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 The marine climate of the Galapagos is spatially and seasonally 

heterogeneous. A taxonomically comprehensive study of Galapagos zooplankton has 

never been done. This study is an initial effort to establish the distribution and 

community structure of zooplankton in the Archipelago.  I collected zooplankton 

samples by vertical tows over the Galapagos shelf during the islands’ cold and warm 

seasons.  Abundance was determined and copepods and euphausiids were identified 

to species. Hydrographic, nutrient and chlorophyll profiles were obtained for some 

sites.  Non-metric Multidimensional Scaling (NMS) ordinations, Multi-Response 

Permutation Procedures (MRPP) and Indicator Species Analyses (ISA) were used to 

determine trends in community composition.  Two marine systems were identified: 

1) a nutrient-rich upwelling system with a shallow mixed layer and a diatom 



dominated phytoplankton community in the west and 2) a non-upwelling system 

with a deeper mixed layer, lower surface nutrient concentrations and a phytoplankton 

community dominated by small cells in the east. During the cold season three 

distinct zooplankton communities were observed that divide into western, central, 

and southeastern regions. During the warm season, the community in the west was 

replaced by a mix of species from the central region and abundance decreased.  The 

diverse zooplankton community with varying geographical and seasonal affinities 

reflects the advective sources of surrounding waters. In addition to diverse oceanic 

environments, the Galapagos also have a unique set of inland pools known as 

anchialine habitats. I collected zooplankton from various anchialine pools in three 

different islands. These pools contain species of specialized cave-dwellers including 

undescribed species of Ridgewayia and Pseudocyclops (calanoid copepods).  I 

describe these species and apply morphological and molecular methods to determine 

phylogenetic relationships and patterns of colonization.  The mitochondrial gene 

cytochrome c oxidase subunit I (COI) and the nuclear internal transcribed spacer 1 

(ITS1) were used for phylogenetic analyses.  The ITS1gene successfully 

reconstructed phylogenies, but the COI gene was highly conserved across these two 

families. This gene may not be appropriate as the current standard for “bar-coding” 

all marine species. These anchialine copepods are a result of several independent 

colonization events with phylogenetic ties to extant species in the western Pacific 

and Caribbean. 
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A mi familia. 



PREFACE 

The typical Ph.D. thesis involves the work of a graduate student on a well 

established and funded project, through his or her advisor.  But this is not the path 

that I chose.  I developed my own project and sought support from various 

individuals and institutions.  This project is the first in-depth taxonomic study of 

zooplankton in the Galapagos Islands.  Though I have lived in the United States for 

many years and I am now a citizen of this country, I am originally from Ecuador, and 

as such, I pursued this project from a sense of responsibility to advance the limited 

marine research in Galapagos.  There were many factors that made this project 

possible, but the catalytic event that set it in motion occurred when my advisors 

Professors Charles B. Miller and Harold P. Batchelder decided to hire me as graduate 

research assistant.  And instead of requiring me to work on their project, the source 

of the funding, they took a chance and sent me to Galapagos to carry out my field 

work. And so on March 1st, 2004, I stepped from the cargo hold of a military 

transport plane at the central Island of Baltra, Galapagos.  I thought most of my 

troubles were over, but my adventure to pull this project through was just starting.  

What follows is a short account of the social, political, cultural, and technical 

obstacles that had to be conquered to complete this work. 

I was 12 years old when I first visited the Galapagos Islands.  In Ecuador, 

after graduating from elementary school, it is customary to take a class trip to the 

Archipelago.  I did not realize at the time how privileged I was to visit Galapagos at 

such a young age.  It was a wonderful experience that I shared with my classmates. 



During our visit, we had a great naturalist guide from the Galapagos National Park 

Service (GNPS).   The park service was a young institution, just 29 years old, with 

Galapagos having been declared a national park in 1959.  Their main mission back 

then was the same as it is now, to educate the public on the conservation and 

sustainable use of Galapagos’ natural resources.  I remember our guide telling us 

about his work and how we could also become naturalists for Galapagos.  I think by 

the end of our trip all of us wanted to be Galapagos guides.  One of my clearest 

memories is of hiking up to a tectonic fault line, and then scaling down to a pool of 

crystal clear water that had formed at the bottom.  This was a popular local 

swimming hole known as a Grieta. I remember our guide diving into the pool from 

the top, approximately a 12 meter plunge.  He wanted me to join him for his second 

dive, I met him half-way. I’m scared of heights, and 6 meters was enough of a jump.   

Little did I know at the time, while diving, swimming, and horsing around with my 

friends that 16 years later I would be back to this same pool with a zooplankton net 

in hand discovering a world of specialized cave-dwellers.  

My second visit to Galapagos occurred ten years later, during my senior year 

in the marine biology program at the University of Alaska Southeast. This time it 

was a family trip. We had moved from Ecuador to the United States, and my younger 

siblings had missed out on their elementary school Galapagos class trip. So my 

parents decided that we had to go. This trip was during the aftermath of the 1998 El 

Nino. I remember clearly the skeletons of seabirds, marine iguanas, and sea lions 

scattered along the shores of every Island we visited. It was during this time that I 



decided that I needed to work in Galapagos, and my first opportunity came 4 years 

later.  I was hired as a paid intern at the Charles Darwin Research Station (CDRS) in 

the summer of 2002 to work as a data analyst for their Galapagos coastal fish and 

macro-invertebrate baseline program.  During my stay, I developed several working 

relationships with scientists and personnel at the research station and at the 

Galapagos National Park Service.  After my work concluded, I was invited by Dr. 

Edgar Graham, who was the head of the marine science department at CDRS, to 

come back for my Ph.D. thesis work.  So I began to develop a research project.  

Though I had only worked in Galapagos for a short time, I knew that the key 

to carrying out a successful project was to keep the sampling protocol as simple as 

possible.  The most effective method for sampling zooplankton has remained 

virtually unchanged since the 18th century; it can be accomplished with the use of a 

simple ring net.  And so zooplankton became the focus of my work.  I developed a 

proposal to study the community structure and distribution of zooplankton in 

Galapagos.  I contacted Biologist Mario Piu, who was the director of the Galapagos 

Marine Reserve.  He liked my proposed work, as it fit with the park service research 

interests.  He offered full logistical support to sample aboard the park’s patrol vessel, 

P/V Guadalupe River.   In addition to a vessel, I also needed access to a fully 

equipped wet lab to analyze my samples, so I took Dr. Edgar Graham up on his offer 

to come back and work with CDRS.  Now the last thing I needed was a salary to pay 

for my living expenses while in Galapagos.  As I stated before, the financing of my 

work was made possible by my advisors, who from their grant not only provided me 



with a stipend, but also covered my travel expenses and equipment and materials 

purchases.  I had everything I needed to start my project, so I travelled to Ecuador at 

the end of January 2004.  

Upon arriving in Quito, I initiated my paperwork with CDRS to get a 

temporary residence card for Galapagos.  Over 98% of the land in Galapagos is a 

National Park and by law the existing urban area cannot be expanded, therefore 

immigration to the Island is tightly controlled.  You can only live in Galapagos if 

you are a native of the Islands. If you are a relative of a native, and want to 

immigrate to Galapagos, you can also apply for residency. Anyone else can only stay 

in Galapagos for 3 months at a time.  An exception is made for scientists and other 

technical personnel who will be working either with CDRS or GNPS, who can apply 

for a temporary residence card.  In addition to being able to stay longer than 3 

months, the residence card allows for unlimited entries to Galapagos with the $100 

park entrance fee waived and the roundtrip airfare from the mainland to the islands is 

reduced from $350 to $100.  With paperwork being processed, I then struck a deal 

with a polypropylene bottle factory to supply me with bottles for my samples 

throughout my project.  Within two weeks I acquired other necessary items, 

including formalin and borax to preserve and buffer the samples, some basic tools, 

and a bicycle (the essential mode of land transportation in Galapagos).  At this time I 

received a notice that my papers where going to take a few months to process, but 

that I could travel to the Islands as a tourist and get my work started.  



While I was getting supplies ready in Quito, protest broke out in Galapagos. 

Fishermen were protesting the fishing quota set for the sea cucumber season.  The 

sea cucumber fishery in Galapagos is overexploited.  The Galapagos National Park 

Service established strict guidelines for this fishery in an attempt to allow the sea 

cucumber population to recover from overfishing.  There is a great economical 

incentive to harvest sea cucumbers.  In a few days of work, a sea cucumber 

fisherman could make as much money as the estimated average monthly salary in 

Ecuador.  The sea cucumbers are harvested by free diving from small boats.  The 

diver wears a snorkel mask and takes one end of a hose with him. A partner stays at 

the surface and manually pumps air into this hose.  It is a dangerous practice and as 

the sea cucumber population crashes, the depths at which these fishermen have to 

dive to harvest them steadily increase to even more perilous levels.  Once brought to 

the surface, the sea cucumbers are smoked and dried for shipment to Asian markets.  

I was ready to purchase tickets and travel to Galapagos amidst these protests, when 

the fishermen decided that they were not being heard and took over the only two 

commercial airports in the Islands.  Flights were not allowed in or out of Galapagos.  

Over a week went by and there was no resolution in sight for the near future.  

It had been almost a month since I left Oregon and through all this 

commotion I had neglected to report back to my sponsors. This is when I received a 

message from Dr. Miller, my advisor, concerned about where I was and wanting to 

know the status of my situation.  I reported back and from then on made an effort to 

correspond with him every week on my progress. I realized that my time to complete 



this project was limited and there was an urgency to get started.  I needed to find a 

way to get to the Islands. One of my cousins had a close friend whose father was a 

Colonel in the Ecuadorian Air Force.  I found out that a military airstrip was still 

open in Galapagos.   With help from my cousin, I managed to “buy” a spot on the 

cargo hold of a military airbus.  On March 1st, 2004, I loaded my equipment on this 

Air Bus and comfortably sat on a cargo net; there were no window seats.  After a 

two-and-a-half hour flight, with no drink service and a constant smell of burnt jet-

fuel, I emerged from the cargo hold onto the Galapagos.    

I had made previous arrangements and had rented a small suite in the town of 

Puerto Ayora in the central Island of Santa Cruz where the Charles Darwin Research 

Station and the Galapagos National Park Service headquarters are located.  The 

protests lasted another couple of weeks.  During this time all GNPS and CDRS 

facilities were closed.  The protesters had barricaded and taken over these 

installations.  Once the protests were over, I was able to arrange a meeting with the 

director of the marine reserve at GNPS biologist Mario Piu, to work out the details of 

their logistical support for my project. It seemed like I was finally going to get 

started on my scientific endeavors.  My meeting with him was bitter-sweet, the first 

thing he told me was that this was his last day as director of the reserve.   Among the 

protesters demands were increases of the sea-cucumber fishing quota and the 

resignation of the director of the Galapagos Marine Reserve.   The Ecuadorian 

government conceded on these two issues.  This was the beginning of a trend: 

protesters would forcefully take over GNPS and CDRS facilities and then make 



demands on the government.  The directorship of GNPS, including that of the marine 

reserve and its various other departments, changed 7 times throughout my stay in 

Galapagos.  Each time I had to meet with the new person in charge to present my 

project and ask for continued support.  

Though Mr. Piu was stepping down as director, he continued to work for 

GNPS.  He introduced me to Mr. Fernando Ortiz who was appointed as the new 

director of the marine reserve and we agreed to a sampling protocol were I would 

travel aboard a GNPS’ patrolling vessel each month and take samples of opportunity.  

