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Part 1 — Cross-disciplinary Collaboration & Mobility

Cross-disciplinary Evolution of the Genomics Revolution — Science Advances (2018) 
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Table S2: Career dataset: Pooled cross-sectional model. The dependent variable is career
achievement, measured as the natural logarithm of the Google Scholar citations, lnCi at the
end of 2015. The regression model is specified in Eq. (1) and estimated using standard OLS;
there are 4, 190 Fi (observations) for the pure CV model and 3, 900 observations for the other
two models that include network attributes, as in these cases we exclude from consideration
disconnected Fi nodes. Natural logs were used to obtain variables that are approximately nor-
mally distributed. Thus, when the independent variable enters in ln, then � corresponds to
the % change in Ci following a 1% change in the independent variable; in the case of cross-
disciplinary fraction, �� represents the % change in Ci following a 0.01 shift in �i. The first
column cluster shows the estimates using only standard CV variables. The combined CV + Net-
work model demonstrates that Fi with larger �i correlate with higher net citation impact. For
the combined model we also report the standardized beta coefficients – useful for comparing
the relative strength of covariates within the regression. Standard errors were calculated using
the clustered sandwich estimator, clustering on Fi age-cohort y0i,5 (based on 14 non-overlapping
5-year career birth year groups, e.g., 1940-1944, 1945-1950, etc.) to account for within-age-
cohort correlation.

CV CV + Network CV + Network [Standardized]
CV parameters
Departmental rank, �r �0.052⇤⇤⇤ (0.006) �0.047⇤⇤⇤ (0.005) �0.056⇤⇤⇤ (0.006)
Productivity (h-index), �h 1.857⇤⇤⇤ (0.020) 1.866⇤⇤⇤ (0.022) 1.236⇤⇤⇤ (0.015)
Total NSF funding, �$1 �0.005 (0.003) �0.005 (0.003) �0.036 (0.020)
# of NSF grants, �N1 0.024 (0.013) 0.013 (0.014) 0.015 (0.015)
Total NIH funding, �$2 0.016⇤⇤⇤ (0.003) 0.014⇤⇤⇤ (0.002) 0.082⇤⇤⇤ (0.014)
# of NSF grants, �N1 �0.067⇤⇤⇤ (0.015) �0.061⇤⇤⇤ (0.012) �0.068⇤⇤⇤ (0.014)
Network parameters
F centrality, �C 0.041 (0.019) 0.026 (0.012)
Cross-disciplinarity, �� 0.571⇤⇤⇤ (0.073) 0.085⇤⇤⇤ (0.011)
Discipline (O) dummy Y Y Y

5-year cohort (y0i,5) dummy Y Y Y

Constant 1.492⇤⇤⇤ (0.087) 1.668⇤⇤⇤ (0.226) 7.609⇤⇤⇤ (0.009)
N 4, 190 3, 900 3, 900
adj. R2 0.883 0.882 0.882

Standard errors in parentheses
⇤ p < .05, ⇤⇤ p < .01, ⇤⇤⇤ p < .001

10

Author Orientation

This non-F co-author creates the link via ‘triadic closure’ between the two F . Since many

published researchers are not faculty in one of the 155 listed departments, the typical Fi has

many more mediated associations than direct collaborations with other faculty in our dataset

[Fig. S2].

We use the primary departmental affiliations, which we treat as time-invariant traits, to de-

fine three disciplinary orientations O for F . If Fi collaborated with at least one Fi0 from the

opposite department, we classify him/her as cross-disciplinary, O(Fi) ⌘ XDF . Otherwise,

Fi is classified as O(Fi) ⌘ BIOF or CSF , depending on her/his primary departmental affili-

ation. Remarkably, group sizes are nearly equal: BIOF (n = 1, 353), CSF (n = 1, 590), and

XDF (n = 1, 247). We further examined each member of the XDF group by finding their

corresponding Scopus Author Profile, which contain career-level keywords derived from their

publications. We found that 90% of the XDF faculty feature the Scopus keyword ‘genetics’ in

their curated profiles, indicating that the overwhelming majority of the XDF group have been

involved in genomics research. This consistency check confirms the soundness of our XDF

classification scheme.

O(Fi), O(Pi)

As mentioned earlier, there are many collaborators of F who are not explicitly included in

our starting sample, possibly because they are not faculty in one of the listed biology or com-

puting departments (e.g., PhD students, postdocs, and other international researchers). These

collaborators are still crucial for understanding the role of cross-disciplinarity in the genomics

revolution, as they constitute the academic ecosystem or ‘invisible college’ surrounding tenure-

track faculty (27). We identify these non-F collaborators as pollinators P , indexed by j.

In contradistinction to faculty F , we do not have knowledge of the departmental affiliations

of pollinators P . Hence, we infer their disciplinary orientation by observing their co-authorship

patterns with faculty F . Specifically: (i) Biology Pollinators O(Pj) ⌘ BIOP , if they collabo-
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Data & Methods:  ~80 US Biology and Computing Departments faculty directories > Master List of Scholars
— we then collected data from their 4,190 Google Scholar profiles, comprising 413,565 publications
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Table S2: Career dataset: Pooled cross-sectional model. The dependent variable is career
achievement, measured as the natural logarithm of the Google Scholar citations, lnCi at the
end of 2015. The regression model is specified in Eq. (1) and estimated using standard OLS;
there are 4, 190 Fi (observations) for the pure CV model and 3, 900 observations for the other
two models that include network attributes, as in these cases we exclude from consideration
disconnected Fi nodes. Natural logs were used to obtain variables that are approximately nor-
mally distributed. Thus, when the independent variable enters in ln, then � corresponds to
the % change in Ci following a 1% change in the independent variable; in the case of cross-
disciplinary fraction, �� represents the % change in Ci following a 0.01 shift in �i. The first
column cluster shows the estimates using only standard CV variables. The combined CV + Net-
work model demonstrates that Fi with larger �i correlate with higher net citation impact. For
the combined model we also report the standardized beta coefficients – useful for comparing
the relative strength of covariates within the regression. Standard errors were calculated using
the clustered sandwich estimator, clustering on Fi age-cohort y0i,5 (based on 14 non-overlapping
5-year career birth year groups, e.g., 1940-1944, 1945-1950, etc.) to account for within-age-
cohort correlation.

CV CV + Network CV + Network [Standardized]
CV parameters
Departmental rank, �r �0.052⇤⇤⇤ (0.006) �0.047⇤⇤⇤ (0.005) �0.056⇤⇤⇤ (0.006)
Productivity (h-index), �h 1.857⇤⇤⇤ (0.020) 1.866⇤⇤⇤ (0.022) 1.236⇤⇤⇤ (0.015)
Total NSF funding, �$1 �0.005 (0.003) �0.005 (0.003) �0.036 (0.020)
# of NSF grants, �N1 0.024 (0.013) 0.013 (0.014) 0.015 (0.015)
Total NIH funding, �$2 0.016⇤⇤⇤ (0.003) 0.014⇤⇤⇤ (0.002) 0.082⇤⇤⇤ (0.014)
# of NSF grants, �N1 �0.067⇤⇤⇤ (0.015) �0.061⇤⇤⇤ (0.012) �0.068⇤⇤⇤ (0.014)
Network parameters
F centrality, �C 0.041 (0.019) 0.026 (0.012)
Cross-disciplinarity, �� 0.571⇤⇤⇤ (0.073) 0.085⇤⇤⇤ (0.011)
Discipline (O) dummy Y Y Y

5-year cohort (y0i,5) dummy Y Y Y

Constant 1.492⇤⇤⇤ (0.087) 1.668⇤⇤⇤ (0.226) 7.609⇤⇤⇤ (0.009)
N 4, 190 3, 900 3, 900
adj. R2 0.883 0.882 0.882

