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Adaptive radiations have been instrumental in generating a considerable amount of
life’s diversity. Ecological opportunity is thought to be a prerequisite for adaptive

radiation’, but little is known about the relative importance of species’ ecological
versatility versus effects of arrival order in determining which lineage radiates?.
Palaeontological records that could help answer this are scarce. In Lake Victoria, a
large adaptive radiation of cichlid fishes evolved in an exceptionally short and recent
time interval®. We present a rich continuous fossil record extracted from a series of
long sediment cores along an onshore-offshore gradient. We reconstruct the
temporal sequence of events in the assembly of the fish community from thousands
oftooth fossils. We reveal arrival order, relative abundance and habitat occupation of
allmajor fish lineages in the system. We show that all major taxa arrived simultaneously
assoonas the modern lake began to form. There is no evidence of the radiating
haplochromine cichlid lineage arriving before others, nor of their numerical
dominance upon colonization; therefore, there is no support for ecological priority
effects. However, although many taxa colonized the lake early and several became
abundant, only cichlids persisted in the new deep and open-water habitats once these
emerged. Because these habitat gradients are also known to have played a major role
inspeciation, our findings are consistent with the hypothesis that ecological
versatility was key to adaptive radiation, not priority by arrival order nor initial
numerical dominance.

Adaptive radiations are major components of biological diversity
and their study provides insight into the structure and evolutionary
dynamics of biodiversity. Adaptive radiation is the diversification of
alineage into an array of species that possess traits enabling them to
exploit different environments or resources*. Itinvolves acomplex set
of processes, and identifying the factors (extrinsic and intrinsic) that
initiate, facilitate and constrain them remains challenging because of
the difficulty of reconstructing conditions at the onset of the classi-
cal large radiations. Comparative studies of adaptive radiations pro-
vide evidence that ecological opportunity is key to diversification'>.
Ecological opportunity refers to the opening up of new niches and the
new availability of an abundance of resources. It can trigger diversifica-
tionthrough ecological release and ecological expansion, subsequently
followed by specialization with niche partitioning during or soon after
speciation®. Ecological opportunity may lead to a burst of ecological
diversification and speciation events and may be triggered in either
of several ways including: (1) the colonization of anewly formed envi-
ronment; (2) the emergence of new resources; (3) the extinction of

predators or competitors; and (4) the evolution of a key innovation’.
Allof these factors open up resources that were previously inaccessible
to the diversifying lineage.

The ability of colonizing species to be able to access new resources
depends onaspecies’ ecological versatility and timing of arrival, rela-
tive to other species. Ecologically more versatile taxa can populate a
wider range of habitats more quickly and can often access awider range
of dietary resources in individual habitats, which results in increased
abundance and wider distribution ranges®. Ecological versatility isa pre-
requisite for rapidly accessing new resources when they first emerge,
and thus versatile taxa may experience more immediate opportunities
to diversify’ ™. The other often-invoked but rarely tested hypothesis
isthatthe arrival order of species can determine which one goes on to
radiate. Thisis known as the priority effect, which holds that early colo-
nizing taxa can fully access and subsequently monopolize resources,
thereby negatively affecting the opportunities for taxa that arrive
later®™, For instance, it has been shown in microbial diversification
experiments that early arriving species suppress the diversification
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of late arriving species™. However, testing for priority effects and/or
differential versatility of colonizing lineages in real adaptive radia-
tions has proved elusive because many of the best-studied adaptive
radiations, including most cichlid fish radiations, began millions of
years ago>’, which makes it almost impossible to assess arrival order
or differential ancestral versatility.

The Lake Victoria cichlid fish radiation provides us with unique
opportunities in this regard because it unfolded over an exception-
ally short and recent geological time interval. Genomic analyses of
the Lake Victoria radiation show that much of its genetic diversity
stems from a hybridization event between two lineages which had
been evolving separately for millions of years'>', Although this event
predates the formation of modern Lake Victoria, at approximately
17 thousand years ago (ka) (ref. 17), the genetic variation was present
in the founding haplochromine lineage. As this lineage diversified
it left a trail of accessible fossils in its wake. The sedimentary record
of Lake Victoria provides excellent chronological resolution” from
which we obtained a rich and continuous fossil record for this study.
Previous studies used phylogenetic reconstructions and attributed
the rapid evolution of large species diversity in haplochromine
cichlids to ecological opportunity (emergence of large deep lakes),
a highly evolvable mating trait system and unusual genomic poten-
tial due to hybrid ancestry>'>'¢, However, comparative phylogenetic
approaches do not inform us about past community composition of
taxa other than the target clade and therefore about relative versa-
tility and arrival order, but such data can be obtained, in principle,
from fossils and their abundances and distributions over habitats and
through time.

Here, we reconstruct the history of arrival order and the dynamic
history of the relative abundances of the radiating taxon and all other
major fish taxa across the habitats from the origins of the lake to the
present. We took a series of four long composite sediment cores along
an onshore-to-offshore transect in the eastern part of Lake Victoria
(Methods).First, we asked whether the radiating lineage arrived in the
lake before other taxa and whether or not it was numerically domi-
nant over the others. Both early arrival and numerical dominance
could afford haplochromine cichlids the opportunity to monopolize
resources, permitting them toradiate while potentially inhibiting the
radiation of other taxa. Second, we test whether the ancestors of the
radiation differed from other contemporaneous taxa in relation to
their early habitat utilization, specifically, their ability to persistinnew
lacustrine habitats that emerged as lake levels rose and that have no
analogue in the small streams and swamps from which all colonizing
fishes came.

