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Reviewer #1 (Remarks to the Author):

In this manuscript, Kumar et al study the similarity between representations and computations in 

transformer-based language models and the brain fMRI response. In particular, they propose a 

new approach to investigate headwise attentional computations, which they term 

“transformations”. Their results demonstrate that transformations capture syntactic 

representations in complement to the more commonly used hidden layer embeddings in the 

transformer models. These representations predict neural response to speech-language 

differentially in specific cortical regions.

Overall I think this is a good paper, providing a novel perspective on the important topic of AI and 

the brain. The authors performed sophisticated analyses to showcase the characteristics of the 

transformation encoding in the brain. I do have several comments and suggestions I hope the 

authors could address, which I think would improve the clarity and accessibility of the results.

1. While the authors spent a considerable amount of effort trying to demonstrate the 

transformation encoding, it is still not entirely clear what are the distinctions between the 

transformations and the embeddings. To my understanding, the transformations in layer x are 

directly computed from the embeddings in layer (x-1) through self-attention, and the 

transformations in layer x are then transitioned into the embeddings of layer x through an MLP. 

Then should we expect the transformations to be contained by the embeddings in layer (x) and 

layer (x-1)? I wonder if the transformations and the embeddings are correlated to each other or 

not. Furthermore, are transformations and embeddings explaining the same or different aspects of 

brain activity? Are their brain predictions correlated or not?

2. The authors evaluated dependency prediction using headwise transformations. The 

methodological details need to be described better. It is not clear how the dependencies were 

decoded. Is it a binary classifier or a multi-class classifier? Is it true that if a pair of words with a 

specific dependency co-occurred in the same TR, then the TR was labeled as positive for that 

dependency? What if multiple pairs of dependencies fell into the same TR?

3. It appears that the results are very sensitive to the choice of LLM. GPT-2 and BERT show vastly 

different patterns, e.g. Fig 5BC vs Fig S26BC. Given these discrepancies, what would be the take-

home message, aside from that the headwise functional correspondence did correlate to the brain 

prediction in some areas in an LLM-dependent way? The authors may consider discussing this a bit 

more.

4. In Figure 4, the regression weights of the transformations in the neural encoding models were 

analyzed. Did the authors look at the distributions of the magnitude and variance in the 

transformations? Are the transformations normalized so that their weights can be directly 

compared?

5. Also regarding the cortical map shown in Figure 4. How is the PC weight mapping computed 

from the transformations compared to the PCA of the neural activity themselves? The latter should 

reflect the functional neural network structure. I am curious if the transformation-based network is 

associated with the underlying functional network or not. Now it seems that as a data-driven map, 

it lacks a clear connection to what we already know about the language network.

6. The authors showed encoding results on 10 ROIs. How are these 10 ROIs picked? Are these all 

the ROIs that demonstrated significant speech-response?

7. The computation of backward attention distance seems to be constrained within each layer. 

However the actual attention is cumulated over the layers, the current method may underestimate 

the actual attention distance, particularly for the later layers. (See Abnar & Zuidema 2020, 

Quantifying attention flow in transformers)

8. The authors performed shuffling of the coefficients as a control analysis on Page 12. I wonder if 

the results would be consistent if using a randomized Transformer model as a control.



Reviewer #2 (Remarks to the Author):

Summary: While a majority of studies bridging large language models and neuroscience utilize the 

hidden states of the LMs as predictors of brain activity, this study proposes a novel framework to 

instead use the intermediate transformations (namely, the attention vectors in transformers). Their 

approach has the advantage that many studies in NLP have shown attention vectors to be highly 

specific and interpretable, especially for syntactic operations. The authors show that (1) these 

features predict as well as the hidden states (2) (due to the network architecture) exhibit more 

variability across layers than the hidden states (3) predict interesting gradients across the cortical 

surface with respect to layer selectivity and timescale.

Overall, this paper was clear, well motivated, interesting and carefully written so as to not over-

claim. I believe that it brings a novel approach to bridge AI models and neuroscience. I only have 

minor questions and clarifications listed below.

Questions/Comments:

- Why do the authors use group-averaging when they could have built encoding models for 

individual participants? Is it to facilitate the computation of ISC as a noise ceiling estimate?

- It is interesting that the transformer magnitudes outperform GloVE embeddings in low-level 

areas. How correlated is this feature with word rate or part-of-speech tags? I wonder if its 

capturing periodicity across tokens (for example, the content words in English are distributed at 

specific positions) that matches areas like HG but is devoid of semantic content that would be 

relevant for AngG.

- Since the attention vectors are passed onto an MLP, the low correlation with the hidden state is 

to be expected. Similarly, the residual connection would cause higher autocorrelation in the hidden 

state. I think the authors should note this clearly in the text:

- “Note that despite yielding similar encoding performance, the embeddings and transformations 

are fundamentally different; for example, the average TR-by-TR correlation between embeddings 

and transformations across both stimuli is effectively zero (-.004 ± .009 SD), the embeddings and 

transformations yield visibly different TR-by-TR representational geometries (Fig. S4), and the 

transformations have considerably higher temporal autocorrelation than the embeddings (Fig. 

S5).”

- Re arguing that they are “fundamentally different”: Obviously, the two representations are 

related to each other. But the MLP & residual connections imply that they don’t encode information 

the same way. Moreover, BERTology has shown that while it is difficult to understand information 

encoded in the hidden states, individual attention heads are often interpretable + Your results 

show very interesting differences in encoding performance and layer hierarchy!

- I agree with the arguments presented here to support the claim that “suggest that the 

computations implemented by the transformations are more layer-specific than the embeddings”, 

namely (1) the know function of different attention heads in the literature and (2) the residual 

connections across hidden states which would make them more similar (it would be nice to note 

this explicitly). However, isn’t a stronger form of evidence here showing the amount of unique vs. 

shared variance explained by hidden states/attention vectors across different layers?

- Minor: For the analysis in Fig. 4, were the same regularization coefficient used for the different 

encoding models as that could give rise to arbitrary differences in scale across parcels and 

participants.

- I appreciate that the authors didn’t overstate the results in Fig. 4-5. However, I am curious to 

hear how these results can be placed in the context of previous work like Huth et al., 2016 and 

Lerner et al., 2011 that also make predictions about cortical gradients like in Fig. 4. Since the 

relationship between function and ROI was based on merely correlating the dependency prediction 

with the encoding model weights, couldn’t it be possible that these regions don’t have a purely 

syntactic role but their function is related to this property? (I know that the authors never claimed 

this, just curious to know what they think) Specifically, can we expect any differences in functional 

predictions made by this approach based on whether an ROI is correlated with many syntactic 

markers like AngG/MFG vs. ROIs that don’t correlate with any like vmPFC? How does this fit with 

more recent studies that show no dissociation between syntax and semantics?



Reviewer #3 (Remarks to the Author):

The manuscript is well-written and the figures are pleasant to follow – the topic is potentially a 

new take on what aspects of transformer architectures to correlate with neuroimaging data. I 

wanted to be excited about this work but I ended being baffled by its motivation and meaning, and 

later frustrated by the weak analytical argumentation (lack of comparisons/controls supporting the 

conclusions). The manuscript was also peppered with unsubstantiated claims (specifically what 

transformers learn, and if they learn linguistic structure – that is has by no means been rigorously 

tested and convincingly shown, yet is discussed as if it is given and not a contentious point of 

ongoing debate). Most mystifyingly, the manuscript ignores the large body of work by the Brennan 

and Hale labs that relate parser states to brain states. That was very puzzling and seemingly a 

huge oversight – that work *is* the literature on relating NLP models to neural data that 
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Dunagan, D., Steedman, M., & Hale, J. T. (2023). Modeling Structure-Building in the Brain With 

CCG Parsing and Large Language Models. Cognitive Science, 47(7), e13312.

At first I was very interested in this new approach of “transformations” but was ultimately 

disappointed in the lack of theoretical grounding for the idea of transformations. Without theory, 

the work is very well-executed engineering exercise – namely, the big worry here, what is the 

theory and the hypothesis being tested here? If the proposal is that transformers and brains are 

doing something “the same” or “alike,” then what, specifically, is that thing? Is the brain doing 

what a transformer is doing, if so, how? There are so many problems here (e.g., the brain has 

time, transformers don’t, copious behavioral and formal capacities, etc., nevermind training data 

and training protocol differences). This quote from the Abstract, might be a good way to highlight 

the problem: “LLM and the cortical language network may converge on similar trends of functional 

specialization for processing natural language”- ok, but what are those “similar trends”? How could 

they arise given the stunning and fundamental differences between the two systems? What would 

“similar trends” mean? Then, why are some parts of the transformer architecture (here, 

transformations and the brain regions) better fits than other parts (embeddings)? If you’re finding 

that some system with regularities has regularities that are more similar to another system with 

regularities, you’re really just saying there are correlations between regularities (which is trivially 

true), unless you’re interpreting those regularities to be meaningful (e.g., the two systems are 

doing the same thing, behaving the same way, or whatever) – for that you need a theory and a 

hypothesis about what is similar between the systems, why it is so, and what it means.

Relatedly, if the conclusion is, transformer states predict brain states ergo transformers and brains 

are doing something similar, there are two problems. First, on a high level that is trivially true – 

they are both processing sequential language stimuli – although with very different behaviors, 

outcomes, physical and formal expressive constraints. But logically, the argument falls apart; we 

see this in the history of science with epicycles and geocentrism – to cut a long story short, 

basically, geocentric models could keep adding parameters to better predict the movement of 

celestial bodies than heliocentric models could. Geocentric models predicted better, but the sun is 

at the center of our solar system. Second, given that not all aspects of the transformer predict 

neural data, and not all areas of the brain are predicted, why is the transformer’s failure to predict 

not interpreted as “doing something fundamentally different”? These two logical pitfalls have 

recently been discussed at length here:

Guest, O., & Martin, A. E. (2023). On logical inference over brains, behaviour, and artificial neural 

networks. Computational Brain & Behavior, 1-15.

It is hard to evaluate whether transformations are an improvement, whether that improvement 

has meaning or not, when they are not compared to performance by parsers (e.g., a la Brennan 

and Hale work, RNN-G). Another option would be to illustrate through comparison with equally 

sparse predictors as the “classical linguistic annotations”. For the record, POS is not a feature that 

in and of itself is typically used to predict neural states, so it seems unfair to use that as a 

benchmark. If the goal of the work is to show that transformation are better predictors that 

embeddings, that seems more of an engineering exercise. It could be strengthened in to a theory 

by theorizing as suggested above, and then by careful model evaluation across classes of existing 



successful models. Now as it stands the meaning of this work is frustratingly unclear.

Minor comments

1. What is the “neurobiology of language in silico”? Is this the claim that you can study the brain 

by using transformers? If so, what is the argument for why you can? Correlation?

2. Time is totally different in the brain and in transformers’ transformation (spoiler: there isn’t 

any) – how were the number of TRs chosen? It seems arbitrary at the moment.

3. In Figure S17 500 TRs are plotted. Here you can clearly see that the sparsity differences 

between dependencies and transformations. This should be carefully explored and controlled for 

given the signal processing consequences. Second, how and why a transformer head best picks 

out a dependency type when its timeseries is so different from that of the dependency begs for a 

theory of how an attention head is (if it is) representing information about the dependency, and 

what that information is.



Reviewer 1

Cf l`ak eYfmk[jahl) EmeYj ]l Yd klm\q l`] kaeadYjalq Z]lo]]f j]hj]k]flYlagfk Yf\ [gehmlYlagfk af

ljYfk^gje]j*ZYk]\ dYf_mY_] eg\]dk Yf\ l`] ZjYaf ^GLC j]khgfk]+ Cf hYjla[mdYj) l`]q hjghgk] Y f]o

YhhjgY[` lg afn]kla_Yl] `]Y\oak] Yll]flagfYd [gehmlYlagfk) o`a[` l`]q l]je �ljYfk^gjeYlagfk�+ N`]aj

j]kmdlk \]egfkljYl] l`Yl ljYfk^gjeYlagfk [Yhlmj] kqflY[la[ j]hj]k]flYlagfk af [gehd]e]fl lg l`] egj]

[geegfdq mk]\ `a\\]f dYq]j ]eZ]\\af_k af l`] ljYfk^gje]j eg\]dk+ N`]k] j]hj]k]flYlagfk hj]\a[l

f]mjYd j]khgfk] lg kh]][`*dYf_mY_] \a�]j]flaYddq af kh][a�[ [gjla[Yd j]_agfk+

In]jYdd C l`afc l`ak ak Y _gg\ hYh]j) hjgna\af_ Y fgn]d h]jkh][lan] gf l`] aehgjlYfl lgha[ g^ ;C Yf\ l`]

ZjYaf+ N`] Yml`gjk h]j^gje]\ kgh`akla[Yl]\ YfYdqk]k lg k`go[Yk] l`] [`YjY[l]jakla[k g^ l`]

ljYfk^gjeYlagf ]f[g\af_ af l`] ZjYaf+ C \g `Yn] k]n]jYd [gee]flk Yf\ km__]klagfk C `gh] l`] Yml`gjk

[gmd\ Y\\j]kk) o`a[` C l`afc ogmd\ aehjgn] l`] [dYjalq Yf\ Y[[]kkaZadalq g^ l`] j]kmdlk+

Q] Yhhj][aYl] l`] j]na]o]j�k hgkalan] Ykk]kke]fl g^ l`] eYfmk[jahl+ ;k qgm oadd k]] Z]dgo) l`]k]

[gee]flk o]j] n]jq `]dh^md af hmk`af_ mk lg [dYja^q gmj l`afcaf_ Yf\ ojalaf_+

.+ Q`ad] l`] Yml`gjk kh]fl Y [gfka\]jYZd] Yegmfl g^ ]�gjl ljqaf_ lg \]egfkljYl] l`] ljYfk^gjeYlagf

]f[g\af_) al ak kladd fgl ]flaj]dq [d]Yj o`Yl Yj] l`] \aklaf[lagfk Z]lo]]f l`] ljYfk^gjeYlagfk Yf\ l`]

]eZ]\\af_k+ Ng eq mf\]jklYf\af_) l`] ljYfk^gjeYlagfk af dYq]j p Yj] \aj][ldq [gehml]\ ^jge l`]

]eZ]\\af_k af dYq]j %p*.& l`jgm_` k]d^*Yll]flagf) Yf\ l`] ljYfk^gjeYlagfk af dYq]j p Yj] l`]f

ljYfkalagf]\ aflg l`] ]eZ]\\af_k g^ dYq]j p l`jgm_` Yf GFJ+ N`]f k`gmd\ o] ]ph][l l`]

ljYfk^gjeYlagfk lg Z] [gflYaf]\ Zq l`] ]eZ]\\af_k af dYq]j %p& Yf\ dYq]j %p*.&: C ogf\]j a^ l`]

ljYfk^gjeYlagfk Yf\ l`] ]eZ]\\af_k Yj] [gjj]dYl]\ lg ]Y[` gl`]j gj fgl+ @mjl`]jegj]) Yj]

ljYfk^gjeYlagfk Yf\ ]eZ]\\af_k ]phdYafaf_ l`] kYe] gj \a�]j]fl Ykh][lk g^ ZjYaf Y[lanalq: ;j] l`]aj

ZjYaf hj]\a[lagfk [gjj]dYl]\ gj fgl:

N`Yfc qgm ^gj `a_`da_`laf_ l`] [gf^mkagf af gmj ojalaf_ gf l`ak hgafl+ Q] `Yn] [dYja�]\ l`]

j]dYlagfk`ah Z]lo]]f ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk af k]n]jYd [gf[j]l] oYqk+ @ajkl) o] fgl] l`Yl

ljYfk^gjeYlagfk af dYq]j _ Yj] fgl [gehml]\ ^jge l`] ]eZ]\\af_ Yl dYq]j _ � . af Y \aj][l gj

kljYa_`l^gjoYj\ oYq+ LYl`]j) l`] ljYfk^gjeYlagfk Yl dYq]j _ Yj] l`] j]kmdl g^ l`] afl]jhdYq Z]lo]]f l`]

c]q*im]jq*nYdm] %R&X&]& n][lgjk) o`a[` Yj] [PMTZMS]MZ Y ^mf[lagf g^ l`] ]eZ]\\af_ Yl dYq]j _ � .+

N`] d]Yjf]\ o]a_`lk Yl ]Y[` Yll]flagf `]Y\ kh][a^q Y hjgb][lagf ^jge l`] ]eZ]\\af_ Yl dYq]j _ l ) lg

Y k]l g^ R&X&] [gehgf]flk) o`a[` af lmjf \]l]jeaf] Y fgfdaf]Yj ^mf[lagf ^gj hmddaf_ af Yf\ [geZafaf_

[gfl]plmYd af^gjeYlagf ^jge V[PMY lgc]fk+ N`mk) Ydl`gm_` l`] j]kmdlaf_ ljYfk^gjeYlagfk Yl dYq]j _

k`Yj] l`] kYe] \ae]fkagfYdalq oal` l`] ]eZ]\\af_ Yl _ � .) l`]q ]f[g\] ^mf\Ye]flYddq \a�]j]fl

caf\k g^ af^gjeYlagf+

N`] ]eZ]\\af_ ak K\T\SI[Q]M � al [Yjja]k Zgl` l`] gja_afYd k]eYfla[ [gfl]fl ^jge dYq]j - %l`] afalaYd

lgc]f ]eZ]\\af_&) Yk o]dd Yk Y daf]Yj [geZafYlagf g^ [gfl]plmYd af^gjeYlagf af[gjhgjYl]\ Zq

ljYfk^gjeYlagfk Yl hjagj dYq]jk+ N`] ljYfk^gjeYlagfk [Yf afkl]Y\ Z] l`gm_`l g^ Yk ]f[g\af_

[gfl]pl*YhhjghjaYl] �Y\bmkle]flk� gj �\a�k�+ N`]k] Y\bmkle]flk Yj] ILLML daf]Yjdq aflg l`]

]eZ]\\af_ hYkk]\ Ydgf_ ^jge l`] hj]nagmk dYq]j) ]�][lan]dq k[mdhlaf_ l`] ]eZ]\\af_ lg j]kh][l l`]



[gfl]pl+ Cf ^Y[l) l`] ]eZ]\\af_ Yl dYq]j _ � . [Yf hYkk l`jgm_` l`] Yll]flagf `]Y\k dYj_]dq

mf[`Yf_]\ naY l`] kg*[Ydd]\ �j]ka\mYd klj]Ye�8 l`] eg\]d SMIYUZ o`]f Yf\ `go ]Y[` ljYfk^gjeYlagf

k`gmd\ Y\bmkl l`] ]eZ]\\af_ ZYk]\ gf [gfl]pl %?d`Y_] ]l Yd+) /-/.) hjgna\] Y n]jq aflmalan]

^gjemdYlagf g^ l`ak hjg[]kk&+ ;k l`] j]na]o]j fgl]k) l`] ljYfk^gjeYlagfk Yj] fgl fYlan]dq �Yda_f]\�

oal` l`] ]eZ]\\af_8 l`]q Yj] hYkk]\ l`jgm_` Y fgfdaf]Yj ljYfk^gjeYlagf�l`] GFJ�l`Yl ]�][lan]dq

ljYfkdYl]k l`] ljYfk^gjeYlagfk aflg l`] ]eZ]\\af_ khY[] af gj\]j lg Y\\ l`]e lg l`] ]eZ]\\af_ Yl

dYq]j _+ N`ak kl]h ]�][lan]dq ^mk]k l`] [gfl]plmYd af^gjeYlagf \]jan]\ ^jge gl`]j ogj\k oal` l`]

[gfl]fl g^ l`] [mjj]fl ogj\ ]eZ]\\af_+

N`ak ak Ydd lg kYq l`Yl o] [Yffgl) af Y kljYa_`l^gjoYj\ oYq) �]ph][l l`] ljYfk^gjeYlagfk lg Z]

[gflYaf]\ Zq l`] ]eZ]\\af_k af dYq]j _ Yf\ dYq]j _ � .�7 l`] ljYfk^gjeYlagfk l`]ek]dn]k Yj] �[m]\�

Zq l`] [gfl]plmYd [geZafYlagf g^ Ydd ]eZ]\\af_k af l`] afhml [gfl]pl Yl dYq]j _ * .+ N`mk) l`]

Y\bmkle]flk aehd]e]fl]\ Zq l`] ljYfk^gjeYlagfk Yj] gkl]fkaZdq �[gflYaf]\� af l`] ]eZ]\\af_ Yl

dYq]j _) Zml l`]q Yj] fgfdaf]Yjdq ^mk]\ oal` l`] [gfl]fl g^ l`] ]eZ]\\af_+

Q] `Yn] Y\\]\ Y [dYja^qaf_ k]fl]f[] lg l`] �@mf[lagfYd YfYlgeq g^ Y NjYfk^gje]j� k][lagf Yl l`]

Z]_affaf_ g^ L]kmdlk7

;dl`gm_` l`] ljYfk^gjeYlagfk Yl Y _an]f dYq]j Yj] �[m]\� Zq l`] ]eZ]\\af_ Yjjanaf_ ^jge l`]

hj]nagmk dYq]j) l`]q Yj] fgl \]jan]\ ^jge l`ak ]eZ]\\af_8 kaeadYjdq) l`] ljYfk^gjeYlagfk Yj]

fgfdaf]Yjdq ^mk]\ oal` l`] [gfl]fl g^ l`] gmlhml ]eZ]\\af_ %k]] �NjYfk^gje]j*ZYk]\ ^]Ylmj]k� af

G]l`g\k Yf\ GYl]jaYdk ^gj ^mjl`]j \]lYadk&+

;f\ o] `Yn] Y\\]\ f]o ]phdYfYlgjq hYjY_jYh`k af l`] �NjYfk^gje]j*ZYk]\ ^]Ylmj]k� k][lagf g^ l`]

G]l`g\k k][lagf7

Cflmalan]dq) al eYq k]]e Yk a^ l`] ljYfk^gjeYlagfk Yj] lg kge] ]pl]fl j]\mf\Yfl oal` l`] ]eZ]\\af_

Yl l`] hj]nagmk dYq]j) gj l`] j]kmdlaf_ ]eZ]\\af_ hYkk]\ lg l`] kmZk]im]fl dYq]j+ N`]

ljYfk^gjeYlagfk af dYq]j _ Yj] fgl [gehml]\ ^jge l`] ]eZ]\\af_ Yl dYq]j _ � . af Y kljYa_`l^gjoYj\

oYq+ LYl`]j) l`] ljYfk^gjeYlagfk Yl dYq]j _ Yj] l`] j]kmdl g^ l`] afl]jhdYq Z]lo]]f l`]

c]q*im]jq*nYdm] %R*X*]& n][lgjk) o`a[` Yj] l`]ek]dn]k Y ^mf[lagf g^ l`] ]eZ]\\af_ Yl dYq]j _ � .+

N`] d]Yjf]\ o]a_`lk Yl ]Y[` Yll]flagf `]Y\ kh][a^q Y hjgb][lagf ^jge l`] ]eZ]\\af_ Yl dYq]j _ � .

lg Y k]l g^ R*X*] [gehgf]flk) o`a[` af lmjf \]l]jeaf] Y fgfdaf]Yj ^mf[lagf ^gj hmddaf_ af Yf\

[geZafaf_ [gfl]plmYd af^gjeYlagf ^jge gl`]j lgc]fk+ N`mk) Ydl`gm_` l`] j]kmdlaf_ ljYfk^gjeYlagfk

Yl dYq]j _ k`Yj] l`] kYe] \ae]fkagfYdalq oal` l`] ]eZ]\\af_ Yl _ � .) l`]q ]f[g\] ^mf\Ye]flYddq

\a�]j]fl caf\k g^ af^gjeYlagf+

N`] ]eZ]\\af_ ak K\T\SI[Q]M � al [Yjja]k Zgl` l`] gja_afYd k]eYfla[ [gfl]fl ^jge dYq]j - %l`] afalaYd

lgc]f ]eZ]\\af_&) Yk o]dd Yk Y daf]Yj [geZafYlagf g^ [gfl]plmYd af^gjeYlagf af[gjhgjYl]\ Zq

ljYfk^gjeYlagfk Yl hjagj dYq]jk+ N`] ljYfk^gjeYlagfk [Yf afkl]Y\ Z] l`gm_`l g^ Yk ]f[g\af_

[gfl]pl*YhhjghjaYl] �Y\bmkle]flk� gj �\a�k�+ N`]k] Y\bmkle]flk Yj] Y\\]\ daf]Yjdq aflg l`]

