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Reviewer #1: 

Remarks to the Author: 

In their manuscript "Resilience and elasticity of co-evolving information ecosystems" the authors 

report an empirical observation of the structural reactions of bipartite User-Hashtag networks to 

external events, specifically a switch from modular structures to nested structures and later refine 

that picture as a switch from local nestedness to global nestedness. For the modelling approach, 

they use Lotka Volterra dynamics, with competition among Users/Hashtags and mutualistic 

coupling between Users and Hashtags, which they dynamically alter to account for external events. 

On top of these dynamics they model an optimization procedure, where rewiring in the network 

happens to maximize abundance. 

 

While it is interesting to investigate how information ecosystems react to external events and the 

modelling framework is useful, there are shortcomings in the empirical analysis and unclear 

relations to the model and comparisons to alternative hypotheses, which need to be addressed, in 

order to allow assessing the innovative and explanatory value of the present manuscript. I am 

listing my main remarks in the following. 

 

Main remarks: 

 

Contribution of the manuscript: In the introduction, the connections to existing literature needs to 

be made more explicitly. Currently, it is not clear what parts of the presented work are new and 

which built on existing work about effects of external events on the information ecosystem and 

modelling of the attention economy (e.g., refs. 6, 7, 12, 14, 39, was the shift of modularity and 

nestedness also reported in ref. 12?). Explicitly relating them to the present work and stating the 

new contribution of the present manuscript explicitly is needed. 

 

Empirical data: The representation of the data, as bipartite networks between users and hashtags 

is useful, but needs more systematic/statistical analysis beyond the qualitative reporting of the 

observation of changing modularity vs. nestedness. 

The first and most striking observation, the increased activity needs to be discussed more. How 

does this affect the bipartite networks, i.e., how is the increased activity distributed among users 

and hashtags? (histograms, network plots?) While the two measures are interesting, the networks 

and their change can be characterized more detailed. Also, how does, for example, the 

composition of hashtags change during the events? 

Is it true that nestedness and modularity are exclusive in all regimes, how do they relate to 

network density? Especially, because the Null model here could be that the activity (however it is 

distributed, e.g., just randomly) is just quantitatively increasing, which could be driving the 

observations e.g., of reduced modularity. This needs to be tested and the measures used need to 

be compared to other observables to allow arguing for the modelling approach. 

Also, further observables would allow more quantitative comparisons with the model (e.g., degree 

distributions etc.), which stay currently qualitatively. 

 

Modelling framework: Here, the connections to the observations need to be made much more 

explicit. Which quantities are conserved in the model, which in the data (e.g., are the number of 

connections preserved in the model? Are they in the data?)? Referring to the remark above, as the 

change in the activity seems to be the dominant observation, it needs to be explicitly addressed in 

the model. 

Similarly, the number of hashtags is constant in the model, while it changes in the data. How does 

it change in the data? Can this be incorporated in the model? Again, quantitative comparisons 

would help to show the connection of the model with the data, which has a sufficient complexity to 

be more explicit here. 

While the “abundance” stays a theoretical concept without counterpart in the data (likes would be 

a measure?), other parts of the model can be explicitly compared (e.g., distributions of links, 



activity distribution, which is currently uniform in the model?). 

Relatedly, when the external shocks are incorporated the distinction between expected and sudden 

events is made, but are they distinguished in the empirical data. In Fig. 1 the two types are shown 

but the reaction of the system does seem to be most evident in the activity, rather than the other 

observables. This is used to model the attentional shift function in the supplementary material (the 

most explicit relation to the data), but compares different observables, right? But an increase 

inactivity does not necessarily reflect a shift of attention. Referring to an earlier point, to test the 

null model of randomly increasing activity, this can be checked in the data to back up this 

assumption. 

The in-block nestedness is an interesting measure, but seems to be quite sensitive to the 

community detection method, that should be addressed. 

 

Minor remarks: 

 

- The in-block nestedness needs to be introduced earlier 

- A table or list, introducing/listing the variables/ingredients of the model and their counterparts in 

the data would help a lot 

- The caption of Figure 2 is not self-explanatory 

- In the main manuscript (without the supplementary material) it is difficult to follow the structure 

of the model, better to pull some of it in the main text or in the methods section. 

- How long were the snapshots to create the empirical networks? 

- Typo in page 7 “…adjacency matrix. , and h is the…” 

 

 

 

Reviewer #2: 

Remarks to the Author: 

The authors study the structure and dynamics of bipartite network of hashtags and twitter users. I 

found the approach fascinating and apologize for taking a bit long to produce my review. It simply 

took me quite some time to get a feel for what is really the result, and how it is obtained. My 

opinion should not be weighted to heavily as I am not a network scientist. So, please take my 

views as observations that may hopefully be of some guidance for revising this for the current or 

another journal. 

 

The title promises an insight in resilience and elasticity, and later the authors mention 'remarkable 

structural elasticity'. However, it does not seem surprising to me that people start talking 

immediately about a big event when it happened (elasticity), and then return to their normal 

interests (resilience). In nature, bipartite networks of species involve adaptations such as 

evolutionary tuning between pollinator and specific flower shapes. That takes time, and is quite an 

investment. Using a hashtag and ten dropping it is obviously swifter. In short, I do not see an eye-

opener when it comes to the terms in the title. 

 

Also, I am not surprised by the nestedness vs modularity results. Isn't it a bit obvious that people 

from different groups and interests start talking about the same big thing when it happened? This 

would be visible in all kinds of indicators including nestedness, but also other indicators such as 

abudance of the most mentioned hashtag, Shannon diversity of hashtags, or network connectivity 

measures? Thus, what is really the surprise here? 

 

This may sound a bit negative, but I do think the information the authors analyze is fascinating. I 

would just think that other research questions could perhaps be more promising. 

If big events do get everyone talking about the same thing, does this leave a trace in social 

cohesion? Are groups becoming connected in a meaningful lasting way? To me that would be a 

deep impact. So the fact that you do not seem to see that could imply that the nestedness and 

enhanced connectivity is not really meaningful? So big events do not really connect? 

Or are some kinds of events more connecting than others? Could you detect that? 



 

 

 

Reviewer #3: 

Remarks to the Author: 

I am surprised to see several new concepts frequently used in this paper including its title, but the 

authors often choose these terms without specific and valid explanations. While the term 

"resilience" has often been used across scientific fields, the term "elasticity" is not the concept with 

which (social) scientists are familiar. As a matter of fact, the first paragraph starts with several 

undefined terms and/or phrases including bio-cognitive limits, quotidian communication processes, 

oligopolistic media environment, attentional resources of the audience, etc. I am not criticizing the 

authors' language skills in English, but pointing out what core concepts are and what the 

surrounding terms are. Relations among conceptual words should have been revealed in a clearer 

way. Instead of "resilience" used in the title, I suggest that the authors choose "modular" VS 

"nested" architecture as the core concept of this paper. Thus, introduction should begin with them 

at the center of the writing. Public attention toward elections increase over time, but when an 

earthquake occurs, social interest explodes and disappears immediately. The choice of two 

datasets will significantly affect the findings. Last but not least, Han Woo Park's team has 

conducted numerous social media research in election and/or environmental disaster contexts 

including a recent Covid-19. You might like to take a look at and refer to their research. 

 

 

 

Reviewer #4: 

Remarks to the Author: 

First of all I would like to apologize for my long delay in sending my review. This manuscript fits to 

the long-lasting quest searching for general patterns in complex systems. Thus, the questions 

addressed are timing and the patterns reported and the approach used very interesting. Having 

said that, as an ecologist and evolutionary biologist, my main concern is on the comparisons with 

ecosystems the authors used. In short, I think the ecological analogies used at the best 

inaccurately described and maybe flawed, imperiling the implications of the study to ecology and 

to the synthesis between theoretical ecology and applications in other scientific fields. 

 

Main comments 

1. The underlying reasoning of the manuscript is based on the idea of actor-meme coevolution. 

However, as far as I understood, memes are not shifting their patterns of interaction to maximize 

any quantity. They are passive resources that users interact. So, coevolution - in a biological 

sense, see my comment #2 - does not seem to me a valid benchmark. At the best, it is analogous 

to evolutionary resources against fixed resources and how it is modulated by other environmental 

factors. 

2. Introduction: “Under the light of these four drivers –competition, mutualism, co-evolution, 

environment–, online communication systems become a special case of mutualistic ecosystems”. 

This is an inaccurate statement. First, the citation here is misleading since the paper cited does not 

address online communication systems but the network structure of mutualistic assemblages. 

Second, there is no such thing as “mutualistic ecosystems”. Mutualistic interactions are ecological 

interactions in which individuals of different species benefit from the interaction. Mutualistic 

interactions may lead to evolutionary or demographic effects at the population level. In some typs 

of interaction, mutualisms may involve individuals from multiple species, forming mutualistic 

assemblages. Ecosystems, in turn, are systems in which organisms and environment are 

connected by pathways in which matter and energy flow. I have to say that this lack of accuracy 

with biological terms is not expected in a study that aims to connect different fields and similar 

misuse of ecological terms led, in the past, to multiple research dead-ends and simply wrong ideas 

that create more confusion than light (e.g., Gaia hypothesis). Finally, there are multiple 

differences between online communication systems and mutualistic assemblages related to spatial, 

temporal, and organizational scales. In the best-case scenario these two systems share similarities 



that may drive the dynamics of a given state variable but I do not see how online communication 

systems are a special case of mutualistic assemblages. 

3. The use of the term coevolution. Coevolution here is used, if I got correctly, in the sense of the 

feedback between the dynamics of networks (structural change across time) and the dynamics on 

networks (flow of information), i.e., adaptive or coevolutionary networks sensu Gross and 

collaborators. Coevolution, in evolutionary biology, however, is the reciprocal change of traits 

driven by natural selection in interacting populations of different species. In this context, 

coevolution can occur – and indeed is usually reported – in pairwise interactions. Again, the lack of 

accuracy when using the biological terms may imperil the analogies drawn between 

communication and biological systems. For instance, coevolution – in its biological sense - is just 

one of the processes that lead to this feedback between the dynamics of networks and the 

dynamics on networks in ecological assemblages. Non-evolutionary, behavioral changes are well 

known to lead changes in ecological interactions, as exemplified by the theoretical work by Peter 

Abrams. 

4. Results: the notion that nestedness and modularity can coexist in modules with internal 

nestedness is not new. More than 10 years ago, Thomas Lewinsohn and his coauthors proposed 

these combined network structures. There are multiple empirical and theoretical studies exploring 

these patterns in ecological systems. 

 

Minor points 

1. In addition to inaccurate use of biological concepts, the authors imperil accuracy and precision 

at multiple parts of manuscript. A non-exhaustive list of examples include but are not limited to: 

a. Abstract: “apparently chaotic and noisy” 

b. Introduction: entire paragraphs without any reference supporting statements (see minor 

comment #3). 

c. Results: “Biased as it may be. Twitter is without a doubt a sensitive platform that mirrors, 

practically without delay, exogenous events occurring in offline environments”. “vision of the non-

virtual world”, “highly fluctuating nature of this endless communication stream”. 

2. Abstract: “selective pressure, i.e. the chances to persist and reach widely are tightly subject to 

changes in the communication environment” → although selection may change across 

environment, selection may act even without environmental change. 

3. Page 1: second and third paragraphs are essential to the paper but no references support the 

claims made. 

 



NaWXUe CommXnicaWionV - UeVponVe Wo UeYieZeUV 
 
MaQXVcULSW NXPbeU: NCOMMS-20-18890-T   
ReVLOLeQce aQd eOaVWLcLW\ RI cR-eYROYLQJ LQIRUPaWLRQ ecRV\VWePV 
 
We WKaQN WKe IRXU aQRQ\PRXV UeIeUeeV IRU WKeLU LQVLJKWIXO aQd cKaOOeQJLQJ cRPPeQWV, ZKLcK Ze              
WU\ WR addUeVV beORZ SRLQW b\ SRLQW. WKeQeYeU RXU UeVSRQVeV LPSO\ cKaQJeV LQ WKe PaLQ We[W RU                 
WKe VXSSOePeQWaU\ LQIRUPaWLRQ, Ze KLJKOLJKW WKRVe cKaQJeV ZLWK bOXe cRORXUed We[W. 
 
ReYLeZeU #1:  
In Wheir manXscripW "Resilience and elasWiciW\ of co-eYolYing informaWion ecos\sWems" Whe aXWhors 
reporW an empirical obserYaWion of Whe sWrXcWXral reacWions of biparWiWe User-HashWag neWZorks Wo 
e[Wernal eYenWs, specificall\ a sZiWch from modXlar sWrXcWXres Wo nesWed sWrXcWXres and laWer 
refine WhaW picWXre as a sZiWch from local nesWedness Wo global nesWedness. For Whe modelling 
approach, Whe\ Xse LoWka VolWerra d\namics, ZiWh compeWiWion among Users/HashWags and 
mXWXalisWic coXpling beWZeen Users and HashWags, Zhich Whe\ d\namicall\ alWer Wo accoXnW for 
e[Wernal eYenWs. On Wop of Whese d\namics Whe\ model an opWimi]aWion procedXre, Zhere 
reZiring in Whe neWZork happens Wo ma[imi]e abXndance. 
 
While iW is inWeresWing Wo inYesWigaWe hoZ informaWion ecos\sWems reacW Wo e[Wernal eYenWs and Whe               
modelling frameZork is XsefXl, Where are shorWcomings in Whe empirical anal\sis and Xnclear             
relaWions Wo Whe model and comparisons Wo alWernaWiYe h\poWheses, Zhich need Wo be addressed,              
in order Wo alloZ assessing Whe innoYaWiYe and e[planaWor\ YalXe of Whe presenW manXscripW. I am                
lisWing m\ main remarks in Whe folloZing. 
 
Main remarks: ​(Ze KaYe QXPbeUed WKe cRPPeQWV IRU eaVLeU WUaceabLOLW\) 
 
(1) ConWribXWion of Whe manXscripW: In Whe inWrodXcWion, Whe connecWions Wo e[isWing liWeraWXre             
needs Wo be made more e[pliciWl\. CXrrenWl\, iW is noW clear ZhaW parWs of Whe presenWed Zork are                  
neZ and Zhich bXilW on e[isWing Zork aboXW effecWs of e[Wernal eYenWs on Whe informaWion               
ecos\sWem and modelling of Whe aWWenWion econom\ (e.g., refs. 6, 7, 12, 14, 39, Zas Whe shifW of                  
modXlariW\ and nesWedness also reporWed in ref. 12?). E[pliciWl\ relaWing Whem Wo Whe presenW Zork               
and sWaWing Whe neZ conWribXWion of Whe presenW manXscripW e[pliciWl\ is needed. 
 
We WKaQN WKe UeYLeZeUV IRU WKLV cRPPeQW, aOORZLQJ XV WR beWWeU KLJKOLJKW WKe RULJLQaO aQd QRYeO                
cRQWULbXWLRQ RI RXU ZRUN.  
 
IQdeed, Ze aJUee WKaW WKeUe aUe, LQ WKe OLWeUaWXUe, VRPe Ne\ ZRUNV WKaW PaUN a SaWK WRZaUdV aQ                  
³LQIR-ecRORJLcaO´ XQdeUVWaQdLQJ RI RQOLQe cRPPXQLcaWLRQ d\QaPLcV, aQd WKeVe cRQWULbXWLRQV         
Qeed WR be dLVWLQJXLVKed IURP WKe cXUUeQW ZRUN. OXU PaLQ SRLQW KeUe LV WKaW WKRVe UeIeUeQceV                
RQO\ JUaVS SaUWLaO aVSecWV RI WKe SLcWXUe.  
 



ReIV. [6,7] (WKe OaWWeU UeSUeVeQWV a IRUPaOL]aWLRQ aQd aQaO\WLcaO deYeORSPeQW RI WKe IRUPeU),             
[9,10] LQ WKe QeZ YeUVLRQ, Sa\ aWWeQWLRQ RQO\ WR WKe cRPSeWLWLYe aVSecW RI WKe SURbOeP (aPRQJ                
XVeUV ZLWK OLPLWed aWWeQWLRQ), ZKLOe WKe UeOaWLRQVKLS WR (aQd aPRQJ) PePeV LV PLVVLQJ. ReI. [14]               
(​UeI. [18] LQ WKe QeZ YeUVLRQ ​), cRPSOePeQWaU\, IRcXVeV RQ WKe SeUVLVWeQce RI PePeV, aQd              
e[SOLcLWO\ WaNeV LQWR accRXQW WKe (LQcUeaVLQJ) cRPSeWLWLRQ aPRQJ WKeP --bXW dLVcaUdV WKe XVeUV¶             
VLde. AOO LQ aOO, WKeVe XQLSaUWLWe accRXQWV RI RQOLQe cRPPXQLcaWLRQ PLVV WKe IXQdaPeQWaO UROe RI               
WKe XVeU-PePe LQWeUacWLRQ. 
 
ReI. [12] (​[15] LQ WKe QeZ YeUVLRQ ​), adPLWWedO\, LV WKe PRVW RYeUOaSSLQJ WR WKe SUeVeQW ZRUN                
LQaVPXcK LW IRcXVeV RQ QeVWedQeVV aQd PRdXOaULW\. AQd \eW, beVLdeV WKLV, LW PLVVeV WKe PRVW               
ceQWUaO cRQWULbXWLRQV RI WKe cXUUeQW ZRUN. SSecLILcaOO\: 
 

(1) ReI. [12] LV IRXQded RQ aQ RbVeUYaWLRQaO aQaO\VLV, aQd WKe UeVXOW RI WKaW daWa aQaO\VLV               
UeQdeUV a TXaOLWaWLYe dLVcXVVLRQ WKaW KLQWV WR WKe SOaXVLbLOLW\ RI aSSO\LQJ PXWXaOLVWLc            
SRSXOaWLRQ d\QaPLcV WR LQIRUPaWLRQ ecRV\VWePV. NRQeWKeOeVV, WKe aXWKRUV ZeUe QRW abOe           
WR e[SOaLQ, ZLWK a cRPSUeKeQVLYe PRdeOOLQJ aSSURacK, ZK\ WKe V\VWeP VKLIWV IURP RQe             
VWUXcWXUe WR WKe Qe[W. 

(2) ReI. [12] aQaO\Ved LQ deSWK RQO\ RQe daWaVeW (ZLWK a PRUe VKaOORZ RQe RQ a JeQeUaO                
TZLWWeU VWUeaP, L.e. QRW IRcXVLQJ RQ aQ\ WRSLc LQ SaUWLcXOaU). 

(3) ReI. [12] dLd QRW LQWURdXce aWWeQWLRQaO aQd VePaQWLc QLcKeV, ZKLcK SOa\ a PaMRU UROe LQ               
dULYLQJ cRPSeWLWLYe aQd PXWXaOLVWLc UeOaWLRQVKLSV. 

(4) ReI. [12] dLd QRW LdeQWLI\, QRU TXaQWLI\, WKe SUeVeQce RI LQ-bORcN QeVWedQeVV LQ WKe V\VWeP,               
ZKLcK aSSeaUV WR IacLOLWaWe WKe UaSLd VKLIWV beWZeeQ WZR aSSaUeQWO\ dLVWaQW VWUXcWXUaO            
RUJaQL]aWLRQV, VXcK aV QeVWedQeVV aQd PRdXOaULW\. 

(5) AOVR, UeI. [12] cRXOd QRW aQaO\Ve WKe cRPSOeWe c\cOe RI eOaVWLc beKaYLRXU RI WKe V\VWeP aW                
WKe PeVRVcaOe, L.e. WKe WeQdeQc\ RI WKe QeWZRUN WR UecRYeU a PRdXOaU aUcKLWecWXUe LQ WKe               
abVeQce RI V\VWeP-ZLde e[WeUQaO VWLPXOXV. TKe UeaVRQ IRU WKLV ZaV a SUacWLcaO RQe, dXe              
WR WKe OacN RI daWa aW WKe WLPe (WKaW LV, a daWaVeW cRYeULQJ WKe ZKROe UaQJe RI WKe VWXdLed                   
eYeQW). 

 
FLQaOO\, UeI. [39] (​UeI. [36] LQ WKe QeZ YeUVLRQ ​) LV PRVWO\ XQUeOaWed WR RXU UeVeaUcK, aQd Ze cLWe LW                   
aV a XVeIXO cOaVVLILcaWLRQ RI eYeQWV RQ TZLWWeU. II aQ\WKLQJ, RXU UeVXOWV, bRWK ePSLULcaO aQd               
WKeRUeWLcaO, VXJJeVW WKaW WKe dLIIeUeQce beWZeeQ WKRVe cOaVVeV LV VXbWOe (aIIecWLQJ WKe            
abUXSWQeVV RI a WUaQVLWLRQ), aW OeaVW LQ UeOaWLRQ WR WKe VWUXcWXUaO VWaJeV aQd cKaQJeV WKaW WKe                
QeWZRUN XQdeUJReV. 
 
SXPPaUL]LQJ, WKe cXUUeQW ZRUN LQWeJUaWeV SaUWLaO RbVeUYaWLRQV LQ WKe SaVW OLWeUaWXUe, aQd WULeV WR              
eQcaSVXOaWe WKRVe VcaWWeUed cRQWULbXWLRQV LQWR a XQLI\LQJ IUaPeZRUN, XQcRYeULQJ QeZ ILQdLQJV           
IURP LW. ​We KaYe WULed WR cOaULI\ aQd KLJKOLJKW WKe YaOXe aQd QRYeOW\ RI WKLV ZRUN, LQWURdXcLQJ                 
VRPe cKaQJeV LQ WKe LQWURdXcWLRQ. 
 
  



(2) 2.1. Empirical daWa: The represenWaWion of Whe daWa, as biparWiWe neWZorks beWZeen Xsers and               
hashWags is XsefXl, bXW needs more s\sWemaWic/sWaWisWical anal\sis be\ond Whe qXaliWaWiYe           
reporWing of Whe obserYaWion of changing modXlariW\ Ys. nesWedness. 
 
We aJUee ZLWK WKe UeIeUee WKaW RWKeU aQaO\VeV, beVLdeV WKe VWULcWO\ VWUXcWXUaO RQeV, aUe Qeeded.               
FROORZLQJ WKLV Ldea, Ze KaYe ZRUNed RQ PaQ\ addLWLRQaO LQVLJKWV. SRPe RI WKeP aUe cRYeUed               
KeUe, bXW aOVR LQ RWKeU UeOaWed cRQceUQV UaLVed b\ WKe UeIeUee OaWeU RQ (e.J. cRPPeQWV 3-7). AOVR,                 
RQe RI WKe PaLQ JeQeUaO cRQceUQV RI WKe UeIeUee LV UeOaWed WR WKe ZeaN cRQQecWLRQ beWZeeQ WKe                 
daWa aQd WKe PRdeO WKURXJKRXW WKe ZRUN. TR VWUeQJWKeQ VXcK cRQQecWLRQ, PRVW RI WKe QeZ               
ILQdLQJV IRU WKe daWa cRPe aORQJ ZLWK WKe VaPe aQaO\VLV IRU WKe PRdeO (V\QWKeWLc) cRXQWeUSaUW. 
 
SWaWisWical insighWs 
We WKaQN WKe UeIeUee IRU QRWLcLQJ WKaW, LQdeed, Ze Kad OeIW WKe RbVeUYaWLRQ RI cKaQJeV LQ 𝑄 aQd                  
𝒩 aW WKe RbVeUYaWLRQaO OeYeO. AW PRVW, LQ WKe PaLQ We[W LW LV VaLd WKaW bRWK TXaQWLWLeV aUe                  
³aQWLcRUUeOaWed´, ZLWKRXW aQ\ TXaQWLWaWLYe MXVWLILcaWLRQ. We ZURQJIXOO\ RYeUORRNed WKLV aVSecW.          
TKeUeIRUe, Ze QRZ YaOLdaWe WKaW WKe UeOaWLRQVKLS beWZeeQ bRWK PeaVXUeV LV LQdeed            
aQWLcRUUeOaWed, bRWK IRU WKe ePSLULcaO daWa aQd WKe PRdeO¶V RXWcRPe. TabOe R1 beORZ UeSRUWV WKe               
PeaUVRQ cRUUeOaWLRQ beWZeeQ 𝑄 aQd 𝒩 acURVV WLPe. FRU WKe V\QWKeWLc caVeV (OaVW WZR URZV), LW LV                 
PeaVXUed IURP ​W = 1.5 [ 10 ​4 RQZaUdV, WR aYRLd WKe LQLWLaO UaQdRP IOXcWXaWLRQV. FRU aQ eYeQ ILQeU                  
cRPSaULVRQ, cRUUeOaWLRQ LV PeaVXUed RYeU WKe ZKROe SeULRd cRYeUed IRU WKe daWaVeWV, bXW aOVR              
beIRUe/dXULQJ/aIWeU WKe PaLQ eYeQWV WKaW Ze LdeQWLI\ LQ WKe PaQXVcULSW (FLJ. 1 RI WKe PaLQ We[W,                
FLJ. S4 RI WKe SI). 

 

DaWaVeW Whole peUiod PUe eYenW EYenW PoVW eYenW 

SSaQLVK eOecWLRQV -0.8264 -0.2914 -0.9094 debaWe 
-0.7178 SROOLQJ 

 -0.8467 
 

NeSaO EaUWKTXaNe -0.7337 -0.26566 -0.9358 -0.74138 

CaWaORQLa -0.1490 -0.1036 -0.21326 dLada 
-0.3079 SROOLQJ 

-0.7234 

EXUR -0.7930 -0.42895 -0.8675 VePLV 
-0.7545 ILQaOV 

-0.8827 

CKaUOLe HebdR -0.9180 -0.4496 -0.8979 -0.8240 

HRQJ KRQJ  -0.5774 0.0034 -0.6194 RccXS\ -0.6180 

MRdeO  
³e[SecWed eYeQW´ 

 -0.743 0.1625 -0.7611 -0.8641 

MRdeO  
³VXddeQ eYeQW´ 

-0.6651 -0.0558 -0.7390 -0.8533 

 
TabOe R1: PeaUVRQ cReIILcLeQWV IRU 𝑄 aQd 𝒩 aW dLIIeUeQW WLPeV, IRU bRWK, WKe PRdeO aQd WKe daWa. 

 



E[ceSW IRU a VLQJOe daWaVeW (CaWaORQLa), WKe PaWcKLQJ beWZeeQ ePSLULcaO (XSSeU URZV) aQd             
V\QWKeWLc UeVXOWV (OaVW WZR URZV) LV UePaUNabOe, QRW RQO\ LQ WKe SeULRdV ZKeUe WKe cRUUeOaWLRQ LV                
VWURQJ, bXW aOVR dXULQJ WKe SUe-eYeQW VWaJeV (ZKeUe, LQ PRVW caVeV, bRWK cRUUeOaWLRQV aUe              
LUUeOeYaQW, deVSLWe WKeLU RSSRVed VLJQV).  
 
CaWaORQLa¶V PLVPaWcK ZLWK UeVSecW WR WKe PRdeO, aQd WR WKe RWKeU daWaVeWV, LV RbYLRXV ​dXring WKe                
eYeQW (aIIecWLQJ aV ZeOO WKe PeaVXUePeQW IRU WKe ZKROe SeULRd). We QRWe WKaW WKLV daWaVeW               
cRQWaLQV a QXPbeU RI dLIIeUeQceV ZLWK UeVSecW WR WKe RWKeUV: 
 
1- IW LV b\ IaU WKe VPaOOeVW daWaVeW LQ WKe cROOecWLRQ, aQd aV VXcK WKe PRVW e[SRVed WR be aIIecWed                    
b\ QRLVe (Vee SRLQWV 4 aQd 5 beORZ). 
2- IW deaOV ZLWK a PRVWO\ ORcaO SROLWLcaO eYeQW, ZKLcK aW WKe WLPe (2014) Kad QRW \eW aWWUacWed                  
LQWeUQaWLRQaO aWWeQWLRQ. IQ WKLV VeQVe, WKe cROOecWLRQ LQcOXdeV a PL[WXUe RI WZeeWV LQ CaWaOaQ aQd               
SSaQLVK, aQd UeOaWLYeO\ IeZ IURP RXWVLde SSaLQ. 
3- TKe CaWaOaQ SROLWLcaO cRQIOLcW LV aQ eQdXULQJ SURbOeP LQ SSaQLVK SROLWLcV, aQd KaV aQ               
aVVRcLaWed e[WUePeO\ KLJK SROaUL]aWLRQ. UQOLNe WKe RWKeU daWaVeWV, ZKLcK aUe PRVWO\           
cKaUacWeUL]ed b\ cRQVeQVXV (e.J. VROLdaULW\ IRU WKRVe aIIecWed b\ WKe NeSaO eaUWKTXaNe, HRQJ             
KRQJ SURWeVWV RU CKaUOLe HebdR PaVVacUe), WKe CaWaOaQ RQe LV cKaUacWeUL]ed b\ cRQIOLcW: WKe              
daWaVeW cRQWaLQV bRWK XVeUV LQ IaYRXU aQd aJaLQVW a UeIeUeQdXP, aQd a OaUJe IUacWLRQ RI SSaQLVK                
XVeUV ZKR WKLQN WKaW a UeIeUeQdXP VKRXOd QRW eYeQ be dLVcXVVed aW aOO.  
4- AV a cRQVeTXeQce RI WKe SUeYLRXV SRLQW, WKe SROOLQJ da\ cRQWaLQV QRW RQO\ WZeeWV Sa\LQJ                
aWWeQWLRQ WR WKe UeVXOWV RI WKe (LOOeJaOLVed) UeIeUeQdXP, bXW aOVR PaQ\ PeVVaJeV caOOLQJ IRU              
SROLWLcaO aQd OeJaO acWLRQ aJaLQVW WKe RUJaQLVeUV, RU VLPSO\ aSSeaOLQJ WR a SROLWLcaO dLaORJXe              
beWZeeQ WKe SaUWV. IQ VWUXcWXUaO WeUPV, WKLV WUaQVOaWeV LQWR aQ LQ-bORcN QeVWed VWUXcWXUe             
VXJJeVWLQJ a VRUW RI ³SaUWLaO cRQVeQVXV´ aPRQJ WKe dLIIeUeQW VLdeV WKaW SaUWLcLSaWe LQ WKe              
cRQYeUVaWLRQ. IQ WKLV VLWXaWLRQ, Ze caQ RbWaLQ LQWeUPedLaWe YaOXeV RI bRWK TXaQWLWLeV (𝑄 aQd 𝒩),               
ZKLcK LPSOLeV a ZeaNeU aQWL-cRUUeOaWed beKaYLRXU. 
 