Based onmore than 7,500 fish tooth fossils, identified to either family
level and/or major lineage within the cichlid family, our evidence sug-
gests that both radiating and non-radiating lineages co-colonized as
soonasthelakebeganto formandtheradiating taxondid not dominate
the assemblage. However, when the lake became deep and when vast
open-water habitats formed, haplochromine cichlids established in
offshore deep waters and instantaneously dominated the fish assem-
blageinthese new habitats. In contrast, the hitherto numerically domi-
nantcyprinoids and all other taxa tracked the movinglittoral zone but
successively abandoned each site as soon as it transitioned to deep
water and pelagic habitat. This suggests that cichlids and, in particular,
haplochromine cichlids, differed fromall other fish that colonized Lake
Victoria in their exceptionally large ancestral ecological versatility in
relation to habitat. We suggest that the relaxation of selection on traits
associated with habitat utilization (that is, ecological opportunity) and
the subsequent population expansion into new deep and open-water
habitats (that s, ecological release) were crucial for the rapid adaptive
radiation of these fishes. Priority effects associated with the order of
arrival and relative numerical dominance at the origin of the lake cannot
explainwhich lineages radiated and which did not. In the following, we
derive these conclusions in more detail.
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A continuous fish fossil record

Werecovered 7,623 fishtooth fossils from four different coring sites
together spanning the 17 ka refilling history of Lake Victoria after the
late Pleistocene desiccation (Supplementary Table 2 and Supplemen-
tary Fig.1). Atotal 0of 931,1,368, 2,842 and 2,478 fossil teeth were recov-
ered from sieved samples from the coring sites LVC18-S4, LVC18-S1,
LVC18-S2 and LVC18-S3 (hereafter referred toasLV4,LV1,LV2and LV3),
fromthe deepest to the shallowest parts of the lake, respectively (Fig.1
and Supplementary Table 2). The fossil teeth recovered were generally
small, often less than one millimetreinlength, but were usually very well
preserved (Fig.3 and Supplementary Fig. 4). Teeth were presentingood
numbers throughout each of the sediment cores, which permitted the
continuous reconstruction of the fishcommunitiesin eachssite (Fig. 1).
Although other fish remains such as bones and scales were found too,
we present only the fish tooth fossil results here as nearly all teeth can
be morphologically assigned to ataxon with certainty (Fig.3 and Sup-
plementary Fig.4), something thatis not possible with bones or scales.
Generally, we observed high fossil abundance in periods of time where
a site was a productive wetland or littoral zone, followed by adrop in
numbers when the same site became a deep open-lake habitat (Fig. 1).
This expected productivity gradient through time repeats itself as a
gradientin space across the four cores, where cumulative abundance
increases from the offshore to the inshore.

The fish community assembly

The diagnostic characteristics of the tooth fossils indicated that
we recovered representatives of five fish families (Fig. 1): Bagridae,
Clariidae, Mochokidae, Cyprinoideaand Cichlidae with haplochromine
and oreochromine cichlids diagnosably distinct, which matched the
dominant elements of the modern fish community in the lake (Supple-
mentary Table 2). Asmall proportion of fish teeth (7.33%, n = 562) could
notbe assigned to any taxon. Bagrid, clariid and mochokid catfishmade
up 0.12%, 0.13% and 0.24% of the total number of fossil teeth, respectively
(Supplementary Table 2). The overall percentage of cyprinoid fossilsin
the assemblage was 4.53% across the four sites, whereas the entire cichlid
family comprised greater than 80% of the assemblage at each site. Across
all four sites, the haplochromine cichlids contributed 82.8% (the radi-
ated cichlid lineage) and oreochromine cichlids 4.9% (the non-radiated
cichlid lineage) of all the fish fossils found (Supplementary Table 2). This
overall composition of these six lineages closely resembles the relative
abundance of taxa in contemporary Lake Victoria'. However, relative
abundances were very differentin the first few thousand years of the
lake’s history. The continuous fossil record demonstrates that hap-
lochromine cichlid fishes, albeit always present in all sites throughout
thelake’s history, did not come to dominate the assemblage until several
thousandyearsintoits history. Infact, cyprinoid fish dominated when
thelake first beganto filland for several thousand years afterwards. All
other taxawere also present at the origin of the lake but declined later,
often below the detection threshold (Fig.1).

Habitat transitions and community turnover

The Lake Victoriabasinis estimated to be approximately 400,000 years
oldwithahistory of drying and refilling, with the last event of complete
desiccationin the Last Glacial Maximum (approximately 19-26.5 ka)'**°
and it started re-wettening about approximately 17 ka (ref. 17). The
deepest point of the lake is 68 m and our deepest core LV4 isat 63 m. Qur
deepest core reveals subaerial exposed deposits or palaeo-Vertisols,
possibly withlocal episodic wetlands, which suggests very dry condi-
tions from at least 20 ka and ending by 16.2 ka at the latest. At about
16 ka, shallow water and wetland conditions established, character-
ized by abundant Typha pollen, which suggests in situ Typha growth
(greater than 5%), and this condition lasted for approximately 2,000
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Fig.1| TheLake Victoriafish assemblage since the birth of the modernlake
reconstructed fromsedimentary deposition of tooth fossilsinanonshore-
offshore coringtransect. Thebarsrepresent the relative abundances of fish
of allmajor taxa derived from fossil influx (fossil concentration/sediment
accumulationrates) and are corrected for variationin the average number of
teethamong the taxa. The solid orange lines are statistically significant
multivariate change points detected across all taxa using the E-divisive

years until about 14,000 BP (ref. 17). The topography of Lake Victoria
is well characterized and is essentially saucer shaped®’. From when
LV4 began to beinundated, we found continuous traces of fish fossils
from the sediment cores and this allowed us to identify major shifts
through time in the taxon composition of the Lake Victoria fish com-
munity, statistically supported by change point detection analysis®.
Weidentified several distinct phases between the change points which
we assigned to major habitat and ecosystem stages. Within each site,
we compared the abundance of each fish taxon between these stages
andinferred the direction of change between the stages using t-tests.
Tobe able to convert fossil tooth counts into the relative abundances
of fish of the different taxa, we accessed published information and our
own computerized tomography scans from preserved fish to obtain
information on the number of teeth that typical representatives of
each major taxon have (Methods). Four major fish habitat zones are
recognizedinthe modern Lake Victoria: wetlands at the edge of the lake
(dominated by emergent hydrophytes, commonly Cyperus papyrus);
littoral (less than 6 m water depth); sublittoral (6-20 m water depth);
and deep waters (greater than 20 m water depth)??,