]eZ]\\af_ hYkk]\ Ydgf_ ^jge l`] hj]nagmk dYq]j) ]�][lan]dq k[mdhlaf_ l`] ]eZ]\\af_ lg j]kh][l

l`] [gfl]pl+ Cf ^Y[l) l`] ]eZ]\\af_ Yl dYq]j _ � . [Yf hYkk l`jgm_` l`] Yll]flagf `]Y\k dYj_]dq

.



mf[`Yf_]\ naY l`] kg*[Ydd]\ �j]ka\mYd klj]Ye�8 l`] eg\]d d]Yjfk o`]f Yf\ `go ]Y[`

ljYfk^gjeYlagf k`gmd\ Y\bmkl l`] ]eZ]\\af_ ZYk]\ gf [gfl]pl %?d`Y_] ]l Yd+) /-/.&+

N`]k] Y\bmkle]flk Yj] Y\\]\ lg l`] ]eZ]\\af_) ]�][lan]dq k[mdhlaf_ l`] ]eZ]\\af_ lg j]kh][l

l`] [gfl]pl+ N`] ljYfk^gjeYlagfk Yj] fgl fYlan]dq �Yda_f]\� oal` l`] ]eZ]\\af_8 l`]q Yj] hYkk]\

l`jgm_` Yfgl`]j fgfdaf]Yj ljYfk^gjeYlagf�l`] GFJ�l`Yl ljYfkdYl]k l`] ljYfk^gjeYlagfk aflg l`]

]eZ]\\af_ khY[] af gj\]j lg Y\\ l`]e lg l`] ]eZ]\\af_ Yl dYq]j _+ N`ak kl]h ]�][lan]dq ^mk]k l`]

[gfl]plmYd af^gjeYlagf \]jan]\ ^jge gl`]j ogj\k oal` l`] [gfl]fl g^ l`] [mjj]fl ogj\ ]eZ]\\af_+

N`mk) l`] Y\bmkle]flk aehd]e]fl]\ Zq l`] ljYfk^gjeYlagfk Yj] gkl]fkaZdq �[gflYaf]\� af l`] f]o

]eZ]\\af_ Yl dYq]j _) Zml l`]q Yj] fgfdaf]Yjdq ^mk]\ oal` l`] [gfl]fl g^ l`] hj]nagmk dYq]j+

Aan]f l`] [gehd]palq g^ l`]k] j]dYlagfk`ahk) o]�n] Ydkg eY\] Yf ]�gjl lg ]ehaja[Yddq Y\\j]kk l`]

j]na]o]j�k kh][a�[ im]klagfk Yf\ `]dh j]Y\]jk Zmad\ aflmalagf+ Cf Y f]o @a_+ M0) o] k`go l`Yl l`]

ljYfk^gjeYlagfk Yj] f]al`]j [gjj]dYl]\ oal` l`] ]eZ]\\af_ Yl dYq]j _ � . %Z]^gj] l`] ljYfk^gjeYlagf&

fgj dYq]j _ %Y^l]j l`] ljYfk^gjeYlagf&+ >]khal] l`] eYl[`]\ \ae]fkagfYdalq) l`] ]eZ]\\af_k Yf\

ljYfk^gjeYlagfk \g fgl k`Yj] Y j]\mf\Yfl ^]Ylmj] khY[]+ Q] fgo hgafl lg l`ak f]o �_mj] ]Yjdq af l`]

j]kmdlk k][lagf7

Hgl] l`Yl \]khal] qa]d\af_ kaeadYj ]f[g\af_ h]j^gjeYf[]) l`] ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk Yj]

^mf\Ye]flYddq \aklaf[l j]hj]k]flYlagfk8 ^gj ]pYehd]) l`] Yn]jY_] NL*Zq*NL [gjj]dYlagf Z]lo]]f

]eZ]\\af_k Yf\ ljYfk^gjeYlagfk ^gj Zgl` klaemda ak ]�][lan]dq r]jg %*+--1 � +--6 M>&) Yf\ l`]

]eZ]\\af_k Yf\ ljYfk^gjeYlagfk Yj] fgl [gjj]dYl]\ Y[jgkk dYq]jk %@a_+ M2&+ N`ak ak ]ph][l]\) _an]f

l`Yl ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk j]ka\] af \a�]j]fl ^]Ylmj] khY[]k) Yf\ l`] ljYfk^gjeYlagfk

Yj] af[gjhgjYl]\ aflg l`] f]pl dYq]j�k ]eZ]\\af_ khY[] l`jgm_` Y fgfdaf]Yj eYhhaf_+ N`]

]eZ]\\af_k Yf\ ljYfk^gjeYlagfk Ydkg qa]d\ nakaZdq \a�]j]fl NL*Zq*NL j]hj]k]flYlagfYd _]ge]lja]k

%@a_+ M3&) Yf\ l`] ljYfk^gjeYlagfk `Yn] [gfka\]jYZdq `a_`]j l]ehgjYd Ymlg[gjj]dYlagf l`Yf l`]

]eZ]\\af_k %@a_+ M4&+

/



Figure S5. JYajoak] [gjj]dYlagfk Z]lo]]f ljYfk^gjeYlagfk Yf\ ]eZ]\\af_k Y[jgkk dYq]jk+ @gj ]Y[`

NL) o] [gehml]\ l`] [gjj]dYlagf Z]lo]]f l`] ljYfk^gjeYlagfk Yf\ ]eZ]\\af_ Yl ]Y[` hYaj g^

dYq]jk) l`]f Yn]jY_]\ l`] j]kmdlaf_ [gjj]dYlagf eYlja[]k+ ;k ]ph][l]\) l`] ljYfk^gjeYlagfk Yf\

]eZ]\\af_k Yj] fgl kljgf_dq [gjj]dYl]\) ]n]f Yl Y\bY[]fl dYq]jk+ ;dl`gm_` l`] ljYfk^gjeYlagfk Yf\

]eZ]\\af_k `Yn] eYl[`af_ \ae]fkagfYdalq) l`]q \g fgl k`Yj] l`] kYe] ^]Ylmj] khY[]+

Ng Y\\j]kk l`] j]na]o]j�k im]klagfk g^ o`]l`]j l`] ZjYaf hj]\a[lagfk ^jge l`] ljYfk^gjeYlagfk Yf\

]eZ]\\af_k Yj] ]phdYafaf_ \a�]j]fl Ykh][lk g^ ZjYaf Y[lanalq gj Yj] [gjj]dYl]\) o] jYf Y hYjlaYd

[gjj]dYlagf YfYdqkak Z]lo]]f l`] dYq]joak] hj]\a[lagfk g^ l`] ljYfk^gjeYlagfk Yf\ ]eZ]\\af_k

[gehYj]\ lg l`] Y[lmYd ZjYaf Y[lanalq %^gj ]Y[` l]kl k]l&+ Q] Yhhj][aYl] l`] j]na]o]j km__]klaf_ l`ak

YfYdqkak Z][Ymk] al hjgna\]k Y [geh]ddaf_ na]o g^ gmj [gj] j]kmdlk+ Q]�n] Y\\]\ l`ak dYq]joak] hYjlaYd

[gjj]dYlagf YfYdqkak lg @a_+ 0 af l`] eYaf l]pl7

Figure 3. %B& JYjlaYd [gjj]dYlagfk Z]lo]]f ZjYaf Y[lanalq Yf\ eg\]d*ZYk]\ hj]\a[lagfk \]jan]\ ^jge

]eZ]\\af_k %Zdm]& Yf\ ljYfk^gjeYlagfk %j]\&+ @gj ]Y[` dYq]j) o] e]Ykmj]\ l`] [gjj]dYlagf Z]lo]]f

ljYfk^gjeYlagf*ZYk]\ hj]\a[lagfk Yf\ ZjYaf Y[lanalq o`ad] [gfljgddaf_ ^gj l`] ]eZ]\\af_*ZYk]\

hj]\a[lagfk %Yf\ na[] n]jkY&+ JYjlaYd [gjj]dYlagfk Yl ]Y[` dYq]j o]j] Yn]jY_]\ Y[jgkk hYj[]dk af l`]

[gjla[Yd dYf_mY_] f]logjc+ ?jjgj ZYjk \]fgl] 62# ZgglkljYh [gf�\]f[] afl]jnYdk Y[jgkk kmZb][lk

Q] Ydkg Y\\]\ l`] ^gddgoaf_ hYkkY_] l`] L]kmdlk k][lagf7

Ng ]nYdmYl] l`] mfaim] [gfljaZmlagfk g^ ljYfk^gjeYlagfk* Yf\ ]eZ]\\af_*ZYk]\ hj]\a[lagfk Yl

]Y[` dYq]j) o] h]j^gje]\ Y hYjlaYd [gjj]dYlagf YfYdqkak7 o] e]Ykmj]\ l`] [gjj]dYlagf Z]lo]]f

ljYfk^gjeYlagf*ZYk]\ hj]\a[lagfk Yf\ ZjYaf Y[lanalq o`ad] [gfljgddaf_ ^gj l`] ]eZ]\\af_*ZYk]\

hj]\a[lagfk %Yf\ na[] n]jkY8 @a_+ 0<&+ Q] ^gmf\ l`Yl NjYfk^gjeYlagf*ZYk]\ hj]\a[lagfk [Yhlmj]

egj] mfaim] nYjaYf[] Yl ]Yjda]j dYq]jk l`Yf ]eZ]\\af_*ZYk]\ hj]\a[lagfk8 ]eZ]\\af_k) gf l`]

gl`]j `Yf\) Y[[memdYl] af^gjeYlagf gn]j lae] Yf\ [Yhlmj] l`] egkl mfaim] nYjaYf[] Yl dYl]j dYq]jk+
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/+ N`] Yml`gjk ]nYdmYl]\ \]h]f\]f[q hj]\a[lagf mkaf_ `]Y\oak] ljYfk^gjeYlagfk+ N`] e]l`g\gdg_a[Yd

\]lYadk f]]\ lg Z] \]k[jaZ]\ Z]ll]j+ Cl ak fgl [d]Yj `go l`] \]h]f\]f[a]k o]j] \][g\]\+ Ck al Y ZafYjq

[dYkka�]j gj Y emdla*[dYkk [dYkka�]j: Ck al ljm] l`Yl a^ Y hYaj g^ ogj\k oal` Y kh][a�[ \]h]f\]f[q

[g*g[[mjj]\ af l`] kYe] NL) l`]f l`] NL oYk dYZ]d]\ Yk hgkalan] ^gj l`Yl \]h]f\]f[q: Q`Yl a^

emdlahd] hYajk g^ \]h]f\]f[a]k ^]dd aflg l`] kYe] NL:

N`Yfck ^gj hgaflaf_ l`ak gml�o] Yj] `Yhhq lg [dYja^q+ Cf l`] \]h]f\]f[q \][g\af_ YfYdqkak) o] mk]\

Y ZafYjq [dYkka�]j7 khY=q YffglYl]k ]Y[` ogj\ oal` Y mfaim] \]h]f\]f[q dYZ]d�a+]+ o`]l`]j l`]

ogj\ ak Y [`ad\ ^gj l`] _an]f \]h]f\]f[q af Y hYjk] lj]]�Yf\ Y k]hYjYl] \][g\]j ak ljYaf]\ ^gj ]Y[`

\]h]f\]f[q lg hj]\a[l o`]l`]j l`Yl \]h]f\]f[q ak hj]k]fl gj fgl ^gj ]Y[` NL %k]] l`] khY=q

\g[me]flYlagf&+ @gj l`] \]h]f\]f[q lg Z] dYZ]d]\ Yk hj]k]fl) gfdq l`] [`ad\ af l`] \]h]f\]f[q

j]dYlagfk`ah `Yk lg Z] af l`] _an]f NL+ C^ IU` ogj\ g[[mjjaf_ oal`af Y NL oYk dYZ]d]\ Yk Y [`ad\ af l`]

\]h]f\]f[q j]dYlagfk`ah) l`Yl NL oYk dYZ]d]\ Yk `Ynaf_ l`] \]h]f\]f[q hj]k]fl+ Hgl] l`Yl o] Yj]

fgl [dYkka^qaf_ ^PQKP \]h]f\]f[a]k Yj] hj]k]fl Y[jgkk NLk) Zml jmffaf_ k]hYjYl] [dYkka�]jk ^gj ]Y[`

\]h]f\]f[q+ C^ emdlahd] \]h]f\]f[a]k [g*g[[mj oal`af Y NL) l`] k]hYjYl] [dYkka�]jk ^gj ]Y[`

\]h]f\]f[q oadd ]Y[` j][]an] �hj]k]fl� dYZ]dk ^gj l`] [gjj]khgf\af_ \]h]f\]f[q+ Q] `Yn] eg\a�]\

l`] G]l`g\k k][lagf g^ l`] j]nak]\ eYfmk[jahl lg [dYja^q l`]k] \]lYadk7

Q] mk]\ khY=q lg YffglYl] ]Y[` ogj\ oal` Y \]h]f\]f[q dYZ]d af\a[Ylaf_ o`]l`]j l`] ogj\ ak Y

[`ad\ ^gj l`] _an]f \]h]f\]f[q af Y hYjk] lj]]+ @gj l`] \]h]f\]f[q lg Z] dYZ]d]\ Yk hj]k]fl) gfdq

l`] [`ad\ af l`] \]h]f\]f[q j]dYlagfk`ah `Yk lg Z] af l`] _an]f NL+ C^ Yfq ogj\ g[[mjjaf_ oal`af Y

NL oYk dYZ]d]\ Yk Y [`ad\ af l`] \]h]f\]f[q j]dYlagfk`ah) l`Yl NL oYk dYZ]d]\ Yk `Ynaf_ l`]

\]h]f\]f[q hj]k]fl+ Q] ljYaf]\ Y k]hYjYl] \][g\]j ^gj ]Y[` \]h]f\]f[q lg hj]\a[l o`]l`]j Y

\]h]f\]f[q ak hj]k]fl gj fgl ^gj ]Y[` NL+ C^ emdlahd] \]h]f\]f[a]k [g*g[[mj oal`af Y NL) l`]

k]hYjYl] [dYkka�]jk ^gj ]Y[` \]h]f\]f[q oadd ]Y[` j][]an] �hj]k]fl� dYZ]dk ^gj l`] [gjj]khgf\af_

\]h]f\]f[q+

0+ Cl Yhh]Yjk l`Yl l`] j]kmdlk Yj] n]jq k]fkalan] lg l`] [`ga[] g^ FFG+ AJN*/ Yf\ <?LN k`go nYkldq

\a�]j]fl hYll]jfk) ]+_+ @a_ 2<= nk @a_ M/3<=+ Aan]f l`]k] \ak[j]hYf[a]k) o`Yl ogmd\ Z] l`]

lYc]*`ge] e]kkY_]) Yka\] ^jge l`Yl l`] `]Y\oak] ^mf[lagfYd [gjj]khgf\]f[] \a\ [gjj]dYl] lg l`]

ZjYaf hj]\a[lagf af kge] Yj]Yk af Yf FFG*\]h]f\]fl oYq: N`] Yml`gjk eYq [gfka\]j \ak[mkkaf_ l`ak Y

Zal egj]+

N`] j]na]o]j [gjj][ldq fgl]k l`Yl []jlYaf j]kmdlk %]+_+ @a_k+ M/2 Yf\ M/6& \a�]j ^gj \a�]j]fl FFGk

%<?LN n]jkmk AJN*/&+ Q] na]o l`ak Yk Y hgl]flaYd klj]f_l` g^ gmj YhhjgY[`+ N`]j] Yj] kmjhjakaf_dq

^]o hmZdak`]\ hYh]jk \aj][ldq [gehYjaf_ `go o]dd eg\]dk dac] <?LN Yf\ AJN*/ hj]\a[l ZjYaf

Y[lanalq+ ; [gmhd] ]pYehd]k7 @ajkl) M[`jaeh^ ]l Yd+) /-/.) [gehYj] gn]jYdd h]j^gjeYf[] af hj]\a[laf_

ZjYaf Y[lanalq ^gj <?LN) AJN*/) Yf\ Y nYja]lq g^ gl`]j eg\]dk %@a_+ /&+ N`]q �f\ l`Yl Zgl` eg\]dk

h]j^gje o]dd) Zml AJN*/ gmlh]j^gjek <?LN af l`] BMYMQYI*()0 ^GLC \YlYk]l [gehjakaf_ k`gjl l]pl

hYkkY_]k hj]k]fl]\ gf] k]fl]f[] Yl Y lae]+ Hgl]) `go]n]j) log [Yn]Ylk7 %Y& dYj_]j nYjaYflk g^ <?LN

%]+_+ JMY[&SIYOM&\UKIZML& h]j^gje]\ [gehYjYZdq lg AJN*/ gf BMYMQYI*()08 Yf\ %Z& <?LN Yf\ AJN*/

h]j^gje]\ [gehYjYZdq gf l`] 5SIUR*(), \YlYk]l [gehjakaf_ dgf_]j*^gje fYlmjYdakla[ khgc]f klgja]k+
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M][gf\) =Ym[`]l]mp Yf\ Eaf_ %/-//& [gehYj]\ eYkc]\ %]+_+ <?LN& Yf\ [YmkYd %]+_+ AJN*/&

dYf_mY_] eg\]dk Yf\ ^gmf\ f]Yjdq a\]fla[Yd j]kmdlk mkaf_ G?A %@a_+ 1) hYf]dk I Yf\ M) af =Ym[`]l]mp

$ Eaf_) /-//&) oal` l`] fgeafYd ]p[]hlagf l`Yl ZjYaf*hj]\a[lagf h]j^gjeYf[] ^gj eYkc]\ eg\]dk

h]Yc]\ Yl ]Yjda]j kge]o`Yl ]Yjda]j dYq]jk l`Yf [YmkYd eg\]dk+

Imj _gYd af \ak[mkkaf_ l`]k] ]pYehd]k ak lg `a_`da_`l l`Yl hjagj ogjc ^g[mkaf_ gf dYq]joak]

]eZ]\\af_k `Yk fgl [gfnaf[af_dq k`gof kljgf_ \a�]j]f[]k Z]lo]]f l`]k] eg\]dk+ ?n]f af l`]

[mjj]fl eYfmk[jahl) o] k]] l`Yl o`]f ]nYdmYlaf_ Zgl` ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk) <?LN Yf\

AJN*/ h]j^gje kaeadYjdq Y[jgkk egkl g^ l`] dYf_mY_] f]logjc %@a_+ M1&+ Imj `gh] af ]pYeafaf_

`]Y\oak] ^mf[lagfYd kh][aYdarYlagf %@a_k+ 1 Yf\ 2& oYk lg \]n]dgh egj] k]fkalan] oYqk ^gj ]phdgjaf_

hgkkaZd] [gjj]khgf\]f[]k Z]lo]]f eg\]d Yf\ ZjYaf+ N`] j]d]nYfl lYc]*`ge] e]kkY_] o] Z]da]n] ak

l`] ^gddgoaf_7 ?pYeafaf_ `go eg\]d ^]Ylmj]k eYh gflg ZjYaf Y[lanalq mkaf_ gfdq ]eZ]\\af_k Yf\ Yl

l`] [gYjk] _jYfmdYjalq g^ dYq]jk oadd l]f\ lg gZk[mj] egj] �f]*_jYaf]\ eg\]d�ZjYaf j]dYlagfk`ahk8 o]

`gh] gmj YhhjgY[` oadd ]f[gmjY_] h]ghd] lg [gfka\]j [gjj]khgf\]f[] Yl l`] _jYfmdYjalq g^ l`]

afl]jfYd [gehmlYlagfk aehd]e]fl]\ Yl ]Y[` `]Y\ ^Q[PQU Y _an]f dYq]j+

Q] `Yn] Y\\]\ Y hYkkY_] lg l`] >ak[mkkagf af l`] j]nak]\ eYfmk[jahl af `gh]k g^ [dYja^qaf_ l`ak

hgafl7

N`aj\) o] ^gmf\ l`Yl) Ydl`gm_` <?LN Yf\ AJN*/ h]j^gje kaeadYjdq o`]f Zgl` eYhhaf_ ]eZ]\\af_k

Yf\ ljYfk^gjeYlagfk gflg ZjYaf Y[lanalq %M[`jaeh^ ]l Yd+) /-/.8 =Ym[`]l]mp $ Eaf_) /-//&) l`]q \a�]j

af l]jek g^ `]Y\oak] [gjj]khgf\]f[]+ N`ak km__]klk l`Yl `]Y\oak] YfYdqkak eYq Z] k]fkalan] lg

\a�]j]f[]k af eg\]d�ZjYaf [gjj]khgf\]f[] l`Yl Yj] gZk[mj]\ o`]f [gfka\]jaf_ gfdq l`]

]eZ]\\af_k+

1+ Cf @a_mj] 1) l`] j]_j]kkagf o]a_`lk g^ l`] ljYfk^gjeYlagfk af l`] f]mjYd ]f[g\af_ eg\]dk o]j]

YfYdqr]\+ >a\ l`] Yml`gjk dggc Yl l`] \akljaZmlagfk g^ l`] eY_falm\] Yf\ nYjaYf[] af l`]

ljYfk^gjeYlagfk: ;j] l`] ljYfk^gjeYlagfk fgjeYdar]\ kg l`Yl l`]aj o]a_`lk [Yf Z] \aj][ldq [gehYj]\:

Q`]f �llaf_ l`] ]f[g\af_ eg\]dk) ]Y[` [gdmef g^ l`] ljYfk^gjeYlagfk %Yf\ Ydd gl`]j ^]Ylmj]k& o]j]

r*k[gj]\ Y[jgkk NLk+ N`] e]Yf Yf\ klYf\Yj\ \]naYlagf mk]\ ^gj r*k[gjaf_ o]j] [Yd[mdYl]\ ZYk]\ gf

l`] ljYafaf_ k]l Yf\ l`]f Ydkg Yhhda]\ lg l`] l]kl k]l+ N`ak ]fkmj]k l`Yl l`] ljYfk^gjeYlagfk o]j] gf

kaeadYj k[Yd]k af l`] j]_j]kkagf YfYdqkak Yf\ Yddgok mk lg [gehYj] l`] j]kmdlaf_ o]a_`lk+ L]na]o]j /

Ydkg [gee]fl]\ l`Yl l`] o]a_`l n][lgjk Yl ]Y[` hYj[]d eYq Z] gf \a�]j]fl k[Yd]k \m] lg \a�]j]fl

j]_mdYjarYlagf [g]�[a]flk+ Ng Y[[gmfl ^gj l`ak) af l`] gja_afYd eYfmk[jahl o] Ydkg r*k[gj]\ l`]

d]Yjf]\ o]a_`lk hjagj lg l`] YfYdqk]k ^gj @a_+ 1+

Q]�n] Y\\]\ Y k]fl]f[] lg l`] �?f[g\af_ eg\]d ]klaeYlagf� k][lagf g^ l`] G]l`g\k lg [dYja^q l`]

�jkl hYjl g^ l`ak [gee]fl7

=gdmefk g^ l`] hj]\a[lgj eYljap o]j] r*k[gj]\ Y[jgkk NLk ZYk]\ gf l`] e]Yf Yf\ klYf\Yj\

\]naYlagf g^ l`] ljYafaf_ k]l+
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Cf daf] oal` L]na]o]j /�k [gee]fl) o] Ydkg Y\\]\ Y [dYja^qaf_ k]fl]f[] lg l`] �MmeeYjaraf_

`]Y\oak] ljYfk^gjeYlagf o]a_`lk� af l`] j]nak]\ G]l`g\k l]pl7

Ng Y[[gmfl ^gj l`] ^Y[l l`Yl l`] d]Yjf]\ o]a_`lk eYq Z] gf \a�]j]fl k[Yd]k Yl \a�]j]fl hYj[]dk %\m]

lg \a�]j]fl j]_mdYjarYlagf hYjYe]l]jk&) o] �jkl r*k[gj]\ l`] o]a_`l n][lgjk ^gj ]Y[` hYj[]d hjagj lg

kmZk]im]fl YfYdqkak+

Ng Yfko]j l`] j]na]o]j�k afalaYd im]klagf) `]j] o] hdgl l`] dYq]j*Zq*dYq]j e]Yf Yf\ nYjaYf[] af l`]

ljYfk^gjeYlagfk Y[jgkk Zgl` lgc]fk Yf\ `]Y\k oal`af Y dYq]j+ N`] eY_falm\] Yf\ nYjaYf[] g^ l`]

ljYfk^gjeYlagfk Yhh]Yj lg Z] kaeadYj Y[jgkk dYq]jk+

2+ ;dkg j]_Yj\af_ l`] [gjla[Yd eYh k`gof af @a_mj] 1+ Bgo ak l`] J= o]a_`l eYhhaf_ [gehml]\ ^jge

l`] ljYfk^gjeYlagfk [gehYj]\ lg l`] J=; g^ l`] f]mjYd Y[lanalq l`]ek]dn]k: N`] dYll]j k`gmd\ j]�][l

l`] ^mf[lagfYd f]mjYd f]logjc kljm[lmj]+ C Ye [mjagmk a^ l`] ljYfk^gjeYlagf*ZYk]\ f]logjc ak Ykkg[aYl]\

oal` l`] mf\]jdqaf_ ^mf[lagfYd f]logjc gj fgl+ Hgo al k]]ek l`Yl Yk Y \YlY*\jan]f eYh) al dY[ck Y [d]Yj