 AOO WKeVe e[SOaLQ WKe ZeaN aQWLcRUUeOaWLRQ RbVeUYed WKaW da\ (​r​ = -0.3079). 
 
We KaYe LQVeUWed WKLV WabOe, aORQJVLde e[SOaQaWLRQV, LQ WKe SXSSOePeQWaU\ MaWeULaOV. 
 
SWaWisWical significance of 𝑄 and 𝒩 
TR VWUeQJWKeQ WKe YaOLdLW\ RI RXU UeVXOWV IXUWKeU, Ze VWaUW b\ WU\LQJ WR UeIXWe a SRVVLbOe OacN RI                  
VWaWLVWLcaO VLJQLILcaQce RI 𝑄 aQd 𝒩 (ZKLcK KaV beeQ aQd LV a cRQWURYeUVLaO LVVXe IRU WKeVe                
deVcULSWRUV). TKe ILUVW WKLQJ WR NeeS LQ PLQd LV WKaW WKe WZR deVcULSWRUV LQcRUSRUaWe a QXOO PRdeO                 
WeUP LQ WKeLU deILQLWLRQ. WKLOe WKLV LV QRW QeZ IRU 𝑄 (LWV TXaQWLILcaWLRQ KaV aOZa\V beeQ LQ                 
UeIeUeQce WR a VXLWabOe QXOO WeUP), LW LV aOVR WUXe IRU QeVWedQeVV aV Ze deILQe LW (ZKLcK dLIIeUV IURP                   
PaLQVWUeaP deILQLWLRQV WKaW dR QRW LQcOXde a UaQdRP e[SecWaWLRQ WeUP; Vee eT. (1) LQ WKe PaLQ                
We[W). SWLOO, IRU WKe VaNe RI cRPSOeWeQeVV, Ze VKRZ beORZ (FLJXUe R1) WKe UeVXOWV RI WKe WZR                 
deVcULSWRUV (𝒩 aQd Q) QRW LQ WKeLU abVROXWe YaOXeV, bXW aV ​]​-VcRUeV aJaLQVW aQ eQVePbOe RI                
UaQdRPLVaWLRQV RI WKe QeWZRUNV aW VWaNe (RQO\ IRU WKe SSaQLVK daWaVeW, dXe WR cRPSXWaWLRQaO              
OLPLWaWLRQV): 



 
FLJXUe R1: ]-VcRUeV IRU PRdXOaULW\ aQd QeVWedQeVV, aJaLQVW aQ eQVePbOe RI 150 UaQdRPLVaWLRQV. NRWe WKaW PRdXOaULW\ 
IaOOV beORZ VLJQLILcaQce RQO\ dXULQJ e[ceSWLRQaO eYeQWV bRWK LQ WKe ePSLULcaO caVe (OeIW) aQd WKe PRdeO (ULJKW). TKLV LV 
QRW WKe caVe RI QeVWedQeVV, ZKLcK UePaLQV aOZa\V abRYe WKe VLJQLILcaQce OeYeO (aQd \eW, LW e[SeULPeQWV VXUJeV LQ 
]-VcRUeV dXULQJ LPSRUWaQW eYeQWV). 
 
FRU eacK RQe RI WKe PaWULceV RI WKe SSaQLVK daWaVeW Ze KaYe JeQeUaWed 150 UaQdRPL]aWLRQV LQ                
ZKLcK Ze ​SUeVeUYe WKe OLQN deQVLW\. TKLV IRUP RI UaQdRPL]aWLRQ aPRXQWV WR cRQVLdeULQJ WKaW WKe               
RYeUaOO V\VWeP¶V acWLYLW\ LV NeSW, bXW XVeUV OacN a SUeIeUeQce IRU RQe RU aQRWKeU PePe IRU                
cRPPXQLcaWLRQ SXUSRVeV. TKe bOacN VROLd OLQeV LQ WKe SORWV cRUUeVSRQd WR ​]​-VcRUe = 2. TKe               
dRWWed OLQeV VKRZ WKe acWXaO 𝒩 aQd 𝑄 YaOXeV RQ WKe UeaO PaWULceV, WKaW aUe LQdLcaWed b\ WKe                  
VecRQdaU\ \-a[LV LQ bRWK SaQeOV. 
 
IQ WKe OeIW SaQeOV, Ze RbVeUYe WKaW dXULQJ WKe debaWe WKe PeaVXUed YaOXeV IRU 𝑄 aUe QR ORQJeU                  
VWaWLVWLcaOO\ VLJQLILcaQW aW WKe VeOecWed cRQILdeQce LQWeUYaO, ZKLcK LV aQ e[SecWed UeVXOW. FRU WKe              
VecRQd eYeQW (SROOLQJ), Ze RbVeUYe aQ abUXSW decUeaVe LQ WKe ]-YaOXeV IRU WKe PeaVXUed 𝑄,               
aOWKRXJK LW LV VWLOO VLJQLILcaQW XQdeU WKe cRQVLdeUed WKUeVKROd. IQ WKe caVe RI QeVWedQeVV, Ze               
RbVeUYe WKaW LWV YaOXeV UePaLQ VWaWLVWLcaOO\ VLJQLILcaQW IRU WKe ZKROe daWaVeW. NRQeWKeOeVV, Ze ILQd              
eYLdeQW YaULaQceV beWZeeQ WKeLU VWaWLVWLcaO VLJQLILcaQce dXULQJ WKe cUXcLaO SeULRdV RI WKe daWaVeWV.             
IQ JeQeUaO, WKe ]-VcRUeV IRU 𝒩 aUe e[WUePeO\ KLJK dXULQJ WKe e[WUePe eYeQW SeULRdV, deVSLWe ORZ                
YaOXeV (cRPSaUed WR WKe SeaN) RXWVLde WKe e[RJeQRXV eYeQWV. PXUVXLQJ VWURQJeU cRQQecWLRQV            
beWZeeQ ILQdLQJV LQ WKe daWa aQd WKe PRdeO, Ze KaYe aOVR aQaO\]ed, XQdeU WKe VaPe VcRSe, WKe                 
RXWcRPe RI RXU PRdeO. ReVXOWV LQ WKe ULJKW SaQeOV RI FLJ. R1 VKRZ WKe VaPe RbVeUYed                
beKaYLRXU: dXULQJ WKe aUWLILcLaOO\ LQWURdXced eYeQW, WKe ]-VcRUeV IRU 𝑄 IaOO beORZ VWaWLVWLcaO             
VLJQLILcaQce; ZKLOe 𝒩 LV VLJQLILcaQW RYeUaOO WKe SeULRd, bXW ZLWK a PaUNed VXUJe aIWeU WKe               
e[RJeQRXV LQWURdXcWLRQ RI aQ eYeQW aW ​W​ = 3 [ 10 ​4​. 
 
YeW aQRWKeU Za\ RI aSSURacKLQJ WKe VLJQLILcaQce RI WKe VWUXcWXUaO WUaQVLWLRQV LV WR cRPSaUe WKe               
UeVXOWV WR WKe PedLaQ LQ WKe WLPe VeULeV. IQ WKe OeIW cROXPQ RI FLJXUe R2 Ze UeSUeVeQW, IRU WKe                   
SSaQLVK daWaVeW, WKe eYROXWLRQ RI 𝑄 (WRS) aQd 𝒩 (bRWWRP) LQ WLPe. TKe ULJKW cROXPQ cRUUeVSRQdV,                
cRQYeUVeO\, WR WKe UeVXOWV RbWaLQed IURP WKe PRdeO. We KaYe PeaVXUed, IRU aOO WKeVe VeTXeQceV,               
WKe PedLaQ aQd LQWeUTXaUWLOe UaQJe (IQR), VROLd OLQe aQd VKade, UeVSecWLYeO\.  



IQ WKe caVe RI 𝑄, LQ WKe ePSLULcaO caVe (OeIW), LW RQO\ IaOOV beORZ 𝑄 - IQR dXULQJ WKe ILUVW (debaWe)                     
aQd VecRQd (eOecWLRQ da\) OaUJe eYeQWV, LPSO\LQJ a OaUJe deYLaWLRQ IURP LWV baVeOLQe. TKe VaPe               
caQ be VaLd cRQVLdeULQJ WKe UeVXOWV RI RXU PRdeO: 𝑄 RQO\ IaOOV beORZ e[SecWaWLRQ aIWeU WKe                
aUWLILcLaO LQWURdXcWLRQ RI aQ eYeQW (aW ​W = 3 [ 10 ​4​), aQd OaVWV aSSUR[LPaWeO\ 4 [ 10 ​4 ​< W < 6 [ 10 ​4​. IQ                        
WKe caVe RI 𝒩, cOeaUO\ LW UePaLQV beORZ WKe UeaVRQabOe e[SecWaWLRQ PRVW RI WKe WLPe, e[ceSW                
dXULQJ WKe debaWe eSLVRde aQd dXULQJ eOecWLRQ da\, aOWKRXJK LQ WKe OaWeVW WKe LQcUeaVe LV               
PRdeUaWe (WKe VaPe LQ WKe UaQJe 4 [ 10 ​4 ​< W < 6 [ 10 ​4 ​LQ WKe PRdeO). SLPLOaU UeVXOWV aUe RbWaLQed                      
ZKeQ PeaVXULQJ WKe aYeUaJe aQd VWaQdaUd deYLaWLRQ LQVWead RI PedLaQ aQd IQR. 
 

 
FLJXUe R2: EYROXWLRQ RI 𝑄 aQd 𝒩 LQ WKe SSaQLVK daWaVeW (OeIW) aQd WKe PRdeO¶V RXWcRPe (ULJKW). TKe PedLaQ RI WKe 
YaOXeV LV VKRZQ aV a VROLd KRUL]RQWaO OLQe, aQd WKe VKade aURXQd LW UeSUeVeQWV WKe LQWeUTXaUWLOe UaQJe. COeaUO\, 
PRdXOaULW\ (WRS URZ) PRVWO\ UePaLQV LQ WKe KLJKeU UaQJe (aQd aW WLPeV ZeOO abRYe LW), bXW IaOOV beORZ e[SecWaWLRQ dXULQJ 
WKe e[RJeQRXV eYeQWV (debaWe aQd eOecWLRQ da\ IRU WKe daWaVeW; ​W​ > 3 [ 10 ​4​ IRU WKe PRdeO). OQ WKe RSSRVLWe, 
QeVWedQeVV (bRWWRP URZ) UePaLQV ORZ, e[ceSW IRU WKRVe WLPeV LQ ZKLcK e[ceSWLRQaO eYeQWV RccXU, LQ ZKLcK WKe PedLaQ 
+ IQR LV OaUJeO\ VXUSaVVed. TKe PRdeO dLVSOa\V WKLV e[acW beKaYLRXU SeUIecWO\. 
 
AOO LQ aOO, WKeVe addLWLRQaO LQVLJKWV SURYe WKaW WKe cKaQJeV LQ 𝑄 aQd 𝒩 aUe be\RQd UeaVRQabOe                 
e[SecWaWLRQ, aQd aUe WKXV VWaWLVWLcaOO\ URbXVW.  
 
TKeVe ILJXUeV aQd adaSWed We[W KaYe beeQ added WR WKe VXSSOePeQWaU\ PaWeULaOV, aQd Ze bULeIO\               
PeQWLRQ WKe VWaWLVWLcaO URbXVWQeVV RI WKe deVcULSWRUV LQ WKe PaLQ We[W. 
 
2.2. The firsW and mosW sWriking obserYaWion, Whe increased acWiYiW\ needs Wo be discXssed more.               
HoZ does Whis affecW Whe biparWiWe neWZorks, i.e., hoZ is Whe increased acWiYiW\ disWribXWed among               
Xsers and hashWags? (hisWograms, neWZork ploWs?) While Whe WZo measXres are inWeresWing, Whe             
neWZorks and Wheir change can be characWeri]ed more deWailed. Also, hoZ does, for e[ample,              
Whe composiWion of hashWags change dXring Whe eYenWs? 
 
TKe UeIeUee PaNeV a YeU\ WLPeO\ RbVeUYaWLRQ KeUe, IURP WKe LQWXLWLRQ WKaW WKe LQcUeaVe LQ acWLYLW\                
Pa\ be WKe dULYLQJ PecKaQLVP RI WKe UeSRUWed RbVeUYaWLRQV (aQd, VSecLILcaOO\, UeVSRQVLbOe IRU             
WKe LQcUeaVe LQ QeVWedQeVV/decUeaVe LQ PRdXOaULW\, ZKLcK Ze aOVR addUeVV aIWeU cRPPeQW (3)             



beORZ). TKeUeIRUe, LW LV LPSRUWaQW WKaW Ze dLVeQWaQJOe ZKLcK eIIecWV PLJKW be e[SOaLQed VROeO\ b\               
WKe LQcUeaVe RI acWLYLW\, aQd ZKLcK QRW.  
 
- Increased acWiYiW\ and sWrXcWXral shifWs 
We VWaUW RXU aQaO\VLV ZLWK a JeQeUaO RbVeUYaWLRQ: aQ LQcUeaVe LQ acWLYLW\ Pa\ Oead WR KLJKeU                
QeWZRUN deQVLW\, bXW LW dReV QRW LPSO\ aQ LQcUeaVe LQ QeVWedQeVV. TR SURYe WKLV VWaWePeQW Ze                
SURYLde a VLPSOe e[aPSOe IURP WKe SSaQLVK daWaVeW: Ze WaNe a VQaSVKRW RI WKe V\VWeP ULJKW                
beIRUe a OaUJe eYeQW RccXUV (​debaWe ​), LQ ZKLcK WKe V\VWeP LV cOeaUO\ RUJaQL]ed aV a PRdXOaU                
QeWZRUN aQd cRQQecWaQce (deQVLW\) LV ​C = 0.003. NRZ, Ze VWaUW VLPXOaWLQJ aQ LQcUeaVe LQ acWLYLW\                
(ZKLcK aPRXQWV WR aQ LQcUeaVe LQ deQVLW\), WaNLQJ WKe V\VWeP IURP WKe LQLWLaO cRQQecWaQce WR a                
ILQaO RQe RI 0.005. We cKRRVe WKLV QeWZRUN deQVLW\, aV WKLV LV SUecLVeO\ WKe cRQQecWaQce LQ WKe                 
ePSLULcaO daWa b\ WKe WLPe Ze RbVeUYe a Pa[LPXP LQ QeVWedQeVV (dXULQJ WKe debaWe). 
 
FLJXUe R3 VXPPaULVeV WKLV e[SeULPeQW. IQ WKe OeIW SaQeO, Ze Vee WKe QeWZRUN aW LWV ³VWaUWLQJ                
SRLQW´: 𝑄 WaNeV a KLJK YaOXe (0.677) ZKLOe QeVWedQeVV LV QeJOLJLbOe (0.058). AddLQJ acWLYLW\ aW               
UaQdRP, XS WR ​C = 0.05, dReV QRW Oead WR a QeVWed aUcKLWecWXUe. OQ WKe cRQWUaU\, WKe SURceVV RI                   
addLQJ OLQNV WR WKe QeWZRUN KaV deWeULRUaWed bRWK 𝑄 aQd 𝒩. TKe VecRQd SaQeO RI FLJ. R3 VKRZV                  
WKe eYROXWLRQ RI bRWK TXaQWLWLeV aV OLQNV aUe added, aQd WKe WKLUd SaQeO VKRZV WKe UeVXOWLQJ                
QeWZRUN. FRU WKe VaNe RI cRPSaULVRQ, WKe SaQeO WR WKe ULJKW VKRZV WKe acWXaO (ePSLULcaO) QeWZRUN                
aW WKe eQd RI WKe SURceVV, LQ ZKLcK QeVWedQeVV SeaNV aW 0.58 --aQ RUdeU RI PaJQLWXde abRYe                 
ZKaW RQe ZRXOd RbVeUYe LI acWLYLW\ LV LQcUeaVed aW UaQdRP. IW LV cOeaU WKaW LQcUeaVed acWLYLW\ dReV                 
QRW UeQdeU, ​per se ​, aQ\ JaLQV LQ 𝒩 --UaWKeU, QeVWedQeVV VWa\V QeJOLJLbOe WR a YaOXe RI LQ WKe RUdeU                   
RI 10 ​-2​. 

 
FLJXUe R3: E[SecWed eIIecWV RI UaQdRP LQcUeaVed acWLYLW\. WLWK UeaO daWa, WKe V\VWeP, RUJaQL]ed LQ a PRdXOaU SaWWeUQ                  
LQLWLaOO\ (ILUVW SaQeO) WUaQVLWLRQV WR a KLJKO\ QeVWed RQe (OaVW SaQeO WR WKe ULJKW); KRZeYeU, LQcUeaVLQJ cRQQecWaQce                 
(acWLYLW\) LQ a UaQdRP PaQQeU dReV QRW LPSO\ ​per se ​ LQcUeaVeV LQ WKe YaOXeV RI QeVWedQeVV (PLddOe SaQeOV).  
 
We aUe aZaUe WKaW WKLV UeVXOW cOaVKeV ZLWK WKe Ldea WKaW cRQQecWaQce XQdeUOLeV WKe ePeUJeQce               
RI QeVWedQeVV (ZKLcK, LQ WXUQ, UeOeJaWeV QeVWedQeVV WR a VWUXcWXUaO b\SURdXcW RI QeWZRUN             
deQVLW\), e.J.: 
 

A. JaPeV, J.W. PLWcKIRUd aQd M.J. POaQN. DLVeQWaQJOLQJ QeVWedQeVV IURP PRdeOV RI            
ecRORJLcaO cRPSOe[LW\. NaWXUe 487, SaJeV 227±230 (2012) 

 



AOWKRXJK RXU aLP LV QRW WR cRQILUP RU debXQN WKeVe LdeaV (QRZ cLWed LQ WKe QeZ YeUVLRQ, ​UeI.                  
[42]​), Ze UePaUN WKaW WKe LQdeed aQ LQcUeaVe LQ cRQQecWaQce LPSOLeV aQ LQcUeaVe LQ QeVWedQeVV               
Zhen measXred ZiWh descripWors WhaW lack a nXll model ​, e.J. AOPeLda-NeWR¶V NODF (UeI. [50] LQ               
WKe RULJLQaO PaQXVcULSW, ​UeI. [64] LQ WKe QeZ RQe ​). IQVWead, LQ WKLV ZRUN Ze cRQVLVWeQWO\ XVe WKe                 
PeaVXUe RI QeVWedQeVV aV deILQed LQ UeI. [26] (​UeI. [34] LQ WKe QeZ RQe ​), ZKLcK aOUead\ dLVcRXQWV                 
WKe aPRXQW RI RYeUOaS WKaW WZR VSecLeV Pa\ KaYe b\ cKaQce. 
 
TKLV UeVXOW (LQcOXded QRZ LQ WKe SXSSOePeQWaU\ MaWeULaOV LQ a dedLcaWed VecWLRQ), ZKLcK LV              
LOOXVWUaWed KeUe IRU a VSecLILc PRPeQW LQ a VLQJOe daWaVeW, LV IXUWKeU JeQeUaOLVed, PRUe              
V\VWePaWLcaOO\, LQ WKe UeVSRQVe WR cRPPeQW (3). 
 
BeIRUe PRYLQJ RQ WR RWKeU aVSecWV, WKeUe LV VWLOO aQ RbVeUYaWLRQ WKaW deVeUYeV beLQJ KLJKOLJKWed.               
BRWK daWaVeWV LQ WKe PaLQ We[W (FLJ. 1) SUeVeQW caVeV LQ ZKLcK WKe WUaQVLWLRQ WR a QeVWed                 
aUcKLWecWXUe KaSSeQV WRJeWKeU ZLWK a ULVe LQ acWLYLW\ (aOWKRXJK RYeUaOO cRQQecWaQce LV QRW             
cKaQJed b\ PXcK, Vee FLJXUe R3 abRYe). TKLV, LQdeed, Pa\ PLVOead WKe UeadeU WR beOLeYe WKaW                
WKeUe LV a caXVaO OLQN beWZeeQ WKeVe WZR aVSecWV (acWLYLW\ dULYLQJ QeVWedQeVV). HRZeYeU, LW LV               
UePaUNabOe WKaW QeVWedQeVV Pa\ ePeUJe ​ZiWhoXW aQ LQcUeaVe LQ acWLYLW\: Vee IRU e[aPSOe WKe              
SORWV LQ WKe SXSSOePeQWaU\ MaWeULaO (FLJ. S4) IRU WKe CaWaORQLa, HRQN KRQJ aQd CKaUOLe HebdR               
daWaVeWV: VKLIWV WR QeVWedQeVV LQ WKeVe caVeV aUe QRW dLUecWO\ UeOaWed WR LQcUeaVe LQ acWLYLW\. TKe                
RQO\ e[SOaQaWLRQ OeIW --ZKLcK LV WKe RQe WKaW WKe PRdeO caSWXUeV ZeOO-- LV WKeQ a dUaVWLc UeZLULQJ                 
eYeQW, b\ ZKLcK XVeU-PePe LQWeUacWLRQV VKLIW SUeIeUeQWLaOO\ (aQd WePSRUaULO\) WRZaUdV WKe PePeV            
UeOeYaQW WR WKe ULVLQJ WRSLc. 
 
We KaYe cRQVLdeUed VZLWcKLQJ ILJXUeV, VR WKaW WKeVe SRVVLbLOLWLeV aUe UeSRUWed LQ WKe PaLQ We[W.               
HRZeYeU, Ze IeeO WKaW WKe SSaQLVK eOecWLRQV daWaVeW aQd WKe NeSaO eaUWKTXaNe aUe JRRd              
UeSUeVeQWaWLYeV RI WZR NLQdV RI eYeQWV (e[SecWed aQd XQe[SecWed), aQd WKXV KaYe OeIW WKe We[W aV                
LV. NRQeWKeOeVV, Ze KaYe LQWURdXced cOaULILcaWLRQV UeJaUdLQJ WKe QRQ-caXVaO UeOaWLRQVKLS          
beWZeeQ QeVWedQeVV aQd acWLYLW\. 
 
- Increased acWiYiW\: insighWs from Whe Xsers side 
AOUead\ LQ WKe WRS SaQeOV RI FLJ. 1 RI WKe PaLQ We[W LW LV cOeaU WKaW VRPe e[RJeQRXV eYeQWV caXVe                    
aQ aWWeQWLRQ VKLIW WRZaUdV a VSecLILc WRSLc, aQd VXcK LQcUeaVed aWWeQWLRQ caQ be VeQVed ZLWK               
OaUJe cKaQJeV LQ WZeeW YROXPe. IW LV XQcOeaU, KRZeYeU, ZKeWKeU WKLV cKaQJe LV caXVed b\ WKe                
VaPe XVeUV LQcUeaVLQJ WKeLU acWLYLW\, RU b\ WKe aUULYaO RI QeZ XVeUV ZKR SURdXce a UeOaWLYeO\                
cRQVWaQW aYeUaJe QXPbeU RI WZeeWV/KaVKWaJV. AV aOZa\V deaOLQJ ZLWK UeaO daWa, WKe aQVZeU LV              
QRW cOeaUcXW, bXW FLJXUe R4 (OeIW SaQeO: ILUVW aQd VecRQd URZV) VKRZV WKaW PRVW RI WKe LQcUeaVed                 
acWLYLW\ dXULQJ e[WUaRUdLQaU\ eYeQWV LV dXe WR QeZ XVeUV eQWeULQJ WKe WRSLc (WRS-OeIW SaQeO), aQd               
WKaW WKeVe SURdXce a YeU\ OaUJe aPRXQW RI KaVKWaJV aV ZeOO (VecRQd URZ-OeIW SaQeO).  



 
FLJXUe R4. TRS-OeIW: eYROXWLRQ RI WKe QXPbeU RI XVeUV dXULQJ WKe SSaQLVK eOecWLRQ c\cOe. BRWWRP-OeIW: aYeUaJe QXPbeU                 
RI KaVKWaJV SeU XVeU LQ WKe VaPe eSLVRde; WKe VKaded aUea aURXQd WKe aYeUaJe UeSUeVeQWV WKe VWaQdaUd deYLaWLRQ                  
abRYe/beORZ WKe PeaQ. TRS-ULJKW: EYROXWLRQ RI WKe QXPbeU RI KaVKWaJV LQ WKe SSaQLVK daWaVeW, ZKLcK cOeaUO\                
LQcUeaVeV dXULQJ WKe LdeQWLILed e[ceSWLRQaO eYeQWV (debaWe, eOecWLRQ da\). MLddOe-ULJKW: KaVKWaJ cRYeUVeW aW WKe 99%               
WKUeVKROd IRU WKe SSaQLVK daWaVeW. BRWWRP-ULJKW: KaVKWaJ cRYeUVeW aW WKe 99% WKUeVKROd IRU WKe PRdeO¶V QXPeULcaO                
VLPXOaWLRQ. 
 
TKeVe SaQeOV PLJKW be LQWeUSUeWed aV a SURRI WKaW WKe PRdeO caQQRW PLPLc WKe RbVeUYed               
beKaYLRXU LQ WKe daWa, e.J. XVeU¶V deJUee (WKe QXPbeU RI KaVKWaJV WKe\ XVe) LV KLJKO\ IOXcWXaWLQJ                
LQ WKe daWa, ZKLOe LW UePaLQV cRQVWaQW LQ WKe PRdeO. HRZeYeU, XVeUV¶ aYeUaJe acWLYLW\ (KaVKWaJV               
SeU XVeU, ​<h>​, bRWWRP-OeIW SaQeO) dReV QRW cKaQJe dUaVWLcaOO\ WKURXJKRXW WKe eSLVRde. TKLV             
ILQdLQJ LV YeU\ LQWeUeVWLQJ, becaXVe LW SURYLdeV a VWURQJeU OLQN beWZeeQ acWXaO daWa aQd WKe               
PRdeO (IRU ZKLcK ​<h> LV cRQVWaQW b\ deVLJQ, Vee SaQeO RQ WKe ULJKW): ZKeQ WKe XVeUV¶ aWWeQWLRQ                 
SURILOeV aUe VKLIWed, WKeVe dR QRW VLJQLILcaQWO\ LQcUeaVe WKeLU acWLYLW\ (LQ WeUPV RI KaVKWaJ XVaJe)               
RQ aYeUaJe, bXW UaWKeU VWaUW VZLWcKLQJ WRZaUdV WKe WRSLc RQ ZKLcK WKaW VaPe acWLYLW\ LV deYRWed. 
 
- Increased acWiYiW\: insighWs from Whe hashWags side 
HeUe Ze dLVcXVV ZKeWKeU WKe RbVeUYaWLRQ RI aQ LQcUeaVe LQ WKe WRWaO QXPbeU RI WZeeWV dXULQJ aQ                 
e[ceSWLRQaO eYeQW (FLJ. 1 RI WKe PaLQ We[W) LV eQRXJK WR SUedLcW a JURZWK LQ WKe WRWaO QXPbeU RI                   
KaVKWaJV LQ WKe V\VWeP: aOWKRXJK LPSURbabOe, LW LV SRVVLbOe WKaW aOO QeZ acWLYLW\ cRXOd be deYRWed                
WR a VLQJOe KaVKWaJ. FLJ. R4 (ULJKW SaQeO) UeQdeUV a YeU\ LQWeUeVWLQJ UeVXOW ZLWK UeJaUd WR WKLV                 
TXeVWLRQ. 

 
II Ze cRXQW WKe QXPbeU RI XQLTXe KaVKWaJV LQ eacK WLPe ZLQdRZ RI WKe SSaQLVK daWaVeW (VecRQd                 
URZ-OeIW SaQeO RI FLJ. R4), LW LV YeU\ cOeaU WKaW WKe abVROXWe QXPbeU RI KaVKWaJV dUaPaWLcaOO\                
LQcUeaVeV dXULQJ KLJKOLJKWed eYeQWV (debaWe, eOecWLRQ da\). TKLV Pa\ JLYe WKe LPSUeVVLRQ WKaW             
WKe LQcUeaVe LQ XVeUV (WRS-OeIW SaQeO) bULQJV a QRLVLeU eQYLURQPeQW, ZLWK ORWV RI WRSLcV beLQJ               
dLVcXVVed aW WKe VaPe WLPe.  
 
IQ WKe WKLUd URZ-OeIW SaQeO RI FLJ. R4, KRZeYeU, Ze WU\ WR accRXQW IRU WKe dLYeUVLW\ RI KaVKWaJV LQ                   
WeUPV RI a cRYeUVeW. IQ SaUWLcXOaU, Ze cRXQW WKe PLQLPXP aPRXQW RI KaVKWaJV Qeeded WR accRXQW                
IRU a OaUJe IUacWLRQ RI WKe XVeUV LQ eacK WLPe ZLQdRZ. TKLV LPSOLeV aQ LWeUaWLYe VcKePe: Ze cRXQW                  



(aQd UePRYe) aOO XVeUV ZKR WZeeWed WKe PRVW IUeTXeQW KaVKWaJ; WKeQ Ze cRXQW (aQd UePRYe) aOO                
XVeUV ZKR XVed WKe VecRQd PRVW IUeTXeQW KaVKWaJ; aQd VR RQ, XQWLO Ze UeacK a deVLUed                
WKUeVKROd (e.J. 99% RI WKe XVeUV). NRWe WKaW, cRXQWed LQ WKLV Za\, WKLV ³KaVKWaJ cRYeUVeW´               
UeSUeVeQWV WR ZKaW e[WeQW XVeUV aUe IRcXVed RQ RQO\ a IeZ LWePV, deVSLWe WKe SUeVeQce RI PaQ\                 
PRUe PePeV LQ WKe LQIRUPaWLRQ ecRV\VWeP WKaW Pa\ (RU SURbabO\ Pa\ QRW) JeW aQ\RQe¶V              
aWWeQWLRQ. IW LV YeU\ LQWeUeVWLQJ WR Vee WKaW IRU WKe ZKROe eOecWLRQ SeULRd (RQe PRQWK RI daWa,                 
aSSUR[LPaWeO\), 99% RI WKe XVeUV caQ be accRXQWed IRU ZLWK QR PRUe WKaQ 400 KaVKWaJV, bXW                
dXULQJ LQWeQVe aWWeQWLRQ eSLVRdeV, 100 RU OeVV. TKe beKaYLRXU LV TXaOLWaWLYeO\ PLPLcNed aV ZeOO              
b\ WKe PRdeO, Vee WKe cRUUeVSRQdLQJ SaQeO WR WKe ULJKW. 
 