Palynological and palaeolimnological data for our most offshore
site, LV4 (63 m water depth), the first site to be inundated at the onset
of the modern lake, suggests that the site was situated in a wetland
with low water levels from approximately 16.6 ka until approximately
13.5 ka (ref.17). An abundance of pollen of semi-aquatic macrophytes
and hydrophytes (for example, Typha and Cyperus) suggests awetland
interspersed with shallow ponds and low water tables until approxi-
mately 13.5 ka (ref. 17). Six fish groups are found (Fig. 1): Cyprinoidea
was clearly the most abundant group, followed by haplochromine and
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Littoral/
sublittoral

Wetland fish
community

Deep open Not recovered

lake

method?’. Theletters (A-D) denote different major phases or habitat stages
bounded by change points and shared between the sites. Here, A (green shade)
represents the wetland fish community phase, B (dark blue) represents the
littoral/sublittoral phase, and C and D (light blue) indicate the deep open-lake
phasesthat differin productivity. The grey shading represents depth not cored
and the white spacesinLV3areintervals not screened for fossils (no data).

oreochromine cichlids, and, finally, mochokid, bagrid and clariid cat-
fishes (Fig.1). This composition resembles that of modern wetlands and
shallow lakes across much of eastern and central Africa>%. We refer
to this wetland stage, as defined by the fish community, as phase A.
By approximately 13 ka Typha pollen disappeared and rainforest trees
began to spread”, which suggests an increase in the precipitation/
evaporation ratio and site 4 now being distant from wetlands. Because
acorresponding change in the pollen records, with the disappearance
of Typha, was observed simultaneously insite LV2 (ref. 17) whichis40 m
shallower than LV4 (LV1is too short to document this transition), we
interpreted it as the signal of our coring sites transitioning to offshore
habitatin a deeper lake.

Arecent attempt at reconstructing lake levels suggested that LV4
became adeep open-lake habitat just before the change in pollen com-
position®. Around the point in time when the pollen record suggests
atransition from a wetland to an offshore lake site for LV4, many fish
taxa declined to somewhat lower abundance in the sediment record,
including the previously numerous cyprinoids. This change is statisti-
cally corroborated by the detection of a first multivariate change point
atapproximately13.5 ka (Fig. 1) associated with asignificant decrease
in cyprinoids but not haplochromine cichlids (Fig. 2). Subsequently,
the catfish disappear from the record and the community is composed
only of cichlids and cyprinoids. We interpret this community as reflect-
ingaperiod of lacustrine littoral conditions at the site, which we refer
to as phase B. It lasts from approximately 13.5 ka to approximately
11.9 ka, when we detect another significant change point (Fig. 1). At this
pointin time, most fish taxa declined to below detection level in the
sediment record, including the previously numerous cyprinoids.
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Fig.2|Differenceinrelative fishabundances between change point
delineated habitat phases along the offshore deep (left) toinshore shallow
(right) coring transect. The LV4 site phaseswere A (n=56), B (n=30),C (n=99)
and D (n=70), where nis the number of samples pooled from the change points.
TheLV1site phases were A/B (n=30),C (n=233),D1(n=45)and D2 (n=30).
ThelLV2phaseswere A (n=40),B(n=38),C(n=121),D1(n=30),D2(n=34)and
D3 (n=30). The LV3siteremained throughoutinthelittoral/sublittoral phases
B1(n=30),B2(n=30),B3(n=37)and B4 (n=57). Each plot shows the mean
relative abundances of each major fish taxon for each statistically delineated

However, while cyprinoids and all taxa other than haplochromines
fell below the detection threshold, we consistently recovered hap-
lochromine cichlid teeth from sediments younger than 11.9 ka. This
community then resembled the modern (pre-Nile perch invasion)
community in offshore Lake Victoria, except that it lacks evidence of
the pelagic cyprinoid Rastrineobola that is abundant in modern Lake
Victoria®®. We refer to this deep open-lake community as a phase C
community, defined by the dominance of haplochromines and nearly
complete absence of cyprinoids and catfish.

At the base of our second deepest core, LV1 (37 m water depth), at
approximately 13.8 ka, we detected a short interval with a commu-
nity that resembled the wetland community at the base of LV4 with
cyprinoids and haplochromines and the presence of mochokid, bagrid,
clariid catfish and oreochromine cichlids (Fig.1). Whereas cyprinoids
had numerically dominated between approximately 16.6 kaand approx-
imately13.5 kain LV4, cyprinoids and haplochromines occurin similar
numbers at the base of LV1, resembling phase B in LV4. Hence, site LV1
appears to have been a productive wetland for its first 1 ka (approxi-
mately 14-13 ka), after whichits fish community suggests that the site
transitioned to alake. Just asin LV4, after approximately 13 ka, all taxa
abruptly declined below the detection limit except haplochromine
cichlids, which declined but remained above the detection limit. This
change is reflected by the detection of a multivariate change point at
approximately 11.8 ka, which, however, is placed approximately 1 ka
after the visually detectable community change (Figs.1and 2). For this
reason, we assign the section below the change point to aheterogeneous
phase within which the wetland transitions to shallow lake littoral (A/B).

Ourdatafromcore LV2 (22 mwater depth) tell asimilar story. This core
starts atapproximately 15.5 ka and the first 3,000 years has the charac-
teristics of the wetland community described above: co-dominance by
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habitat phase and vertical linesindicate significant differences between
phasesusing two-sided t-tests. Asterisks indicate the statistical significance
(*P<0.05,**P<0.01,***P< 0.001and ****P < 0.0001) of differences between
phases for each taxon. The centre line of the box plot shows the median, the
red dot shows the standard error mean, the upper box bound is the 75th
percentile and the lower box bound is the 25th percentile. The grey dots show
the observations outside the 25thand 75th percentiles. The lower-end line
whisker shows the minimum observed value and the upper-end line whisker
shows the maximum observed value.

cyprinoids and haplochromines and an abundance of oreochromines as
wellas theregular presence of various catfish. This community persisted
from approximately15.5 ka to approximately 12.6 ka, which iswhere we
detected amultivariate change point (Fig.1) associated with declining
abundances of all taxa (Fig. 2). Subsequently, the catfish disappear from
therecord and the community is composed only of cichlids and cypri-
noids. Weinterpret this community as reflecting a period of lacustrine
littoral conditions at the site, thatis, phase B. It asts from approximately
12.6 ka to approximately 10.4 ka, where we detect another significant
change point (Fig. 1). Thereafter, this site (LV2), like LV4 and LV1, loses all
fishexcept haplochromines and occasional oreochromine cichlids. We
interpretthisasthetransitiontothe deep pelagiclake condition (phaseC)
and it is marked by a significant change point around approximately
10.4 ka (Fig.1). This coincides closely withan abrupt drop in hydrophyte
pollen (Cyperus),anincrease inrainforest tree pollen, anabruptincrease
inthe ratio of rainforest to savanna pollen in LV4 and a similar, albeit
less steep, change in LV2 (ref.17).