[gff][lagf lg o`Yl o] Ydj]Y\q cfgo YZgml l`] dYf_mY_] f]logjc+

N`ak ak Y n]jq afl]j]klaf_ [gee]fl) Yf\ hjgn]\ lg Z] Y _gg\ kYfalq [`][c+ Ng Y\\j]kk l`ak

]ehaja[Yddq) o] Yhhda]\ l`] kYe] J=; YfYdqkak \aj][ldq lg l`] lae] k]ja]k g^ f]mjYd Y[lanalq af l`]

dYf_mY_] f]logjc) jYl`]j l`Yf l`] `]Y\oak] ljYfk^gjeYlagf o]a_`lk d]Yjf]\ Zq l`] ]f[g\af_ eg\]d+

<]dgo) o] j][gfkljm[l l`] �jkl log J=k ^jge l`ak YfYdqkak ^gj nakmYdarYlagf gf l`] ZjYaf+ Q] k]] l`Yl

Zgl` J=k Yj] ^Yajdq kqee]lja[ Y[jgkk `]eakh`]j]k8 l`ak ak af [gfljYkl lg l`] ljYfk^gjeYlagf o]a_`l

J=k af @a_+ 1) o`a[` %]kh][aYddq af l`] [Yk] g^ J=/& Yhh]Yj lg Z] egj] Ykqee]lja[+ J=. _jgmhk

e]\aYd hj]^jgflYd) ^jgflghgdYj) Yf\ hgkl]jagj e]\aYd [gjl]p lg_]l`]j) \a�]j]flaYlaf_ l`]k] `a_`]j*d]n]d

Ykkg[aYlagf [gjla[]k ^jge dgo]j*d]n]d k]fkgjq Yf\ dYf_mY_] Yj]Yk af dYl]jYd l]ehgjYd Yf\ dYl]jYd

hj]^jgflYd Yj]Yk %kaeadYjdq lg GYj_mda]k ]l Yd+) /-.38 MYeYjY ]l Yd+) /-/0&+ J=/ gf l`] gl`]j `Yf\

`af_]k gf hgkl]jagj e]\aYd [gjl]p) _jgmh]\ oal` Yf_mdYj _qjmk) Yf\ Y ^YeadaYj hYl[` g^ dYl]jYd
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Q] k]d][l]\ l`]k] LICk lg khYf l`] [gjla[Yd `a]jYj[`q ^gj dYf_mY_] hjg[]kkaf_ ^jge dgo*d]n]d

k]fkgjq Yj]Yk %]+_+ BA& lg `a_`*d]n]d Ykkg[aYlagf Yj]Yk %]+_+ JG=&+ ;dd g^ l`]k] LICk `Y\ j]daYZd])

klaemdmk*\jan]f j]khgfk]k lg l`] khgc]f klgja]k Yk af\]p]\ Zq CM= %@a_+ M. af l`] gja_afYd

eYfmk[jahl&+ Q]�n] Y\\]\ Y hYjY_jYh` lg l`] �?ph]jae]flYd \YlY� k][lagf g^ l`] G]l`g\k \]k[jaZaf_

`go o] [gfkljm[l]\ l`] LICk af egj] \]lYad7

Q] [gfkljm[l]\ Y k]l g^ .- LICk afl]f\]\ lg khYf l`] [gjla[Yd `a]jYj[`q ^gj dYf_mY_] Yf\ fYjjYlan]

hjg[]kkaf_ ^jge dgo*d]n]d k]fkgjq Yj]Yk %]+_+ BA& lg `a_`*d]n]d Ykkg[aYlagf Yj]Yk %]+_+ JG=&+ @ajkl)

o] ]pljY[l]\ dYf_mY_] LICk ^jge @]\gj]fcg Yf\ [gdd]Y_m]k %/-.-&7 JgklN]eh) ;flN]eh) ;f_A)

C@A) C@AgjZ) Yf\ G@A+ Q] jgm_`dq \]�f]\ ]Y[` LIC Yk l`] k]l g^ hYj[]dk ^jge l`] .---*hYj[]d

YldYk af o`a[` gn]j 2-# g^ ngp]dk af l`] hYj[]d gn]jdYhh]\ oal` ngp]dk Ykka_f]\ lg l`] LIC af GHC

khY[]+ ;l l`] Zgllge g^ l`] `a]jYj[`q) o] Y\\]\ ]Yjdq Ym\algjq [gjl]p %B]k[`d�k _qjmk8 BA&)

]pljY[l]\ ^jge l`] BYjnYj\*Ip^gj\ ;ldYk+ ;l l`] mhh]j ]f\ g^ l`] `a]jYj[`q) o] Y\\]\ neJ@=)

\eJ@=) Yf\ JG= LICk) eYfmYddq \]�f]\ ^jge l`] M[`Y]^]j hYj[]ddYlagf) lg [Yhlmj]

j]hj]k]flYlagf g^ `a_`]j*d]n]d fYjjYlan]k ^]Ylmj]k Yf\ ]n]flk %<Yd\YkkYfg ]l Yd+) /-.4) /-.5&+ N`]k]

LICk ]f[gehYkk egkl g^ l`] ZjYaf Yj]Yk oal` j]daYZd]) klaemdmk*\jan]f Y[lanalq o`]f kmZb][lk dakl]f

lg khgc]f klgja]k %HYklYk] ]l Yd+) /-/.&+

4+ N`] [gehmlYlagf g^ ZY[coYj\ Yll]flagf \aklYf[] k]]ek lg Z] [gfkljYaf]\ oal`af ]Y[` dYq]j+

Bgo]n]j l`] Y[lmYd Yll]flagf ak [memdYl]\ gn]j l`] dYq]jk) l`] [mjj]fl e]l`g\ eYq mf\]j]klaeYl] l`]

Y[lmYd Yll]flagf \aklYf[]) hYjla[mdYjdq ^gj l`] dYl]j dYq]jk+ %M]] ;ZfYj $ Tma\]eY /-/-) KmYfla^qaf_

Yll]flagf �go af ljYfk^gje]jk&

Q] Y_j]] l`Yl l`] [gehmlYlagf g^ ZY[coYj\ Yll]flagf \aklYf[] %@a_+ 1?& ak dg[Ydar]\ lg ]Y[`

dYq]j�l`ak ak Y j]kmdl g^ gmj ^g[mk gf l`] ljYfk^gjeYlagfk aehd]e]fl]\ Zq af\ana\mYd Yll]flagf `]Y\k)

o`a[` gh]jYl] af\]h]f\]fldq g^ gl`]j `]Y\k oal`af Y _an]f dYq]j+ N`] j]na]o]j eYc]k Yf aehgjlYfl

hgafl l`Yl Yll]flagfYd \aklYf[]k af ^Y[l Y[[memdYl] gn]j dYq]jk+ Cf l`] �A]f]jYlaf_ NjYfk^gje]j

^]Ylmj]k� k][lagf g^ l`] j]nak]\ G]l`g\k) o] `Yn] Y\\]\ Y k]fl]f[] hgaflaf_ gml l`Yl o] eYq af ^Y[l

Z] mf\]j]klaeYlaf_ ZY[coYj\ Yll]flagf \aklYf[]k Yk l`]q Y[[memdYl] Y[jgkk dYq]jk7

Hgl] l`Yl Zq ^g[mkaf_ gf ZY[coYj\ Yll]flagf \aklYf[]k ^gj l`] ljYfk^gjeYlagfk aehd]e]fl]\ Zq

af\ana\mYd Yll]flagf `]Y\k) o] eYq mf\]j]klaeYl] Yll]flagf \aklYf[]k l`Yl ]�][lan]dq Y[[memdYl]

gn]j dYq]jk %;ZfYj $ Tma\]eY) /-/-&+

Q] kmkh][l l`Yl mkaf_ Y egj] kgh`akla[Yl]\ e]lja[ g^ Yll]flagf �go ogmd\ qa]d\ imYdalYlan]dq kaeadYj

j]kmdlk %Yf\ l`] eYfmk[jahl ak Ydj]Y\q hj]llq \]fk]&) kg o]�j] af[daf]\ lg d]Yn] l`ak im]klagf lg ^mlmj]

ogjc+

5+ N`] Yml`gjk h]j^gje]\ k`m�af_ g^ l`] [g]�[a]flk Yk Y [gfljgd YfYdqkak gf JY_] ./+ C ogf\]j a^ l`]

j]kmdlk ogmd\ Z] [gfkakl]fl a^ mkaf_ Y jYf\gear]\ NjYfk^gje]j eg\]d Yk Y [gfljgd+
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N`ak ak Y _j]Yl a\]Y+ Q] ]pljY[l]\ ljYfk^gjeYlagfk o`]f kmhhdqaf_ gmj klaemda lg Yf mfljYaf]\)

jYf\gedq afalaYdar]\ afklYf[] g^ l`] <?LN Yj[`al][lmj]) l`]f j]*jYf l`] `]Y\oak] [gjj]khgf\]f[]

YfYdqkak %@a_+ 2&+ Q] ^gmf\ l`Yl l`] mfljYaf]\ eg\]d \a\ fgl j]kmdl af Yfq gZnagmk kljm[lmj] Y[jgkk

\]h]f\]f[a]k gj LICk %k]] l`] �_mj] Z]dgo&+ N`ak k]jn]k Yk Y _gg\ [gfljgd YfYdqkak) kg o]�n]

af[dm\]\ l`]k] f]o j]kmdlk af @a_+ M/5+

Figure S28. ;k Y [gfljgd YfYdqkak) o] j]]nYdmYl]\ `]Y\oak] ^mf[lagfYd [gjj]khgf\]f[] mkaf_ Yf

mfljYaf]\) jYf\gedq*afalaYdar]\ afklYf[] g^ <?LN+ N`ak ak afl]f\]\ lg Z] Y kljgf_ [gfljgd af l`Yl l`]

eg\]d j]lYafk l`] kYe] Yj[`al][lmj] Yk l`] ljYaf]\ eg\]d Yf\ j][]an]k l`] kYe] l]pl ^jge gmj

klaemda Yk afhml+ N`] mfljYaf]\ <?LN eg\]d) `go]n]j) `Yk fgl Z]]f ljYaf]\ lg hj]\a[l eYkc]\

ogj\k Y[jgkk dYj_] [gjhgjY g^ l]pl) Yf\ l`]j]^gj] l`] eg\]d�k afl]jfYd o]a_`lk \g fgl ]f[g\] l`]

klYlakla[Yd kljm[lmj] g^ j]Yd*ogjd\ dYf_mY_]+ ;^l]j ]pljY[laf_ l`] ljYfk^gjeYlagf n][lgjk ^jge l`]

mfljYaf]\ eg\]d ZYk]\ gf gmj klaemdmk) o] j][gehml]\ Zgl` l`] ZjYaf hj]\a[lagf k[gj]k %l`]

]f[g\af_ eg\]d eYhhaf_ ljYfk^gjeYlagfk gflg hYj[]doak] ZjYaf Y[lanalq& Yf\ l`] \]h]f\]f[q

hj]\a[lagf k[gj]k %l`] dg_akla[ j]_j]kkagf eg\]d ^gj hj]\a[laf_ l`] g[[mjj]f[] g^ Y _an]f daf_makla[

\]h]f\]f[q& ^gj ]Y[` LIC Yf\ ]Y[` daf_makla[ \]h]f\]f[q+ Q] l`]f j][gehml]\ l`] ^mf[lagfYd

[gjj]khgf\]f[] g^ ZjYaf Yf\ \]h]f\]f[q hj]\a[lagf k[gj]k Y[jgkk `]Y\k %[^+ @a_+ 2&+ N`] j]kmdlaf_

[gjj]dYlagfk \g fgl j]n]Yd Yfq gZnagmk kljm[lmj] Y[jgkk \]h]f\]f[]k gj LICk+ N`] mfljYaf]\

eg\]d %A& qa]d\k dgo]j ZjYaf Yf\ \]h]f\]f[q hj]\a[lagf k[gj]k Yf\ %B& j]\m[]k ^mf[lagfYd
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[gjj]khgf\]f[] %fg ka_fa�[Yfl [gjj]dYlagfk Z]lo]]f ZjYaf Yf\ \]h]f\]f[q hj]\a[lagf k[gj]k&+ %C&

N`] 62# ZgglkljYh [gf�\]f[] afl]jnYdk ^gj l`] e]Yf ^mf[lagfYd [gjj]khgf\]f[] Y[jgkk

\]h]f\]f[a]k ^gj ]Y[` LIC YhhjgY[` gj [jgkk r]jg) km__]klaf_ l`Yl l`]j] ak fg ka_fa�[Yfl

^mf[lagfYd [gjj]khgf\]f[] ^gj Yfq LIC+

.-



Reviewer 2

MmeeYjq7 Q`ad] Y eYbgjalq g^ klm\a]k Zja\_af_ dYj_] dYf_mY_] eg\]dk Yf\ f]mjgk[a]f[] mladar] l`]

`a\\]f klYl]k g^ l`] FGk Yk hj]\a[lgjk g^ ZjYaf Y[lanalq) l`ak klm\q hjghgk]k Y fgn]d ^jYe]ogjc lg

afkl]Y\ mk] l`] afl]je]\aYl] ljYfk^gjeYlagfk %fYe]dq) l`] Yll]flagf n][lgjk af ljYfk^gje]jk&+ N`]aj

YhhjgY[` `Yk l`] Y\nYflY_] l`Yl eYfq klm\a]k af HFJ `Yn] k`gof Yll]flagf n][lgjk lg Z] `a_`dq

kh][a�[ Yf\ afl]jhj]lYZd]) ]kh][aYddq ^gj kqflY[la[ gh]jYlagfk+ N`] Yml`gjk k`go l`Yl %.& l`]k] ^]Ylmj]k

hj]\a[l Yk o]dd Yk l`] `a\\]f klYl]k %/& %\m] lg l`] f]logjc Yj[`al][lmj]& ]p`aZal egj] nYjaYZadalq Y[jgkk

dYq]jk l`Yf l`] `a\\]f klYl]k %0& hj]\a[l afl]j]klaf_ _jY\a]flk Y[jgkk l`] [gjla[Yd kmj^Y[] oal` j]kh][l

lg dYq]j k]d][lanalq Yf\ lae]k[Yd]+

In]jYdd) l`ak hYh]j oYk [d]Yj) o]dd eglanYl]\) afl]j]klaf_ Yf\ [Yj]^mddq ojall]f kg Yk lg fgl gn]j*[dYae+ C

Z]da]n] l`Yl al Zjaf_k Y fgn]d YhhjgY[` lg Zja\_] ;C eg\]dk Yf\ f]mjgk[a]f[]+ C gfdq `Yn] eafgj

im]klagfk Yf\ [dYja�[Ylagfk dakl]\ Z]dgo+

Q] Yhhj][aYl] l`] j]na]o]j�k kmhhgjl ^gj gmj YhhjgY[`) Yf\ `Yn] eY\] Yf ]�gjl lg Y\\j]kk ]Y[`

[gee]fl Z]dgo+

.+ Q`q \g l`] Yml`gjk mk] _jgmh*Yn]jY_af_ o`]f l`]q [gmd\ `Yn] Zmadl ]f[g\af_ eg\]dk ^gj af\ana\mYd

hYjla[ahYflk: Ck al lg ^Y[adalYl] l`] [gehmlYlagf g^ CM= Yk Y fgak] []adaf_ ]klaeYl]:

Ng [dYja^q) o] \a\ af ^Y[l Zmad\ ]f[g\af_ eg\]dk oal`af ]Y[` af\ana\mYd hYjla[ahYfl+ Q] gfdq Y__j]_Yl]

l`] eg\]d h]j^gjeYf[] k[gj]k %[gjj]dYlagf Z]lo]]f hj]\a[l]\ Yf\ Y[lmYd l]kl lae] k]ja]k& \]jan]\

^jge l`] kmZb][l*kh][a�[ eg\]dk Y[jgkk hYjla[ahYflk ^gj \gofklj]Ye klYlakla[Yd YfYdqkak Yf\

nakmYdarYlagf+ N`ak ak af [gfljYkl lg a[gfa[ �dgo @� klm\a]k %]+_+ Bml` ]l Yd+) /-.3) @ 9 4&) o`a[`

kaeadYjdq �l eg\]dk oal`af ]Y[` kmZb][l) Zml klYlakla[Yddq ]nYdmYl] ]Y[` kmZb][l k]hYjYl]dq+

Q] [`gk] lg klYlakla[Yddq ]nYdmYl] ]f[g\af_ h]j^gjeYf[] Y[jgkk kmZb][lk %af daf] oal` gl`]j hYh]jk8

]+_+ J]j]ajY ]l Yd+) /-.58 Ngf]nY $ Q]`Z]) /-.68 =Ym[`]l]mp ]l Yd+) /-/0& ^gj k]n]jYd j]Ykgfk+ @ajkl)

mfdac] l`] dgo @ \YlYk]l mk]\ Zq Bml` Yf\ [gdd]Y_m]k %o`a[` oYk eY\] hmZda[dq YnYadYZd] af ;m_mkl

g^ l`ak q]Yj�fa[]" F]<]d ]l Yd+) /-/0&) l`] HYjjYlan]k \YlYk]l [gehjak]k dYj_]j kYehd]k g^ kmZb][lk

%]+_+ @ 9 12 ^gj l`] �C Ef]o Sgm Q]j] <dY[c� klgjq& oal` ]Y[` kmZb][l ]phgk]\ lg ^]o]j khgc]f klgjq

klaemda+ M][gf\) o] ]klaeYl]\ oal`af*hYjla[ahYfl hYj[]doak] ]f[g\af_ eg\]dk ZYk]\ gf l`]

.---*hYj[]d YldYk Zq M[`Y]^]j Yf\ [gdd]Y_m]k %/-.5& lg j]\m[] [gehmlYlagfYd \]eYf\k Y[jgkk

fme]jgmk eg\]dk l]kl]\8 o] kmkh][l l`Yl l`ak khYlaYd \gofkYehdaf_) o`ad] hgl]flaYddq j]\m[af_ l`]

lghg_jYh`a[ kh][a�[alq g^ l`] ]f[g\af_ eg\]dk lg kge] \]_j]] %@]\gj]fcg ]l Yd+) /-.-&) eYq Ydkg

hjgna\] [gYjk]*_jYaf]\ Yda_fe]fl o`]f Y__j]_Ylaf_ oal`af*kmZb][l eg\]d h]j^gjeYf[] k[gj]k

Y[jgkk kmZb][lk+ N`aj\) o] ]klaeYl] Y Z]lo]]f*kmZb][lk fgak] []adaf_ ZYk]\ gf afl]jkmZb][l

[gjj]dYlagf %CM=8 HYklYk] ]l Yd+) /-.6& ^gj log j]Ykgfk7 %Y& hjY[la[Yddq) o] \g fgl `Yn] emdlahd] l]kl

k]lk ^gj egkl hYjla[ahYflk af l`] HYjjYlan]k \YlYk]l8 Yf\ %Z& ]klaeYlaf_ Y oal`af*kmZb][l fgak] []adaf_

ZYk]\ gf j]h]Yl]\ ]phgkmj]k lg l`] kYe] klaemdmk \g]k fgl j]kh][l l`] fgn]dlq g^ l`] klaemdmk Yf\

oadd af[dm\] e]egjq Yf\ `YZalmYlagf hjg[]kk]k af kmZk]im]fl hj]k]flYlagfk %;dq ]l Yd+) /-.58

Ga[`]deYff ]l Yd+) /-/.&+

..



Q] ^mddq Y[cfgod]\_] l`Yl �f]j*_jYaf]\ ]f[g\af_ eYq Z] hgkkaZd] mkaf_ ngp]doak] %jYl`]j l`Yf

hYj[]doak]& eg\]dk) klYlakla[Yddq ]nYdmYlaf_ ]Y[` kmZb][l k]hYjYl]dq) gj Y__j]_Ylaf_ Y[jgkk kmZb][lk

af Y egj] kgh`akla[Yl]\ oYq %]+_+ mkaf_ `qh]jYda_fe]fl gj MLG8 PYf O\]f) HYklYk] ]l Yd+) /-.48

HYklYk] ]l Yd+) /-/-&�Zml o] `Y\ lg eYc] kge] [gehjgeak]k+ Cf l`] �MlYlakla[Yd Ykk]kke]fl�

k][lagf af l`] G]l`g\k g^ l`] j]nak]\ eYfmk[jahl) o] [dYja�]\ l`] eglanYlagf ^gj l`]k] [gehjgeak]k7

Cf Ydd [Yk]k) hYj[]doak] ]f[g\af_ eg\]dk o]j] ]klaeYl]\ Yf\ ]nYdmYl]\ oal`af af\ana\mYd kmZb][lk+

Bgo]n]j) ^gj klYlakla[Yd ]nYdmYlagf) o] Y__j]_Yl] l`] eg\]d h]j^gjeYf[] k[gj]k %[gjj]dYlagf

Z]lo]]f hj]\a[l]\ Yf\ Y[lmYd l]kl lae] k]ja]k& \]jan]\ ^jge l`] kmZb][l*kh][a�[ eg\]dk Y[jgkk

kmZb][lk+ N`ak YhhjgY[` ak af [gfljYkl lg �dgo @� klm\a]k %]+_+ Bml` ]l Yd+) /-.3) H 9 4&) o`a[`

kaeadYjdq �l eg\]dk oal`af ]Y[` kmZb][l) Zml klYlakla[Yddq ]nYdmYl] ]Y[` kmZb][l k]hYjYl]dq+ Cf gmj

YhhjgY[`) �f]j*_jYaf]\ \a�]j]f[]k af [gjla[Yd lghg_jYh`a]k ^gj dYf_mY_] Y[jgkk af\ana\mYd ZjYafk

eYq Z] gZk[mj]\ Zq Y__j]_Ylaf_ hYj[]doak] j]kmdlk Y[jgkk kmZb][lk %@]\gj]fcg ]l Yd+) /-.-8 <jY_Y

]l Yd+) /-/-&+ Q] [gehjgeak]\ gf l`ak ^jgfl ^gj l`j]] j]Ykgfk+ @ajkl) af [gfljYkl lg \]fk]*kYehdaf_)

dgo @ \YlYk]lk %]+_+ F]<]d ]l Yd+) /-/0&) l`] HYjjYlan]k \YlYk]l [gehjak]k dYj_]j kYehd]k g^

kmZb][lk %]+_+ @ 9 12 ^gj l`] �C Ef]o Sgm Q]j] <dY[c� klgjq& ]phgk]\ lg ^]o]j khgc]f klgjq klaemda+

M][gf\) o] ]klaeYl]\ hYj[]doak] ]f[g\af_ eg\]dk ZYk]\ gf l`] .---*hYj[]d YldYk Zq M[`Y]^]j

Yf\ [gdd]Y_m]k %/-.5& lg j]\m[] [gehmlYlagfYd \]eYf\k Y[jgkk fme]jgmk eg\]dk l]kl]\8 o]

kmkh][l l`Yl l`ak khYlaYd \gofkYehdaf_) o`ad] j]\m[af_ l`] kh][a�[alq g^ l`] ]f[g\af_ eg\]dk lg

kge] \]_j]]) eYq Ydkg hjgna\] [gYjk]*_jYaf]\ Yda_fe]fl o`]f Y__j]_Ylaf_ oal`af*kmZb][l eg\]d

h]j^gjeYf[] k[gj]k Y[jgkk kmZb][lk+ N`aj\) o] \g fgl `Yn] j]h]Yl]\ ]phgkmj]k lg l`] kYe] l]kl

k]l %]+_+ Bml` ]l Yd+) /-.3&) Yf\ l`]j]^gj] ]klaeYl] Y Z]lo]]f*kmZb][lk fgak] []adaf_ ZYk]\ gf

afl]jkmZb][l [gjj]dYlagf %CM=8 HYklYk] ]l Yd+) /-.6&+ Q] Y[cfgod]\_] l`Yl �f]j*_jYaf]\ ]f[g\af_

eYq Z] hgkkaZd] Zq Y__j]_Ylaf_ Y[jgkk kmZb][lk af Y egj] kgh`akla[Yl]\ oYq %]+_+ mkaf_

