10
11
12
13
14
15
16
17
18
19
20
21
22

MISS EMMA SKYE LEHMBERG (Orcid ID : 000@002-6400-4276)

DR. DEVIN BLOOM (Orcid ID : 00060002-5799-5796)

Article type® : Research Paper

Original Article: Fish biogeography in the "Lost World" of the Guiana Shield:
Phylogeography of the weakly elctric knifefish Gymnotus carapo (Teleostei: Gymnotidae)

Emma-S=kehmbetd ¥, Ahmed A. Elbassiourly Devin D. Blooni' *Hernan Lépez-Fernandez
® William.G!R. Cramptoh and Nathan R. Lovejdy"

! Department of Biological Sciences, UniversityTofonto Scarborough, Toronto, ON, M1C 1A4,

Canada

’Department of Ecology and Evolutionary Biology, University of Toronto, Toronto, ON, M5S 3B2,

Canada

3Department of Cell and Systems Biology, University of Toronto, Toronto, ON, M5S 3GS5,
Canada

This is the author manuscript accepted for publication and has undergone full peer review
but has not been through the copyediting, typesetting, pagination and proofreading process,
which may lead to differences between this version and the Version of Record. Please cite

this article as doi: 10.1111/jbi.13177

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/jbi.13177�
https://doi.org/10.1111/jbi.13177�

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

“Department of Biological Sciences, Western Michigan University, 1903 W. Michiganie
Kalamazoo, MI, 49008-5410, USA

®|nstitute.of the Environment and Sustainability, Western Michigan University

® Department of Natural History, Royal Ontario Museum, 100 Queen’s Park, Toronto, ON, M5S
2C6, Canada

"Department of Biology, University of Central Florida, 4000 Central Florida Boulevartir@o,
FL, 32816+2368, USA

8Current address: Department of Biology, Lakehead University, 955 Oliver Road, Thunder Bay,
ON, P/B.5E1, Canada

Correspondence: Emma Lehmberg, Department of Biology, Lakehead University, 955 Oliver
Road;“thunder Bay, ON, P7B 5E1, Canada; email: elehmber@lakeheadu.ca

Running head: Biogeography of a Guiana Shield electric fish

Word Count: 6216

This article is protected by copyright. All rights reserved



43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

ABSTRACT

Aim

The Guiana Shield region exhibits extraordinary topography that includes shetep fked-
mountains (tepuis) atop an upland platform. Rivers of the eastern Pakaraima malesesms to
Atlantic coastal lowlands, often traversing spectacular rapids and waterfalls. For fish species
distributed.in both uplands and lowlands, it is unclear whether these rapids and \sgisraht
population or biogeographic boundaries. We sought to test this using the geographically
widespread-bandeelectric knifdish (Gymnotus carapoas a model.

Location

The GuianalShield region of South America.

Methods

We sampled 6@Gymnotus carapspecimens from the Guiana Shield region, an® 7&arapo

and closely related species from other parts of South America. We sequencedd¢hemdital
cytochromeb gene and an intron from the nuclear S7 ribosomal protein gene, and used maximum
likelihood and Bayesian tree-building approaches to generate phylogenetic trees of haplotype
Results

Haplotypessharing is minimal between populations separated by elevationakb&viegound
evidenee for two main haplotype clades in the Guiana Shield: one distributedriticAttzastal
regionssthat includes most lowland samples, and one inland that includes most upialied.sa
Inland Guana samples are more closely related to samples from the Amazon basin than to those
of Atlantic coastal regions. A single sample from Tafelberg tepui in Suriname was most closely
relatedothe Atlantic coastal lineages.

Main conglusion

Riverine barriershat result from steep elevation gradients in the Guiana Shield inhibit gene flow
between uplands and lowlands, even for a widely distributed species. Biogeograpbitsta|zg

of Guiana Shields. carapoare complex, with most upland lineages showinmpidiffs to the

Amazaon basin, rather than to nearby lowland drainages of the Atlantic coast.

Keywords

Guiana'ShieldGymotus carapoPakaraima Mountains; phylogeography; South America;

Tafelberg; tepui
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73 INTRODUCTION

74 The Guiana Shield region of nordfastern South America is famous for its

75 striking topography. In particular, the Pakaraima Mountains of Guyana, Brazil, and

76 Venezuela are extraordinary sheated tabletop mountains (tepuis) rising above an

77 upland platform, which itself is elevated above the lowta(McConnell, 1968; Lujan &

78 Armbruster, 2011; Rull, 2005). These mountains are exceedingly remote, and this region

79 has been referred to as a “Lost World" for this reason (e.g.eKak 2016). The

80 hydrogeography of this region is complex— upland mnegjiare drained to the west and

81 north by'the,Rio Orinoco, to the south by the Rio Amazonas via the Rio Branco and Rio

82 Negro, andin the east by the Mazaruni and Essequibo drainages (Lujan and Armbruster,

83 2011). Rivers originating in the Pakaraima Mountains descend by as much as 1000 m,

84 often viasspectacular waterfalls and rapids, before reaching the Atlantic coastal plain.

85 The-uplands and highlands of the Guiana Shield exhibit remarkable biological

86 endemism across taxonomic groups, including vascular plants (Berry & Riina, 2005),

87 birds (Zyskowsket al, 2011), herpetofauna (McDiarmid & Donnelly, 2005), and

88 mammals (Vosst al, 2013). Although sampling of fishes is generally sparse at higher

89 altitudes.ofithe Guiana Shield, surveys of the upper Mazarunigyet Potaro rivers

90 also indicate endemicity and biogeographic isolation. Adofs. (2014) estimated fish

91 species‘endemicity in the upper Mazaruni, which is isolated from the lowland oburse

92 the river by a series of rapids and waterfalls, to be betwée95%. The upper

93 Mazaruni also hosts multiple endemic genera (in the families Cichlidae, Loricariidae,

94 Crenuchidag, and Lebiasinidae) suggesting a long period of isolation éAlmif22014).

95 The upperPotaro, which is isolated by the Kaieteur Faiistains the endemic

96 Lithogenes.villosysa "relict" catfish species whose morphology is so distinct that its

97 family=level'phylogenetic placement has been subject to debate (Armbruster, 2004;

98 Schaefer & Provenzano, 2008; Lujeinal 2015). Hardmaet al (2002) provided strong

99 evidence that fish species distributions in the upper Potaro are affected by a series of
100 rapids and waterfalls.
101 In many cases, the isolation imposed by Guiana Shield elevation changes and
102 associated waterfalls and cataracts hagdurfish species distributions, and resulted in
103 endemism across a range of taxonomic levels. However, for other species, these barriers