Finally, our record for LV3 (13 m water depth), our coring site clos-
est to the shore, starts at approximately 11.5 ka and must have been
situated within the littoral and/or sublittoral zone of Lake Victoria
(phase B) throughout its history. Consistent with this, we found fossil
teethof haplochromine cichlids, oreochromine cichlids and cyprinoids
depositedinthe sediment throughout the record. We observe dynamic
changes in the abundance of all these taxa, as reflected by several sig-
nificant multivariate change points (Fig. 1). The dynamic changes are
also reflected in significant ¢-tests. We conclude that this site has not
had any lasting wetland phase but became first incorporated into the
expanding lake as a littoral zone and remained littoral and/or sublit-
toral throughout the lake’s history. Most notably, the abundances of
cichlids and cyprinoids increase around 6 ka BP.



it

Fig.3|Representativefish teeth fossils from multiple taxaasrecovered
fromthe sediment coresinLake Victoria. a, Cyprinoid pharyngeal tooth
attachedtothejawbone. b, Haplochromine cichlid oraltooth fromaninner
toothrow. ¢, Haplochromine cichlid oral tooth from outer tooth row.

Cichlids’ ecological versatility

Between 13 ka and 12 ka the profundal and pelagic zones (deep and
open-water habitats) emerged as totally new habitats that had no
analogue in the old stream and wetland landscape that would have
constituted fish habitat in the preceding millennia. These new habitats
would have potentially provided the ecological opportunity for all
fish taxa inhabiting the lake at the time. However, the abundance of
allfish except cichlids dropped below the detection threshold as sites
transitioned from awetland and/or shallow lake to the new habitat. This
suggests that although various species of fish successfully established
inshallow water habitats when the modern lake begantofill, of all the
fishinthe ecosystem, only cichlids possessed the ecological versatility
that allowed them to persist in the new deep and offshore environ-
ments. This is consistent with the structure of the modern Lake Victoria
fish community where most groups are confined to the near-shore
littoral and sublittoral zones, whereas haplochromines occurinlarge
numbers and there are many different species in all habitats across
the full depth range and the complete onshore-offshore gradient®®,
Itis also consistent with data that show that riverine haplochromines
recently introduced to a deep crater lake abound there in deep off-
shore habitats®.

Our fossil evidence suggests that theimmediate prevalence of hap-
lochromines in the new environments, as they emerged, cannot be a
result of evolutionary adaptation during the adaptive radiation pro-
cess. If this was the case, we would have expected a period of absence
of haplochromines followed by their return to the new habitat. The
uninterrupted presence of haplochromines, instead, suggests that
their ability to persist in the new habitat was already present at the
beginning. Clearly, haplochromines, and, to alesser extent, oreochro-
mines as well, arrived with large habitat versatility that none of the
other taxa possessed. Cichlid fishes have been suggested to exhibit
unusual ecological versatility with respect to their trophic ecology®**,
habitat utilization and associated breeding ecology® and have highly
versatile feeding apparatus®. They have been shown to occupy a very
wide range of freshwater habitats from little streams and swamps to
large and deep lakes®?* and asingle species can occupy an entire depth
range*. Our fossil datasuggest that haplochromine and oreochromine
cichlids persisted in all of our offshore sites when the sites became
deep offshore lake habitats, whereas other fish groups disappeared
despite them having been numerous at the same sites when they were
shallow habitats. We consider this as evidence of the differential habi-
tat versatility. Although oreochromine cichlids displayed ecological
versatility too, their numbers decreased to near detection limitin our
two most offshore sites, whichis consistent with the modern ecology

500 um

d,e, Haplochromine cichlid pharyngeal teeth. f, Oreochromine cichlid
pharyngeal tooth. g, Oreochromine cichlid oral tooth. h,i, Mochokid catfish
teeth fromthe premaxillatooth pad onthe lower jaw.j, Bagrid catfish tooth.
k, Clariid catfish tooth.

ofthe two native species Oreochromis variabilis and O. esculentus, that
mainly occurred in the near-shore parts of the lake before their near
extirpation®. Water depth and onshore-offshore habitat gradients play
afundamental role in haplochromine speciation®***¥, Therefore, it s
likely that their large ancestral habitat versatility was key to the rapid
emergence of adaptive radiation because it exposed haplochromine
populations very quickly to large ecological contrasts to which they
would subsequently adapt. The fact that only haplochromines radiated
into approximately 500 endemic species, but oreochromines did not,
suggests that, although required, versatility alone was likely to be insuf-
ficient for adaptive radiation. It is possible that its coincidence with
large evolvability, due to the hybrid ancestry® of the haplochromine
lineage, was key for converting asingle ecologically versatile population
into many species with distinct ecological specializations.