`qh]jYda_fe]fl8 PYf O\]f) HYklYk] ]l Yd+) /-.48 HYklYk] ]l Yd+) /-/-&+

/+ Cl ak afl]j]klaf_ l`Yl l`] ljYfk^gje]j eY_falm\]k gmlh]j^gje AdgP? ]eZ]\\af_k af dgo*d]n]d Yj]Yk+

Bgo [gjj]dYl]\ ak l`ak ^]Ylmj] oal` ogj\ jYl] gj hYjl*g^*kh]][` lY_k: C ogf\]j a^ alk [Yhlmjaf_

h]jag\a[alq Y[jgkk lgc]fk %^gj ]pYehd]) l`] [gfl]fl ogj\k af ?f_dak` Yj] \akljaZml]\ Yl kh][a�[

hgkalagfk& l`Yl eYl[`]k Yj]Yk dac] BA Zml ak \]nga\ g^ k]eYfla[ [gfl]fl l`Yl ogmd\ Z] j]d]nYfl ^gj

;f_A+

N`ak ak Y _j]Yl im]klagf+ Q] `Y\f�l l`gm_`l lg ]pYeaf] `go l`] ljYfk^gjeYlagf eY_falm\]k ljY[c

oal` dgo]j*d]n]d ^]Ylmj]k) Zml o] Y_j]] oal` l`] j]na]o]j l`Yl l`]q Yj] dac]dq [gjj]dYl]\+ Ng Y\\j]kk

l`ak im]klagf ]ehaja[Yddq) o] �jkl [gjj]dYl]\ l`] lae] k]ja]k ljYfk^gjeYlagf eY_falm\]k Y[jgkk NLk

oal` ogj\ jYl] Yf\ h`gf]e] jYl]+ Cf gmj aehd]e]flYlagf) l`]k] Yj] `a_`dq [gjj]dYl]\7 Y � +5 af Zgl`

[Yk]k+ Bgo]n]j) o`]f �llaf_ l`] ]f[g\af_ eg\]dk ^gj ljYfk^gjeYlagf eY_falm\]k %Yf\ gl`]j ^]Ylmj]

k]lk&) o] af[dm\]\ ogj\ jYl] Yf\ h`gf]e] jYl] %Yk o]dd Yk h`gf]e] af\a[Ylgjk& Yk [gf^gmf\

nYjaYZd]k af Y k]hYjYl] ZYf\ %lg ]fkmj] l`]q j][]an] l`]aj gof ghlaeYd `qh]jhYjYe]l]j&+ N`ak

km__]klk l`Yl Ydl`gm_` ljYfk^gjeYlagf eY_falm\]k Yj] af ^Y[l [gjj]dYl]\ oal` ogj\ jYl] Yf\ h`gf]e]

jYl]) l`]q fgf]l`]d]kk [Yhlmj] kge] nYjaYf[] af l]ehgjYd [gjl]p YZgn] Yf\ Z]qgf\ l`gk]

dgo]j*d]n]d ^]Ylmj]k+

./



Ng ]pYeaf] o`]l`]j l`] ljYfk^gjeYlagf eY_falm\]k ljY[c oal` hYjl g^ kh]][`) o] mk]\ d]Ykl*kimYj]k

j]_j]kkagf lg hj]\a[l l`] lae] k]ja]k g^ ljYfk^gjeYlagf eY_falm\]k Yl ]Y[` NL ^jge l`]

.1*\ae]fkagfYd hYjl*g^*kh]][` af\a[Ylgj lae] k]ja]k %l`] kYe] hYjlk g^ kh]][` af[dm\]\ af l`]

�daf_makla[ ^]Ylmj]k� eg\]d mk]\ af @a_+ /&+ N`ak qa]d\]\ gml*g^*kYehd] [gjj]dYlagfk gf l`] k[Yd] g^ Y �

+1 Y[jgkk dYq]jk) km__]klaf_ l`Yl ljYfk^gjeYlagf eY_falm\]k Yj] Ydkg j]dYl]\ lg hYjl g^ kh]][`+ N`ak

eYq ]phdYaf o`q) Ydl`gm_` ljYfk^gjeYlagf eY_falm\]k fgeafYddq gmlh]j^gje l`] daf_makla[ ^]Ylmj]k

%af[dm\af_ hYjl g^ kh]][`& af l]ehgjYd LICk) l`]q h]j^gje [gehYjYZdq ]dk]o`]j]+

@ajkl) o] [dYja�]\ af l`] j]nak]\ l]pl `go l`]k] ljYfk^gjeYlagf eY_falm\]k o]j] [gehml]\ Yf\

\gofkYehd]\ lg l`] ^GLC kYehdaf_ jYl]7

@afYddq) lg _]f]jYl] �ljYfk^gjeYlagf eY_falm\]k� ^gj ]Y[` NL) o] Yn]jY_]\ l`] �ljYfk^gjeYlagf�

n][lgjk gn]j Ydd lgc]fk af l`] NL) l`]f [gehml]\ l`] F/ fgje g^ ]Y[` Yll]flagf `]Y\�k

ljYfk^gjeYlagf n][lgj+

Q]�n] Y\\]\ Y k]fl]f[] lg l`] �NjYfk^gje]j*ZYk]\ ^]Ylmj]k� k][lagf g^ l`] G]l`g\k lg eYc] l`]

j]na]o]j�k [Yn]Yl ]phda[al7

N`]k] ljYfk^gjeYlagf eY_falm\]k eYq [gjj]dYl] oal` dgo*d]n]d ^]Ylmj]k a^ hYjla[mdYj ogj\ jgd]k l]f\

lg Z] \akljaZml]\ Yl kh][a�[ hgkalagfk af fYlmjYd kh]][`+ Q] ^gmf\ l`Yl l`] lae] k]ja]k g^

ljYfk^gjeYlagf eY_falm\]k Yj] kljgf_dq [gjj]dYl]\ %Y � +5& oal` ogj\ jYl] Yf\ h`gf]e] jYl] af gmj

khgc]f klgjq klaemda+ Hgl]) `go]n]j) l`Yl o`]f �llaf_ l`] ]f[g\af_ eg\]dk ^gj ljYfk^gjeYlagf

eY_falm\]k %Yf\ gl`]j ^]Ylmj] k]lk&) o] af[dm\]\ ogj\ jYl] Yf\ h`gf]e] jYl] %Yk o]dd Yk h`gf]e]

af\a[Ylgjk& Yk [gf^gmf\ nYjaYZd]k af Y k]hYjYl] ZYf\ %lg ]fkmj] l`]q j][]an] l`]aj gof ghlaeYd

`qh]jhYjYe]l]j&+ Cfl]j]klaf_dq) o] Ydkg ^gmf\ l`Yl l`] ljYfk^gjeYlagf eY_falm\]k Yj] j]dYl]\ lg

hYjl g^ kh]][`7 o] mk]\ d]Ykl*kimYj]k j]_j]kkagf lg hj]\a[l l`] lae] k]ja]k g^ ljYfk^gjeYlagf

eY_falm\]k Yl ]Y[` NL ^jge l`] .1*\ae]fkagfYd hYjl*g^*kh]][` af\a[Ylgj lae] k]ja]k) j]kmdlaf_ af Y

eg\]jYl] gml*g^*kYehd] [gjj]dYlagf g^ Y � +1+

0+ Maf[] l`] Yll]flagf n][lgjk Yj] hYkk]\ gflg Yf GFJ) l`] dgo [gjj]dYlagf oal` l`] `a\\]f klYl] ak lg

Z] ]ph][l]\+ MaeadYjdq) l`] j]ka\mYd [gff][lagf ogmd\ [Ymk] `a_`]j Ymlg[gjj]dYlagf af l`] `a\\]f klYl]+

C l`afc l`] Yml`gjk k`gmd\ fgl] l`ak [d]Yjdq af l`] l]pl7

�Hgl] l`Yl \]khal] qa]d\af_ kaeadYj ]f[g\af_ h]j^gjeYf[]) l`] ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk Yj]

^mf\Ye]flYddq \a�]j]fl8 ^gj ]pYehd]) l`] Yn]jY_] NL*Zq*NL [gjj]dYlagf Z]lo]]f ]eZ]\\af_k Yf\

ljYfk^gjeYlagfk Y[jgkk Zgl` klaemda ak ]�][lan]dq r]jg %*+--1 � +--6 M>&) l`] ]eZ]\\af_k Yf\

ljYfk^gjeYlagfk qa]d\ nakaZdq \a�]j]fl NL*Zq*NL j]hj]k]flYlagfYd _]ge]lja]k %@a_+ M1&) Yf\ l`]

ljYfk^gjeYlagfk `Yn] [gfka\]jYZdq `a_`]j l]ehgjYd Ymlg[gjj]dYlagf l`Yf l`] ]eZ]\\af_k %@a_+ M2&+�

N`Yfck ^gj fglaf_ l`ak+ Q]�n] mh\Yl]\ l`] j]d]nYfl l]pl lg [dYja^q l`Yl l`ak k`gmd\ Z] ]ph][l]\ _an]f

l`] Yj[`al][lmj] g^ l`] eg\]d+

.0



Hgl] l`Yl \]khal] qa]d\af_ kaeadYj ]f[g\af_ h]j^gjeYf[]) l`] ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk Yj]

^mf\Ye]flYddq \a�]j]fl8 ^gj ]pYehd]) l`] Yn]jY_] NL*Zq*NL [gjj]dYlagf Z]lo]]f ]eZ]\\af_k Yf\

ljYfk^gjeYlagfk Y[jgkk Zgl` klaemda ak ]�][lan]dq r]jg %*+--1 � +--6 M>&) l`] ]eZ]\\af_k Yf\

ljYfk^gjeYlagfk Yj] fgl [gjj]dYl]\ Y[jgkk dYq]jk %@a_+ M2&+ N`ak ak ]ph][l]\) _an]f l`Yl ]eZ]\\af_k

Yf\ ljYfk^gjeYlagfk j]ka\] af \a�]j]fl ^]Ylmj] khY[]k) o`]j] l`] ljYfk^gjeYlagfk Yj] ljYfkdYl]\

aflg l`] ]eZ]\\af_ khY[] Zq Yf GFJ+ N`] ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk Ydkg qa]d\ nakaZdq

\a�]j]fl NL*Zq*NL j]hj]k]flYlagfYd _]ge]lja]k %@a_+ M3&) Yf\ l`] ljYfk^gjeYlagfk `Yn]

[gfka\]jYZdq `a_`]j l]ehgjYd Ymlg[gjj]dYlagf l`Yf l`] ]eZ]\\af_k %@a_+ M4&+

<Yk]\ gf Y [gee]fl ^jge L]na]o]j .) o]�n] Ydkg k]n]jYd hYjY_jYh`k lg l`] G]l`g\k lg egj]

]phda[aldq \]k[jaZaf_ l`] j]dYlagfk`ahk Z]lo]]f l`] ljYfk^gjeYlagfk Yf\ ]eZ]\\af_k ^jge dYq]j lg

dYq]j %j]hjg\m[]\ `]j] ^gj [gfn]fa]f[]&7

Cflmalan]dq) al eYq k]]e Yk a^ l`] ljYfk^gjeYlagfk Yj] lg kge] ]pl]fl j]\mf\Yfl oal` l`] ]eZ]\\af_

Yl l`] hj]nagmk dYl]j) gj l`] j]kmdlaf_ ]eZ]\\af_ hYkk]\ lg l`] kmZk]im]fl dYq]j+ N`]

ljYfk^gjeYlagfk af dYq]j _ Yj] fgl [gehml]\ ^jge l`] ]eZ]\\af_ Yl dYq]j _ � . af Y hYjla[mdYjdq

\aj][l gj kljYa_`l^gjoYj\ oYq+ LYl`]j) l`] ljYfk^gjeYlagfk Yl dYq]j _ Yj] l`] j]kmdl g^ l`] [gehd]p

afl]jhdYq Z]lo]]f l`] c]q*im]jq*nYdm] %R*X*]& n][lgjk) o`a[` Yj] l`]ek]dn]k Y ^mf[lagf g^ l`]

]eZ]\\af_ Yl dYq]j _ � .+ N`] d]Yjf]\ o]a_`lk Yl ]Y[` Yll]flagf `]Y\ kh][a^q Y hjgb][lagf ^jge l`]

]eZ]\\af_ Yl dYq]j _ � . lg Y k]l g^ R*X*] [gehgf]flk) o`a[` af lmjf \]l]jeaf] Y fgfdaf]Yj

^mf[lagf ^gj hmddaf_ af Yf\ [geZafaf_ [gfl]plmYd af^gjeYlagf ^jge gl`]j lgc]fk+ N`mk) Ydl`gm_` l`]

j]kmdlaf_ ljYfk^gjeYlagfk Yl dYq]j _ k`Yj] l`] kYe] \ae]fkagfYdalq oal` l`] ]eZ]\\af_ Yl _ � .)

l`]q ]f[g\] ^mf\Ye]flYddq \a�]j]fl caf\k g^ af^gjeYlagf+

N`] ]eZ]\\af_ ak K\T\SI[Q]M � al [Yjja]k Zgl` l`] fgl*q]l*[gfl]plmYdar]\ k]eYfla[ [gfl]fl ^jge

dYq]j - %l`] afalaYd lgc]f ]eZ]\\af_&) Yk o]dd Yk Y daf]Yj [geZafYlagf g^ gl`]j [gfl]plmYd af^gjeYlagf

af[gjhgjYl]\ Zq ljYfk^gjeYlagfk Yl hjagj dYq]jk+ N`] ljYfk^gjeYlagfk [Yf afkl]Y\ Z] l`gm_`l g^ Yk

]f[g\af_ [gfl]pl*YhhjghjaYl] �Y\bmkle]flk� gj �\a�k�+ N`]k] Y\bmkle]flk Yj] Y\\]\ daf]Yjdq aflg

l`] ]eZ]\\af_ hYkk]\ Ydgf_ ^jge l`] hj]nagmk dYq]j) ]�][lan]dq k[mdhlaf_ l`] ]eZ]\\af_ lg

j]kh][l l`] [gfl]pl+ Cf ^Y[l) l`] ]eZ]\\af_ Yl dYq]j _ � . [Yf hYkk l`jgm_` l`] Yll]flagf `]Y\k

dYj_]dq mf[`Yf_]\ naY l`] kg*[Ydd]\ �j]ka\mYd klj]Ye�8 l`] eg\]d d]Yjfk o`]f Yf\ `go ]Y[`

ljYfk^gjeYlagf k`gmd\ Y\bmkl l`] ]eZ]\\af_ ZYk]\ gf [gfl]pl %?d`Y_] ]l Yd+) /-/.&+

N`]k] Y\bmkle]flk Yj] Y\\]\ lg l`] ]eZ]\\af_) ]�][lan]dq k[mdhlaf_ l`] ]eZ]\\af_ lg j]kh][l

l`] [gfl]pl+ N`] ljYfk^gjeYlagfk Yj] fgl fYlan]dq �Yda_f]\� oal` l`] ]eZ]\\af_8 l`]q Yj] hYkk]\

l`jgm_` Yfgl`]j fgfdaf]Yj ljYfk^gjeYlagf�l`] GFJ�l`Yl ljYfkdYl]k l`] ljYfk^gjeYlagfk aflg l`]

]eZ]\\af_ khY[] af gj\]j lg Y\\ l`]e lg l`] ]eZ]\\af_ Yl dYq]j _+ N`ak kl]h ]�][lan]dq ^mk]k l`]

[gfl]plmYd af^gjeYlagf \]jan]\ ^jge gl`]j ogj\k oal` l`] [gfl]fl g^ l`] [mjj]fl ogj\ ]eZ]\\af_+

N`mk) l`] Y\bmkle]flk aehd]e]fl]\ Zq l`] ljYfk^gjeYlagfk Yj] gkl]fkaZdq �[gflYaf]\� af l`] f]o

]eZ]\\af_ Yl dYq]j _) Zml l`]q Yj] fgfdaf]Yjdq ^mk]\ oal` l`] [gfl]fl g^ l`] hj]nagmk dYq]j+

Ng kh][a�[Yddq `a_`da_`l l`Yl l`] j]ka\mYd [gff][lagfk oadd [Ymk] `a_`]j Ymlg[gjj]dYlagf Y[jgkk dYq]jk)

o]�n] eg\a�]\ l`] l]pl af l`] L]kmdlk Yf\ @a_+ M6 [Yhlagf7
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Q] f]pl k]_j]_Yl]\ l`] NjYfk^gje]j ^]Ylmj]k aflg k]hYjYl] dYq]jk+ N`]j] ak Yf aehgjlYfl l`]gj]la[Yd

\aklaf[lagf af l`] dYq]j*Zq*dYq]j kljm[lmj] g^ l`] ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk Yjakaf_ ^jge l`]

Yj[`al][lmj] g^ l`] f]logjc+ N`] ]eZ]\\af_k ]f[g\] l`] e]Yfaf_ g^ l`] [mjj]fl ogj\ Yf\ Z][ge]

af[j]Ykaf_dq [gfl]plmYdar]\ ^jge dYq]j lg dYq]j %N]ff]q ]l Yd+) /-.6&+ L]ka\mYd [gff][lagfk Yddgo l`]

]eZ]\\af_k lg hjghY_Yl] Yf\ Y[[memdYl] af^gjeYlagf Y[jgkk dYq]jk %?d`Y_] ]l Yd+) /-/.&+ N`]

ljYfk^gjeYlagfk) gf l`] gl`]j `Yf\) [Yhlmj] l`] �mh\Yl]k� lg l`] ]eZ]\\af_ Yl ]Y[`

dYq]j�\]jan]\ ^jge gl`]j ogj\k af l`] kmjjgmf\af_ [gfl]pl+ N`] ljYfk^gjeYlagfk Yj] dYj_]dq

af\]h]f\]fl ^jge dYq]j lg dYq]j %@a_+ M6& Yf\ hjg\m[] egj] dYq]j*kh][a�[ j]hj]k]flYlagfYd

_]ge]lja]k %@a_k+ M.-) M..&+ <Yk]\ gf l`]k] \aklaf[l [gehmlYlagfYd jgd]k) o] `qhgl`]kar]\ l`Yl

l`] ljYfk^gjeYlagfk ogmd\ eYh gflg l`] ZjYaf af Y egj] dYq]j*kh][a�[ oYq l`Yf l`] ]eZ]\\af_k+

Fig. S9… ?eZ]\\af_k Yj] em[` egj] kaeadYj Y[jgkk dYq]jk Z][Ymk] l`] j]ka\mYd [gff][lagfk

Yddgo l`] ]eZ]\\af_k lg Y[[memdYl] af^gjeYlagf %gj j]eYaf mf[`Yf_]\& Y[jgkk dYq]jk+ If l`]

gl`]j `Yf\) ljYfk^gjeYlagfk [Yhlmj] dYq]j*Zq*dYq]j �mh\Yl]k� lg l`] ]eZ]\\af_ Yf\ Yj] dYj_]dq

mf[gjj]dYl]\ Y[jgkk dYq]jk+

1+ L] Yj_maf_ l`Yl l`]q Yj] �^mf\Ye]flYddq \a�]j]fl�7 IZnagmkdq) l`] log j]hj]k]flYlagfk Yj] j]dYl]\ lg

]Y[` gl`]j+ <ml l`] GFJ $ j]ka\mYd [gff][lagfk aehdq l`Yl l`]q \gf�l ]f[g\] af^gjeYlagf l`] kYe]

oYq+ Ggj]gn]j) <?LNgdg_q `Yk k`gof l`Yl o`ad] al ak \a�[mdl lg mf\]jklYf\ af^gjeYlagf ]f[g\]\ af l`]

`a\\]f klYl]k) af\ana\mYd Yll]flagf `]Y\k Yj] g^l]f afl]jhj]lYZd] ( Sgmj j]kmdlk k`go n]jq afl]j]klaf_

\a�]j]f[]k af ]f[g\af_ h]j^gjeYf[] Yf\ dYq]j `a]jYj[`q"

Q] Yhhj][aYl] l`] j]na]o]j�k ]fl`mkaYke YZgml gmj YhhjgY[`" Q] Ydkg `gh] l`Yl gmj j]hdq lg

L]na]o]j .�k [gee]fl %j]hjg\m[]\ af l`] [gee]fl aee]\aYl]dq YZgn]& oadd [dYja^q kge] g^ l`]k]

j]dYlagfk`ahk+

2+ C Y_j]] oal` l`] Yj_me]flk hj]k]fl]\ `]j] lg kmhhgjl l`] [dYae l`Yl �km__]kl l`Yl l`] [gehmlYlagfk

aehd]e]fl]\ Zq l`] ljYfk^gjeYlagfk Yj] egj] dYq]j*kh][a�[ l`Yf l`] ]eZ]\\af_k�) fYe]dq %.& l`]

cfgof ^mf[lagf g^ \a�]j]fl Yll]flagf `]Y\k af l`] dal]jYlmj] Yf\ %/& l`] j]ka\mYd [gff][lagfk Y[jgkk

`a\\]f klYl]k o`a[` ogmd\ eYc] l`]e egj] kaeadYj %al ogmd\ Z] fa[] lg fgl] l`ak ]phda[aldq&+ Bgo]n]j)

akf�l Y kljgf_]j ^gje g^ ]na\]f[] `]j] k`goaf_ l`] Yegmfl g^ mfaim] nk+ k`Yj]\ nYjaYf[] ]phdYaf]\ Zq

`a\\]f klYl]k,Yll]flagf n][lgjk Y[jgkk \a�]j]fl dYq]jk:

N`ak ak Y _j]Yl km__]klagf) Yf\ L]na]o]j . Ydkg c]q]\ aflg Y kaeadYj a\]Y+ ;k Y kljYa_`l^gjoYj\ oYq lg

Ykk]kk mfaim] nYjaYf[] ]phdYaf]\ Zq l`] ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk) o] [gehml]\ hYjlaYd

[gjj]dYlagfk Z]lo]]f l`] eg\]d*ZYk]\ hj]\a[lagfk \]jan]\ ^jge l`] ]eZ]\\af_k Yf\

ljYfk^gjeYlagfk Y_Yafkl l`] Y[lmYd ZjYaf Y[lanalq %k]] l`] �_mj] Z]dgo&+ N`ak j]n]Yd]\ l`Yl) Y[jgkk l`]

[gjla[Yd dYf_mY_] f]logjc) l`] ljYfk^gjeYlagf*ZYk]\ hj]\a[lagfk [Yhlmj] egj] mfaim] nYjaYf[] l`Yf

l`] ]eZ]\\af_*ZYk]\ hj]\a[lagfk Yl ]Yjdq dYq]jk g^ l`] eg\]d+ N`] ]eZ]\\af_*ZYk]\ hj]\a[lagfk

[Yhlmj] egj] mfaim] nYjaYf[] Yl dYl]j dYq]jk g^ l`] eg\]d+ N`ak km__]klagf lmjf]\ gml lg hjgna\] Y
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[geh]ddaf_ na]o gflg gf] g^ gmj [gj] j]kmdlk) kg o]�n] af[gjhgjYl]\ l`ak YfYdqkak aflg l`] eYaf l]pl

Yf\ nakmYdar] l`] j]kmdlk Yk Y f]o hYf]d af @a_+ 0+

Figure 3. %B& JYjlaYd [gjj]dYlagfk Z]lo]]f ZjYaf Y[lanalq Yf\ eg\]d*ZYk]\ hj]\a[lagfk \]jan]\ ^jge

]eZ]\\af_k %Zdm]& Yf\ ljYfk^gjeYlagfk %j]\&+ @gj ]Y[` dYq]j) o] e]Ykmj]\ l`] [gjj]dYlagf Z]lo]]f

ljYfk^gjeYlagf*ZYk]\ hj]\a[lagfk Yf\ ZjYaf Y[lanalq o`ad] [gfljgddaf_ ^gj l`] ]eZ]\\af_*ZYk]\

hj]\a[lagfk %Yf\ na[] n]jkY&+ JYjlaYd [gjj]dYlagfk Yl ]Y[` dYq]j o]j] Yn]jY_]\ Y[jgkk hYj[]dk af l`]

[gjla[Yd dYf_mY_] f]logjc+ ?jjgj ZYjk \]fgl] 62# ZgglkljYh [gf�\]f[] afl]jnYdk Y[jgkk kmZb][lk

Q] Ydkg Y\\]\ l`] ^gddgoaf_ hYkkY_] l`] L]kmdlk k][lagf7

Ng ]nYdmYl] l`] mfaim] [gfljaZmlagfk g^ ljYfk^gjeYlagfk* Yf\ ]eZ]\\af_*ZYk]\ hj]\a[lagfk Yl