WLWK WKe SUeYLRXV aQaO\VLV Ze caQ cRQcOXde WKaW WKe ePeUJeQce RI QeVWedQeVV LV QRW bRXQd WR                
aQ LQcUeaVe RI acWLYLW\ QeLWKeU IURP WKe XVeU VLde QRU IURP WKe KaVKWaJ VLde, bXW WKaW IRU WKLV                  
LQcUePeQW Ze UeTXLUe a PacURVcRSLc UeRUJaQL]aWLRQ RI WKe LQWeUacWLRQV ZLWKLQ WKe V\VWeP.            
IQdeed, Ze caQ ILQd (FLJ. R3) VLPLOaUO\ deQVe QeWZRUNV ZLWK YeU\ dLIIeUeQW YaOXeV RI QeVWedQeVV               
aQd PRdXOaULW\. 
 
AddLWLRQaOO\, aQd PRUe LPSRUWaQWO\, Ze RbVeUYe WKaW WKe acWLYLW\ SeU XVeU ​<h> LV TXLWe cRQVWaQW               
acURVV WKe daWaVeW, aQd aOVR WKaW dXULQJ SeaN eYeQWV, aOWKRXJK WKe abVROXWe QXPbeU RI XVed               
KaVKWaJV LQcUeaVeV, WKe QXPbeU RI ​crXcial KaVKWaJV (cRYeUVeW) UedXceV. TKLV PeaQV WKaW XVeUV             
WeQd WR IRcXV RQ a VPaOOeU aPRXQW RI KaVKWaJV (JeQeUaOLVWV PePeV), WKe RQeV ZKLcK WKe\ WKLQN                
VeUYeV WKeP beVW WR ORcaWe WKePVeOYeV LQ WKe RQJRLQJ dLVcXVVLRQ. 
 
FLQaOO\, aQd VSecLILc WR WKe TXeVWLRQ aQVZeUed KeUe, Ze KaYe aOVR cRPSaUed WKe ePSLULcaO              
UeVXOWV ZLWK WKe RXWcRPe RI WKe SURSRVed PRdeO (ULJKW cROXPQ RI FLJXUe R4). TKeVe cRPSaUaWLYe               
UeVXOWV VKRZ WKaW WKe RYeUaOO beKaYLRXU RbVeUYed LQ RXU UeaO daWa LV PaLQWaLQed RQ WKe PRdeO.                
TKe VSecLILc deWaLOV RI WKLV cRPSaUaWLYe aQaO\VLV ZLOO be cRPPeQWed LQ WKe aQVZeUV beORZ. 
 
(3) Is iW WrXe WhaW nesWedness and modXlariW\ are e[clXsiYe in all regimes, hoZ do Whe\ relaWe Wo                  
neWZork densiW\? Especiall\, becaXse Whe NXll model here coXld be WhaW Whe acWiYiW\ (hoZeYer iW               
is disWribXWed, e.g., jXsW randoml\) is jXsW qXanWiWaWiYel\ increasing, Zhich coXld be driYing Whe              
obserYaWions e.g., of redXced modXlariW\. This needs Wo be WesWed and Whe measXres Xsed need               
Wo be compared Wo oWher obserYables Wo alloZ argXing for Whe modelling approach. 
 
AIWeU WKLV cRPPeQW, aQd Ue-YLVLWLQJ cORVeO\ WKe We[W ZKeUe WKLV SRLQW LV e[SOaLQed, Ze UeaOLVe WKaW                
WKe SUeYLRXV YeUVLRQ RI WKe PaQXVcULSW ZaV QRW cOeaU. We aSRORJLVe IRU WKaW.  
 
NeVWedQeVV aQd PRdXOaULW\ aUe QRW QeceVVaULO\ e[cOXVLYe, QeLWKeU LQ WKe SaUWLcXOaU caVe RI RQOLQe              
cRPPXQLcaWLRQ QeWZRUNV, QRU LQ JeQeUaO. IQ a SUeYLRXV SaSeU (UeI. [30] LQ WKe RULJLQaO PaQXVcULSW,               
UeI. [41] LQ WKe QeZ RQe ​) b\ VRPe RI WKe cR-aXWKRUV RI WKe cXUUeQW ZRUN LW LV aQaO\WLcaOO\ SURYed                   
WKaW WKeUe e[LVWV aQ XSSeU bRXQd IRU WKe cR-e[LVWeQce RI QeVWed aQd PRdXOaU VWUXcWXUeV. TKLV               
bRXQd LV 𝑄 � 1 - 𝒩. TKeUeIRUe, LW LV WUXe WKaW a KLJKO\ PRdXOaU VWUXcWXUe caQ RQO\ ³aIIRUd´ a                    
QRQ-QeVWed VWUXcWXUe, aQd WKe RWKeU Za\ aURXQd. NRWe KRZeYeU WKaW WKLV dReV QRW LPSede PaQ\               
RWKeU UeJLPeV: LW LV SeUIecWO\ SRVVLbOe (aQd acWXaOO\ IUeTXeQW) WKaW bRWK 𝑄 aQd 𝒩 aUe e[WUePeO\                



ORZ (e.J. EUd|V-RpQ\L QeWZRUNV); RU WKaW bRWK KaYe LQWeUPedLaWe YaOXeV (ZKLcK W\SLcaOO\ VLJQaOV             
WKe SUeVeQce RI LQ-bORcN QeVWedQeVV). TKLV XSSeU bRXQd, aQd WKe PeQWLRQed PL[ed VceQaULRV,             
KROd UeJaUdOeVV RI WKe VL]e RU WKe deQVLW\ RI WKe QeWZRUN aW VWaNe. 
 
WLWK WKaW LQ PLQd, LW LV cOeaU WKaW a UedXcWLRQ LQ 𝑄 (dXe, IRU e[aPSOe, WR OaUJeU deQVLW\ LQ WKe                    
QeWZRUN) dReV QRW JXaUaQWee aW aOO aQ aXWRPaWLc LQcUeaVe RI QeVWedQeVV. CRQYeUVeO\, a             
UedXcWLRQ LQ 𝒩 ZLOO QRW LPSO\, QeceVVaULO\, a OaUJeU 𝑄. We KaYe cOaULILed WKLV SRLQW LQ WKe PaLQ We[W,                   
aV LW LV PRVW LPSRUWaQW WR caSWXUe WKaW LQcUeaVeV LQ 𝑄 RU 𝒩 aUe QRW e[SecWed QRU QeceVVaU\ aW aOO.                    
TR beWWeU JUaVS WKLV UeOeYaQW SRLQW, WKe FLJXUe R5 beORZ VKRZV a V\QWKeWLc e[aPSOe WR SURYe WKLV                 
SRLQW. IQ LW, Ze UaQdRPO\ LQcUeaVe WKe deQVLW\ RI aQ LQLWLaOO\ PRdXOaU QeWZRUN RI VL]e ​N​col = N​roZ =                   
150 (ILUVW URZ LQ WKe FLJXUe). EacK SRLQW RI WKe SORW cRUUeVSRQdV WR aQ LQcUeaVe RI 5% LQ WKe                   
aPRXQW RI OLQNV. SXcK UaQdRP OLQN addLWLRQ VWaQdV, aV WKe UeIeUee VXJJeVWV, aV a QXOO PRdeO RI                 
acWLYLW\ JURZWK: XVeUV OLQNLQJ WR PRUe aQd PRUe KaVKWaJV aW UaQdRP. IQdeed, VXcK UaQdRP              
acWLYLW\ decUeaVeV WKe PRdXOaULW\ aV Ze PRYe aORQJ WKe ​[​-a[LV (added OLQNV), aQd \eW              
QeVWedQeVV UePaLQV LQ WKe e[WUePeO\ ORZ YaOXeV WKaW LW VKRZed LQLWLaOO\. FRU WKe VaNe RI               
cRPSOeWeQeVV, WKe VaPe SURceVV KaV beeQ aSSOLed WR LQLWLaOO\ QeVWed (VecRQd URZ LQ WKe FLJXUe),               
aQd LQLWLaOO\ LQ-bORcN QeVWed (WKLUd URZ LQ WKe FLJXUe), VWUXcWXUeV. TKe UeVXOWV aUe YeU\ VLPLOaU: QR                
JURZWK RI WKe cRPSOePeQWaU\ SaWWeUQ LV RbVeUYed aW aOO.  

 
FLJXUe R5: EIIecWV RI UaQdRPO\ LQcUeaVLQJ deQVLW\ RQ V\QWKeWLc SXUeO\ PRdXOaU (WRS), QeVWed (PLddOe) aQd LQ-bORcN                
QeVWed (bRWWRP) QeWZRUNV. COeaUO\, UaQdRP OLQN addLWLRQ KaUPV WKe LdeaOLVed LQLWLaO VWUXcWXUeV, ZKLOe LW KaV QR SRVLWLYe                 
eIIecWV RQ WKe RWKeU deVcULSWRUV. 
 
AV a ILQaO QRWe, aQd cRPSOeWLQJ WKe UeVSRQVe WR 2.2, LW LV cOeaU WKaW a VROe LQcUeaVe LQ acWLYLW\ (LQ                    
aQ\ VLWXaWLRQ) LV QRW QeceVVaULO\ UeOaWed WR aQ LPSOLcLW LQcUePeQW RI aQ\ RI WKe PeaVXUeV XVed LQ                 
WKe SaSeU. FRU aOO WKUee PeaVXUeV, LW LV UeTXLUed WKaW VRPe e[SOLcLW dULYeU RQ WKe QeWZRUN                
cRQVWLWXeQWV aQd WKeLU LQWeUacWLRQV JXLdeV WKe cKaQJeV aW WKe PacURVcRSLc RU PeVRVcRSLc (LQ             
caVe RI PRdXOaULW\ aQd LQ-bORcN QeVWedQeVV) OeYeOV. 



 
TKLV dLVcXVVLRQ aQd accRPSaQ\LQJ ILJXUeV KaYe beeQ LQcOXded aV ZeOO LQ WKe VXSSOePeQWaU\             
PaWeULaOV, LQ a dedLcaWed VecWLRQ. 
 
(4) Also, fXrWher obserYables ZoXld alloZ more qXanWiWaWiYe comparisons ZiWh Whe model (e.g.,             
degree disWribXWions eWc.), Zhich sWa\ cXrrenWl\ qXaliWaWiYe. 
 
MaQ\ RI WKe cRQceUQV UaLVed b\ WKe UeIeUee LQ SUeYLRXV aQd VXbVeTXeQW cRPPeQWV aUe UeOaWed               
WR a deeSeU, PRUe e[SOLcLWO\ TXaQWLWaWLYe cRQQecWLRQ beWZeeQ WKe PRdeO aQd WKe daWa. We WKaQN               
WKe UeIeUee IRU WKLV, aV Ze beOLeYe WKe RXWcRPe LQ RXU UeSOLeV VXbVWaQWLaOO\ VWUeQJWKeQ WKe YaOXe                
aQd UaQJe RI RXU ZRUN. 
 
FRU e[aPSOe, FLJXUeV R1-R4 aOUead\ SURYLde TXaQWLWaWLYe WLeV beWZeeQ WKe daWa aQd WKe PRdeO              
IURP dLIIeUeQW SeUVSecWLYeV. FXUWKeUPRUe, LQ RXU UeSO\ WR cRPPeQW 7, Ze deaO VSecLILcaOO\ ZLWK              
abXQdaQceV (bRWK LQ WKe daWa aQd WKe PRdeO), aJaLQ b\ VXJJeVWLRQ RI WKe UeIeUee. AddLWLRQaOO\ WR                
WKeVe QeZ e[SeULPeQWV WKe SUeYLRXV YeUVLRQ RI WKe PaLQ We[W aOUead\ cRQWaLQV VRPe TXaQWLWaWLYe              
cRQQecWLRQ beWZeeQ WKe PRdeO aQd WKe daWa. SSecLILcaOO\, LQ FLJ. 1 aQd 3, Ze PRQLWRU WKe                
eYROXWLRQ RI WKe UeOaWLYe VL]e RI WKe OaUJeVW ($N_^B1`/N$) aQd VecRQd-OaUJeVW ($N_^B2`/N$)            
QeVWed bORcNV ZLWK e[ceOOeQW aJUeePeQW beWZeeQ WKeP. 
 
NRQeWKeOeVV, Ze aJUee ZLWK WKe UeIeUee WKaW a cRPSaULVRQ cRQVLdeULQJ baVLc QeWZRUN VWaWLVWLcV             
Pa\ cRPSOePeQW LQ a JRRd PaQQeU WKe e[LVWLQJ e[SeULPeQWV LQ WKe SaSeU¶V RULJLQaO aQd cXUUeQW               
YeUVLRQV. TKXV, ​Ze added WR WKe VXSSOePeQWaU\ PaWeULaO ​a cRPSaULVRQ beWZeeQ WKe RbVeUYed             
(SSaQLVK daWaVeW) aQd WKe PRdeO¶V deJUee dLVWULbXWLRQV, bRWK aW WKeLU PRdXOaU (SUe-eYeQW) aQd             
QeVWed (eYeQW) VWaJeV, Vee FLJXUe R6. NRWabO\, WKe deJUee dLVWULbXWLRQ LQ dLIIeUeQW VWaWeV RI WKe               
V\VWeP VKRZV a JRRd aJUeePeQW. 

 
FLJXUe R6: CRPSaUaWLYe aQaO\VLV RI WKe KaVKWaJ deJUee dLVWULbXWLRQ. FLUVW URZ LV RbWaLQed dXULQJ WKe SUe-eYeQW VWaJe                 
(OeIW cROXPQ) ZKLcK SUeVeQWV a PRdXOaU RUJaQL]aWLRQ bRWK LQ WKe daWa (ILUVW URZ) aQd WKe PRdeO (VecRQd URZ); aQd                   
dXULQJ WKe eYeQW VWaJe (ULJKW cROXPQ), ZKLcK SUeVeQWV a QeVWed RUJaQL]aWLRQ.  

 



FLQaOO\, Ze ZaQW WR UePaUN WKaW IXUWKeU TXaQWLWaWLYe cRPSaULVRQV aUe dLIILcXOW WR SeUIRUP, VLQce              
RXU V\QWKeWLc aSSURacK LV YeU\ VLPSOe LQ SXUSRVe: QRW RQO\ RXU WR\ PRdeO KaV aQ aUbLWUaULO\ VPaOO                 
VL]e (aOWKRXJK LW SUeVeUYeV WKe VcaOLQJ RI cRQQecWaQce, Vee Sec. 3.2 aQd FLJ S5 RI WKe SXSS                 
IQIRUPaWLRQ, RULJLQaO VXbPLVVLRQ), bXW aOVR Ze LPSRVe a VPaOO aPRXQW RI ³WRSLcV´ (4), ZKLcK, RQ               
WRS RI WKaW, aUe eTXaOO\ VL]ed (e[acWO\ a IRXUWK RI WKe V\QWKeWLc XVeUV aQd PePeV aUe ceQWeUed                 
aURXQd eacK WRSLc). COeaUO\ aOO RI WKLV UeSUeVeQWV aQ LdeaOLVaWLRQ RI acWXaO V\VWePV, aQd WKeUeIRUe               
VRPe VSecLILc ePSLULcaO SaUWLcXOaULWLeV caQQRW be PaWcKed. OXU PRdeOOLQJ IUaPeZRUN LV a VLPSOe             
(bXW QRW WRR VLPSOe ) Za\ WR XQdeUVWaQd WKe IXQdaPeQWaO LQJUedLeQWV dULYLQJ WKe RbVeUYed             1

ePeUJeQW SaWWeUQV LQ RQOLQe cRPPXQLcaWLRQV V\VWePV.  
 
(5) Modelling frameZork: Here, Whe connecWions Wo Whe obserYaWions need Wo be made mXch              
more e[pliciW. Which qXanWiWies are conserYed in Whe model, Zhich in Whe daWa (e.g., are Whe                
nXmber of connecWions preserYed in Whe model? Are Whe\ in Whe daWa?)? Referring Wo Whe remark                
aboYe, as Whe change in Whe acWiYiW\ seems Wo be Whe dominanW obserYaWion, iW needs Wo be                 
e[pliciWl\ addressed in Whe model. 
 
We WKaQN WKe UeYLeZeU IRU SRLQWLQJ WKLV RXW. TKe eYLdeQce WR aQVZeU WKeVe TXeVWLRQV LV VcaWWeUed                
LQ dLIIeUeQW SOaceV LQ WKLV OeWWeU, ZKLcK Ze WU\ WR VXPPaUL]e LQ WKe IROORZLQJ OLQeV.  
 
IQ WKe ILUVW SOace, Ze KaYe VeeQ WKaW aQ RYeUaOO LQcUeaVe RI acWLYLW\ (PRUe XVeUV WZeeWLQJ RQ RQe                  
WRSLc) dReV QRW LPSO\ WKaW XVeUV aUe SURdXcLQJ, LQdLYLdXaOO\, PRUe KaVKWaJV (Vee bRWWRP-OeIW             
SaQeO LQ FLJXUe R4). TKe PRdeO caSWXUeV WKLV IeaWXUe ZeOO b\ deVLJQ, WKURXJK WKe UeZLULQJ               
VcKePe: aOWKRXJK VRPe YaULabLOLW\ LV SeUPLWWed, XVeUV (bXW QRW KaVKWaJV) PRVWO\ NeeS WKeLU             
deJUee ​<h>​ cRQVWaQW. 
 
ReJaUdLQJ WKe QXPbeU RI OLQNV LQ WKe QeWZRUN, Ze QRWe WKaW WKe ePSLULcaO RQeV KaYe YaU\LQJ                
VL]eV aV WKe V\VWeP eYROYeV, aV RSSRVed WR WKe V\QWKeWLc RQeV WKaW aUe XVed LQ WKe PRdeO. AQd                  
\eW, WKe OaWWeU SUeVeUYe WKe VcaOLQJ RI cRQQecWaQce, Vee SecWLRQ 3.2 aQd FLJXUe S5 RI WKe SXSS                 
IQIRUPaWLRQ, RULJLQaO VXbPLVVLRQ). 
 
OQ WKe RWKeU KaQd, Ze KaYe aOUead\ dLVcXVVed WKe UROe RI cKaQJeV LQ acWLYLW\, ZKLcK caQQRW                
e[SOaLQ aW aOO WKe VWUXcWXUaO WUaQVLWLRQV aQd eOaVWLcLW\ RbVeUYed (FLJXUeV R3 aQd R5). We aOVR               
SRLQW WR RXU UeSO\ WR cRPPeQW (8) beORZ, IURP a PRUe TXaOLWaWLYe SRLQW RI YLeZ. 
 
FLQaOO\, WKeUe LV a OaVW aVSecW WKaW KaV QRW beeQ WUeaWed LQ SUeYLRXV UeVSRQVeV, UeOaWed WR WKe                 
WePSRUaO cRQWLQXLW\ RI WKe WRSLcV LQ WKe ePSLULcaO daWaVeW. TR WKLV eQd, Ze XVe WKe PRVW UeOeYaQW                 
KaVKWaJV LQ WKe daWaVeW (XVLQJ WKe KaVKWaJ cRYeUVeW LQWURdXced abRYe), aQd PRQLWRU WR ZKaW              
e[WeQW eacK cRQVecXWLYe VQaSVKRW cRQWaLQV WKe VaPe aPRXQW RI KaVKWaJV, L.e. ZKeWKeU WKeVe             
VQaSVKRWV SUeVeUYe VRPe VRUW RI VePaQWLc cRKeUeQce. FLJXUe R7 UeSUeVeQWV WKe RYeUOaS            
beWZeeQ cRQVecXWLYe KaVKWaJ cRYeUVeWV (_​H​W ŀ ​H​W-1​_ / ​min ​(_​H​W​_,_​H​W-1​_)), VKRZLQJ a VWURQJ            

1 ​³MaNe eYeU\WKLQJ aV VLPSOe aV SRVVLbOe, bXW QRW VLPSOeU´, LQ ELQVWeLQ¶V ZRUdV. 



SeUVLVWeQce RI WKe PaLQ KaVKWaJV LQ JeQeUaO, aQd abRYe 70% dXULQJ WKe KLJKOLJKWed eYeQWV (dLSV               
LQ WKe RYeUOaS cRUUeVSRQd WR QLJKW SeULRdV, LQ ZKLcK acWLYLW\ UePaLQV YeU\ ORZ). 

 
FLJXUe R7: OYeUOaS acURVV WLPe beWZeeQ WKe PRVW UeOeYaQW KaVKWaJV LQ cRQVecXWLYe VQaSVKRWV RI WKe SSaQLVK                
daWaVeW.  
 
 
(6) Similarl\, Whe nXmber of hashWags is consWanW in Whe model, Zhile iW changes in Whe daWa. HoZ                  
does iW change in Whe daWa? Can Whis be incorporaWed in Whe model? Again, qXanWiWaWiYe               
comparisons ZoXld help Wo shoZ Whe connecWion of Whe model ZiWh Whe daWa, Zhich has a                
sXfficienW comple[iW\ Wo be more e[pliciW here. 
 
TKe aQVZeU WR WKLV cRPPeQW, OLNe PaQ\ LQ WKLV OeWWeU, dePaQdV WKe cRQVLdeUaWLRQ RI VXbWOe               
QXaQceV. OQ RQe KaQd, WKe dLUecW aQVZeU WR WKe TXeVWLRQ (​Can Whis be incorporaWed in Whe                
model? ​) LV ³QR´: aV VWaWed e[SOLcLWO\ LQ WKe SaSeU, WKe PRdeO dReV QRW, aW WKLV VWaJe RI                 
deYeORSPeQW, cRQVLdeU bLUWK/LQYaVLRQ SURceVVeV. TKLV LPSOLeV WKaW, LQ V\QWKeWLc VLPXOaWLRQV, WKe           
QXPbeU RI PePeV (aQd XVeUV) caQ RQO\ decUeaVe (LI LWV abXQdaQce IaOOV beORZ a JLYeQ               
WKUeVKROd). IQ aQ\ caVe, WKe LQcRUSRUaWLRQ RI WKe PeQWLRQed SURceVVeV LV LQ RXU VKRUW-WeUP              
aJeQda. 
 
HRZeYeU, WKe PRdeO dReV UeSURdXce aQ LQWeUeVWLQJ IacW, ZKLcK KaV WR dR ZLWK WKe aWWeQWLRQ WKaW                
ceUWaLQ KaVKWaJV UeceLYe dXULQJ e[WUaRUdLQaU\ eYeQWV. AV VeeQ beIRUe (WKLUd URZ RI FLJXUe R4              
aQd accRPSaQ\LQJ We[W), WKe QXPbeU RI KaVKWaJV Qeeded WR ³cRYeU´ 99% RI WKe XVeUV              
decUeaVeV ZKeQ e[ceSWLRQaO eYeQWV aULVe. TKLV Pa\ be LQWeUSUeWed aV XVeUV ZKR cKRRVe WR VWRS               
SURdXcLQJ ³OeVV XVeIXO´ KaVKWaJV, aQd IRcXVLQJ RQ WKRVe WKaW aUe ceQWUaO WR WKe eYeQW. SXcK               
beKaYLRXU LV PLPLcNed aV ZeOO LQ WKe PRdeO (Vee bRWWRP-ULJKW SaQeO RI FLJXUe R4). TKLV               
cRLQcLdeQce SRLQWV WR WKe IacW WKaW WKe PRdeO UeSURdXceV ZeOO WKe eYROXWLRQ RI ​effecWiYe KaVKWaJV               
LQ WKe V\VWeP, ZKLcK LQdeed dReV UePaLQ cRQVWaQW WKURXJKRXW WKe eYROXWLRQ RI WKe V\VWeP. 
 
PaUW RI WKLV dLVcXVVLRQ KaV beeQ LQcOXded LQ WKe SXSSOePeQWaU\ MaWeULaOV, LQ WKe VecWLRQ              
dedLcaWed WR WKe LPSOLcaWLRQV RI acWLYLW\ cKaQJeV RQ WKe V\VWeP.  
 



(7) While Whe ³abXndance´ sWa\s a WheoreWical concepW ZiWhoXW coXnWerparW in Whe daWa (likes              
ZoXld be a measXre?), oWher parWs of Whe model can be e[pliciWl\ compared (e.g., disWribXWions of                
links, acWiYiW\ disWribXWion, Zhich is cXrrenWl\ Xniform in Whe model?). 
 
We WKaQN WKe UeIeUee IRU WKe LQVLVWeQce RQ WKLV SRLQW. We aOVR QRWe WKaW WKLV UeSO\ LV UeOaWed aV                   
ZeOO WR cRPPeQWV 2 aQd 3 b\ UeIeUee #2, ZKeUe WKe abXQdaQce RI KaVKWaJV LV PeQWLRQed                
(cRPP. 2) aORQJ ZLWK a UeIeUeQce WR WKe ³WUaceV´ WKaW PLJKW be RbVeUYed aIWeU a VKRcN (cRPP. 3). 
 
IQ RXU RULJLQaO VXbPLVVLRQ, WKe IRcXV RQ WKe PacUR- aQd PeVR-VcaOeV Kad SUeYeQWed XV IURP               
eYeQ aWWePSWLQJ aQ\ LQVLJKWV aW WKe PLcURVcaOe. HeUe Ze aWWePSW WR SeUIRUP a cRPSaULVRQ              
beWZeeQ WKe PRdeO aQd WKe daWa b\ e[SORLWLQJ WKe cRQceSW RI abXQdaQce.  
 
TKe WUaQVOaWLRQ RI WKe cRQceSW RI abXQdaQce WR WKe RQOLQe cRPPXQLcaWLRQ eQYLURQPeQW caQ be              
WKRXJKW RI aV WKe QXPbeU RI WLPeV aQ LWeP LV SUeVeQW RQ VcUeeQV. WLWK a OaQJXaJe abXVe, WKLV LV                   
WaQWaPRXQW WR WKe QXPbeU RI LQdLYLdXaOV (e.J. KaVKWaJ ​insWances​) WKaW bXLOd XS WKe VSecLeV (e.J.               
Whe KaVKWaJ). FROORZLQJ WKLV OLQe RI UeaVRQLQJ, IRU WKe ePSLULcaO daWa RQ WKe KaVKWaJV' VLde, Ze                
WUacN WKe KaVKWaJ XVaJe IUeTXeQc\ RYeU WLPe, aV a SUR[\ IRU KaVKWaJ abXQdaQce IURP WKe               
PRdeO.  
 
We cRPSaUe WKe eYROXWLRQ RI VXcK abXQdaQce LQ WKe PRdeO aQd WKe daWa (SSaQLVK aQd NeSaO                
daWaVeWV). TRS-OeIW SORW RI FLJXUe R8 VKRZV, IURP RXU QXPeULcaO VLPXOaWLRQV, WKe cKaQJeV LQ              
abXQdaQceV RI WKe KaVKWaJV RYeU WLPe, LdeQWLI\LQJ ZLWK a cRORXU WKe WRSLc WKe\ aUe aVcULbed WR.                
We RbVeUYe WKaW SULRU WR WKe eYeQW, WKe abXQdaQceV RI WKe KaVKWaJV aUe dLVWULbXWed UaWKeU               
XQLIRUPO\ ZLWKLQ a QaUURZ UaQJe. AIWeU WKe RQVeW RI WKe e[SecWed eYeQW, KRZeYeU, WKe abXQdaQce               
RI WKe KaVKWaJV LQ WRSLc 3 (WKe RQe WR ZKLcK XVeUV¶ aWWeQWLRQ LV VKLIWed WR) beJLQV WR LQcUeaVe. IQ                   
WKe WLPe UaQJe 3 [ 10 ​4 ​< ​W < 5 [ 10 ​4 Ze RbVeUYe a cOeaU VeSaUaWLRQ beWZeeQ WKe KaVKWaJV IURP                     
T3 ZLWK UeVSecW WR WKe RQeV IURP WKe RWKeU WRSLcV. ​IQ RXU VLPXOaWLRQV PLPLcNLQJ e[SecWed eYeQWV,                
WKe aUWLILcLaO VKRcN SeaNV aW ​W = 5 [ 10 ​4​. SOLJKWO\ ​before WKaW WLPe, KaVKWaJV LQ WRSLc 3 ZLWQeVV aQ                    
eYeQ VWURQJeU LQcUeaVe XS WR ​W = 6 [ 10 ​4 (WKaW LV, be\RQd WKe SeaN WLPe). AIWeU WKaW, WKe V\VWeP                    
VWabLOLVeV aQd aSSeaUV WR be XQabOe WR bRXQce bacN WR WKe RULJLQaO, TXLWe XQLIRUP abXQdaQceV. 
 