104 appear to be surmountable. For example, the banded electric kn@gfismotus carapo
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L. is distributed in both uplands of the Pakaraima mountains and nearby lowlands
(Hardmaret al, 2002; Albert & Crampton, 2003kymnotus carapca member of the
electric knifefish clade Gymnotiformes, is the most widely distributed species in its
genus, occurring in the Amazon, OrinoGuianas, and northeast Atlantic Brazilian
drainages, as well as on Trinidad (Albert & Crampton, 20B88innotus carapbas been
collected.from Guianas coastal lowland rivers including the Demerara, Berbice,
Commewijne, and Suriname rivers, as well as fugoiand Guiana Shield localities in the
upper Mazaruni and upper Potaro drainages. Ase@arapowas recently collected near
the summitof Tafelberg, an isolated tepui in Suriname that has elevations rainging f
500 to/1000m (Fig. 1). Because of its wide distribution in the Guianas, and its presence in
both upland,and lowland riverS, carapois an interesting model for studying

biogeographic relationships, genetic connectivity, and dispersal pathways &gibis r

Here; we present a biogeographic analysis that focus@gmnotus carapfrom
uplands (defined as elevations > 300 m a.s.l.) and lowlands (elevations < 300 m a.s.l.) of
the northeastern Guiana Shield region (hereafter Guianas), with three main objectives.
First, we wanted to determine viher samples from upland and lowlands are genetically
differentiated. Do the waterfalls and rapids that separate uplands and lowdgmesent
a barrier tdGymnotus carapd Second, we investigated biogeographic relationships
among upland and lowland Guas lineages, in relation to samples from other parts of
South America. Are individuals from uplands most closely related to indivichoabs f
nearby lowland river basins? Alternatively, uplands lineages from different rivers might
form monophyletic groups, indicating biogeographic connectivity among upland sections
of different.river drainages. Finally, we sought to determine the phylogenéatityadi
the isolated. Tafelberg tepui samphavould it be most closely related to upland
populations‘of the Pakaraimas, or to geographically proximate lowland populati®ns of
carapd? To address these questions, we analyzed sequence data from a mitochondrial
coding geng, (cytochrom® and a nuclear intron (S7) from individuals representing both
upland and lowland paations in the Guianas, as well as other regions of the species

range in South America.
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135 MATERIALS AND METHODS

136 Study Region and Taxon Sampling

137 To explore the relationships Gymnotusarapoin the Guianas region, we examined 60

138 samples obtained from upland (> 300 m a.s.l.) and lowland localities (< 300 m a.s#gretw

139 2008 and=2014 (collection permits issued by the Suriname Nature Conservation Divison and

140 GuyanaEnvironmental Protection Agendll — 2007, 1194-2014; 300408 SP:004, 030211

141 BR149, 040414 SP:003, 190209 SP:010, 160410 SP: 020). Our upland samples (Table 1; Fig. 1)
142 come from three main areas, two of which are in the Pakaraima mountains: the upper Potaro
143 (localities 811) and the upper Mazaruni (localities 4-7). The third upland area is Tafelparg te

144 (locality: 16)y which is geographically separated from the other upland regions by lowlatad. habi
145 In all three'cases, upland localities are separated from lowland localities by rapids or waterfalls.
146 The upper Mazaruni is separated from the lowlands by a series of steep rapids and waterfalls
147 (Alofs et.alx2014); the upper Potaro is separated from the lowlands by the 226 m drop of

148 Kaieteur,Falls (Hardman 2002); and streams on Tafelberg tepui flow over thedbeeaf the

149 tepui, eventually draining to the right arm of the Coppename River. Although the qvaer &hd

150 upper Mazaruni samples are geographically adjacent, there is no direct connection between these
151 rivers (kujan & Armbruster, 2011).

152 Our lowland Guianas samples were collected Igrfyjem coastal rivers in Guyana and

153 Suriname (localities-B, 13415, and 1720) that drain in a nortkasterly direction to the Atlantic

154 (Table 1; Fig. 1). An exception is the sample from the Sawariwau River (Jota)itwhich runs

155 through'thejlowland Rupununi area between the Pakaraima and Kanuku mountain ranges, and
156 forms a'part of the upper Branco that flows southwards to the Amazon basin.

157 To provide geographical and phylogenetic context, we also included sam@@esavbpo

158 from other parts of Salh America, as well as samples of several closely related species (Appendix
159 S1 in Supplementary Information). Crampton and Albert (2003) defhedraposensu stricto

160 and wesineluded samples from several allopatric populations delineated by these authors

161 including from the western and central Amazon, and the Orinoco. Phylogenetic studasibas

162 morphological and molecular data have failed to support the monoph@lyaairapg and have

163 placed other described and undescriBgdnotuspecies withirG. carapo (Albert et al,, 2005;

164 Lovejoyet al, 2010; Brochu, 2011; Maxime, 2013; Crampébral, 2013). We included

165 representatives of as many of these species as possible (generally corresponding to members of
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"G. carapoclades" B, C, and D from Cramptenal., 2013). As outgroups, we includéd
obscurusG. varzeaG. curupirg andG. chaviro(members of theG. carapoclade A" from
Cramptoret al, 2013).

DNA Extraction, Polymerase Chain Reactions and Sequencing

DNA was extracted from muscle tissueshngdDNeasy Blood and Tissue kit, following
manufacturer’s instructions (Qiagen, Hilden, Germany). We amplified and sequenced fragments
of the miteehondrial Cytochronte(cyt b) gene and the first intron of the nuclear S7 gene, RP1
(Chows&Hazama, 1998). An approximately 1100 base pair fragment bfvegs amplified using
PCR in 25uL reaction volumes made up of 2.0 uL of DNA, 14.8 uL of de-ionized water (ddkD),
1x KCl Tagypolymerase buffer, 2.0 mM Mg£0.15 uM each deoxynucleotide triphosphate
(dNTPS);0.4 uM forward primer, 0.4 uM reverse primer, and 1U of Taq polymerase. Universal
vertebrate primers GLUDG.L (EGAAGCTTGACTTGAARAACCAYCGTT-3'), cybR (5-
CTCCGATCTTCGGATTACAAG3'), and cyF (5-TCYAWCATCTCAGCCTGATG3') were
used forcytb amplification.Primers specific tésymnotusvere developed for tissues that were
difficultstesamplify. Thermocycler conditions for cytwere: 95C for 30sfor initial denaturation
followed by<35 cycles of 95°C for 30s to denature DNA; 50.0°C for 60s to anneal DNA, and 72°C
for 90s.for elongation. This was followed by a final extension cycle for 300s at 72°C.