Late emergence of pelagic abundance

Inall of our offshore cores, we observe alate Holocene increase in the
abundance of haplochromine cichlids, followed also by a partial return
of cyprinoids in the offshore waters. The multivariate change point
analysis places this changein all sites between approximately 3.8 kaand
approximately 2.3 ka (approximately 3.8 kain LV4, approximately 2.3 ka
inLV1and approximately 2.9 kaLV2 (Fig.1)), but visual inspection of the
data is consistent with quasi-simultaneous changes in all three cores
around 3.5-3.0 ka (Fig. 1). A significant increase of haplochromines
inall three cores was confirmed by t-tests. We refer to this late Holo-
cene pelagic abundance phase as phase D. Intriguingly, demographic
analyses of whole genome sequence data from modern samples of all
haplochromine trophic groups suggest that specialized pelagic plankti-
vores emerged only inthe late Holocene (D. Marques et al., manuscript
in preparation), which would coincide with the significant increase of
haplochromine cichlids in our offshore core sites (Fig. 2). Palynologi-
cal reconstructions revealed that, at approximately 5 ka, the riparian
vegetation changed fromrainforest back to savannah withasignificant
increase in charcoal influxinallthree cores”. These changes in the ter-
restrial vegetation cover mark the end of the African humid period™,
reflect long-term changes in rainfall and wind patterns and may have
led toincreased productivity in the lake. It is noteworthy that, shortly
after cichlidsincreaseinthe offshore cores, cyprinoids reappearinthe
record after they had been below the detection threshold for several
thousandyears.Modern Lake Victoriahas one pelagic zooplanktivorous
cyprinoid species, Rastrineobola argentea. We hypothesize that our
fossils represent this species and that its pelagic habits may have
emerged around this time, which is something we hope to address
withaDNA in the future.
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Conclusions

Our study unravels theinteraction and relative importance of key facili-
tators of adaptive radiation at the onset of a large adaptive radiation.
Since haplochromines diversified into hundreds of endemic species
invery little time, whereas none of the other lineages did, one might
have expected haplochromines to have arrived before the others or to
have acquired dominance through abundance before the others. Our
evidence suggests that neither of these were the case. We show that
when the most offshore coring location became inundated (approxi-
mately 17 ka), the fish community immediately resembled modern
assemblages of wetlands and riversin the regionin astonishing detail,
with an abundance of cyprinoids, haplochromine and oreochromine
cichlids and several catfish taxa. This may seem surprising at first,
but is not so on closer inspection. Large lakes with endemic species
radiations are often likened to offshore islands in the sea. However,
contrary to the latter, most large lakes do not start out as geographi-
cally isolated from the source region from where they get colonized
(thatis, the mainlandin the case of oceanicislands). Infact, large lakes
form in the midst of the ‘mainland’, which is the river network in the
case of freshwater fish. Hence, we should expect many different river
fishlineages to colonize newly forming lakes synchronously. This also
means that thereislittle opportunity for priority effects to determine
which colonist lineage radiates, and this factor should play less of arole
than for radiations on ocean islands. In turn, lineage-specific effects
should be more important to explain which lineage radiates in lakes.

The duration of the wetland fish assemblage in Lake Victoria’s history
closely coincides with a dominance of wetland and savannah vegeta-
tionaround the lake, based on pollen records” and it is lost as soon as
the vegetation indicates the emergence of a deep lake. The ability of
haplochromine cichlids to fully occupy the new habitats associated with
the development of deep lacustrine conditions set them apart fromall
other colonizing fishes. We propose that this ecological versatility in
the new deep open-water habitat has played adecisive rolein the diver-
sification process and led to the subsequent ecological dominance of
haplochromines. We suggest that the coincidence of ecological oppor-
tunity with ecological versatility combined with hybrid ancestry*® was
paramount to setting the stage for the massive and explosive adaptive
radiation that occurredin Lake Victoria. Without both opportunity and
versatility, the hybrid ancestry of the lineage would have been unlikely
tolead to massive diversification®. Opportunity and versatility, in turn,
would have been unlikely to convert the versatile population into an
exceptional radiation, which required large evolvability and hence large
genetic variation®. Our findings add to understanding the interactions
between environmental and lineage-specific factors at the onset of
animal adaptive radiations. We suggest that adaptive radiations may
be triggered by the coincidence of ecological opportunity with the
intrinsic lineage traits of versatility and evolvability.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-06603-6.

1. Stroud, J. T. & Losos, J. B. Ecological opportunity and adaptive radiation. Annu. Rev. Ecol.
Evol. Syst. 47, 507-532 (2016).

2. Muschick, M. et al. Arrival order and release from competition does not explain why
haplochromine cichlids radiated in Lake Victoria. Proc. R. Soc. B 285, 20180462 (2018).

3. Seehausen, O. African cichlid fish: a model system in adaptive radiation research. Proc. R.
Soc. B 273, 1987-1998 (2006).

4. Schluter, D. The Ecology of Adaptive Radiation (Oxford Univ. Press, 2000).

5. Wagner, C. E., Harmon, L. J. & Seehausen, O. Ecological opportunity and sexual selection
together predict adaptive radiation. Nature 487, 366-369 (2012).

6. Yoder, J. B. et al. Ecological opportunity and the origin of adaptive radiations. J. Evol. Biol.
23, 1581-1596 (2010).

320 | Nature | Vol 622 | 12 October 2023

7. Simpson, G. G. The Major Features of Evolution (Columbia Univ. Press, 1953).

8.  Brown, J. H. On the relationship between abundance and distribution of species. Am. Nat.
124, 255-279 (1984).

9.  Silvestro, D., Zizka, G. & Schulte, K. Disentangling the effects of key innovations on the
diversification of Bromelioideae (bromeliaceae). Evolution 68, 163-175 (2014).

10. Berkstrém, C., Jones, G. P., McCormick, M. I. & Srinivasan, M. Ecological versatility and its
importance for the distribution and abundance of coral reef wrasses. Mar. Ecol. Prog. Ser.
461,151-163 (2012).

1. Muschick, M., Barluenga, M., Salzburger, W. & Meyer, A. Adaptive phenotypic plasticity in
the Midas cichlid fish pharyngeal jaw and its relevance in adaptive radiation. BMC Evol.
Biol. 11,116 (2011).

12. De Meester, L., Vanoverbeke, J., Kilsdonk, L. J. & Urban, M. C. Evolving perspectives on
monopolization and priority effects. Trends Ecol. Evol. 31,136-146 (2016).

