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Figure 1 Map of the study site. The Panama Canal with key stations (orange arrows) and subsections (black spheres). Sampling locations (n = 29). Black color indicates locations where only eDNA surveys were conducted (n = 18), whereas orange color marks sites surveyed using both gillnets and eDNA (n = 11). Sites by section: Pacific (1, 2, 3), Miraflores (4, 5), Culebra Cut (6, 7, 9), Lake Gatun (10 – 25) and Atlantic (26, 27, 28). Detections from site #8 (Rio Chagres) were not included in the main analysis as this site is located outside of the Canal. Letters A – D indicate subsections of Lake Gatun. 
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Figure 2 Shannon diversity of fish communities in different sections of the Canal based on eDNA surveys using primer combination F3. Each point represents a replicate sample. Significant pairwise-comparisons (Tukey’s HSD) are indicated with p < 0.05.






[image: ]Figure 3 MDS ordinations (Bray-Curtis dissimilarity index) of fish communities across different sections of the Panama Canal: a) Entire canal, b) Subsections of Lake Gatun, and c) Pacific and Atlantic entrances. The Pacific and Atlantic sections are outside of the lock systems on either end of the canal (sea level); Miraflores is a lake located between the two sets of locks on the Pacific side of the Canal (16 m asl); Culebra Cut and Gatun Lake (26 m asl) contain the main shipping channel. The subsections of Lake Gatun vary in salinity: A (Site No.: 19-22; mean salinity: 0.45 ppt) is more influenced by salt water incursions due to its proximity to the Atlantic Locks than B (Site No.: 23-25; mean salinity: 0.21 ppt), C (Site No.: 10-15; mean salinity: 0.26 ppt) and D (Site No.: 16-18; mean salinity: 0.19 ppt). Numbers in brackets show the percent variation explained by the axis.





[image: ]Figure 4 Relative species richness of taxa detected using eDNA (primer F3) across different sections of the Canal classified by habitat (a) and salinity tolerance (b). The information was retrieved from biogeodb.stri.si.edu/caribbean and biogeodb.stri.si.edu/sftep. Genus level identifications of ambiguous marine origin are classified as Pacific/Atlantic and marked in grey. The number of sampling locations in each section are indicated in parentheses. Detected taxa by section: Atlantic (53), Lake Gatun (23), Culebra Cut (21), Miraflores (21) and Pacific (63).
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Figure 5 Numbers of species detected at 11 sampling sites in Lake Gatun using eDNA and gillnet surveys. Species accumulation curves were calculated in R using the iNEXT package (Hsieh et al., 2016) with standard parameters. Shaded areas represent 95% confidence intervals.  













Tables:	
Table 1 The known fish fauna of the freshwater part of the Panama Canal (Lake Gatun & Culebra Cut). Both records based on gillnet surveys [with references in brackets] and eDNA (this study) are presented. References correspond to: 1944 = Breder, 1944; 1973 = Zaret & Paine, 1973; 2004 = Averza Colamarco et al.  2004; 2017 = Sharpe et al. 2017; 2020 = Castellanos-Galindo et al., 2020.  Predicted habitats (f = freshwater, b = brackish, m = marine) and geographic ranges (A = Atlantic, P = Pacific; As = Atlantic slope, Ps = Pacific slope) were retrieved from biogeodb.stri.si.edu/caribbean and biogeodb.stri.si.edu/sftep and iucnredlist.org (individual species assessment retrieved 10/06/2020). Availability of reference COI barcodes for each species is also indicated. F2/F3 stands for the primer set used to detect the corresponding species (F2: AquaF2/C_FishR1, F3: AquaF3/C_FishR1). Introduced species are marked in bold.


	Family
	Species
	Habitat
	Prior ID from the study area
	eDNA ID
	Barcode  available

	Achiridae
	Achirus mazatlanus
	f/b/m (P)
	[2004]
	
	+

	Ariidae
	Cathorops tuyra
	f/b (P)
	[2017]
	
	N/A

	Atherinopsidae
	Atherinella chagresi
	f/b (As)
	[1944*, 1973, 2004, 2017]
	✓  (F2,F3)
	+

	Belonidae 
	Strongylura marina
	f/b/m (A)
	[2020]
	
	+

	Bryconidae
	Brycon behreae
	f (Ps)
	[2004]
	
