) (0.514)

Anonymity (percent) -0.311*** -0.180*** 0.375*** 0.476***
(0.027) (0.021) (0.045) (0.060)

Reverts Ratio (percent) 0.038* 0.017 1.321** 1.272**
(0.022) (0.017) (0.144) (0.140)

Constant 2.747*** 2.748***
(0.016) (0.013)

Observations 671 671 671 671
R-squared 0.316 0.550 0.144 0.167

* The sample includes 671 articles in the Ancient Philosophy Project from February 2001 to March 2022. 
All variables are standardized. ***p < 0.01. **p < 0.05. *p < 0.1.
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we run a two-way fixed effect model specified as follows (Y is either UserParticipation 
or ΔQ): 

Table 4 shows the estimation results of the panel regressions. We find that stigmergy has 
remained positively and significantly associated with both user participation and informa
tion quality. The observed relationships are thus robust to unobservable article-specific 
characteristics. The results also demonstrate that the relationship manifests over time, 
rather than just cross-sectionally.

Two other robustness checks are presented in the Online Supplemental Appendices C 
and D. In the Online Supplemental Appendix C, we conduct a comparative analysis by 
constructing alternative Moran’s I measures that consider clustered activities only in the 
temporal but not the spatial dimension, and only in the spatial but not temporal dimension. 
The analysis shows that the association with article quality is weaker when clustering in 
either dimension is low. In the Online Supplemental Appendix D, we present an instru
mental variable analysis to further alleviate endogeneity concerns.

Understanding the Processes

Given the positive associations between stigmergy and knowledge production outcomes, 
what are some ways to amplify it? To test the impact of changes to the collective 
modification process we first explore the use of inline cleanup tags.6 These tags are 
left in articles to indicate if it needs further work, such as improving clarity (e.g., 
{{expand acronym}}) or verifiability (e.g., {{citation needed}}). We note that the use of 

TABLE 4. Panel regression of user participation and information quality on stigmergy.
Participation Quality

Variables (1) (2) (3) (4)

Stigmergy 0.167*** 0.243***
(0.009) (0.027)

Age (in month) -0.296* -0.170 1.525*** 1.707***
(0.160) (0.150) (0.581) (0.549)

Topic Popularity 0.202 0.150 -0.037 -0.112
(0.191) (0.172) (0.489) (0.431)

Distinct Contributors 0.049*** -0.029** 0.167*** 0.055
(0.012) (0.011) (0.046) (0.046)

Anonymity (percent) -0.151*** -0.115*** -0.156*** -0.103***
(0.010) (0.008) (0.028) (0.027)

Revert Ratio (percent) -0.022*** -0.016** -0.104*** -0.095***
(0.008) (0.006) (0.024) (0.023)

Constant 2.564*** 2.580*** 0.243*** 0.266***
(0.032) (0.029) (0.085) (0.076)

Article Fixed Effect Yes Yes Yes Yes
Time Fixed Effect Yes Yes Yes Yes
Observations 3,592 3,592 3,592 3,592
R-squared 0.598 0.710 0.286 0.309

* The sample includes 3,592 article-year observations in Apple Inc. Project from February 2001 to 
October 2017. 

All variables are standardized. ***p < 0.01. **p < 0.05. *p < 0.1.
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such tags is on the border between explicit coordination and stigmergy—a task is 
suggested, as a trace for others to discover and act on, whereas the specific person in 
charge is not specified as it would in explicit coordination. We first collect all task- 
relevant templates that are used in English Wikipedia and compute their usage fre
quency in article revisions using regular expressions. Surprisingly, the majority of 
articles (82.3 percent) in the sample did not use any of these templates in all their 
revisions. We then re-estimate the effect of stigmergy in articles that do not contain any 
task-relevant templates for coordination versus those that do. The results can be seen in 
Table E1 in the Online Supplemental Appendix E. We find that the stigmergy’s effects 
on user participation and information quality are still positive and significant without 
the templates (Online Supplemental Table E1, columns 1 and 3). In fact, the effect size is 
slightly larger than the articles that used the templates (Online Supplemental Table E1, 
columns 2 and 4). While this result should not be interpreted as indicating these cues 
are redundant, it at least suggests that the effect of stigmergy is equally important for 
ordinary edits without explicit tasks suggested.