Standard errors in parentheses
⇤ p < .05, ⇤⇤ p < .01, ⇤⇤⇤ p < .001
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<latexit sha1_base64="v11FHyeyu4vDABecLwtfQ3R2L8M=">AAACD3icbVDLSgMxFM34rPU16tJNsCh1U2ZE0I1QKoiurGAf0A4lk2ba0ExmSO6IZegfuPFX3LhQxK1bd/6N6QPR1gOBk3Pu5d57/FhwDY7zZc3NLywuLWdWsqtr6xub9tZ2VUeJoqxCIxGpuk80E1yyCnAQrB4rRkJfsJrfOx/6tTumNI/kLfRj5oWkI3nAKQEjteyDZkigS4lIrwctnv/5XRwOzprA7gGnpStj2Tmn4IyAZ4k7ITk0QbllfzbbEU1CJoEKonXDdWLwUqKAU8EG2WaiWUxoj3RYw1BJQqa9dHTPAO8bpY2DSJknAY/U3x0pCbXuh76pHO6rp72h+J/XSCA49VIu4wSYpONBQSIwRHgYDm5zxSiIviGEKm52xbRLFKFgIsyaENzpk2dJ9ajgOgX35jhXLE3iyKBdtIfyyEUnqIguURlVEEUP6Am9oFfr0Xq23qz3cemcNenZQX9gfXwD1xScgQ==</latexit><latexit sha1_base64="v11FHyeyu4vDABecLwtfQ3R2L8M=">AAACD3icbVDLSgMxFM34rPU16tJNsCh1U2ZE0I1QKoiurGAf0A4lk2ba0ExmSO6IZegfuPFX3LhQxK1bd/6N6QPR1gOBk3Pu5d57/FhwDY7zZc3NLywuLWdWsqtr6xub9tZ2VUeJoqxCIxGpuk80E1yyCnAQrB4rRkJfsJrfOx/6tTumNI/kLfRj5oWkI3nAKQEjteyDZkigS4lIrwctnv/5XRwOzprA7gGnpStj2Tmn4IyAZ4k7ITk0QbllfzbbEU1CJoEKonXDdWLwUqKAU8EG2WaiWUxoj3RYw1BJQqa9dHTPAO8bpY2DSJknAY/U3x0pCbXuh76pHO6rp72h+J/XSCA49VIu4wSYpONBQSIwRHgYDm5zxSiIviGEKm52xbRLFKFgIsyaENzpk2dJ9ajgOgX35jhXLE3iyKBdtIfyyEUnqIguURlVEEUP6Am9oFfr0Xq23qz3cemcNenZQX9gfXwD1xScgQ==</latexit><latexit sha1_base64="v11FHyeyu4vDABecLwtfQ3R2L8M=">AAACD3icbVDLSgMxFM34rPU16tJNsCh1U2ZE0I1QKoiurGAf0A4lk2ba0ExmSO6IZegfuPFX3LhQxK1bd/6N6QPR1gOBk3Pu5d57/FhwDY7zZc3NLywuLWdWsqtr6xub9tZ2VUeJoqxCIxGpuk80E1yyCnAQrB4rRkJfsJrfOx/6tTumNI/kLfRj5oWkI3nAKQEjteyDZkigS4lIrwctnv/5XRwOzprA7gGnpStj2Tmn4IyAZ4k7ITk0QbllfzbbEU1CJoEKonXDdWLwUqKAU8EG2WaiWUxoj3RYw1BJQqa9dHTPAO8bpY2DSJknAY/U3x0pCbXuh76pHO6rp72h+J/XSCA49VIu4wSYpONBQSIwRHgYDm5zxSiIviGEKm52xbRLFKFgIsyaENzpk2dJ9ajgOgX35jhXLE3iyKBdtIfyyEUnqIguURlVEEUP6Am9oFfr0Xq23qz3cemcNenZQX9gfXwD1xScgQ==</latexit><latexit sha1_base64="v11FHyeyu4vDABecLwtfQ3R2L8M=">AAACD3icbVDLSgMxFM34rPU16tJNsCh1U2ZE0I1QKoiurGAf0A4lk2ba0ExmSO6IZegfuPFX3LhQxK1bd/6N6QPR1gOBk3Pu5d57/FhwDY7zZc3NLywuLWdWsqtr6xub9tZ2VUeJoqxCIxGpuk80E1yyCnAQrB4rRkJfsJrfOx/6tTumNI/kLfRj5oWkI3nAKQEjteyDZkigS4lIrwctnv/5XRwOzprA7gGnpStj2Tmn4IyAZ4k7ITk0QbllfzbbEU1CJoEKonXDdWLwUqKAU8EG2WaiWUxoj3RYw1BJQqa9dHTPAO8bpY2DSJknAY/U3x0pCbXuh76pHO6rp72h+J/XSCA49VIu4wSYpONBQSIwRHgYDm5zxSiIviGEKm52xbRLFKFgIsyaENzpk2dJ9ajgOgX35jhXLE3iyKBdtIfyyEUnqIguURlVEEUP6Am9oFfr0Xq23qz3cemcNenZQX9gfXwD1xScgQ==</latexit>

Oi(F) = X
<latexit sha1_base64="haYP6QOtWGWfE/Z7TGeES0ihtMU=">AAACD3icbVDLSsNAFL3xWesr6tJNsCh1UxIRdCMUBXFnBfuANoTJdNoOnUzCzEQoIX/gxl9x40IRt27d+TdO2lC09cDAuefcy9x7/IhRqWz721hYXFpeWS2sFdc3Nre2zZ3dhgxjgUkdhywULR9JwigndUUVI61IEBT4jDT94VXmNx+IkDTk92oUETdAfU57FCOlJc886gRIDTBiyW3q0fK0uj5OL6ZFK/XMkl2xx7DmiZOTEuSoeeZXpxviOCBcYYakbDt2pNwECUUxI2mxE0sSITxEfdLWlKOASDcZ35Nah1rpWr1Q6MeVNVZ/TyQokHIU+LozW1HOepn4n9eOVe/cTSiPYkU4nnzUi5mlQisLx+pSQbBiI00QFlTvauEBEggrHWFRh+DMnjxPGicVx644d6el6mUeRwH24QDK4MAZVOEGalAHDI/wDK/wZjwZL8a78TFpXTDymT34A+PzB4Z+nPQ=</latexit><latexit sha1_base64="haYP6QOtWGWfE/Z7TGeES0ihtMU=">AAACD3icbVDLSsNAFL3xWesr6tJNsCh1UxIRdCMUBXFnBfuANoTJdNoOnUzCzEQoIX/gxl9x40IRt27d+TdO2lC09cDAuefcy9x7/IhRqWz721hYXFpeWS2sFdc3Nre2zZ3dhgxjgUkdhywULR9JwigndUUVI61IEBT4jDT94VXmNx+IkDTk92oUETdAfU57FCOlJc886gRIDTBiyW3q0fK0uj5OL6ZFK/XMkl2xx7DmiZOTEuSoeeZXpxviOCBcYYakbDt2pNwECUUxI2mxE0sSITxEfdLWlKOASDcZ35Nah1rpWr1Q6MeVNVZ/TyQokHIU+LozW1HOepn4n9eOVe/cTSiPYkU4nnzUi5mlQisLx+pSQbBiI00QFlTvauEBEggrHWFRh+DMnjxPGicVx644d6el6mUeRwH24QDK4MAZVOEGalAHDI/wDK/wZjwZL8a78TFpXTDymT34A+PzB4Z+nPQ=</latexit><latexit sha1_base64="haYP6QOtWGWfE/Z7TGeES0ihtMU=">AAACD3icbVDLSsNAFL3xWesr6tJNsCh1UxIRdCMUBXFnBfuANoTJdNoOnUzCzEQoIX/gxl9x40IRt27d+TdO2lC09cDAuefcy9x7/IhRqWz721hYXFpeWS2sFdc3Nre2zZ3dhgxjgUkdhywULR9JwigndUUVI61IEBT4jDT94VXmNx+IkDTk92oUETdAfU57FCOlJc886gRIDTBiyW3q0fK0uj5OL6ZFK/XMkl2xx7DmiZOTEuSoeeZXpxviOCBcYYakbDt2pNwECUUxI2mxE0sSITxEfdLWlKOASDcZ35Nah1rpWr1Q6MeVNVZ/TyQokHIU+LozW1HOepn4n9eOVe/cTSiPYkU4nnzUi5mlQisLx+pSQbBiI00QFlTvauEBEggrHWFRh+DMnjxPGicVx644d6el6mUeRwH24QDK4MAZVOEGalAHDI/wDK/wZjwZL8a78TFpXTDymT34A+PzB4Z+nPQ=</latexit><latexit sha1_base64="haYP6QOtWGWfE/Z7TGeES0ihtMU=">AAACD3icbVDLSsNAFL3xWesr6tJNsCh1UxIRdCMUBXFnBfuANoTJdNoOnUzCzEQoIX/gxl9x40IRt27d+TdO2lC09cDAuefcy9x7/IhRqWz721hYXFpeWS2sFdc3Nre2zZ3dhgxjgUkdhywULR9JwigndUUVI61IEBT4jDT94VXmNx+IkDTk92oUETdAfU57FCOlJc886gRIDTBiyW3q0fK0uj5OL6ZFK/XMkl2xx7DmiZOTEuSoeeZXpxviOCBcYYakbDt2pNwECUUxI2mxE0sSITxEfdLWlKOASDcZ35Nah1rpWr1Q6MeVNVZ/TyQokHIU+LozW1HOepn4n9eOVe/cTSiPYkU4nnzUi5mlQisLx+pSQbBiI00QFlTvauEBEggrHWFRh+DMnjxPGicVx644d6el6mUeRwH24QDK4MAZVOEGalAHDI/wDK/wZjwZL8a78TFpXTDymT34A+PzB4Z+nPQ=</latexit>