An approximately 500 base pair fragment of the first intron of S7 was amplified BiRg P
in 25 pL reaction volumes of 11.875 uL ddH,0, 1x of KCI Taqg polymerase buffer, 1.5 mM of
MgCl2 0.2 uM of each of ANTPs, 1.2 uM of forward and reverse primers, and 0.625 U of Taq
polymerase. Thermocycler conditions for S7 were 95°C for 30s of initial denaturataweidlby
30 cycles.of 95°C for 30s denaturation; 50.6 — 55.5°C for 60s annealing, and 72.0°C for 120s of
elongation. An extension period of 600s followed the cycles. All PCR products were vidualize
using gel electrophoresis. Products were run @8% agarose gel preloaded with 5.0 puLL of
Amresco EZVision ingel stain. 5.0 uL of DNA was pipette-mixed with 3.0 uL of
Thermoscientific 6x loading dye. The electrophoresis was run for 30 minutes att8@neI70
milliAmperes. PCR products were purifieding EXoSART according to the manufacturer
protocol(Affymetrix), and sanger-sequenced at the Centre for Applied Gendrmoresi,

Canada)

Sequence Alignment and Phylogenetic Analyses
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Sequences were imported ildanelous6.1.7 (Biomatters Ltd, Auckland, New Zealand)
and aligned using defaulLustAaLw parameters. For cyi, we obtained 1074 base pairs for 118
individuals. No insertions or deletions were noted. For S7, we obtained 784 baserpedrs f
individuals, and seven indels were detected. Ralyais of the diploid nuclear S7 dataset, we
usedPHASE 2.1 (Stephenst al, 2001) to determine the allele sequences (haplotypes) of any
sequences with polymorphisms (heterozygotesyse was run for 100 iterations with a burn in of
100; the algorithm as set to run ten times. All other priors and parameters used the default
settings=After analysis witPHASE, our S7 dataset consisted of 103 haplotypes. We used VI
(Kumaret-al; 2016) to calculate uncorrected pairwise distances between our sequitmcethe
cyt bandS7matrices.

Thescytb and S7 matrices were analyzed separately UBIRgTIONFINDER 1.1.0 (Lanfear
et al, 2012)to determine the most appropriate partition schemes and model of molecular
evolution for,each partition, based on the Akaike information criterion (AIC). Bayasié
maximum likelihood analyses were conducted on each gene independentlyyeBivgs 3.2.2
(Huelsenbeclet al, 2001), andRAxML 1.31 (Stamatakis, 2006), respectively. For Bayesian
analysesyeach analysis was until the average standard deviation of split frequencies was below
0.01. Fer Bayesian and maximum likelihood analysis of S7, the gene was not partitioned; an HK
modelwas used iMRBAYES and a GTR model iRAXML.

For analysis of cyb, the gene was partitioned by codon position as determined by
PARTITIONFINDER. Codon positions one and two were assigned the GTR+G+l model, and codon
position three was assigned the GTR+G model. The agalysis inMrRBAYES was run for 50
million generations sampling every 10 000 generations RA¥ML analysis included 50 searches
to infer'thesbest ML tree. Node support was estimated by 1000 bootstrap repliceses was
run for 50 million generations sampling every 10 000 generationRAVL, a total of 50
searches were used to generate the best ML tree. Node support was estimated by 1000 bootstrap
replicates.

We used'BEAST 2.1.3 (Drummonett al, 2012) to implement a Bayesian species tree
approachrusing the concatenatedirgnd S7 data. We used geograplycaéfined lineages as
proxies*or species, since the species identities withiGmenotus carapcomplex are unclear.
Though it is possible to estimate divergence times a3 using geologic events or fossil data,
neither of these are readily avaiklor the Guianas region @ymnotusand we chose not to
include it in our analysis. Three separate runs were conducted for 100 millioatgerser
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sampling every 10 000 generations, using unlinked trees and models for each gene, and an
additional run wa conducted using only priors. We used a GTR+G+| model fdy agt a HKY
model for S7, with a strict clock imposed and a birth-death process prior footatadogensis.

Log files of each separate run were examined in Tracer 1.6 (RagtilahyuR014)to assess
convergence of parameter estimates before combining all three runs to generate a single tree in
TreeAnnotator 1.8.1, a part of the&T package (Drummonelt al, 2012).

RESULTS

Distributions of haplotypes across the Guianas region

Genbank numbers for sequences used in this study are provided in Appentfix S1.
observed a total of four different dythaplotypes across 27 individuals from upland rivers,
including the upper Mazaruni and upper Potaro Rivers from the Pakaraima mountains in Guyana
as wellhas from Tafelberg tepui in Suriname (Table 1).lwplotypes were shared between
localities within the same river drainage, but not across upland river drainages (Table 1). All 10
individuals from localities 4 within the upper Mazaruni shared haplotype A, except for a single
individual from locality 7 with unique haplotype B. All fish from the upper Potaro (localities 8
11) sharedshaplotype C. The single individual from the upland Tafelberg site had a unique
haplotype(J).

We collected ciyb sequences from 33 individuals from rivers of lowland Guyana and
Suriname, and these exhibited considerably more haplotypes (17) than upland individuals (Tab
1). Also, in contrast to uplands, lowland rivers showed haplotype sharing acrosssiner Bar
example, haplotype L is found in the Waini River (locality 2), the Suriname Rivaifjot8),
and thes=Commewijne River (localities 19 and 20). Compared to upland localitieshaptogy/pe
diversityawas observed within lowland localities. For example, four haplotypesolveseved
among the seven sequenced individuals from the Courantyne River (locality 15).

For cytb, we found no shared haplotypes between sites from upland and lowland regions
of the Guiana Shield. The mean uncorrected sequeveryence between individuals from the
upland_rivers of the eastern Pakaraimas (upper Potaro and upper Mazaruni) and lawdaad G
was 1.2%:The average sequence divergence between the Tafelberg individual arl lowla
Guianasindividuals was 1.5%, ane tlverage sequence divergence between the Tafelberg
individual and the Pakarain@ carapowas 1.9%.