We turn to the second approach of highlighting changes to amplify the collective 
excitation processes. The excitation process relies on users’ timely awareness and can be 
amplified by modern information system features such as notifications and change alerts/ 
comparisons. We test the effectiveness of a change to the excitation process using a pre-post 
study based on the adoption of email notifications. In April 2012, the English Wikipedia 
introduced its email notification feature which enables editors to receive email notifications 
whenever changes were made to articles on their personal watchlist, which contains pages 
that editors would like to “keep track of, and react to, what’s happening to pages they have 
created or are otherwise interested in.”7 This feature changed the pattern of excitation 
because editors would be notified and attracted to recent edits in an article even without 
logging in to Wikipedia.

We use a binary variable Notification to indicate such feature changes: this variable 
equals 1 when the observational period is at or later than 2012 and is 0 for any period before 
2012. We then test the interaction effect of Notification on Stigmergy using panel regression. 
We find that the interaction terms were positive and significant, indicating that the effects of 
stigmergy on both user participation and information quality are stronger after the deploy
ment of the email notification system. In other words, the collective excitation process can 
be amplified by fostering a collective spatial-temporal awareness; one way to do this is 
through notifications that specify events and their locations. Online Supplemental 
Appendix E Table E2 presents the regression results.

Discussion

Open collaboration communities such as Wikipedia have fundamentally changed how 
knowledge is created, distributed, and consumed. Compared with conventional organiza
tions, these communities produce knowledge differently because the majority of contribu
tors don’t work simultaneously and rarely communicate with each other. With limited 
explicit coordination [28, 50], a persistent research question is how members in these 
communities coordinate to produce coherent, high-quality knowledge. Although prior 
work has acknowledged the role of the shared knowledge artifact in open collaboration 
[4, 5, 40, 44], the processes and consequences of stigmergy are not fully understood. In this 

1000 ZHENG ET AL.



work, we extend the existing literature by elaborating the concept of stigmergy from 
biology; we articulate two intertwined processes involved in stigmergy and investigate its 
consequences on open collaboration outcomes.

We argue that stigmergy in open collaboration is not only a collective modification 
process that updates artifacts, but also a collective excitation process that stimulates con
tributions from the community. As such an excitation process manifests in the spatial- 
temporal clustering of group activities, we develop a measure to gauge stigmergy and 
investigate its association with knowledge production outcomes. Our empirical analysis 
shows that successful online coordination exhibits stigmergy, and that concentrated edits in 
a short time span can drive greater user participation and higher information quality.

Theoretical Contributions

This study contributes to our knowledge of open collaboration by clarifying the conceptua
lization of stigmergy. Despite the increasing recognition of artifact-centric coordination [4,  
5, 40, 50] and calls for further investigations [42, 44], stigmergy has been proposed relatively 
recently as an explanation of how such coordination happens in open collaboration [9, 19]. 
The relationship between stigmergy and open collaboration outcomes is also not well- 
understood due to the early stage of theories and measurement methods.

Our work helps explain artifact-centric coordination by distinguishing two processes 
that constitute stigmergy: collective modification and collective excitation. Stigmergy is not 
just about collective modification via a shared knowledge artifact as proposed in previous 
literature [9, 16, 19], but also involves a collective excitation process in which recent changes 
in a particular location motivate community members to make more changes. Our analysis 
to probe the process suggests that stigmergy is likely to occur regardless of the contributors’ 
intentions: although in many situations participants may leave explicit traces, such as using 
task-relevant templates in Wikipedia to exhort others’ contributions, changes without direct 
cues can also trigger collective excitation. Moreover, system notifications alerting interested 
parties of recent changes may further promote awareness and attract contributions.