Oi(F) = CS
<latexit sha1_base64="Nb66y9ttQYkKL/zeXrNky3diqk8=">AAACDnicbVDLSsNAFJ34rPUVdekmWAp1UxIRdCMUC+LOivYBTQiT6bQdOnkwcyOWkC9w46+4caGIW9fu/BsnbRBtPTBw5px7ufceL+JMgml+aQuLS8srq4W14vrG5ta2vrPbkmEsCG2SkIei42FJOQtoExhw2okExb7Hadsb1TO/fUeFZGFwC+OIOj4eBKzPCAYluXrZ9jEMCebJVeqyys/v4jA9s4HeQ1K/SYuuXjKr5gTGPLFyUkI5Gq7+afdCEvs0AMKxlF3LjMBJsABGOE2LdixphMkID2hX0QD7VDrJ5JzUKCulZ/RDoV4AxkT93ZFgX8qx76nKbF0562Xif143hv6pk7AgioEGZDqoH3MDQiPLxugxQQnwsSKYCKZ2NcgQC0xAJZiFYM2ePE9aR1XLrFrXx6XaeR5HAe2jA1RBFjpBNXSJGqiJCHpAT+gFvWqP2rP2pr1PSxe0vGcP/YH28Q0cnpwd</latexit><latexit sha1_base64="Nb66y9ttQYkKL/zeXrNky3diqk8=">AAACDnicbVDLSsNAFJ34rPUVdekmWAp1UxIRdCMUC+LOivYBTQiT6bQdOnkwcyOWkC9w46+4caGIW9fu/BsnbRBtPTBw5px7ufceL+JMgml+aQuLS8srq4W14vrG5ta2vrPbkmEsCG2SkIei42FJOQtoExhw2okExb7Hadsb1TO/fUeFZGFwC+OIOj4eBKzPCAYluXrZ9jEMCebJVeqyys/v4jA9s4HeQ1K/SYuuXjKr5gTGPLFyUkI5Gq7+afdCEvs0AMKxlF3LjMBJsABGOE2LdixphMkID2hX0QD7VDrJ5JzUKCulZ/RDoV4AxkT93ZFgX8qx76nKbF0562Xif143hv6pk7AgioEGZDqoH3MDQiPLxugxQQnwsSKYCKZ2NcgQC0xAJZiFYM2ePE9aR1XLrFrXx6XaeR5HAe2jA1RBFjpBNXSJGqiJCHpAT+gFvWqP2rP2pr1PSxe0vGcP/YH28Q0cnpwd</latexit><latexit sha1_base64="Nb66y9ttQYkKL/zeXrNky3diqk8=">AAACDnicbVDLSsNAFJ34rPUVdekmWAp1UxIRdCMUC+LOivYBTQiT6bQdOnkwcyOWkC9w46+4caGIW9fu/BsnbRBtPTBw5px7ufceL+JMgml+aQuLS8srq4W14vrG5ta2vrPbkmEsCG2SkIei42FJOQtoExhw2okExb7Hadsb1TO/fUeFZGFwC+OIOj4eBKzPCAYluXrZ9jEMCebJVeqyys/v4jA9s4HeQ1K/SYuuXjKr5gTGPLFyUkI5Gq7+afdCEvs0AMKxlF3LjMBJsABGOE2LdixphMkID2hX0QD7VDrJ5JzUKCulZ/RDoV4AxkT93ZFgX8qx76nKbF0562Xif143hv6pk7AgioEGZDqoH3MDQiPLxugxQQnwsSKYCKZ2NcgQC0xAJZiFYM2ePE9aR1XLrFrXx6XaeR5HAe2jA1RBFjpBNXSJGqiJCHpAT+gFvWqP2rP2pr1PSxe0vGcP/YH28Q0cnpwd</latexit><latexit sha1_base64="Nb66y9ttQYkKL/zeXrNky3diqk8=">AAACDnicbVDLSsNAFJ34rPUVdekmWAp1UxIRdCMUC+LOivYBTQiT6bQdOnkwcyOWkC9w46+4caGIW9fu/BsnbRBtPTBw5px7ufceL+JMgml+aQuLS8srq4W14vrG5ta2vrPbkmEsCG2SkIei42FJOQtoExhw2okExb7Hadsb1TO/fUeFZGFwC+OIOj4eBKzPCAYluXrZ9jEMCebJVeqyys/v4jA9s4HeQ1K/SYuuXjKr5gTGPLFyUkI5Gq7+afdCEvs0AMKxlF3LjMBJsABGOE2LdixphMkID2hX0QD7VDrJ5JzUKCulZ/RDoV4AxkT93ZFgX8qx76nKbF0562Xif143hv6pk7AgioEGZDqoH3MDQiPLxugxQQnwsSKYCKZ2NcgQC0xAJZiFYM2ePE9aR1XLrFrXx6XaeR5HAe2jA1RBFjpBNXSJGqiJCHpAT+gFvWqP2rP2pr1PSxe0vGcP/YH28Q0cnpwd</latexit>

Data & Methods:  ~80 US Biology and Computing Departments faculty directories > Master List of Scholars
— we then collected data from their 4,190 Google Scholar profiles, comprising 413,565 publications

The resulting normalized 
citation measure is well-fit by 
the Normal N(0,1) distribution, 
and thus stationary across time

Statistical Method: to overcome temporal bias underlying citation measures

F
<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

↦Normalized or “Detrended” 
citation impact:  z-score

=

zp,i =
ln(1 + cp,i,t)� µF,t

�F,t
<latexit sha1_base64="cQwBSas8ujV2oAj4xMUzairK9/k="></latexit><latexit sha1_base64="cQwBSas8ujV2oAj4xMUzairK9/k="></latexit><latexit sha1_base64="cQwBSas8ujV2oAj4xMUzairK9/k="></latexit><latexit sha1_base64="cQwBSas8ujV2oAj4xMUzairK9/k="></latexit>