I was assured that monthly trips would be available starting in April.  This gave me 

about 3 weeks to get everything ready to start collecting samples. My next step was 

to meet with the new head of the marine science department at CDRS; Dr. Graham 

had left the job about a year ago and a new person was in charge. I had been in touch 

with the new director over e-mail and was assured that a working relationship 

supporting my project would be possible with CDRS.  When I actually met with the 

new director of the marine science department, she explained that CDRS could not 

provide much support.  All I needed was some lab space with a microscope and 

status as a volunteer or visiting scientist to obtain residence and work permits for 

Galapagos.  But, it was obvious after the meeting that working directly with CDRS 

was not going to be possible.   Fortunately, the Galapagos National Park Service had 

a wet lab next to a small dock, fully equipped with dissecting and compound 

microscopes.  The lab was not being used; so they were glad to give me the keys and 

this small rectangular building, 5 meters wide and 10 meters long, became my 



personal research station in the Galapagos.  As for my residency and work permit 

applications, they were approved after GNPS appointed me as a visiting scientist. 

The wet lab had not been used in almost a year.   A lot of dusting and 

cleaning was needed to make it operational again.  While setting up the lab, I found 

four zooplankton ring nets that the Park had purchased a few years ago (two nets of 

500μm mesh and two of 335μm mesh).  These nets complemented my 100μm mesh 

ring net and so I restored them to working order; they were missing cod ends and had 

a few tears and rust.  I patched the tears, cleaned the rust, and used PVC pipes to 

build snap-on cod ends with drilled outlets on the side fitted with mesh to allow for 

water flow.  I was finally ready to start my field work. As April came around, I was 

given the schedule for the patrolling vessel’s trip, we were to leave on the 6th and 

travel southwest, around the large Island of Isabela and return from the north to 

Puerto Ayora.  I was very excited to get started, but it was not until the end of 

August that I was finally able to go on a sampling cruise.  The April trip was 

cancelled due to hydraulic problems on the ship. These were repaired by the end of 

the month.  Another trip was planned for the first week of May, but fishermen 

protests broke out again and all GNPS and CDRS installations were forcefully taken 

over by the protestors who then barricaded all entrances with barbed wire. All GNPS 

operations were halted. The protests lasted a couple of weeks.  Once these were over, 

the patrolling trip was rescheduled for the end of May.  As I was getting ready to 

leave for this trip, GNPS received orders from the Government that the vessel was to 

be used in a photo shoot and the patrolling trip cancelled. The contest of Miss 



Universe was being held in Ecuador the next month and to advertise tourism in 

Ecuador, several of the contestants were being flown to Galapagos and the GNPS 

vessel was needed to transport them to various sites around the Islands. I told GNPS 

that I did not mind taking my samples of opportunity while the beauty queens did 

their photo shoot, but alas, I was not given a spot on the trip and so I had to wait 

some more.  

I was in a precarious situation. I had invested my Ph.D. career on this project 

and after 6 months I still had not been able to sample.  The pressure was mounting; 

my advisors had placed their trust on me and sent me to these exotic islands with 

money from their project.  I needed to start producing some results soon.  Since it 

had not been possible to go aboard the patrolling vessel, I asked GNPS if I could go 

on one of their smaller vessels that were operating and take some surface samples to 

at least start familiarizing myself with the local zooplankton.  The Park had hired a 

local fisherman for a reconnaissance mission to secretly video tape some tourist 

boats that were suspected to be sport fishing illegally within the marine reserve.  So 

they sent me on two trips with this fisherman to the northern region of Santa Cruz, 

aboard a small “panga” boat (these are small skiffs generally used by fishermen in 

Latin America).  With the surface samples obtained I was able to start identifying the 

local zooplankton. I had brought many zooplankton keys with me and since I had an 

internet connection from my wet lab, I was able to upload pictures and correspond 

with Dr. Miller about the local fauna. The internet became an essential tool as Dr. 

Miller was able to scan various books and journals and send those to me as needed 



along with regular advice through e-mail. Though learning the taxonomy of the local 

zooplankton was essential, I still needed to go on a real sampling cruise.  

After the Miss Universe fiasco, June came around and several more 

fishermen protests broke out, again shutting down all GNPS activities.  These 

protests were not embraced by all fishermen, but rather by a minority. The 

community grew tired of these protests, as they disrupted not only GNPS and CDRS 

activities, but also Island life in general.  I participated in a counter protest on June 4, 

where most of the community took to the streets and demanded that the protesting 

fisherman cease their disruptive activities and respect the management policies 

implemented for the sustainable use of Galapagos natural resources.  The Ecuadorian 

government decided to send the military to maintain order amidst these protests. The 

protesting fisherman finally desisted.  The military occupied Puerto Ayora for the 

next few months.  During this time, the fishermen tried to take over GNPS and 

CDRS facilities again but were quickly dissuaded by the army. Fortunately it did not 

escalate past a shouting match. I had two patrolling soldiers armed with assault rifles 

by my lab every day.  It was an intimidating presence, but it brought civil order 

which allowed for work to continue. This civil order lasted for some time after the 

military left; and at the end of August I was finally able to go on my first sampling 

trip.  

I met with the captain and crew of the P/V Guadalupe River one week before 

the trip.  My spot on the vessel was almost forfeited when they realized that my 

research assistant was a woman. Biologist Kellie Hoefel had accompanied me to 



Galapagos.  She had worked with land iguanas in Galapagos in 2002 as a volunteer 

with CDRS under the supervision of Dr. Snell, the head of the vertebrate research 

department at that time.  She had planned to continue her work with Dr. Snell, but he 

had recently left CDRS.  When I first contacted GNPS for my project, I was offered 

an assistant from their personnel to help me in my research; but upon arriving to the 

Islands I found out that no one was available. Ms. Hoefel jumped at the opportunity 

to work with me on zooplankton research.  It was great to have a trained biologist as 

an assistant. She became an invaluable resource without whom this project could not 

have been completed.  

The crew of the P/V Guadalupe River consisted of the captain, a first mate, a 

mechanic, a cook, two deckhands, and an army soldier. All of them hardened veteran 

seamen (except for the soldier), who wholeheartedly thought that the high seas were 

no place for a lady.  Their prejudice was so intense that they refused to take her 

along. They were already upset that they had to take scientists with them during their 

patrolling trips. Understandably they had a job to do, which was to chase and capture 

poachers and pirates. They did not want scientists getting in the way; making their 

already stressful job more difficult. We had to meet with the captain and the director 

of the Marin Reserve and applied research department to work out our differences. I 

finally stated that this was ridiculous and that I would pull out my project with GNPS 

if Ms. Hoefel was not allowed to take part on the field sampling.  Of course that 

would have meant that my Ph.D. project was over, but the captain after seeing my 

resolve on this matter said he would give her one chance to prove her mettle. And 



that is all that it took, through hard work Ms. Hoefel won the respect of the captain 

and crew during that first trip. Our sampling protocol was simple and adaptable so it 

did not interfere with their work. We took part on many high speed chases, 

confiscation of illegal catch (including shark fins and sea cucumbers) and the 

impoundment of illegal vessels (foreign and domestic). We developed a strong 

friendship with the captain and crew.  After that first trip, they were the first to 

contact me anytime a cruise was planned. They learned from me about zooplankton 

and ocean ecology and about life in the United States. I learned from them about 

poachers and pirates and about life in the high seas.  

I had surpassed the last major obstacle.  I was not able to sample every month 

as planned, but about every 2 months. Just in case I did not get enough samples for a 

dissertation, I also carried out two side projects. The first is an ecological study of 

Academy bay. This is the local bay in Puerto Ayora.  There are numerous water taxis 

that for 50 cents will take you out to any boat anchored in the Bay or across to a 

small peninsula where there is a beach some hotels and residences and a nature path 

to a popular inland swimming hole. Every 15 days I hired a water taxi for $5 to take 

me out to the middle of the bay to take zooplankton surface tows at noon and at 

midnight. These samples are stored and awaiting analysis. Also, during times of 

protests, I would frequently cross to the small peninsula and take the nature path to 

the local swimming hole. This particular swimming hole is an inland pool that had 

formed along a tectonic fault line with subterranean connections out to sea, locally 

know as a “Grieta”.   One afternoon after swimming, I decided that I would hike up 



to this Grieta the next day with my zooplankton net, just to see what lives there.  To 

my surprise, it turned out that the zooplankton inhabiting this Grieta was very 

different from that found in the ocean.  By this time I had been working extensively 

with copepods from ocean samples, but the copepods that I found in the Grietas were 

unlike anything I had seen. I sent pictures to Dr. Miller who was also surprised at the 

particular morphology of the Grietas copepods. Through research, I found out that 

these Grietas are known as anchialine habitats that often contain new species of 

highly specialized cave dwellers.   

In my first Grietas sample I identified three new species of copepods.  This 

prompted me to sample every Grieta that I could find. I researched old expeditions of 

Grietas that were archived at the CDRS library. These were geological expeditions 

describing several of these tectonic features in different Islands. It was hard work to 

trek across lava fields in temperatures of over 90 degrees Fahrenheit while carrying 

sampling equipment. But there was also an incredibly exhilarating sense of 

discovery. The Grietas came in many shapes and sizes; some formed large open 

pools where nets could be towed by swimming with the aid of snorkels; some were 

dark enclosed lava tunnels that plunged into sea, some required climbing down steep 

walls to reach the water and others were simple sink holes.  Similar to the different 

species of finches found in each island and the various subspecies of Galapagos 

turtles specific to each volcanic crater, these Grietas have specific dwellers that are 

closely related to each other but have diversified over time.  The study of the 



Galapagos anchialine habitats, born out of simple curiosity, became a major part of 

my thesis work.  

I stayed in Galapagos until August 2005. What should have been a year-long 

project turned into an almost two year adventure. There are many other anecdotes 

that I will fondly remember from my Galapagos thesis work, briefly, these include: 

ants overrunning my wet lab and stealing several months worth of carefully mounted 

and dissected specimens; the air conditioning breaking down during the warm 

season, turning the lab into a hot sauna; during lunch break diving off the dock next 

to my lab onto cool ocean waters and snorkeling to a nearby reef; having my advisor 

Dr. Miller visit me twice while in Galapagos and helping me with the Grietas 

expeditions; almost losing Dr. Miller in a thicket with three inch long thorns while 

searching for an opening to one of these caves; pulling him out of the thorns, his 

hands and arms bleeding and then mistakenly passing him the formalin instead of the 

ethanol; Dr. Miller running out to sea after pouring formalin on his open wounds; 

erupting volcanoes altering sampling trips; navigating for nine hours straight aboard 

the Guadalupe River from a remote region of the archipelago to the southern town of 

Puerto Baquerizo in the Island of San Cristobal just to receive the televised 

transmission of the world cup qualifying soccer match between Ecuador and Brazil; 

arriving to San Cristobal with just a few minutes to spare before kickoff and, on a 

television aboard the ship, watching how Ecuador beats Brazil for the first time in a 

world cup  qualifying match; celebrating with wine afterwards; being present in the 

country during the popular revolt and ousting of the Ecuadorian president; receiving 



many visits from friends and family and enjoying the Island life. Working in 

Galapagos was a wonderful experience. It took great effort to accomplish but it has 

also been extremely rewarding. I am very grateful to everyone that supported me in 

successfully completing this project. 

 



Zooplankton of the Galapagos Islands 

 

General Introduction 

 
The Galapagos are a series of volcanic islands located on the equator off the 

coast of Ecuador.  Because of their singular geographic setting, oceanographic 

conditions and isolation from the continent for millions of years, a unique ecosystem 

has evolved in this region, with a rich flora and fauna not found elsewhere in the 

world.  As oceanic islands, the current biota of the Galapagos, including marine 

organisms, is comprised of species that must have originally dispersed to the Islands 

from other regions (Jackson 1993).  Research efforts in Galapagos have primarily 

been directed to the land environment, but modest efforts in marine research have 

started in the past 20 years. This research has been geared towards larger animals, 

such as fish and marine mammals, while studies of zooplankton have been few and 

limited.  A taxonomically comprehensive study of Galapagos zooplankton has never 

been done.  