	+

	
	Brycon chagrensis
	f (As)
	[1944, 2004, 2017]
	✓  (F2,F3)
	+

	
	Brycon guatemalensis
	f (As)
	[2004]
	
	+

	
	Brycon petrosus
	f (As/Ps)
	[2017]
	
	+

	Carangidae
	Caranx bartholomaei
	m (A)
	[2017*]
	
	+

	
	Caranx hippos
	f/b/m (A)
	[2020]
	
	+

	
	Caranx latus
	b/m (A)
	[2020]
	
	+

	Centropomidae
	Centropomus ensiferus
	f/b/m (A)
	[2017]
	
	N/A

	
	Centropomus parallelus
	f/b/m (A)
	[1944, 2017, 2020]
	
	+

	
	Centropomus pectinatus
	f/b/m (A)
	[2017]
	
	+

	
	Centropomus undecimalis
	f/b/m (A)
	[2017, 2020]
	✓      (F2)
	+

	
	Centropomus unionensis
	f/b/m (P)
	
	✓!     (F2)
	+

	
	Centropomus viridis
	f/b/m (P)
	[2004]
	
	+

	Characidae
	Astyanax bimaculatus
	f (N/A)
	
	✓!     (F3)
	+

	
	Astyanax orthodus
	f (Ps)
	[2004]
	
	+

	
	Astyanax panamensis
	f (As/Ps)
	[1944*, 1973*, 2004*,2017*]
	✓      (F3)
	+

	
	Compsura gorgonae
	f (As/Ps)
	[1944, 1973]
	
	N/A

	
	Eretmobrycon emperador
	f (As/Ps)
	[1944]
	
	+

	
	Gephyrocharax atricaudatus
	f  (N/A)
	[1944]
	
	N/A

	
	Hyphessobrycon panamensis
	f (As)
	[1973]
	
	+

	
	Pseudocheirodon arnoldi
	f (As/Ps)
	[1973]
	
	+

	
	Roeboides sp.
	f (As/Ps)
	[1944, 1973, 2004, 2017, 2020]
	
	+

	Cichlidae
	Amatitlania nigrofasciata
	f (As/Ps)
	[2004]
	
	+

	
	Andinoacara coeruleopunctatus
	f (As/Ps)
	[1944*, 1973, 2004*,2017]
	
	+

	
	Astronotus ocellatus
	f
	[2017, 2004]
	✓      (F3)
	+

	
	Cichla ocellaris
	f
	[2004, 2017*, 2020]
	✓      (F3)
	+

	
	Coptodon rendalli
	f/b
	[2017*]
	✓      (F3)
	+

	
	Isthmoheros tuyrensis
	f (As/Ps)
	[2004*, 2017]
	
	+

	
	Mesonauta festivus
	f
	[2004, 2017]
	
	N/A

	
	Oreochromis sp.
	f/b
	[2004, 2017, 2020]
	✓  (F2,F3)
	+

	
	Panamius panamensis
	f (As)
	[1973*, 2004]
	
	+

	
	Parachromis dovii
	f (As/Ps)
	[2004]
	
	+

	
	Parachromis managuensis
	f
	[2017, 2020]
	✓      (F3)
	+

	
	Vieja maculicauda
	f/b (As)
	[1944*, 1973, 2004, 2017]
	✓  (F2,F3)
	+

	Curimatidae
	Cyphocharax magdalenae
	f (As/Ps)
	[2004, 2017]
	
	+

	Eleotridae
	Dormitator latifrons
	f/b/m (Ps)
	
	✓!     (F3)
	+

	
	Dormitator maculatus
	f/b/m (A)
	
	✓!     (F3)
	+

	
	Eleotris picta
	f/b/m (Ps)
	[2004]
	✓  (F2,F3)
	+

	
	Eleotris amblyopsis Ɵ 
	f/b/m (A)
	[1973*, 2017*]
	
	+

	
	Gobiomorus dormitor
	f/b/m (As)
	[1944, 1973, 2004]
	✓      (F3)
	+

	
	Gobiomorus maculatus
	f/b/m (Ps)
	
	✓!  (F2,F3)
	+

	
	Leptophilypnus fluviatilis
	f/b (As/Ps)
	[1944]
	✓  (F2,F3)
	+

	Elopidae
	Elops affinis
	f/b/m (P)
	[2004]
	
	+

	
	Elops smithi
	b/m (A)
	[2020]
	