We develop a new measure of stigmergy by analyzing the spatial and temporal char
acteristics of collaborative editing patterns. The collective excitation process in stigmergy is 
manifested through temporal and spatial clustering of community member activities. 
Crowston and Rezgui [20, 59] have proposed a different measure of stigmergy. The measure 
is designed to distinguish between coordination that uses explicit communication and 
coordination that doesn’t. That is, it focuses on the collective modification process. By 
contrast, our proposed measure integrates the collective modification and excitation pro
cesses. The measure is relatively simple to apply and captures simultaneously time-based 
and space-based clustering of human activity. It provides ways of predicting quality, which 
can be useful for designing system features that increase the quality of online knowledge 
production. It can also be applied by scholars to advance research on the antecedents and 
consequences of stigmergy or artifact-centric coordination in general on digital platforms.

Our study found a positive association between stigmergy and knowledge production 
outcomes. Our empirical findings show the potential benefits of stigmergy, in which 
members coordinate by changing artifacts and reacting to the changes made by others. 
One related concept in the management literature is the feedback loop between knowledge 
consumption and knowledge production. Improvement in content quality caused by 
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incremental knowledge production can attract more consumers of that knowledge and thus 
more potential contributors [1, 44, 74]. By providing quantitative evidence that stigmergy is 
associated with higher user participation, this study shows that when people coordinate in 
a stigmergic fashion, the new activity itself may attract more attention and stimulate more 
edits. Thus, stigmergy can not only serve to coordinate the modification of artifacts but also 
can excite participation. In this way, stigmergy can help open collaboration communities 
overcome problems related to fluid membership, geographical and temporal dispersion, 
and limited explicit communication to achieve better outcomes.

For the field of information systems, there are many ways this work might be used to 
develop a better understanding of coordination in general, and coordination as specifically 
applied to online communities. Although the current study investigates stigmergy in the open 
collaboration context, stigmergy can be a general way for people to coordinate when explicit 
coordination methods are limited. At the very basic level, many information systems can be 
seen through a stigmergic lens. Examples may include software change management systems, 
enterprise architecture document repositories, version control platforms and code repository 
systems like GitHub, collaborative editing tools such as Google Docs, open innovation systems 
like Thingiverse, generative AI remix systems like Midjourney, and technical blogs, among 
many others. For instance, when timelines are used in social media, there is a signal being sent 
not just by the content published on the timeline but by the frequency of updates. When 
members of an online community focus on particular locations in artifacts, there is a signal 
that may attract others to work at those specific locations.

Practical Implications

This work has implications for practitioners, specifically the designers of open collaboration 
platforms. Interfaces might be constructed to enhance the collective excitation process. For 
example, users might be nudged toward particular artifacts, and locations in artifacts, at 
approximately the same time so that they might be more likely to excite each other to 
participate longer and improve the quality of the artifact. We noted that the introduction of 
email notifications to editors had a positive effect on the Wikipedia community: many more 
features along such lines might be developed. It is also possible that the collective modifica
tion process could be engineered to promote stigmergy. For example, an article with 
a problematic section might temporarily block all other sections from being edited to 
channel attention toward that section: diffused attention would become focused attention. 
Once the quality of the section improved, the block on other sections might be lifted.