13.  Waters, J. M., Fraser, C. |. & Hewitt, G. M. Founder takes all: density-dependent processes
structure biodiversity. Trends Ecol. Evol. 28, 78-85 (2013).

14. Fukami, T., Beaumont, H. J. E., Zhang, X.-X. & Rainey, P. B. Immigration history controls
diversification in experimental adaptive radiation. Nature 446, 436-439 (2007).

15.  Meier, J. I et al. Ancient hybridization fuels rapid cichlid fish adaptive radiations.

Nat. Commun. 8, 14363 (2017).

16.  McGee, M. D. et al. The ecological and genomic basis of explosive adaptive radiation.
Nature 586, 75-79 (2020).

17.  Temoltzin-Loranca, Y. et al. A chronologically reliable record of 17,000 years of biomass
burning in the Lake Victoria area. Quat. Sci. Rev. 301, 107915 (2023).

18. Balirwa, J. S. et al. Biodiversity and fishery sustainability in the Lake Victoria basin: an
unexpected marriage? Bioscience 53, 703-715 (2003).

19. Tryon, C. A. et al. The Pleistocene prehistory of the Lake Victoria basin. Quat. Int. 404,
100-114 (2016).

20. Johnson, T. C. et al. Late Pleistocene desiccation of Lake Victoria and rapid evolution of
cichlid fishes. Science 273,1091-1093 (1996).

21.  Wienhues, G. et al. Refined paleohydrological variability of Lake Victoria during the last
glacial maximum and deglacial transition 20-10 ka. J. Great Lakes Res. (in the press).

22. James, N. A. & Matteson, D. S. ecp: an R package for nonparametric multiple change
point analysis of multivariate data. Preprint at https://arxiv.org/abs/1309.3295 (2013).

23. Greenwood, P. H. The Cichlid Fishes of Lake Victoria, East Africa: The Biology and
Evolution of a Species Flock Bulletin of the British Museum (Natural History) Zoology
Suppl. 6 (William Rudolf Sabbott, 1974).

24. Witte, F. et al. Differential decline and recovery of haplochromine trophic groups in the
Mwanza Gulf of Lake Victoria. Aquat. Ecosyst. Health Manag. 10, 416-433 (2007).

25. Lowe-McConnell, R. H. Ecological Studies in Tropical Fish Communities (Cambridge Univ.
Press, 1987).

26. Njaya, F. et al. The natural history and fisheries ecology of Lake Chilwa, southern Malawi.
J. Great Lakes Res. 37, 15-25 (2011).

27. Peel,R. A, Hill, J. M., Taylor, G. C., Tweddle, D. & Weyl, O. L. F. Species succession and the
development of a lacustrine fish community in an ephemeral lake. J. Fish Biol. 95,
855-869 (2019).

28. Kudhongania, A. W. & Cordone, A. J. Batho-spatial distribution pattern and biomass estimate
of the major demersal fishes in Lake Victoria. Afr. J. Trop. Hydrobiol. Fish. 3,15-31(1974).

29. Moser, F. N. et al. The onset of ecological diversification 50 years after colonization of a
crater lake by haplochromine cichlid fishes. Proc. Royal Soc. B. 285, 20180171 (2018).

30. Liem, K. F. Modulatory multiplicity in the functional repertoire of the feeding mechanism
in cichlid fishes. I. Piscivores. J. Morphol. 158, 323-360 (1978).

31. Liem, K. F. & Osse, J. W. M. Biological versatility, evolution, and food resource exploitation
in African cichlid fishes. Am. Zool. 15, 427-454 (1975).

32. Bouton, N., Seehausen, O. & Van Alphen, J. J. M. Resource partitioning among rock-dwelling
haplochromines (Pisces: Cichlidae) from Lake Victoria. Ecol. Freshw. Fish 6, 225-240 (1997).

33. Fryer, G. &lles, T. D. The Cichlid Fishes of the Great Lakes of Africa: Their Biology and
Evolution (Oliver and Boyd, 1972).

34. Malinsky, M. et al. Genomic islands of speciation separate cichlid ecomorphs in an East
African crater lake. Science 350, 1493-1498 (2015).

35. Trewavas, E. Tilapiine Fishes of the Genera Sarotherodon, Oreochromis and Danakilia
(British Museum (Natural History), 1983).

36. Seehausen, O. et al. Speciation through sensory drive in cichlid fish. Nature 455,
620-626 (2008).

37. Seehausen, O. Process and pattern in cichlid radiations-inferences for understanding
unusually high rates of evolutionary diversification. New Phytol. 207, 304-312 (2015).

38. Beuning, K.R. M., Talbot, M. R. & Kelts, K. A revised 30,000-year paleoclimatic and
paleohydrologic history of Lake Albert, East Africa. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 136, 259-279 (1997).

39. Meier, J. . et al. The coincidence of ecological opportunity with hybridization explains
rapid adaptive radiation in Lake Mweru cichlid fishes. Nat. Commun. 10, 5391 (2019).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

™ 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023


https://doi.org/10.1038/s41586-023-06603-6
https://arxiv.org/abs/1309.3295
http://creativecommons.org/licenses/by/4.0/