In Galapagos, the confluence of several currents from distant regions, their 

seasonality, and the upwelling regime they generate, result in an extremely diverse 

pelagic environment.  This diversity should be reflected by the organisms inhabiting 

these waters.  As in other regions, it is expected that the zooplankton community will 

be composed of various distinct assemblages that will be directly related to the 

shifting oceanographic conditions around the Islands.  
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In addition to the diverse oceanic environments, the Galapagos Islands also 

have a unique set of anchialine pools dispersed throughout the Archipelago. These 

are inland bodies of salt water with subterranean connections to the sea (Holthuis 

1973).  These anchialine pools are inhabited by specialized cave dwellers, including 

zooplankton.  Studies of anchialine habitats in the Caribbean, Mediterranean, and 

Western Pacific have yielded many new species. The only reported location of 

anchialine habitats in the eastern Pacific is the Galapagos Islands (Iliffe 1991).  This 

project is divided into two parts: 

1) The distribution and community structure of zooplankton in the 

Galapagos marine environment, and 

2) The description of new species of calanoid copepods from the Galapagos 

anchialine system and of some of their close relatives from the Florida 

Keys, including phylogenetic and morphological analyses to determine 

colonization and speciation patterns. 
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Distribution and community structure of zooplankton in the 
Galapagos Archipelago 

 

INTRODUCTION 

Although the Galapagos Islands are located at the equator, the climate in 

surrounding waters is spatially and seasonally heterogeneous. The marine environment 

is affected by three main ocean currents: the Panama current advects warm waters from 

Central America to the northern region of the Islands, the Peru current brings cold 

waters from along the South American continent to the southeastern region, and the 

equatorial undercurrent flowing east along the equator collides with the western side of 

the Island of Isabela, generating upwelling of cold waters (Bearman, 1991; Palacios, 

2004).  These currents generate five distinct temperature zones in the Galapagos marine 

environment (Harris, 1969; Glynn and Wellington, 1983):  a warm tropical zone in the 

north, a cool zone in the south, a cooler zone in the west, and two seasonally varying 

central zones.  Thus currents converging in the Galapagos create a spatially diverse 

ocean environment suitable for a variety of species with different climatic 

requirements (Figueroa, 2004).   This is evident from the distinct types of marine 

mammals, seabirds, and fish that inhabit the Islands.  The currents impinging on the 

Galapagos carry oceanic faunas with varying regional relationships, including 

species that are circumtropical, Chilean, Indo-Pacific, eastern Pacific, and Sub-

Antarctic (Figueroa, 2004).   
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Research efforts in Galapagos have primarily been directed to the land 

environment, but modest efforts in marine research have started in the past 20 years. 

This research has been geared towards larger animals, such as fish and marine 

mammals, while studies of zooplankton have been few and limited.  A taxonomically 

comprehensive study of Galapagos zooplankton has never been done.  The main 

purpose of my study is to characterize the zooplankton community in Galapagos 

relative to the physical and chemical oceanographic processes in the Archipelago. 

There are two parts to this research: 1) zooplankton distribution and community 

structure and 2) characterization of physical and chemical properties of the Galapagos 

water column. 

 

Zooplankton 

Intensified marine research in biologically diverse, previously understudied 

regions, particularly the tropics, is improving our understanding of the distribution 

and the biogeography of marine species. The first comprehensive oceanographic 

expeditions in the Eastern Tropical Pacific (ETP) were carried out from the U.S. Fish 

Commission Steamer Albatross between 1888 and 1905 (Fernandez-Alamo and 

Farber-Lorda, 2006).  Plankton collected by net tows during these expeditions led to 

the publication of numerous taxonomic descriptions in several zooplankton groups, 

including Giesbrecht’s 1895 descriptions of the Copepoda (Fernandez-Alamo and 

Farber-Lorda, 2006).  After the Albatross expeditions there were several smaller 
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expeditions that increased the taxonomic knowledge of zooplankton in the region, 

but it was not until 1967, when the EASTROPAC project was initiated, that the ETP 

was again extensively studied, spurring numerous publications on zooplankton 

taxonomy and the pelagic ecology of the region (Blackburn et al., 1970; Ahlstrom, 

1971;  Beers and Stewart, 1971; Longhurst and Seibert, 1972; Longhurst, 1976; 

Fernandez-Alamo, 1983; Segura-Puertas, 1984; Arcos and Fleminger, 1986).   Since 

EASTROPAC, there has only been small-scale sampling of zooplankton in the ETP 

with the most recent, intensive taxonomic work being carried out near the Pacific 

coast of Mexico (Fernandez-Alamo, 2000; Suarez-Morales et al., 2000).  

Zooplankton studies in the Galapagos Archipelago have been very few and limited, 

and, despite all the research that has been carried out in the ETP, the zooplankton 

community inhabiting the immediate vicinity of the Galapagos Archipelago remains 

largely unknown. In order to establish a baseline of zooplankton distribution and 

community structure in the surrounding waters of the Galapagos Islands I sampled 

for zooplankton from a vessel of opportunity, the Galapagos Marine Reserve Patrol 

boat, at numerous sites across the Archipelago between September 2004 and July 

2005.  
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Physical and chemical properties 

The distribution and community structure of any fauna are ultimately a 

reflection on the physical and chemical properties of the region they inhabit. In 

today’s changing climate, understanding the physical and biological interactions of 

an ecosystem has become a priority. In oceanography, the past few decades have 

been highlighted by studies aimed to understand the control of productivity and 

carbon flux in the ocean.  Many of these studies have focused their attention on high-

nutrient-low-chlorophyll (HNLC) regions.  The eastern equatorial Pacific is 

considered an HNLC area, because of its relatively low phytoplankton abundance 

with respect to its high macronutrient concentrations in surface waters (Leonard et 

al., 1999; Landry et al., 2000). The Galapagos Islands stand out as a chlorophyll 

“oasis” in the eastern equatorial Pacific HNLC region. The high chlorophyll levels to 

the west of the islands, observed as a plume in ocean color imaging, results from the 

enhanced phytoplankton growth due to iron and nutrient input from upwelling of the 

EUC and from the island mass effect (Landry et al., 1997; Palacios, 2002; 

Richardson et al., 2004).  When the EUC hits the subsurface slopes of the Galapagos 

Islands, it is forced to the surface, bringing nutrient rich waters and iron into the 

euphotic zone. The island mass effect occurs from weathering of the Galapagos that 

supplies nutrients and iron to surrounding waters. The westward advection of these 

waters by the South equatorial current (SEC) intensifies the enrichment to the west 

of Galapagos.  It is expected that the phytoplankton and zooplankton around 

Galapagos will vary from a nutrient-rich and iron-rich upwelling community on the 
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western side to a non-upwelling possibly nutrient-limited community to the east.  In 

order to determine whether such differences are present, vertical profiles of 

temperature, salinity, nutrient concentrations and chlorophyll were determined at 

various stations in the western and eastern regions.  Phytoplankton and zooplankton 

samples were also taken at these stations.  

 

METHODS 

Zooplankton 

The bulk of the field sampling was performed aboard a vessel of opportunity, 

the P/V Guadalupe River, a Galapagos National Park Service patrol vessel.  I 

collected zooplankton samples by vertical tows from five meters above the bottom to 

the surface, over the Galapagos shelf from many stations across the Archipelago 

(Figure 1).  Depending on the bathymetry at the sampling site, the vertical tows 

ranged in depth from 110 m to 200 m.  Sampling took place in September 2004, 

November 2004, February 2005, May 2005, and July 2005.  Two simple ring nets of 

335μm and 100μm mesh were used at each station.  These nets had 0.6 m and 1 m 

diameter, respectively.   

In addition to the P/V Guadalupe River samples, I participated on a cruise 

aboard the R/V Thompson in January 2006 and sampled an additional 9 sites across 

Galapagos by means of whole water column vertical hauls. Two of the stations 
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Figure 1 Converging currents generate four climate zones: a northern warm tropical 
zone, a southeastern temperate zone, a western coldest zone and a seasonally varying 
central zone. In red are sites sampled from the P/V Guadalupe River in September 
2004, November 2004, February 2005, May 2005, and July 2005. In green are sites 
sampled from the R/V Thompson in January 2006. 

 

 (AM1 and PM1) were sampled with two simple, 1m ring nets with 333μm and 

100μm mesh, both readily comparable to the samples taken aboard the P/V 

Guadalupe River.  The other 7 sites were sampled with just the 100 μm mesh ring 

net. 
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Based on the Oceanic Niño Index (ONI), the sites sampled in September 

2004, November 2004 and February 2005 were under the influence of a mild El Niño 

(Figure 2). The sea surface seasonality was used to classify the sites as sampled 

during the cold season (September and November 2004, July 2005 and January 

2006) or the warm season (February and May 2005, Table 1).  

 

 

Figure 2 Oceanic Niño Index (ONI), three month running mean of extended 
reconstructed SST anomalies in the Niño region (5oN-5oS, 120o-170oW).  The 
highlighted period between June 2004 and February 2005 is considered a mild El 
Niño based on the anomalies exceeding +0.5oC for 5 consecutive seasons from the 
1971-2000 base period (Data from NOAA Climate Prediction Center).  Monthly 
mean SST extracted from a 50 km satellite water pixel from a central site in 
Galapagos (-1oS and -90oW, Data from NOAA Coral Reef Watch Program). Vertical 
red lines show months when samples were taken. 
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Table 1 Location, date, time, tow depth and seafloor depth for all sampling sites for 
the P/V Guadalupe River and R/V Thompson cruises. Sites are divided according to 
the season (cold or warm) and according to their location within the Archipelago 
(Western, Central or Southeastern).  

 Season Site Name Site ID Lati
tude 

Longi
tude 

Date Time Tow 
Depth 

Seafloor 
Depth 

P/
V

 G
ua

da
lu

pe
 R

iv
er

 

W
es

te
rn

 

Cold 

Canal Bolivar CBo91 -0.28 -91.79 9/5/2004 8:13 170 175 

Canal Bolivar CBo9 -0.28 -91.79 9/5/2004 8:13 170 175 

Punta Moreno PMo11 -0.69 -91.36 11/13/2004 7:33 120 130 

Caseta Cas11 -0.35 -91.35 11/14/2004 7:36 125 131 

West Fernandina Fer11 -0.29 -91.58 11/15/2004 15:44 190 185 

Punta. Brava PBr11 -0.08 -91.41 11/16/2004 11:09 200 287 

Warm 

Canal Bolivar CBo2 -0.37 -91.35 2/3/2005 8:11 150 168 

South Isabela SIs2 -0.92 -91.53 2/18/2005 9:22 125 200 

North Isabela NIs2 -0.07 -91.56 2/19/2005 6:33 125 152 

Roca Redonda RRe5 0.28 -91.64 5/20/2005 14:48 185 230 
Fernandina Cabo 
Douglas FCD5 -0.29 -91.64 5/21/2005 17:35 180 200 

Cabo Douglas CDo5 -0.29 -91.64 5/24/2005 17:35 180 200 

Pta. Mangle PMa5 -0.40 -91.37 5/22/2005 17:06 150 176 

C
en

tr
al

 

Warm Northeast Isabela NEIs5 0.13 -91.31 5/19/2005 16:36 185 250 

Cold 

North Bucanero NBu7 -0.14 -90.82 7/24/2005 7:55 180 180 

Pinta Pin7 0.59 -90.80 7/25/2005 12:39 160 145 

North Isabela NIs7 0.11 -91.47 7/27/2005 10:49 185 750 

So
ut

he
as

te
rn

 Warm Floreana Flo5 -1.25 -90.53 5/18/2005 11:51 155 155 

Cold 

East Floreana EFl11 -1.29 -90.34 11/12/2004 9:08 110 116 

San Cristobal SCr11 -0.98 -89.56 11/17/2004 11:12 120 68 

South Espanola SEs11 -1.43 -89.66 11/18/2004 8:33 115 103 

Punta Espinoza PEs11 -1.36 -89.76 11/19/2004 8:29 145 128 

R
/V

 T
ho

m
ps

on
 

W
es

te
rn

 

Cold 

West Isabela AM1 -0.62 -91.32 1/14/2006 12:59 140 145 

West Isabela PM1 -0.62 -91.32 1/14/2006 23:48 140 145 

West Isabela BIO1 -0.62 -91.70 1/21/2006 17:45 180 3021 

Pta. Mangle BIO2 -0.62 -91.32 1/23/2006 2:30 140 143 

North West Isabela BIO3 -0.23 -91.39 1/22/2006 14:00 180 2237 

C
en

tr
al

 

Cold 

North East Isabela BIO4 -0.02 -91.13 1/25/2006 3:00 180 2117 

Central BIO5 -0.53 -90.78 1/24/2006 7:30 180 543 

Santa Fe BIO6 -0.92 -90.00 1/21/2006 21:45 180 211 

So
ut

he
as

te
rn

 

Cold South East XO1 -2.00 -89.00 1/27/2006 2:00 180 3110 

 

Because this sampling was done aboard a vessel of opportunity, it was not 

possible to have a systematic sampling grid that covered all geographical regions of 
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the Archipelago. Good spatial coverage was achieved for the western and 

southeastern regions of Galapagos during the cold season.  A few north central sites 

were also sampled during this season. During the warm season there was good 

spatial coverage of the western region only. One north central and one southeastern 

site were also sampled during this season.  It was not possible to collect samples 

from the south central and northeastern regions of the Archipelago.  

