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domestic sewage and industrial wastewater during heavy rainfall or snowmelt 

(https://niwa.co.nz/freshwater-and-estuaries/stormwater-management/stormwater-an-introduction). A 

second coastal area >10 km from an urban center was sampled as a representative of a “Pristine” site 

(WE). Finally, seahorses from a site in Akaroa Harbour (AK) were sampled <1 km from terrestrial 

agricultural runoff and aquaculture, which was classified as an “agricultural impact” site. See Table 3.1 for 

collection details and GPS coordinates. 

An additional 21 seahorse specimens were obtained at these sites for genetic analyses and 

assessment of their gut microbiome (Table 3.1; see Figure 3.1 legend for site abbreviations). In July 

through August 2015, five individuals were collected from AK, SI and WE under Special Permit #600 from 

the New Zealand Ministry for Primary Industries (NZMPI) with ethics approval #278 from the International 

Animal Care and Use Committee (IACUC) and #212 from the Animal Ethics Committee (AEC), and 

imported under CITES permit 15NZ000082. An additional 16 animals were collected in September 

through October 2017 from AK, CC, NP and WE under NZMPI Special Permit #655 with IACUC ethics 

approval #287, and imported under CITES permit 17NZ000129. 

Field collected seahorses were caught by hand using snorkel or SCUBA, and euthanized in a 0.2 

mg/ml solution of tricaine methanesulfonate within 20 minutes after capture. Intact gut tracts were 

removed by making a single insision on the ventral side of the trunk from the posterior opening to the 

anterior. A second incision was made to open the gut tract into a sheet. Stomach contents were removed 

by gentle rinsing with 2 ml of seawater (Tanu et al. 2012), and gut tissue was stored frozen at -20ºC until 

16S ribosomal RNA (rRNA) microbial extraction protocols could be performed (e.g. Bolnick et al. 2014). A 

4 mm2 piece of muscle tissue from the tail was stored in 95% ethanol prior to DNA extraction using 

DNeasy columns (Qiagen, Hilden, Germany).  

 At each site, 2 L of water column seawater was filtered through 0.45 m PowerWater filters (MO 

BIO, Carlsbad, CA, USA) and three 1 ml aliquots of sediment were collected from the seabed and 

preserved in microcentrifuge tubes. Water and sediment samples were stored frozen at -20C prior to 

analysis. Microbial genetic material was extracted from gut tissues and sediments using the MO BIO 

PowerSoil kit and from water filters using the MO BIO PowerWater kit. 
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Table 3.4 Read counts are listed for all samples before rarefaction (8,158 reads), and OTU counts are 
listed after rarefaction. Minimum (Min), maximum (Max), average and median are included for sample 
types. See Figure 3.5 for sample details. 
 

Sample Type Reads OTUs (counts post rarefaction) 

Seawater 
Average = 77,690 (Median = 71,898) 

Min-Max = 38,584-121,446 
Average = 1,284 (Median = 942) 

Min-Max = 732-2,987 

TASW-15 121,446 847 

SISW1-15 38,584 2,987 

SISW2-15 48,912 1,646 

NPSW-17 71,787 732 

CCSW-17 68,635 1,552 

RASW-15 104,096 816 

WESW-15 94,477 871 

WESW1-17 71,898 1,117 

WESW2-17 98,263 906 

AKSW-15 74,614 942 

AKSW-17 61,875 1,712 

Sediments 
Average = 55,982 (Median = 59,099) 

Min-Max = 10,551-78,191 
Average = 2,638 (Median = 2,920) 

Min-Max = 1,296-3,477 

TASD-15 60,600 3,477 

SISD1-15 67,298 3,143 

NPSD-17 10,551 1,296 

CCSD-17 58,769 2,498 

RASD-15 52,618 2,956 

WESD-15 58,876 3,250 

WESD1-17 59,322 2,899 

WESD2-17 50,908 2,522 

AKSD-15 78,191 2,941 

AKSD-17 62,688 1,398 

Gut Tracts 
Average = 39,782 (Median = 34,614) 

Min-Max = 8,158-94,301 
Average = 493 (Median = 276) 