We sequenced S7 from 35 fish from the Guianas, including 13 from upland localities and
22 from lowland localities, and recorded a total of 18 haplotypes (Table 1). Many of #repatt
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261 observed in cyb were repeated in this nuclear locus. In general, fish from upland localities had
262 fewer haplotypes (four), compared to lowland localities (14). We observed no haplotypg sha
263 across basins in upland locad#, but haplotypes are shared across basins in lowlands.

264 We observed minimal haplotype sharing between upland and lowland localitiesnEast
265 Pakaraima fish exhibited three haplotypes (b, ¢, and d), and the Taf@llmngpohad a unique

266 haplotype.(j). These haplotypes were not observed at lowland localities, except that haplotype c
267 (present in _both the upper Potaro and upper Mazaruni) was recorded in a single ihflomncdua

268 the upperBerbice (locality 14), as well as in a single individu&yshnotusarapaimafrom the

269 centralFAmazon.

270 The mean uncorrected sequence divergence between individuals from the upland

271 Pakaraimasrivers and Guianas lowlands was 0.7%. Average sequence divergence between the
272 Tafelberg individual and lowland Guianas individuaksvd.8%; the average sequence divergence
273 between the Tafelberg individual and Pakaraima individuals (upper Potaro and uppairiVjaz

274 was 0.3%.

275 Biogeographic Relationships Between Upland and Lowland Guianas

276 In'the cytb topology (Fig. 2), haplotypes from upland and lowland Guianas are for the

277 mostpartmbut not exclusively, positioned in different clades. Haplotypes from the uaperui

278 (uplands), upper Potaro (uplands), and upper Berbice (lowlands) form a monophylettbatade

279 has'moderate support (pp = 0.71). This clade is the sister group of a haplotype from the Rupununi
280 (lowlands) (pp = 0.93). We name this entire group the “Inland Guianas Clade” g&sey on its

281 relatively inland geographic distribution. The IGC is sister (pp = 1.0) to a gfdBpaarapo

282 haplotypes anymnotuspecies G. arapaimaG. ucamaraandG. n. sp. LORE) haplotypes

283 from the.Amazon (hereafter, the “Amazon Clade”). All otBeicarapohaplotypes from the

284 Guianas.are part of a large “Atlantic Coastal Clade” (ACC) (p&30waith the exception of the

285 single“haplotype from Tafelburg tepui, which is positioned as the sister linedgeACC (pp =

286 0.77). The *BEAST tree (Fig. 4) largely matches thelctyee, indicating a monophyletic IGC

287 thatis sister.to an Amazon Cla@ded a monophyletic ACC that is sister to the Tafelberg lineage.
288 Campared to cyib, the S7 topology (Fig. 2) shows shallower branches and less

289 correspondence between inferred clades and geographic distributions. The S7 tree has a clade the
290 includes inland haplotypes, but this clade also includes several haplotypes frtahreggens

291 and Tafelberg, as well as several representatives of the closely related Gyeunesus

292 arapaima Other lowland/coastal haplotypes are distributed in other parts oéée t
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DISCUSSION
Genetic divergence across the Guianaselevational barriers isolate the upland rivers

A key finding of our study is that for the electric knifefiSgmnotus carapdaplotypes
are not generally shared between upland and lowland Guianas localities. This peouddase
that barriers between these habitats likely restrict gene flow. In most cases, rivers that flow across
planation surfaces of the Guianas experience a steep gradient as they pass from uplands to
lowlands (Hammond, 2005; McConnell, 1968). For example, as the Mazaruni River leaves the
uplands, it passes through 60 km of rapids and waterfalls (Gery & Zarske, 2002 tAlbfs
2014),while the Potaro River flows over Kaieteur Falls, a spectaculan2f26p in elevation
from thePakaraima uplands (Hardmanal, 2002) then crosses another barrier called the
Tumatumari cataract, before traversing the coastal lowlands of the Guianas. While the effect of
these physieal barriers on fish communities and species distributions hatideessed (e.g.,
Hardmanret-al, 2002; Lujan & Armbruster, 2011; Alo&t al, 2014), our study provides the first

genetic evidence that these barriers influence genetic connectivity within a species.

Thedistinctiveness of upland and lowland populatrefiects a pattern of endemicity that
has been reported from the Pakaraima Mountains and associated upland areas. In fishes, there ar
severalspecies endemic to upland rivers of the Guianas, including members of the families
Hypopomidae, Cichlidae, and ticariidae, as well as four families of Characiformes (Gery &
Zarske, 2002; Lujan, 2008; Taphahal, 2008; Armbruster & Taphorn, 2011; Lopez-Fernandez
et al 2012; Lujaret al, 2013; Maldonad®campcet al, 2014). Although the antiquity of these
endemiC species is not well known, some may date to the Oligocene or eajierdhd
Armbruster, 2011t 6pez-Fernandeet al, 2013), indicating a very long period of isolation. We
did not attempt to estimate a tiftree forG. carapobecause we do not hapeecise fossil or
biogeographic calibration points. However, we calculated sgiguence divergence between
uplanditaxa-and other populations to be 1.5%. Based on a rate of mitochondrial sequence
divergenee-of approximately 1% per million years, this would provide an age estifriab Myr
for the.divergence of uplar@. carapofrom nearby lowland populations. This suggests @at
carapois asmore recent addition to the fauna of upland Guiana, in line with ages of some
amphibians found on tepui summits (Kekal 2012; Koket al. 2016). Based on these results, we
suggest that upland Guianas ichthyofauna consist of a mosaic of relatively ancient endemics

combined with more recent arrivals lik&e carapo
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Two distinct G. carapo lineages in the Guianas

Our analyses indicated imperfect concordance between gene treesd@ancys7. This
pattern has been observed in other taxa where mitochondrial and nuclear genes have been
compared (e.g., Monsen & Blouin, 2003; Bensthl 2005;Wienset al. 2010). As expected, S7
is less divergent between populations tharbcgind this is likely due to lower rates of molecular
evolution.and larger effective population sizes for nuclear versus mitochondrial Geven the
very low levels of divergence for S7 betweaencarapopopulations, we suggest that this gene is
lesstlikelyto'track recent dispersal and genetic isolation of populatiohsplbaerved variation
potentiallyrepresenting inherited ancestral polymorphisms that have not yet "sorted" based on
geography and population barriers. In light of this, we emphasizeicydur interpretation of
biogeographic patterns, as well as the *BEAST tree, which most closely resembledtherayt
genealogy:

Our phylogenetic analysis &. carapolineages shows a nmsatch with our initial upland
and lowland site categorization. Instead we find evidence that two major lineages in the Guianas
are (1)-.an inland Guianas clade (IGC) that is composé&d acdrapofrom the upper Mazaruni and
Potarogivers, as well as the @pBerbice and Rupununi; and (2) an Atlantic coastal clade (ACC)
that includes fish from the coastal rivers and the TafelBergrapo(Fig. 4). Surprisingly, the
IGC"and ACC are not each other's closest relatives. Instead, the IGC is most closelyoralated
Amazon-clade that includes samples from the upper and middle Amazon. Overall, these patterns
suggest that while elevational barriers such as waterfalls and rapids play a significant role in
shaping phylogeographic patterngdncarapoin the Guianas, they are not the only factor
determining, relationships among populations; it is likely that continerg-baadgeographic
connections and routes of dispersal between areas are also key drivers.