All the samples were preserved in formalin and brought to Oregon State 

University for analysis.  I sorted through 4% of the volume of each sample. Sub-

sampling was performed with a Stempel pipette, removing 20 ml of sample from 500 

ml of total volume. This sub-sample was placed in a mini-Bogorov counting 

chamber, each organism was identified and counted under a dissecting microscope at 

20X magnification.  This sub-sampling method ensured that at least 1,000 

individuals were counted from each sample, for a total of 40,125 counts.  Because of 

their dominance in the samples, adult copepods and euphausiids were identified to 

species level; immature individuals were identified at least to genus level and to 

species level when possible. Other organisms were tabulated under their major phyla 

(i.e. larvaceans, ostracods, chaetognaths, gelatinous zooplankton, etc…). 

Since only 4% of each sample was analyzed, it was of interest to estimate the 

actual number of species of copepods in these samples. This was done by using 

species estimators Chao 1 and Chao 2, computed by the EstimateS 8.0 software 

(Colwell 2009).   The software EstimateS 8.0 was used to randomize and subsample 

the community data based on all samples, calculating Chao 1 and Chao 2 at each 
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step. The species estimators Chao 1 and Chao 2 have performed remarkably well for 

data sets with less than 100 sample units and with high numbers of rare species 

(Chao 1987, Chao and Lee 1992, Bunge and Fitzpatrick 1993, Colwell and 

Coddington 1994, Chazdon et al. 1998).  These estimators extrapolate the total 

number of species of copepods based on the abundance data from my sub-samples. 

Chao 1 (S1) was developed by Chao (1984) based on work by Harris (1959); it 

estimates the actual number of species in a community based on the number of rare 

species found in the samples:  

S1 = Sobs + (a2/2b) 

where Sobs is the number of species counted in a sample, a is the number of species 

that had only one individual in that sample, and b is the number of species that had 

only two individuals in that sample (Colwell and Coddington 1994).  Chao 2 (S2) 

was developed by Chao (1987): 

S2 = Sobs + (L2/2M) 

where Sobs is again the number of species counted, L is the number of species that are 

found in only one sample and M is the number of species found in two samples. 

Chao1 is an abundance based estimator while Chao 2 is an incidence based estimator 

(Colwell and Coddington 1994).   

The software package PC-ORD 5 (McCune and Grace 2002) was used for all 

other statistical operations.  Nonmetric Multidimensional Scaling (NMS, Kruskal 

1964, Mather 1976) was used as an ordination method for the community data. 

Unlike more traditional methods of ecological analysis in which sites are classified a 
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priori by environmental parameters and biological data are analyzed with respect to 

these parameters, NMS ordination focuses directly on how sites vary with respect to 

their biological components. In a NMS ordination, the sites are arranged in a space 

of multiple axes, with each axis representing an underlying multivariate structure 

based on the biological components of the samples.  Any patterns observed in this 

arrangement that are associated with environmental data can then be evaluated to 

provide insights about significant environmental parameters. The distribution of 

biological communities is influenced by a combination of many environmental 

factors, and the relationships of these assemblages to the environmental variations 

are often non-linear (McCune and Grace 2002).  Therefore, the analysis of 

community data should be performed by multivariate methods that do not assume 

linear relationships, a feature of NMS ordination.  See McCune and Grace (2002) for 

the underlying concept and additional descriptions of the methods and the 

terminology involved in NMS. The NMS ordination was performed using Sorensen 

distances.  This is the advised distance index for community data analysis; the 

Sorensen coefficient (also known as the Bray-Curtis coefficient) is the shared 

abundance divided by the total abundance (McCune and Grace 2002). The starting 

NMS configurations were random, and 1000 runs were performed with the real data.  

A Monte Carlo test was performed with 250 runs of randomized data. Correlations 

with the ordination axes of regional distributions and species abundances were 

determined and represented graphically using joint plots of the sampling sites and 

species abundances in species space.  
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Groups of sites were defined according to climate zones and seasons.  These 

groups were compared using Indicator Species Analysis (Dufrene and Legendre 

1997) and a non-metric Multi-Response Permutation Procedure (MRPP; Mielke 

1984).  Indicator Species Analysis provides a value for each species based on its 

relative frequency and relative abundance in each group.  Indicator values can range 

from 0 to 100: a species that receives a score of 100 means that the presence of that 

particular species points unequivocally to a specific group (McCune and Grace 

2002).  The indicator value is basically a score for the group fidelity of a particular 

species.  The null hypothesis of no difference between groups is evaluated with a 

Monte Carlo test of 1000 randomizations.  The significance of the observed 

maximum indicator value for a species is represented by a p value based on the 

proportion of randomized trials with indicator value for that species equal to or 

exceeding the observed value (McCune and Grace 2002).  Therefore, according to 

McCune and Grace (2002), infrequent species  and singleton species (those 

occurring in only one group but only in very few sites of that group) will not show 

up as statistically significant indicators, since their occurrence in only that group is 

very likely by chance alone.       

MRPP is a multivariate test of group differences.  It evaluates the null 

hypothesis of no difference between two or more groups by comparing the 

homogeneity of group members in previously defined groups to the homogeneity of 

group members in randomly assigned groups (McCune and Grace 2002). Sorensen 

distances were used to be consistent with the NMS ordination. Also, since NMS uses 
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ranks when calculating the ordination, so the distance matrix used in the MRPP was 

changed to ranks before calculating the A statistic of significance, making it a non-

metric MRPP.  The A statistic provides a measure of group similarity, with an A 

value of 1 indicating that all items within a group are identical, and an A value of 0 

indicating that the heterogeneity within groups equals that expected by chance 

(McCune and Grace 2002).  In most analyses of community structure, values of A 

are less than 0.1 and values of 0.3 or more are considered quite high (McCune and 

Grace 2002), meaning that each group has a unique and distinct biological 

community.   

 

Physical and chemical properties 

Aboard the R/V Thompson, a total of 9 sites (5 from the west and 4 from the 

east) were sampled from January 13 to January 28, 2006 (Figure 1).  Water samples 

were taken with a 24-bottle CTD rosette.  Hydrographic measurements included 

salinity, temperature, pressure, chlorophyll fluorescence, photosynthetically active 

radiation (PAR) and dissolved oxygen.  Niskin bottles were used to take water 

samples at 5 depths from all stations from the surface to the 1% light level. These 

samples were used to measure nutrient concentrations and to determine 

phytoplankton size distribution. Nitrate, ammonia, phosphate, and silica were 

measured using standard procedures (Strickland and Parsons, 1968; Grasshoff et al., 

1983, UNESCO, 1994; Holmes et al., 1999). Size distribution of phytoplankton was 

determined by filtering water samples through 20μm and 2μm filters. Chlorophyll 



 
 

16 
 

concentrations for each fraction (<2μm, 2-20μm, and >20μm) were determined by 

fluorometry using standard procedures (Newton and van Voorhis, 2002). These 

measurements were collected as a group effort that included senior scientists and 

undergraduate and graduate students from the University of Washington and science 

personnel from the Galapagos National Park Service and the Charles Darwin 

Research Station.  As detailed in the previous section, zooplankton samples were 

also taken at these stations. 

 

 

RESULTS 

Zooplankton Distribution 

 Sorting through 4% of each oceanic sample ensured that at least1000 

individuals were counted in each for a total of 41,163 counts. The zooplankton 

counts showed that the most abundant organisms were copepods, representing on 

average 80.3% of the zooplankton abundance (Table 1).  Other organisms that 

yielded recurringly significant numbers included: euphausiids, chaetognaths, 

appendicularians, ostracods, and gelatinous zooplankton (Table 1).  Numerous other 

invertebrates were also present in the Galapagos zooplankton, but they were 

infrequent and found in low numbers.   

Because of their large numbers in the collected samples, species 

identification has been focused mainly on copepods.  The Copepoda (Arthropoda: 
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Crustacea: Maxillopoda) is one of the most diverse groups of aquatic organisms 

today.  They inhabit freshwater and marine environments and can be free living or 

parasitic.  The number of described species of copepods has doubled in the last 40 

years.  Humes (1994) reviewed this progress: the increase was from 7500 species 

estimated by Kaestner in 1970, to 8400 by Bowman and Abele in 1982, 9000 in 1990 

by Brusca and Brusca, 10000 in 1991 by Huys and Boxshall, and 11500 in 1994 by 

Humes’ own estimate.  At present there are roughly 14000 species of copepods 

described under 10 orders.   

Table 2 Average abundance of the most numerous groups of Galapagos zooplankton 
for all samples. The miscellaneous Crustaceans category includes meroplankton, 
mysids, isopods and amphipods. The Others category includes mollusks, annelids 
and fish larvae. 

Organisms Abundance (per m3 ) Percentage 
Copepods 986.2 80.3% 

Euphausiids 134.6 11.0% 

Chaetognaths 60.9 5.0% 

Misc. Crustaceans 15.5 1.3% 

Appendicularians 15.4 1.3% 

Gelatinous 6.9 0.6% 

Ostracods 3.3 0.3% 

Others  5.0 0.4% 

 

Free-living copepods are the most prominent link between primary producers 

and higher trophic levels.  Because of their numerical dominance and their key 

trophic role, pelagic copepods have been extensively studied.   Since the description 

of Calanus finmarchicus by Gunner in 1765, the number of described species of 

marine pelagic copepods has increased to 2454 (Razouls et al., 2009).  Razouls et al. 

(2009) have inventoried all planktonic copepods from 5816 publications up to 2008, 
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dividing the world’s oceans into 27 geographic zones and tabulated copepod species 

diversity for each.  

The trend of copepod diversity follows that of all life forms in general, with 

fewer species at the poles (133 and 289 species in the Arctic and Antarctic, 

respectively) and increasing numbers toward the tropics (over 700 species in the 

Caribbean and over 900 in the Indian Ocean).  Not surprisingly, the species lists are 

longer in ocean regions near dense human populations.  This is indicative of greater 

sampling effort in those regions relative to others.  For example, in tropical and sub-

tropical waters the highest diversity is reported from the Indian Ocean with 945 

species, followed by the eastern tropical Atlantic with 733 species, the Caribbean 

with 704, peripheral seas of China with 567, and the Mediterranean with 535.  These 

are all regions with large human populations nearby with long histories of oceanic 

and marine research.  In contrast, there are comparable tropical waters with much 

shorter species lists, including the southwestern Atlantic near the coasts of Brazil and 

Argentina with 374 species, the southeastern Atlantic along the African coast with 

332 species, and the Eastern Tropical Pacific with 474 species.  Further sampling 

effort in these regions should bring their copepod species lists closer to those of 

better studied tropical regions.   