]Y[` dYq]j) o] h]j^gje]\ Y hYjlaYd [gjj]dYlagf YfYdqkak7 o] e]Ykmj]\ l`] [gjj]dYlagf Z]lo]]f

ljYfk^gjeYlagf*ZYk]\ hj]\a[lagfk Yf\ ZjYaf Y[lanalq o`ad] [gfljgddaf_ ^gj l`] ]eZ]\\af_*ZYk]\

hj]\a[lagfk %Yf\ na[] n]jkY8 @a_+ 0<&+ Q] ^gmf\ l`Yl NjYfk^gjeYlagf*ZYk]\ hj]\a[lagfk [Yhlmj]

egj] mfaim] nYjaYf[] Yl ]Yjda]j dYq]jk l`Yf ]eZ]\\af_*ZYk]\ hj]\a[lagfk8 ]eZ]\\af_k) gf l`]

gl`]j `Yf\) Y[[memdYl] af^gjeYlagf gn]j lae] Yf\ [Yhlmj] l`] egkl mfaim] nYjaYf[] Yl dYl]j dYq]jk+

Cf l`] j]hdq lg l`] hj]nagmk [gee]fl %j]hjg\m[]\ `]j] ^gj [dYjalq&) o]�n] Ydkg ]phda[aldq fgl]\ l`Yl o]

]ph][l l`] ]eZ]\\af_k lg Z] egj] kaeadYj Y[jgkk dYq]jk \m] lg l`] j]ka\mYd [gff][lagfk7

L]ka\mYd [gff][lagfk Yddgo l`] ]eZ]\\af_k lg hjghY_Yl] Yf\ Y[[memdYl] af^gjeYlagf Y[jgkk

dYq]jk %?d`Y_] ]l Yd+) /-/.&+

Fig. S9… ?eZ]\\af_k Yj] em[` egj] kaeadYj Y[jgkk dYq]jk Z][Ymk] l`] j]ka\mYd [gff][lagfk

Yddgo l`] ]eZ]\\af_k lg Y[[memdYl] af^gjeYlagf %gj j]eYaf mf[`Yf_]\& Y[jgkk dYq]jk+ If l`]

gl`]j `Yf\) ljYfk^gjeYlagfk [Yhlmj] dYq]j*Zq*dYq]j �mh\Yl]k� lg l`] ]eZ]\\af_ Yf\ Yj] dYj_]dq

mf[gjj]dYl]\ Y[jgkk dYq]jk+
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2+ Gafgj7 @gj l`] YfYdqkak af @a_+ 1) o]j] l`] kYe] j]_mdYjarYlagf [g]�[a]flk mk]\ ^gj l`] \a�]j]fl

]f[g\af_ eg\]dk Yk l`Yl [gmd\ _an] jak] lg YjZaljYjq \a�]j]f[]k af k[Yd] Y[jgkk hYj[]dk Yf\

hYjla[ahYflk+

Q`]f �llaf_ l`] ljYfk^gjeYlagfk*ZYk]\ ]f[g\af_ eg\]d l`Yl o] mdlaeYl]dq YfYdqr]\ ^gj @a_+ 1) Ydd

ljYfk^gjeYlagfk o]j] �l oal`af Y kaf_d] ZYf\ \mjaf_ ja\_] j]_j]kkagf+ N`ak e]Yfk l`Yl) ^gj Y _an]f

hYj[]d) l`] [g]�[a]flk ^gj \a�]j]fl ljYfk^gjeYlagfk k`gmd\ Z] gf Y kaeadYj k[Yd]+ Ng Y[[gmfl ^gj l`]

^Y[l l`Yl l`] d]Yjf]\ o]a_`lk eYq Z] gf \a�]j]fl k[Yd]k Yl \a�]j]fl hYj[]dk %\m] lg \a�]j]fl

j]_mdYjarYlagf hYjYe]l]jk&) o] r*k[gj]\ l`] o]a_`l n][lgjk ^gj ]Y[` hYj[]d hjagj lg kmZk]im]fl

YfYdqkak+ Q] fgl] l`ak ]phda[aldq af l`] �MmeeYjaraf_ `]Y\oak] ljYfk^gjeYlagf o]a_`lk� af l`] j]nak]\

G]l`g\k l]pl7

Ng Y[[gmfl ^gj l`] ^Y[l l`Yl l`] d]Yjf]\ o]a_`lk eYq Z] gf \a�]j]fl k[Yd]k Yl \a�]j]fl hYj[]dk %\m]

lg \a�]j]fl j]_mdYjarYlagf hYjYe]l]jk&) o] �jkl r*k[gj]\ l`] o]a_`l n][lgjk ^gj ]Y[` hYj[]d hjagj lg

kmZk]im]fl YfYdqkak+

3+ C Yhhj][aYl] l`Yl l`] Yml`gjk \a\f�l gn]jklYl] l`] j]kmdlk af @a_+ 1*2+ Bgo]n]j) C Ye [mjagmk lg `]Yj

`go l`]k] j]kmdlk [Yf Z] hdY[]\ af l`] [gfl]pl g^ hj]nagmk ogjc dac] Bml` ]l Yd+) /-.3 Yf\ F]jf]j ]l Yd+)

/-.. l`Yl Ydkg eYc] hj]\a[lagfk YZgml [gjla[Yd _jY\a]flk dac] af @a_+ 1+ Maf[] l`] j]dYlagfk`ah Z]lo]]f

^mf[lagf Yf\ LIC oYk ZYk]\ gf e]j]dq [gjj]dYlaf_ l`] \]h]f\]f[q hj]\a[lagf oal` l`] ]f[g\af_

eg\]d o]a_`lk) [gmd\f�l al Z] hgkkaZd] l`Yl l`]k] j]_agfk \gf�l `Yn] Y hmj]dq kqflY[la[ jgd] Zml l`]aj

^mf[lagf ak j]dYl]\ lg l`ak hjgh]jlq: %C cfgo l`Yl l`] Yml`gjk f]n]j [dYae]\ l`ak) bmkl [mjagmk lg cfgo

o`Yl l`]q l`afc& Mh][a�[Yddq) [Yf o] ]ph][l Yfq \a�]j]f[]k af ^mf[lagfYd hj]\a[lagfk eY\] Zq l`ak

YhhjgY[` ZYk]\ gf o`]l`]j Yf LIC ak [gjj]dYl]\ oal` eYfq kqflY[la[ eYjc]jk dac] ;f_A,G@A nk+

LICk l`Yl \gf�l [gjj]dYl] oal` Yfq dac] neJ@=: Bgo \g]k l`ak �l oal` egj] j][]fl klm\a]k l`Yl k`go

fg \akkg[aYlagf Z]lo]]f kqflYp Yf\ k]eYfla[k:

Q] Yhhj][aYl] l`] j]na]o]j�k mf\]jklYf\af_ `]j]�al�k Z]]f \a�[mdl lg kljac] l`] ja_`l ZYdYf[]

Z]lo]]f fgl gn]j*afl]jhj]laf_ l`] j]kmdlk g^ @a_k+ 1 Yf\ 2 o`ad] fgf]l`]d]kk ljqaf_ lg kalmYl] l`]e

oal` j]kh][l lg l`] dal]jYlmj]+ N`] _jY\a]flk \]ha[l]\ af @a_+ 1 Yj] egkl ]Ykadq mf\]jklgg\ Yk

kmeeYjaraf_ l`] dYf_mY_] f]logjc�k lgh log %gjl`g_gfYd& lmfaf_ [mjn]k Y[jgkk l`] ljYfk^gjeYlagfk

aehd]e]fl]\ Zq .11 Yll]flagf `]Y\k af <?LN+ N`]k] ljYfk^gjeYlagfk Yj] fgl klja[ldq kqflY[la[) Yk o]

\ak[mkk ]dk]o`]j] af l`] eYfmk[jahl8 jYl`]j) l`]q ]f[g\] Y nYja]lq g^ \a�]j]fl gh]jYlagfk ^gj

af[gjhgjYlaf_ [gfl]plmYd af^gjeYlagf ^jge gl`]j ogj\k aflg l`] [mjj]fl ogj\+ B]Y\oak]

ljYfk^gjeYlagfk oal` `a_`]j o]a_`lk [gfljaZml] egj] kljgf_dq %hgkalan]dq gj f]_Ylan]dq& lg hj]\a[laf_

ZjYaf Y[lanalq af []jlYaf hYjlk g^ l`] dYf_mY_] f]logjc+ Q] hdgl eg\]d ^]Ylmj]k dac] SI`MY Yf\

JIKR^IYL I[[MU[QVU LQZ[IUKM Ydgf_ l`]k] J=k af `gh]k g^ egj] ]Ykadq afl]jhj]laf_ l`]k] lmfaf_

[mjn]k+

Cf l`] [Yk] g^ J=.) hgkalan] nYdm]k [gjj]khgf\af_ lg ]Yjda]j dYq]jk g^ l`] eg\]d Yj] kljgf_dq dg[Ydar]\

lg hgkl]jagj l]ehgjYd Yj]Yk) o`]j]Yk afl]je]\aYl] Yf\ f]_Ylan] nYdm]k [gjj]khgf\af_ lg afl]je]\aYl]

Yf\ dYl]j d]n]dk g^ l`] eg\]d Yj] \akljaZml]\ l`jgm_`gml l`] dYf_mY_] f]logjc+ @gj J=/) hgkalan]
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nYdm]k [gjj]khgf\ lg dgf_]j dggcZY[c \aklYf[]k+ Cfl]j]klaf_dq) l`]k] dgf_ dggcZY[c \aklYf[]k Yj]

kge]o`Yl d]^l*dYl]jYdar]\ Yf\ eYh gflg Yfl]jagj l]ehgjYd Yf\ Yfl]jagj hj]^jgflYd Yj]Yk+ N`] j]na]o]j

ak [gjj][l l`Yl l`]k] j]kmdlk j]kgfYl] oal` ogjc gf l]ehgjYd j][]hlan] oaf\gok+ Q]�n] eY\] eafgj

mh\Yl]k lg hYjY_jYh` 1 g^ l`] >ak[mkkagf af `gh]k g^ [dYja^qaf_ l`] e]Yfaf_ g^ l`]k] j]kmdlk) Yf\

Y\\]\ j]^]j]f[]k lg F]jf]j ]l Yd+) /-..) Yf\ Y j][]fl) j]dYl]\ klm\q Zq Pg) DYaf ]l Yd+) /-/07

Q] Ydkg ^gmf\ l`Yl d]^l*dYl]jYdar]\ Yfl]jagj l]ehgjYd Yf\ Yfl]jagj hj]^jgflYd [gjla[]k o]j]

Ykkg[aYl]\ oal` dgf_]j dggc*ZY[c Yll]flagf \aklYf[]k %hgkalan] nYdm]k Ydgf_ J=/8 @a_+ 1&)

km__]klaf_ l`Yl l`]k] j]_agfk eYq `Yn] dgf_]j l]ehgjYd j][]hlan] oaf\gok %F]jf]j ]l Yd+) /-..8

Pg) DYaf ]l Yd+) /-/0& Yf\ [gehml] dgf_]j*jYf_] [gfl]plmYd \]h]f\]f[a]k) af[dm\af_ ]n]fl* gj

fYjjYlan]*d]n]d j]dYlagfk %GY_maj] ]l Yd+) .6668 PYf\]fZ]j_`] ]l Yd+) /--/8 @]jkld ]l Yd+) /--58

GYcmm[`a ]l Yd+) /--68 <Y}fucgnu ]l Yd+) /-.18 <Yd\YkkYfg ]l Yd+) /-.5&+

Ba_` [gjj]dYlagf nYdm]k af gmj `]Y\oak] ^mf[lagfYd [gjj]khgf\]f[] YfYdqkak %@a_+ 2<& af\a[Yl] l`]

^gddgoaf_ j]dYlagfk`ah7 `]Y\oak] ljYfk^gjeYlagfk l`Yl egj] jgZmkldq ]f[g\] af^gjeYlagf YZgml Y

_an]f daf_makla[ \]h]f\]f[q Ydkg l]f\ lg Z]ll]j hj]\a[l Y[lanalq af Y _an]f LIC+ Q] afl]jhj]l l`ak lg

e]Yf l`Yl LIC ]f[g\]k ^]Ylmj]k g^ l`] klaemdmk l`Yl hYjla[mdYj ljYfk^gjeYlagfk g^ l`] eg\]d Ydkg

hj]^]j]flaYddq ]f[g\]+ Fgo [gjj]dYlagf nYdm]k) Yk o] gZk]jn] o`]f k`m�af_ ljYfk^gjeYlagf ^]Ylmj]k

Y[jgkk `]Y\k %@a_+ M/4& gj oal` l`] f]o YfYdqkak km__]kl]\ Zq L]na]o]j . mkaf_ Yf mfljYaf]\ <?LN

Yj[`al][lmj] %@a_+ M/5&) af\a[Yl] fg kqkl]eYla[ j]dYlagfk`ah Z]lo]]f o`a[` `]Y\k Z]kl hj]\a[l Y _an]f

\]h]f\]f[q Yf\ o`a[` `]Y\k Z]kl hj]\a[l Y[lanalq af Y _an]f LIC+

@gj LICk oal` `a_` [gjj]khgf\]f[] k[gj]k Y[jgkk emdlahd] \]h]f\]f[a]k) dac] G@A Yf\ ;f_A) l`ak

af\a[Yl]k l`Yl `]Y\k l`Yl ]f[g\] Y nYja]lq g^ \a�]j]fl \]h]f\]f[a]k Ydkg hj]\a[l ZjYaf Y[lanalq o]dd+

N`ak ogmd\ km__]kl l`Yl l`]k] LICk ]f[g\] []jlYaf kqflY[la[ Yf\,gj [gfl]plmYd ^]Ylmj]k g^ l`]

klaemdmk %Z][Ymk] l`] ljYfk^gjeYlagfk af[gjhgjYl] af^gjeYlagf Y[jgkk ogj\k& af Y oYq l`Yl eYl[`]k

l`] `]Y\oak] ^mf[lagfYd kh][aYdarYlagf g^ l`] eg\]d+ Bgo]n]j) o] oYfl lg Z] [Ymlagmk fgl lg

gn]j*afl]jhj]l l`ak j]kmdl) _an]f l`Yl l`ak ]�][l eYq Z] \jan]f af hYjl Zq Y k`Yj]\ kmZk]l g^ `]Y\k oal`

kljgf_ hj]\a[lagfk Y[jgkk k]n]jYd \]h]f\]f[a]k+

Q] Y_j]] oal` o`Yl l`] j]na]o]j ak aehdqaf_ af l`ak [gee]fl7 o] l`afc al�k mfdac]dq l`Yl Yfq [gjla[Yd

j]_agf ak ]f_Y_]\ af hmj]dq kqflY[la[ [gehmlYlagfk8 o] kmkh][l l`Yl [gjla[Yd hjg[]kkaf_ g^ kqflYp ak

dac]dq ]flYf_d]\ oal` gl`]j ^]Ylmj]k dac] k]eYfla[k %@]\gj]fcg ]l Yd+) /-/-8 =Ym[`]l]mp ]l Yd+) /-/.&+

N`]j] ak fg j]Ykgf ^gj Y f]mjYd f]logjc %Z] al Y eg\]d gj l`] `meYf ZjYaf& lg kljm[lmjYddq ^Y[lgjar] gj

eg\mdYjar] kqflYp j]dYlan] lg gl`]j daf_makla[ ^]Ylmj]k) mfd]kk l`ak ak f][]kkYjq lg ^md�dd l`] f]logjc�k

gZb][lan] ^mf[lagf %BYkkgf ]l Yd+) /-/-&+ ;dl`gm_` l`] gZb][lan]k l`Yl `Yn] k`Yh]\ l`] `meYf

dYf_mY_] kqkl]e Yj] fgl o]dd mf\]jklgg\) dYj_] dYf_mY_] eg\]dk km__]kl l`Yl j]dYlan]dq kaehd]

gZb][lan] ^mf[lagfk) km[` f]pl*ogj\ hj]\a[lagf %]kh][aYddq [geZaf]\ oal` kg[aYd ^]]\ZY[c af egj]

eg\]jf eg\]dk&) Yj] km�[a]fl lg hjg[]kk fYlmjYd dYf_mY_] Yf\ hjg\m[] kqflY[la[Yddq kgmf\

daf_makla[ gmlhmlk %YdZ]al ZYk]\ gf Yf af`meYfdq dYj_] ngdme] g^ ljYafaf_ \YlY8 JaYflY\gka) /-/0&+

@jge Yf YfYdqla[ h]jkh][lan]) l`] j]na]o]j ak [gjj][l l`Yl o] [Yffgl af^]j l`Yl Y eg\]d ak �[gjj][l�

bmkl ZYk]\ gf eg\]kl ]f[g\af_ h]j^gjeYf[]7
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;dl`gm_` o] Z]da]n] l`]k] hYjYdd]dk hgkalagf FFGk Yk mk]^md eg\]dk g^ `meYf dYf_mY_]

hjg[]kkaf_) o] [Ymlagf l`Yl bmkl Z][Ymk] Y eg\]d hj]\a[lk ZjYaf Y[lanalq Z]ll]j l`Yf gl`]j eg\]dk

\g]k fgl eYc] al Y �_gg\� eg\]d %M[`Y]�]j ]l Yd+) /-//8 ;flgf]ddg $ Bml`) /-/08 Am]kl $ GYjlaf)

/-/0&+
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Reviewer 3

.+ N`] eYfmk[jahl ak o]dd*ojall]f Yf\ l`] �_mj]k Yj] hd]YkYfl lg ^gddgo � l`] lgha[ ak hgl]flaYddq Y f]o

lYc] gf o`Yl Ykh][lk g^ ljYfk^gje]j Yj[`al][lmj]k lg [gjj]dYl] oal` f]mjgaeY_af_ \YlY+ C oYfl]\ lg Z]

]p[al]\ YZgml l`ak ogjc Zml C ]f\]\ mh Z]af_ ZY�]\ Zq alk eglanYlagf Yf\ e]Yfaf_) Yf\ dYl]j

^jmkljYl]\ Zq l`] o]Yc YfYdqla[Yd Yj_me]flYlagf %dY[c g^ [gehYjakgfk,[gfljgdk kmhhgjlaf_ l`]

[gf[dmkagfk&+ N`] eYfmk[jahl oYk Ydkg h]hh]j]\ oal` mfkmZklYflaYl]\ [dYaek %kh][a�[Yddq o`Yl

ljYfk^gje]jk d]Yjf) Yf\ a^ l`]q d]Yjf daf_makla[ kljm[lmj] � l`Yl `Yk Zq fg e]Yfk Z]]f ja_gjgmkdq l]kl]\

Yf\ [gfnaf[af_dq k`gof) q]l ak \ak[mkk]\ Yk a^ al ak _an]f Yf\ fgl Y [gfl]flagmk hgafl g^ gf_gaf_

\]ZYl]&+

Q] Yhhj][aYl] l`] l`gm_`l^md [gee]flk) Yf\ Yj] ]kh][aYddq _jYl]^md lg l`] j]na]o]j ^gj `]dhaf_ lg

hafhgafl o`]j] gmj [gfljgdk eYq `Yn] ^Ydd]f k`gjl Yf\ o`]j] gmj [dYaek eYq `Yn] Z]]f gn]jklYl]\+

;k qgm oadd k]] Z]dgo) o] `Yn] aehd]e]fl]\ k]n]jYd f]o [gfljgdk %Yf\ klj]f_l`]f]\ gmj ]paklaf_

[gfljgdk& Yk km__]kl]\+ Q] `Yn] Ydkg hml Y _gg\ \]Yd g^ ]�gjl aflg Z]ll]j Yjla[mdYlaf_ gmj l`]gj]la[Yd

[geeale]flk Yf\ `qhgl`]k]k+ C^ af l`] j]nak]\ eYfmk[jahl Yfq g^ l`] j]na]o]j�k [gf[]jfk j]eYaf

mfY\\j]kk]\) o] Yj] `Yhhq lg eYc] lYj_]l]\ Y\bmkle]flk o`]j] l`] j]na]o]j k]]k �l+

Ng lYc] gf] ]pYehd]) o] `Yn] [Yj]^mddq j]af]\ af Yfq [dYaek Yk lg �o`Yl ljYfk^gje]jk d]Yjf�) Yf\

`Yn] hjgna\]\ egj] [gehj]`]fkan] j]^]j]f[]k lg kmhhgjl gmj f]odq daeal]\ [dYaek+ Q] \a\ fgl

afl]f\ lg lYc] Y kljgf_ klYf[] gf o`]l`]j ljYfk^gje]jk d]Yjf Yfq mf\]jdqaf_ �jmd]k� g^ daf_makla[

kljm[lmj] %d]l Ydgf] l`] k]eYfla[ �e]Yfaf_� g^ dYf_mY_]) o`a[` af gmj mf\]jklYf\af_ `Yk Z]]f l`]

egkl [gfl]flagmk hgafl&+ Q] gfdq e]Yfl lg j]^]j lg l`] ]ehaja[Yd [dYae l`Yl l`]q af[j]Ykaf_dq

YhhjgpaeYl] `meYf*dac] hYll]jfk g^ kqflY[la[ _]f]jYdarYlagf Yk e]Ykmj]\ Zq Z]f[`eYjck km[` Yk

<FaGJ %QYjklY\l ]l Yd+) /-/-8 k]] Fafr]f $ <Yjgfa) /-/.) Yf\ GY`goYd\ ]l Yd+) /-/0) ^gj j]na]ok&+

N`]j] oadd []jlYafdq Z] f]o]j Yf\ egj] `meYf*dac] eg\]dk l`Yl [gflafm] lg ]e]j_] Yk j]k]Yj[`

hjg_j]kk]k+ Imj Yae ak UV[ lg [jgof Yfq hYjla[mdYj eg\]d Yk l`] egkl ZjYaf*dac]) Zml lg ]phYf\ l`]

Yj]Y�k YfYdqla[ hYjY\a_e ^jge Yf gn]j*]eh`Ykak gf l`] ]eZ]\\af_k g^ l`]k] eg\]dk lg af[dm\] l`]

egj] ^mf[lagfYddq kh][aYdar]\ afl]jfYd ljYfk^gjeYlagfk l`Yl hjg\m[] l`]e+

Ggkl eqkla^qaf_dq) l`] eYfmk[jahl a_fgj]k l`] dYj_] Zg\q g^ ogjc Zq l`] <j]ffYf Yf\ BYd] dYZk l`Yl

j]dYl] hYjk]j klYl]k lg ZjYaf klYl]k+ N`Yl oYk n]jq hmrrdaf_ Yf\ k]]eaf_dq Y `m_] gn]jka_`l � l`Yl ogjc

'ak' l`] dal]jYlmj] gf j]dYlaf_ HFJ eg\]dk lg f]mjYd \YlY l`Yl ljYfk^gje]j klYl]k k`gmd\ Z] [gehYj]\ lg+

M]] ^gj ]pYehd]7 MlYfgb]naw) G+) <j]ffYf) D+ L+) >mfY_Yf) >+) Ml]]\eYf) G+) $ BYd]) D+ N+ %/-/0&+

Gg\]daf_ Mljm[lmj]�<mad\af_ af l`] <jYaf Qal` ==A JYjkaf_ Yf\ FYj_] FYf_mY_] Gg\]dk+ =g_falan]

M[a]f[]) 14%4&) ].00./+

Q] Yj] _jYl]^md l`Yl l`] j]na]o]j `a_`da_`l]\ l`ak ja[` daf] g^ ogjc ^jge DgfYl`Yf <j]ffYf�k Yf\ Dg`f

BYd]�k dYZk�o] `Y\ mf^gjlmfYl]dq gn]jdggc]\ al af gmj ^g[mk gf ljYfk^gje]j Yj[`al][lmj]k+ Q]

Yhhj][aYl] l`]aj hgkalan] j]^]j]f[] lg gmj [mjj]fl hj]hjafl af l`] MlYfgb]naw ]l Yd %/-/0& hYh]j7 �EmeYj

]l Yd+ hjghgk] Yf afl]j]klaf_ kljYl]_q lg [gf^jgfl l`ak U�ZdY[c Zgp�V daealYlagf Zq ^g[mkaf_ kh][a�[Yddq

gf `go \a�]j]fl �Yll]flagf `]Y\k� af l`] ljYfk^gje]j f]logjc) o`a[` k]jn] af l`ak Yj[`al][lmj] lg

e]\aYl] l`] khj]Y\ g^ ^]]\*^gjoYj\ Y[lanYlagf Yk Y ^mf[lagf g^ [gfl]pl) \jan] f]mjYd h]j^gjeYf[] af

\a�]j]fl ZjYaf j]_agfk+ ;fYdqraf_ l`] \akljaZmlagf g^ Y[lanYlagf Y[jgkk Yll]flagf `]Y\k ak gf] g^