TheG. carapoACC is in agreement with an Atlantic Coadtadgeographic corridor,
evidence for which is summarized by Lujan and Armbruster (2011). This corridor erssaspa
coastal Atlantic drainages from the mouth of the Orinoco to the mouth of the AlRazon
Dispersal within the eastern part of the comricgdikely facilitated by northwestern movements
of the Amazon discharge causing reduced salinity in coastal habitats, thereby allowing fishes to
move fram. mouth to mouth of separated drainages (Jégu & Keith, 1999). Sea level dimainges t
connect riversn coastal plains, and headwater captures and connections are also likely enhancers
of dispersal. The ACC geographic patterrsofcarapocytb and S7 haplotype distributions fit
this scenario of dispersal and gene flow, since several haplotypes are distributed across multiple
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river drainages. Future inclusion @f carapofrom the lower Amazon, as well as from other

Amazon drainage rivers that have been proposed as "sources" for coastal corridor dispersers (sucl
as the Jari River; Cardoso & Montoya-Burgos, 2009), would clarify the biogeographicedfofiti

theG. carapoACC.

The biogeographic basis for te carapolGC is less clear. This clade includes a group of
strongly.geographically demarcated individuals from the Pakaraimas, but dlstesmdividuals
from the upper Berbice and Rupununi (both low elevation sites). Low levels of genetgedise
betweenIGC individuals imply recent genetic connectivity between thesditx;ddut dispersal
routesyintthe absence of more extensive samplinggireunclear. We note that a similar
biogeagraphic pattern has been observed in a species of the characiform familyiGesauc
Skiotocharax meizois found in the upper Mazaruni, but has been reported from a single locality
in the Berbice as well (Presswetlal, 2000).

Lujan,and Armbruster (2011) have previously highlighted the importance of the proto-
Berbice palealrainage for the biogeography of the Guiana Shield region. The Beohice was a
large river that, until the Pli®leistocene, is tha@ht to have drained much of the eastern Guiana
Shield segion, including the southern Guiana Shield uplands, the Rupununi Savannas, and the
current'Berbice basin. The fact that the IGC occupies these regions suggests that it dispersed
throughout the prot®erbice. However, the sister-taxon relationship between the IGC and
Amazon-clade suggests, alternatively, that the IGC is the product of relatively recent dispersal
from the Amazon.

While not the focus on this study, these results provide insight regarding taxomaoimic a
evolutiomary aspects of tli&ymnotus carapspecies. Albert and Crampton (2003) defined
Gymnotusscarapo sensu strictiut phylogenetic studies using both morphological and molecular
datasets have failed to resol@ecarapoas a monophyletiineage (Alberet al, 2004; Lovejoy
et al, 2010; Brochu, 2011; Cramptenal, 2013). The present study, which includes increased
molecular sampling o&. carapopopulations, confirms that there is a complex relationship
between geographic isolatestbis species and their close relatives. Our analyses show that
several.described species, includibgarapaimaG. ucamaraG. ardilai, andG. bahianusare
nested'withinGymnotus carapbneages. In addition, our results demonstrate discordance with
Albert and Crampton's (2003) morphology-based population boundai@&scafapg notably, the
putative GO (Guiana Shield and Orinoco) population defined by Albert and Crampton (2003)
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encompasses at least three genetic lineages (the ACC, IGC, and a lirteag@rinoco/Andes
region) that do not make up a monophyletic group.
Tafelberg tepui Gymnotus carapo

Tafelberg tepui is a tabl®p mountain in Suriname, and is geographically isolated from
the Pakaraima mountain range of Guyana, Brazil, and Venezuela by approximately 300km of
lowland_habitat. Our singl&. carapospecimen was collected from a small pool on the summit of
Tafelberg, at approximately 600 m elevation. Our analyses suggest that this sample is genetically
distinct;withy unique cyb and S7 haplotypes that are, respectively, minimally 1.1% and 0.2%
diverged from other haplotypes in our study. Ourtcghd *BEAST phylogenies (Fig. 2; Fig. 4)
place the Tafelberg sample as the sister to the ACC, indicating an independent dispersal to this
high elevation habitat from lowland coastal habitat. The question of whether thegenstically
isolatedy'seksustaining population gsymnotusat the summit of Tafelberg, and what its age
might be, is\deferred until samples can be procured from lowland draimaties immediate
vicinity of this tepui.
Gymnotus carapo, a superdispersing, mountainclimbing species complex

Quraresults highlight the continental scale population connectivity of a widesprea
Neotropicalfish species. Especially impressive is the minimal genetic divergence detected
between upper Amazon individuals and members of the IGC. In fact, we identified an S7
haplotype (b) that is shared across the upper Mazaruni, middle Berbice, and upgenAimG.
arapaimg, despite the maximum separatiginthese basins by roughly 2000km. Also, unlike most
other Neotropical fish tax&;. carapohas gained access to extremely isolated upland river
drainages-of the Guiana Shield, including rivers of the Pakaraima mountainafateki tepui.
In contrast® other taxa present in these isolated regions, which are often endemic species or
genera (Alofet al, 2014), we find tha®. carapois only diverged at a population level (<2% cyt
b divergence) from nearby conspecifics. We hypothesize that this spasiéte history traits that
differentiate it from otheGymnotusspecies (and indeed most other Neotropical fish species) with
more local distributions, and that enable both extreme distgnce dispersal and the ability to
surmountrdaunting elevationaer barriers. Variation in dispersal ability among different fish
lineagesilikely contributes to the spectrum of antiquities exhibited by inhabitb@uianas ‘Lost

World' rivers.