This method simply removes the time-dependent location 
and scale of the underlying log-normal citation distribution

cp,i,t
<latexit sha1_base64="FSDTZv12J8F6BGCOPpRfA005QTw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBQymJCHosevFYwX5IG8pmu2mX7iZhdyKU0F/hxYMiXv053vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfDvz209cGxFHDzhJuK/oMBKhYBSt9Mj6WVIVVZz2yxW35s5BVomXkwrkaPTLX71BzFLFI2SSGtP13A T9jGoUTPJpqZcanlA2pkPetTSiihs/mx88JWdWGZAw1rYiJHP190RGlTETFdhORXFklr2Z+J/XTTG89jMRJSnyiC0WhakkGJPZ92QgNGcoJ5ZQpoW9lbAR1ZShzahkQ/CWX14lrYua59a8+8tK/SaPowgncArn4MEV1OEOGtAEBgqe4RXeHO28OO/Ox6K14OQzx/AHzucPgYGQMw==</latexit><latexit sha1_base64="FSDTZv12J8F6BGCOPpRfA005QTw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBQymJCHosevFYwX5IG8pmu2mX7iZhdyKU0F/hxYMiXv053vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfDvz209cGxFHDzhJuK/oMBKhYBSt9Mj6WVIVVZz2yxW35s5BVomXkwrkaPTLX71BzFLFI2SSGtP13A T9jGoUTPJpqZcanlA2pkPetTSiihs/mx88JWdWGZAw1rYiJHP190RGlTETFdhORXFklr2Z+J/XTTG89jMRJSnyiC0WhakkGJPZ92QgNGcoJ5ZQpoW9lbAR1ZShzahkQ/CWX14lrYua59a8+8tK/SaPowgncArn4MEV1OEOGtAEBgqe4RXeHO28OO/Ox6K14OQzx/AHzucPgYGQMw==</latexit><latexit sha1_base64="FSDTZv12J8F6BGCOPpRfA005QTw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBQymJCHosevFYwX5IG8pmu2mX7iZhdyKU0F/hxYMiXv053vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfDvz209cGxFHDzhJuK/oMBKhYBSt9Mj6WVIVVZz2yxW35s5BVomXkwrkaPTLX71BzFLFI2SSGtP13A T9jGoUTPJpqZcanlA2pkPetTSiihs/mx88JWdWGZAw1rYiJHP190RGlTETFdhORXFklr2Z+J/XTTG89jMRJSnyiC0WhakkGJPZ92QgNGcoJ5ZQpoW9lbAR1ZShzahkQ/CWX14lrYua59a8+8tK/SaPowgncArn4MEV1OEOGtAEBgqe4RXeHO28OO/Ox6K14OQzx/AHzucPgYGQMw==</latexit><latexit sha1_base64="FSDTZv12J8F6BGCOPpRfA005QTw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBQymJCHosevFYwX5IG8pmu2mX7iZhdyKU0F/hxYMiXv053vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfDvz209cGxFHDzhJuK/oMBKhYBSt9Mj6WVIVVZz2yxW35s5BVomXkwrkaPTLX71BzFLFI2SSGtP13A T9jGoUTPJpqZcanlA2pkPetTSiihs/mx88JWdWGZAw1rYiJHP190RGlTETFdhORXFklr2Z+J/XTTG89jMRJSnyiC0WhakkGJPZ92QgNGcoJ5ZQpoW9lbAR1ZShzahkQ/CWX14lrYua59a8+8tK/SaPowgncArn4MEV1OEOGtAEBgqe4RXeHO28OO/Ox6K14OQzx/AHzucPgYGQMw==</latexit>

µF,t ⌘ hln(1 + cp,t)i
<latexit sha1_base64="xHWDJSUX3i2nU9Who8k53YQBjew="></latexit><latexit sha1_base64="xHWDJSUX3i2nU9Who8k53YQBjew="></latexit><latexit sha1_base64="xHWDJSUX3i2nU9Who8k53YQBjew="></latexit><latexit sha1_base64="xHWDJSUX3i2nU9Who8k53YQBjew="></latexit>

�F,t ⌘ �[ln(1 + cp,t)]
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Figure 2: Growth of cross-disciplinary social capital. a. Evolution of the giant component in
the US biology-computing network. Green and magenta nodes represent F faculty with BIO

and CS affiliation, respectively; black nodes represent F faculty that by time t published at
least one cross-disciplinary publication and joined the XDF group; node size is proportional
to the logarithm of the degree centrality, lnC D

i , of Fi at time t. b. Evolution of the fraction
of collaboration links in the F network that are cross-disciplinary. We calculated f·,XD(t)
using either direct links between F (blue line) - i.e., fF ,XD(t), or association links mediated
by pollinators (red line) - i.e., fP,XD(t). For comparison, the black line shows the evolution of
cross-disciplinary links in the human genomics literature per WoS; these values are divided by
two to facilitate trend comparison. Orange area marks the HGP project period.
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Panel model specification: 
(w/ Author Fixed Effects)

Unit of Analysis = Publication

Model 1 Model 2 Model 3

XD

Mono-D (1D)

Matching procedure: 
same author
~ same year

~ same # coauthors
Panel

All Scholars
Panel

XD Scholars only

Panel
Matched publications 

( XD Scholars only )

Model 0

Cross-sectional
All Scholars

Normalized
Citation impact # coauthors

zi,p = �i + �a ln ai,p + �⌧ ⌧i,p + �II
X
i,p +Dt + ✏i,p
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Career year XD indicator Year dummy

IXi,p = 0
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Article citations and XD coauthors
[coauthors from both BIO and CS,                   ]

M0: Cross-sectional - career 
M1: Panel - Publication-level
M2: Panel - Publication-level
M3: Panel - Publication-level

Percent 
difference (%)

in citations 
for XD

relative to 
baseline

counterfactual 
= 1D

Cross-disciplinary Citation Premium

Scholars with 10% XD-Collaborators are cited ~ 6% more than 1D Scholars from the same discipline 
Articles featuring cross-disciplinary combination of authors are cited ~20% more than 1D articles by same author
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Career citations and
Fraction of coauthors 

that are XD
= =

* p<0.05           ** p<0.01         *** p<0.001 

**
***

***

***

Coefficient estimates
relation between:

Panel model specification: 
(w/ Author Fixed Effects)

Unit of Analysis = Publication

Model 1 Model 2 Model 3

XD

Mono-D (1D)

Matching procedure: 
same author
~ same year

~ same # coauthors
Panel

All Scholars
Panel

XD Scholars only

Panel
Matched publications 

( XD Scholars only )

Model 0

Cross-sectional
All Scholars

Normalized
Citation impact # coauthors

zi,p = �i + �a ln ai,p + �⌧ ⌧i,p + �II
X
i,p +Dt + ✏i,p
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Career year XD indicator Year dummy

IXi,p = 0
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Computer Science Faculty

Biology Faculty

The HGP — a cross-disciplinary bridge facilitating a highly functional marriage

Innovation @ the genomics interface

• Success factors: 
• Methodological diversity 

leveraging common language

• Cultural assimilation:               
XD collaboration facilitates XD 
mobility of CS into elite BIO

• Outcomes:
• Transformative research
• Flagship program model
• Consortium model —        

teams of teams



Traditional 
EECS

Physiology 
& Other Biology

Cross-disciplinary Evolution of the Genomics Revolution — Science Advances (2018) 

Disciplinary Propensity revealed by Scholar-Scholar interactions

Cellular/Genetics 
Biology

Informatics

• Flagship Programs: funding 
around Grand Challenges may 
reduce the barriers associated 
with disciplinary borders, thereby 
incentivizing cross-disciplinary 
collaboration & mobility

• “Consortium Science”:      
teams of teams coalesce with 
common objectives, including 
sharing benefits equitably within 
and beyond institutional 
boundaries — an organizational 
model championed by the HGP 
and further developed by 
numerous follow-up “Omics” 
consortiums 

Genomics 
Interface

Implications for Funding Policy/Design
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Part 2 — Cross-Border Mobility 
Network of Nobel Prize Winners

Nodes (peripheral arcs) = Country 
Directed links: connect birth country (source) and Nobel-achievement country (destination)

10

FIG. 1: International mobility of Nobel Laureates. (A) Fraction of Nobel Prize winners who received their award for work done in a
country different than their birth country – “foreign-born”. 23% of Nobel Prize winners from 1901-2016 belong to the foreign-born category,
indicated by the horizontal line. (B) Fraction by award and time period. (C) Fraction by region of achievement over 10-year intervals. (D)
The Nobelist birth-discovery network: countries are represented along the arc, with arc-length proportional to the number of laureates born in
a given country. Link width represents the number of individuals born in country cb that performed award research in country ca. The link
direction is denoted by the gap, which differentiates incoming and outgoing links: e.g. the majority of the international links associated with
the US terminate with a gap, indicating foreign-born. The majority of links are intra-country (e.g. 29% of all laureates have the US as their
country of birth and their country of achievement), but the international links represent the nearly 1 in 4 Nobelists who migrated internationally.
Data from Wolfram Alpha [62].