I identified a total of 164 copepod species in these Galapagos sub-samples.  

Sub-samples had between 40 and 96 species.  There are numerous rare species: 72 

were found at three or fewer sites and 32 were unique to single samples. Of the 474 

species of free-living, planktonic copepods reported by Razouls et al. (2009) for the 
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ETP, I have found 137 in Galapagos, and 27 additional species as new records for 

this region, including 7 undescribed species: new representatives of Tharybis, 

Bestiolina, Ctenocalanus, Paracalanus, Goniopsyllus, and 2 Scholecitrichidae of 

uncertain generic affinity.   

The following 30 families of copepods are represented in the Galapagos 

coastal waters: Order Calanoida - Acartiidae, Aetididae, Augaptilidae, Calanidae, 

Candaciidae, Clausocalanidae, Centropagidae, Eucalanidae, Euchaetidae, 

Fosshageniidae, Heterorhabdidae, Lucicutidae, Mecynoceridae, Metridinidae, 

Paracalanidae, Pontellidae,  Pseudodiaptomidae, Rhincalanidae,  Scolecitrichidae, 

Temoridae, and Tharybidae; Order Cyclopoida – Oithonidae; Order 

Harpacticoida - Clytemnestridae, Ectinosomatidae,  Euterpinidae and Tisbidae; 

Order Poecilostomatoida – Corycaeidae, Oncaeidae, Lubbockiide  and 

Sapphirinidae; Order Siphonostomatoida – Pontoeciellidae.  A detailed description 

of the distribution of each species in Galapagos follows, including their known world 

distribution. The suggested world distribution for each species is based on Boxshall 

and Halsey (2004) and on the websites: Diversity and Geographic Distribuiton of 

Marine Planktonic Copepods (Razouls et al., 2009) and the World Copepoda 

database (Walter and Boxshall, 2009). 
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Order Calanoida 

Acartiidae 

 There are five genera included in this family.  Only three species, from the 

genus Acartia, are observed in Galapagos waters: A. danae, A. negligens, and A. 

levequei (Figure 3). Species of Acartia are primarily found in coastal habitats such as 

estuaries and bays.  Acartia danae and A. negligens are the only two species in this 

family typical of oceanic waters (Boxshall and Halsey 2004). They are circumglobal, 

inhabiting all tropical and temperate oceans. In Galapagos during the cold season, A. 

danae was more abundant in the southeastern region of the Archipelago, and it was 

found in low numbers at only 3 sites west of Isabela. During the warm season A. 

danae increased in numbers, and it was present at all but 1 of the sites west of 

Isabela.  Acartia negligens is in general less abundant than A. danae.  It was present 

at only 2 sites during the cold season, 1 just east of Isabela near the Island of 

Santiago and 1 in the southeast, near the Island of Espanola. In the warm season A. 

negligens was present at several sites west of Isabela and in the east near the Island 

of Floreana.  When present, A. danae was on average the fifteenth most abundant 

species of zooplankton.  Acartia levequei is a coastal endemic of the Galapagos 

described by Grice (1964).  It was the most abundant Acartiid during the cold 

season, but it was only found west of Isabela and at a northern site close to the Island 

of Pinta. During the warm season its abundance decreases and it was only present at 

3 sites west of Isabela. When present, A. levequei was the fourth most abundant 
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species of zooplankton in the Archipelago. During my stay in Galapagos I performed 

numerous surface net tows in several enclosed bays around the archipelago, and 

Acartia levequei was the dominant zooplankton in all of those samples (80%-95% by 

count) regardless of the season or climate region.  It seems likely that the high 

abundances observed west of Isabela during the cold season are due to strong 

upwelling resulting in the advection of waters rich in A. levequei from nearby 

enclosed bays. 

Aetideidae 

 Two genera from this family were found: Aetideus and Euchirella. There are 

11 species in the genus Aetideus, 3 of them were found in Galapagos (Figure 4): A. 

bradyi, A. giesbrechti and A. acutus.  Aetideus bradyi and A. giesbrechti are 

circumglobal, inhabiting all tropical and temperate oceans.  Aetideus bradyi is also 

found in the Antarctic and Subantarctic oceans. Aetideus bradyi was the most 

abundant of these three in Galapagos. It was present primarily at western sites 

throughout the year. But it was also present at 1 southeastern site near the Island of 

Espanola and 1 northern site near the Island of Pinta during the cold season.  

Aetideus giesbrechti was only present in 3 samples, with no apparent seasonal or 

geographical pattern. Aetideus acutus is also circumglobal, inhabiting most tropical 

and temperate oceans, but it has not been reported previously from the eastern 

tropical Pacific. In Galapagos it was present at only 1 southeastern site near Espanola 

during the cold season.  
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Abundance 
 (per m3) 

Cold Season Warm Season 

Acartia 
danae 

Acartia 
levequei 

Acartia 
negligens 

Acartia 
danae 

Acartia 
levequei 

Acartia 
negligens 

West 

CBo91 0.0 0.0 0.0 CBo2 7.5 2.8 0.0 
CBo9 0.0 5.2 0.0 SIs2 44.6 0.0 0.0 
PMo11 0.0 246.1 0.0 NIs2 9.2 0.0 0.0 
Cas11 0.0 43.9 0.0 RRe5 6.7 0.0 4.8 
Fer11 0.0 2.8 0.0 FCD5 2.0 0.0 0.5 
PBr11 0.0 337.8 0.0 CDo5 0.0 6.4 0.0 
PM1 2.0 0.0 0.0 PMa5 3.5 0.0 0.3 
AM1 2.0 0.0 0.0 

North 
Central 

NBu7 9.8 0.0 0.5 
NEIs5 2.4 0.5 4.3 Pin7 13.3 5.5 0.0 

NIs7 1.6 0.0 0.0 

Southeast 

EFl11 24.1 0.0 0.0 

Flo5 0.5 0.0 0.9 SCr11 112.0 0.0 0.0 
SEs11 53.8 0.0 0.0 
PEs11 18.9 0.0 14.6 

 

Figure 3 Acartiidae (Acartia) distribution and abundance (per m3).  Data for bar 
graphs are log transformed (abundance + 1).  Legend number represents the size of 
rightmost red bar.  
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There are two species of Euchirella in Galapagos: E. bella and E. unispina. 

Both of these species are found throughout the tropical Pacific and Indian Oceans. 

Euchirella bella was present at only 1 site near the central Island of Santiago during 

the cold season, and E. unispina was found at only 1 site near the southwestern tip of 

Isabela during the warm season. It is likely that these species were present at more 

sites but were missed in the sub-sampling due to their low numbers. 

 

Augaptilidae 

 Only two species, both belonging to the genus Haloptilus were found in 

Galapagos (Figure 5). Haloptilus acutifrons is found in all of the world’s oceans 

from the tropics to the poles. It was present in only 1 sample near the Island of 

Espanola in the southeast during the cold season. Haloptilus longicornis has the 

same world-wide distribution as H. acutifrons, except that it has not been reported 

from the Arctic Ocean. In Galapagos H. longicornis was found throughout the 

Archipelago during both seasons but it was more abundant in the warm season.  
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Abundance 
 (per m3) 

Cold Season Warm Season 
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A.
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E.
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sp
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West 

CBo91 0.0 0.0 0.0 0.0 0.0 CBo2 0.0 0.5 2.4 0.0 0.0 
CBo9 0.0 0.0 2.1 0.0 0.0 SIs2 0.0 0.0 0.0 0.0 0.7 

PMo11 0.0 1.5 0.0 0.0 0.0 NIs2 0.0 0.0 0.0 0.0 0.0 

Cas11 0.0 1.4 0.0 0.0 0.0 RRe5 0.0 2.9 0.0 0.0 0.0 

Fer11 0.0 0.5 0.0 0.0 0.0 FCD5 0.0 1.0 0.0 0.0 0.0 

PBr11 0.0 0.0 0.0 0.0 0.0 CDo5 0.0 0.0 0.0 0.0 0.0 

PM1 0.0 3.1 0.0 0.0 0.0 PMa5 0.0 0.3 0.0 0.0 0.0 

AM1 0.0 1.5 0.0 0.0 0.0   

North 
Central 

NBu7 0.0 0.0 0.5 0.5 0.0 
NEIs5 0.0 1.0 0.0 0.0 0.0 Pin7 0.0 4.4 0.0 0.1 0.0 

NIs7 0.0 1.0 0.0 0.0 0.0 

Southeast 

EFl11 0.0 0.0 0.0 0.0 0.0 

Flo5 
0.0 0.0 0.0 0.0 0.0 SCr11 0.0 0.0 0.0 0.0 0.0 

SEs11 2.3 0.0 0.0 0.0 0.0 

PEs11 0.0 3.0 0.0 0.0 0.0 

 

Figure 4 Aetideidae (Aetideus and Euchirella) distribution and abundance (per m3).  
Data for bar graphs are log transformed (abundance + 1).  Legend number represents 
the size of rightmost red bar.  
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Abundance 
 (per m3) 

Cold Season Warm Season 
Haloptilus 
longicornis 

Haloptilus 
acutifrons 

Haloptilus 
copepodids 

Haloptilus 
longicornis 

Haloptilus 
acutifrons 

Haloptilus 
copepodids 

West 

CBo91 0.0 0.0 0.0 CBo2 1.9 0.0 0.0
CBo9 0.0 0.0 0.0 SIs2 2.1 0.0 5.0 
PMo11 23.0 0.0 0.0 NIs2 0.0 0.0 0.0 
Cas11 2.8 0.0 0.0 RRe5 0.5 0.0 0.0 
Fer11 0.0 0.0 0.0 FCD5 0.0 0.0 0.0 
PBr11 2.7 0.0 0.0 CDo5 1.5 0.0 0.0 
PM1 0.4 0.0 0.0 PMa5 0.0 0.0 0.0 
AM1 1.5 0.0 0.0 

North 
Central 

NBu7 0.0 0.0 0.7
NEIs5 

0.0 0.0 1.0 
Pin7 5.5 0.0 0.0 
NIs7 0.0 0.0 0.0 

Southeast 

EFl11 0.0 0.0 0.0

Flo5 
0.0 0.0 1.4 SCr11 0.0 0.0 0.0 

SEs11 0.0 3.1 0.0 
PEs11 1.2 0.0 0.0 

 

Figure 5 Augaptilidae (Haloptilus) distribution and abundance (per m3).  Data for 
bar graphs are log transformed (abundance + 1).  Legend number represents the size 
of rightmost red bar.  
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Calanidae 

 The Calanidae includes eight genera, five of which were represented in 

Galapagos (Figure 6): Nannocalanus, Mesocalanus, Undinula, Neocalanus and 

Cosmocalanus. Nannocalanus minor has been observed in all oceans, except in the 

Arctic. In Galapagos it was present in most samples throughout the year at both 

western and eastern sites, more abundant in the southeast. The genus Mesocalanus 

contains two species, both of which are found in Galapagos: M. tenuicornis and M. 

lighti.  Mesocalanus tenuicornis is found in all oceans, except for polar regions. It 

was only present at a few sites in Galapagos with no apparent seasonal or 

geographical pattern. Mesocalanus lighti is found in the Central Pacific and in the 

waters off Japan and the California coast. It has not been previously reported in the 

eastern tropical Pacific. In Galapagos it was only found during the cold season in low 

numbers at both eastern and western sites.  