TKe WRS-ULJKW SORW RI FLJXUe R8 VKRZV WKe XVaJe IUeTXeQc\ RI acWXaO KaVKWaJV RYeU WLPe LQ WKe                 
SSaQLVK daWaVeW, ZKeUe eYeQWV aUe NQRZQ LQ adYaQce (LQ WKLV caVe, eOecWLRQ da\). AdaSWLQJ WKe               
ORJLc RI WKe PRdeO WR ePSLULcaO daWa, Ze VKRZ WKe WUaMecWRULeV RI a JURXS RI KaVKWaJV ZKLcK                 
beORQJ WR 4 dLIIeUeQW cRPPXQLWLeV, WKe OaUJeVW RQeV VKRUWO\ beIRUe (OLJKW bOXe, RUaQJe, IXcVLa) aQd               
aW WKe WLPe WKe baOORWV ZeUe cORVed (YLROeW). AV LQ WKe OeIW SaQeO, WKe YeUWLcaO OLQeV VKRZ WKe                  
bXLOdXS RI cRQYeUVaWLRQV aKead RI WKe UeVXOWV (aURXQd 28 ASULO, 4SP, ³eYeQW RQVeW´ WaJ), aQd WKe                
eOecWRUaO VcKRROV cORVLQJ WLPe (28 ASULO, 8SP, ³eYeQW SeaN´ WaJ). OYeUaOO, Ze RbVeUYe a VWULNLQJ               
TXaOLWaWLYe aJUeePeQW beWZeeQ WKe VLPXOaWed KaVKWaJV abXQdaQce (PRdeO) aQd WKe KaVKWaJ           
IUeTXeQcLeV (daWa). UQWLO 4SP, aOO 4 cRPPXQLWLeV SUeVeQW a UaWKeU IOaW aQd XQLIRUP acWLYLW\ (QRWe               
WKe ORJaULWKPLc VcaOe: aSSaUeQWO\ OaUJe IOXcWXaWLRQV, e.J. beWZeeQ 12SP aQd 2SP, LPSO\            
IUeTXeQc\ cKaQJeV beORZ 10). IQ WKe SeULRd 4SP-6SP, WKe beKaYLRXU RI WKe YLROeW VXbVeW RI               



KaVKWaJV UeVePbOeV WKaW RI WKe KaVKWaJV RI T3 ZKeQ WKe eYeQW RccXUV (VORZ bXW VWead\               
VeSaUaWLRQ IURP WKe RWKeU KaVKWaJV, ZLWK a IUeTXeQc\ LQcUeaVe beWZeeQ 10 ​1 ​aQd 10 ​2​); aQd aOVR a                
PRUe SURQRXQced bRRVW LQ WKe SeULRd 6SP-10SP (L.e. VKRUWO\ ​before aQd ​afWer WKe eYeQW SeaN).               
TKe YLROeW VXbVeW RI KaVKWaJV cOeaUO\ dRPLQaWeV WKe VceQaULR eYeQ aW PLdQLJKW, aQd VWaUWV aQ               
e[SecWed decOLQe aV cRQYeUVaWLRQV PRVWO\ KaOW dXULQJ WKe QLJKW SeULRd. OQ WKe RWKeU KaQd, WKe               
VXbVeW RI KaVKWaJV IURP WKe SUe-debaWe VWaJe (IROORZLQJ T1, T2, T4 LQ WKe PRdeO) SUeVeQW               
PRdeUaWe decUeaVeV beIRUe 4SP, aQd ORVVeV aUe VWURQJeU aIWeU WKaW WLPe (eVSecLaOO\ OLJKW bOXe              
aQd RUaQJe WRSLcV). 
 

 

 
FLJXUe R8: S\QWKeWLc (OeIW) aQd ePSLULcaO (ULJKW) KaVKWaJ abXQdaQce eYROXWLRQ. IQ bRWK SaQeOV, dRWWed OLQeV UeSUeVeQW 
LQdLYLdXaO WUaMecWRULeV, aQd WKe cRORXUed VROLd OLQeV UeSUeVeQW WKe aYeUaJe abXQdaQceV RI eacK WRSLc/cRPPXQLW\. 
 
FRU a cRPSOeWe SLcWXUe Ze VWXd\ aV ZeOO aQ XQe[SecWed eYeQW. TKe bRWWRP SaQeOV RI FLJXUe R8                 
UeSUeVeQW WKe eYROXWLRQ RI abXQdaQceV LQ aQ aUWLILcLaO VeWWLQJ ZLWK aQ XQe[SecWed eYeQW             
KaSSeQLQJ aW ​W = 3 [ 10 ​4 (OeIW); aQd WKe eYROXWLRQ RI KaVKWaJ IUeTXeQcLeV aURXQd WKe WLPe RI                  
NeSaO¶V eaUWKTXaNe PaLQ aIWeUVKRcN (Ma\ 12, aURXQd 5SP). SLPLOaU WR LWV ³e[SecWed´            
cRXQWeUSaUW, RXU QXPeULcaO e[SeULPeQWV RQ WKe OeIW VKRZ a VeSaUaWLRQ RI WKe YLROeW KaVKWaJV LQ               
T3, ZLWK VOLJKW decUeaVeV RI WKe RWKeU WRSLcV T1, T2 aQd T4. TKe V\VWeP aOVR aSSeaUV WR be                  
XQabOe WR UeWXUQ WR WKe SUe-eYeQW VWaJe, aQd VR WKe RQO\ RbYLRXV dLIIeUeQce LV WKaW WKe VeSaUaWLRQ                 
RccXUV LQ aQ abUXSW Za\. OQ WKe ULJKW, Ze Vee WKe eYROXWLRQ RI WKe IUeTXeQcLeV RI KaVKWaJV WKaW                  
beORQJ WR IRXU RI WKe OaUJeVW cRPPXQLWLeV deWecWed LQ WKe daWa, VOLJKWO\ beIRUe (OLJKW bOXe, RUaQJe,                



IXcVLa) aQd ULJKW aIWeU WKe aIWeUVKRcN (YLROeW). COeaUO\, KaVKWaJV LQ WKe YLROeW cRPPXQLW\ SUeVeQW a               
VXddeQ LQcUeaVe, IROORZed b\ a YeU\ VORZ decUeaVe UeVePbOLQJ WKe RQe RbVeUYed IRU ​W > 6 [ 10 ​4                  

LQ WKe OeIW SaQeO. GLYeQ WKe LQWeUQaWLRQaO LPSacW RI WKe eaUWKTXaNe LQ NeSaO, WKeUe LV QRW a deca\                  
dXULQJ WKe QLJKW SeULRd. 
 
TKeVe WZR e[aPSOeV XQcRYeU QeZ IaceWV RI RXU PRdeO WKaW Kad UePaLQed XQe[SORUed LQ WKe               
RULJLQaO PaQXVcULSW. OQ RQe KaQd, FLJXUe R8 e[WeQdV WKe PeVR- aQd PacURVcaOe cRQQecWLRQV             
beWZeeQ daWa aQd PRdeO WR WKe PLcURVcaOe. OQ WKe RWKeU, LW SURYLdeV a dLIIeUeQW SeUVSecWLYe RI                
RXU aSSURacK ZLWK UeJaUd WR WKe PePRU\ RI WKe V\VWeP, aQd WKe WUace WKaW e[ceSWLRQaO eYeQWV                
OeaYe beKLQd. FURP WKe PeVR- aQd PacURVcaOe, LW LV VWLOO YaOLd WR Va\ WKaW WKe V\VWeP LV WUaSSed LQ                   
a QaUURZ VeW RI VWUXcWXUaO cRQILJXUaWLRQV (QaPeO\, QeVWed aUUaQJePeQWV ZLWK RQO\ RQe RU VeYeUaO              
bORcNV): WKLV e[SOaLQV RXU XVe RI WKe WeUP ³eOaVWLc´. AQd \eW, VWUXcWXUaO eOaVWLcLW\ dReV QRW LPSO\                
WKaW WKe d\QaPLcaO VWaWeV RI WKe V\VWeP UePaLQ WKe VaPe. SWURQJ eQRXJK SeUWXUbaWLRQV SXVK WKe               
V\VWeP aZa\ IURP LWV SUeVeQW VWabOe VWaWe WRZaUdV a QeZ RQe. We LQWeQd, LQ WKe VKRUW-WeUP                
IXWXUe, WR IXUWKeU VWXd\ IXUWKeU KRZ VWURQJ WKe SeUWXUbaWLRQ VKRXOd be WR MXPS WR a dLIIeUeQW VWabOe                 
VWaWe. 
 
FURP WKe XVeUV SeUVSecWLYe WKe LVVXe becRPeV OeVV RbYLRXV. ASSOLed WR XVeUV, WKe ​raWionale              
abRYe (³WKe QXPbeU RI WLPeV aQ LWeP LV SUeVeQW RQ VcUeeQV´) LPSOLeV WKaW YLVLbLOLW\ VKRXOd be                
TXaQWLILed aV KRZ RIWeQ a XVeU¶V SURILOe aSSeaUV RQ RWKeUV WLPeOLQeV, bXW WKaW LV QRW VRPeWKLQJ                
WKaW caQ be cROOecWed IURP RQOLQe VeUYLceV¶ APIV. AW WKe V\VWeP OeYeO aQd ORQJ WLPe VcaOeV,                
YLVLbLOLW\ PLJKW be cRUUeOaWed ZLWK WKe QXPbeU RI IROORZeUV, bXW WKLV TXaQWLW\ caQ be UeJaUded aV                
cRQVWaQW aW WKe VKRUW WLPe VcaOeV WKaW Ze cRQVLdeU LQ WKLV ZRUN, aQd WKaW WKe PRdeO aLPV WR                  
JUaVS. TKeUeIRUe, TXaQWLI\LQJ YLVLbLOLW\ aW WKe PLcURVcaOe LV eOXVLYe, aOWKRXJK VRPe QXaQced            
SUR[LeV Pa\ be SRVVLbOe --Ze KaYe UeceQWO\ UeOeaVed a SUe-SULQW aORQJ VLPLOaU OLQeV: 
 

CA POaWa, E PLJaQL, S A]aeOe, V CaOOeMaV, MJ PaOa]]L, A SROp-RLbaOWa, S MeORQL, J               
BRUJe-HROWKReIeU aQd S SXZeLV. NeXWUaO TKeRU\ IRU cRPSeWLQJ aWWeQWLRQ LQ VRcLaO           
QeWZRUNV. aUXLY:2006.07586 (2020) 

 
We MXdJe WKeVe QeZ PLcUR-OeYeO LQVLJKWV YeU\ YaOXabOe. TKXV, Ze KaYe LQcOXded WKeP LQ WKe               
PaLQ We[W. FLJXUe R8 aSSeaUV QRZ aV FLJXUe 4. 
 
  



(8) RelaWedl\, Zhen Whe e[Wernal shocks are incorporaWed Whe disWincWion beWZeen e[pecWed and             
sXdden eYenWs is made, bXW are Whe\ disWingXished in Whe empirical daWa. In Fig. 1 Whe WZo W\pes                  
are shoZn bXW Whe reacWion of Whe s\sWem does seem Wo be mosW eYidenW in Whe acWiYiW\, raWher                  
Whan Whe oWher obserYables.  
 
(cRPPeQW (4) b\ UeIeUee #3 SRLQWV aW a VLPLOaU TXeVWLRQ; Ze SURYLde KeUe a ORQJeU aQVZeU). 
 
TKe UeIeUee LV ULJKW RQ WKLV RbVeUYaWLRQ, ZKLcK caPe WR a VXUSULVe IRU XV aV ZeOO. AW WKe UeVeaUcK                   
SOaQQLQJ VWaJe, Ze ZaQWed WR PaNe VXUe WKaW WKe cROOecWLRQ RI ePSLULcaO daWaVeWV ZaV QRW               
UeVWULcWed WR a VLQJOe WRSLc (SROLWLcV, VSRUWV, eWc.), aQd aOVR WKaW WKe aQaO\Ved eSLVRdeV ZRXOd QRW                
KaYe WKe VaPe WePSRUaO SURILOeV (WKXV RXU UeVRUWLQJ RQ UeI. [39] LQ WKe RULJLQaO YeUVLRQ, ​UeI. [36] LQ                  
WKe QeZ RQe ​). AOVR RQ WKe PRdeO¶V VLde, Ze eQVXUed WKaW aWWeQWLRQaO VKLIW IXQcWLRQV cRXOd be                
deVLJQed ZLWK ​ad hoc WePSRUaO SURILOeV aQd SOXJJed LQWR WKe eYROXWLRQ RI WKe V\VWeP aW UXQWLPe                
(e.J. FLJXUe S3 LQ WKe RULJLQaO SXSSOePeQWaU\ MaWeULaOV). 
 
IQ cRQVLdeULQJ WKeVe dLVWLQcWLRQV, Ze LQWeQded WR aQaO\]e ZKeWKeU WKe V\VWeP¶V VWUXcWXUaO            
UeVSRQVe WR eQYLURQPeQWaO VKRcNV (eYeQWV) ZaV dLIIeUeQW. HRZeYeU, Ze RbVeUYe WKaW WUaQVLWLRQV            
WR aQd IURP QeVWed SaWWeUQV (RU, WR be SUecLVe, WR aQd IURP RQe-bORcN, LQ-bORcN QeVWed SaWWeUQV)                
aUe TXLWe VWabOe, UeJaUdOeVV RI WKe W\Se RI eYeQW. II aQ\, WKe RbVeUYed dLIIeUeQceV aUe LQ WKe                 
abUXSWQeVV (VSeed) aW ZKLcK WKe VWUXcWXUaO WUaQVLWLRQV WaNe SOace, ZKLcK caQ be aSSUecLaWed LQ              
WKe ORZeU SaQeOV (LQcUeaVed WePSRUaO UeVROXWLRQ) RI FLJXUe 1 RI WKe PaLQ We[W. AV LQ RWKeU IaceWV,                 
aOVR KeUe WKe ePSLULcaO ILQdLQJV aQd WKe PRdeO¶V UeVXOWV aUe LQ JRRd aJUeePeQW, L.e. QR               
VLJQLILcaQW dLIIeUeQceV, e[ceSW IRU WKe abUXSWQeVV RI PRdXOaULW\¶V bUeaNdRZQ, caQ be RbVeUYed).            
AQd \eW, Ze KaYe QRW ZRUNed LQ WKe SUecLVe adMXVWPeQW RI WKe SaUaPeWeUV WKaW UXOe e[WeUQaO                
eYeQWV LQ WKe PRdeO. 
 
This is Xsed Wo model Whe aWWenWional shifW fXncWion in Whe sXpplemenWar\ maWerial (Whe mosW               
e[pliciW relaWion Wo Whe daWa), bXW compares differenW obserYables, righW? BXW an increase in              
inacWiYiW\ does noW necessaril\ reflecW a shifW of aWWenWion.  
 
TKe UeIeUee ULJKWO\ SRLQWV aW a VXbWOe LVVXe KeUe, WKaW dePaQdV cOaULILcaWLRQ. IQdeed, WKe              
cRQILdeQce RI aQ acWLYLW\ LQcUeaVe aV a (QaLYe) SUedLcWRU RI aQ aWWeQWLRQaO VKLIW VKRXOd be OLPLWed.                
TR be cOeaU: LQ JeQeUaO, Ze caQQRW eVWabOLVK a dLUecW UeOaWLRQVKLS beWZeeQ cKaQJeV LQ acWLYLW\,               
aQd cKaQJeV LQ aWWeQWLRQ. HRZeYeU, Ze XVe WKe LQcUeaVe LQ acWLYLW\ aV aQ LQdLcaWRU RI WKe                
dXUaWLRQ/UeVSRQVe WR WKe e[WeUQaO eYeQW (IROORZLQJ UeI. [39], ​UeI. [36] LQ WKe QeZ YeUVLRQ ​). AV Ze                
KaYe QRWed LQ SUeYLRXV UeVSRQVeV (aOVR LQ VRPe RI WKe daWaVeWV LQcOXded LQ WKe SaSeU, e.J. HRQJ                 
KRQJ SURWeVWV), LW Pa\ ZeOO be WKaW a VKLIW LQ aWWeQWLRQ LV QRW accRPSaQLed b\ VLJQLILcaQW cKaQJeV                 
LQ WZeeWV YROXPe; aQd YLce YeUVa, LQcUeaVeV LQ acWLYLW\ aUe QRW QeceVVaULO\ caXVed b\ aWWeQWLRQaO               
VKLIWV (FLJXUeV R3 aQd R5).  
 
TKLV JeQeUaO UXOe KaV a ORJLcaO e[ceSWLRQ, LQ WKe caVe RI XQe[SecWed eYeQWV (e.J. aQ eaUWKTXaNe,                
RU WKe dePLVe RI a ceOebULW\). BecaXVe RI WKeLU YeU\ QaWXUe, WKe acWLYLW\ IRU WKRVe eYeQWV LV QXOO                  



beIRUe WKe\ RccXU, VR aQ\ aWWeQWLRQ VKLIWed WRZaUdV VXcK eYeQWV LV QeceVVaULO\ OLQNed WR aQ               
LQcUeaVed acWLYLW\. 
 
Referring Wo an earlier poinW, Wo WesW Whe nXll model of randoml\ increasing acWiYiW\, Whis can be                 
checked in Whe daWa Wo back Xp Whis assXmpWion. 
 
YeV, WKaQNV. FLJXUeV R3 aQd R5 abRYe, aQd WKe accRPSaQ\LQJ e[SOaQaWLRQV, aOUead\ WacNOe WKLV              
cRPPeQW. 
 
(9) The in-block nesWedness is an inWeresWing measXre, bXW seems Wo be qXiWe sensiWiYe Wo Whe                
commXniW\ deWecWion meWhod. ThaW shoXld be addressed. 
 
TKe cRQceSW RI LQ-bORcN QeVWedQeVV KaV beeQ aURXQd IRU RYeU a decade (VWaUWLQJ ZLWK UeI. [25] LQ                 
WKe RULJLQaO PaQXVcULSW, ​UeI. [33] LQ WKe QeZ RQe ​) aQd XQdeU dLIIeUeQW QaPeV, bXW a dedLcaWed                
PeWKRd WR TXaQWLI\ aQd deWecW LW ZaV QRW deYeORSed XQWLO 2018 (UeI. [26] LQ WKe RULJLQaO                
PaQXVcULSW, ​UeI. [34] LQ WKe QeZ RQe ​). TKLV LPSOLeV WKaW QRW PaQ\ RSWLPLVaWLRQ PeWKRdV aUe               
aYaLOabOe VR IaU.  
 
FURP a cRPSXWaWLRQaO SRLQW RI YLeZ, VeaUcKLQJ IRU a (VXb)RSWLPaO LQ-bORcN QeVWed SaUWLWLRQ LV YeU\               
VLPLOaU WR VeaUcKLQJ IRU a PRdXOaU RQe: WKe cKRLce RI aQ Pa[LPLVaWLRQ KeXULVWLc WULeV WR baOaQce                
cRPSXWaWLRQaO VSeed ZLWK accXUac\. We aUe IaLUO\ VXUe WKaW RXU cKRLce (E[WUePaO OSWLPLVaWLRQ)             
PaNeV a JRRd MRb aW ILQdLQJ JRRd LQ-bORcN QeVWed SaUWLWLRQV, IRU VeYeUaO UeaVRQV: 
 

(1) TKe aOJRULWKP SeUIRUPV e[ceOOeQWO\ ZKeQ cRQIURQWed ZLWK a V\QWKeWLc WR\ PRdeO, IRU ZKLcK             
WKe JURXQd-WUXWK SaUWLWLRQ LV NQRZQ LQ adYaQce (IRU VeYeUaO UeJLPeV RI QeWZRUN VL]e, LQWUa-              
aQd LQWeU-PRdXOaU QRLVe, deQVLW\, eWc.). TKLV LV WeVWed LQ deSWK LQ UeI. [30] RI WKe RULJLQaO                
PaQXVcULSW, ​UeI. [41] LQ WKe QeZ RQe ​. 

(2) TKe E[WUePaO OSWLPL]aWLRQ LV NQRZQ WR SURYLde a YeU\ cRQYeQLeQW baOaQce beWZeeQ            
accXUac\ aQd cRVWV, aQd WKLV eVSecLaOO\ WUXe IRU VPaOO WR PLddOe-VL]ed QeWZRUNV (IURP             
KXQdUedV WR IeZ WKRXVaQd QRdeV). ReI. [22] LQ WKe RULJLQaO PaQXVcULSW (​UeI. [30] LQ WKe               
QeZ RQe ​) UeYLeZV WKLV SRLQW, aQd aOVR WKe UeIeUeQce 
 

DaQRQ, LeRQ, eW aO. "CRPSaULQJ cRPPXQLW\ VWUXcWXUe LdeQWLILcaWLRQ." JRXUQaO RI          
SWaWLVWLcaO MecKaQLcV: TKeRU\ aQd E[SeULPeQW 2005.09 (2005): P09008. 

 
ZKLcK Ze KaYe QRZ LQWURdXced LQ WKe SXSSOePeQWaU\ MaWeULaOV. 

(3) FLQaOO\, Ze cRPSaUe RXU RSWLPLVaWLRQ UeVXOWV WR aQ aOWeUQaWLYe KeXULVWLcV (bee VZaUP            
RSWLPLVaWLRQ aOJRULWKP, XVed LQ UeI. [26] LQ WKe RULJLQaO PaQXVcULSW, ​UeI. [34] LQ WKe QeZ               
RQe ​), ZKLcK LV NQRZQ WR deOLYeU KLJK-accXUac\ UeVXOWV aW WKe cRVW RI a OaUJe cRPSXWaWLRQaO               
eIIRUW. PUecLVeO\ becaXVe RI WKLV KLJK cRVW, Ze caQQRW SUeVeQW a cRPSaULVRQ baVed RQ WKe               
TZLWWeU QeWZRUNV RI WKe PaQXVcULSW, bXW UaWKeU RQ a cROOecWLRQ RI VPaOOeU QeWZRUNV.             
PaUWLcXOaUO\, Ze cRPSaUe WKe WZR aOJRULWKPV IRU a cROOecWLRQ RI 140 ecRORJLcaO QeWZRUNV.             
TKe IROORZLQJ SORW VKRZV a VcaWWeU RI WKe RbWaLQed YaOXeV RI 𝓘 aIWeU eacK RSWLPL]aWLRQ               



SURceVV. TKe VROLd bOXe OLQe cRUUeVSRQdV WR WKe OLQeaU ILW, aQd WKe VROLd RUaQJe OLQe               
cRUUeVSRQdV WR \=[. We cRPSXWed WKe PeaUVRQ cRUUeOaWLRQ cReIILcLeQW (PeaUVRQ=0.806)          
aQd KLJKOLJKWed LQ Ued WKe QeWZRUNV IRU ZKLcK WKe dLIIeUeQce beWZeeQ WKe WZR YaOXeV LV               
OeVV WKaQ 0.05. IQ JeQeUaO, Ze RbVeUYed a JRRd aJUeePeQW, aQd a KLJK cRUUeOaWLRQ              
beWZeeQ WKe 𝓘 YaOXeV RbWaLQed IURP eacK VWUaWeJ\. AV e[SecWed, VLQce WKe bee VZaUP              
aOJRULWKP LV PRUe e[KaXVWLYe, LW XVXaOO\ deOLYeUV KLJKeU 𝓘 YaOXeV. NRQeWKeOeVV, Ze caQ             
RbVeUYe WKaW WKe bee VZaUP KeXULVWLc SeUIRUPV beWWeU WKaQ EO LQ PRVW VPaOO QeWZRUNV,              
bXW ZRUVe IRU WKe WZR OaUJeVW QeWZRUNV cRPSaUed (LQ WKe RUdeU RI KXQdUedV RI QRdeV). 
 

 
FLJXUe R9: ScaWWeU SORW cRPSaULQJ WKe ᭽ YaOXeV IRU WZR RSWLPL]aWLRQ VWUaWeJLeV. 

 
 
(10) Minor remarks: 
 
- The in-block nesWedness needs Wo be inWrodXced earlier 
 
We aJUee ZLWK WKe UeIeUee WKaW LQ-bORcN QeVWedQeVV LV a ceQWUaO SLece RI WKe SaSeU aQd deVeUYeV                 
beLQJ LQWURdXced eaUOLeU. HRZeYeU, Ze beOLeYe WKaW WKeUe LV YaOXe LQ e[SOaLQLQJ WKaW Ze RQO\               
cRQVLdeUed LQ-bORcN QeVWedQeVV ​afWer Ze UeaOLVed WKaW LW ePeUJed IURP WKe PRdeO. We PeaQ WR               
IROORZ WKe WUadLWLRQaO ORJLc RI VcLeQWLILc dLVcRYeU\, L.e. RbVeUYaWLRQ, SURSRVaO RI a WKeRUeWLcaO PRdeO              
WKaW e[SOaLQV WKe daWa, SUedLcWLRQ RI QeZ SKeQRPeQa aV LPSOLed b\ WKeRU\, aQd bacN WR               
RbVeUYaWLRQ. SWLOO, WKe cRQceSW LV LQLWLaOO\ PeQWLRQed LQ WKe IQWURdXcWLRQ, aQd bULeIO\ aW WKe eQd RI                
WKe ePSLULcaO aQaO\VLV. 
 
- A Wable or lisW, inWrodXcing/lisWing Whe Yariables/ingredienWs of Whe model and Wheir            
coXnWerparWs in Whe daWa ZoXld help a loW 
 
We WKaQN WKe UeIeUee IRU VXJJeVWLQJ WKLV. We KaYe Pade OaUJe eIIRUWV WR cOaULI\ WKe cRUe                
cRQceSWV RI WKe SaSeU, aOVR aIWeU cRQVLdeULQJ VLPLOaU cRPPeQWV IURP RWKeU UeIeUeeV. TKe PaLQ              
cRQVeTXeQce RI WKLV LV a VLJQLILcaQW eQOaUJePeQW RI WKe MeWKRdV VecWLRQ, bXW aOVR PLQRU              
cOaULILcaWLRQV WKURXJKRXW WKe We[W (aQd RI cRXUVe a PaMRU UeYLVLRQ RI WKe SXSSOePeQWaU\             
MaWeULaOV). We KRSe WKaW aOO WKLV LV KeOSIXO WR Vee KRZ daWa aQd PRdeO cRQQecW. 



 
- The capWion of FigXre 2 is noW self-e[planaWor\ 
 
We KaYe LPSURYed WKe caSWLRQ WRZaUdV a PRUe e[SOLcLW RQe. 
 
- In Whe main manXscripW (ZiWhoXW Whe sXpplemenWar\ maWerial) iW is difficXlW Wo folloZ Whe              
sWrXcWXre of Whe model, beWWer Wo pXll some of iW in Whe main We[W or in Whe meWhods secWion. 
 
We KaYe LQWURdXced LQ WKe PaLQ We[W VRPe RI WKe e[WeQded PaWeULaOV WKaW ZeUe UeOeJaWed WR WKe                 
VXSSOePeQWaU\ LQIRUPaWLRQ, UeJaUdLQJ WKe PRdeO aQd WKe VWUXcWXUaO PeaVXUeV XVed LQ WKe ZRUN.  
 
- HoZ long Zere Whe snapshoWs Wo creaWe Whe empirical neWZorks? 
 
TKLV LV e[SOLcLWO\ deVcULbed LQ WKe SXSSOePeQWaU\ MaWeULaO, bXW Ze IaLOed WR LQcOXde WKe              
LQIRUPaWLRQ LQ WKe PaLQ We[W, Ze aSRORJLVe IRU WKaW. FRU WKe daWaVeWV VSaQQLQJ da\V/ZeeNV, WKe               
VQaSVKRWV aUe 3 KRXUV RI dXUaWLRQ. WKeQ WKe ZRUN UeSRUWV RQ IRcXVed eYeQWV, Ze KaYe XVed                
ILIWeeQ PLQXWeV VQaSVKRWV.​ ​TKLV LQIRUPaWLRQ LV QRZ PeQWLRQed LQ WKe PaLQ We[W aV ZeOO.  
 
- T\po in page 7 ³«adjacenc\ maWri[. , and h is Whe«´  
 
TKaQN \RX. We KaYe cRUUecWed WKe W\SR, aQd UeYLVed WKe ZKROe We[W IRU RWKeU SRVVLbOe RQeV.  



ReYLeZeU #2:  
The aXWhors sWXd\ Whe sWrXcWXre and d\namics of biparWiWe neWZork of hashWags and WZiWWer Xsers. 
I foXnd Whe approach fascinaWing and apologi]e for Waking a biW long Wo prodXce m\ reYieZ. IW 
simpl\ Wook me qXiWe some Wime Wo geW a feel for ZhaW is reall\ Whe resXlW, and hoZ iW is obWained. 
M\ opinion shoXld noW be ZeighWed Woo heaYil\ as I am noW a neWZork scienWisW. So, please Wake 
m\ YieZs as obserYaWions WhaW ma\ hopefXll\ be of some gXidance for reYising Whis for Whe 
cXrrenW or anoWher joXrnal. 
 
We WKaQN WKeVe SRVLWLYe cRPPeQWV RQ RXU ZRUN. 
 
(Ze KaYe QXPbeUed WKe cRPPeQWV IRU eaVLeU WUaceabLOLW\) 
 
(1) The WiWle promises an insighW in resilience and elasWiciW\, and laWer Whe aXWhors menWion               
'remarkable sWrXcWXral elasWiciW\'. HoZeYer, iW does noW seem sXrprising Wo me WhaW people sWarW              
Walking immediaWel\ aboXW a big eYenW Zhen iW happened (elasWiciW\), and When reWXrn Wo Wheir               
normal inWeresWs (resilience).  
 
We WKaQN WKe UeIeUee IRU WKLV cRPPeQW ZKLcK Pa\ KeOS VXbVWaQWLaOO\ WR WKe LPSURYePeQW RI WKe                
dLVcRXUVe WKURXJKRXW WKe SaSeU. FROORZLQJ RWKeU UePaUNV b\ WKe UeVW RI WKe UeIeUeeV, Ze KaYe               
cKaQJed WKe WLWOe RI WKe ZRUN. 
  
ReJaUdLQJ WKe ³VXUSULVe´ eIIecW, LQdeed RQe e[SecWV WKaW SeRSOe ZLOO VZLWcK WKeLU aWWeQWLRQ (aQd              
RULeQWaWe WKeLU acWLYLW\ accRUdLQJO\) ZKeQ VSecLaO eYeQWV RccXU. HRZeYeU, LW LV QRW VWUaLJKWIRUZaUd             
WKaW WKe VZLWcK LQ acWLYLW\ ZLOO KaSSeQ LQ a SUecLVe aQd SUedLcWabOe Za\. FLJXUeV R3 aQd R5                 
abRYe VKRZ WKaW WKe WUaQVLWLRQ IURP a PRdXOaU WR a QeVWed aUcKLWecWXUe, RU IURP QeVWed aQd bacN                 
WR PRdXOaU, LV aQ\WKLQJ bXW caVXaO. TKXV RXU RbMecWLYeV aUe UaWKeU:  

1) TR SRLQW RXW WKe e[LVWeQce RI XbLTXLWRXV/XQLYeUVaO ePeUJeQW SaWWeUQV LQ LQIRUPaWLRQ           
ecRV\VWePV, L.e. WKe PRdXOaU VWUXcWXUe LQ XVeU-PePe LQWeUacWLRQV LQ WKe abVeQce RI bLJ             
e[WeUQaO eYeQWV, aQd WKe QeVWed VWUXcWXUeV aIWeU WKe RccXUUeQce RI VXcK eYeQWV. 

2) TR LVROaWe ZKLcK LV WKe PaLQ dULYeU RI LQIRUPaWLRQ ecRV\VWePV, ZKLcK WXUQV RXW WR be WKe                
Pa[LPLVaWLRQ RI XVeU¶V aQd PePe YLVLbLOLW\. 

3) TR XQdeUVWaQd KRZ LQIRUPaWLRQ ecRV\VWePV UeVSRQd WR e[WeUQaO SeUWXUbaWLRQV, L.e. LI aQd            
KRZ WKe\ aUe VWabOe aQd ULJLd, RU IOe[LbOe V\VWePV. 
 