/-



k]n]jYd kljYl]_a]k l`Yl `Yn] Z]]f hmjkm]\ oal` kge] km[[]kk af j]f\]jaf_ FFGk afl]jhj]lYZd] af

l]jek g^ daf_makla[ kljm[lmj]+� Q] `Yn] fgo af[dm\]\ egj] l`gjgm_` j]^]j]f[]k lg <j]ffYf�k Yf\

BYd]�k ogjc l`jgm_`gml l`] eYfmk[jahl+

Q] Y\\]\ l`] ^gddgoaf_ hYkkY_] lg l`] Cfljg\m[lagf7

N`ak ak af [gfljYkl lg hjgZYZadakla[ kqflY[la[ hYjk]jk %]+_+ >q]j ]l Yd+) /-.38 BYd] ]l Yd+) /-.58

<j]ffYf ]l Yd+) /-/-&) o`a[` d]Yjf lg j]hjg\m[] Y hj]\]�f]\ k]l g^ kqflY[la[ dYZ]dk lg [gfkljm[l

hYjk] lj]]k+ N`] ljYfk^gjeYlagfk \g fgl ]phda[aldq \ak]flYf_d] kqflYp ^jge l`] e]Yfaf_ g^ ogj\k

Yf\ \g fgl j]dq gf hj]\]�f]\ dYZ]dk8 afkl]Y\ l`]q d]Yjf lg YhhjgpaeYl] o`Yl]n]j [gfl]plmYd

kljm[lmj]k Yj] mk]^md ^gj Y[[mjYl]dq hj]\a[laf_ ogj\k af j]Yd*ogjd\ l]pl+

Q]�n] Y\\]\ l`] [alYlagfk lg l`] ^gddgoaf_ ogjc ^jge <j]ffYf Yf\ BYd] lg l`] eYfmk[jahl7

<j]ffYf) D+) Haj) S+) BYkkgf) O+) GYdY[`) L+) B]]_]j) >+ D+) $ Jqdccvf]f) F+ %/-./&+ MqflY[la[

kljm[lmj] Zmad\af_ af l`] Yfl]jagj l]ehgjYd dgZ] \mjaf_ fYlmjYd klgjq dakl]faf_+ 5YIQU IUL

>IUO\IOM) )*(%/&) .30�.40+ `llhk7,,\ga+gj_,.-+.-.3,b+ZYf\d+/-.-+-1+--/

<j]ffYf) D+ %/-.3&+ HYlmjYdakla[ k]fl]f[] [gehj]`]fkagf af l`] ZjYaf+ >IUO\IOM IUL >QUO\QZ[QKZ

6VTWIZZ) )(%4&) /66�0.0+ `llhk7,,\ga+gj_,.-+....,df[0+./.65

<j]ffYf) D+ L+) >q]j) =+) Emf[gjg) ;+) $ BYd]) D+ N+ %/-/-&+ Fg[Ydaraf_ kqflY[la[ hj]\a[lagfk mkaf_

j][mjj]fl f]mjYd f]logjc _jYeeYjk+ @M\YVWZ`KPVSVOQI) ),.) .-4146+

>q]j) =+) Emf[gjg) ;+) <Ydd]kl]jgk) G+) $ Meal`) H+ ;+ %/-.3&+ L][mjj]fl f]mjYd f]logjc _jYeeYjk+

Cf Efa_`l) E+) H]fcgnY) ;+) $ LYeZgo) I+ %?\k+& BYVKMMLQUOZ VN [PM *(). 6VUNMYMUKM VN [PM

@VY[P 4TMYQKIU 6PIW[MY VN [PM 4ZZVKQI[QVU NVY 6VTW\[I[QVUIS >QUO\QZ[QKZ2 ;\TIU >IUO\IOM

EMKPUVSVOQMZ %hh+ .66�/-6&+ `llhk7,,\ga+gj_,.-+.5320,n.,H.3*.-/1

BYd]) D+ N+) =YehYf]dda) F+) Fa) D+) <`YllYkYda) M+) JYdda]j) =+) $ <j]ffYf) D+ L+ %/-//&+

H]mjg[gehmlYlagfYd eg\]dk g^ dYf_mY_] hjg[]kkaf_+ 4UU\IS CM]QM^ VN >QUO\QZ[QKZ) 0) 1/4�113+

`llhk7,,\ga+gj_,.-+..13,Yffmj]n*daf_makla[k*-2.1/.*-/-5-0

MlYfgb]naw) G+) <j]ffYf) D+ L+) >mfY_Yf) >+) Ml]]\eYf) G+) $ BYd]) D+ N+ %/-/0&+ Gg\]daf_

kljm[lmj]�Zmad\af_ af l`] ZjYaf oal` ==A hYjkaf_ Yf\ dYj_] dYf_mY_] eg\]dk+ 6VOUQ[Q]M

DKQMUKM) ,/%4&) ].00./+ `llhk7,,\ga+gj_,.-+....,[g_k+.00./

Q] j]Y\ oal` _j]Yl afl]j]kl YZgml l`] [geZafYlgjq [Yl]_gjaYd _jYeeYj %==A& mk]\ Zq MlYfgb]naw Yf\

[gdd]Y_m]k %/-/0& lg [Yhlmj] kqflY[la[ gh]jYlagfk af k]fl]f[] hjg[]kkaf_+ Cf daf] oal` l`] j]na]o]j�k

[gee]fl) o] mk]\ l`] gh]f ==A [g\] Yf\ ]pYehd]k hjgna\]\ Zq MlYfgb]naw Yf\ [gdd]Y_m]k

%`llhk7,,_al`mZ+[ge,klYfgb]na[,[[_lggdk�qYq) gh]f [g\]"& lg hYjk] l`] ljYfk[jahl g^ gmj klaemdmk Yf\

]pljY[l l`]aj e]lja[ g^ hYjkaf_ ]�gjl+ Imj [g\] ^gj Yhhdqaf_ l`] ==A eg\]d [Yf Z] ^gmf\ `]j]+ Q]

]pljY[l]\ l`] k[YdYj hYjkaf_ ]�gjl e]lja[ ^gj ja_`l*ZjYf[`af_) d]^l*ZjYf[`af_) Yf\

d]^l*ZjYf[`af_*oal`*j]n]Ydaf_ gh]jYlagfk) j]kmdlaf_ af l`j]] ]�gjl k[gj]k ^gj ]Y[` ogj\ af l`]

ljYfk[jahl+ Q] kmee]\ ]Y[` k[gj] Y[jgkk ogj\k oal`af Y _an]f NL lg \gofkYehd] l`] ogj\*d]n]d

]�gjl k[gj]k lg l`] l]ehgjYd j]kgdmlagf g^ l`] ^GLC Y[imakalagf+ Q] l`]f kmhhda]\ l`] l`j]] ==A

/.



k[gj]k lg l`] kYe] ]f[g\af_ hah]daf] ]klaeYl]\ mkaf_ ZYf\]\ ja\_] j]_j]kkagf Yf\ ]nYdmYl]\ mkaf_

l`j]]*^gd\ [jgkk*nYda\Ylagf gf `]d\*gml \YlY+

N`] ==A ]�gjl e]lja[ qa]d\]\ fglYZd] hj]\a[lagf k[gj]k af ]Yjdq Ym\algjq [gjl]p) hgkl]jagj Yf\

Yfl]jagj l]ehgjYd [gjl]p) Yk o]dd Yk Yf_mdYj _qjmk) [gjjgZgjYlaf_ l`] j]kmdlk j]hgjl]\ Zq MlYfgb]naw

Yf\ [gdd]Y_m]k %/-/0&+ Cf ]Yjdq Ym\algjq [gjl]p) l`] ==A ]�gjl e]lja[ h]j^gje]\ [gehYjYZdq oal` l`]

]eZ]\\af_k Yf\ ljYfk^gjeYlagfk) Zml oYk gmlh]j^gje]\ Zq l`] ljYfk^gjeYlagf eY_falm\]k+ Cf Ydd

gl`]j LICk) `go]n]j) l`] ljYfk^gje]j ^]Ylmj]k gmlh]j^gje]\ ==A ]�gjl+ @gj ]pYehd]) gmlka\] g^

]Yjdq Ym\algjq [gjl]p) ==A ]�gjl h]j^gje]\ Z]kl af Yfl]jagj l]ehgjYd [gjl]p�Zml l`] <?LN

ljYfk^gjeYlagfk h]j^gje]\ gn]j l`j]] lae]k Z]ll]j af l`ak LIC+

Q]�n] af[dm\]\ l`ak [gehYjakgf af Y f]o kmhhd]e]flYjq @a_+ M07

Figure S3. =gehYjaf_ [geZafYlgjq [Yl]_gjaYd _jYeeYj %==A& hYjk]j ]�gjl lg gl`]j daf_makla[

^]Ylmj]k+ Hgl] l`Yl gfdq l`] �C Ef]o Sgm Q]j] <dY[c� klgjq klaemdmk oYk mk]\ af l`ak [gehYjakgf+

M[YdYj hYjkaf_ ]�gjl e]lja[k ^gj ja_`l*ZjYf[`af_) d]^l*ZjYf[`af_) Yf\ d]^l*ZjYf[`af_*oal`*j]n]Ydaf_

gh]jYlagfk o]j] kmhhda]\ lg l`] kYe] ]f[g\af_ hah]daf] mk]\ ^gj gl`]j lqh]k g^ ^]Ylmj]k7 ZYf\]\

ja\_] j]_j]kkagf oal` l`j]]*^gd\ [jgkk*nYda\Ylagf+ N`] ==A ]�gjl e]lja[ %Zjgof& qa]d\]\ YZgn]*r]jg

hj]\a[lagf k[gj]k af ]Yjdq Ym\algjq [gjl]p) hgkl]jagj Yf\ Yfl]jagj l]ehgjYd [gjl]p) Yk o]dd Yk Yf_mdYj

_qjmk) [gjjgZgjYlaf_ l`] j]kmdlk j]hgjl]\ Zq MlYfgb]naw Yf\ [gdd]Y_m]k %/-/0&+ Cf ]Yjdq Ym\algjq

[gjl]p) l`] ==A ]�gjl e]lja[ h]j^gje]\ [gehYjYZdq oal` l`] ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk)

Zml oYk gmlh]j^gje]\ Zq l`] ljYfk^gjeYlagf eY_falm\]k+ Cf Ydd gl`]j LICk) `go]n]j) l`]

ljYfk^gje]j ^]Ylmj]k gmlh]j^gje]\ ==A ]�gjl+

Q] Y\\]\ Y k]fl]f[] lg l`] j]nak]\ L]kmdlk k][lagf hgaflaf_ lg l`ak j]kmdl+

//



?eZ]\\af_k Yf\ ljYfk^gjeYlagfk Ydkg gmlh]j^gje Yf �]�gjl� e]lja[ ]pljY[l]\ ^jge Y

klYl]*g^*l`]*Yjl af[j]e]flYd k]fl]f[] hYjk]j %MlYfgb]naw ]l Yd+) /-/0& af Ydegkl Ydd dYf_mY_] LICk

%@a_+ M0&+

Q] Ydkg Y\\]\ Y hYjY_jYh` lg l`] �<Yk]daf] daf_makla[ ^]Ylmj]k� g^ l`] j]nak]\ G]l`g\k lg \]k[jaZ]

`go l`]k] ^]Ylmj]k o]j] ]pljY[l]\7

Q] Ydkg mk]\ Y eg\]jf [geZafYlgjq [Yl]_gjaYd _jYeeYj %==A& lg [Yhlmj] kqeZgda[ kqflY[la[

gh]jYlagfk af k]fl]f[] hjg[]kkaf_ %MlYfgb]naw ]l Yd+) /-/0&+ ==Ak Yj] af[j]e]flYd hYjk]jk l`Yl

]phda[aldq eg\]d kqflY[la[ kljm[lmj]) Zml oal` egj] `meYf*dac] ]phj]kkan]f]kk l`Yf oa\]dq*mk]\

[gfl]pl*^j]] _jYeeYjk %=@Ak&+ Q] mk]\ [g\] Yf\ ]pYehd]k hjgna\]\ Zq MlYfgb]naw Yf\

[gdd]Y_m]k %`llhk7,,_al`mZ+[ge,klYfgb]na[,[[_lggdk& lg hYjk] l`] ljYfk[jahl g^ l`] �C Ef]o Sgm Q]j]

<dY[c� klaemdmk Yf\ ]pljY[l l`]aj e]lja[ g^ hYjkaf_ ]�gjl+ Q] ]pljY[l]\ l`] k[YdYj hYjkaf_ ]�gjl

e]lja[ ^gj ja_`l*ZjYf[`af_) d]^l*ZjYf[`af_) Yf\ d]^l*ZjYf[`af_*oal`*j]n]Ydaf_ gh]jYlagfk) j]kmdlaf_ af

l`j]] ]�gjl k[gj]k ^gj ]Y[` ogj\ af l`] ljYfk[jahl+ Q] kmee]\ ]Y[` k[gj] Y[jgkk ogj\k oal`af Y

_an]f NL lg \gofkYehd] l`] ogj\*d]n]d ]�gjl k[gj]k lg l`] l]ehgjYd j]kgdmlagf g^ l`] ^GLC

Y[imakalagf+

Q] fgl] l`Yl ]nYdmYlaf_ l`] k[YdYj e]lja[ g^ ==A hYjkaf_ ]�gjl Y_Yafkl gmj FFG ^]Ylmj]k eYq

mf\]j]klaeYl] l`] af^gjeYlagf eY\] YnYadYZd] ^jge l`] hYjk]j+ Ng egj] ]imalYZdq [gehYj] l`]k]

\a�]j]fl ^Yeada]k g^ eg\]dk) o] eYq f]]\ lg n][lgjar] Zgl` l`] ogj\ ]eZ]\\af_k Yf\ afl]jfYd

hYjkaf_ gh]jYlagfk�]+_+ k`a^l) j]\m[]) j]n]Yd�^jge l`] ==A eg\]d+ ;[[gj\af_ lg Y fgl] Zq

MlYfgb]naw Yf\ [gdd]Y_m]k %/-/0) h+ 00&) �N`] hYjk]j `Yk 1/2 \a�]j]fl k`a^l ljYfkalagfk) gf] ^gj ]Y[`

hgkkaZd] d]pa[Yd [Yl]_gjq) Yf\ /- \a�]j]fl j]\m[] ljYfkalagfk %2 ^gj ZafYjq [geZafYlgjk) / ^gj mfYjq

lqh]*jYakaf_ [geZafYlgjk) ./ ^gj mfYjq lqh]*[`Yf_af_ jmd]k Yf\ . ^gj l`] j]n]Ydaf_ gh]jYlagf&+� N`ak

km__]klk l`Yl al eYq Z] hgkkaZd] lg ^mddq n][lgjar] l`] afl]jfYd kljm[lmj] g^ l`] hYjk]j aflg Y 1--(

*\ae]fkagfYd eg\]d ^gj Yf ]f[g\af_ YfYdqkak+ Bgo]n]j) o] Yj] fgl YoYj] g^ Yfq ]pYehd]k o`]j] l`]

Yml`gjk h]j^gje Yf YfYdqkak g^ l`ak caf\) Yf\ \g fgl [gfka\]j gmjk]dn]k imYda�]\ lg �mfhY[c� l`]

afl]jfYd ogjcaf_k g^ l`]aj ==A aehd]e]flYlagf af l`ak oYq+ Q] `gh] l`Yl af ^mlmj] ogjc o] [Yf

[gddYZgjYl] lg [gfka\]j l`]k] hgkkaZadala]k+

/+ ;l �jkl C oYk n]jq afl]j]kl]\ af l`ak f]o YhhjgY[` g^ �ljYfk^gjeYlagfk� Zml oYk mdlaeYl]dq

\akYhhgafl]\ af l`] dY[c g^ l`]gj]la[Yd _jgmf\af_ ^gj l`] a\]Y g^ ljYfk^gjeYlagfk+ Qal`gml l`]gjq) l`]

ogjc ak n]jq o]dd*]p][ml]\ ]f_af]]jaf_ ]p]j[ak] � fYe]dq) l`] Za_ ogjjq `]j]) o`Yl ak l`] l`]gjq Yf\

l`] `qhgl`]kak Z]af_ l]kl]\ `]j]: C^ l`] hjghgkYd ak l`Yl ljYfk^gje]jk Yf\ ZjYafk Yj] \gaf_ kge]l`af_

�l`] kYe]� gj �Ydac])� l`]f o`Yl) kh][a�[Yddq) ak l`Yl l`af_: Ck l`] ZjYaf \gaf_ o`Yl Y ljYfk^gje]j ak

\gaf_) a^ kg) `go: N`]j] Yj] kg eYfq hjgZd]ek `]j] %]+_+) l`] ZjYaf `Yk lae]) ljYfk^gje]jk \gf�l)

[ghagmk Z]`YnagjYd Yf\ ^gjeYd [YhY[ala]k) ]l[+) f]n]jeaf\ ljYafaf_ \YlY Yf\ ljYafaf_ hjglg[gd

\a�]j]f[]k&+ N`ak imgl] ^jge l`] ;ZkljY[l) ea_`l Z] Y _gg\ oYq lg `a_`da_`l l`] hjgZd]e7 �FFG Yf\

l`] [gjla[Yd dYf_mY_] f]logjc eYq [gfn]j_] gf kaeadYj lj]f\k g^ ^mf[lagfYd kh][aYdarYlagf ^gj

hjg[]kkaf_ fYlmjYd dYf_mY_]�* gc) Zml o`Yl Yj] l`gk] �kaeadYj lj]f\k�: Bgo [gmd\ l`]q Yjak] _an]f l`]

klmffaf_ Yf\ ^mf\Ye]flYd \a�]j]f[]k Z]lo]]f l`] log kqkl]ek: Q`Yl ogmd\ �kaeadYj lj]f\k� e]Yf:

/0



N`]f) o`q Yj] kge] hYjlk g^ l`] ljYfk^gje]j Yj[`al][lmj] %`]j]) ljYfk^gjeYlagfk Yf\ l`] ZjYaf j]_agfk&

Z]ll]j �lk l`Yf gl`]j hYjlk %]eZ]\\af_k&: C^ qgm�j] �f\af_ l`Yl kge] kqkl]e oal` j]_mdYjala]k `Yk

j]_mdYjala]k l`Yl Yj] egj] kaeadYj lg Yfgl`]j kqkl]e oal` j]_mdYjala]k) qgm�j] j]Yddq bmkl kYqaf_ l`]j] Yj]

[gjj]dYlagfk Z]lo]]f j]_mdYjala]k %o`a[` ak ljanaYddq ljm]&) mfd]kk qgm�j] afl]jhj]laf_ l`gk] j]_mdYjala]k lg

Z] e]Yfaf_^md %]+_+) l`] log kqkl]ek Yj] \gaf_ l`] kYe] l`af_) Z]`Ynaf_ l`] kYe] oYq) gj o`Yl]n]j& �

^gj l`Yl qgm f]]\ Y l`]gjq Yf\ Y `qhgl`]kak YZgml o`Yl ak kaeadYj Z]lo]]f l`] kqkl]ek) o`q al ak kg)

Yf\ o`Yl al e]Yfk+

L]dYl]\dq) a^ l`] [gf[dmkagf ak) ljYfk^gje]j klYl]k hj]\a[l ZjYaf klYl]k ]j_g ljYfk^gje]jk Yf\ ZjYafk Yj]

\gaf_ kge]l`af_ kaeadYj) l`]j] Yj] log hjgZd]ek+ @ajkl) gf Y `a_` d]n]d l`Yl ak ljanaYddq ljm] � l`]q Yj]

Zgl` hjg[]kkaf_ k]im]flaYd dYf_mY_] klaemda � Ydl`gm_` oal` n]jq \a�]j]fl Z]`Ynagjk) gml[ge]k)

h`qka[Yd Yf\ ^gjeYd ]phj]kkan] [gfkljYaflk+ <ml dg_a[Yddq) l`] Yj_me]fl ^Yddk YhYjl8 o] k]] l`ak af l`]

`aklgjq g^ k[a]f[] oal` ]ha[q[d]k Yf\ _]g[]fljake � lg [ml Y dgf_ klgjq k`gjl) ZYka[Yddq) _]g[]flja[

eg\]dk [gmd\ c]]h Y\\af_ hYjYe]l]jk lg Z]ll]j hj]\a[l l`] egn]e]fl g^ []d]klaYd Zg\a]k l`Yf

`]dag[]flja[ eg\]dk [gmd\+ A]g[]flja[ eg\]dk hj]\a[l]\ Z]ll]j) Zml l`] kmf ak Yl l`] []fl]j g^ gmj kgdYj

kqkl]e+ M][gf\) _an]f l`Yl fgl Ydd Ykh][lk g^ l`] ljYfk^gje]j hj]\a[l f]mjYd \YlY) Yf\ fgl Ydd Yj]Yk g^

l`] ZjYaf Yj] hj]\a[l]\) o`q ak l`] ljYfk^gje]j�k ^Yadmj] lg hj]\a[l fgl afl]jhj]l]\ Yk �\gaf_ kge]l`af_

^mf\Ye]flYddq \a�]j]fl�: N`]k] log dg_a[Yd hal^Yddk `Yn] j][]fldq Z]]f \ak[mkk]\ Yl d]f_l` `]j]7

Am]kl) I+) $ GYjlaf) ;+ ?+ %/-/0&+ If dg_a[Yd af^]j]f[] gn]j ZjYafk) Z]`Ynagmj) Yf\ Yjla�[aYd f]mjYd

f]logjck+ =gehmlYlagfYd <jYaf $ <]`Ynagj) .*.2+

Cl ak `Yj\ lg ]nYdmYl] o`]l`]j ljYfk^gjeYlagfk Yj] Yf aehjgn]e]fl) o`]l`]j l`Yl aehjgn]e]fl `Yk

e]Yfaf_ gj fgl) o`]f l`]q Yj] fgl [gehYj]\ lg h]j^gjeYf[] Zq hYjk]jk %]+_+) Y dY <j]ffYf Yf\ BYd]

ogjc) LHH*A&+ ;fgl`]j ghlagf ogmd\ Z] lg addmkljYl] l`jgm_` [gehYjakgf oal` ]imYddq khYjk]

hj]\a[lgjk Yk l`] �[dYkka[Yd daf_makla[ YffglYlagfk�+ @gj l`] j][gj\) JIM ak fgl Y ^]Ylmj] l`Yl af Yf\ g^

alk]d^ ak lqha[Yddq mk]\ lg hj]\a[l f]mjYd klYl]k) kg al k]]ek mf^Yaj lg mk] l`Yl Yk Y Z]f[`eYjc+ C^ l`]

_gYd g^ l`] ogjc ak lg k`go l`Yl ljYfk^gjeYlagfk Yj] Z]ll]j hj]\a[lgjk l`Yf ]eZ]\\af_k) l`Yl k]]ek

egj] g^ Yf ]f_af]]jaf_ ]p]j[ak]+ Cl [gmd\ Z] klj]f_l`]f]\ aflg Y l`]gjq Zq l`]gjaraf_ Yk km__]kl]\

YZgn]) Yf\ l`]f Zq [Yj]^md eg\]d ]nYdmYlagf Y[jgkk [dYkk]k g^ ]paklaf_ km[[]kk^md eg\]dk+ Hgo Yk al

klYf\k l`] e]Yfaf_ g^ l`ak ogjc ak ^jmkljYlaf_dq mf[d]Yj+

Q] Yhhj][aYl] l`] j]na]o]j hmk`af_ mk lg [dYja^q gmj l`]gj]la[Yd [geeale]flk af ]pYeafaf_ o`]l`]j

Yf\ `go l`] afl]jfYd [gehmlYlagfk g^ Y ljYfk^gje]j*ZYk]\ dYj_] dYf_mY_] eg\]d j]dYl] lg `meYf

ZjYaf Y[lanalq+ Q] `gh] lg hjg\m[lan]dq ]f_Y_] oal` Yf Ydj]Y\q dYj_] ngdme] g^ ogjc ^jge Y nYja]lq g^

_jgmhk km__]klaf_ l`Yl l`]j] Yj] []jlYaf kaeadYjala]k Z]lo]]f `go FFGk Yf\ l`] `meYf ZjYaf

hjg[]kk dYf_mY_] %]+_+ Ngf]nY $ Q]`Z]) /-.68 M[`jaeh^ ]l Yd+) /-/.8 =Ym[`]l]mp ]l Yd+) /-//8

Agd\kl]af ]l Yd+) /-//8 B]adZjgf ]l Yd+) /-//&+ Imj afalaYd l`]gj]la[Yd afl]j]kl af akgdYlaf_ l`]