	+

	Engraulidae
	Anchoa sp.
	f/b/m (A/P)
	[2017, 2020]
	✓  (F2,F3)
	+

	
	Lycengraulis grossidens
	f/b/m (A)
	[2020]
	
	+

	Erythrinidae
	Hoplias microlepis
	f (As/Ps)
	[1944, 2004, 2017]
	
	+

	Gerreidae
	Diapterus auratus
	f/b/m (A)
	[2020]
	
	+

	
	Diapterus brevirostris
	f/b/m (P)
	[2004*]
	✓      (F2)
	+

	
	Diapterus rhombeus
	f/b/m (A)
	[2020]
	
	+

	
	Eucinostomus currani
	f/b/m (P)
	
	✓!      (F3)
	+

	
	Eucinostomus jonesii
	m (A)
	[2020]
	
	+

	
	Eugerres brasilianus
	f/b/m (A)
	[2017, 2020]
	✓      (F2)
	+

	
	Eugerres lineatus
	b/m (P)
	[2004]
	
	+

	
	Eugerres plumieri
	f/b/m (A)
	[2004, 2017]
	
	+

	
	Gerres cinereus
	f/b/m (A)
	[2004]
	
	+

	Gobiidae
	Awaous banana
	f/b (A/P)
	[2004]
	✓      (F3)
	+

	
	Gobionellus oceanicus
	f/b/m (A)
	
	✓!     (F3)
	+

	
	Gobiosoma homochroma
	f/b (Ps)
	
	✓      (F3)
	+

	
	Gobiosoma hildebrandi
	f/b/m (As)
	
	✓ (F2,F3)
	+

	
	Microgobius tabogensis
	b/m (P)
	
	✓!     (F3)
	+

	
	Parrella lucretiae
	b/m (P)
	[2004]
	
	N/A

	Heptapteridae
	Rhamdia sp.
	f (As/Ps)
	[1944, 2017]
	✓      (F3)
	+

	Lebiasinidae
	Lebiasina panamensis
	f (As/Ps)
	[1944]
	
	+

	Loricariidae
	Hypostomus aspidolepis
	f (As/Ps)
	[2017*]
	
	+

	Lutjanidae
	Lutjanus colorado
	f/b/m (P)
	[2020]
	
	+

	Megalopidae
	Megalops atlanticus
	f/b/m (A)
	[2004, 2020]
	✓      (F3)
	+

	Mugilidae
	Dajaus monticola
	f/b/m (A/P)
	[2004*]
	✓      (F2)
	+

	
	Mugil sp.Ɵ 
	b/m (P)
	[2017, 2020]
	✓  (F2,F3)
	+

	
	Mugil liza
	f/b/m (A)
	
	✓! (F2,F3)
	+

	Poeciliidae
	Brachyrhaphis episcopi
	f (As/Ps)
	[1944]
	
	+

	
	Gambusia affinis
	f/b (As)
	[1944, 1973*, 2004*]
	✓      (F3)
	+

	
	Hiatirhaphis cascajalensis
	f (As/Ps)
	[1944]
	
	N/A

	
	Hiatirhaphis parismina
	f (As)
	[2004]
	
	N/A

	
	Poecilia gillii
	f (As)
	[1944*, 1973]
	
	+

	
	Poecilia mexicana 
	f (As)
	[2004*]
	✓      (F3)
	+

	
	Poeciliopsis elongata
	f/b/m (P)
	[2004]
	
	+

	
	Poeciliopsis turrubarensis
	f/b/m (P)
	[2004]
	
	+

	Rivulidae
	Cynodonichthys brunneus
	f (As)
	[1944]
	
	N/A

	Sciaenidae
	Cynoscion albus
	f/b/m (P)
	[2020]
	
	+

	
	Micropogonias sp. Ɵ
	b/m (A/P)
	[2020]
	✓      (F3)
	+

	
	Micropogonias furnieri
	f/b/m (A)
	[2020]
	
	+

	Scombridae
	Scomberomorus sierra
	b/m (P)
	
	✓!     (F3)
	+

	Synbranchidae
	Synbranchus marmoratus
	f/b/m (A)
	[1944, 2004]
	
	+

	Syngnathidae
	Microphis lineatus
	f/b/m (As)
	[1944*, 1973, 2004*]
	✓      (F3)
	+

	
	Pseudophallus elcapitanensis
	f (Ps)
	[2004]
	