1.1 In naWXre, biparWiWe neWZorks of species inYolYe adapWaWions sXch as eYolXWionar\ WXning             
beWZeen pollinaWor and specific floZer shapes. ThaW Wakes Wime, and is qXiWe an inYesWmenW.              
Using a hashWag and When dropping iW is obYioXsl\ sZifWer. In shorW, I do noW see an e\e-opener                  
Zhen iW comes Wo Whe Werms in Whe WiWle. 
 
We aJUee WKaW WKe WLWOe dLd QRW UeIOecW WKe PRVW LPSRUWaQW UeVXOWV RI RXU ZRUN, aQd KaYe cKaQJed                  
LW accRUdLQJO\. TKaQNV WR WKe UeIeUee¶V VXJJeVWLRQV, Ze KaYe QRZ WULed WR LPSURYe bRWK WKe WLWOe                
aQd WKe abVWUacW WR PaNe WKe PaLQ cRQWULbXWLRQV RI WKe ZRUN PRUe cOeaU.  
 



WLWK UeVSecW WR WKe UeYLeZeU'V cRPPeQW, OeW XV aOVR QRWe WKaW bLSaUWLWe QeWZRUNV aUe aOVR XVed LQ                 
ecRORJ\ WR VWXd\ ecRV\VWePV aW VKRUWeU WLPe VcaOeV (VWabLOLW\, VXVWaLQed bLRdLYeUVLW\, cRORQL]aWLRQ            
aQd LQYaVLRQ SURceVVeV), aQd ZLWKRXW cRQVLdeULQJ aQ\ aVSecW RI eYROXWLYe SURceVVeV. We XVed             
RXU bLSaUWLWe QeWZRUNV LQ WKLV VSLULW. UVeUV WeQd WR cKRRVe (aQd adaSW WR e[WeUQaO eYeQWV) WKe                
PRVW aSSURSULaWe KaVKWaJV WR Pa[LPLVe WKe SUROLIeUaWLRQ RI WKeLU WZeeWV (abXQdaQceV), OLNe a             
SROOLQaWRU Pa\ cKRRVe aPRQJ WKe aYaLOabOe (aQd IeaVLbOe) IORZeUV cRQVLdeULQJ WKe QecWaU            
YROXPe, cRORU aQd abXQdaQce. IQ WKLV VeQVe, RQe caQ IRU LQVWaQce VWXd\ KRZ WKe UeOaWLYe VSecLeV                
abXQdaQce eYROYeV aW a \eaUO\ VcaOe aQd ZLWKRXW cRQVLdeULQJ aQ\ eYROXWLYe SURceVV. 
 
SWLOO, aQd aOVR IROORZLQJ WKe cRQceUQV UaLVed b\ UeIeUee #4, Ze KaYe adMXVWed RXU XVe RI ceUWaLQ                 
WeUPLQRORJ\ WR aYRLd LQaccXUacLeV aQd RYeU-cOaLPV, dURSSLQJ WKe WeUP ³cReYROXWLRQ´ e[ceSW ZKeQ            
e[SOLcLWO\ OLQNed WR WKe LQWeUSOa\ RI VWUXcWXUe aQd d\QaPLcV LQ QeWZRUNV (aORQJ ZLWK WKe              
UeIeUeQceV, ​UeIV. [22-25] LQ WKe QeZ YeUVLRQ ​). 
 
(2) Also, I am noW sXrprised b\ Whe nesWedness Ys modXlariW\ resXlWs. Isn'W iW a biW obYioXs WhaW                  
people from differenW groXps and inWeresWs sWarW Walking aboXW Whe same big Whing Zhen iW               
happened? This ZoXld be Yisible in all kinds of indicaWors inclXding nesWedness, bXW also oWher               
indicaWors sXch as abXndance of Whe mosW menWioned hashWag, Shannon diYersiW\ of hashWags,             
or neWZork connecWiYiW\ measXres? ThXs, ZhaW is reall\ Whe sXrprise here? 
 
TKLV UeOeYaQW cRPPeQW LV LQ cORVe cRQQecWLRQ ZLWK WKe UePaUNV b\ WKe ILUVW UeIeUee, UeJaUdLQJ WKe                
UeOaWLRQVKLS beWZeeQ WKe ePeUJeQce RI QeVWedQeVV aQd WKe LQcUeaVe LQ acWLYLW\. We WKaQN bRWK              
UeIeUeeV IRU SRLQWLQJ WKLV RXW, aV LQdeed WKe LVVXe dePaQdV cOaULILcaWLRQ. AV VWaWed abRYe, a               
SUeIeUeQWLaO aWWeQWLRQ WR a JLYeQ WRSLc PLJKW LPSO\ aQ LQcUeaVed acWLYLW\ LQ WKaW WRSLc, bXW WKeUe LV                 
QR QeceVVaU\ cRQQecWLRQ beWZeeQ WKLV aQd WKe LQcUeaVe RI QeVWedQeVV. 
 
IQ SaUWLcXOaU, LW LV QRW SRVVLbOe WR WUaQVOaWe aXWRPaWLcaOO\ aQ LQcUeaVe LQ acWLYLW\ ZLWK WKe               
ePeUJeQce RI QeVWed SaWWeUQV. UVeUV cRXOd JaWKeU aURXQd a VLQJOe WRSLc LQ a UaQdRP Za\ (RU                
aQ\ RWKeU SaWWeUQ WKaW RQe cRXOd LPaJLQe, IRU WKaW PaWWeU). AQd \eW, aPRQJ aOO SRVVLbOe               
cRQILJXUaWLRQV (LQcOXdLQJ a UaQdRP RQe), WKe V\VWeP VeOI-RUJaQLVeV WR aQ LQ-bORcN QeVWed RU IXOO\              
QeVWed KLeUaUcK\. TKXV, LW LV QeceVVaU\ WR LdeQWLI\ ZKLcK aUe WKe ORcaO PecKaQLVPV WKaW PaNe WKe                
bLSaUWLWe QeWZRUN WR RUJaQL]e IURP a PRdXOaU WR a QeVWed VWUXcWXUe aQd bacN. IQ WKeVe OLQeV, RXU                 
ZRUN VKRZV WKaW WKe deILQLWLRQ RI cRPPXQLcaWLRQ QLcKeV aQd LQdLYLdXaO Pa[LPL]aWLRQ RI YLVLbLOLW\             
aUe WKe Ne\ eOePeQWV WR XQdeUVWaQd KRZ WKe PeVR aQd PacUR RUJaQL]aWLRQV ePeUJe. We UeIeU               
WR WKe aQVZeUV aQd ILJXUeV WKaW cRUUeVSRQd WR cRPPeQWV (2) aQd (3) RI UeIeUee #1. 
 
FLQaOO\, Ze Pa\ aJUee WKaW WKeUe Pa\ be RWKeU VLJQaWXUeV WKaW caQ LQdLcaWe VRPe PaMRU cKaQJe                
LQ WKe V\VWeP. HaVKWaJ cRYeUVeWV, LQ WKe WKLUd URZ RI FLJXUe R4 (OeIW: ePSLULcaO; ULJKW: PRdeO)                
SRLQW LQ WKLV dLUecWLRQ. TKeVe cRYeUVeWV, RU PeaVXUeV OLNe WKe SKaQQRQ dLYeUVLW\, aUe VRPe              
aPRQJ PaQ\ Za\V WR TXaQWLI\ WKe ePeUJeQce RI OaUJe KeWeURJeQeLWLeV aPRQJ KaVKWaJV.            
HRZeYeU, aJaLQ, a decUeaVe LQ WKe dLYeUVLW\ RI KaVKWaJV dReV QRW LPSO\ QeVWedQeVV, L.e. LW LV a                 
necessar\​ bXW QRW ​sXfficienW​ cRQdLWLRQ IRU WKe SUeVeQce RI a QeVWed aUcKLWecWXUe.  
 



TKeVe LdeaV aUe LQcOXded QRZ LQ WKe SXSSOePeQWaU\ MaWeULaOV LQ a QeZ dedLcaWed VecWLRQ 3.3. 
 
(3) This ma\ soXnd a biW negaWiYe, bXW I do Whink Whe informaWion Whe aXWhors anal\]e is                 
fascinaWing. I ZoXld jXsW Whink WhaW oWher research qXesWions coXld perhaps be more promising. 
If big eYenWs do geW eYer\one Walking aboXW Whe same Whing, does Whis leaYe a Wrace in social                  
cohesion? Are groXps becoming connecWed in a meaningfXl lasWing Za\? To me WhaW ZoXld be a                
deep impacW. So Whe facW WhaW \oX do noW seem Wo see WhaW coXld impl\ WhaW Whe nesWedness and                   
enhanced connecWiYiW\ is noW reall\ meaningfXl? So big eYenWs do noW reall\ connecW? 
Or are some kinds of eYenWs more connecWing Whan oWhers? CoXld \oX deWecW WhaW? 
 
We aSSUecLaWe WKLV cRPPeQW b\ WKe UeIeUee. TRJeWKeU ZLWK cRPPeQW 7 b\ UeIeUee #1 abRYe, LW                
KaV WULJJeUed RXU eIIRUWV WR dLIIeUeQWLaWe WKe QaUURZ VeW RI VWUXcWXUaO aUUaQJePeQWV WKaW WKe              
V\VWeP LV Keaded WR (eOaVWLcLW\), IURP WKe OaVWLQJ d\QaPLcaO eIIecWV, ZKLcK VeeP WR be SXVKLQJ               
WKe V\VWeP IURP RQe VWabOe VWaWe WR WKe Qe[W, SURYLded WKaW WKe e[WeUQaO VKRcN LV VWURQJ eQRXJK.                 
PaUWLcXOaUO\, FLJXUe R8 aQd VXUURXQdLQJ We[W abRYe (QRZ LQcOXded aV a VecWLRQ LQ WKe PaLQ We[W)                
SURYLde a OLQN beWZeeQ WKe WKeRUeWLcaO cRQceSW RI abXQdaQce aQd aQ acWXaO PeaVXUe VXcK aV               
KaVKWaJ IUeTXeQc\, eQabOLQJ XV WR cRPSaUe WKe eYROXWLRQ RI VXcK abXQdaQce LQ WKe PRdeO aQd               
WKe daWa. AJaLQ, Ze WKaQN WKe UeIeUee IRU LQVLVWLQJ RQ WKLV SRLQW, aV LW KaV SXVKed XV WR e[SORUe a                    
IaceW RI WKe ZRUN WKaW, Ze beOLeYe, LV QRZ VWURQJeU. We UeIeU WR RXU UeVSRQVe WR cRPPeQW 7                  
abRYe IRU a deWaLOed dLVcXVVLRQ. 
 
FURP WKe XVeUV¶ SeUVSecWLYe, WKeUe aUe PaQ\ RSeQ (aQd e[cLWLQJ) TXeVWLRQV O\LQJ aKead. AV a               
PaWWeU RI IacW, Ze e[SOLcLWO\ PeQWLRQ, LQ WKe DLVcXVVLRQ VecWLRQ, WKaW WKLV ZRUN UXOeV RXW LQWeUeVWLQJ                
SKeQRPeQa OLNe ³cXOWXUaO dULIW´: WKe IacW WKaW XVeUV KaYe PePRU\ aQd, aV VXcK, WKeLU ³LQWeUeVW               
QLcKe´ VKRXOd cKaQJe LQ WLPe, L.e. bLJ eYeQWV VKRXOd OeaYe a WUace LQ WKeLU cRQQecWLYLW\. HRZeYeU,                
WacNOLQJ WKLV SaUWLcXOaU SURbOeP dePaQdV a PXcK ORQJeU WLPe VcaOe WR RbVeUYe KRZ WKe dULIW               
WRZaUdV QeZ LQWeUeVWV cRQVROLdaWeV, aQd accRUdLQJO\ a PXcK bURadeU daWa acceVVLbLOLW\ (QRWe            
WKaW, IRU e[aPSOe, RXU daWaVeWV dR QRW WUacN IROORZLQJ/IROORZeU UeOaWLRQVKLSV, ZKLcK cRXOd be a              
KLQW WR a XVeU¶V cKaQJLQJ LQWeUeVWV), ZKLcK QRZ OLe be\RQd RXU cXUUeQW caSabLOLWLeV. 
 
  



ReYLeZeU #3:  
(Ze KaYe QXPbeUed WKe cRPPeQWV IRU eaVLeU WUaceabLOLW\) 
 
(1) I am sXrprised Wo see seYeral neZ concepWs freqXenWl\ Xsed in Whis paper inclXding iWs WiWle,                 
bXW Whe aXWhors ofWen choose Whese Werms ZiWhoXW specific and Yalid e[planaWions. While Whe Werm               
"resilience" has ofWen been Xsed across scienWific fields, Whe Werm "elasWiciW\" is noW Whe concepW               
ZiWh Zhich (social) scienWisWs are familiar.  
 
We aUe VRUU\ WR Vee WKaW VRPe RI WKe Ne\ cRQceSWV LQ WKe ZRUN aUe cRQIXVLQJ.  
 
AdPLWWedO\, UeVLOLeQce LV a debaWed cRQceSW. IWV XVe aQd abXVe LQ PaQ\ ILeOdV (SV\cKRORJ\,              
ecRORJ\, eQJLQeeULQJ, eWc.) KaV Oed WR a ceUWaLQ YaJXeQeVV RI SURSRVed deILQLWLRQV, ZKLcK LQ WXUQ               
caQ Oead WR PLVXQdeUVWaQdLQJV aQd LPSede LWV aSSOLcaWLRQ WR V\VWePV PRdeOOLQJ. IQ RXU caVe, Ze               
KaYe WULed WR be VSecLILc abRXW ZKaW Ze XQdeUVWaQd b\ V\VWeP¶V UeVLOLeQce, LQ WKe SaUaJUaSK               
(SaJe 3 RI WKe RULJLQaO VXbPLVVLRQ): 
 

³S\VWeP UeVLOLeQce RU VWabLOLW\ LV deILQed LQ dLIIeUeQW Za\V LQ ecRORJ\ aQd eQYLURQPeQWaO             
VcLeQce, bXW caQ JeQeUaOO\ be WKRXJKW aV WKe abLOLW\ RI WKe V\VWeP WR UecRYeU WKe RULJLQaO                
V\VWeP'V VWaWe aIWeU a SeUWXUbaWLRQ RI WKe PRdeO VWaWe YaULabOeV RU SaUaPeWeUV.            
SSecLILcaOO\, LQ WKe caVe RI VWUXcWXUaO eOaVWLcLW\, WKe V\VWeP VWaWe LV QRW JLYeQ b\ WKe               
QRdeV' cRQILJXUaWLRQ (​e.g. WKe abXQdaQce RI eacK VSecLeV), bXW b\ WKe RYeUaOO QeWZRUN             
aUcKLWecWXUe (​i.e.​ PRdXOaU, QeVWed), ZKLcK LV SeUWXUbed b\ WKe e[WeUQaO eYeQW.´ 

 
TKe SaUaJUaSK cRPeV ZLWK 6 cLWaWLRQV (deOeWed KeUe IRU eaVLeU UeadLQJ), 4 RI ZKLcK VXVWaLQ RXU                
XVe RI WKe WeUP. AcceSWLQJ WKLV VSecLILc VeQVe RI UeVLOLeQce, ZKLcK LPSOLeV UecRYeU\ WR aQ RULJLQaO                
VWaWe, WKeQ WKe QeaU-aVVLPLOaWLRQ WR eOaVWLcLW\ LV QaWXUaO: WKe V\VWeP LV UeVLOLeQW becaXVe LW VKRZV               
eOaVWLcLW\ (LQ aQ aOPRVW PecKaQLcaO VeQVe). 
 
HaYLQJ VaLd WKaW, Ze ZeUe XQaZaUe (aQd KaYe UeceQWO\ UeaOLVed, WKaQNV WR WKe UeIeUee¶V              
cRPPeQW) WKaW eOaVWLcLW\ KaV a YeU\ dLIIeUeQW PeaQLQJ LQ VRcLaO VcLeQce, aQd SaUWLcXOaUO\ LQ              
ecRQRPLcV. IQdeed, LI RQe UeadV ³eOaVWLcLW\´ LQ WKLV ZRUN aV LW LV XQdeUVWRRd LQ ecRQRPLcV, WKeQ                
WKe WeUP LPSedeV, UaWKeU WKaQ LPSURYeV, WKe XQdeUVWaQdLQJ RI WKe SaSeU. 
 
TR aYRLd WKLV PLVXQdeUVWaQdLQJ, Ze KaYe added a cOaULILcaWLRQ LQ WKe LQWURdXcWLRQ, VR aV WR VeWWOe                
RXU XVe RI µeOaVWLcLW\¶. TKe We[W QRZ UeadV (LQ a dLIIeUeQW cRORXU KeUe aQd LQ WKe PaQXVcULSW): 
 
³HeUe, Ze SURYLde eYLdeQce WKaW LQIRUPaWLRQ ecRV\VWePV e[KLbLW a UePaUNabOe ​VWUXcWXUaO           
eOaVWLcLW\ WR eQYLURQPeQWaO cKaQJeV, ​UecRYeULQJ LWV RULJLQaO aUcKLWecWXUe LQ WKe aIWeUPaWK RI aQ             
e[WeUQaO VKRcN.​´ 
 
  



(2) As a maWWer of facW, Whe firsW paragraph sWarWs ZiWh seYeral Xndefined Werms and/or phrases                
inclXding bio-cogniWiYe limiWs, qXoWidian commXnicaWion processes, oligopolisWic media        
enYironmenW, aWWenWional resoXrces of Whe aXdience, eWc. I am noW criWici]ing Whe aXWhors'             
langXage skills in English, bXW poinWing oXW ZhaW core concepWs are and ZhaW Whe sXrroXnding               
Werms are. RelaWions among concepWXal Zords shoXld haYe been reYealed in a clearer Za\. 
 
We KRSe WKaW WKe aIRUePeQWLRQed cOaULILcaWLRQV KeOS WR IUaPe VRPe RI WKe Ne\ cRQceSWV.  
 
ReJaUdLQJ WKe VSecLILc e[SUeVVLRQV PeQWLRQed KeUe, Ze KaYe aYRLded e[SOLcLW deILQLWLRQV           
becaXVe VRPe RI WKeP aUe ZLdeO\ NQRZQ aQd KaYe beeQ WKRURXJKO\ dLVcXVVed LQ WKe OLWeUaWXUe               
LQ WKe OaVW \eaUV. A dedLcaWed deILQLWLRQ ZRXOd bORcN WKe IORZ RI KRZ WKe PaQXVcULSW LV OaLd RXW.                  
TKLV aSSOLeV, IRU e[aPSOe, WR WKe bLR-cRJQLWLYe OLPLWV RI LQdLYLdXaOV (aQd WKe UeOaWed ³aWWeQWLRQaO              
UeVRXUceV RI WKe aXdLeQce´ LQ LQIRUPaWLRQ-ULcK eQYLURQPeQWV), IRU ZKLcK Ze cLWe cOaVVLcaO ZRUNV             
LQ ecRQRP\ (SLPRQ, KaKQePaQ) aQd cRJQLWLYe VcLeQce (PRVQeU).  
 
We KaYe cKaQJed WKe e[SUeVVLRQ ³TXRWLdLaQ cRPPXQLcaWLRQ SURceVVeV´ WR ³eYeU\da\          
cRPPXQLcaWLRQ SURceVVeV´ --bXW QR cLWaWLRQ RU deILQLWLRQ LV JLYeQ, aV LW UeIeUV OLWeUaOO\ WR RXU daLO\                
e[SeULeQce RI cRPPXQLcaWLRQ (ZKLcK, LQ WKe SUe-dLJLWaO aJe, dLd QRW LPSO\ QRUPaOO\ aQ\ SUeVVXUe              
WR RXU aWWeQWLRQaO caSacLW\). 
 
FRU WKe caVe RI ³ROLJRSROLVWLc PedLa eQYLURQPeQW´, aJaLQ WKLV LV MXVW a deVcULSWLYe e[SUeVVLRQ. TKe               
WeUP ³ROLJRSROLVWLc´ LV cRPPRQO\ XVed ZLWK a QeJaWLYe SROLWLcaO cKaUJe, bXW KeUe LW LV XVed LQ LWV                 
OLWeUaO (aQd eYeQ eW\PRORJLcaO) XVe: ³a VLWXaWLRQ LQ ZKLcK RQO\ a VPaOO QXPbeU RI cRPSaQLeV aUe                
LQYROYed LQ SURdXcLQJ a SaUWLcXOaU W\Se RI JRRdV RU LQ SURYLdLQJ a SaUWLcXOaU W\Se RI VeUYLce´ (IURP                 
WKe CaPbULdJe UQLYeUVLW\ PUeVV dLcWLRQaU\). TKXV, Ze dRQ¶W WKLQN LW dePaQdV a cLWaWLRQ RU a               
MXVWLILcaWLRQ: LW LV a IacW WKaW, SULRU WR WKe Zeb 2.0 (RU, LI RQe ZLVKeV, SULRU WR WKe ePaLO), RXU                    
e[SRVXUe WR LQIRUPaWLRQ VRXUceV (PedLa) ZaV e[WUePeO\ OLPLWed (​S ≪ ​R​, ZKeUe ​S LV WKe QXPbeU                
RI VRXUceV aQd ​R​ WKe QXPbeU RI UeceLYeUV), aV YeU\ IeZ acWRUV Kad bURadcaVWLQJ caSabLOLWLeV. 
 
MRUe JeQeUaOO\, Ze KaYe added WKe IROORZLQJ cLWaWLRQV ​(UeIV. [5-7] LQ WKe QeZ YeUVLRQ)​: 
 

AQdeUVRQ, S., A. de PaOPa. 2012. CRPSeWLWLRQ IRU aWWeQWLRQ LQ WKe LQIRUPaWLRQ (RYeUORad)             
aJe. RaQd JRXUQaO RI EcRQRPLcV 43(1) 1±25. 

 
VaQ ZaQdW, TLPRWK\. 2004. IQIRUPaWLRQ RYeUORad LQ a QeWZRUN RI WaUJeWed cRPPXQLcaWLRQ.            
RaQd JRXUQaO RI EcRQRPLcV 35(3) 542±560. 
 
I\eU, GaQeVK, aQd ZVROW KaWRQa. "CRPSeWLQJ IRU aWWeQWLRQ LQ VRcLaO cRPPXQLcaWLRQ           
PaUNeWV." MaQaJePeQW ScLeQce 62.8 (2016): 2304-2320. 

 
AOWKRXJK dLIIeUeQW LQ WKe RbMecWLYeV RI WKe SaSeU, WKeVe ZRUNV LQWURdXce (aQd e[SOaLQ) VRPe              
ecRORJLcaO WeUPLQRORJ\ XVed LQ WKe cRQWe[W RI RQOLQe cRPPXQLcaWLRQ, aQd WKXV KeOSV XV WR bULdJe               
WKe JaS beWZeeQ SRWeQWLaOO\ dLYeUVe UeadeUVKLS. 



 
(3) InsWead of "resilience" Xsed in Whe WiWle, I sXggesW WhaW Whe aXWhors choose "modXlar" VS                
"nesWed" archiWecWXre as Whe core concepW of Whis paper. ThXs, inWrodXcWion shoXld begin ZiWh              
Whem aW Whe cenWer of Whe ZriWing.  
 
FROORZLQJ WKe VXJJeVWLRQ RI WKe UeIeUee, Ze KaYe cKaQJed WKe WLWOe. 
 
(4) PXblic aWWenWion WoZard elecWions increases oYer Wime, bXW Zhen an earWhqXake occXrs, social              
inWeresW e[plodes and disappears immediaWel\. The choice of WZo daWaseWs Zill significanWl\            
affecW Whe findings.  
 
We WKaQN WKe UeIeUee IRU WKe cRPPeQW. TKe Ldea WKaW dLIIeUeQW eYeQWV KaYe dLIIeUeQW WePSRUaO               
SURILOeV LV aOVR SUeVeQW LQ WKe SaSeU, bRWK e[SOLcLWO\ aQd WKURXJK UeI. [39] (LQ WKe RULJLQaO                
VXbPLVVLRQ). OXU cKRLce RI daWaVeWV UeVSRQdV SUecLVeO\ WR RXU LQWeQWLRQ WR VKRZ WKaW WKe              
RbVeUYed VWUXcWXUaO VLJQaWXUeV aUe URbXVW WR WKe WRSLc, aQd WR WKe (XQ)e[SecWed QaWXUe RI WKe               
eYeQW, eWc. TKLV LV YaOLd IRU WKe e[aPSOeV LQ WKe PaLQ We[W (SSaQLVK eOecWLRQV aV a SOaQQed eYeQW,                  
aJaLQVW WKe NeSaO eaUWKTXaNe aIWeUPaWK), bXW aOVR IRU WKe RQeV LQ WKe SXSSOePeQWaU\ MaWeULaOV:              
WKe FIFA daWaVeW KaV ceUWaLQ SOaQQed ³SeULRdLcLWLeV´ (JaPeV eYeU\ IeZ da\V, RYeU a ZKROe              
PRQWK), bXW LW LV QRW NQRZQ LQ adYaQce ZKLcK WeaPV ZLOO SOa\ WKe ILQaO VWaJeV. 
 
II aQ\, WKe dLIIeUeQceV PXVW be VRXJKW LQ WKe abUXSWQeVV (VSeed) aW ZKLcK WKe VWUXcWXUaO               
WUaQVLWLRQV WaNe SOace --bXW WKLV aVSecW LV be\RQd WKe VcRSe RI WKe cXUUeQW ZRUN. 
 
See aOVR RXU UeVSRQVe WR cRPPeQW (8) RI UeIeUee #1 abRYe, ZKLcK LV UeOaWed WR WKe                
SUedLcWabOe/XQSUedLcWabOe QaWXUe RI eYeQWV. 
 
LasW bXW noW leasW, Han Woo Park's Weam has condXcWed nXmeroXs social media research in               
elecWion and/or enYironmenWal disasWer conWe[Ws inclXding a recenW CoYid-19. YoX mighW like Wo             
Wake a look aW and refer Wo Wheir research. 
 
We WKaQN WKe UeIeUee IRU SRLQWLQJ RXW WKLV ZRUN, ZKLcK Ze ZeUe QRW aZaUe RI. GLYeQ WKe SUR[LPLW\                  
WR WKe WRSLcV LQ RXU ZRUN, Ze KaYe added WKe IROORZLQJ UeIeUeQce WR RXU PaQXVcULSW ​(UeIV. [38] LQ                  
WKe QeZ YeUVLRQ)​: 
 

PaUN HW, PaUN S, CKRQJ M. CRQYeUVaWLRQV aQd MedLcaO NeZV FUaPeV RQ TZLWWeU:             
IQIRdePLRORJLcaO SWXd\ RQ COVID-19 LQ SRXWK KRUea. J Med IQWeUQeW ReV           
2020;22(5):e18897. DOI: 10.2196/18897 

 
  



ReYLeZeU #4:  
FirsW of all I ZoXld like Wo apologi]e for m\ long dela\ in sending m\ reYieZ. This manXscripW fiWs 
Whe long-lasWing qXesW searching for general paWWerns in comple[ s\sWems. ThXs, Whe qXesWions 
addressed are Wiming and Whe paWWerns reporWed and Whe approach Xsed Yer\ inWeresWing.  
 
We WKaQN WKeVe SRVLWLYe cRPPeQWV RQ RXU ZRUN. 
 
HaYing said WhaW, as an ecologisW and eYolXWionar\ biologisW, m\ main concern is on Whe 
comparisons ZiWh ecos\sWems Whe aXWhors Xsed. In shorW, I Whink Whe ecological analogies Xsed 
aW Whe besW inaccXraWel\ described and ma\be flaZed, imperiling Whe implicaWions of Whe sWXd\ Wo 
ecolog\ and Wo Whe s\nWhesis beWZeen WheoreWical ecolog\ and applicaWions in oWher scienWific 
fields. 
 
Main commenWs 
 
(1) The Xnderl\ing reasoning of Whe manXscripW is based on Whe idea of acWor-meme coeYolXWion.               
HoZeYer, as far as I XndersWood, memes are noW shifWing Wheir paWWerns of inWeracWion Wo ma[imi]e                
an\ qXanWiW\. The\ are passiYe resoXrces WhaW Xsers inWeracW ZiWh. So, coeYolXWion - in a               
biological sense, see m\ commenW #3 - does noW seem Wo me a Yalid benchmark. AW Whe besW, iW                   
is analogoXs Wo eYolXWionar\ resoXrces againsW fi[ed resoXrces and hoZ iW is modXlaWed b\ oWher               
enYironmenWal facWors. 
 
We WKaQN WKe UeIeUee IRU WKLV LQVLJKWIXO cRPPeQW (aOVR, WKe UeIeUeQce WR WKe GaLa K\SRWKeVLV               
OaWeU RQ), ZKLcK Ze MXdJe aV e[WUePeO\ LPSRUWaQW: Ze dR QRW aLP WR PeUeO\ SUeVeQW aQ aSSeaOLQJ                 
aQaORJ\ RU aQ eaV\ PeWaSKRU. We e[SOLcLWO\ LQWeQd WR VWa\ aZa\ IURP a IULYRORXV PLVXVe RI WKe                 
ecRORJLcaO IUaPeZRUN, aQd Ze aSRORJLVe LI WKe PaQXVcULSW cRQWaLQV cRQceSWXaO aQd/RU           
WeUPLQRORJLcaO LQaccXUacLeV (³cReYROXWLRQ´, ³PXWXaOLVWLc ecRV\VWePV´, eWc.). We KaYe VROYed         
WKeP, aV VWaWed LQ WKe UeVSRQVe WR WKe cRUUeVSRQdLQJ cRPPeQWV 2.2 aQd 3 beORZ. 
 