Methods

Sediment coring and processing

The sediment cores were collected in 2018 from four sites; LVC18-S1
(located at 1° 6,914’ S, 33° 55,146’ E), LVC18-S2 (located at 1° 7,850’ S,
33°56,780’E), LVC18-S3 (located at 1° 6,914’ S, 33° 55,146’ E) and
LVC18-S4 (located at1° 2,966’ S, 33° 47,768’ E). The sites will hereafter
bereferred to as LV1, LV2, LV3 and LV4, respectively. The cores were
collected along a transect of increasing water depths (LV3 at 13 m,
LV2at22 m,LV1at37 mandLV4 at 63 m) and distance from shore (LV3
at2km, LV2 at 6 km, LV1at 9 km and LV4 at 30 km from the shore) in
the Shirati Bay area of Lake Victoria (Fig.1and Supplementary Fig. 1).
This design allowed us to track the productive and most biodiverse
littoral zone through time in addition to studying the transition from
wetland through the shallow-lake to the deep-lake habitat within sites.
Thelittoral zone would have kept shifting as the lake was refilling and
hence studying changes in biodiversity through time in this habitat
required coring at multiple localities from offshore to inshore. Cores
were taken using an UWITEC platform with metal floats, which was
transported to the sites by TAFIRI's RV Lake Victoria Explorer and posi-
tioned using four large steel anchors. A Niederreiter-type piston-corer
with a3 mdrive length, 60 mm liner diameter, motorized hammer
and hydraulic core catcher was suspended from the platform. Paral-
lel holes with contiguous drives were cored in sites LV1, LV2 and LV3
and a series of overlapping drives from adjacent holes were used in
LV4. Cores were cut into approximately 1-m-long sections, which were
sealed and labelled and kept cool during transport and storage. The
coreswere subsampled contiguously at 2 cmintervals and the samples
were then wet sieved through stacked 200 pm and 100 pm mesh-size
sieves toretain fishbones, scales and teeth. A ZEISS stereo-microscope
Stemi 508 at x10 magnification (Carl Zeiss) was used to screen and
sort subsamples for fossils. The recovered fossils were individually
photographed and a detailed record with images and notes was cre-
ated. Fossils were then visually analysed and compared with the litera-
ture and our reference collection to assign each fossil to a taxonomic
group. The sediment volume and accumulation rates were adopted
fromref. 17.

Thereference collection

A digital photograph catalogue of modern tooth specimens of Lake
Victoria fishes was created as a reference collection. The collection
comprises 44 speciesrepresenting seven families that form the modern
assemblage in Lake Victoria (Supplementary Table 1). Additionally,
published descriptions of teeth together with images and drawings
were consulted?*34043,

Therelative taxon abundance

Therelative abundance of each taxon was calculated for each sampling
interval using the average of the typical number of teeth a fish has in
each taxon based on published tooth counts of representative spe-
cies of each major taxon and our reference collection. For example,
Astatotilapia nubila, the ancestral type haplochromine cichlid that
occupies the wetlands around Lake Victoria**, has between 138 and
147 teeth in the oral and pharyngeal jaws combined®. The oreochro-
mine cichlids have between 60 and 1,000 teeth in the oral and phar-
yngeal jaws combined®*¢. Cyprinoid fish lack teeth in the oral jaws
and have only 11-15 teeth in the lower pharyngeal jaws and no teeth
in the upper pharyngeal jaws**%, For catfish families, Mochokidae
have 6-11 teeth*’, Bagridae have about 50 teeth* and Clariidae have
about 20 teeth®. The implication from the neontological data is that
itistwiceaslikely to recover atooth fromanindividual oreochromine
thanfromanindividual haplochromine, ten times less likely to recover
atooth from an individual cyprinoid and mochokid and five times
less likely to recover a tooth from an individual clariid catfish than
from a haplochromine. The fish fossil influx was obtained from fossil

concentration per area per year (the concentration of fossils/area per
year) (Supplementary Fig. 3) and we observed an even depositing of fish
teeth, whichsuggests that multiple teeth were unlikely to stem fromthe
same individual.

Statistical analysis. For detecting significant distributional changes
through time in the composition and abundance of taxa, we used the
multivariate change points detection E-divisive method from the ecp
R package v.3.1.3 (ref. 22). The method detects significant changes in
mean and variance using the hierarchical divisive estimation algorithm
of atime series. Initially, all the observations were included in asingle
cluster. Then, at each step, the algorithm split the datainto hierarchal
homogeneous clusters. Our dataset was analysed and visualized using
Rstudio v.4.3.1 (ref. 51) with packages rstatix v.0.7.2, ggplot2 v.3.4.2,
tidypaleov.0.1.3, patchwork1.1.2, scales v.1.2.1, ggtext v.0.1.2 and dplyr
v.1.1.2. We created the box plots to summarize each taxon’s mean rela-
tive abundance for each habitat phase. A two-sided t-test was computed
toinfer significant differences between phases.

Sediment geochronology, vegetation and lake level dynamics
The lake level changes were inferred from ref. 21 and the chronology
and age models were based onref. 17. The chronology was based on a
total of 93 samples of terrestrial macrofossils that were radiocarbon
dated using the MICADAS accelerator mass spectrometry system at
the Laboratory for the Analysis of Radiocarbon with AMS at the Univer-
sity of Bern®2. The terrestrial macrofossil ages were used to construct
threeindependent models with 95% (20) probabilities using rbacon® in
Rsoftware and the IntCal20 calibration curve®*. The biostratigraphy of
eachsite was used to cross check the resulting ages”. The age model for
LV3 was based on**C dates from a total of 26 samples (23 of charcoal,
3 bulk sediment) following the same approach asinref. 17.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Astatotilapia nubila, Enterochromis paropius, Gaurochromis hiatus, Haplochromis purple yellow, Harpagochromis cf. serranus,
Labrochromis stone, Lipochromis melanopterus, Lithochromis sp. (scraper pseudonigricans), Lithochromis sp. yellow chin
pseudonigricans, Mbipia lutea, Mbipia mbipi, Neochromis gigas, Neochromis omniceruleus, Neochromis rufocaudalis, Neochromis
sp. (uniscupid scraper), Paralabidochromis chilotes, Paralabidochromis cyaneus, Paralabidochromis flavus, Paralabidochromis sp.
rockkribensis, Paralabidochromis sp. (short snout scraper), Platytaeniodus degeni, Psammochromis riponianus, Ptyochromis sauvagei
or P. fisheri, Ptyochromis xenognathus, Pundamilia macrocephala, Pundamilia nyererei, Pundamilia pundamilia, Pundamilia sp. (pink
anal), Yssichromis laparogramma, Yssichromis pyrrhocephalus), Clariidae (Clarias sp.), Cypriniformes (Rastrineobola argentea, Labeo
victorianus, Enteromius sp.), Latidae (Lates niloticus), Mochokidae (Synodontis victoriae), Mastacembelidae (Mastacembelus
frenatus), and Oreochromini (Oreochromis variabilis, Oreochromis esculentus, Oreochromis niloticus, and Oreochromis leucosticus).
And the sediment core dates and volumes are from

Temoltzin-Loranca et al. 2023.