ACKNOWLEDGEMENTS

This article is protected by copyright. All rights reserved



419 The authors wish to thank M.A. Kolmann, D. Taphorn, Y. Mol, F. Janzen, E. Holm, J.

420 Maldonado-Ocampo, K. Brochu, A. Short, and N. K. Lujan for assistance with fieldwork and

421 collecting specimens. Funding for molecular work and analysis was provided by an NSERC

422 Discovery Grant to N.R.L. Fieldwork in Guyana was funded by a Research Fund from tha ‘Life i
423 Crisis: Schad Gallery of Biodiversity’ through the Royal Ontario Museum (H,LlgFants from

424 the Royal,Ontario Museum’s Department of Museum Volunteers, an NSERC DisGiragt

425 (H.L.F.).and NSF Grant DEB 0516831 to K.O. Winemiller, R.L. Honeycutt, and H.L.F. W.G.R.C.
426 wasfundedby NSF grants DEB-0215388, DEB—-0614334, DEB-1146374, and supplements;

427 CNPqgBrazil(grants CNPq 38062/96-2 & 381597/97-0); Ministerio de Ciéncia e Tecnologia -

428 Brazil,(Instituto de Desemlimento Sustentavel MamiraudBrazil; and the University of

429 Central.Flerida (UCF). D.D.B. was funded by National Geographic Committee eaiRksand

430 Exploration: All authors wish to thank the governments of Guyana and Suriname fdtipgrmi

431 collectionand export of specimens. E.S.L. wishes to thank D. Halas for suggestions on early drafts
432 of this manuscript.

433 CONFLICT OF INTEREST STATEMENT

434 The authers state no conflict of interest in a financial or research capacity in the publication of this

435 paper.‘AllFauthors were made aware of this statement and have acknowledgedrii¢o be t
436
437 REFERENCES

438Albert, J.S., & Crampton, W.G.R. (2003) Seven new species of the Neotropicat disiat

439 GymnotugTeleostei, Gymnotiformes) with a redescriptiorGofcarapo(Linnaeus)Zootaxa
440 54, 1-54.
441

442Albert, J.S., Crampton, W.G.R., Thorsen, D.H., & Lovejoy, N.R. (2005) Phylogenetic systematics
443 and historical biogeography of the Neotropical electric @¢imnotugTeleostei: Gymnotidae).
444 Systematics and Biodiversi; 375-417.

445

446Alofs, K.M., Liverpool, E.A., Taphorn, D.C., Bernard, C.R., & Lépez-Fernandez, H. (2014) Mind the
447 (information) gap: the importance of exploration and discovery for assessing cooservati

448 priorities for freshwater fistDiversity and Distributions20, 107~113.

449

This article is protected by copyright. All rights reserved



450Armbruster, J.W. (2004) Phylogenetic relationships of the suckermouth armourduesatfis

451 (Loricariidae) with emphasis on the Hypostominae and the Ancistéioa¢ogical Journal of
452 the Linnean Sociefyt41, 1-80.

453

454Armbruster, J.W., & Taphorn, D.C. (2011) A new genus and species of weakly armored iatiish f
455 the upper Mazaruni River, Guyana (Siluriformes: Loricariid@epeig 2011, 46-52.

456

457Benschy, Stelrwin, D.E., Irwin, J.H., Kvist, L., & AkessonGanflicting patterns of

458 mitochondrial and nuclear DNA diversity Bhylloscopusvarblers.Molecular
459 Ecology 15, 161-171.
460

461Berry, P. Ef &R. Riina. (2005) Insights into the diversity of the Pantepui flora and thedpiagkic
462 complexity of the Guayana ShieBiologiske Skrifter55, 145-167.

463

4648rochu, K. (2011 Molecular Phylogenetics of the Neotropical Electric Knifefish G&ysinotus
465 (Gymnetidae, Teleostei): Biogeography and Signal Evolution of the Piadisan Species by
466 Molecular Phylogenetics of the Neotropical Electric Knifefidlastes thesis, University of
467 Torento, Canada.

468

469Cardoso, Y.P. & Montoya-Burgos, J.I. (2009) Unexpected diversity in the cBfeldancistrus

470 brevispinisreveals dispersal routes in a Neotropical center of endemism: the Guyanas Region.
471 Molecular Ecology18, 947-64.

472

473Chow, S§, & Hazama, K. (1998) Universal PCR primers for S7 ribosomal protein gene intfishs i

474 Molecular Ecologyy, 1255-6.

475

476Crampton, W.G.R., Lovejoy, N.R., & Albert, J.S. (20@3)mnotus ucamaraa new species of

477 Neotrepical electric fish from the Peruvian Amazon (Ostariophysi: Gymnotidae), with notes on
478 ecology.and electric organ dischargésotaxa 18, 1-18.

479

480Crampton, W.G.R., Rodriguez-Cattaneo, A., Lovejoy, N.R., & Caputi, A.A. (2013)rRatxiand

481 ultimate causes of signal diversity in the electric hmnotusJournal of Experimental

This article is protected by copyright. All rights reserved



482 Biology, 216 2523-41.

483

484Drummond, A.J., Suchard, M.A., Xie, D. & Rambaut, A. (2012) Bayesian phylogenetics with
485 BEAUti and the BEAST 1.Molecular Biologyand Evolution29, 1969-1973.

486

487Gery, J., & Zarske, A. (200Derhamia hoffmannorumgen. et sp. n.a new pencil fish (Teleostei,
488 Characifermes, Lebiasinidae), endemic from the Mazaruni River in Guyaakgy

489 Abhandlungens2, 35-47.

490

491Hammond, D.S. (2005) Biophysical Features of the Guiana Shieldical Forests of the Guiana
492 Shield pp. 15 - 94. CABI Publishing: Oxfordshire, England.

493

494Hardman, M., Page, L.M., Sabaj, M.H., Armbruster, J.W., & Knouft, J.H. (2002) A comparison of
495 fish surveys made in 1908 and 1998 of the Potaro, Essequibo, Demerara, and coastal river
496 drainages of Guyan&hthyological Exploration of Freshwaters3, 225—-238.

497

498Hijmans, R.Js/Guarino, L., & Mathur, P. (2012) DIVGAS Version 7.5 Manual.

499

50Q0égu, M..&Keith, Philippe. (1999) Lower Oyapock River as northern limit for the Wiesteazon
501 fish fauna or only a stage in its northward progressimmptes Rendus de I'Academie des
502 Sciences Series Il Sciences de la 982, 1133-1143.