OQ WKe RWKeU KaQd, WKe UeYLeZeU SRLQWV aW WKe cRQVXPeU-UeVRXUce SaUadLJP aV a PRUe VXLWabOe               
IUaPe IRU RXU PaQXVcULSW. HRZeYeU, Ze UeVSecWIXOO\ dLVaJUee. IQ IacW, WKe RQO\ cRQdLWLRQ WKaW              
deILQeV PXWXaOLVP LV WKe e[cKaQJe RI JRRdV RU VeUYLceV beWZeeQ WZR VSecLeV, L.e. WKe IacW WKaW                
eacK VSecLeV LQYROYed LQ PXWXaOLVP PXVW UeceLYe a beQeILW IURP WKe LQWeUacWLRQ. TKe IacW WKaW               
XVeUV acWLYeO\ VeOecW WKe PePeV WR RbWaLQ YLVLbLOLW\, aQd PePeV SaVVLYeO\ JaLQ RXWUeacK IURP WKe               
XVeUV WKe\ LQWeUacW ZLWK, Ze beOLeYe, VXIILceV WR deVcULbe WKe V\VWeP aV PXWXaOLVWLc. 
 
NeYeUWKeOeVV, Ze aJUee ZLWK WKe UeYLeZeU WKaW PePeV dR QRW RSWLPL]e aQ\ TXaQWLW\, aQd WKLV               
ZaV SURbabO\ QRW cOeaU eQRXJK LQ WKe SUeYLRXV YeUVLRQ RI RXU PaQXVcULSW. IQ IacW, LQ RXU                
VLPXOaWLRQV, RQO\ WKe XVeUV aUe WKe RQeV WKaW caQ acWLYeO\ ³UeZLUe´ WKeLU OLQNV WR QeZ PePeV. TKe                 
UeaUUaQJePeQW RI WKe PePeV QeWZRUN VWUXcWXUe LV VLPSO\ a b\SURdXcW RI WKe XVeUV acWLRQV. We               
QRZ PaNe WKLV SRLQW cOeaU LQ WKe UeYLVed ZRUN. 
FLQaOO\, Ze ZRXOd OLNe WR KLJKOLJKW WKaW Ze dR QRW cOaLP WKaW XVeU-PePe d\QaPLcV Qeed be                
LdeQWLcaO WR WKe cRUUeVSRQdLQJ ecRORJLcaO RQe. We dR cOaLP WKaW LQIRUPaWLRQ ecRV\VWePV aQd             



QaWXUaO PXWXaOLVWLc aVVePbOaJeV PLJKW beORQJ WR a bURadeU cOaVV RI bLSaUWLWe V\VWePV, L.e. WKRVe              
dRPLQaWed b\ LQWUa-cOaVV cRPSeWLWLRQ aQd LQWeU-cOaVV PXWXaOLVWLc LQWeUacWLRQV (Vee WKe eQd RI            
UeVSRQVe WR cRPPeQW 2.2 beORZ). 
 
(2) InWrodXcWion: ³Under Whe lighW of Whese foXr driYers ±compeWiWion, mXWXalism, coeYolXWion,            
enYironmenW±, online commXnicaWion s\sWems become a special case of mXWXalisWic          
ecos\sWems´. This is an inaccXraWe sWaWemenW.  
 
2.1. FirsW, Whe ciWaWion here is misleading since Whe paper ciWed does noW address online               
commXnicaWion s\sWems bXW Whe neWZork sWrXcWXre of mXWXalisWic assemblages.  
 
We aJUee WKaW WKe cLWaWLRQ KeUe dReV QRW KeOS WR cOaULI\ WKe VWaWePeQW, VR Ze KaYe UePRYed LW. 
 
2.2. Second, Where is no sXch Whing as ³mXWXalisWic ecos\sWems´. MXWXalisWic inWeracWions are             
ecological inWeracWions in Zhich indiYidXals of differenW species benefiW from Whe inWeracWion.            
MXWXalisWic inWeracWions ma\ lead Wo eYolXWionar\ or demographic effecWs aW Whe popXlaWion leYel.             
In some W\pes of inWeracWion, mXWXalisms ma\ inYolYe indiYidXals from mXlWiple species, forming             
mXWXalisWic assemblages. Ecos\sWems, in WXrn, are s\sWems in Zhich organisms and           
enYironmenW are connecWed b\ paWhZa\s in Zhich maWWer and energ\ floZ. I haYe Wo sa\ WhaW Whis                 
lack of accXrac\ ZiWh biological Werms is noW e[pecWed in a sWXd\ WhaW aims Wo connecW differenW                 
fields and similar misXse of ecological Werms led, in Whe pasW, Wo mXlWiple research dead-ends and                
simpl\ Zrong ideas WhaW creaWe more confXsion Whan lighW (e.g., Gaia h\poWhesis). 
 
We XQdeUVWaQd WKe UeIeUee¶V SRLQW: acWXaOO\, XQOLNe WKe caVe RI eOaVWLcLW\ (cRPPeQW 1 RI UeIeUee               
#3), Ze ​are aZaUe WKaW WKe e[SUeVVLRQ ³PXWXaOLVWLc ecRV\VWeP´ LV a OaQJXaJe abXVe. AW WKe WLPe                
RI ZULWLQJ WKe PaQXVcULSW, Ze SUeIeUUed ³ecRV\VWeP´ WR ³cRPPXQLW\´, SUecLVeO\ becaXVe           
³cRPPXQLW\´ LV aOVR aPbLJXRXV --LW KaV a YeU\ SUecLVe PeaQLQJ LQ WKe QeWZRUN OLWeUaWXUe (LQ WKe                
VeQVe RI ³PRdXOe´; ³cRPSaUWPeQW´ LQ EcRORJ\) aQd LV WKRURXJKO\ XVed LQ WKLV ZRUN (IRU RbYLRXV               
UeaVRQV). IQ WKLV dLOePPa, Ze RSWed WR NeeS ³PXWXaOLVWLc ecRV\VWeP´, IROORZLQJ WKe ​raWionale WKaW,              
W\SLcaOO\, ZKeQ \RX QeJOecW SUedaWLRQ (aQd WKXV cRQVLdeU RQO\ LQWUa-cOaVV cRPSeWLWLRQ aQd            
LQWeU-cOaVV PXWXaOLVWLc LQWeUacWLRQV) WKeQ \RX PLJKW caOO WKeP PXWXaOLVWLc ecRV\VWePV --bXW WKaW RI             
cRXUVe LV aQ abVWUacWLRQ. AOVR, Ze IeOW WKaW RXU cKRLce ZaV QRW e[ceedLQJO\ abXVLYe, aV WKe                
e[SUeVVLRQ KaV Pade LWV Za\ aOUead\ LQ WKe VcLeQWLILc OLWeUaWXUe, e.J.: 
 

EOOLe NaJaLVKL aQd Ka]XKLUR TaNePRWR. NeWZRUN UeVLOLeQce RI PXWXaOLVWLc ecRV\VWePV aQd           
eQYLURQPeQWaO cKaQJeV: aQ ePSLULcaO VWXd\. R. SRc. OSeQ ScL. 5180706 (2018) 

 
FOaYLaQR MRURQe, GLQR DeO FeUUaUR & HeUQiQ A. MaNVe. TKe ​k​-cRUe aV a SUedLcWRU RI               
VWUXcWXUaO cROOaSVe LQ PXWXaOLVWLc ecRV\VWePV. NaWXUe PK\VLcV 15, SaJeV 95±102 (2019) 

 
TKe aUJXPeQWV abRYe e[SOaLQ ZK\ Ze Kad LQdXOJed LQ WKe e[SUeVVLRQ ³PXWXaOLVWLc ecRV\VWePV´.             
HRZeYeU, Ze XQdeUVWaQd aQd aSSUecLaWe WKe UeIeUee¶V RbMecWLRQ WRZaUdV OaQJXaJe accXUac\           



(VSecLaOO\ LQ LQWeUdLVcLSOLQaU\ UeVeaUcK), aQd WKXV Ze QRZ XVe ³PXWXaOLVWLc aVVePbOaJe´ (aYRLdLQJ            
WKe SRWeQWLaOO\ cRQIXVLQJ XVe RI ³cRPPXQLW\´), aQd ³PXWXaOLVWLc QeWZRUN´ a IeZ WLPeV. 
 
Finall\, Where are mXlWiple differences beWZeen online commXnicaWion s\sWems and mXWXalisWic           
assemblages relaWed Wo spaWial, Wemporal, and organi]aWional scales. In Whe besW-case scenario            
Whese WZo s\sWems share similariWies WhaW ma\ driYe Whe d\namics of a giYen sWaWe Yariable bXW I                 
do noW see hoZ online commXnicaWion s\sWems are a special case of mXWXalisWic assemblages. 
 
TKLV LV a YeU\ LQWeUeVWLQJ dLVcXVVLRQ LQdeed. SSeOOLQJ RXW WKe dLIIeUeQceV beWZeeQ, e.J.,             
SOaQW-SROOLQaWRU cRPPXQLWLeV, aQd RQOLQe cRPPXQLcaWLRQ V\VWePV LV XQQeceVVaU\ --WKRVe         
dLIIeUeQceV aUe WRR RbYLRXV, aV WKe UeIeUee ULJKWIXOO\ SRLQWV RXW. TKeQ aJaLQ, LW LV a IacW WKaW Ze                  
KaYe RbVeUYed OaUJe adYaQceV LQ VRPe VcLeQWLILc ILeOdV ZKeQ UeVeaUcKeUV bRUURZ cRQceSWV aQd             
WeUPLQRORJ\ IURP RWKeU dLVcLSOLQeV. IQ WKe cXUUeQW da\V, Ze aUe bRPbaUded ZLWK e[SUeVVLRQV OLNe              
³LQIRdePLcV´ RU ³LQIR[LcaWLRQ´. SLPLOaUO\, Ze Va\ WKaW VRPe RQOLQe cRQWeQWV JR ³YLUaO´. UQdeUO\LQJ             
WKeVe LQIRUPaO XVeV WKeUe LV a OaUJe OLWeUaWXUe, YeU\ IRUPaO LQdeed, WKaW PRdeOV LQIRUPaWLRQ              
dLVVePLQaWLRQ LQ WKe VaPe Za\ aV aQ SIR (VXVceSWLbOe-LQIecWed-UecRYeUed) RU VLPLOaU           
eSLdePLRORJLcaO d\QaPLcV. ReVRUWLQJ WR VXcK a SRZeUIXO IUaPeZRUN KaV JLYeQ QRWabOe UeVXOWV,            
deVSLWe WKe acceSWed OaQJXaJe abXVe ZKeQ Ze WaON abRXW WKe ³cRQWaJLRQ´ RI LQIRUPaWLRQ. 
 
OI cRXUVe, bRWK SURceVVeV (dLVeaVe aQd LQIRUPaWLRQ VSUeadLQJ) aUe dLIIeUeQW, UeJaUdLQJ WKeLU            
VSaWLaO, WePSRUaO aQd RUJaQL]aWLRQaO VcaOeV (QRW WR PeQWLRQ WKe SaUWLcXOaULWLeV RI LQIecWLRQ            
PecKaQLVPV). AQd \eW, eSLdePLRORJLcaO PRdeOV (ZKLcK SUecede b\ OaUJe RQOLQe cRPPXQLcaWLRQ)           
aUe XVeIXO WR XQYeLO aQd XQdeUVWaQd ceUWaLQ SURSeUWLeV RI LQIRUPaWLRQ V\VWePV. IW LV XQdeQLabOe              
WKaW, abVWUacWLQJ WKe deWaLOV, KaV XSJUaded a XVeIXO VLPSOe aQaORJ\ WR WKe PRdeOOLQJ OeYeO. 
 
HaYLQJ VaLd aOO WKaW, Ze aJUee ZLWK WKe UeIeUee WKaW WKe VeQWeQce LV QRW accXUaWe. We VKRXOd QRW                  
Va\ 
 
³online commXnicaWion s\sWems are a special case of mXWXalisWic assemblages.´ 
 
bXW UaWKeU  
 
³RQOLQe cRPPXQLcaWLRQ V\VWePV aQd QaWXUaO PXWXaOLVWLc aVVePbOaJeV becRPe VSecLaO caVeV RI a            
bURadeU cOaVV RI PXWXaOLVWLc bLSaUWLWe V\VWePV, L.e. WKRVe dRPLQaWed b\ LQWUa-cOaVV cRPSeWLWLRQ            
aQd LQWeU-cOaVV PXWXaOO\ beQeILcLaO LQWeUacWLRQV, aOWKRXJK cOeaUO\ IXQcWLRQLQJ aW YeU\ dLIIeUeQW           
VSaWLaO aQd WePSRUaO VcaOeV´. 
 
AOVR, Ze KaYe cOaULILed LQ ZKLcK VeQVe, eSLVWePRORJLcaOO\, Ze aUe e[SORLWLQJ WKe VLPLOaULWLeV             
beWZeeQ QaWXUaO PXWXaOLVWLc aVVePbOaJeV aQd ³LQIRUPaWLRQ ecRV\VWePV´, aORQJ WKe OLQeV RI RXU            
aUJXPeQW abRYe (cRPPeQW 1). 
 
(3) The Xse of Whe Werm coeYolXWion. CoeYolXWion here is Xsed, if I goW correcWl\, in Whe sense of                   
Whe feedback beWZeen Whe d\namics of neWZorks (sWrXcWXral change across Wime) and Whe             



d\namics on neWZorks (floZ of informaWion), i.e., adapWiYe or coeYolXWionar\ neWZorks sensX            
Gross and collaboraWors. CoeYolXWion, in eYolXWionar\ biolog\, hoZeYer, is Whe reciprocal change            
of WraiWs driYen b\ naWXral selecWion in inWeracWing popXlaWions of differenW species. In Whis conWe[W,               
coeYolXWion can occXr ± and indeed is XsXall\ reporWed ± in pairZise inWeracWions. Again, Whe lack                
of accXrac\ Zhen Xsing Whe biological Werms ma\ imperil Whe analogies draZn beWZeen             
commXnicaWion and biological s\sWems. For insWance, coeYolXWion ± in iWs biological sense - is              
jXsW one of Whe processes WhaW lead Wo Whis feedback beWZeen Whe d\namics of neWZorks and Whe                 
d\namics on neWZorks in ecological assemblages. Non-eYolXWionar\, behaYioral changes are          
Zell knoZn Wo lead changes in ecological inWeracWions, as e[emplified b\ Whe WheoreWical Zork b\               
PeWer Abrams. 
 
We WKaQN WKe UeIeUee IRU UaLVLQJ WKLV SROePLc SRLQW. AJaLQ, Ze cRQIURQW KeUe a SURbOeP RI                
VSecLaOLVed WeUPLQRORJ\. AV WKe UeIeUee SRLQWV RXW, ³cReYROXWLRQ´ LV IUeTXeQWO\ XVed LQ WKe             
cRPSOe[ QeWZRUN OLWeUaWXUe ZKLcK UeIeUV WR ³WKe cReYROXWLRQ RI WRSRORJLeV aQd VWaWeV´, WKaW LV,              
KRZ WKe WRSRORJ\/VWUXcWXUe RI WKe QeWZRUN aIIecWV WKe VWaWeV RI WKe d\QaPLcV KaSSeQLQJ RQ WRS RI                
LW; aQd WKe RWKeU Za\ aURXQd, KRZ WKe VWaWeV RI WKe XQLWV LQ WKe V\VWeP eQd XS PRdLI\LQJ WKe                   
WRSRORJ\ RI WKe QeWZRUN. SRPe OLWeUaWXUe ZLWK WKLV OeaQLQJ: 
 

SKe\NKaOL, S., FeUQiQde]-GUacLa, J., TUaYeVeW, A. ​eW al. RRbXVWQeVV WR e[WLQcWLRQ aQd            
SOaVWLcLW\ deULYed IURP PXWXaOLVWLc bLSaUWLWe ecRORJLcaO QeWZRUNV. ​Sci Rep ​10, ​9783 (2020).            
KWWSV://dRL.RUJ/10.1038/V41598-020-66131-5 

 
GURVV, T., D¶LLPa, C. J. D. & BOaVLXV, B. ESLdePLc d\QaPLcV RQ aQ adaSWLYe QeWZRUN.               
PK\VLcaO ReYLeZ LeWWeUV 96, 208701 (2006). 

 
Va]TXe], F., EJXtOX], V. M. & SaQ MLJXeO, M. GeQeULc abVRUbLQJ WUaQVLWLRQ LQ cReYROXWLRQ              
d\QaPLcV. PK\VLcaO ReYLeZ LeWWeUV 100, 108702 (2008). 

 
HROPe, P. & NeZPaQ, M. E. NRQeTXLOLbULXP SKaVe WUaQVLWLRQ LQ WKe cReYROXWLRQ RI             
QeWZRUNV aQd RSLQLRQV. PK\VLcaO ReYLeZ E 74, 056108 (2006). 

 
TKLV LV WKe cRQceSW WKaW Ze NeSW LQ PLQd ZKeQ ZULWLQJ WKe PaQXVcULSW. CRQVLdeULQJ WKe UeIeUee¶V                
cRPPeQW, aQd WR aYRLd IXUWKeU cRQIXVLRQ --WKe aPbLWLRQ WR bULQJ WRJeWKeU cRPPXQLcaWLRQ aQd             
bLRORJLcaO V\VWePV LV aOUead\ cKaOOeQJLQJ eQRXJK-- Ze UeVRUW RQ WKe cRQceSW RI cR-adaSWaWLRQ.             
We IeeO WKaW WKLV cRQceSW UeIOecWV beWWeU WKe PecKaQLVPV WKaW Ze deVcULbe, aQd aOVR WKe SaSeU                
becRPeV PRUe cRKeUeQW ZLWK SUeYLRXV ZRUN b\ VRPe RI WKe cR-aXWKRUV. IQdeed, UeI. [13] (LQ WKe                
RULJLQaO YeUVLRQ; ​UeI. [16] LQ WKe QeZ RQe ​) ​neYer ​PeQWLRQV cR-eYROXWLRQ WR deILQe KLV PRdeO --WKe\                
UaWKeU XVe WKe e[SUeVVLRQ ³adaSWLYe eYROXWLRQaU\ IUaPeZRUN´. SWLOO, Ze XVe WKe WeUP            
³cR-eYROXWLRQaU\´ ZKeQ e[SOLcLWO\ OLQNed WR WKe LQWeUSOa\ RI VWUXcWXUe aQd d\QaPLcV LQ QeWZRUNV             
(aORQJ ZLWK WKe abRYe UeIeUeQceV, ​UeIV. [22-25] LQ WKe QeZ YeUVLRQ ​). 
 
(4) ResXlWs: Whe noWion WhaW nesWedness and modXlariW\ can coe[isW in modXles ZiWh inWernal              
nesWedness is noW neZ. More Whan 10 \ears ago, Thomas LeZinsohn and his coaXWhors              

https://doi.org/10.1038/s41598-020-66131-5


proposed Whese combined neWZork sWrXcWXres. There are mXlWiple empirical and WheoreWical           
sWXdies e[ploring Whese paWWerns in ecological s\sWems. 
 
We aUe VXUSULVed b\ WKe UeIeUee¶V cRPPeQW RQ WKLV aVSecW, ZKR VeePV WR KaYe RYeUORRNed WKaW                
LeZLQVRKQ¶V SaSeU LV LQdeed cLWed (UeI. [25] LQ WKe RULJLQaO VXbPLVVLRQ, ​UeI. [33] LQ WKe QeZ RQe ​).                 
We beOLeYe WKaW Ze KaYe IaLUO\ acNQRZOedJed LeZLQVRKQ¶V ZRUN, aV ZeOO aV RWKeUV LQ ZKLcK WKe                
cRQceSW RI LQ-bORcN QeVWedQeVV KaV aSSeaUed (XQdeU dLIIeUeQW QaPeV): Vee UeIV. [44, 45] b\              
FORUeV aQd cR-aXWKRUV (​UeIV. [55,56] LQ WKe QeZ RQe ​). FRU WKe VaNe RI cRPSOeWeQeVV, Ze KaYe                
aOVR added WKe UeIeUeQceV ​(UeIV. [57,58] LQ WKe QeZ YeUVLRQ)​:  
 

BecNeWW, SWeSKeQ J., aQd H\ZeO TP WLOOLaPV. "CReYROXWLRQaU\ dLYeUVLILcaWLRQ cUeaWeV          
QeVWed-PRdXOaU VWUXcWXUe LQ SKaJe±bacWeULa LQWeUacWLRQ QeWZRUNV." IQWeUIace IRcXV 3.6         
20130033 (2013). 
 
MaUcR A. R. MeOOR, eW aO. IQVLJKWV LQWR WKe aVVePbO\ UXOeV RI a cRQWLQeQW-ZLde PXOWLOa\eU               
QeWZRUN. NaWXUe EcRORJ\ & EYROXWLRQ 3, SaJeV 1525±1532 (2019). 

 
WKLcK aUe, beVLdeV UeIV. [25,44,45], WKe RQO\ ZRUN WKaW addUeVVeV LQ-bORcN QeVWedQeVV e[SOLcLWO\,             
WR WKe beVW RI RXU NQRZOedJe. 
 
TKe PaLQ dLIIeUeQce beWZeeQ LeZLQVRKQ¶V ZRUN aQd RXUV LV WKaW WKe IRUPeU LV OLPLWed WR SUeVeQW                
WKLV SRVVLbOe aUUaQJePeQW, bXW QeYeU SURYLdeV a cOeaU Za\ WR TXaQWLI\ LW. EYeQ WKe ZRUNV b\                
FORUeV ​eW al.​, BecNeWW, aQd MeOOR eW aO., ZKLcK e[SOLcLWO\ VeaUcK IRU LQWUa-PRdXOaU QeVWedQeVV LQ               
acWXaO daWaVeWV, dR QRW SURYLde a dedLcaWed PeWKRd WR cKaUacWeULVe LQ-bORcN QeVWedQeVV: WKe\             
UaWKeU e[SORLW e[LVWLQJ PeWKRdV, L.e. RSWLPLVLQJ PRdXOaULW\ ILUVW, aQd VWXd\ QeVWedQeVV LQ WKe             
UeVXOWLQJ SaUWLWLRQ (a PeWKRd WKaW Pa\ RYeUORRN LQ-bORcN QeVWed VWUXcWXUeV).  
 
NeedOeVV WR Va\, QRQe RI WKRVe ZRUNV aWWePSW WR deYeORS a JeQeUaWLYe PRdeO WR XQdeUVWaQd WKe                
PaLQ dULYeUV RI WKe V\VWeP d\QaPLcV OeadLQJ WR WKe ePeUJeQce RI VXcK K\bULd SaWWeUQV. IQ WKe                
UeZULWLQJ RI WKe PaQXVcULSW Ze KaYe WULed WR beWWeU cRQYe\ aQd cOaULI\ WKe RULJLQaO cRQWULbXWLRQV               
aQd QRYeOW\ RI RXU ZRUN. 
 
  



Minor poinWs 
1. In addiWion Wo inaccXraWe Xse of biological concepWs, Whe aXWhors imperil accXrac\ and              
precision aW mXlWiple parWs of manXscripW. A non-e[haXsWiYe lisW of e[amples inclXde bXW are noW               
limiWed Wo: 

a. AbsWracW: ³apparenWl\ chaoWic and nois\´ 
 
We KaYe cKaQJed ³cKaRWLc´ IRU ³IUeQeWLc´, WR aYRLd a SRVVLbOe cRQIXVLRQ ZLWK a OLWeUaO              
LQWeUSUeWaWLRQ (cKaRWLc d\QaPLcV LQ PK\VLcV). 
 

b. InWrodXcWion: enWire paragraphs ZiWhoXW an\ reference sXpporWing sWaWemenWs (see minor          
commenW #3). 

 
ReVSRQVe LQ PLQRU cRPPeQW 3 beORZ. 
 

c. ResXlWs: ³Biased as iW ma\ be, TZiWWer is ZiWhoXW a doXbW a sensiWiYe plaWform WhaW mirrors,                
pracWicall\ ZiWhoXW dela\, e[ogenoXs eYenWs occXrring in offline enYironmenWs´.  
 

We KaYe added WZR UeIeUeQceV ​(UeIV. [37,38] LQ WKe QeZ YeUVLRQ) ​VXSSRUWLQJ WKe Ldea WKaW eYeQWV                
KaSSeQLQJ RXWVLde TZLWWeU aUe UeIOecWed YeU\ UaSLdO\ LQ LW 
 

BRUJe-HROWKReIeU, J., eW aO. TKe d\QaPLcV RI LQIRUPaWLRQ-dULYeQ cRRUdLQaWLRQ SKeQRPeQa:          
A WUaQVIeU eQWURS\ aQaO\VLV. ScLeQce AdYaQceV, 2(4), S. e1501158 (2016). 
 
PaUN HW, PaUN S, CKRQJ M. CRQYeUVaWLRQV aQd MedLcaO NeZV FUaPeV RQ TZLWWeU:             
IQIRdePLRORJLcaO SWXd\ RQ COVID-19 LQ SRXWK KRUea. J Med IQWeUQeW ReV           
2020;22(5):e18897. DOI: 10.2196/18897 

 
aORQJ ZLWK UeI. [39] (LQ WKe RULJLQaO VXbPLVVLRQ). BeVLdeV WKaW, Ze dRQ¶W Vee aQ\ LQaccXUac\ LQ WKe                 
VeQWeQce. 
 

³Yision of Whe non-YirWXal Zorld´  
 
We KaYe cKaQJed WKLV e[SUeVVLRQ IRU a VLPSOeU RQe: 

 
³UeIOecWLRQ RI WKe UeaO ZRUOd´ 

 
³highl\ flXcWXaWing naWXre of Whis endless commXnicaWion sWream´. 

 
We KaYe UeSKUaVed WKe VeQWeQce WR a VLPSOeU (OeVV OLWeUaU\) YeUVLRQ: 
 

³KLJKO\ IOXcWXaWLQJ QaWXUe RI WKLV cRPPXQLcaWLRQ VWUeaP´. 
 



BeVLdeV WKeVe SaUWLcXOaU e[SUeVVLRQV, Ze KaYe SaLd aWWeQWLRQ WKURXJKRXW WKe PaQXVcULSW WR aYRLd             
aPbLJXRXV RU LQaccXUaWe e[SUeVVLRQV. 
 
2. AbsWracW: ³selecWiYe pressXre, i.e. Whe chances Wo persisW and reach Zidel\ are WighWl\ sXbjecW               
Wo changes in Whe commXnicaWion enYironmenW´ ĺ alWhoXgh selecWion ma\ change across            
enYironmenW, selecWion ma\ acW eYen ZiWhoXW enYironmenWal change. 
 
We KaYe cKaQJed 

³IQ WXUQ, cRQWeQWV aUe dULYeQ b\ VeOecWLYe SUeVVXUe, L.e. WKe cKaQceV WR SeUVLVW aQd UeacK               
ZLdeO\ aUe WLJKWO\ VXbMecW WR cKaQJeV LQ WKe cRPPXQLcaWLRQ eQYLURQPeQW.´ 

WR 
³IQ WXUQ, cRQWeQWV aUe dULYeQ b\ WKe eYROYLQJ cRQWe[W, L.e. WKe cKaQceV WR SeUVLVW aQd UeacK                
ZLdeO\ aUe WLJKWO\ VXbMecW WR cKaQJeV LQ WKe cRPPXQLcaWLRQ eQYLURQPeQW.´ 

 
3. Page 1: second and Whird paragraphs are essenWial Wo Whe paper bXW no references sXpporW Whe                 
claims made. 
 
We KaYe added WZR UeIeUeQceV LQ WKe VecRQd SaUaJUaSK ​(UeIV. [20,21] LQ WKe QeZ YeUVLRQ)​,  
 

Ma, Z eW aO. OQ SUedLcWLQJ WKe SRSXOaULW\ RI QeZO\ ePeUJLQJ KaVKWaJV LQ TZLWWeU. JRXUQaO               
RI WKe APeULcaQ SRcLeW\ IRU IQIRUPaWLRQ ScLeQce aQd TecKQRORJ\ 64(7) (2013) 
 
CKeQJ, J., AdaPLc, L., DRZ, P. A., KOeLQbeUJ, J. M. & LeVNRYec, J. CaQ caVcadeV be                
SUedLcWed? PURc 23Ud LQWeUQaWLRQaO cRQIeUeQce RQ WRUOd WLde Web, 925±936 (2014). 

 
ZKLcK SRLQW aW WKe LPSRUWaQce RI cRQWeQW WR SUedLcW YLUaOLW\ LQ a SLece RI LQIRUPaWLRQ. TKe IRcXV RQ                  
cRQWeQW (aPRQJ RWKeU IeaWXUeV) LV aQ LQdLUecW SURRI RI WKe cOaLP LQ WKe SaUaJUaSK, L.e. WKe beQeILW                 
RI cKRRVLQJ WKe ³ULJKW´ PePe LV YLVLbLOLW\ (aQd WKe beQeILW IRU WKe PePe LV a OaUJeU VSUead). 
 
TKe WKLUd SaUaJUaSK ZaV XQUeIeUeQced becaXVe LW dReV QRW cRQWaLQ a cOaLP, bXW UaWKeU aQ               
RbVeUYaWLRQ: XVeUV Qeed WR adaSW WKeLU cRQWeQWV WR a cKaQJLQJ cRQWe[W; aOVR, WKe VXcceVV RI               
ceUWaLQ PePeV WKaW SURYLded OaUJe YLVLbLOLW\ LQ WKe SaVW LV QR JXaUaQWee RI WKe VaPe VXcceVV LQ                 
WKe IXWXUe. SWLOO, Ze KaYe added a UeIeUeQce (WKaW ZaV XVed LQ RWKeU SaUWV RI WKe ZRUN: UeI. [14] LQ                    
WKe RULJLQaO YeUVLRQ, ​UeI. [18] LQ WKe QeZ RQe ​). 
 
 
 



Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

In the revised version of the manuscript the authors could clarify basically all my concerns with an 

impressive amount of extra analysis. Even though most links to the data remain qualitative, all the 

comparisons are reassuring that the empirical observations can be linked to the proposed 

mechanisms, which seem to describe an interesting and potentially quite general behaviour during 

shock events on social media. 

In particular I am convinced that merely an increase in activity can result in the observations, as 

the ensemble simulations in the response have shown. 

I am convinced that this work presents a robust interpretation, through an innovative model, for 

an interesting qualitatively similar response of the social media ecosystem across different topics. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

The authors have addressed my comments in a successful way. I am satisfied with their revision in 

terms of social sciences. Congratulations! 

 

 

 

Reviewer #5: 

Remarks to the Author: 

I have read the manuscript by Palazzi and coauthors with considerable interest. I think that their 

analyses are quite novel and potentially very interesting, and on the whole appear to be properly 

conducted. This notwithstanding, I am in very strong agreement with Reviewers 2 & 4 from the 

previous round of review that the links to the ecological literature need considerable improvement 

before I could regard the manuscript as publishable. In many ways, I feel that this is a direct 

consequence of the manner in which the authors have decided to present the study; that is, if they 

have found themselves between a rock and a hard place after peer review, the current 

presentation of the study is as much to blame as any use or abuse of language. 