The sediment cores were collected in 2018 from four sites; LVC18-S1 (located at 01°06,914’ S, 33°55,146’ E), LVC18-S2 (located at
01°07,850' S, 33°56,780 E), LVC18-S3 (located at 01°06,914" S, 33°55,146’ E) and LVC18-S4 (located at 01°02,966’ S, 33°47,768’ E).
We refer to the sites as LV1, LV2, LV3 and LV4, respectively. The cores were collected along a transect of increasing water depths
(LV3at 13 m, LV2 at 22 m, LV1 at 37 m, LV4 at 63 m) and distance from shore (LV3 at 2 km, LV2 at 6 km, LV1 at 9 km, LV4 at 30 km
from the shore) in the Shirati Bay area of Lake Victoria.

The sediment cores were taken by a team led by Moritz Muschick, Mary Kishe and Salome Mwaiko, using an UWITEC platform with
metal floats, which was transported to the sites by TAFIRI's RV Lake Victoria Explorer and positioned using four large steel anchors. A
Niederreiter-type piston-corer with a 3m drive length, 60mm liner diameter, motorized hammer and hydraulic core catcher was
suspended from the platform. Parallel holes with contiguous drives were cored in sites LV1, LV2 and LV3, and a series of overlapping
drives from adjacent holes in LV4. Cores were cut into ~1m long sections, which were sealed and labelled and kept cool during
transport and storage. Yunuen Temoltzin-Loranca sub-sampled the cores contiguously at 2 cm intervals, and the samples were then
wet-sieved through stacked 200 um and 100um mesh-size sieves to retain fish bones, scales and teeth. Nare Ngoepe screened the
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samples with ZEISS stereo-microscope Stemi 508 at 10x magnification (Carl Zeiss, Heidelberg, Germany) sorted the subsamples for
fossils. The recovered fossils were individually photographed and a detailed record with images and notes was created. Fossils were
then visually analyzed and compared with literature and our reference collection to assign each fossil to a taxonomic group.

The sediments cores were collected from 10.10.2018 to 31.10.2018. The sub-sampling, fossil screening, fossil sorting and taxa
assignments were continuous from June 2019 to December 2022.

Fossil bones and scales were excluded as they cannot be morphologically assigned to a taxon, that information we could only obtain
from fish teeth fossils.

All the calculations on our data can be reproduced. The study design is also reproduceable and we provided a detailed reference
images of teeth that can also be used.

We had digital photograph catalogue of modern tooth specimens of Lake Victoria fishes that we used as a reference to assign to
different taxa. The collection comprised 40 species representing seven families that form the modern assemblage in Lake Victoria.

We also used published descriptions of teeth together with images and drawings to assign the fossil data into taxa.

No data blinding was performed, all the fish taxon had unique teeth morphologies.

Did the study involve field work? |X| Yes D No

Field work, collection and transport

Field conditions

Location

Core collection was undertaken in October 2018 on the central western shore of Lake Victoria at the locations given below. Calm
winds in the early morning hours allowed coring from an anchored platform in both shallow and deep waters. The joint expedition of
the University of Bern and the Tanzania Fisheries Research Institute (TAFIRI) was carried out using the modular UWITEC coring
platform of the Institute of Plant Sciences of the University of Bern and TAFIRI’s research vessel Lake Victoria Explorer.

Tanzania, Lake Victoria, Shirati Bay, Four sites; LVC18-S1 (located at 01°06,914’ S, 33°55,146’ E), LVC18-S2 (located at 01°07,850’ S,
33°56,780" E), LVC18-S3 (located at 01°06,914" S, 33°55,146" E) and LVC18-54 (located at 01°02,966’ S, 33°47,768’ E).
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Access & import/export Coring was undertaken with permission of COSTECH under research permit No. 2018-237-NA-2018-57. The coring platform and
ancillary research equipment was temporarily imported and samples exported with permission of the Ministry of Livestock and
Fisheries, United Republic of Tanzania.

Disturbance Assembly, transport and positioning of the platform, and coring of 73.8 m (total) of sediment cores caused only very localised
disturbance to the sediment surface. No tracer fluids were used.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

XXNXXNXNX s
OOoOoooogd

Dual use research of concern

X Plants
Antibodies

Antibodies used NA

Validation NA

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) NA
Authentication NA
Mycoplasma contamination NA

Commonly misidentified lines  na
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance NA
Specimen deposition NA
Dating methods NA
|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals NA




Wild animals NA
Reporting on sex NA
Field-collected samples  NA

Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NA
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Study protocol NA
Data collection NA
Outcomes NA

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[ ] Public health

[] National security
|:| Crops and/or livestock
|:| Ecosystems

XX XX X &

|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

<
™
%}

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

XXX XX XXX &
gupodoogo

Any other potentially harmful combination of experiments and agents

Plants

Seed stocks NA
Novel plant genotypes  NA

Authentication NA




ChlP-seq

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links NA
May remain private before publication.

Files in database submission NA
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Genome browser session NA
(e.g. UCSC)

Methodology
Replicates NA
Sequencing depth NA
Antibodies NA

Peak calling parameters NA
Data quality NA

Software NA

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation NA
Instrument NA
Software NA
Cell population abundance NA
Gating strategy NA

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type NA
Design specifications NA

Behavioral performance measures ~ NA




Acquisition

Imaging type(s) NA
Field strength NA
Sequence & imaging parameters NA
Area of acquisition NA
Diffusion MRI [ ] used [ ] Not used

Preprocessing

Preprocessing software NA
Normalization NA
Normalization template NA
Noise and artifact removal NA
Volume censoring NA

Statistical modeling & inference

Model type and settings NA
Effect(s) tested NA

Specify type of analysis: [ | whole brain || ROI-based
Statistic type for inference NA

(See Eklund et al. 2016)
Correction NA

Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

|:| Graph analysis

|:| Multivariate modeling or predictive analysis
Functional and/or effective connectivity NA
Graph analysis NA

Multivariate modeling and predictive analysis  NA

|:| Both
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