Source Destination

}

Multiscale Impact of Researcher Mobility — Journal of the Royal Society Interface (2018) 
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1960
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Fraction of 
Nobel Prize 

winners
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USA

World

DE/FR/UK

1 in 4 (STEM) Nobel Prize winners are Foreign-born!  

highlights increasingly competitive international market for elite scientists



Data & Methods:  ~26,000 researcher profiles (1980-2009) extracted from ~350,000 Physics research articles 
published by the American Physical Society  (1900-2009) — e.g. Physical Review Letters, Physical Review E, etc.

— Fishing in Big Data —
…for counterfactual outcomes that facilitate causal identification
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Mobile Researcher A
“Treated” = Mobility event in year t* in period T 

Very dissimilar to A

Dissimilar to A

Similar to A

Very similar to A

Not-Mobile Researcher Pool
“Control” = No mobility (!M) in period T 

Period T 
1993                 2003

tA* =1995

∆t—

Best Match
— based only 

on data in ∆t—

Counterfactual matching method — compare each mobile researcher with the most similar non-mobile 
researcher and compute difference in outcome variable Y ↦ estimation of “treatment effect on treated” (TET)

∆t+



Mobile Researcher A
“Treated” = Mobility event in year t* in period T 

Very dissimilar to A

Dissimilar to A

Similar to A

Very similar to A

Not-Mobile Researcher Pool
“Control” = No mobility (!M) in period T 

Period T 
1993                 2003

tA* =1995

Best Match

Mobility effect (TET)
∆YA= YA(M) - Ybestmatch(!M)

Counterfactual matching method — compare each mobile researcher with the most similar non-mobile 
researcher and compute difference in outcome variable Y ↦ estimation of “treatment effect on treated” (TET)

G2 = Treatment Group = Moved < T
G1 = Control Group = Never-moved

G3 = Treatment = Moved in T
G2 = Control = Moved < T

G3 = Treatment Group = Moved in T
G1 = Control = Never-moved[

“Placebo” model - comparing 
researchers that were not mobile (!M) in T

[

Treatment model - comparing 
Mobile to Not-Mobile researchers in T
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Mobility effect (TET)
∆YA= YA(M) - Ybestmatch(!M)

Counterfactual matching method — compare each mobile researcher with the most similar non-mobile 
researcher and compute difference in outcome variable Y ↦ estimation of “treatment effect on treated” (TET)

Mobile Researcher A
“Treated” = Mobility event in year t* in period T 

Very dissimilar to A

Dissimilar to A

Similar to A

Very similar to A

Not-Mobile Researcher Pool
“Control” = No mobility (!M) in period T 

Period T 
1993                 2003

tA* =1995

Best Match
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Y =          = (Log-Normalized) Mean Citation Impact 

*** ** *********

* p<0.05           ** p<0.01         *** p<0.001 
zp,i =

ln(1 + cp,i,t)� µt

�t
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Multiscale Impact of Researcher Mobility — Journal of the Royal Society Interface (2018) 

Cross-Border Mobility effect: 
Relative to non-mobile researchers that are similar in research profile attributes prior the mobility event 

— Mobile researchers gain up to a 10-17% increase in citations corresponding to ~100 APS citations…. 

2004-2007

Research  Topics 

Collaborators Geographic 
coordination

Outcome Measure Y = 
Difference in Diversity (Entropy) 

in article-level features

** *** ****** *** ***
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* p<0.05            ** p<0.01                *** p<0.001 

…. Coincident with higher diversity of research topics & collaborators & geographic coordination

 M
ob

ili
ty

 E
ffe

ct
⟨∆

Y A
⟩ =

 A
ve

ra
ge

 T
ET

 %
 D

iff
er

en
ce

 
 A

bs
ol

ut
e 

D
iff

er
en

ce
 

Research Topics



Part 3 — Coevolution of Collaboration & Mobility

Mobility

 Collaboration



?

?
Is Europe Evolving Toward an Integrated Research Area? — Science (2013)

National borders EU borders

European Research Area (ERA) — a cross-border labor, funding, and 
mobility scheme aimed at fostering innovation and growth across Europe

Which map is 
more 

representative 
of the ERA 

according to 
cross-border 
collaboration 

Data: 2.4 million patents filed at the EPO ↦ Co-inventor & Inventor mobility networks 



Why stagnation since ~2004???

Q2: Is there any positive  trend in the rate of cross-border 
activity within the EU — relative to the world?

Causal (DiDiD) model: We measured the effect of EU institutional 
integration policies by quantifying the relative rate of cross-border 
links — comparing a) within versus across-borders links, b) EU vs 
Non-EU links, c) and across time.
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Patent co-inventor network: 
Additional cross-border links per region pair

Is Europe Evolving Toward an Integrated Research Area? 
Science, 2014
The evolution of networks of innovators within and across 
borders: Evidence from patent data Research Policy, 2015

Period of 
positive 
relative
integration

Period of 
stagnation

A1

A2

Q1 - Structurally: Are the ERA R&D 
borders integrated beyond geo-political 
borders?

Q2 - Temporally: has there been an 
intensification in cross-border R&D 
activity in Europe — i.e. evidence for 
integration

EU Integration
change in cross-

border links
 due to 

EU-specific 
factors



In this analysis we incorporate a key factor:
‘Brain drain’ — Asymmetric Migration — largely from Eastern to Western European countries

EU Enlargement: useful for identifying an important mechanism connecting:
 the formation of international social capital (cross-border collaboration) and the flow of human capital (migration)

Quantifying the negative impact of brain drain on the integration of European science — Science Advances (2017)
High-skilled labour mobility in Europe before and after the 2004 enlargement  — J Royal Society Interface (2017)



Objective: use the Synthetic Control Method (SCM) to estimate cross-border collaboration 
rates in Europe under the counterfactual — no 2004/07 EU enlargement

26 non-EU control group countries: 
AR, AM, AZ, BY, CA, CN, CO, CU, IN, IL, JP, KZ, KW, KG, 
MG, MX, MN, PA, RU, RS, SG, KR, TT, TR, UA, US

Country-level control/matching variables: 
[Scimago] Cross-border pubs, Total pubs, Citations
[World Bank]  GDPpercapita, Govt. Expenditure on R&D

SCM: Abadie et al., American Economic Review 93 (2003); Abadie et al., J. Amer. Stat. Assoc. 105 (2010)
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The 2004/2007 EU Enlargement: 
a ‘science of science’ quasi-experiment 

Cross-border activity ⟿ EU integration

Brain Drain and EU Integration

Researcher mobilityCollaboration in science is intrinsically interpersonal, and as a result, the networks of 
(in)formal relations are characteristically dynamic [3]. One challenge in the ‘science of 
science’ is to measure the impact of relatively high mobility rates on individual and collective 
outcomes in science — however teasing out causal relations is difficult. To this end, we 
investigated the relation between researcher mobility and collaboration dynamics at the 
collective level of the European Research Area (ERA). 
Previous research has shown that progress towards the ERA — a longstanding vision of the 
European Union to develop a competitive and integrated innovation system through directed 
cross-border policies — has stalled since the early 2000s [1,2]. 
In order to provide insight into the cause of this stalled progress, we analyzed the rate of 
international publication for 32 European countries using data extracted from millions of 
academic publications from 1996 to 2012. We then applied the Synthetic Control Method, 
using the 2004/2007 EU enlargement as a large policy intervention representing a multi-
country and multi-stage quasi-experiment, to estimate levels of cross-border activity had the 
entrants stayed outside the EU. Our approach provides causal insights into the interaction 
between researcher mobility and international collaboration, leading to a counterintuitive 
result — despite gaining access to research programs with explicit cross-border incentives, 
the twelve 2004/2007 entrant EU countries would have had higher rates of cross-border 
collaboration had they not joined the EU, an unintended consequence of labor market 
integration in Europe [4]. We identify migration imbalance — ‘brain drain’ — principally from 
entrant to incumbent EU member states, as a major factor underlying the divergence in 
cross-border integration between Western and Eastern Europe. These results challenge 
central tenets underlying ERA integration policies — that unifying labor markets will increase 
the international competitiveness of the ERA — thereby calling attention to the need for 
effective home-return incentives and policies. Moreover, in light of uncertainty concerning the 
outcome of ‘Brexit’ migration policies, our results indicate that a particularly ‘hard Brexit' could 
contribute to short-run dis-integration of cross-border activity in the ERA [5]. 