 

I agree with the authors that exchange between disciplines can lead to very fruitful outcomes and 

hence cross pollination should not be discouraged (all puns intended). However, is is important to 

get things right (or as right as possible) so that subsequent researchers have firm ground to stand 

on, and to avoid re-inventing the wheel. Since these authors emphasise "an ecological approach" 

in their title, it behoves them to get the language right---not from their own perspective but from 

the perspective of domain experts. Right now, I do not feel their manuscript accomplishes this 

feat, and the apparent resistance to change (adaptation?) that comes across in their response to 

reviewers does them few favours. Assuming that everyone can get on the same page in terms of 

the underlying language (see below), I also have some specific suggestions that might at least 

"soften" the analogy to ecology to the point that it becomes acceptable (or at least tolerable). 

 

1) Resilience, elasticity, structural elasticity, etc. 

 

Starting from the (revised) title, I am troubled by the use of elasticity. As these authors likely 

know, elasticity is a term that already has a well-established mathematical definition. It would be 

one thing if they were to acknowledge this in their paper and, upon first use, provide a clear 

definition of their own use of the term. But they fail to do this, to the detriment of their study. If I 

understand things correctly, what the authors wish to imply when they say elasticity is (a) that the 

system moves away rapidly from a previous "resting state" upon perturbation and yet (b) that 

system returns to the resting state similarly rapidly---at least on a macroscopic scale. If we are to 

stick to the ecological analogy, both (a) and (b) above already have terms in the ecological 



literature which are widely used and widely accepted: reactivity (Neubert & Caswell 1997 Ecology) 

and resilience (Holling 1973 Annual Rev Eco Syst). Though I do not object to the authors using 

"elastic" to refer to a system that is both reactive and resilient, the fact that they do not echoes 

Reviewer #4's concern that the "analogies used at the best inaccurately [describe]" what they 

measure. 

 

2) Communication networks as mutualistic assemblages 

 

Upon first glance, I am strongly inclined to agree with Reviewer #4 that this system is more akin 

to consumer-resource dynamics than than to mutualistic assemblages. Or maybe there is simply a 

symbiotic relationship and we need provide an a priori definition of the sign of the interaction. 

Reviewer #4 in particular focused on the passive nature of memes as the basis for their argument 

against mutualism; this is additionally supported by the authors' modelling within which users 

rewire their interactions to maximise their abundance. Indeed, users can choose memes to 

propagate or create, but memes clearly cannot choose users. On the other hand, from this 

perspective I can see how memes might well "benefit" from being used more frequently, and how 

they might "compete". The same is certainly not true for resources in the classical consumer-

resource context. In contrast, I personally found the statement that users in the real world select 

memes specifically to increase their "abundance" far more tenuous or specious. The authors do not 

appear to provide any references to back this up nor do they have any data with which to back up 

this claim. Perhaps retweets or likes could serve the purpose of quantifying the "benefit" to users, 

but these are not studied here. In that vein, the closest, or most parsimonious, match may well be 

commensalism. 

 

Of course, worrying about how any potential benefit could be measured probably detracts from 

what I feel is a much more salient point: in the introduction, the authors present and argue the 

analogy to mutualistic assemblages as if it is incontrovertible fact. And yet absolutely nothing in 

their paper demands that this be the case. The paper would be drastically improved, for example, 

if they rearranged the introduction such that the analogy and modelling are, at best, presented as 

conjectures about the how and why of the emergent patterns they find in the empirical data. In a 

sense, they pre-empt the possibility that a mutualistic model could capture the dynamics---which 

is a result and pertinent to the discussion---by putting it in the introduction when it is still remains 

highly speculative. In reality, much of the paper suffers from similar issues where even the most 

minor observations are "remarkable" or where what frequently is little more than qualitative, 

visual comparison between a model and data "[proves] that an ecological framework...is a 

powerful tool" or "[brings] to light the precise mechanisms causing the observed topological 

reorganisation". Truth be told, the authors cannot prove anything with their analysis, nor can they 

state that they have uncovered a causal mechanism. Their model helps them postulate a possible 

generative mechanism that produces qualitatively similar patterns. This is nothing to be scoffed at, 

but is also not causal. If the authors could resist the urge to oversell their work over and over 

again, the manuscript would better stand on its true merits---and allow those merits to shine for 

what they are---as opposed to watering things down with one grandiose claim after another. 

 

3) Ecosystems and coevolution 

 

As previously noted, the authors appear both extremely open-minded in terms of obtaining 

inspiration from other fields while also surprisingly resistant to suggestions that might make the 

mapping between their work and that of others crisper than it is. On the one hand, they rightfully 

follow the advice that there is no such thing as a mutualistic ecosystem: there are mutualistic 

assemblages (i.e., collections of agents that interact in a mutualistic fashion) and mutualistic 

networks (i.e., the mathematical objects often used to describe the interactions that occur within 

mutualistic assemblges). On the other hand, they argue that their use of coevolved and/or 

coevolution is correct despite Reviewer #4 providing a clear explanation for why this is 

inappropriate. Moreover, the best evidence they could find to support their cause is drawn from 

publications in physics and not ecological/evolutionary journals. As with the above, I cannot see 



what is to be gained from digging in; there is absolutely no harm whatsoever in changing these 

terms to "interplay of structure and dynamics in networks", "feedback between structure and 

dynamics in networks", or to simply refer to "adaptive dynamics". Not only will this be more 

accurate, but it will avoid the risk of alienating a large section of the presumed target audience for 

this paper: biologists. 

 

Minor comments 

 

1) Nature Communications is a broad, multidisciplinary journal and hence articles published there 

should be as accessible as possible. At present, I do not feel that the manuscript has been written 

or revised to be as accessible as possible. Possible "abuses" of language aside, the grammar 

appears correct, but the text is also extremely prolix. The first sentence of the Discussion is but 

one of many examples where an equivalent message could almost certainly be conveyed with far 

fewer words. 

 

2) In their response to Reviewer #2's previous comment 2, the authors argue against studying 

other indicators beyond nestedness and modularity. In particular, I'm surprised that they wouldn't 

also include plots of meme/hashtag evenness (or Shannon diversity) as a function of time. They 

are correct that a heterogeneous distribution of abundance (or degree) is not a sufficient condition 

for nestedness, but it is a sufficient one and hence may be as useful as Q or N (Bluthgen 2008 

Ecology). Even though their networks are qualitative, they do still have data for meme usage and 

hence should be able to measure and present this pattern. It's also been known for some time that 

networks may appear qualitatively nested while also being qualitatively anti-nested (Staniczenko 

2013 Nature Comms) 

 

3) When Reviewer #4 pointed out that within-module nestedness had first been pointed out by 

Lewinsohn over a decade ago, I suspect part of their motivation was that that study and other 

precursors be cited appropriately in the manuscript to give credit where credit is due. That is, the 

authors currently only cite Lewinsohn's study and one of their own papers when introducing the 

topic, potentially giving the false impression that nothing else had been published on the topic in 

the intervening years. In addition to the new citations (which only appear in the Methods), I would 

also encourage the authors to at least cite Kondoh et al. Ecology (2010) who quantified this 

pattern in non-mutualistic settings. 

 

4) The authors interchange between actors and users, memes and hashtags, at seemingly random 

moments throughout the text. It would seem to be helpful to pick one nomenclature and stick to 

it. 

 

5) Were the 2000 most active users the same 2000 users for each of the temporal slice that 

created a bipartite network? As far as I could tell, this was never specified, but it would seem to be 

very important for this to be the case. Otherwise, it may not be the same users 

reorganizing/rewiring and hence does not map nearly as well to the authors' simulations. 

 

6) Along similar lines, Table S1 gives an indication that the top 2000 users is only a tiny subset of 

the total user-hashtag assemblage covered by the authors' dataset. How sensitive are their results 

to this threshold and on what basis was this chosen as the cutoff? 

 

7) In order to clearly outline why the mutualistic population-dynamics model is a fair 

representation of the system, it would help to have some rationale provided for why users and 

memes might directly compete with each other as captured by the beta coefficients in their model. 

In a plant-pollinator network, for example, this is included because plants compete for resources 

(e.g., light, nutrients) beyond pollinators, and because pollinators compete for resources (e.g., 

other food sources, habitat) beyond pollen. What is the equivalent here? 

 

8) What is actually on the y-axes of Figure 4b and 4d? It clearly cannot just be frequency as 



labelled because you cannot have a negative frequency. Is this log(frequency)? 

 

9) The authors generate synthetic data with average connectance 10^-2. Why? 

 

10) The authors' analyses focus on externally defined "shocks" to the assemblage, but there are 

many other windows within which the networks appear to experience shifts from predominantly 

modular to predominantly nested and back. In Figure 1a, for example, this appears around 04/16 

or right after the first shock they consider. If structural elasticity is only observable after the fact 

when t_E has been defined, doesn't the utility of the authors' findings diminish considerably? If 

not, couldn't the size of endogenous fluctuations in these measures at least be used to estimate 

whether or not the responses to perturbations are statistically remarkable/unexpected? 



Nature Communications - response to reviewers (II) 
Manuscript Number: NCOMMS-20-18890A  
Structural Elasticity in Online Communication Networks: an ecological approach 
 
REVIEWER COMMENTS 
 
Reviewer #1: 
In the revised version of the manuscript the authors could clarify basically all my concerns with                
an impressive amount of extra analysis. Even though most links to the data remain qualitative,               
all the comparisons are reassuring that the empirical observations can be linked to the proposed               
mechanisms, which seem to describe an interesting and potentially quite general behaviour            
during shock events on social media. 
In particular I am convinced that merely an increase in activity can result in the observations, as                 
the ensemble simulations in the response have shown. 
I am convinced that this work presents a robust interpretation, through an innovative model, for               
an interesting qualitatively similar response of the social media ecosystem across different            
topics. 
 
We thank the referee for the very positive assessment of our work. We are glad to see that our                   
efforts to respond to their insightful questions have rendered a stronger work, and we              
acknowledge and thank their role in pursuing more robust and convincing results. 
 
Reviewer #3: 
 
The authors have addressed my comments in a successful way. I am satisfied with their revision                
in terms of social sciences. Congratulations! 
 
We thank the referee for their words, and for recommending the publication of the manuscript in                
Nature Communications. 
 
  



Reviewer #5: 
 
I have read the manuscript by Palazzi and coauthors with considerable interest. I think that their                
analyses are quite novel and potentially very interesting, and on the whole appear to be properly                
conducted.  
 
We thank the reviewer for the positive comments on the value of the manuscript. Below we offer                 
a point-by-point response to address the issues raised by the referee. 
 
This notwithstanding, I am in very strong agreement with Reviewers 2 & 4 from the previous                
round of review that the links to the ecological literature need considerable improvement before              
I could regard the manuscript as publishable. In many ways, I feel that this is a direct                 
consequence of the manner in which the authors have decided to present the study; that is, if                 
they have found themselves between a rock and a hard place after peer review, the current                
presentation of the study is as much to blame as any use or abuse of language. 
 
I agree with the authors that exchange between disciplines can lead to very fruitful outcomes               
and hence cross pollination should not be discouraged (all puns intended). However, it is              
important to get things right (or as right as possible) so that subsequent researchers have firm                
ground to stand on, and to avoid reinventing the wheel. Since these authors emphasise "an               
ecological approach" in their title, it behoves them to get the language right---not from their own                
perspective but from the perspective of domain experts. Right now, I do not feel their manuscript                
accomplishes this feat, and the apparent resistance to change (adaptation?) that comes across             
in their response to reviewers does them few favours. Assuming that everyone can get on the                
same page in terms of the underlying language (see below), I also have some specific               
suggestions that might at least "soften" the analogy to ecology to the point that it becomes                
acceptable (or at least tolerable). 
 
We apologise if our previous responses could be interpreted as resistance to change. Rather,              
those responses possibly reflect a “tension” that is inherent to the work: the attempt to               
harmonise different scientific languages --Ecology, Complex Systems and, to a lesser extent,            
Social Science.  
 
1) Resilience, elasticity, structural elasticity, etc. 
 
Starting from the (revised) title, I am troubled by the use of elasticity. As these authors likely                 
know, elasticity is a term that already has a well-established mathematical definition. It would be               
one thing if they were to acknowledge this in their paper and, upon first use, provide a clear                  
definition of their own use of the term. But they fail to do this, to the detriment of their study. If I                      
understand things correctly, what the authors wish to imply when they say elasticity is (a) that                
the system moves away rapidly from a previous "resting state" upon perturbation and yet (b)               
that system returns to the resting state similarly rapidly---at least on a macroscopic scale. If we                
are to stick to the ecological analogy, both (a) and (b) above already have terms in the                 



ecological literature which are widely used and widely accepted: reactivity (Neubert & Caswell             
1997 Ecology) and resilience (Holling 1973 Annual Rev Eco Syst). Though I do not object to the                 
authors using "elastic" to refer to a system that is both reactive and resilient, the fact that they                  
do not echoes Reviewer #4's concern that the "analogies used at the best inaccurately              
[describe]" what they measure. 
 
We thank the referee for the comment, which makes it clear that our choice of ‘elasticity’ is                 
troublesome (as it happens, the term ‘elasticity’ was also discussed in the first reviewing round:               
referee 3 understood the term as it is used in Economy, while we clearly had another concept in                  
mind). 
 
We find the idea of using ‘reactivity’ a very appealing one. Its attention to the short-term,                
transient behaviour of the system following a perturbation captures well our aim to characterise              
rapid changes in the structure of online communication systems. However, the concept stems             
directly from ecological stability theory, which deals with the system’s dynamics near an             
equilibrium. Instead, the term we are looking for is to be applied on the structure on the network.                  
Also, our results in section “Lasting effects of perturbations on the system's dynamics” suggest              
that the capacity of the system to stick to certain structural arrangements might not be mirrored                
at the dynamical level. Then, the use of ‘reactivity’ might be misleading (and the same applies to                 
‘resilience’). 
 
Triggered by the referee’s comment, we have searched for an appropriate term in the Ecological               
literature, avoiding ‘elasticity’, ‘reactivity’ or ‘resilience’ for the above reasons. The text finally             
sticks to the word ‘flexibility’, from the very recent work (now cited as ​ref. [33]​): 
 

CaraDonna, P. J. & Waser, N. M. Temporal flexibility in the structure of plant–pollinator              
interaction networks. Oikos https://doi.org/10.1111/oik.07526 (2020). 

 
Here, with the word ‘flexibility’ the authors explicitly refer to short-term variations in network              
structural properties. 
 
2) Communication networks as mutualistic assemblages 
 
2.1. Upon first glance, I am strongly inclined to agree with Reviewer #4 that this system is more                  
akin to consumer-resource dynamics than to mutualistic assemblages. Or maybe there is simply             
a symbiotic relationship and we need to provide an a priori definition of the sign of the                 
interaction. Reviewer #4 in particular focused on the passive nature of memes as the basis for                
their argument against mutualism; this is additionally supported by the authors' modelling within             
which users rewire their interactions to maximise their abundance. Indeed, users can choose             
memes to propagate or create, but memes clearly cannot choose users. On the other hand,               
from this perspective I can see how memes might well "benefit" from being used more               
frequently, and how they might "compete". The same is certainly not true for resources in the                
classical consumer-resource context. In contrast, I personally found the statement that users in             



the real world select memes specifically to increase their "abundance" far more tenuous or              
specious. The authors do not appear to provide any references to back this up nor do they have                  
any data with which to back up this claim. Perhaps retweets or likes could serve the purpose of                  
quantifying the "benefit" to users, but these are not studied here. In that vein, the closest, or                 
most parsimonious, match may well be commensalism. 
 
We appreciate these thoughtful reflections on the nature of the interactions between actors and              
memes. We now see that the three relationships (meme-meme, actor-actor, and actor-meme)            
have not been sufficiently justified.  
 
1) Competition among memes  
The idea that words compete to be used by speakers is one of the fundamentals of cultural                 
evolution, a dominant framework to explain language change in the last three decades.             
Although the accounts within this discipline differ widely in their theoretical background and             
assumptions, they share the postulate that linguistic units are ‘replicators’: their survival            
depends on their ability to be copied, i.e., internalised by other speakers of the language. As it                 
happens, Darwin himself subscribed to this view in Descent of Man (1871), when he wrote that                
“the survival or preservation of certain favoured words in the struggle for existence is natural               
selection”. 
 
Competition presupposes of course some resource scarcity, and lexical theorists argue that the             
resource in question is the speakers’ attention (users, in the Twitter context). Often this is just                
implicit, or else they refer generically to cognitive resources. Words, in this context, evolve to               
become compressible (reduction or simplification) and discriminative (maintaining relevant         
distinctions). In either case, the underlying assumption is that the cognitive system “wishes for”              
easier-to-internalise terms. 
 
We have added a few sentences on these ideas, along with the following references ​refs.               
[14-17]​ in the new version:  
 

McMahon. Understanding Language Change. Cambridge: Cambridge University Press.        
(1994). 
 
Brighton, Henry, Kenny Smith and Simon Kirby. Language as an evolutionary system.            
Physics of Life Reviews, 2(3), 177–226 (2005). 
 
Zaslavsky, Noga, et al. Efficient compression in color naming and its evolution.            
Proceedings of the National Academy of Sciences 115.31 (2018): 7937-7942. 
 
Monica Tamariz. Experimental Studies on the Cultural Evolution of Language. Annual           
Review of Linguistics, 3 389-407 (2017). 

 



All of the previous is not meant to explain lexical competition in online environments. We believe                
however that the logic underlying these developments hold. Still, to strengthen the idea that              
memes compete for attention also online, we have added a comment and a reference              
(Lorenz-Spreen ​et al ​. Nature Communications 2019) (​ref. [1]​). This work was already cited in a               
different context, but not specifically as part of the argument on meme competition. 
 
2) Competition among actors 
On the other hand, it is true that we didn’t provide evidence that users select contents                
specifically to increase their visibility (or abundance), and this had to be corrected. We now               
resort to the literature to back the idea that users make decisions on what digital contents to                 
share based, at least partially, on the expected visibility they will obtain. These new references               
point at the motivational and neurological reasons of such behaviour. On the motivational side,              
we include the following work (​ref. [20]​ in the new version):  
 

Malik, Aqdas, Amandeep Dhir, and Marko Nieminen. "Uses and gratifications of digital            
photo sharing on Facebook." Telematics and Informatics 33.1 (2016): 129-138. 

 
Mostly based on surveys, such literature emphasises that participation in the social network             
(Twitter, Flickr, Facebook, etc.) is not so much about having general discussions with others, but               
as seeking attention through content distribution. All in all, the importance of activity seems to               
be that it enables the promotion of oneself. 
 
In a different fashion, neurological research provides quantitative evidence of the effects of             
varying peer endorsement (tantamount to visibility) on social media. Such research pays            
attention to the patterns that emerge in the brain’s reward system. When engaged in social               
activity, individuals pursue socially valued or rewarding outcomes --approval, acceptance,          
reciprocity, recognition-- as a means toward learning about others and fulfilling social needs of              
forming meaningful relationships. Notably, these values (approval, acceptance, reciprocity,         
recognition) are aspects of (or presuppose) visibility. In more practical terms, a retweet (or a               
‘like’ on Facebook, etc.) shares features with both monetary and social rewards as a means of                
feedback that shapes reinforcement learning. Thus we now also cite (​refs. [19, 21] in the new                
version):  
 

Fareri, Dominic S., and Mauricio R. Delgado. "Social rewards and social networks in the              
human brain." The Neuroscientist 20.4 (2014): 387-402. 

 
Sherman, Lauren E., et al. "What the brain ‘Likes’: neural correlates of providing             
feedback on social media." Social cognitive and affective neuroscience 13.7 (2018):           
699-707. 

 
3) Mutualistic actor-meme interactions 
The last type of relationship that we assume in our work is admittedly the most controversial and                 
speculative --the one our work aims to unveil. To us, the existence of mutualistic links is implied                 



in the existence of the competitive ones: in a communication environment, the best tool for an                
actor to compete with its peers is precisely to build the best possible discourse; and the best                 
way for a meme to compete with other lexical candidates is to be clear and concise: thus the                  
mutualistic relationship.  
 
Note that the use of ‘better’ memes does not discard other strategies to maximise visibility, but                
these are not considered in our framework: engaging with other users’ content (seeking             
reciprocity), URL sharing, image and video posting, etc. 
 
2.2. Of course, worrying about how any potential benefit could be measured probably detracts              
from what I feel is a much more salient point: in the introduction, the authors present and argue                  
the analogy to mutualistic assemblages as if it is an incontrovertible fact. And yet absolutely               
nothing in their paper demands that this be the case. The paper would be drastically improved,                
for example, if they rearranged the introduction such that the analogy and modelling are, at               
best, presented as conjectures about the how and why of the emergent patterns they find in the                 
empirical data. In a sense, they pre-empt the possibility that a mutualistic model could capture               
the dynamics---which is a result and pertinent to the discussion---by putting it in the introduction               
when it still remains highly speculative. In reality, much of the paper suffers from similar issues                
where even the most minor observations are "remarkable" or where what frequently is little more               
than qualitative, visual comparison between a model and data "[proves] that an ecological             
framework...is a powerful tool" or "[brings] to light the precise mechanisms causing the observed              
topological reorganisation". Truth be told, the authors cannot prove anything with their analysis,             
nor can they state that they have uncovered a causal mechanism. Their model helps them               
postulate a possible generative mechanism that produces qualitatively similar patterns. This is            
nothing to be scoffed at, but is also not causal. If the authors could resist the urge to oversell                   
their work over and over again, the manuscript would better stand on its true merits---and allow                
those merits to shine for what they are---as opposed to watering things down with one               
grandiose claim after another. 
 
At the time of writing the introduction, our intention was to follow precisely the path that the                 
referee points at with their comment. The skeleton of our argument could be phrased following               
the "classical" scientific cycle: observation, hypothesis, model, prediction. From the referee’s           
comment, we see that we have failed at delivering this argumentative path, rather presenting as               
a given fact that online social media and mutualistic assemblages operate in the same way. 
 
Thus we have rewritten part of the introduction, to convey the idea that the work begins with an                  
observation (empirical emergent patterns of structural flexibility in Twitter datasets), which leads            
to a hypothesis (competitive and mutualistic interactions, together with visibility maximisation,           
govern the system) that we encapsulate in a modelling framework. Finally, we show that the               
model indeed reproduces the most salient features of the initial observations, and even delivers              
a prediction that the data do not falsify. 
 
 



3) Ecosystems and coevolution 
 
As previously noted, the authors appear both extremely open-minded in terms of obtaining             
inspiration from other fields while also surprisingly resistant to suggestions that might make the              
mapping between their work and that of others crisper than it is. On the one hand, they rightfully                  
follow the advice that there is no such thing as a mutualistic ecosystem: there are mutualistic                
assemblages (i.e., collections of agents that interact in a mutualistic fashion) and mutualistic             
networks (i.e., the mathematical objects often used to describe the interactions that occur within              
mutualistic assemblages). On the other hand, they argue that their use of coevolved and/or              
coevolution is correct despite Reviewer #4 providing a clear explanation for why this is              
inappropriate. Moreover, the best evidence they could find to support their cause is drawn from               
publications in physics and not ecological/evolutionary journals. As with the above, I cannot see              
what is to be gained from digging in; there is absolutely no harm whatsoever in changing these                 
terms to "interplay of structure and dynamics in networks", "feedback between structure and             
dynamics in networks", or to simply refer to "adaptive dynamics". Not only will this be more                
accurate, but it will avoid the risk of alienating a large section of the presumed target audience                 
for this paper: biologists. 
 
We can only agree with the reviewer. Our zeal to grant the presence of certain expressions                
harmed, instead of strengthened, the objectives of the work. We have followed the referee’s              
advice and substituted the mentioned expressions as adviced. 
 
Minor comments 
 
1) Nature Communications is a broad, multidisciplinary journal and hence articles published            
there should be as accessible as possible. At present, I do not feel that the manuscript has been                  
written or revised to be as accessible as possible. Possible "abuses" of language aside, the               
grammar appears correct, but the text is also extremely prolix. The first sentence of the               
Discussion is but one of many examples where an equivalent message could almost certainly              
be conveyed with far fewer words. 
 
We have tried to simplify parts of the text, employing a more direct language or removing                
superfluous text. 
 
  



2) In their response to Reviewer #2's previous comment 2, the authors argue against studying               
other indicators beyond nestedness and modularity. In particular, I'm surprised that they            
wouldn't also include plots of meme/hashtag evenness (or Shannon diversity) as a function of              
time. They are correct that a heterogeneous distribution of abundance (or degree) is not a               
sufficient condition for nestedness, but it is a sufficient ​[necessary] ​one and hence may be as                
useful as Q or N (Bluthgen 2008 Ecology). Even though their networks are qualitative, they do                
still have data for meme usage and hence should be able to measure and present this pattern.                 
It's also been known for some time that networks may appear qualitatively nested while also               
being qualitatively ​[quantitatively] ​anti-nested (Staniczenko 2013 Nature Comms) 
 
On reading this comment, we now understand better the motivations of referee #2 when              
suggesting the use of alternative measures, and Shannon entropy in particular. If only for this,               
we thank the reviewer for the additional context. In particular, we realise now that the question is                 
not just about observing a nested pattern in the binary matrix, but actually to take into account                 
the weights in it --something that certainly we had overlooked.  
 
The top panels in Figure R1 below show two (left and center) user-hashtag matrices, which               
correspond to the Spanish dataset in two different moments. In one of them, the predominant               
pattern is in-block nested (left); in the other (center), the predominant pattern is purely nested.               
The matrices have been arranged to facilitate the visualisation of the corresponding            
architecture, and the cells are coloured according to the link weight (i.e. how many times user ​u                 
tweeted hashtag ​h ​). Following the arguments in Staniczenko (Nat Comm, 2013), these matrices             
provide a visual insight on whether the qualitatively observed nested patterns are also             
quantitatively matched. Indeed, one can observe that the strongest links (darker colours)            
correspond to those among generalists. To better appreciate this pattern in the case of global               
nestedness, we draw on the right a submatrix for the first 150 users (and corresponding               
hashtags). Note that Fig. R1 is now included as Figure S5 in the Supplementary Materials               
(along with a new section 1.5 in the same document). 



 
Figure R1: Top panel: weighted in-block nested (left) and nested (center) matrices, in which darker colours                
correspond to stronger links. The right-most matrix corresponds to the subset of most generalist users/hashtags in                
the center, to highlight the stronger weights in the upper-left part. If only visually, it is apparent that the matrices are                     
qualitatively and quantitatively in-block nested and nested, respectively. Lower panel: evolution of evenness for the               
Spanish dataset. As expected, evenness remains relatively high (baseline behaviour), with abrupt dips whenever              
external shocks affect the system. 
 
The bottom panel shows the evolution of evenness as defined in 

 
Blüthgen, Nico, et al. "What do interaction network metrics tell us about specialization             
and biological traits." Ecology 89.12 (2008): 3387-3399. 

 
which is now included as ​ref. [54] in the manuscript, along with ​ref. [55] to Staniczenko’s work                 
as well. As expected, evenness portrays a similar evolution to those of nestedness and              
modularity: it remains relatively stable in all the period, except for exceptional episodes that              
disrupt the attention focus in the system. 
 
We believe that this is a truly interesting aspect. In particular, we suspect that evenness might                
be an interesting measure to discriminate between nested, in-block nested and modular-only            
arrangements. This, of course, demands a dedicated effort and an appropriate benchmark (i.e.             
toy model), which lies beyond the scope of the work. 
 
  



3) When Reviewer #4 pointed out that within-module nestedness had first been pointed out by               
Lewinsohn over a decade ago, I suspect part of their motivation was that that study and other                 
precursors be cited appropriately in the manuscript to give credit where credit is due. That is,                
the authors currently only cite Lewinsohn's study and one of their own papers when introducing               
the topic, potentially giving the false impression that nothing else had been published on the               
topic in the intervening years. In addition to the new citations (which only appear in the                
Methods), I would also encourage the authors to at least cite Kondoh et al. Ecology (2010) who                 
quantified this pattern in non-mutualistic settings. 
 
We have reviewed the locations of the mentioned citations, not only the one from Lewinsohn,               
but also those that have addressed the problem of hybrid structures in the past. Due to                
relocation, these works are now cited as ​refs. [40-46] in the Introduction. We note that, in our                 
first revision of the manuscript, even more references on the topic were introduced. Also, we               
thank the referee for suggesting this new reference, which we were unaware of and now include                
as​ ref. [41]​.  
 
4) The authors interchange between actors and users, memes and hashtags, at seemingly             
random moments throughout the text. It would seem to be helpful to pick one nomenclature and                
stick to it. 
 
This is a timely advice that has also been a matter of debate among ourselves. The debate                 
stems from the fact that the model is not meant to be a “Twitter model”, but rather a more                   
general framework for similar online social platforms: thus, a more general nomenclature is             
needed (actors, memes), as ​user and ​hashtag are rather platform-specific. On the other hand,              
all the empirical evidence that we offer is from Twitter, and we should stick to this limitation. 
 
Considering this, we have limited our use of ‘actors’ and ‘memes’ to the Introduction and               
Discussion (where the discourse is on general communicative contexts), and ‘users’ and            
‘hashtags’ in the rest of the paper, when the focus is set on the results over Twitter datasets. 
 
5)  
5.1. Were the 2000 most active users the same 2000 users for each of the temporal slice that                  
created a bipartite network? As far as I could tell, this was never specified, but it would seem to                   
be very important for this to be the case.  
 
This is certainly a delicate aspect of the work that demands the maximum clarity. In our previous                 
version, we had two references regarding the continuity of nodes (not only users, but also               
hashtags) across slices. The first one in the main text (Methods summary): 
 

“​Then, for the empirical case, for each dataset, we split the Twitter stream into chunks               
according to non-overlapping time windows with three hours of duration $\omega=3$h,           
containing the $2000$ most active unique users, ​while the number of hashtags is             
variable (depending on the amount produced by those 2000 users)​.​”  



 
It is implicit in the highlighted sentence that hashtags may change from one snapshot to the                
next. Even more: since hashtags are not chosen, but strictly determined by what users tweeted               
on, the overlap between consecutive time windows could be (but never is) 0.  
 