	+

	Number of taxa
	
	
	78
	37
	81

	+ – Species with DNA barcode present in the BOLD dataset
N/A – no barcode sequence available
✓ – detected in eDNA, F2/F3 indicate the primer set which produced the respective sequences
✓! – potential new record or species for the study area
* – indicates a change in nomenclature, following Eschmeyer’s Catalog of Fishes
[bookmark: _GoBack]Ɵ – indicates ambiguous identifications discussed in the supplemental material






Table 2 Marine, estuarine and freshwater-brackish water fishes recorded outside their known habitat ranges using gillnet and eDNA surveys (only detections from this study). Taxa detected with both methods are marked in bold. F2/F3 stands for the primer set used to detect the corresponding species (F2: AquaF2/C_FishR1, F3: AquaF3/C_FishR1). Taxa marked with (!) are species which have not been previously recorded in the Canal. Species which are more estuarine than marine are underlined.  


	Species
	Method
	Detected at (sub)section

	a. Marine and Estuarine Taxa               

	Atlantic Panama origin
	
	

	
	Caranx latus
	Gillnets
	Lake Gatun A, D

	
	Centropomus parallelus
	Gillnets
	Lake Gatun D

	
	Centropomus undecimalis
	eDNA (F2) & Gillnets
	Lake Gatun C, D

	
	Diapterus auratus
	Gillnets
	Lake Gatun B, D

	
	Diapterus rhombeus
	Gillnets
	Lake Gatun A

	
	Elops smithi
	Gillnets
	Lake Gatun A

	
	Eucinostomus jonesii
	Gillnets
	Lake Gatun A

	
	Eugerres brasilianus
	eDNA (F2) & Gillnets
	Rio Chagres,  Lake Gatun A, C, D 

	
	Gobionellus oceanicus (!) 
	eDNA (F3)
	Lake Gatun A

	
	Hypanus americanus (!)
	eDNA (F3)
	Pacific

	
	Hyporhamphus unifasciatus (!)
	eDNA (F3)
	Pacific

	
	Megalops atlanticus
	eDNA (F3)
	Lake Gatun C

	
	Micropogonias furnieri
	Gillnets
	Lake Gatun C

	
	Mugil incilis (!)
	eDNA (F3)
	Miraflores

	
	Mugil liza (!)
	eDNA (F3)
	Lake Gatun C

	
	Sphoeroides testudineus (!)
	eDNA (F3)
	Pacific

	
	
	
	

	Pacific Panama origin
	

	
	Centropomus unionensis (!)
	eDNA (F2)
	Culebra Cut

	
	Ctenogobius sagittula 
	eDNA (F3)
	Miraflores

	
	Diapterus brevirostris
	eDNA (F2)
	Culebra Cut, Miraflores 

	
	Eucinostomus currani
	eDNA (F3)
	Culebra Cut

	
	Gobionellus microdon
	eDNA (F3)
	Miraflores

	
	Lutjanus colorado
	eDNA (F3)
	Miraflores

	
	Microgobius tabogensis (!) 
	eDNA (F3)
	Culebra Cut

	
	Scomberomorus sierra (!)
	eDNA (F3)
	Culebra Cut

	
	
	
	

	b. Panamanian Freshwater-Brackish taxa 

	Atlantic slope origin
	
	

	
	Atherinella chagresi
	eDNA (F2/F3)
	Culebra Cut, Miraflores, Rio Chagres, Lake Gatun B, C, D

	
	Dormitator maculatus (!)
	eDNA (F3)
	Lake Gatun A

	
	Gobiomorus dormitor
	eDNA (F3)
	Culebra Cut, Miraflores, Pacific, Lake Gatun A - D

	
	Gobiosoma hildebrandi 
	eDNA (F3)
	Miraflores, Lake Gatun C

	
	Microphis lineatus
	eDNA (F3)
	Lake Gatun B, D

	
	
	
	

	Pacific slope origin
	
	

	
	Dormitator latifrons (!)
	eDNA (F3)
	Culebra Cut, Miraflores, Lake Gatun C, D

	
	Eleotris picta
	eDNA (F2/F3)
	Culebra Cut, Miraflores

	
	Gobiosoma homochroma
	eDNA (F3)
	Culebra Cut

	
	Gobiomorus maculatus (!)
	eDNA (F2/F3)
	Culebra Cut, Miraflores

	Number of taxa
	35
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