[1] Is Europe Evolving Toward an Integrated Research Area? Chessa, 
Morescalchi, Pammolli, Penner, Petersen, Riccaboni. Science, 2013 
[2] The evolution of networks of innovators within and across borders: 
Evidence from patent data. A. Morescalchi, F. Pammolli, O. Penner, A. M 
Petersen, Riccaboni. Research Policy, 2015
[3] Quantifying the impact of weak, strong, and super ties in scientific 
careers. A. M. Petersen. Proc. Natl. Acad. Sci. USA, 2015
[4] Quantifying the negative impact of brain drain on the integration of 
European science. O. A. Doria Arrieta, F. Pammolli, A. M. Petersen.     
Science Advances, 2017
[5] High-skilled labour mobility in Europe before and after the 2004  
enlargement. A. M. Petersen & M. Puliga. J. Royal Society Interface, 2017 
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• Scientists are frequently faced with the important decisions 
to explore new research areas or to continue along the 
previous path, and to start or terminate a creative 
partnership                                                                          
⟹ Scientific collaboration networks are highly dynamic

• Science is inextricably international; Collaboration mediates 
future career opportunities                                                    
⟹ Scientists are highly internationally mobile

I. Grigorieva

K. Novoselov

What is the impact of brain drain (Bi) on the cross-border collaboration rate (fi) 
for the average country in each EU group? 

Brain DrainBrain Gain

The impact of brain drain on cross-border collaboration is even more 
negative for the new 2004 EU entrants (                          ) [4]. 
Unintended consequences of EU Enlargement: we identify an 
important link between the formation of international social capital 
(cross-border collaboration) and the flow of human capital 
(migration). A timely follow-up question is: What impact will ‘Brexit’ 
have on the centrality of the UK within Europe’s high-skilled mobility 
networks? [5]

?

Geopolitical borders EU borders

26 non-EU control group countries: 
AR, AM, AZ, BY, CA, CN, CO, CU, IN, IL, JP, KZ, KW, KG, 
MG, MX, MN, PA, RU, RS, SG, KR, TT, TR, UA, US

Country-level control/matching variables: 
[Scimago] Cross-border pubs, Total pubs, Citations
[World Bank]  GDPpercapita, Govt. Expenditure on R&D

SCM: Abadie et al., American Economic Review, 2003

Pre-existing 2004 EU New 2004 EU

East-West collaboration

W EBefore 2004 
EU enlargement

East to West mobility

XW EAfter 2004 
EU enlargement

    New (entrants) EU countries:  real data                synthetic (SCM) estimate
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Goal: Estimate the rate of cross-border collaboration 
for EU entrants in the hypothetical (counter-factual) 
scenario in which THERE WAS NO 2004/2007 EU 
ENLARGEMENT.

Counterfactual scenario: entrant country X does not join 
the EU, and thus lacks direct access to cross-border 
programs, incentives (ie ERC funding), and guaranteed 
intra-EU ‘freedom of movement’ for its citizens.

The Synthetic Control Method (SCM): Reconstructs the 
empirical cross-border activity data for country X in the 
regime prior to “EU treatment" (t < 2004). How? — using a 
linear combination of data for non-EU countries (countries 
actually existing in the counterfactual scenario) to simulate 
a hypothetical “synthetic X”. The trend in cross-border 
activity data for t ≥ 2004 is then extrapolated in order to 
estimate the counterfactual scenario.The percent 
difference (δ) between the real and synthetic SCM 
estimate is then a causal estimator of the impact of EU 
Enlargement on cross-border activity in country X.

Counterintuitively, 2004/07 entrant countries would have had MORE 
cross-border collaboration had they NOT JOINED the European Union!

Hungary (HU)

The European Research Area (ERA) is the vision of an “open space for 
knowledge and growth”, one of many longstanding integration efforts within 
the European Union (EU). The establishment of the ERA has been highlighted 
as key component of the competitiveness of the EU’s Europe 2020 growth 
strategy, with the goal to reduce, perhaps even eliminate, the effect of national 
borders on scientific and R&D networks, and to thereby create an integrated 
area where ideas and high-skill human capital are free to flow and leverage 
transnational synergies and complementarities. Unfortunately, recent analysis 
of 2.4 million patents from 1986-2010 indicates that the community structure 
of European R&D networks more closely follows Geopolitical boundaries - 
indicating a stalled process of R&D integration. [1,2]

?
A visual example: A data-driven schematic of Sir Andre 
Geim’s collaboration profile, with individual collaborators 
(indicated by horizontal “lollipops”) ordered by entry year, with 
length indicating the first/last collaboration. Notable career 
events include Geim’s first publication in 2000 with K. S. 
Novoselov (co-winner of the 2010 Nobel Prize in Physics) and 
their first graphene publication in 2004. The rapid 
accumulation of coauthors following the 2004 graphene 
discovery signals the volume of new opportunities following 
reputation growth.
Importantly, a drastic network reorganization 
accompanies Geim’s move from Radboud Univ. Nijmegen 
(The Netherlands) to Univ. of Manchester (United 
Kingdom) in 2001. [3]

How does researcher mobility 
affect micro/macro patterns of  
(cross-border) collaboration?

Comparative Case-Study Setup 

    New (entrants) EU countries:  real data                synthetic (SCM) estimate 11 of 12 Countries show negative impact of 
EU enlargement on cross-border collaboration 

(fraction of total publications AND total 
publication volume)

BG, CZ, EE, HU, LT, LV, MT, PL, RO, SI, SK

1 Country shows positive impact: CY

δ(%) > 0

δ(%) < 0

δ

* Estimates indicate that that EU Enlargement also had a negative impact on the volume of cross-border 
collaboration produced by the 15 EU incumbents (AT, SE, ES, PT, NL, LU, IT, IE, GR, DE, FR, FI, DK, BE, UK)

Intra-European Mobility Networks
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Net migration between 
countries — before and after 
the 2004 EU enlargement. 
(Top) Total mobility: between 
the 2004/2007 entrant 
countries (“E”) and the rest of 
the incumbent European 
countries (“W”); numbers 
indicate fraction of total 
mobility. (Bottom) European 
Mobility network: node size 
proportional to the country’s net 
‘brain drain’; link thickness is 
proportional to the migration 
between countries i and j, with 
the arrow pointing in the 
direction of the net flow and 
link color corresponding to the 
source node. The size/
thickness scales used for both 
networks are the same, 
facilitating direct comparison. 

We constructed the mobility networks using official EU Commission “professionals moving abroad” data from Single 
Market Regulated Professions Database; the number of head-count records in each period are 43,075 (1997–
2004) and 272,813 (2005–2012), representing a 530% increase in annual mobility after the EU enlargement.

A mobility-mediated dis-integration mechanism — “Adios”  
As mobile academics pursue international career paths, likely by following their previous 

collaboration channels, the cross-border links that they previously mediated between 
their home country and their destination country are subsequently eliminated. 