The sole species in the genus Undinula, U. vulgaris, is found in all temperate 

and tropical oceans. In Galapagos it was only present during the cold season in low 

numbers at 3 sites in the northern half of the Archipelago. Only one species of 

Neocalanus was found in Galapagos, N. gracilis. It is present in all oceans except for 

polar regions. In Galapagos it was only present at 1 site to the west of Isabela during 

the warm season. The last species of Calanidae found in Galapagos was 

Cosmocalanus darwini. This species also has a circumglobal temperate and tropical 

distribution. It was present in most samples from Galapagos throughout the year. It 

was more abundant at southeastern sites.  
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Abundance 
 (per m3) 

Cold Season Warm Season 
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West 

CBo91 0.0 0.0 0.0 0.0 0.0 0.0 CBo2 4.2 0.0 2.8 0.0 0.0 5.7 

CBo9 6.8 1.0 0.0 0.0 0.0 0.5 SIs2 14.9 0.0 0.0 0.0 0.0 6.4 

PMo11 0.0 1.5 0.0 0.0 0.0 4.4 NIs2 0.0 0.0 0.0 0.0 1.4 0.7 

Cas11 4.2 1.4 0.0 0.0 0.0 0.0 RRe5 1.9 0.0 0.0 0.0 0.0 2.4 

Fer11 0.9 0.0 0.0 0.0 0.0 0.9 FCD5 0.0 0.0 0.0 0.0 0.0 0.5 

PBr11 3.5 0.0 0.0 0.9 0.0 0.9 CDo5 0.0 0.0 0.0 0.0 0.0 0.0 

PM1 4.0 0.0 0.0 0.0 0.0 0.0 PMa5 0.3 0.0 1.8 0.0 0.0 0.3 

AM1 2.0 1.2 0.0 0.0 0.0 0.0    

North 
Central 

NBu7 3.2 0.0 2.0 0.2 0.0 3.2 

NEIs5 1.9 0.0 0.5 0.0 0.0 0.0 Pin7 5.5 0.0 0.0 2.2 0.0 4.4 

NIs7 0.0 0.0 0.3 0.0 0.0 1.0 

Southeast 

EFl11 12.1 0.8 0.0 0.0 0.0 9.6 

Flo5 
1.4 0.0 0.0 0.5 0.0 0.0 SCr11 32.4 5.9 0.0 0.0 0.0 32.4 

SEs11 2.3 0.0 3.1 0.0 0.0 3.8 

PEs11 19.5 0.0 0.0 0.0 0.0 11.6 

 

Figure 6 Calanidae (Nannocalanus, Mesocalanus, Undinula, Neocalanus and 
Cosmocalanus) distribution and abundance (per m3).  Data for bar graphs are log 
transformed (abundance + 1).  Legend number represents the size of rightmost red 
bar.  
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Candaciidae 

 Three species of this monogeneric family were found in Galapagos (Figure 

7), Candacia simplex, Candacia curta, and Candacia pectinata.  Candacia simplex 

and C. curta are found in all oceans, except for polar regions. In Galapagos during 

the cold season, Candacia simplex was present at all eastern sites and only at 1 

western site. In the warm season it was found at 3 sites in the west. Candacia curta 

was only found at 1 site in the north near the Island of Pinta. Candacia pectinata is 

found throughout the western Pacific, but it has not been previously reported from 

the eastern tropical Pacific. In Galapagos it was present throughout the year at 

eastern and western sites, most abundant in the southeast. 

  

Centropagidae 

 There are 14 genera in this family, but only Isias and Centropages are found 

in the open oceans. In Galapagos only Centropages furcatus was present (Figure 8), 

primarily during the cold season at both eastern and western sites, though it was 

more abundant in the southeast. During the warm season it was only found at 1 site 

in the southwestern tip of Isabela. Centropages furcatus is found in all of the world’s 

oceans, except for the Arctic and sub-Arctic. 
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Abundance 
(per m3) 
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West 

CBo91 0.0 0.0 0.0 0.0 

 

CBo2 0.5 0.0 0.0 0.0 
CBo9 0.0 0.0 0.0 0.0 SIs2 1.4 0.0 0.7 0.0 

PMo11 1.5 0.0 0.0 0.0 NIs2 0.0 0.0 0.7 0.0 

Cas11 1.4 0.0 0.0 1.4 RRe5 0.5 0.0 0.0 0.0 

Fer11 0.0 0.0 0.5 0.0 FCD5 0.0 0.0 0.0 0.0 

PBr11 0.9 0.0 0.0 0.0 CDo5 0.0 0.0 0.0 0.0 

PM1 0.0 0.0 0.0 0.0 PMa5 0.0 0.0 0.0 0.0 

AM1 0.0 0.0 0.0 0.0  

North 
Central 

NBu7 0.0 0.0 1.0 0.0 

 NEIs5 1.0 0.0 0.5 0.0 Pin7 0.0 1.1 1.1 3.3 

NIs7 0.0 0.0 0.0 0.0 

Southeast 

EFl11 0.0 0.0 0.8 0.0 

 Flo5 
0.0 0.0 0.0 0.9 SCr11 7.4 0.0 5.9 0.0 

SEs11 1.5 0.0 1.5 0.0 

PEs11 1.2 0.0 0.6 0.0 

 

Figure 7 Candaciidae (Candacia) distribution and abundance (per m3).  Data for bar 
graphs are log transformed (abundance + 1).  Legend number represents the size of 
rightmost red bar.  
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Clausocalanidae 

 This family contains seven genera, of which three have representatives in 

Galapagos (Figures 7 and 8): Ctenocalanus, Microcalanus and Clausocalanus.  

There are five recognized species of Ctenocalanus.  The only cosmopolitan species 

is C. lividus, found in all oceans, except for the Arctic and sub-Arctic. Ctenocalanus 

citer is present in the Antarctic, sub-Antarctic, east of Australia, southwest Atlantic 

and in the Mediterranean. Ctenocalanus heronae is found in the western Atlantic. 

And C. campaneri and C. tageae are only reported from the Red Sea. The species of 

Ctenocalanus in Galapagos waters most closely resembles C. tageae, and therefore it 

will be denoted as Ctenocalanus cf. tageae.  There are differences in the number of 

ctenospines and in the structure of the female fifth leg between C. tageae from the 

Red Sea and the Galapagos specimens.  Both of these characters are used to 

discriminate the five species in this genus. It is possible that the Ctenocalanus from 

Galapagos is a new species, but closer examination is necessary. Ctenocalanus cf. 

tageae was present in large numbers at all sites in Galapagos throughout the year. On 

average it was the twelfth most numerous species of zooplankton in the Archipelago.  

 Only one species of Microcalanus was present in Galapagos, M. pusillus.  

This species has not been reported before from the eastern tropical Pacific, but it has 

been found to the north and south, along the North American and the Peru/Chile 

coasts.  It is also present in the western Pacific, the Atlantic, Mediterranean, and 

Antarctic oceans. In Galapagos it was present in low numbers at 2 western sites 

during the cold season and at 1 eastern site during the warm season.  
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Abundance 
 (per m3) 

Cold Season Warm Season 
Centropages 
furcatus C. tageae M.pusillus Centropages 

furcatus C.  tageae M.pusillus 

West 

CBo91 0.0 1.5 0.0 CBo2 0.0 27.4  0.0

CBo9 0.0 24.4 0.0 SIs2 1.4 4.2  0.0

PMo11 0.0 39.8 0.0 NIs2 0.0 0.0  0.0

Cas11 2.8 2.8 0.0 RRe5 0.0 9.6  0.0

Fer11 0.9 1.4 0.9 FCD5 0.0 5.4  0.0

PBr11 9.7 8.8 0.0 CDo5 0.0 1.5  0.0

PM1 0.0 45.9 0.0 PMa5 0.0 21.2  0.0
AM1 0.0 22.3 1.7

North 
Central 

NBu7 0.2 2.0 0.0 
NEIs5 0.0  21.5  0.0 Pin7 1.1 43.1 0.0 

NIs7 0.3 0.3 0.0 

Southeast 

EFl11 4.0 8.8 0.0 

Flo5 
0.0  2.7  0.5 

SCr11 10.3 128.2 0.0 

SEs11 9.2 36.1 0.0 
PEs11 7.9 20.1 0.0

 

Figure 8 Centropagidae (Centropages) and Clausocalanidae (Ctenocalanus and 
Microcalanus) distribution and abundance (per m3).  Data for bar graphs are log 
transformed (abundance + 1).  Legend number represents the size of rightmost red 
bar.  
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Finally, five species of Clausocalanus were present in Galapagos (Figure 9): 

C. farrani, C. jobei, C. mastigophorus, C. pergens, and C. lividus.   The most 

abundant was C. jobei, present at every site, except for 1 in southwestern Isabela 

during the warm season.  It comprises a large fraction of the copepods in these 

samples. When present it was the sixth most abundant species.  Clausocalanus jobei 

is present in the eastern tropical Pacific, off the coast of Australia, South Africa and 

West Africa, and in the Mediterranean and Caribbean Seas (Frost and Fleminger 

1968).  Clausocalanus farrani is found in the tropical and subtropical Pacific and 

Indian Oceans (Frost and Fleminger 1968).  It has also been reported from the 

tropical and subtropical Atlantic and the Mediterranean Sea. In Galapagos C. farrani 

was found consistently at southeastern sites. It was less abundant and rarely present 

at western sites.  Clausocalanus mastigophorus is present in the tropical and 

subtropical Pacific and Indian Oceans, off the coast of West Africa and in the 

Mediterranean and Caribbean Seas (Frost and Fleminger 1968). Clausocalanus 

mastigophorus was only present at a few sites in low numbers, with no apparent 

seasonal or geographical pattern.  Clausocalanus pergens is found in the subtropical 

Pacific and Indian Oceans, the eastern equatorial Pacific and off the western 

European coast (Frost and Fleminger 1968).  It has also been reported from the sub-

Antarctic, tropical and temperate waters of the Atlantic and the Mediterranean Sea. 

Clausocalanus pergens was only found at western sites, usually in low numbers.  

According to Frost and Fleminger (1968) C.lividus is found in the subtropical Pacific 

and Indian Oceans and the Mediterranean and Caribbean seas.  It has also been 
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reported from tropical and temperate waters in the eastern Pacific and eastern 

Atlantic Oceans.  Clausocalanus lividus was present in low numbers at only 2 

southeastern sites during the cold season.  

 

Eucalanidae 

 There are three genera in this family: Eucalanus, Pareucalanus, and 

Subeucalanus.   In Galapagos there are two species of Eucalanus (Figure 10) and 

four species of Subeucalanus (Figure 11).  These are among the largest copepods 

found in Galapagos. Almost all of the 164 species of copepods I identified are less 

than 2 mm in length, while these Eucalanids measure between 3 - 6 mm. The two 

species of Eucalanus present in Galapagos were E. hyalinus and E. elongatus.  Very 

few adults of these species were found in the Galapagos samples.  Eucalanus 

elongatus was present at 2 sites during the cold season, 1 west of Isabela and the 

other near the Island of San Cristobal. It was present at only 1 site during the warm 

season, west of Isabela. Eucalanus hyalinus was observed at only 1 site to the west 

of Isabela during the warm season. Eucalanus copepodids were abundant at all of the 

sites (except for 2), but it was not possible to distinguish the two species before 

maturation.  The Eucalanus copepodids increased in abundance during the warm 

season.   
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Abundance 
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C
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West 

CBo91 0.0 18.6 0.0 0.0 0.0 0.0 CBo2 0.0 45.3 0.0 10.8 0.0 33.5 

CBo9 1.0 61.9 0.0 4.7 0.0 0.0 SIs2 0.0 0.0 0.0 0.0 0.0 48.1 

PMo11 0.0 100. 0.0 0.0 0.0 42.7 NIs2 0.0 41.7 0.0 0.0 0.0 0.0 

Cas11 0.0 34.0 0.0 0.0 0.0 19.8 RRe5 1.0 21.5 2.9 0.0 0.0 38.2 

Fer11 0.0 8.8 0.0 0.0 0.0 9.8 FCD5 0.0 23.6 1.0 0.0 0.0 14.7 

PBr11 0.0 26.5 0.0 0.9 0.0 24.8 CDo5 4.9 16.7 0.0 0.0 0.0 16.7 

PM1 2.4 122.
9

0.0 0.0 0.0 62.9 PMa5 0.6 18.3 0.0 0.3 0.0 23.0 

AM1 0.0 124.
0

0.0 0.0 0.0 52.4    

North 
Central 

NBu7 0.0 10.6 0.0 0.2 0.0 12.3 

NEIs5 0.0 20.1 0.0 1.4 0.0 38.7 Pin7 0.0 46.4 0.0 0.0 0.0 70.7 

NIs7 0.0 1.6 0.3 0.0 0.0 3.8 

Southeast 

EFl11 8.8 37.0 0.0 0.0 0.0 38.6 

Flo5 
1.8 9.6 0.5 0.0 0.0 26.5 SCr11 45.7 240.