503

504HuelsenbeekyJ.P., Ronquist, F., Nielsen, R., & Bollback, J.P. (2001) Bayesian inference of
505 phylogeny and its impact on evolutionary biolo§gience294, 2310-2314.

506

507Kok, P.J.R., MacCulloch, R. D., Means, D.B., Roelants, K., Van Bocxlaer, I.., & Bossuyt, F. (2012)
508 Low genetic diversity in tepui sumit vertebratesCurrent Biology22, 589-90.

509

51Kok, P.J.Ry Russo, V.G., Ratz, S., Means, D.B., MacCulloch, R.D., Lathrop, A., Aubret, F., &
511 Bossuyt, F. (2016) Evolution in the South American ‘Lost World’: insights from multisloc
512 phylogeography of steféas (Anura, Hemiphractida&tefanid. Journal of Biogeography4,
513 170-181.

This article is protected by copyright. All rights reserved



514Kumar, S., Stecher, G., & Tamura, K. (2016) MEGA7: Molecular Evolutionary Genetics

515 Analysis version 7.0 for bigger dataséiklecular Biology and Evolutigr83, 1870-

516 1874.

517

518 anfear, R., Calcott, B., Ho, S.Y.W., & Guindon, S. (2012) PartitionFinder: combined selection of
519 partitioning schemes and substitution models for phylogenetic andi§skesular Biology and
520 Evolution,29, 1695-701.

521

522

523 6pez-Fernandez, H., Taphorn, D.C., & Liverpool, E.A. (2012) Phylogenetic diagnosis and expanded
524 description of the genddazaruniaKullander, 1990 (Teleostei: Cichlidae) from the upper

525 Mazaruni River, Guyana, with description of two new spedestropical Ichthyologyl0,
526 465-486.
527

528 6pezFemandez H., Arbour, J.H., Winemiller, K.O., Honeycutt, R.L. (2013). Testing for ancient
529 adaptivegradiations in neotropical cichlid fishesolution 67,1321-37.

530

531 ovejoy,"N.R., Lester, K., Crampton, W.G.R., Marques, F.P.L., & Albert, J.S. (2010) Phylogeny,
532 biogeography, and electric signal evolution of Neotropical knifefishes of the Gsmusotus
533 (Osteichthyes: Gymnotidadylolecular Phylogenetics and Evolutidsy, 278-90.

534

539 ujan, N.K#(2008) Description of a newithoxus(Siluriformes: Loricariidae) fsm the Guyana

536 Highlands with a discussion of Guiana Shield biogeograjhytropical Ichthyologys, 413—
537 418.

538

539 ujan, N.K., & Armbruster, J.W. (2011) The Guiana Shiéldtorical Biogeography of Freshwater
540 Fishes(ed. by J.S. Albert and R.E. Reis), pp 211 — 2B4versity of California Press,

541 California.

542

543 ujan, N.K., Armbruster, J.W., Lovejoy, N.R., Lopez-Fernandez, H. (2015) Multilocus utatec
544 phylogeny of the suckermouth armored catfishes (Siluriformes: Loricariiddeavocus on
545 subfamily Hypostominaéviolecular Phylogenetics and Evolutid®?, 269-288.

This article is protected by copyright. All rights reserved



546

547 ujan, N.K., Agudelo-Zamora, H., Taphorn, D.C., Booth, P.N., & Lépez-Fernandez, H. (2013)
548 Description of a new, narrowly endemic South American darter (Characiformezgicbidae)
549 from the centreGuiana Shield highlands of Guyart2opeia,2013 454—-463.

550

55IMaldonado-Ocampo, J.A., Lépez-Fernandez, H., Taphorn, D.C., Bernard, C.R., Crampton, W.G.R.,
552 & Lovejoy, N.R. (2014)Akawaio penaka new genus and species of Neotropical electric fish
553 (Gymnetifames, Hypopomidae) endemic to the upper Mazaruni River in the Guiana Shield.
554 Zoologica Scriptad3, 24-33.

555

558Vlaxime, E. (2013Phylogenetic and revisionary studies of the banded knifefishes Gymnotus
557 (Teleostel, Ostariophysi, Gymnotiformes) with descriptions of fourteen new sjpénddes

558 Thesis, University of Louisiana at Lafayette, Louisiana.

559

560McConnell, R.B. (1968) Planation surfaces in Guydiee Geographical Journal 34, 506-520.

561

562VicDiarmid, R:W. & Donnelly, M. A. The herpetofauna of the Guayana Higtdaamphibians and
563 reptiles of the Lost WorldEcology and Evolution in the Tropics: A herpetological Perspective
564 (ed«sby M.A. Donnelly, B.1. Crother, C. Guyer, M.H. Wake, and M.E. Whitp) 461560.

565 University of Chicago Press, Chicago.

566

56 M™Monsen, Kidw& Blouin, M.S. (2003) Genetic structure in a montane ranid frog: estigene flow
568 and nuelear-mitochondrial discordan®olecular Ecology12, 3275-3286.

569

570Presswell, B., Weitzman, S.H., & Bergquist. (2088)otocharax meixqra new genus

571 and_speciesf fish from Guyana with discussion of its relationships (Characiformes:

572 Crenuchidae)lchthyological Exploration of Freshwaterkl, 175-192.

573

574Rull, V. (2005) Biotic diversification in the Guyana Highlands: a propdsairnal of Biogeography,
575 32, 921-927.

576

577Schaefer, S.A. & Provenzano, F. (2008) The Lithogeninae (Siluriformes, Loriedriatatomy,

This article is protected by copyright. All rights reserved



578
579

interrelationships, and description of a new spediaserican Museum Novitate3637, 1-49.

580Stamatakis, A. (2006) RAXMM -HPC: maximum likelihooébased phlogenetic analyses with

581
582

thousands of taxa and mixed mod&minformatics 22, 2688—90.

583Stephens, M., Smith, N., & Donnelly, P. (2001). A new statistical method for haplotype

584
585

reconstruction from population datamerican Journal of Human Geneti&8, 978-989.

586Taphorn,"D:CsLopez-Fernandez, H., & Bernard, C.R. (28@8yeiodon agmatgs new species

587
588
589

from the upper Mazaruni River, Guyana (Teleostei, Characiformes: Parodprifiolataxa 38,
31-38.