Which map is more representative of Europe’s Science & Innovation system?
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“Blind” mobility (34%): 
researcher does not follow 
previous collaboration channel
 

“Adios” mobility (11%):
researcher does not maintain 
any previous collaborations

Empirical evidence from analysis of 
27,000 researcher mobility events:
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Objective: Estimate cross-border collaboration rates in Europe under the counterfactual — 
no 2004/07 EU enlargement — using the Synthetic Control Method (SCM)  

26 non-EU control group countries: 
AR, AM, AZ, BY, CA, CN, CO, CU, IN, IL, JP, KZ, KW, KG, 
MG, MX, MN, PA, RU, RS, SG, KR, TT, TR, UA, US

Country-level control/matching variables: 
[Scimago] Cross-border pubs, Total pubs, Citations
[World Bank]  GDPpercapita, Govt. Expenditure on R&D

SCM: Abadie et al., American Economic Review 93 (2003); Abadie et al., J. Amer. Stat. Assoc. 105 (2010)

Counter-intuitive consequences of the 2004/2007 EU Enlargement

Results indicate more cross-border integration among EU entrants — 
if there had been no EU enlargement!
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The 2004/2007 EU Enlargement: 
a ‘science of science’ quasi-experiment 

Cross-border activity ⟿ EU integration

Brain Drain and EU Integration

Researcher mobilityCollaboration in science is intrinsically interpersonal, and as a result, the networks of 
(in)formal relations are characteristically dynamic [3]. One challenge in the ‘science of 
science’ is to measure the impact of relatively high mobility rates on individual and collective 
outcomes in science — however teasing out causal relations is difficult. To this end, we 
investigated the relation between researcher mobility and collaboration dynamics at the 
collective level of the European Research Area (ERA). 
Previous research has shown that progress towards the ERA — a longstanding vision of the 
European Union to develop a competitive and integrated innovation system through directed 
cross-border policies — has stalled since the early 2000s [1,2]. 
In order to provide insight into the cause of this stalled progress, we analyzed the rate of 
international publication for 32 European countries using data extracted from millions of 
academic publications from 1996 to 2012. We then applied the Synthetic Control Method, 
using the 2004/2007 EU enlargement as a large policy intervention representing a multi-
country and multi-stage quasi-experiment, to estimate levels of cross-border activity had the 
entrants stayed outside the EU. Our approach provides causal insights into the interaction 
between researcher mobility and international collaboration, leading to a counterintuitive 
result — despite gaining access to research programs with explicit cross-border incentives, 
the twelve 2004/2007 entrant EU countries would have had higher rates of cross-border 
collaboration had they not joined the EU, an unintended consequence of labor market 
integration in Europe [4]. We identify migration imbalance — ‘brain drain’ — principally from 
entrant to incumbent EU member states, as a major factor underlying the divergence in 
cross-border integration between Western and Eastern Europe. These results challenge 
central tenets underlying ERA integration policies — that unifying labor markets will increase 
the international competitiveness of the ERA — thereby calling attention to the need for 
effective home-return incentives and policies. Moreover, in light of uncertainty concerning the 
outcome of ‘Brexit’ migration policies, our results indicate that a particularly ‘hard Brexit' could 
contribute to short-run dis-integration of cross-border activity in the ERA [5]. 

[1] Is Europe Evolving Toward an Integrated Research Area? Chessa, 
Morescalchi, Pammolli, Penner, Petersen, Riccaboni. Science, 2013 
[2] The evolution of networks of innovators within and across borders: 
Evidence from patent data. A. Morescalchi, F. Pammolli, O. Penner, A. M 
Petersen, Riccaboni. Research Policy, 2015
[3] Quantifying the impact of weak, strong, and super ties in scientific 
careers. A. M. Petersen. Proc. Natl. Acad. Sci. USA, 2015
[4] Quantifying the negative impact of brain drain on the integration of 
European science. O. A. Doria Arrieta, F. Pammolli, A. M. Petersen.     
Science Advances, 2017
[5] High-skilled labour mobility in Europe before and after the 2004  
enlargement. A. M. Petersen & M. Puliga. J. Royal Society Interface, 2017 
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• Scientists are frequently faced with the important decisions 
to explore new research areas or to continue along the 
previous path, and to start or terminate a creative 
partnership                                                                          
⟹ Scientific collaboration networks are highly dynamic

• Science is inextricably international; Collaboration mediates 
future career opportunities                                                    
⟹ Scientists are highly internationally mobile

I. Grigorieva

K. Novoselov

What is the impact of brain drain (Bi) on the cross-border collaboration rate (fi) 
for the average country in each EU group? 

Brain DrainBrain Gain

The impact of brain drain on cross-border collaboration is even more 
negative for the new 2004 EU entrants (                          ) [4]. 
Unintended consequences of EU Enlargement: we identify an 
important link between the formation of international social capital 
(cross-border collaboration) and the flow of human capital 
(migration). A timely follow-up question is: What impact will ‘Brexit’ 
have on the centrality of the UK within Europe’s high-skilled mobility 
networks? [5]

?

Geopolitical borders EU borders

26 non-EU control group countries: 
AR, AM, AZ, BY, CA, CN, CO, CU, IN, IL, JP, KZ, KW, KG, 
MG, MX, MN, PA, RU, RS, SG, KR, TT, TR, UA, US

Country-level control/matching variables: 
[Scimago] Cross-border pubs, Total pubs, Citations
[World Bank]  GDPpercapita, Govt. Expenditure on R&D

SCM: Abadie et al., American Economic Review, 2003
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East-West collaboration
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EU enlargement
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XW EAfter 2004 
EU enlargement

    New (entrants) EU countries:  real data                synthetic (SCM) estimate
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Goal: Estimate the rate of cross-border collaboration 
for EU entrants in the hypothetical (counter-factual) 
scenario in which THERE WAS NO 2004/2007 EU 
ENLARGEMENT.

Counterfactual scenario: entrant country X does not join 
the EU, and thus lacks direct access to cross-border 
programs, incentives (ie ERC funding), and guaranteed 
intra-EU ‘freedom of movement’ for its citizens.

The Synthetic Control Method (SCM): Reconstructs the 
empirical cross-border activity data for country X in the 
regime prior to “EU treatment" (t < 2004). How? — using a 
linear combination of data for non-EU countries (countries 
actually existing in the counterfactual scenario) to simulate 
a hypothetical “synthetic X”. The trend in cross-border 
activity data for t ≥ 2004 is then extrapolated in order to 
estimate the counterfactual scenario.The percent 
difference (δ) between the real and synthetic SCM 
estimate is then a causal estimator of the impact of EU 
Enlargement on cross-border activity in country X.

Counterintuitively, 2004/07 entrant countries would have had MORE 
cross-border collaboration had they NOT JOINED the European Union!

Hungary (HU)

The European Research Area (ERA) is the vision of an “open space for 
knowledge and growth”, one of many longstanding integration efforts within 
the European Union (EU). The establishment of the ERA has been highlighted 
as key component of the competitiveness of the EU’s Europe 2020 growth 
strategy, with the goal to reduce, perhaps even eliminate, the effect of national 
borders on scientific and R&D networks, and to thereby create an integrated 
area where ideas and high-skill human capital are free to flow and leverage 
transnational synergies and complementarities. Unfortunately, recent analysis 
of 2.4 million patents from 1986-2010 indicates that the community structure 
of European R&D networks more closely follows Geopolitical boundaries - 
indicating a stalled process of R&D integration. [1,2]

?
A visual example: A data-driven schematic of Sir Andre 
Geim’s collaboration profile, with individual collaborators 
(indicated by horizontal “lollipops”) ordered by entry year, with 
length indicating the first/last collaboration. Notable career 
events include Geim’s first publication in 2000 with K. S. 
Novoselov (co-winner of the 2010 Nobel Prize in Physics) and 
their first graphene publication in 2004. The rapid 
accumulation of coauthors following the 2004 graphene 
discovery signals the volume of new opportunities following 
reputation growth.
Importantly, a drastic network reorganization 
accompanies Geim’s move from Radboud Univ. Nijmegen 
(The Netherlands) to Univ. of Manchester (United 
Kingdom) in 2001. [3]

How does researcher mobility 
affect micro/macro patterns of  
(cross-border) collaboration?