2
4.4 0.0 0.0 474.

SEs11 5.4 63.0 1.5 0.0 1.5 50.7 

PEs11 19.5 57.3 0.0 0.0 1.2 0.0 

 

Figure 9 Clausocalanidae (Clausocalanus) distribution and abundance (per m3).  
Data for bar graphs are log transformed (abundance + 1).  Legend number represents 
the size of rightmost red bar.  
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Abundance 
 (per m3) 

Cold Season Warm Season 

E. hyalinus E. 
elongatus 

E. 
copepodids E. hyalinus E. 

elongatus 
E. 
copepodids 

West 

CBo91 0.0 0.0 0.0 CBo2 0.0 0.0 15.1
CBo9 0.0 0.0 5.7 SIs2 0.0 0.0 24.1 
PMo11 0.0 0.0 0.0 NIs2 0.0 0.0 0.0 
Cas11 0.0 0.0 5.7 RRe5 0.0 0.0 20.1 
Fer11 0.0 0.0 0.9 FCD5 0.5 0.0 1.5 
PBr11 0.0 0.0 0.0 CDo5 0.0 0.0 4.4 
PM1 0.0 0.0 15.9 PMa5 0.0 0.3 2.4 
AM1 0.0 2.0 11.9 

North 
Central 

NBu7 0.0 0.0 13.8
NEIs5 

0.0 0.0 4.8 
Pin7 0.0 0.0 28.7 
NIs7 0.0 0.0 2.2 

Southeast 

EFl11 0.0 0.0 4.0

Flo5 
0.0 0.0 9.1 SCr11 0.0 35.4 0.0 

SEs11 0.0 0.0 3.8 
PEs11 0.0 0.0 0.6 

 

Figure 10 Eucalanidae (Eucalanus) distribution and abundance (per m3).  Data for 
bar graphs are log transformed (abundance + 1).  Legend number represents the size 
of rightmost red bar.  
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West 

CBo91 0.0 0.0 0.0 0.4 2.5 CBo2 0.0 0.0 0.0 0.9 0.0 
CBo9 0.0 0.0 0.0 4.7 7.3 SIs2 0.0 0.0 0.0 5.7 0.0 

PMo11 0.0 0.0 0.0 28.0 92.8 NIs2 0.0 0.0 0.0 0.0 5.7 

Cas11 0.0 0.0 0.0 0.0 28.3 RRe5 0.0 0.0 0.0 0.0 0.0 

Fer11 0.0 0.0 0.5 0.0 4.2 FCD5 0.0 0.0 0.0 0.0 0.5 

PBr11 0.0 0.0 1.8 0.0 29.2 CDo5 0.0 0.0 0.0 0.0 0.5 

PM1 0.0 0.0 0.0 12.6 0.0 PMa5 0.0 0.0 0.0 0.3 0.0 

AM1 0.0 0.0 0.0 2.0 0.0   

North 
Central 

NBu7 0.0 0.7 0.7 0.5 1.5 
NEIs5 0.0 0.0 0.0 0.0 0.0 Pin7 0.0 0.0 0.0 1.1 0.0 

NIs7 0.0 0.3 0.0 0.0 0.0 

Southeast 

EFl11 0.8 0.0 1.6 3.2 37.8 

Flo5 
0.0 0.0 0.0 0.0 0.0 

SCr11 0.0 0.0 2.9 107.6 414.1 

SEs11 0.8 0.0 0.8 7.7 100.0 

PEs11 0.6 0.0 0.0 0.6 84.8 

 

Figure 11 Eucalanidae (Subeucalanus) distribution and abundance (per m3).  Data 
for bar graphs are log transformed (abundance + 1).  Legend number represents the 
size of rightmost red bar.  
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All four species of Subeucalanus found in Galapagos have circumglobal 

distributions, in tropical to temperate oceans. Subeucalanus subtenuis was the most 

abundant. During the cold season it was present at all the sites east of Isabela and at 

3 sites in the west. During the warm season its abundance decreased and it was found 

at only 3 sites west of Isabela. The remaining three species were only found in 

Galapagos during the cold season in low numbers. Subeucalanus mucronatus was 

present at only three southeastern sites, S.  pileatus was present at 2 sites in the 

northern half of the Archipelago and S. subcrassus was present at 2 western sites and 

4 eastern sites. Subeucalanus copepodids were very abundant during the cold season. 

They were present at most of the sites. Their abundance decreased dramatically in 

the warm season.  

 

Euchaetidae 

 This family is comprised of two genera, Euchaeta and Paraeuchaeta. In 

Galapagos only representatives of Euchaeta were found (Figure 12).   There are 14 

species of Euchaeta, 6 of which were present in Galapagos. Euchaeta indica, E. 

rimana, E. longicornis, and E. marinella are found in the tropical and subtropical 

Pacific and Indian Oceans.  Euchaeta indica, E. rimana and E. marinella were 

present at only 1 site in the southeast during the cold season. Euchaeta longicornis 

was present in small numbers at several eastern and western sites throughout the 

year. Euchaeta plana has not been previously reported from the eastern tropical  
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West 

CBo9 0.0 0.0 0.0 0.0 0.0 0.0 1.5 CBo2 0.0 0.0 0.0 1.9 0.0 0.0 33.0 

CBo9 0.0 0.0 0.0 0.0 0.0 0.0 5.7 SIs2 0.0 0.0 0.0 1.4 0.0 0.0 60.1 

PMo1
1

0.0 0.0 0.0 0.0 0.0 0.0 50.1 NIs2 0.0 7.8 0.0 0.0 0.0 0.0 17.7 

Cas11 0.0 0.0 0.0 0.0 0.0 0.0 28.3 RRe5 0.0 0.0 0.0 0.5 0.0 0.0 2.9 

Fer11 0.0 0.0 0.0 0.0 0.0 0.0 0.9 FCD5 0.0 0.0 0.0 0.0 0.0 0.0 4.9 

PBr11 0.0 0.0 0.0 0.0 0.0 0.0 6.2 CDo5 0.0 0.0 0.0 0.0 0.0 0.0 8.8 

PM1 0.0 0.0 0.0 2.0 0.0 0.0 13.9 PMa5 0.0 0.0 0.0 1.2 0.3 0.0 13.9 

AM1 0.0 0.0 0.0 6.4 0.0 0.0 13.9     

North 
Central 

NBu7 0.0 0.0 0.0 0.5 0.0 0.0 3.4 

NEIs5 
0.0 0.0 0.0 0.0 0.0 0.0 16.7 

Pin7 0.0 0.0 0.0 0.0 0.0 0.0 38.7 

NIs7 0.0 0.0 0.0 0.0 0.0 0.0 3.8 

South- 
east 

EFl11 0.0 0.0 0.0 0.8 0.0 0.0 8.0 

Flo5 
0.0 0.0 0.0 0.0 0.0 0.0 12.8 SCr11 0.0 0.0 0.0 0.0 0.0 0.0 305 

SEs11 0.0 0.0 0.0 2.3 0.0 0.0 46.1 

PEs11 
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Figure 12 Euchaetidae (Euchaeta) distribution and abundance (per m3).  Data for bar 
graphs are log transformed (abundance + 1).  Legend number represents the size of 
rightmost red bar.  
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Pacific, though it is found off the western coast of North America, in the central and 

western Pacific and Indian Oceans.  It is present at 2 sites in Galapagos, 1 in the 

southeast during the cold season and the other in the west during the warm season.  

Euchaeta magniloba is typical of the eastern and central Pacific Ocean. In Galapagos 

it was present at 1 site to the west of Isabela during the warm season.  Adults of these 

six species of Euchaeta were found in low numbers, while Euchaeta copepodids 

were numerous, found in all samples throughout the year and comprised a significant 

fraction of the zooplankton. 

 

Fosshageniidae 

 There are two genera in this family, Fosshagenia and Temoropia. Only one 

species from this group was found in Galapagos, Temoropia mayumbaensis which is 

present in all tropical and sub-tropical oceans (Figure 13). In Galapagos it was 

present at 3 sites in the northern half of the Archipelago during the cold season. It 

was absent from all southeastern and southwestern sites. During the warm season its 

range expanded farther south. It was present at 6 stations, including one in the east. 

 

Heterorhabdidae 

 Only one genus from this family was present in Galapagos as H. papilliger 

and H. prolatus (Figure 13).   Heterorhabdus papilliger is found in all of the world’s 
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oceans, except for the Arctic. In Galapagos it was present at only 1 site in the north 

during the cold season and at 2 sites during the warm season, one in the west and one 

in the east. Heterorhabdus prolatus is typical of the tropical and subtropical Pacific 

and Indian oceans. It was found only once in the west during the warm season. Most 

of the Heterorhabdus present were in the copepodid stages. They were rare during 

the cold season and became more abundant in the warm season. The 

Heterorhabdidae in general were one of the least numerous groups of zooplankton in 

Galapagos waters.  

 

Lucicutidae 

 Three species of this monogeneric family were found in Galapagos: Lucicutia 

flavicornis, L. gaussae and L. longispina (Figure 14).  Lucicutia flavicornis is found 

in all oceans, except the Arctic. It was present in most of the samples and its 

abundance increased during the warm season.  It was the most abundant member of 

this family.  Lucicutia gaussae is found in all tropical and temperate oceans. It was 

rare in Galapagos, found in low numbers in just a few samples with no apparent 

geographical or seasonal pattern.  Lucicutia longispina has not been reported before 

from the eastern tropical Pacific. It is present in the western Pacific near Japan, the 

Indian Ocean, the Mediterranean Sea and the eastern Atlantic Ocean. In Galapagos it 

was found in low numbers at 2 sites, once each in the cold and warm season. 
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Figure 13 Fosshageniidae (Temoropia) and Heterorhabdidae (Heterorhabdus) 
distribution and abundance (per m3).  Data for bar graphs are log transformed 
(abundance + 1).  Legend number represents the size of rightmost red bar.  
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Figure 14 Lucicutiidae (Lucicutia) distribution and abundance (per m3).  Data for 
bar graphs are log transformed (abundance + 1).  Legend number represents the size 
of rightmost red bar.  
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Mecynoceridae 

 There is only one species in this family, Mecynocera clausii.  It was found 

during the cold season at all eastern sites and most western sites (Figure 15). It was 

more abundant in the southeast during this season. During the warm season it was 

present at all sites and its abundance in the west increased. Mecynocera clausii is 

circumglobal, found in all oceans, except for the Arctic and Antarctic.  