Some tasks in open collaboration communities may sit incomplete waiting for the person 
with the right expertise to contribute, making progress frustratingly slow compared with 
progress in conventional organizations [40]. To remedy this, algorithms can be designed that 
dynamically compute the coordination requirements and suggest potential participants. In 
Wikipedia, algorithms based on static information are currently able to provide general 
recommendations about article-related tasks, such as adding more citations or improving 
article organization [18]. Our findings suggest that these algorithms can also leverage activity 
bursts [34, 60] and the emergence of local clusters [70] to strengthen stigmergy among editors. 
For instance, burst detection algorithms [49] and local Moran’s I [70] might be used to bring 
articles to the attention of community leaders so they can either encourage attention or 
discourage conflicts.
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Limitations

Our study has two limitations. First, we only establish an associational relationship between 
stigmergy and outcomes of open collaboration. Despite efforts to address endogeneity 
concerns using instrumental variables and panel regression, our study relies on observational 
data; the absence of a clear natural experiment limits the ability to draw causal conclusions. 
For example, our measure does not distinguish stigmergy arising organically from interac
tions among participants from stigmergy triggered by external shocks. Open environments 
such as Wikipedia can be affected by external shocks that alter the behaviors of contributors 
in different ways and potentially confound the observed effects. Future studies may use field 
or lab experiments to manipulate the degree of stigmergy in order to determine its causal 
effect and isolate factors contributing to the observed patterns of stigmergy.

Second, measuring stigmergy based on Moran’s I only gauges a pattern consistent with 
stigmergy but does not directly capture the processes that led to its emergence. A more direct 
measure would be based on the degree to which editors pay attention to recent changes and act 
upon them. Additionally, although we find that the positive associations of stigmergy and 
knowledge production outcomes hold regardless of whether people use explicit traces signaling 
coordination needs, the proposed stigmergy measure does not account for these explicit traces. 
The role of such traces could be further explored in future studies, given AI tools have been 
developed to create such traces to facilitate online knowledge production [18]. Lastly, our 
measure uses the relative location of content changes in the knowledge artifact. This method 
allows for comparison across articles of different lengths, but may introduce bias if articles grow 
suddenly. For example, there will be a jump in the measure if a large amount of text is added all 
at once to the end of the article. Future studies may improve the measurement of stigmergy 
using website heatmap tools that track user attention (e.g., Hotjar, CrazyEgg) or by analyzing 
granular clickstream data. This would allow for a more direct assessment of stigmergy and 
increase its robustness to large edits.

Potential Extensions

There are several other ways to extend this study. One aspect of the measure of stigmergy 
that may be further developed is the analysis of spatial location, which is complex in the 
context of open collaboration. Such production is not characterized by Euclidean space, but 
by a semantic space that can be measured in many ways, including through links, word 
embeddings, and shared membership in a document. On a larger scale, articles themselves 
can be thought of as locations, and so articles have adjacency in semantic space to each 
other, which can be measured through link structures, folksonomies, and document 
embeddings. Many editors work across multiple articles at more or less the same time, 
and studying such editors may suggest ways of thinking about spatial behavior beyond the 
confines of individual articles.

Conclusion

Humans have the power of language, and so can explicitly coordinate. But there are 
many situations in which such coordination is impossible or inefficient. In such cases, 
coordination can be affected by making changes to shared artifacts that others will 
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notice and act on. This artifact-centric coordination process is stigmergy, a term first 
coined in biology. Since humans are also biological creatures, it is sensible to ask if, like 
other biological creatures, humans are attuned to spatial-temporal changes in the 
environment, especially modifications of shared knowledge artifacts. This study shows 
they are. This work is a step toward better understanding stigmergy in humans, which 
in turn may help designers build better ways to allow large numbers of people to 
coordinate effectively while building collective knowledge.

Notes

1 A one sample t-test produces a t-statistic of 54.19 (p < 0.01).
2 https://en.wikipedia.org/wiki/Category:All_Wikipedia_bots
3 Wikipedia article content assessment: https://en.wikipedia.org/wiki/Wikipedia:Content_ 

assessment
4 Many pages are excluded from this analysis due to their quality assessment date being shortly 

after the page’s creation date, leaving the number of total edits less than 30.
5 The ORES tool; see https://www.mediawiki.org/wiki/ORES
6 We thank an anonymous reviewer for this suggestion.
7 See https://en.wikipedia.org/wiki/Help:Email_notification and https://en.wikipedia.org/wiki/ 

Help:Watchlist
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