Comparative Case-Study Setup 

    New (entrants) EU countries:  real data                synthetic (SCM) estimate 11 of 12 Countries show negative impact of 
EU enlargement on cross-border collaboration 

(fraction of total publications AND total 
publication volume)

BG, CZ, EE, HU, LT, LV, MT, PL, RO, SI, SK

1 Country shows positive impact: CY

δ(%) > 0

δ(%) < 0

δ

* Estimates indicate that that EU Enlargement also had a negative impact on the volume of cross-border 
collaboration produced by the 15 EU incumbents (AT, SE, ES, PT, NL, LU, IT, IE, GR, DE, FR, FI, DK, BE, UK)

Intra-European Mobility Networks
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Net migration between 
countries — before and after 
the 2004 EU enlargement. 
(Top) Total mobility: between 
the 2004/2007 entrant 
countries (“E”) and the rest of 
the incumbent European 
countries (“W”); numbers 
indicate fraction of total 
mobility. (Bottom) European 
Mobility network: node size 
proportional to the country’s net 
‘brain drain’; link thickness is 
proportional to the migration 
between countries i and j, with 
the arrow pointing in the 
direction of the net flow and 
link color corresponding to the 
source node. The size/
thickness scales used for both 
networks are the same, 
facilitating direct comparison. 

We constructed the mobility networks using official EU Commission “professionals moving abroad” data from Single 
Market Regulated Professions Database; the number of head-count records in each period are 43,075 (1997–
2004) and 272,813 (2005–2012), representing a 530% increase in annual mobility after the EU enlargement.

A mobility-mediated dis-integration mechanism — “Adios”  
As mobile academics pursue international career paths, likely by following their previous 

collaboration channels, the cross-border links that they previously mediated between 
their home country and their destination country are subsequently eliminated. 

Which map is more representative of Europe’s Science & Innovation system?

EU Enlargement Effect
δ(%) = 60%
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“Blind” mobility (34%): 
researcher does not follow 
previous collaboration channel
 

“Adios” mobility (11%):
researcher does not maintain 
any previous collaborations

Empirical evidence from analysis of 
27,000 researcher mobility events:

= - 0.016

= - 0.026Bi =
Outi � Ini

Outi + Ini

�B|W = �0.016

�B|E = �0.027 ]-12 %
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Since ! their ! emergence ! just ! a! decade ! ago, ! nearly ! 2%! of! scientific ! research ! is! now ! published ! by
megajournals, ! representing ! a ! major ! industrial ! shift ! in ! the! production ! of! knowledge. ! Such
high-throughput ! production ! stresses ! several ! aspects ! of ! the ! publication ! process, ! including
the! editorial ! oversight ! of ! peer-review. ! As! the ! largest ! megajournal, ! PLOS ! ONE ! has ! relied
on! a! single-tier ! editorial ! board ! comprised ! of ! ∼7000 ! active ! academics, ! who ! thereby ! face
conflicts ! of! interest ! relating ! to ! their ! dual ! roles ! as ! both ! producers ! and ! gatekeepers ! of! peer-
reviewed ! literature. ! While ! such ! conflicts ! of! interest ! are ! also ! a! factor! for! editorial ! boards ! of
smaller ! journals, ! little ! is ! known ! about ! how ! the ! scalability ! of ! megajournals ! may ! introduce
perverse ! incentives ! for! editorial ! service. ! To ! address ! this ! issue,! we ! analyzed ! the ! activity ! of
PLOS ! ONE ! editors ! over ! the ! journal’s ! inaugural ! decade ! (2006–2015) ! and ! find ! highly ! variable
activity ! levels. ! We ! then ! leverage ! this ! variation ! to ! model ! how ! editorial ! bias ! in ! the ! manuscript
decision ! process ! relates ! to ! two! editor-specific ! factors: ! repeated ! editor-author ! interactions
and ! shifts ! in ! the ! rates ! of! citations ! directed ! at! editors ! – ! a! form ! of ! citation ! remuneration
that ! is ! analogue ! to ! self-citation. ! Our ! results ! indicate ! significantly ! stronger ! manuscript ! bias
among ! a! relatively ! small ! number ! of ! extremely ! active ! editors, ! who ! also ! feature ! relatively
high! self-citation ! rates ! coincident ! in! the ! manuscripts ! they ! handle. ! These ! anomalous ! activity
patterns ! are ! consistent ! with ! the ! perverse ! incentives ! and ! the ! temptations ! they ! offer ! at ! scale,
which! is! theoretically ! grounded ! in ! the! “slippery-slope” ! evolution ! of ! apathy ! and ! misconduct
in! power-driven ! environments. ! By ! applying ! quantitative ! evaluation ! to ! the ! gatekeepers ! of
scientific ! knowledge, ! we! shed ! light ! on ! various ! ethics ! issues ! crucial ! to! science ! policy ! – ! in
particular, ! calling ! for! more ! transparent ! and ! structured ! management ! of! editor ! activity ! in
megajournals ! that ! rely ! on! active ! academics.

© ! 2019 ! The ! Author. ! Published ! by! Elsevier ! Ltd. ! This ! is ! an ! open ! access ! article ! under ! the ! CC
BY! license ! (http://creativecommons.org/licenses/by/4.0/).

1.! Introduction

The! emergence! and! rapid! growth! of! megajournals1 in! the! last! decade! represents! a! drastic! industrial! paradigm! shift! in
the! production! of! scientific! knowledge! (Binfield,! 2013;! Bjork,! 2015;! Pan,! Petersen,! Pammolli,! &! Fortunato,! 2018;! Petersen,
Pan,! Pammolli,! &! Fortunato,! 2019;! Solomon,! 2014;! Solomon! &! Bjork,! 2012;! Wakeling! et! al.,! 2016).! This! transition! places
pressure! on! several! fundamental! aspects! of! the! scientific! endeavor.! First,! the! personnel! resources! required! to! referee! the

1 Megajournals! are! typically! online-only! e-journals,! the! largest! of! which! publish! upwards! of! 500! articles! per! month! and! serve! a! multi-disciplinary
audience.! Consequently,! the! production! process! is! primed! for! growth,! in! particular! international! growth! (Wakeling! et! al.,! 2016).! The! top! 5! megajournals,
ranked! by! the! number! of! articles! published! in! 2016! (in! parenthesis)! according! to! Scimago! Journal! &! Country! Rank,! are:! PLOS! ONE! (22,159),! Scientific! Reports
(20,883),! Royal! Society! of! Chemistry! Advances! (13,025),! Oncotarget! (6391),! and! Physical! Review! B! (5483).

https://doi.org/10.1016/j.joi.2019.100974
1751-1577/©! 2019! The! Author.! Published! by! Elsevier! Ltd.! This! is! an! open! access! article! under! the! CC! BY! license! (http://creativecommons.org/licenses/by/
4.0/).

ARTICLE

Discrepancy in scientific authority and media
visibility of climate change scientists and
contrarians
Alexander Michael Petersen 1, Emmanuel M. Vincent2,3 & Anthony LeRoy Westerling1,3,4

We juxtapose 386 prominent contrarians with 386 expert scientists by tracking their digital

footprints across ∼200,000 research publications and ∼100,000 English-language digital

and print media articles on climate change. Projecting these individuals across the same

backdrop facilitates quantifying disparities in media visibility and scientific authority, and

identifying organization patterns within their association networks. Here we show via direct

comparison that contrarians are featured in 49% more media articles than scientists. Yet

when comparing visibility in mainstream media sources only, we observe just a 1% excess

visibility, which objectively demonstrates the crowding out of professional mainstream

sources by the proliferation of new media sources, many of which contribute to the pro-

duction and consumption of climate change disinformation at scale. These results demon-

strate why climate scientists should increasingly exert their authority in scientific and public

discourse, and why professional journalists and editors should adjust the disproportionate

attention given to contrarians.
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— When scientists cross controversial lines —
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East-West collaboration
W EBefore 2004 EU enlargement

East to West mobility

X
W EAfter 2004  EU enlargement

Mechanism connecting Cross-border Collaboration & Mobility

Brain drain: largely from Eastern to Western European countries

A mobility-mediated collaboration dis-integration mechanism

Cross-border link eliminated

Empirical evidence from analysis of ~ 27,000  researcher mobility events
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“Blind Leap” mobility (34%): researcher does not 
follow previous collaboration channel

“Adios” mobility (11%): researcher does not 
maintain any previous collaborations
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⟸ Fraction of mobility events in which there is no overlap 
between past and future researcher location.
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