�ljYfk^gjeYlagfk� [Ye] ^jge Y [jala[Yd h]jkh][lan] gf l`ak hjgda^]jYlagf g^ ogjc7 Ydd g^ l`]k]

`a_`*hjg�d] hmZda[Ylagfk ^g[mk gf l`] ]eZ]\\af_k g^ l`] dYf_mY_] eg\]d) Zml gl`]joak] a_fgj] l`]

afl]jfYd [gehmlYlagfk g^ l`] eg\]d+ Imj hjaf[ahYd l`]gj]la[Yd afl]j]kl af l`] ljYfk^gjeYlagfk�l`Yl ak)

l`] n][lgj [gehjakaf_ l`] `]Y\oak] gmlhml g^ l`] k]d^*Yll]flagf e][`Yfake Yl ]Y[` dYq]j�da]k af l`]

^Y[l l`Yl l`]k] Yj] l`] [gehgf]flk g^ l`] eg\]d l`Yl afljg\m[] [gfl]plmYd af^gjeYlagf ]pljY[l]\ ^jge

hjagj ogj\k aflg l`] [mjj]fl ogj\+ Cf l`]k] eg\]dk) Yfq kqflY[la[ gj [gehgkalagfYd kljm[lmj] dafcaf_
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gf] ogj\ lg Yfgl`]j emkl ]e]j_] ^jge l`] ljYfk^gjeYlagfk aehd]e]fl]\ Zq l`] Yll]flagf `]Y\k+

Qal`gml l`]k] ljYfk^gjeYlagfk) l`] eg\]d ]�][lan]dq j]\m[]k lg klYla[) fgf*[gfl]plmYd

d]pa[Yd*k]eYfla[ ]eZ]\\af_k) dac] l`gk] d]Yjf]\ Zq ogj\/n][ %Gacgdgn ]l Yd+) /-.0&+ N`] Yj[`al][lmj]

g^ l`] ljYfk^gje]j Yddgok mk lg akgdYl] l`] ljYfk^gjeYlagfk aehd]e]fl]\ Zq af\ana\mYd Yll]flagf

`]Y\k) o`a[` `Yn] Z]]f k`gof lg ]p`aZal kge] \]_j]] g^ ^mf[lagfYd kh][aYdarYlagf ^gj daf_makla[

gh]jYlagfk %]+_+ =dYjc ]l Yd+) /-.68 N]ff]q ]l Yd+) /-.6&+

Q]�n] Y\\]\ l`] ^gddgoaf_ hYkkY_] Yf\ kmZk]im]fl hYjY_jYh` lg l`] Cfljg\m[lagf7

N`]k] ljYfk^gjeYlagfk Yj] g^ hYjla[mdYj l`]gj]la[Yd afl]j]kl) Z][Ymk] l`]q Yj] l`] mfaim]

[gehgf]fl g^ l`] [aj[mal l`Yl Yddgok af^gjeYlagf lg �go Z]lo]]f ogj\k7 o`Yl]n]j kqflY[la[ gj

[gfl]plmYd af^gjeYlagf aehY[lk l`] e]Yfaf_ g^ l`] [mjj]fl ogj\ ak afljg\m[]\ kgd]dq naY l`]

ljYfk^gjeYlagfk+

Cf l`] [mjj]fl ogjc) o] Yj_m] l`Yl l`] `]Y\oak] ljYfk^gjeYlagfk�l`] ^mf[lagfYddq*kh][aYdar]\

[gfl]plmYd [gehmlYlagfk aehd]e]fl]\ Zq af\ana\mYd Yll]flagf `]Y\k�[Yf hjgna\] Y fgn]d oaf\go

gflg daf_makla[ hjg[]kkaf_ af l`] ZjYaf %@a_+ .;&+ ; f]mjg[gehmlYlagfYd l`]gjq g^ fYlmjYd dYf_mY_]

hjg[]kkaf_ emkl mdlaeYl]dq kh][a^q `go e]Yfaf_ ak [gfkljm[l]\ Y[jgkk ogj\k+ N`] NjYfk^gje]j

Yj[`al][lmj] hjgna\]k ]phda[al Y[[]kk lg Y [Yf\a\Yl] e][`Yfake ^gj imYfla^qaf_ `go l`] e]Yfaf_ g^

hYkl ogj\k Yj] af[gjhgjYl]\ aflg l`] e]Yfaf_ g^ l`] [mjj]fl ogj\+ C^ l`ak ak Yf aehgjlYfl hYjl g^

`meYf dYf_mY_] hjg[]kkaf_) l`]k] ljYfk^gjeYlagfk k`gmd\ hjgna\] Y _gg\ ZYkak ^gj eg\]daf_

`meYf ZjYaf Y[lanalq \mjaf_ fYlmjYd dYf_mY_] [gehj]`]fkagf+ Q] ]pljY[l ljYfk^gjeYlagfk ^jge l`]

oa\]dq*klm\a]\ <?LN eg\]d %>]ndaf ]l Yd+) /-.68 Lg_]jk ]l Yd+) /-/-& Yf\ mk] ]f[g\af_ eg\]dk lg

]nYdmYl] l`]k] ljYfk^gjeYlagfk Y_Yafkl k]n]jYd gl`]j ^Yeada]k g^ daf_makla[ ^]Ylmj]k af l]jek g^

hj]\a[laf_ ZjYaf Y[lanalq \mjaf_ fYlmjYd dYf_mY_] [gehj]`]fkagf %@a_+ .<) =&+ Q] �f\ l`Yl l`]

ljYfk^gjeYlagfk h]j^gje [gehYjYZdq lg l`] ]eZ]\\af_k) Yf\ _]f]jYddq gmlh]j^gje Zgl`

fgf*[gfl]plmYd ]eZ]\\af_k Yf\ [dYkka[Yd kqflY[la[ YffglYlagfk�km__]klaf_ l`Yl l`] [gfl]plmYd

af^gjeYlagf ]pljY[l]\ ^jge kmjjgmf\af_ ogj\k ak kmjhjakaf_dq ja[`+ Cf ^Y[l) ljYfk^gjeYlagfk Yl ]Yjda]j

dYq]jk g^ l`] eg\]d Y[[gmfl ^gj egj] mfaim] nYjaYf[] af ZjYaf Y[lanalq l`Yf l`] ]eZ]\\af_k

l`]ek]dn]k+ @afYddq) o] \akYkk]eZd] l`]k] ljYfk^gjeYlagfk aflg l`] ^mf[lagfYddq kh][aYdar]\

[gehmlYlagfk h]j^gje]\ Zq af\ana\mYd Yll]flagf `]Y\k+ Q] �f\ l`Yl []jlYaf hjgh]jla]k g^ l`]

`]Y\k) km[` Yk dggc*ZY[c \aklYf[]) \geafYl] l`] eYhhaf_ Z]lo]]f `]Y\oak] ljYfk^gjeYlagfk Yf\

[gjla[Yd dYf_mY_] ]Yjk+ Q] Ydkg �f\ l`Yl) ^gj kge] dYf_mY_] j]_agfk) `]Y\oak] ljYfk^gjeYlagfk

l`Yl hj]^]j]flaYddq ]f[g\] []jlYaf daf_makla[ \]h]f\]f[a]k Ydkg Z]ll]j hj]\a[l ZjYaf Y[lanalq+

Q]�n] Y\\]\ log hYjY_jYh`k lg l`] Z]_affaf_ g^ l`] L]kmdlk k][lagf7

Q] Y\ghl]\ Y eg\]d*ZYk]\ ]f[g\af_ ^jYe]ogjc %HYk]dYjak ]l Yd+) /-..8 SYeafk $ >a=Yjdg) /-.38

La[`Yj\k ]l Yd+) /-.6& af gj\]j lg eYh NjYfk^gje]j ^]Ylmj]k gflg ZjYaf Y[lanalq e]Ykmj]\ mkaf_ ^GLC

o`ad] kmZb][lk dakl]f]\ lg fYlmjYdakla[ khgc]f klgja]k %@a_+ .;&+ Imj hjaf[ahYd l`]gj]la[Yd afl]j]kl da]k

af l`] ljYfk^gjeYlagfk) Z][Ymk] l`]k] Yj] l`] [gehgf]flk g^ l`] eg\]d l`Yl afljg\m[] [gfl]plmYd

af^gjeYlagf ]pljY[l]\ ^jge gl`]j ogj\k aflg l`] [mjj]fl ogj\+ Cf l`]k] eg\]dk) Yfq kqflY[la[ gj

[gehgkalagfYd kljm[lmj] dafcaf_ gf] ogj\ lg Yfgl`]j emkl ]e]j_] ^jge l`] ljYfk^gjeYlagfk

aehd]e]fl]\ Zq l`] Yll]flagf `]Y\k+ ;dl`gm_` l`] ljYfk^gjeYlagfk eYq YhhjgpaeYl] []jlYaf
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kqflY[la[ gh]jYlagfk) l`]q \g fgl ]phda[aldq \ak]flYf_d] kqflYp ^jge l`] e]Yfaf_ g^ ogj\k Yf\ [Yf

af[gjhgjYl] [gfl]fl*ja[` [gfl]plmYd j]dYlagfk`ahk+ Aan]f l`Yl l`] [gjla[Yd dYf_mY_] f]logjc Ydkg

\g]k fgl Yhh]Yj lg [d]Yfdq \a�]j]flaYl] kqflYp Yf\ gl`]j daf_makla[ ^]Ylmj]k %@]\gj]fcg ]l Yd+) /-./)

/-/-8 G]kmdYe ]l Yd+) /-.28 <dYfc ]l Yd+) /-.38 L]\\q $ Q]`Z]) /-/-8 =Ym[`]l]mp ]l Yd+) /-/.[&)

o] l`]gjar]\ l`Yl l`] ljYfk^gjeYlagfk eYq hjgna\] Y mk]^md ZYkak ^gj eg\]daf_ f]mjYd Y[lanalq

\mjaf_ fYlmjYd dYf_mY_] hjg[]kkaf_+

Q] hmjkm]\ log [gj] im]klagfk7 @ajkl) o`Yl ak l`] ]�[Y[q g^ l`]k] ljYfk^gjeYlagfk af hj]\a[laf_

ZjYaf Y[lanalq j]dYlan] lg Zgl` ]eZ]\\af_k Yf\ gl`]j lqh]k g^ dYf_mY_] ^]Ylmj]k: Q] `qhgl`]kar]\

l`Yl %I& l`] ljYfk^gjeYlagfk ogmd\ hj]\a[l ZjYaf Y[lanalq Z]ll]j l`Yf gl`]j lqh]k g^ dYf_mY_]

^]Ylmj]k8 Yf\ %J& l`Yl l`] ljYfk^gjeYlagfk ogmd\ eYh gflg [gjla[Yd dYf_mY_] Yj]Yk af Y egj]

dYq]j*kh][a�[ oYq l`Yf ]eZ]\\af_k) _an]f l`Yl l`] ]eZ]\\af_k Y[[memdYl] [gfl]plmYd

af^gjeYlagf Y[jgkk dYq]jk+ M][gf\) o] Y\\j]kk l`] ]phdgjYlgjq im]klagf g^ o`]l`]j l`] ^mf[lagfYd

kh][aYdarYlagf gZk]jn]\ af l`] ljYfk^gjeYlagfk aehd]e]fl]\ Zq af\ana\mYd Yll]flagf `]Y\k eYhk

gflg ZjYaf Y[lanalq af Y kljm[lmj]\ oYq+ Q] gh]jYlagfYdar] �k`Yj]\ ^mf[lagfYd kh][aYdarYlagf� Yk Y

[gjj]khgf\]f[] o`]j]af `]Y\oak] ljYfk^gjeYlagfk l`Yl hj]^]j]flaYddq ]f[g\] daf_makla[

\]h]f\]f[a]k Ydkg Z]ll]j hj]\a[l ZjYaf Y[lanalq+

Q]�n] Ydkg Y\\]\ k`gjl]j hYkkY_]k Yl ]Y[` klY_] g^ l`] L]kmdlk af `gh]k g^ [dYja^qaf_ gmj

`qhgl`]k]k Yf\ l`] dg_a[ g^ gmj [gfljgd YfYdqk]k+

Cf l`] k][lagf lald]\ �NjYfk^gje]j*ZYk]\ ^]Ylmj]k gmlh]j^gje gl`]j daf_makla[ ^]Ylmj]k�) o] Y\\]\ l`]

^gddgoaf_ l`]gj]la[Yd eglanYlagf7

N`] ljYfk^gjeYlagfk Yj] l`] [gf\mal Zq o`a[` kqflY[la[ Yf\ [gfl]plmYd af^gjeYlagf Yj]

af[gjhgjYl]\ aflg l`] [mjj]fl ogj\+ Q] `qhgl`]kar]\ l`Yl l`ak ja[` [gfl]plmYd af^gjeYlagf ogmd\ hml

l`] ljYfk^gjeYlagfk gf hYj oal` l`] ]eZ]\\af_k af l]jek g^ hj]\a[laf_ ZjYaf Y[lanalq) Yf\ l`Yl l`]

ljYfk^gjeYlagfk ogmd\ gmlh]j^gje gl`]j daf_makla[ ^]Ylmj]k+

Cf l`] k][lagf lald]\ �FYq]joak] h]j^gjeYf[] g^ ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk�) o] Y\\]\ l`]

^gddgoaf_ hYjY_jYh`7

Q] f]pl k]_j]_Yl]\ l`] NjYfk^gje]j ^]Ylmj]k aflg k]hYjYl] dYq]jk+ N`]j] ak Yf aehgjlYfl l`]gj]la[Yd

\aklaf[lagf af l`] dYq]j*Zq*dYq]j kljm[lmj] g^ l`] ]eZ]\\af_k Yf\ ljYfk^gjeYlagfk Yjakaf_ ^jge l`]

Yj[`al][lmj] g^ l`] f]logjc+ N`] ]eZ]\\af_k ]f[g\] l`] e]Yfaf_ g^ l`] [mjj]fl ogj\ Yf\ Z][ge]

af[j]Ykaf_dq [gfl]plmYdar]\ ^jge dYq]j lg dYq]j %N]ff]q ]l Yd+) /-.6&+ L]ka\mYd [gff][lagfk Yddgo l`]

]eZ]\\af_k lg hjghY_Yl] Yf\ Y[[memdYl] af^gjeYlagf Y[jgkk dYq]jk %?d`Y_] ]l Yd+) /-/.&+ N`]

ljYfk^gjeYlagfk) gf l`] gl`]j `Yf\) [Yhlmj] l`] �mh\Yl]k� lg l`] ]eZ]\\af_ Yl ]Y[`

dYq]j�\]jan]\ ^jge gl`]j ogj\k af l`] kmjjgmf\af_ [gfl]pl+ N`] ljYfk^gjeYlagfk Yj] dYj_]dq

af\]h]f\]fl ^jge dYq]j lg dYq]j %@a_+ M6& Yf\ hjg\m[] egj] dYq]j*kh][a�[ j]hj]k]flYlagfYd

_]ge]lja]k %@a_k+ M.-) M..&+ <Yk]\ gf l`]k] \aklaf[l [gehmlYlagfYd jgd]k) o] `qhgl`]kar]\ l`Yl

l`] ljYfk^gjeYlagfk ogmd\ eYh gflg l`] ZjYaf af Y egj] dYq]j*kh][a�[ oYq l`Yf l`] ]eZ]\\af_k+

Q] Y\\]\ l`] ^gddgoaf_ hYkkY_]k [dYja^qaf_ l`] afl]jhj]lYlagf g^ l`] [gfljgd YfYdqk]k lg l`] k][lagf

�Cfl]jhj]laf_ ljYfk^gjeYlagfk naY `]Y\oak] YfYdqkak�7
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Q] f]pl \]nak]\ Y [gfljgd YfYdqkak lg l]kl o`]l`]j l`] kljm[lmj] gZk]jn]\ af @a_+ 1 \]h]f\k gf l`]

gj_YfarYlagf g^ ljYfk^gjeYlagf ^]Ylmj]k aflg ^mf[lagfYddq kh][aYdar]\ `]Y\k+

N`ak [gfljgd YfYdqkak af\a[Yl]k l`Yl l`] kljm[lmj] gZk]jn]\ af @a_+ 1 \g]k fgl Yjak] ljanaYddq) Yf\

j]kmdlk ^jge l`] _jgmhaf_ g^ ljYfk^gjeYlagf ^]Ylmj]k aflg ^mf[lagfYddq kh][aYdar]\ `]Y\k8

ljYfk^gjeYlagf ^]Ylmj]k eYh gflg ZjYaf Y[lanalq af Y oYq l`Yl kqkl]eYla[Yddq nYja]k `]Y\ Zq `]Y\)

Yf\ k`m�af_ ^]Ylmj]k Y[jgkk `]Y\k %]n]f oal`af dYq]jk& \akjmhlk l`ak kljm[lmj] %@a_+ M/1&+

Ng ]fkmj] l`] gZk]jn]\ [gjj]khgf\]f[] \g]k fgl Yjak] ljanaYddq) o] \]ka_f]\ log [gfljgd YfYdqk]k+

Cf l`] �jkl [gfljgd YfYdqkak) o] k`m�]\ l`] ljYfk^gjeYlagf ^]Ylmj]k Y[jgkk `]Y\k oal`af ]Y[` dYq]j

g^ <?LN Yf\ l`]f h]j^gje]\ l`] kYe] ^mf[lagfYd [gjj]khgf\]f[] YfYdqkak+ N`ak [gfljgd YfYdqkak

l]klk o`]l`]j l`] gZk]jn]\ [gjj]khgf\]f[] \]h]f\k gf l`] ^mf[lagfYd gj_YfarYlagf g^

ljYfk^gjeYlagf ^]Ylmj]k aflg hYjla[mdYj `]Y\k+ J]jlmjZaf_ l`] ^mf[lagfYd _jgmhaf_ g^ ljYfk^gjeYlagf

^]Ylmj]k aflg `]Y\k j]\m[]\ Zgl` ZjYaf Yf\ \]h]f\]f[q hj]\a[lagf h]j^gjeYf[] Yf\ ]�][lan]dq

YZgdak`]\ l`] `]Y\oak] [gjj]khgf\]f[] Z]lo]]f \]h]f\]f[a]k Yf\ dYf_mY_] LICk %@a_+ M/4&+ Cf

l`] k][gf\ [gfljgd) o] kmhhda]\ gmj klaemdmk ljYfk[jahlk lg Yf mfljYaf]\) jYf\gedq*afalaYdar]\ <?LN

Yj[`al][lmj]) ]pljY[l]\ l`] j]kmdlaf_ ljYfk^gjeYlagfk) Yf\ ]nYdmYl]\ `]Y\oak] [gjj]khgf\]f[] oal`

l`] ZjYaf+ B]Y\oak] ^mf[lagfYd [gjj]khgf\]f[] oYk kaeadYjdq YZgdak`]\ ^gj l`] mfljYaf]\ eg\]d

%@a_+ M/5&+ N`ak af\a[Yl]k l`Yl l`] [gjj]khgf\]f[] ak fgl kaehdq Y Zqhjg\m[l g^ l`] eg\]d�k

Yj[`al][lmj] gj gmj ]ph]jae]flYd klaemda) Zml \]h]f\k af hYjl gf l`] eg\]d d]Yjfaf_ []jlYaf

klYlakla[Yd kljm[lmj]k af j]Yd*ogjd\ dYf_mY_]+

Q] Ydkg eY\] `]Ynq eg\a�[Ylagfk lg l`] >ak[mkkagf k][lagf af Yf ]�gjl lg Zgl` j]al]jYl] gmj

l`]gj]la[Yd eglanYlagf Yf\ [dYja^q l`] e]Yfaf_ g^ gmj �f\af_k7

Cf l`] [mjj]fl klm\q) o] ]nYdmYl]\ l`] ljYfk^gjeYlagfk aehd]e]fl]\ Zq l`] Yll]flagf `]Y\k g^

<?LN Y_Yafkl k]n]jYd gl`]j caf\k g^ daf_makla[ ^]Ylmj]k af l]jek g^ hj]\a[laf_ ZjYaf Y[lanalq+ N`]j]

Yj] l`j]] hjgh]jla]k g^ l`] ljYfk^gjeYlagfk l`Yl eglanYl]\ gmj YfYdqk]k+ @ajkl) l`] ljYfk^gjeYlagfk

Yj] l`] [gehgf]fl g^ l`] eg\]d l`Yl Yddgo af^gjeYlagf lg �go Z]lo]]f ogj\k7 Ydd kqflY[la[)

[gehgkalagfYd) Yf\ [gfl]plmYd j]dYlagfk IKYVZZ ogj\k Yj] _]f]jYl]\ Zq l`] ljYfk^gjeYlagfk+ Ofdac]

[dYkka[Yd kqflY[la[ YffglYlagfk Yf\ kqflY[la[ hYjk]jk) `go]n]j) l`] ljYfk^gjeYlagfk \g fgl

]phda[aldq \ak]flYf_d] kqflYp ^jge ogj\ e]Yfaf_ Yf\ oadd d]Yjf lg YhhjgpaeYl] o`Yl]n]j [gfl]plmYd

j]dYlagfk Yj] mk]^md ^gj hj]\a[laf_ ogj\k af j]Yd*ogjd\ l]pl+ M][gf\) mfdac] l`] ]eZ]\\af_k) o`a[`

Y[[memdYl] af^gjeYlagf ^jge dYq]j lg dYq]j) l`] ljYfk^gjeYlagfk ]f[g\] �mh\Yl]k� lg l`]

]eZ]\\af_ Yl ]Y[` dYq]j) \]jan]\ ^jge l`] kmjjgmf\af_ [gfl]pl+ N`aj\) l`] ljYfk^gjeYlagfk Yl Y

_an]f dYq]j [Yf Z] \akYkk]eZd]\ aflg l`] ^mf[lagfYddq kh][aYdar]\ [gehmlYlagfk h]j^gje]\ Zq

af\ana\mYd Yll]flagf `]Y\k+ N`]k] hjgh]jla]k Yj] g^ hYjla[mdYj l`]gj]la[Yd afl]j]kl ^gj mf\]jklYf\af_

`go f]mjYd kqkl]ek dac] l`] ZjYaf [gfkljm[l [gfl]pl*ja[` e]Yfaf_ Y[jgkk af\ana\mYd ogj\k af fYlmjYd

dYf_mY_]+

Q] ^gmf\ l`Yl l`] ljYfk^gjeYlagfk h]j^gje gf hYj oal` l`] ]eZ]\\af_k Yf\ gmlh]j^gje gl`]j

daf_makla[ ^]Ylmj]k Y[jgkk egkl dYf_mY_] LICk) km__]klaf_ l`Yl l`] [gfl]plmYd af^gjeYlagf l`]

ljYfk^gjeYlagfk ]pljY[l ^jge kmjjgmf\af_ ogj\k ak kmjhjakaf_dq ja[`+ Q] Ydkg ^gmf\ l`Yl l`]

ljYfk^gjeYlagfk Yl ]Yjda]j dYq]jk g^ l`] eg\]d Y[[gmfl ^gj egj] mfaim] nYjaYf[] l`Yf l`]
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]eZ]\\af_k) Yf\ eYh gflg [gjla[Yd dYf_mY_] Yj]Yk af Y egj] dYq]j*kh][a�[ ^Yk`agf+ ?pYeafaf_ l`]

[gfljaZmlagf g^ `]Y\oak] ljYfk^gjeYlagfk lg ]f[g\af_ h]j^gjeYf[] j]n]Ydk _jY\a]flk af Y

dgo*\ae]fkagfYd [gjla[Yd khY[] l`Yl j]�][l []jlYaf kljm[lmjYd Yf\ ^mf[lagfYd hjgh]jla]k g^ l`]

`]Y\oak] ljYfk^gjeYlagfk) af[dm\af_ dYq]j Yf\ dggc*ZY[c \aklYf[]+ @afYddq) o] imYfla�]\ l`]

[gjj]khgf\]f[] Z]lo]]f `]Y\oak] hj]\a[lagfk g^ ZjYaf Y[lanalq Yf\ kqflY[la[ \]h]f\]f[a]k ^gj Y

nYja]lq g^ [gjla[Yd dYf_mY_] Yj]Yk Yf\ \]h]f\]f[a]k) Yf\ ^gmf\ l`Yl `]Y\oak] ljYfk^gjeYlagfk l`Yl