590Voss, R.S., Lim, B.K., Diadlieto, J.F., & Jansa, S.A. (2013) A new speciesafmosets

591
592
593

(Marsupialia: Delphidae) from the Pakaraima Highlands of Guyana, with kemarthe origin
of endemic pantepui mammal faudamerican Museum Novitate®/78 1-27.

594Wiens gdudumiuiczynski, C.A., & Stephens, P.R. (2010) Discordant mitochondrial and nuclear

595
596
597

gene phylogenies emydid turtles: implications for speciation and conservation.
Biological Journal of the Linnean Socie8g, 445-461.

59&yskowski, K., Mittermeier, J.C., Ottema, O., Rakovic, M., Shea, B.J.O., Lai, J.E., Hochgraf, S.B.,

599
600
601
602
603
604

605
606
607
608

de Ledn, J., & Au, K. (2011) Avifauna of the easternmost tepui, Tafelberg in Central Suriname
Bulletin.of the Peabody Museum of Natural Hist@&®;, 153—-180.

BIOSKETCH:
Emma S. Lehmbergis a biology technician in the Department of Biology at Lakehead

University. She is also acting curator at the Claude E. Garton Herbarium.

Author contributions: E.S.L. and N.R.L. designed the research; H.L-F., W.G.R.C., N.R.L., and
D.D.B. collected samples; E.S.L. and A.A.E. collected data; E.S.L. analyzed daltay&dbe

the paper with contributions from N.R.L. All authors contributed to and approved the fisialhve
of the manuscript.

This article is protected by copyright. All rights reserved



TABLES

Table 1: Localities of Guiand@ymnotus carapn=60) included in this study. Locality
numbers.refera Figure 1. Approximate elevation is given in meters above sea level (m
a.s.l.). To determine elevation, latitude and longitude were plotted using Arc @A&rsof
on elevation'maps acquired from DivaGIS 7.5.0 (Hijmetral., 2012). Dashes indicate

sequence-data unavailable.

Number of .
Longitud Elevation  Elevation Cytb S7
Locality individuals Drainage Latitude
e category haplotype haplotype
sampled
1 2 Waini 7.700 -59.233 lowland 0-105 (0] -
2 2 Waini 7.428 -58.676 lowland 0-105 L -
3 1 Demerera 6.734 -58.303 lowland 0-105 Q -
4 2 upper Mazaruni 5.936 -60.614 upland 493 - 646 A bb
5 1 upper Mazaruni 5.708 -60.360 upland 335 - 492 A bb
6 4 upper Mazaruni 5.475 -60.779 upland 493 - 646 A bb
7 3 upper Mazaruni 5.360 -60.371 upland 493 - 646 AB bb
8 3 upper Potaro 5.010 -59.637 upland 493 - 646 C cc
8 4 upper Potaro 5.007 -59.631 upland 493 - 646 C cc
8 4 upper Potaro 5.007 -59.636 upland 493 - 646 C -
9 1 upper Potaro 5.108 -59.635 upland 647 - 818 C -
10 2 upper Potaro 5.070 -59.653 upland 493 - 646 C cc
11 2 upper Potaro 4.933 -59.799 upland 493 - 646 C dd
12 1 Rupununi 2.829 -59.808 lowland 106 - 225 E ee
13 1 middle Berbice 4.905 -58.250 lowland 0-105 P -
14 2 upper Berbice 4.156 -58.177 lowland 0-105 D ac, ab
15 7 Courantyne 5.097 -57.143 lowland 0-105 F,G, H,I fi, fh, fg
16 1 Tafelberg 3.919 -56.200 upland 493 - 646 J i
17 4 Suriname 5.586 -54.285 lowland 0-105 K, M Kk, gl
18 4 Suriname 5.452 -55.245 lowland 0-105 L,N kk, mn
19 2 Commewijne 5.582 -54.233 lowland 0-105 L kk, ok
dd, kk, ok,

20 7 Commewijne 5586  -54285 lowland 4 445 L 00, pq, 1S, tu
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FIGURES

Supporting Information
Additional Supporting Information may be found in the online version of this article
Appendix S List of all Gymnotusanples included in this study.

Appendix S2 Cytochromeb and S7 trees showing all individuals included in the initial analysis.

Figures

Figure'l: Collection localities of Guianas regi@ymnotus carapspecimens used in this study.
Yellowssquares show lowland localities (<300 m a.s.l.) and purple circles show uptafitids
(300=1500'm a.s.l.). Dashed line indicates seasonal connection between Rupununi and Potaro
basins. Numbers indicate localities (more detailed information provided in Taldlg Wainm 3,
Demerera; 4, upper Mazaruni; 8-11, upper Potaro; 12, Rupununi; 13, middle Berbice; 14, upper
Berbice; 15y Courantyne; 16, Tafelberg; 17-18, Suriname; 19-20, Commewijne.

Figure 2: Reduced phylogenies@ymnotus carapbneages and closely relategegies, based on
Bayesian analyses of two loci (complete phylogenies included in SupplementarnalatA)
Phylogeny based on mitochondrial tygene. B) Phylogeny based on intron of nuclear S7 gene.

Upland Guianas samples are indicated in trees, all other samples are from lowlands (<300m a.s.l.)
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Species names replaced by locality names&fararaposamples. Numbers above branches
indicate posterior probabilities followed by bootstrap values. For S7 tree, hagldigieemined
by PHASE are indicated by lower case letters and only shown for Guianas individuals.

Figure 3: *BEAST phylogeny for geographically defined lineageS.atarapoand close
relativesygenerated using cytochrobrend nuclear S7 sequences. Taxa without species names
areG. carapolineages. Localities from which S7 sequences could not be obtained were excluded
from this analysis. IGC &. carapoinland Guianas clade; ACC &. carapoAtlantic coastal

clade.

Figure 4: Distribution and phylogenetic relationships of Guigasarapolineges. Squares
denotesupland localities (300-1500 m a.s.l.) and circles denote lowland local@$srh a.s.l.).
IGC =G. carapoinland Guianas clade; ACC &. carapoAtlantic coastal clade. Dashed line
indicates seasonal connections between Rupununi and Potaro basins.Numbers indiitig® loc
(more detailed information provided in Table 1): 1,2 Waini; 3, Demereraupper Mazaruni; 8-
11, upper.Potaro; 12, Rupununi; 13, middle Berbice; 14, upper Berbice; 15, Courantyne; 16,
Tafelberg; 1718, Surirame; 1920, Commewijne.
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