Then, in the SM (section 1.2), the text is more explicit: 
 

“​It is also important to highlight that the $a^{(t)}_{uh}$ matrices may not contain the              
same nodes across $t$: ​as time advances, users join (disappear) as they start             
(cease) to show activity; the same applies for hashtags ​, which might or might not be               
in the focus of attention of users.​” 

 
This information, admittedly, should be clear also in the main text (we have added a clarification                
in the Methods section). 
 
For the sake of completeness, let us quantify the temporal continuity of users and hashtags over                
time. On the hashtags side, Figure R2 (top) represents the overlap between consecutive             
hashtag coversets (|​H ​t ∩ ​H​t-1​| / ​min ​(|​H​t​|,|​H ​t-1​|)), showing a strong persistence of the main              
hashtags in general, and above 60% during the highlighted events (the trend is smoothed to               
remove the fluctuations during the night periods, in which activity remains very low; the raw plot                
reaches a maximum at ~80%, and a minimum at ~20%). 
 

 
 

Figure R2: Overlap across time between the most relevant hashtags (top) and users (bottom) in consecutive                
snapshots of the Spanish dataset. 
 



Figure R2 (bottom) shows, conversely, the overlap between consecutive user coversets (that is,             
|​U​t ∩ ​U​t-1​| / ​min​(|​U​t​|,|​U​t-1​|)), which remains relatively constant and low between 10 and 15%               
(again, the trend is smoothed). This volatile situation (both for users and hashtags) is quite               
normal in time-resolved ecology field studies, where the emphasis is placed on the system's              
dynamics rather than individual species. In our case, despite the composition of users,             
hashtags, and their interactions may vary across minutes, hours, and days, evidence suggests             
that networks are composed of a reliable core of generalist ‘species’, accompanied by a              
changing suite of specialist ‘species’. Along the same lines in Ecology, see for instance (new               
ref. [23]​ in the SM): 
 

Zografou, Konstantina, et al. "Stable generalist species anchor a dynamic pollination           
network". Ecosphere 11.8 (2020): e03225. 

 
Figure R2 and surrounding text are now included in Section 1.2 of the Supplementary Materials. 
 
5.2. Otherwise, it may not be the same users reorganizing/rewiring and hence does not map               
nearly as well to the authors' simulations. 
 
The referee raises a legitimate doubt about the suitability of the modelling approach: the              
problem is not so much that the nodes change in time (comment 5.1 above), but the failure of                  
the model to include this feature in particular. We respectfully disagree with the referee, and we                
provide some evidences against their argument. 
 
The first fact that we need to take into account is that, in our synthetic simulations, we always                  
have a privileged global view of the system, in which nodes cannot enter or leave the observed                 
stage. That is, 𝑄, 𝒩 and 𝓘 are measured including all the nodes and their interactions. For a fair                   
comparison with the data in this aspect, we should consider a fraction of the synthetic system,                
and then see whether the top users (or hashtags) do change it time or not. 
 
This is what Figure R3 below precisely shows. To obtain it, we take the whole history of the                  
synthetic simulation shown in Figure 3 of the main text. Keep in mind that the system is made                  
up of ​N​U = ​N​H = 100. Here, as we do with empirical data, we assume that we can only manage a                      
partial observation of the system, so for each temporal slice we select the 50 most active                
(abundant) users, and the corresponding hashtags that they cite (which may be any number              
from 0 to 100). In the top and central panels, we show the overlap between slices for hashtags                  
(top) and users (central). We can see that these overlaps are, in general, smaller than 1; and                 
these changes are even more drastic after the introduction of an external shock (​t = 3 x 10 ​4​),                  
when the overlaps hit the minimum. 
 



 

 
Figure R3: Overlap across time between the hashtags (top) and users (center) in consecutive snapshots, when only                 
the top 50% of the users are taken into account. Bottom: the partial view of the system does not blur the emergent                      
structural patterns reported in Figure 3 of the main text. 
 
The fact that the overlap in this experiment is significantly larger than the empirical one, i.e.                
Figure R2, is an effect of the small size of the synthetic experiment (both in terms of nodes, and                   
number of topics). We remark that here we are systematically considering half of the users (and                
often more than half of the hashtags), which is not the case in general when analysing empirical                 
datasets (see Figure R4 below). 
 
Finally, we highlight that the partial pruning of the system does not affect the observation of                
emergent structural patterns: the bottom panel of Fig. R3 displays the evolution of 𝑄 and 𝒩,                
which closely follow the trends in Figure 3 of the main text. 
 
Summarising, the apparent failure of the model to match the observed species turnover is a               
consequence of the limited computational capabilities: synthetic simulations, unlike real          



datasets, always permit a privileged global view of the system, in which nodes cannot enter or                
leave the observed stage. That said, we insist that the model needs, in future efforts, to include                 
birth/death/invasion processes, because species turnover in empirical data is not just a matter             
of network pruning (i.e. which nodes are included in the network), but also of nodes that join and                  
leave the system (if only because of circadian rhythms). 
 
This discussion has been included in the Supplementary Materials (new Section 3.5). 
 
6) Along similar lines, Table S1 gives an indication that the top 2000 users is only a tiny subset                   
of the total user-hashtag assemblage covered by the authors' dataset. How sensitive are their              
results to this threshold and on what basis was this chosen as the cutoff? 
 
The referee tackles an important issue here, which connects also with the previous comment              
5.2. The large size of our several datasets handicaps the data processing and makes the               
calculations time-consuming. We must therefore apply some restrictions to the number of users             
(​N​U​) considered in the network.  
 
Taking the comment literally (“​Table S1 gives [...] covered by the authors' dataset​”), it is               
manifestly true: in the best case (Catalan dataset), ​N ​U = 2000 users represent 2.5% with respect                
to an aggregate of all users over that dataset; in the worst (Charlie Hebdo), the same amount of                  
users hardly reach 0.1% of the total.  
 
However, we infer that the comment is related not to the aggregate user count, but to each                 
snapshot that the paper analyses, i.e. 3-hours time windows (15-minutes windows during the             
selected events). In this case, we argue that ​N ​U = 2000 users (and the number of hashtags                 
produced by those, which varies from slice to slice) are a good representative of the overall                
activity and of the structural patterns that emerge. At this point, it is worth noting that, by                 
selecting top contributors (and their associated hashtags), we guarantee that both generalists            
and specialists will show up –if any nested pattern is to be found. Also, the chances of obtaining                  
a connected matrix are higher (note that the appearance of disconnected components would             
render a trivially modular network). In the left panel of Figure R4 below, we show, for the                 
Spanish dataset, the corresponding proportion of the 2000 unique users (rho), with respect to              
the total number of users for each snapshot. That is: if the 3-hour window at time ​t has ​N​t users,                    
the panel is showing ​N ​U / ​N​t​. Clearly, 2000 users represent in general a minority of all the                  
participants --with an average of ~40%. In the right panel, however, we show the proportion of                
tweets for which those 2000 users are responsible (​Tw​U ​/ Tw​t ). ​It turns out that, for each 3-hour                   
window, these top contributors often account for more than 60% of the overall activity, with an                
average around 57%. Note that, to avoid the heavy circadian fluctuations (at night, ​N​U = 2000                
users represent 100% of the total), both panels are shown as the average on a sliding window                 
scheme. 



 
Figure R4: Fraction of users ​N ​U / N ​t (where ​N ​t is the total number of users in a window at time ​t​), which shows that ​N ​U                          
= 2000 represents, most of the time, a minority of the total (left). However, their status as top contributors grants that                     
most of the activity for a given window is captured by that minority (right). 
 
On the other hand, one might also wonder to what extent the results we present are robust                 
against other network sizes. Although we did not report on them, we have experimented with               
different thresholds, i.e. ​N​U = {500, 1000} in the case of the Spanish dataset. For these numbers                 
of users, the evolution of 𝑄 and 𝒩 was generally indistinguishable from the one reported in Fig.                 
1 of the main text, see Figure R4 below for ​N​U​ = 500. 
 
 

 
Figure R4: Nestedness and modularity evolution for the Spanish dataset, where each 3-hour snapshot is built                
enforcing a threshold of ​N ​U = 500 users. As in Figure 1 of the main text, the values for 𝑄 and 𝒩 are shifted to the                          
initial one. 
 



We now comment on these results in the Supplementary Materials, Section 1.6 and Figures S6               
and S7, respectively. 
 
7) In order to clearly outline why the mutualistic population-dynamics model is a fair              
representation of the system, it would help to have some rationale provided for why users and                
memes might directly compete with each other as captured by the beta coefficients in their               
model. In a plant-pollinator network, for example, this is included because plants compete for              
resources (e.g., light, nutrients) beyond pollinators, and because pollinators compete for           
resources (e.g., other food sources, habitat) beyond pollen. What is the equivalent here? 
 
This is a very interesting question which we had not treated in depth before. 
 
Strictly speaking, users do not compete for memes. Unlike pollen, memes ​are an infinite              
resource in the sense that nothing prevents the usage of a meme, regardless of the amount of                 
times it has been used before. On the other hand, as stated in comment 2.1 above, the visibility                  
that users compete for actually encapsulates many other aspects (recognition, approval, etc.).            
In more quantifiable terms, these aspects may include retweets, mentions, likes, increasing the             
number of followers, or increasing the number of lists in which a user is included (what some                 
scholars tag as ‘social media capital’). Thus, aligned with the referee’s idea, visibility aggregates              
many dimensions of competitive behaviour. 
Beyond general user-user competition, our model incorporates a \lambda parameter which           
tunes the amount of intra-topic competition. Translated to the analogy above, there is indeed a               
‘habitat’ competition when two users delivering messages on the same topic aim for higher              
abundances. 
 
On the other hand, competition among memes can take many forms (see response to comment               
2.1) --but ultimately there is only one finite resource through which they can thrive: a cognitive                
system (discarding the presence of bots). Therefore the analogy of light or nutrients cannot be               
mapped to the online communication context.  
 
These are yet further evidence that a one-to-one mapping is not possible between natural              
mutualistic assemblages and online communication systems --an idea that we try to convey             
throughout the work. 
 
8) What is actually on the y-axes of Figure 4b and 4d? It clearly cannot just be frequency as                   
labelled because you cannot have a negative frequency. Is this log(frequency)? 
 
We thank the reviewer for this observation, and we apologise since, in fact, we have failed to                 
clarify this aspect. For better visualization of the reported behaviour, the frequency in these plots               
was shifted with respect to the initial one (i.e., the observed frequency at the beginning of the                 
plot). We have added a clarification in the caption of the affected panels. 
 
  



9) The authors generate synthetic data with average connectance 10 ​-2​. Why? 
 
In Sec. 2.7 and Fig S5 of the Supp Information we explain: 
 

“To avoid excessive computational costs, we consider small synthetic networks of N​U =             
100 users and N​H = 100 hashtags with random connections across guilds, and density              
(connectance) C ∼ 10​−2​. We do so to match the same order of magnitude of empirical                
networks when we take N​U​ = 100, see blue triangles in Fig. S5.” 

 
We now see that this was only clarified in the Supplementary Materials, so we have now added                 
this information to the main text (Methods section). 
 
10) The authors' analyses focus on externally defined "shocks" to the assemblage, but there are               
many other windows within which the networks appear to experience shifts from predominantly             
modular to predominantly nested and back. In Figure 1a, for example, this appears around              
04/16 or right after the first shock they consider. If structural elasticity is only observable after                
the fact when t_E has been defined, doesn't the utility of the authors' findings diminish               
considerably? If not, couldn't the size of endogenous fluctuations in these measures at least be               
used to estimate whether or not the responses to perturbations are statistically            
remarkable/unexpected. 
 
This is an interesting observation that we failed to comment in the previous versions of the                
manuscript. Surely, when monitoring the evolution of empirical data, transitions to/from           
nested/modular arrangements occur more often than the few ones for which we provide an              
explanation (political debate, election day, etc.). 
 
We humbly claim that this does not diminish, but rather increases, the utility of the work:                
precisely the existence of those unexplained transitions signal an attention shift that has             
occurred in the online discussion --independently of us being able to find an echo of such                
events in the media. Following the example raised by the referee: surely, there is a large shock                 
on the day after the electoral debate, which (in terms of nestedness increase) is even larger                
than the one on the day that the polling took place. Some mining in the Spanish newspapers                 
around that date tells us that, following the debate on April 22 on the public Spanish TV (RTVE),                  
there was a second debate carried out by a subset of the candidates in Atresmedia (private TV                 
company, broadcasted through Antena 3 and La Sexta channels) the very next day. See the               
related news:  
 

https://www.rtve.es/noticias/20190424/debate-electoral-generales-directo-ultima-hora/19
27280.shtml 
https://www.lavanguardia.com/politica/20190422/461778531739/horario-debate-atresme
dia-elecciones-generales-sanchez-iglesias-rivera-casado.html 

 

https://www.rtve.es/noticias/20190424/debate-electoral-generales-directo-ultima-hora/1927280.shtml
https://www.rtve.es/noticias/20190424/debate-electoral-generales-directo-ultima-hora/1927280.shtml


Even the minor nestedness peak on April 16-17 can be traced to identify an underlying               
discussion: on that evening the dates of both debates were announced, and also the fact that                
the second debate would exclude certain candidates (so that only the most representative             
parties, in terms of congress seats, were represented) was known. Echoes of that polemic              
decision could be read in the online newspapers updates: 
 

https://www.elmundo.es/espana/2019/04/16/5cb6158021efa01a5d8b4593.html  
 
Similarly for other datasets. For example, on the Nepali dataset, we chose to develop our               
arguments around the largest earthquake aftershock (May 12th), but other events seemingly            
affected the online discussion before and after that: several minor aftershocks, news on the              
international humanitarian response, etc. 
 
Thus, from a practical perspective, the detection of structural changes is tantamount to the              
detection of collective attention foci (or lack thereof). And indeed, as the referee points out, a                
proper statistical analysis of these fluctuations could serve the purpose of distinguishing true             
shifts from mere fluctuations in the system (along these lines, we refer to section 3.2 of the                 
Supplementary Materials, where the statistical significance of 𝑄 and 𝒩 is discussed). 
 
We have included a brief paragraph in the results section, and in the discussion, regarding the                
ability of the system to detect these collective attention episodes, which can be helpful to track                
the state of the system (with or without the traditional media reflecting it). 

https://www.elmundo.es/espana/2019/04/16/5cb6158021efa01a5d8b4593.html


Reviewers' Comments: 

 

Reviewer #5: 

Remarks to the Author: 

I feel that the revised version of the manuscript has clarified the vast majority of my concerns. I 

would thus like to express my appreciation to the authors for having earnestly thought through my 

feedback, and for responding in kind. I have a few remaining comments which I personally still 

regard as important and essential so that the paper is presented as transparently as possible, but I 

do not suspect any would require much work to address. 

 

1) Turnover of users and hashtags between slices 

 

I appreciate the authors clarification regarding the turnover of nodes between slices, and the 

addition of Figure S2 to the Supplementary Material. Nevertheless, I still feel as if this detail could 

be too easily overlooked by the reader. In first instance, I believe that the sentence about slices 

early in the Results should be amended to state: 

 

"Each slice is represented as a bipartite network with a fixed number of the most active actors *in 

that slice*..." 

 

(As an aside, thoroughly reviewing and commenting about a paper without line numbers is a brutal 

experience. Since the authors clearly prepared their manuscript with LaTeX, it takes essentially no 

effort to use the lineno package, and the journal guidelines in no way preclude the presence of line 

numbering. Please consider this small improvement to make things substantially easier for future 

reviewers.) 

 

In second instance, I feel like the authors should be more conservative when they talk about 

"network flexibility" which could give a false impression about what is and isn't changing over 

time. The authors might feel I'm being overly dramatic with this point, but from my perspective 

this seemingly minor detail fundamentally alters the way in which the authors empirical results 

should be interpreted. As I mentioned in my previous review, the (perfectly understandable) 

turnover between nodes implies that it isn't actually the *same* network that is showing flexibility 

in the face of an external shock. Instead, what the authors see in their data is that the most-active 

component of a *much* larger network shows characteristic shifts in its macroscopic properties. 

The potential implications are very different between what the authors study and what would occur 

in a situation in which the user sets and hashtag sets were constant throughout the time window. 

This detail does not render the authors' results uninteresting or false, and I'm not suggesting the 

authors conduct an analysis with all nodes (which is computationally infeasible) or an analysis with 

fixed nodes (though that would also be very cool!). But it absolutely changes how the dynamics 

should be conceptualised by the reader and where an inquisitive researcher might attempt to take 

the results in the future. As such, I feel like perfect clarity here is paramount. 

 

2) Competition between users and hashtags 

 

The authors' model includes parameters \beta_{ij}^{U} and \beta_{ij}^{H} that define within-

guild competitive interactions. Mathematically, these terms are important in order to prevent 

nodes from growing unbounded (as shown across innumerable previous studies of mutualistic 

models). However, as noted in their response to the last round of review, the conceptual rationale 

for these terms is much murkier than the postulated rationale for the \gamma_{ik}^{UH}. If the 

authors have even a verbal argument for why these competitive effect could arise, I'd love to see 

it when they define the specifics of their model. If they do not, I would also appreciate a qualifier 

to the effect of "These competitive effects are important to obtain realistic node dynamics, but 

their underlying mechanistic basis remains an open question." 

 

(Technical aside: I wish I would have noticed this previously, but shouldn't the denominators of 



the functional responses in Eq. (4) include \gamma_{ik}^{UH} (the strength of the mutualism, 

which plays the role of an attack rate) and not \theta_{ik}^{UH} (which is just 0 or 1 as defined 

by the adjacency matrix)?) 

 

3) "Expected" versus unexpected/unexplained transitions 

 

I appreciate the new text regarding unexpected or unexplained transitions near the top of page 4. 

However, I have a really hard time buying the notion that these anecdotal observations belong in 

the Results. I suggest moving this to the Discussion, and perhaps concluding with the suggestion 

that distinguishing between expected and unexpected, remarkable and unremarkable, transitions 

in dynamic networks is an open and exiting question. Moreover, there may be instances when a 

transition *is* expected but isn't observed. This "inflexibility" of a network could also be something 

useful for people to explore going forward as there may be utility in both flexibility and antifragility 

(sensu Taleb). 

 

4) Hashtag frequencies in Figure 4 

 

I accept that I am probably being daft, but I can think of many different mathematical operations 

that could potentially correspond to "...hashtag frequencies are shifted to their initial value." If this 

just means the differences between their relative abundance at time t and their relative abundance 

at time 0, it may be clearest to just write this out in equation form and at least change the y-axis 

label to "relative hashtag freq.". 
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Manuscript   Number:   NCOMMS-20-18890B     
Structural   Flexibility   in   Online   Communication   Networks:   an   ecological   approach   
  

Reviewer   #5   
  

I  feel  that  the  revised  version  of  the  manuscript  has  clarified  the  vast  majority  of  my  concerns.  I                    
would  thus  like  to  express  my  appreciation  to  the  authors  for  having  earnestly  thought  through                 
my   feedback,   and   for   responding   in   kind.     
  

We  thank  the  reviewer  for  the  positive  comments  on  the  clarifications  to  their  concerns,  and  on                  
the   value   of   the   manuscript.     
  

I  have  a  few  remaining  comments  which  I  personally  still  regard  as  important  and  essential  so                  
that  the  paper  is  presented  as  transparently  as  possible,  but  I  do  not  suspect  any  would  require                   
much   work   to   address.   
  

Below   we   offer   a   point-by-point   response   to   address   the   issues   raised   by   the   referee.   
  

1)   Turnover   of   users   and   hashtags   between   slices   
  

I  appreciate  the  authors’  clarification  regarding  the  turnover  of  nodes  between  slices,  and  the                
addition  of  Figure  S2  to  the  Supplementary  Material.  Nevertheless,  I  still  feel  as  if  this  detail                  
could  be  too  easily  overlooked  by  the  reader.  In  first  instance,  I  believe  that  the  sentence  about                   
slices   early   in   the   Results   should   be   amended   to   state:   
  

"Each  slice  is  represented  as  a  bipartite  network  with  a  fixed  number  of  the  most  active  actors                   
*in   that   slice*..."   
  

The  referee  is  right,  in  the  sense  that  the  manuscript  needs  to  be  self-contained  at  least  in  the                    
core  aspects  that  might  be  confusing.  We  have  followed  the  advice,  and  changed  the  sentence                 
in   the   main   text,    lines   89-91 ,   with   an   explicit   reference   to   Figure   S2   of   the   SM.   
  

(As  an  aside,  thoroughly  reviewing  and  commenting  about  a  paper  without  line  numbers  is  a                 
brutal  experience.  Since  the  authors  clearly  prepared  their  manuscript  with  LaTeX,  it  takes               
essentially  no  effort  to  use  the  lineno  package,  and  the  journal  guidelines  in  no  way  preclude  the                   
presence  of  line  numbering.  Please  consider  this  small  improvement  to  make  things              
substantially   easier   for   future   reviewers.)   
  

We  apologise  for  overlooking  this  detail.  The  new  version  of  the  manuscript  includes  line                
numbers,  and  our  modifications  are  identified   via  line  numbers  in  this  letter  (besides  colour                
highlights).   



  
In  second  instance,  I  feel  like  the  authors  should  be  more  conservative  when  they  talk  about                  
"network  flexibility"  which  could  give  a  false  impression  about  what  is  and  isn't  changing  over                 
time.  The  authors  might  feel  I'm  being  overly  dramatic  with  this  point,  but  from  my  perspective                  
this  seemingly  minor  detail  fundamentally  alters  the  way  in  which  the  authors  empirical  results                
should  be  interpreted.  As  I  mentioned  in  my  previous  review,  the  (perfectly  understandable)               
turnover  between  nodes  implies  that  it  isn't  actually  the  *same*  network  that  is  showing  flexibility                 
in  the  face  of  an  external  shock.  Instead,  what  the  authors  see  in  their  data  is  that  the                    
most-active  component  of  a  *much*  larger  network  shows  characteristic  shifts  in  its  macroscopic               
properties.  The  potential  implications  are  very  different  between  what  the  authors  study  and               
what  would  occur  in  a  situation  in  which  the  user  sets  and  hashtag  sets  were  constant                  
throughout  the  time  window.  This  detail  does  not  render  the  authors'  results  uninteresting  or                
false,  and  I'm  not  suggesting  the  authors  conduct  an  analysis  with  all  nodes  (which  is                 
computationally  infeasible)  or  an  analysis  with  fixed  nodes  (though  that  would  also  be  very                
cool!).  But  it  absolutely  changes  how  the  dynamics  should  be  conceptualised  by  the  reader  and                 
where  an  inquisitive  researcher  might  attempt  to  take  the  results  in  the  future.  As  such,  I  feel  like                    
perfect   clarity   here   is   paramount.   
  

We  see  the  referee’s  point,  and  we  agree  that  this  is  a  subtle  issue  that  may  trigger  criticism:                    
considering  some  discussions  in  the  last  reviewing  round,  we  can  agree  that  the  system  has  a                  
temporal  continuity  (that  is,  an  internal  coherence  of  the  topic  being  discussed  through  time),                
but  the  networked  slices  of  the  system  are  not  identical  through  time.  This  is,  briefly  speaking,                  
the  dominant  point  of  view  in  time-resolved  studies  of  mutualistic  communities  (ref.  [33]  in  the                
main   text,   refs.   [11,19,23]   in   the   Supplementary   Material).     
  

For  this  reason,  we  have  changed  the  expression  “network  flexibility”  for  “system  flexibility”.  It                
turns  out  that  “network  flexibility”  was  used  in  the  text  only  twice  (one  of  them  in  the  title),  so  we                      
have   changed   it   accordingly.   
  

2)   Competition   between   users   and   hashtags   
  

The  authors'  model  includes  parameters  \beta_{ij}^{U}  and  \beta_{ij}^{H}  that  define  within-guild             
competitive  interactions.  Mathematically,  these  terms  are  important  in  order  to  prevent  nodes              
from  growing  unbounded  (as  shown  across  innumerable  previous  studies  of  mutualistic             
models).  However,  as  noted  in  their  response  to  the  last  round  of  review,  the  conceptual                 
rationale  for  these  terms  is  much  murkier  than  the  postulated  rationale  for  the               
\gamma_{ik}^{UH}.  If  the  authors  have  even  a  verbal  argument  for  why  these  competitive  effect                
could  arise,  I'd  love  to  see  it  when  they  define  the  specifics  of  their  model.  If  they  do  not,  I  would                       
also  appreciate  a  qualifier  to  the  effect  of  "These  competitive  effects  are  important  to  obtain                 
realistic   node   dynamics,   but   their   underlying   mechanistic   basis   remains   an   open   question."   
  

We  thank  the  referee  for  providing  the  opportunity  to  clarify  this  point  further.  The  competitive                 
interactions  were  thoroughly  discussed  in  the  last  round,  and  we  are  sorry  to  see  that  our                  



arguments  and  references  sound  (or  read)  murky.  Our  inclusion  of  these  interactions  does  not                
respond  to  a  mathematical  convenience,  but  to  the  need  to  model  an  actual  driver  of  the                  
system.  On  the  memes  or  hashtags  side,  lines  23-31  argue  (admittedly  with  brevity)  how                
competitive  interactions  emerge  in  language  systems.  On  the  users  side,  competition  for              
attention  is  supported  by  several  works  in  four  different  fields:  the  complex  network  literature                
(refs.  [11,13-15]),  the  computer  science  literature  (refs.  [6,8]),  and  the  cognitive  and              
neuroscience  literature  (refs.  [7,9,12]).  In  the  Introduction,  where  those  arguments  were             
explicitly  outlined,  we  have  rephrased  part  of  the  text   ( line  21 ),  and  relocated  some  references.                 
Also,  we  have  highlighted  the  nature  of  these  competitive  interactions  again  in  the  model  outline                 
( lines  153-155 ),  and  in  the  Methods  summary  (where  \beta  is  explicitly  mentioned,   lines               
376-377 ).     
  

(Technical  aside:  I  wish  I  would  have  noticed  this  previously,  but  shouldn't  the  denominators  of                 
the  functional  responses  in  Eq.  (4)  include  \gamma_{ik}^{UH}  (the  strength  of  the  mutualism,               
which  plays  the  role  of  an  attack  rate)  and  not  \theta_{ik}^{UH}  (which  is  just  0  or  1  as  defined                     
by   the   adjacency   matrix)?)   
  

We  have  reviewed  the  Methods  Summary  (subsection  Modelling  Framework)  and  realised  that              
there  was  a  typo  in  the  expression  defining  $\gamma_{ik}^{UH}$  --or,  to  be  more  precise,  there                 
was   an   important   piece   missing:   the   correct   expression   is     
  

  
  

where  $\theta_{ik}^{UH}$  had  not  been  included  explicitly  in  the  main  text  (this  has  been                
corrected,   line  379 ).  We  suspect  that  this  may  have  misled  the  referee,  prompting  their                
comment,  because  only  now  it  becomes  evident  that  $\gamma_{ik}^{UH}$  has  the  same  shape               
as   $\theta_{ik}^{UH}$.   Since   
  

  
  

one  may  interpret  the  denominator  as  the  best  possible  mutualistic  scenario,  and  thus  the                
maximum   attack   rate.     
  

In  any  case,  we  acknowledge  that  the  literature  is  diverse  regarding  the  particular  formulation  of                 
Lotka-Volterra  mutualistic  dynamics,  and  most  probably  we  will  not  settle  the  issue.  Here,               
regarding  the  saturation  term,  we  literally  follow  ref.  [31]  (Cai,  W.,  et  al.  Nat.  Comm.  2020),                  
which  we  consider  a  moderate  assumption  compared  to  the  denominator  of  this  term  in  Suweis                 
et  al.  (Nature  2013;  ref.  [29]),  where  $\theta_{ij}  =  1$  for  all  ( i,  j )  pairs  (i.e.  a  complete  bipartite                     
network   of   1s).   
  
    

   



3)   "Expected"   versus   unexpected/unexplained   transitions   
  

I  appreciate  the  new  text  regarding  unexpected  or  unexplained  transitions  near  the  top  of  page                 
4.  However,  I  have  a  really  hard  time  buying  the  notion  that  these  anecdotal  observations                 
belong  in  the  Results.  I  suggest  moving  this  to  the  Discussion,  and  perhaps  concluding  with  the                  
suggestion  that  distinguishing  between  expected  and  unexpected,  remarkable  and           
unremarkable,  transitions  in  dynamic  networks  is  an  open  and  exciting  question.  Moreover,              
there  may  be  instances  when  a  transition  *is*  expected  but  isn't  observed.  This  "inflexibility"  of  a                  
network  could  also  be  something  useful  for  people  to  explore  going  forward  as  there  may  be                  
utility   in   both   flexibility   and   antifragility   (sensu   Taleb).   
  

We  share  the  referee's  opinion  on  this  point  --the  Results  section  is  already  too  dense,  and  the                   
inclusion  of  this  particular  aspect  does  not  help.  Thus  we  have  moved  this  item  to  the                  
Discussion,  now lines  296-300 .   The  new  paragraph  includes  explicitly  some  of  the  referee’s               
suggestions,   and   for   this   reason   we   have   added   a   note   in   the   Acknowledgements   section.   
  

4)   Hashtag   frequencies   in   Figure   4   
  

I  accept  that  I  am  probably  being  daft,  but  I  can  think  of  many  different  mathematical  operations                   
that  could  potentially  correspond  to  "...hashtag  frequencies  are  shifted  to  their  initial  value."  If                
this  just  means  the  differences  between  their  relative  abundance  at  time  t  and  their  relative                 
abundance  at  time  0,  it  may  be  clearest  to  just  write  this  out  in  equation  form  and  at  least                     
change   the   y-axis   label   to   "relative   hashtag   freq.".   
  

Hashtag  frequencies  in  Figure  4  are  presented  in  absolute  value,  shifted  to  the  absolute                
frequency  observed  at  the  beginning  of  the  observation.   We  agree  that  this  remains  much                
clearer  adding  an  explicit  expression,  $\hat{f}_h=f_h(t)-f_h(0)$  (the  notation  $\hat{f}$  is  used  for              
coherence  with  Figs.  1  and  3).  We  have  modified  the  caption  and  associated  text  following  the                  
referee’s   advice,   to   avoid   ambiguities   ( lines   236-238 ).     
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Remarks to the Author: 

I again appreciate the authors for taking their time to consider my previous review. I am very 

happy with the present state of the manuscript. 

 