Z]kl hj]\a[l []jlYaf \]h]f\]f[a]k Ydkg Z]kl hj]\a[l []jlYaf LICk %]+_+ JgklN]eh) ;f_A) G@A&+ Q]

k`go l`Yl l`ak [gjj]khgf\]f[] \g]k fgl Yjak] YjZaljYjadq) Zml \]h]f\k gf l`] ^mf[lagfYd _jgmhaf_ g^

ljYfk^gjeYlagfk aflg `]Y\k) Yf\ gf l`] eg\]d�k Yj[`al][lmj] Yf\ ljYafaf_ j]_ae]+

Q] Y\\]\ l`] ^gddgoaf_ hYkkY_] lg l`] >ak[mkkagf Z]ll]j Yjla[mdYl] gmj l`]gj]la[Yd afl]j]kl af l`]

ljYfk^gjeYlagfk7

Cf\]]\) em[` g^ gmj l`]gj]la[Yd afl]j]kl af l`] ljYfk^gjeYlagfk kl]ek ^jge l`] gZk]jnYlagf l`Yl)

Ydl`gm_` l`]q YhhjgpaeYl] kqflY[la[ gh]jYlagfk lg kge] ]pl]fl) l`]q [Yf Ydkg egj] ]phj]kkan]dq

[g\] ^gj [gfl]fl* Yf\ [gfl]pl*ja[` j]dYlagfk`ahk Y[jgkk ogj\k+ Q] YlljaZml] l`] j]dYlan]dq kljgf_

hj]\a[lagf h]j^gjeYf[] g^ l`] ljYfk^gjeYlagfk lg l`ak ja[` [gfl]plmYd af^gjeYlagf+

Q]�j] kqehYl`]la[ lg ]�gjlk lg e]\aYl] l`] `qh] kmjjgmf\af_ FFGk8 o]�n] lja]\ lg [dYja^q kge]

ZjgY\]j l`]gj]la[Yd [geeale]flk Yf\ [Yn]Ylk af l`] j]nak]\ >ak[mkkagf7

;dl`gm_` l`] ljYfk^gjeYlagfk qa]d\ j]dYlan]dq kljgf_ hj]\a[lagf h]j^gjeYf[]) l`]q Yj] fgl hgkalagf]\

lg k]jn] Yk e][`Yfakla[ eg\]dk g^ [gjla[Yd dYf_mY_] hjg[]kkaf_�bmkl Z][Ymk] Y eg\]d hj]\a[lk

ZjYaf Y[lanalq Z]ll]j l`Yf gl`]j eg\]dk \g]k fgl eYc] al Y _gg\ eg\]d %M[`Y]�]j ]l Yd+) /-//8

;flgf]ddg $ Bml`) /-/08 Am]kl $ GYjlaf) /-/0&+ N`Yl kYa\) l`] ljYfk^gjeYlagfk g[[mhq Y j]dYlan]dq

mf\]j]phdgj]\ khY[] Yegf_ l`]gja]k g^ dYf_mY_] hjg[]kkaf_7 l`] ljYfk^gjeYlagfk [Yhlmj]

[gfl]fl*ja[` [gfl]plmYd j]dYlagfk`ahk Y[jgkk ogj\k l`Yl af�][l l`] e]Yfaf_ g^ l`] [mjj]fl ogj\+

N`ak ak af [gfljYkl lg d]pa[Yd*k]eYfla[ eg\]dk l`Yl [Yhlmj] gfdq l`] e]Yfaf_ g^ af\ana\mYd ogj\k

Yf\ hYjkaf_ eg\]dk l`Yl [Yhlmj] kqflY[la[ j]dYlagfk`ahk Yegf_ ogj\k oal`gml [gfl]plmYd e]Yfaf_+

Q`ad] l`] ]eZ]\\af_k %Yf\ j]kmdlaf_ ogj\ hj]\a[lagfk& Yj] l`] ��fYd hjg\m[l� g^ l`]

[gfl]plmYdarYlagf hjg[]kk af NjYfk^gje]j*ZYk]\ eg\]dk) l`] ljYfk^gjeYlagfk [Yhlmj] l`] [gfl]plmYd

hjg[]kk]k l`Yl Zmad\ mh lg l`ak ]f\ hgafl+ Ggj] ZjgY\dq) l`] `meYf dYf_mY_] kqkl]e Yf\

]f\*lg*]f\ \]]h dYf_mY_] eg\]dk \g�lg kge] ]pl]fl�k`Yj] [geegf [gehmlYlagfYd hjaf[ahd]k

Yae]\ Yl hjg\m[af_ o]dd*^gje]\) [gfl]pl*k]fkalan] daf_makla[ gmlhmlk %BYkkgf ]l Yd+) /-/-8

Agd\kl]af) TY\Y) ]l Yd+) /-//&7 l`]k] eg\]dk j]hj]k]fl l`] mfaim] e]Yfaf_ g^ ogj\k af [gfl]pl8

l`]k] eg\]dk Yj] fgl �_an]f� daf_makla[ kljm[lmj]k) Zml jYl`]j d]Yjf daf_makla[ kljm[lmj] ^jge fYlmjYd

dYf_mY_] mkaf_ Y Zagdg_a[Yddq*hdYmkaZd]) k]d^*kmh]jnak]\ gZb][lan] ^mf[lagf8 l`]k] kljm[lmj]k Yj]

]f[g\]\ af `a_`*\ae]fkagfYd ]eZ]\\af_ khY[]k Y[jgkk j]dYlan]dq kaehd] [gehmlaf_ ]d]e]flk8

�fYddq) l`]k] eg\]dk Z]ll]j j]hjg\m[] `meYf*dac] h]j^gjeYf[] l`Yf hjagj _]f]jYlagfk g^ eg\]dk

Y[jgkk Y nYja]lq g^ fYlmjYd dYf_mY_] lYkck %]+_+ >]ndaf ]l Yd+) /-.58 QYf_ ]l Yd+) /-.5) /-.68 LY\^gj\

]l Yd+) /-.68 QYjklY\l ]l Yd+) /-/-8 GY`goYd\ ]l Yd+) /-/0&+

@afYddq) o] fgl] l`Yl gmj �[dYkka[Yd daf_makla[ ^]Ylmj]k� \g fgl bmkl af[dm\] hYjl g^ kh]][`8 l`]q af[dm\]

.1 hYjl g^ kh]][` af\a[Ylgjk Ydgf_ka\] /2 daf_makla[ \]h]f\]f[q af\a[Ylgjk j]lmjf]\ Zq khY=q8 Yk
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\]k[jaZ]\ af l`] �<Yk]daf] dYf_mY_] ^]Ylmj]k� k][lagf g^ l`] G]l`g\k+ N`]k] [dYkka[Yd daf_makla[

af\a[Ylgjk h]j^gje [gehYjYZdq lg) gj af kge] [Yk]k gmlh]j^gje) l`] �]�gjl� e]lja[ ]pljY[l]\ ^jge

l`] ==A hYjk]j afljg\m[]\ Zq MlYfgb]naw Yf\ [gdd]Y_m]k %/-/0& Y[jgkk Ydd LICk ]p[dm\af_ ]Yjdq

Ym\algjq [gjl]p+

Gafgj [gee]flk

0+ Q`Yl ak l`] �f]mjgZagdg_q g^ dYf_mY_] af kada[g�: Ck l`ak l`] [dYae l`Yl qgm [Yf klm\q l`] ZjYaf Zq

mkaf_ ljYfk^gje]jk: C^ kg) o`Yl ak l`] Yj_me]fl ^gj o`q qgm [Yf: =gjj]dYlagf:

Q] mk]\ l`ak l]je lg af\a[Yl] ]�gjlk lg d]n]jY_] f]mjYddq*afkhaj]\ [gehmlYlagfYd eg\]dk lg Z]ll]j

mf\]jklYf\ `meYf dYf_mY_] hjg[]kkaf_) af daf] oal` gl`]j j][]fl hYh]jk %]+_+ DYaf ]l Yd+) /-/08 Pg ]l

Yd+) /-/0&+ Q] `gh] lg `Yn] [dYja�]\ gmj hgkalagf Yk lg `go o] ]nYdmYl] [gehmlYlagfYd eg\]dk

Y_Yafkl ZjYaf Y[lanalq af l`] j]khgfk] lg l`] j]na]o]j�k hjagj [gee]flk+ Cf Yfq [Yk]) o] Y_j]] oal`

l`] j]na]o]j l`Yl l`ak l]jeafgdg_q eYq Z] gn]jdq hjgng[Ylan]) Yf\ `Yn] j]egn]\ al7

L][]fldq) Y f]o [dYkk g^ Yjla�[aYd f]mjYd f]logjck ZYk]\ gf l`] NjYfk^gje]j Yj[`al][lmj] `Yk

j]ngdmlagfar]\ l`] �]d\ g^ dYf_mY_] eg\]daf_) YlljY[laf_ Yll]flagf ^jge f]mjgk[a]flaklk k]]caf_ f]o

l][`faim]k lg mf\]jklYf\ l`] f]mjgZagdg_q g^ dYf_mY_]+

1+ Nae] ak lglYddq \a�]j]fl af l`] ZjYaf Yf\ af ljYfk^gje]jk� ljYfk^gjeYlagf %khgad]j7 l`]j] akf�l Yfq& �

`go o]j] l`] fmeZ]j g^ NLk [`gk]f: Cl k]]ek YjZaljYjq Yl l`] ege]fl+

N`] j]na]o]j ak [gjj][l l`Yl egkl ljYfk^gje]j Yj[`al][lmj]k�af[dm\af_ l`] log o] ^g[mk gf `]j])

<?LN Yf\ AJN*/�`Yn] fg Zmadl*af j]hj]k]flYlagf g^ lae]+ N`]q gh]jYl] gf k]im]f[]k g^ ogj\k gj

lgc]fk) o`a[` af fYlmjYd dYf_mY_] mf^gd\ gn]j lae] af k]fl]f[]k Yf\ \ak[gmjk]) Zml l`]q \g fgl

j]kh][l kmZogj\ laeaf_ gj hjgkg\a[ laeaf_ Y[jgkk ogj\k+ Mge] f]o]j ljYfk^gje]j*ZYk]\ kh]][`

j][g_falagf eg\]dk) km[` Yk Q`akh]j %LY\^gj\ ]l Yd+) /-//&) gh]jYl] gn]j [gflafmgmk Y[gmkla[

kh]][` ka_fYdk+ N`]k] eg\]dk `Yn] Z]]f k`gof lg YhhjgpaeYl] h`gf]e] kljm[lmj]k %Agd\kl]af ]l

Yd+) /-/0& Yf\ eYq ]f[g\] gl`]j kmZogj\ Yf\ hjgkg\a[ l]ehgjYd ^]Ylmj]k+ Cf daf] oal` j][]fl ogjc

%]+_+ PYa\qY ]l Yd+) /-//8 >x^gkk]r ]l Yd+) /-/0&) o]�j] dggcaf_ ^gjoYj\ lg ]phdgjaf_ o`]l`]j eg\]dk

l`Yl Z]ll]j j]kh][l l`] �f]j*_jYaf]\ l]ehgjYd [`YjY[l]jakla[k g^ kh]][` [Yf hjgna\] fgn]d afka_`lk

aflg `meYf ZjYaf Y[lanalq+ Q] eY\] Y eafgj eg\a�[Ylagf lg l`] >ak[mkkagf lg eYc] l`ak daealYlagf

egj] ]phda[al7

M][gf\) l`] [mjj]fl ogjc ka\]kl]hk l`] Y[gmkla[ Yf\ hjgkg\a[ ^]Ylmj]k g^ fYlmjYd kh]][` %MYflgjg

]l Yd+) /-.18 \] B]]j ]l Yd+) /-.4&8 l`] eg\]dk o] mk]\ gh]jYl] gf k]im]f[]k g^ lgc]fk af l]pl Yf\

\g fgl ]f[g\] �f]j*_jYaf]\ l]ehgjYd ^]Ylmj]k g^ kh]][`+ @mlmj] ogjc) `go]n]j) eYq Z]f]�l ^jge

eg\]dk l`Yl ]pljY[l `a_`*d]n]d [gfl]plmYd k]eYfla[ [gfl]fl \aj][ldq ^jge l`] l]ehgjYddq*j]kgdn]\

kh]][` ka_fYd %af l`] kYe] oYq l`Yl =HHk gh]jYl] \aj][ldq gf hap]d nYdm]k8 Fa ]l Yd+) /-//8 Gadd]l ]l

Yd+) /-//8 PYa\qY ]l Yd+) /-//8 Agd\kl]af ]l Yd+) /-/0&+
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Cf l`] [mjj]fl ogjc) l`] fmeZ]j g^ NLk oYk \]l]jeaf]\ Zq l`] \mjYlagf g^ l`] fYlmjYdakla[ khgc]f

klgjq klaemda8 ]+_+ l`] �C Ef]o Sgm Q]j] <dY[c� klgjq lgd\ dan] Zq =Yjgd >Yfa]d ^gj l`] Ggl` LY\ag

Bgmj %`llhk7,,l`]egl`+gj_,klgja]k,a*cf]o*qgm*o]j]*ZdY[c& oYk 5-- k][gf\k %.0 eafml]k) /-

k][gf\k& dgf_) [gjj]khgf\af_ lg 201 NLk oal` Y .+2*k][gf\ NL+ Qal` ^GLC) o] [Yffgl jgZmkldq

j]kgdn] laeaf_ oal`af af\ana\mYd ogj\k af j]Yd*ogjd\ kh]][`8 egkl NLk [gflYaf emdlahd] ogj\k Yf\ l`]

<IF> j]khgfk] alk]d^ ak l]ehgjYddq keggl`]\ Y[jgkk k]n]jYd k][gf\k+ Q] Y\ghl l`] klYf\Yj\

hjg[]\mj] g^ [gf[Yl]fYlaf_ l`] ]f[g\af_ ^]Ylmj]k Yl emdlahd] dY_k hjagj lg �llaf_ l`] ]f[g\af_ eg\]d

%]+_+ Bml` ]l Yd+) /-.3&+ N`ak �fal] aehmdk] j]khgfk] %@CL& eg\]d Y[[gmflk ^gj nYjqaf_ `]eg\qfYea[

dY_k Y[jgkk hYj[]dk Yf\ kmZb][lk Zq hj]\a[laf_ ]Y[` lae] hgafl ^jge Y daf]Yj [geZafYlagf g^ ^]Ylmj]k

Y[jgkk nYjqaf_ dY_k+ Q] fgl] l`Yl hjagj ogjc `Yk k`gof l`Yl ^GLC [Yf Y[[]kk \qfYea[k g^ ZjYaf

Y[lanalq mf^gd\af_ gn]j dgf_]j l]ehgjYd k[Yd]k [gehjakaf_ ogj\k) k]fl]f[]k) Yf\ dYj_]j*k[Yd]

fYjjYlan] kljm[lmj]k %]+_+ F]jf]j ]l Yd+) /-..8 =`a]f $ Bgf]q) /-/-8 =`Yf_ ]l Yd+) /-//&+

Q] `Yn] [dYja�]\ `go l`] fmeZ]j g^ NLk oYk \]l]jeaf]\ af l`] j]nak]\ l]pl7

N`] fmeZ]j g^ NLk af gmj YfYdqk]k oYk \]l]jeaf]\ Zq l`] \mjYlagf g^ l`] fYlmjYdakla[ khgc]f klgjq

klaemda8 ]+_+ l`] �C Ef]o Sgm Q]j] <dY[c� klgjq lgd\ dan] Zq =Yjgd >Yfa]d ^gj l`] Ggl` LY\ag Bgmj

%`llhk7,,l`]egl`+gj_,klgja]k,a*cf]o*qgm*o]j]*ZdY[c& oYk 5-- k][gf\k %.0 eafml]k) /- k][gf\k&

dgf_) [gjj]khgf\af_ lg 201 NLk oal` Y .+2*k][gf\ NL+

2+ Cf @a_mj] M.4) 2-- NLk Yj] hdgll]\+ B]j] qgm [Yf [d]Yjdq k]] l`] khYjkalq \a�]j]f[]k Z]lo]]f

\]h]f\]f[a]k Yf\ ljYfk^gjeYlagfk+ N`ak k`gmd\ Z] [Yj]^mddq ]phdgj]\ Yf\ [gfljgdd]\ ^gj _an]f l`]

ka_fYd hjg[]kkaf_ [gfk]im]f[]k+ M][gf\) `go Yf\ o`q Y ljYfk^gje]j `]Y\ Z]kl ha[ck gml Y

\]h]f\]f[q lqh] o`]f alk lae] k]ja]k ak kg \a�]j]fl ^jge l`Yl g^ l`] \]h]f\]f[q Z]_k ^gj Y l`]gjq g^

`go Yf Yll]flagf `]Y\ ak %a^ al ak& j]hj]k]flaf_ af^gjeYlagf YZgml l`] \]h]f\]f[q) Yf\ o`Yl l`Yl

af^gjeYlagf ak+

Cf @a_+ M.4) o] hdgl l`] gf]*\ae]fkagfYd ljYfk^gjeYlagf l`Yl Z]kl hj]\a[lk Y _an]f \]h]f\]f[q ^gj

l`] ^mdd 201 NLk g^ l`] hj]nagmkdq e]flagf]\ khgc]f klgjq �C Ef]o Sgm Q]j] <dY[c�+ @gj eYfq g^

l`]k] \]h]f\]f[a]k) o] gZk]jn] [gjj]dYlagfk Z]lo]]f l`] gf]*\ae]fkagfYd ljYfk^gjeYlagf Yf\ l`]

Y[lmYd \]h]f\]f[q gf l`] k[Yd] g^ Y 9 +/2 lg Y 9 +42+ N`] _gYd g^ l`ak nakmYdarYlagf oYk lg hjgna\] Yf

aflmalagf ^gj `go l`]k] ljYfk^gjeYlagfk Z]`Yn]8 l`Yl ak) lg \]egfkljYl] l`Yl l`]q [Yhlmj] ZVTM[PQUO

YZgml Y _an]f \]h]f\]f[q) Zml�Yk l`] j]na]o]j km__]klk�l`]q Yj] imYdalYlan]dq \a�]j]fl+ Q]

]ph][l l`]k] lg Z] imYdalYlan]dq \a�]j]fl Z][Ymk] l`] \]h]f\]f[a]k Yj] ZafYjq dYZ]dk o`]j]Yk l`]

gf]*\ae]fkagfYd ljYfk^gjeYlagf ak Y daf]Yj [geZafYlagf g^ [gflafmgmk*nYdm]\ Y[lanYlagfk �m[lmYlaf_

gn]j lae]+ C^ l`] j]na]o]j `Yk Yfq km__]klagfk Yk lg `go o] ea_`l Z]ll]j ]phdgj] l`] j]dYlagfk`ah

Z]lo]]f l`]k] gf]*\ae]fkagfYd ljYfk^gjeYlagfk Yf\ l`] \]h]f\]f[a]k) o]�j] `Yhhq lg ^gddgo mh+

Bgo Yf\ lg o`Yl ]pl]fl ljYfk^gje]jk ]f[g\] kqflY[la[ kljm[lmj] af Yll]flagf `]Y\k %LY_YfYlg ]l Yd+)

/-.58 =dYjc ]l Yd+) /-.68 DYoY`Yj ]l Yd+) /-.68 ;ZfYj $ Tma\]eY) /-/-8 [^+ Blml ]l Yd+) /-.6& Yf\

]eZ]\\af_k %B]oall $ GYffaf_) /-.68 Fam ]l Yd+) /-.68 N]ff]q ]l Yd+) /-.68 ?llaf_]j) /-/-8 G]jmddg ]l

Yd+) /-/0& ak Yf Yj]Y g^ Y[lan]) gf_gaf_ j]k]Yj[` af eY[`af] d]Yjfaf_ Yf\ fYlmjYd dYf_mY_]

0-



hjg[]kkaf_+ Cf l`] j]nak]\ eYfmk[jahl) o]�n] Y\\]\ Y f]o NYZd] M/ j]hgjlaf_ l`] \]h]f\]f[q

hj]\a[lagf k[gj]k ^gj l`] 31*\ae]fkagfYd ljYfk^gjeYlagfk Yl l`] lgh*h]j^gjeaf_ Yll]flagf `]Y\k+ N`]

e]Yf ZYdYf[]\ Y[[mjY[q Y[jgkk lgh*h]j^gjeaf_ `]Y\k ak s-+5-) ]nYdmYl]\ mkaf_ gml*g^*kYehd]

hj]\a[lagf) Yf\ egkl \]h]f\]f[a]k Yj] Z]kl hj]\a[l]\ Zq Y \a�]j]fl `]Y\+ N`]k] j]kmdlk

[gjjgZgjYl] hj]nagmk �f\af_k af l`] dal]jYlmj] %]+_+ =dYjc ]l Yd+) /-.6& Yf\ hjgna\] ]ehaja[Yd kmhhgjl

^gj l`] [dYae l`Yl l`] ljYfk^gjeYlagfk aehd]e]fl]\ Zq af\ana\mYd Yll]flagf `]Y\k �j]hj]k]fl�

af^gjeYlagf YZgml []jlYaf \]h]f\]f[a]k %ZYk]\ gf Y [geegf mkY_] g^ �j]hj]k]fl� ^jge ]+_+ BYpZq

]l Yd+) /--.&+

Cf daf] oal` hjagj ogjc %=dYjc ]l Yd+) /-.68 N]ff]q ]l Yd+) /-.6&) o] ]ehaja[Yddq [gf�je]\ l`Yl l`]
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Dependency

Mean performance

across all heads Top-performing head Performance of top head

hj]h -+321 .*.. -+513 %r 9 0+-&

hgZb -+30. .*1 -+431 %r 9 0+.&

\]l -+325 0*. -+52/ %r 9 0+/&

fkmZb -+35/ 0*. -+516 %r 9 /+3&

Yeg\ -+3.0 0*.- -+412 %r 9 0+-&

\gZb -+265 3*.. -+361 %r 9 /+2&

Y\neg\ -+3// .*.. -+4/5 %r 9 /+3&

Ymp -+353 /*/ -+530 %r 9 /+3&

hgkk -+313 3*. -+511 %r 9 /+2&

[[geh -+3/- 2*.. -+44- %r 9 0+1&

eYjc -+264 4*.- -+41- %r 9 0+-&

hjl -+3.6 0*. -+51. %r 9 0+.&

Table S2. 7MWMULMUK` WYMLQK[QVU ZKVYMZ NVY [YIUZNVYTI[QVUZ I[ [VW&WMYNVYTQUO I[[MU[QVU PMILZ' 9VY MIKP

SQUO\QZ[QK LMWMULMUK`% ^M \ZML SVOQZ[QK YMOYMZZQVU ^Q[P d]M&NVSL KYVZZ&]ISQLI[QVU [V WYMLQK[ [PM JQUIY`

VKK\YYMUKM VN [PM LMWMULMUK` IKYVZZ ECZ NYVT [PM .,&LQTMUZQVUIS [YIUZNVYTI[QVU ]MK[VYZ ZMWIYI[MS` I[ MIKP

I[[MU[QVU PMIL #ZMM j7MKVLQUO LMWMULMUK` YMSI[QVUZk QU [PM ?M[PVLZ ZMK[QVU$' :Q]MU [PI[ ZVTM

LMWMULMUKQMZ VUS` VKK\Y I[ YMSI[Q]MS` NM^ ECZ #Q'M' \UJISIUKML KSIZZ NYMX\MUKQMZ$% LMKVLQUO WMYNVYTIUKM

^IZ M]IS\I[ML \ZQUO JISIUKML KSIZZQdKI[QVU IKK\YIK` #[PMVYM[QKIS KPIUKM 3 ('-$' GM dYZ[ YMWVY[ [PM TMIU

JISIUKML IKK\YIK` IKYVZZ ISS ),, I[[MU[QVU PMILZ #TMIU IKK\YIK` 3 ('.+. IKYVZZ ISS LMWMULMUKQMZ$' 9VY MIKP

LMWMULMUK`% ^M [PMU YMWVY[ [PM PMIL ^Q[P [PM PQOPMZ[ LMKVLQUO WMYNVYTIUKM #M'O' j)&))k QULQKI[MZ PMIL ))

QU SI`MY ) VN 58CE$' 9VY [PM [VW&WMYNVYTQUO PMIL% ^M YMWVY[ [PM JISIUKML IKK\YIK` IUL [PM a&ZKVYM NVY [PQZ

IKK\YIK` YMSI[Q]M [V [PM LQZ[YQJ\[QVU VN IKK\YIKQMZ IKYVZZ ISS PMILZ'

0.
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Reviewer #1 (Remarks to the Author):

The authors have satisfactorily addressed all my concerns and I do not have further comments. I 

appreciate the authors' remarkable efforts.

Reviewer #1 (Remarks on code availability):

The code is well organized, and I believe it is a usable resource for the community.

Reviewer #2 (Remarks to the Author):

I believe that the reviewers have satisfactorily addressed my comments (thank you!) and made 

necessary changes to the manuscript. I support this manuscript being published.