Min-Max = 91-4,285 

SI01-15 8,158 228 

NP01-17 58,035 310 

NP02-17 40,635 473 

NP03-17 31,542 462 

NP04-17 20,280 561 

NP05-17 69,057 298 

CC16-17 51,092 276 

WE01-15 13,612 246 

WE02-15 46,072 601 

WE03-15 20,528 308 

WE06-17 13,013 284 

WE07-17 29,862 260 

WE08-17 35,413 247 

WE09-17 76,614 195 

WE10-17 34,076 276 

WE11-17 28,266 254 

AK01-15 60,833 4,285 

AK12-17 55,555 258 

AK13-17 34,614 200 

AK14-17 13,868 240 

AK15-17 94,301 91 

Total 
Average = 53,567 (Median = 56,795) 

Min-Max = 8,158-121,446 
Average = 1,211 (Median = 774) 

Min-Max = 91-4,285 
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Figure 3.1 

 
Figure 3.1 A distribution map of genetic samples obtained for 167 H. abdominalis specimens from twelve 
localities throughout Australia and New Zealand: Sydney (SY), Adelaide (AD), Derwent Estuary (DE), 
Northwest Bay (NB), Raglan (RA), New Plymouth (NP), Tauranga (TA; excluded from analyses due to 
low sample number), Napier (NA), Wellington (WE), Christchurch (CC), Akaroa (AK), and Stewart Island 

(SI). Composite MHII alleles are represented in the pie graphs shared by three populations in Australia 
(red), New Zealand (dark blue), or between regions (black); shared by two populations in Australia (pink), 
New Zealand (light blue), or between regions (grey); and private alleles (white; see color key in lower 
center). Human-associated (solid black) and agriculture/aquaculture-associated (dashed) wastewater 
sites are outlined in bold. A size key in the lower left corner represents the number of alleles sampled at 
each location.  
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Figure 3.2 

 
Figure 3.2 Concatenated gene network of composite MHII for samples described in Figure 3.1. Alleles 
are represented as colored circles shared by three or more populations within Australia (red), New 
Zealand (dark blue), or between regions (black); shared by two populations in Australia (pink), New 
Zealand (light blue), or between regions (dark gray); and private alleles in Australia (white) or New 
Zealand (light gray; see color key in lower right). Alleles present at human-associated (solid black) and 
agriculture/aquaculture-associated (dashed) wastewater sites are outlined in bold. A size key in the upper 
left corner represents the number of alleles.  
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Figure 3.3 

 
Figure 3.3 Within region Australian (A and C, white markers) and New Zealand (B and D, grey markers) 

Mantel (rm; solid line) and partial Mantel (rm; dashed line) tests are reported for pairwise linear 

regressions of geographic distance (km) to composite MHII genetic distances for ST/FST (A and B, 
squares) or Dest (C and D, circles). The partial Mantel tests are adjusted for equivalent microsatellite 
genetic distance, a measure of neutral genetic divergence (Ashe & Wilson 2020). 
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Figure 3.4 

 
Figure 3.4 A multilevel AMOVA analysis of the composite MHII dataset demonstrating genetic variation 
within samples (black), between samples within sites (dark gray), between sites within the environmental 
type (light gray), between environmental types within regions (white), and between regions (medium 
gray). The three environmental types are outlined in bold (human-associated), normal (pristine-
associated), or bold dashed (agriculture/aquaculture-associated). *Indicates statistical significance 
(p<0.001).  

Australia

8
30
56

New Zealand

DE

SY

AD RA
WE

NP

SI

NA

AK67%*

8%*

16%

12%*

-2%

HU

AG

PR

CC

NB



 57 

Figure 3.5 

 
Figure 3.5 Bacterial orders for A) seawater (SW) and sediments (SD) and B) gut linings of 21 H. 
abdominalis specimens from sites <1 km from CSOs and terrestrial human wastewater (outlined in black), 
>10 km from terrestrial wastewater inputs (no outline), and <1 km from agricultural wastewater and 
aquaculture (dashed outline). Gut-associated orders are represented in red, marine-associated orders in 
blue, soil-associated orders in orange, and plant-associated orders in green.   
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