 

Metridinidae 

 Two species of Pleuromamma were found in Galapagos: P. gracilis and P. 

abdominalis (Figure 15).  Pleuromamma gracilis was present at 6 sites during the 

warm season, most of them in the northern half of the Archipelago. During the warm 

season it was present at only 4 sites.  Pleurommama abdominalis was only present at 

2 southeastern sites during the cold season and 1 eastern site during the warm season. 

Copepodids of this genus were found in both eastern and western sites throughout 

the year.  Both of these Metridinids were present in low numbers.  Pleuromamma 

gracilis is found in all oceans, except for the Arctic; P. abdominalis is also found in 

all oceans, except for the Arctic and Antarctic.  
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Figure 15 Mecynoceridae (Mecynocera) and Metridinidae (Pleuromamma) 
distribution and abundance (per m3).  Data for bar graphs are log transformed 
(abundance + 1).  Legend number represents the size of rightmost red bar.  
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Paracalanidae 

This family contains six genera of which five were represented in Galapagos 

zooplankton: Acrocalanus, Bestiolina, Calocalanus, Delius, and Paracalanus.  Four 

of the five recognized species of Acrocalanus were found in Galapagos: A. 

andersoni, A. gibber, A. gracilis, and A. monachus (Figure 16).  All four species are 

circumglobal, found in tropical and sub-tropical oceans, except for A. monachus 

which has not been observed in the Atlantic Ocean.  Acrocalanus andersoni and A. 

monachus were the least abundant of the four. Acrocalanus andersoni was present 

only at 3 western sites and 1 northern site during the cold season, while A. monachus 

was restricted to southeastern sites. In the warm season A. andersoni was only 

present at 2 western sites and 1 eastern site; A. monachus was not observed during 

this season.  Acrocalanus gibber and A. gracilis were more numerous. Acrocalanus 

gibber was present at all eastern sites during the cold season, but it also occurred at 2 

western sites. It was most abundant in the southeast. During the warm season its 

occurrence and abundance increased at the western sites, remaining present in the 

east. Acrocalanus gracilis was most abundant at southeastern sites during the cold 

season, but it was also found in the west. Its abundance and occurrence decreased 

during the warm season when it was found at only 3 sites in the northern regions of 

the Archipelago. 

 The genus Bestiolina is comprised of six species, two of which are restricted 

to the Indian Ocean and two others to coastal China. Only B. inermis and B. similis 

have widespread distributions in the Pacific and Indian Oceans, but neither has been  
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Figure 16 Paracalanidae (Acrocalanus) distribution and abundance (per m3).  Data 
for bar graphs are log transformed (abundance + 1).  Legend number represents the 
size of rightmost red bar. 

90°0'0"W91°0'0"W92°0'0"W

1°0'0"N

0°0'0"

1°0'0"S

0 30 60 90 12015
Kilometers

90°0'0"W91°0'0"W92°0'0"W

1°0'0"N

0°0'0"

1°0'0"S

0.7
1

A. a
nd

ers
on

i

A. g
ibb

er

A. g
rac

ilis

A. m
on

ac
hu

s

Cold Season Warm Season

0 30 60 90 12015
Kilometers

Paracalanidae (Acrocalanus)

abundance /m3

(log scale)

200 m
400 m

800 m
1600 m

3200 m

200 m
400 m

800 m
1600 m

3200 m



 
 

47 
 

reported previously in the eastern tropical Pacific. A single species of Betiolina was 

present in Galapagos, which appears to be different from all six recognized species. 

These differences can be observed in the ornamentation of the swimming legs and 

the female fifth leg, important characters used to distinguish the species in this 

genus. The Galapagos specimens of Bestiolina were not found in the vertical tows.  

They inhabit a lava tunnel on the southeastern side of the Island of Isabela and were 

recovered through horizontal tows with a 335um mesh simple ring net inside this 

tunnel.   Further analysis is necessary to describe and name these specimens.  

 The genus Calocalanus contains over fifty species. Only three species 

were found in significant numbers in Galapagos: C. longispina, C. pavo, and C. 

tenuis (Figure 17). Several other species were also present but due to the vast 

diversity of the genus and their low individual numbers, they were counted as a 

group and referred to as C. various spp.  Calocalanus pavo is a circumglobal species, 

found in all oceans except for the Arctic and Antarctic.  In Galapagos it was found at 

all eastern sites and most western sites during the cold season. It was most abundant 

in the east. During the warm season it was found at all of the sites and its abundance 

increased in the west. Calocalanus tenuis has not been previously reported from the 

eastern tropical Pacific, though it is found to the north and south of this region and in 

the central and western Pacific, the Indian Ocean, the Atlantic Ocean and the 

Mediterranean Sea. Its distribution in Galapagos was similar to that of C. pavo, being 

most abundant in the east. Its presence and numbers also increased during the warm 

season in the west. Calocalanus longispina has not been reported before from the  
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Figure 17 Paracalanidae (Calocalanus) distribution and abundance (per m3).  Data 
for bar graphs are log transformed (abundance + 1).  Legend number represents the 
size of rightmost red bar. 
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eastern tropical Pacific. Its distribution includes the sub-Antarctic and southwestern 

Pacific. The sole occurrence of C. longispina in the southeast of Galapagos during 

the cold season may have occurred through the advection of southern waters to 

Galapagos by the Peru current that reaches its maximum strength during this season.   

The various Calocalanus species, counted as a group, followed a similar distribution 

as C. pavo and C. tenuis. In general Calocalanus species were found across the entire 

archipelago, most abundant in the southeast, but with numbers increasing in the west 

during the warm season.  

There are only two species in the genus Delibus, and one of them, Delibus 

nudus, was present in Galapagos. This species was found at only 1 site in the 

northwest of Isabela (Nis7, 0.32/m3) by the P/V Guadalupe River cruises (not 

shown), but it was present in most of the samples collected a year later aboard the 

R/V Thompson.  Delibus nudus has not been reported before from the eastern 

tropical Pacific, but it has been found off the North American coast, and in the 

central and western Pacific, the Indian Ocean, and the Atlantic and Mediterranean.  

There are ten recognized species of Paracalanus; four of these were found in 

Galapagos: P. aculeatus, P. indicus, P. parvus and P. Quasimodo (Figure 18).  In 

addition to these, a fifth, seemingly undescribed species was also present in the 

Archipelago.  Paracalanus aculeatus is found in all oceans, except for polar regions.  

In Galapagos it was the most abundant species of zooplankton.  It was present in 

large numbers in all of the samples regardless of the season.    The unidentified 

species of Paracalanus (P. sp. nov.) is similar to P. aculeatus.  The most striking 
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difference is body size. Paracalanus aculeatus has a total body length of 0.80 to 1.36 

mm (Bradford-Grieve, 1994) while the unnamed species measures more than 1.5 

mm.  The only Paracalanus that measures more than that is P. hibernicus described 

by Brady and Robertson (1873) from western Ireland. Closer examination is 

necessary to describe and name this species. It was present at most eastern and 

western sites during the cold season, most abundant in the southeast. In the warm 

season it was present at all but 1 of the sites with an increased abundance in the west.  

Paracalanus indicus has not been reported before from the eastern tropical Pacific. 

But it is found to the north and south of this region, off the coast of North America 

and the southeastern Pacific. It is also present in the sub-Antarctic, the western 

Pacific, the Indian Ocean, the Atlantic Ocean and the Mediterranean Sea. It was 

found in large numbers during the cold season in the western and northern regions of 

Galapagos, entirely absent in the east. Its abundance decreased during the warm 

season and it was only found at 4 sites in the west. When present, it was on average 

the fifth most abundant zooplankton species in Galapagos.  Paracalanus parvus is a 

cosmopolitan species found in every ocean except for the Arctic. In Galapagos it was 

present in every sample, except for 1 northern site during the cold season and 1 

northwestern site during the warm season. It was present in fairly large numbers 

during the cold season, declining in abundance in the warm season. When present, it 

was on average the eleventh most abundant zooplankton species in the Archipelago. 

Paracalanus quasimodo has only been reported from the western Atlantic ocean and 

off the western coast of North America. In Galapagos it was found only during the  
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Figure 18 Paracalanidae (Paracalanus) distribution and abundance (per m3).  Data 
for bar graphs are log transformed (abundance + 1).  Legend number represents the 
size of rightmost red bar.  
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cold season at 2 southeastern sites. It is not surprising to find this species in 

Galapagos, as it is likely that its distribution includes all coastal waters in the eastern 

Pacific.  It has probably been misidentified in these regions and counted as one of the 

more prevalent species of Paracalanus such as P. aculeatus, P. parvus or P. indicus.  

 

Pontellidae 

 There are eight genera in this family; four of them were present in Galapagos: 

Calanopia, Labidocera, Pontellopsis and Pontellina (Figure 19).  Calanopia minor 

and Pontellopsis armata are found throughout the tropical and sub-tropical Pacific 

and Indian Oceans.  They were present in Galapagos only during the cold season; C. 

minor was present at both eastern and western sites, while P. armata was only 

present at 1 western site. Labidocera acuta is found in all tropical and sub-tropical 

oceans. In Galapagos it was present only during the cold season at 1 site in the west. 

A single Pontellina species was present in Galapagos. I have not been able to 

identify these specimens as any of the four recognized species.  During the cold 

season they were found only at eastern sites. During the warm season they were 

present at 1 eastern and 1 western site. All of these members of the Pontellidae were 

present in extremely low numbers throughout the year.   
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CBo91 0.0 0.0 0.0 0.0

 

CBo2 0.0 0.0 0.0 0.0
CBo9 0.0 0.0 0.0 0.0 SIs2 0.0 0.0 0.0 1.4 
PMo11 0.0 0.0 0.0 0.0 NIs2 0.0 0.0 0.0 0.0 
Cas11 0.0 0.0 0.0 0.0 RRe5 0.0 0.0 0.0 0.0 
Fer11 1.4 0.0 0.0 0.0 FCD5 0.0 0.0 0.0 0.0 
PBr11 1.8 0.9 0.9 0.0 CDo5 0.0 0.0 0.0 0.0 
PM1 0.0 0.0 0.0 0.0 PMa5 0.0 0.0 0.0 0.0 
AM1 0.0 0.0 0.0 0.0  

North 
Central 

NBu7 0.0 0.0 0.0 0.2

 NEIs5 
0.0 0.0 0.0 0.0 

Pin7 0.0 0.0 0.0 1.1 
NIs7 0.0 0.0 0.0 0.0 

Southeast 

EFl11 0.0 0.0 0.0 0.8

 Flo5 
0.0 0.0 0.0 0.5 SCr11 5.9 0.0 0.0 1.5 

SEs11 0.8 0.0 0.0 0.0 
PEs11 2.4 0.0 0.0 0.0 

 

Figure 19 Pontellidae (Calanopia, Labidocera, Pontellopsis, Pontellina) distribution 
and abundance (per m3).  Data for bar graphs are log transformed (abundance + 1).  
Legend number represents the size of rightmost red bar. 
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Pseudodiaptomidae 

 Only one species in this family was found in Galapagos, the endemic 

Pseudodiaptomus galapagensis described by Grice (1964).  It inhabits enclosed 

bays, its habitat similar to that of Acartia levequei, but it does not reach the 

extremely large numbers of that Acartid. In the vertical samples, it was present only 

at 1 site in the southeast during the cold season, near the Island of Espanola (PEs11, 

1.22/m3, not shown). As with A. levequei, it is likely that this copepod was only 

present in this vertical tow as a result of advection from its natural, near-shore semi-

enclosed, habitat.  

 

Rhincalanidae 

 There are only four species in this monogeneric family.  Rhincalanus nasutus 

and R. rostrifrons were found in Galapagos (Figure 20).  Rhincalanus nasutus is a 

cosmopolitan species, found in every ocean, except for the Arctic. In Galapagos it 

was present at all southeastern sites and most western sites during the cold season.  

During the warm season its abundance and occurrence decreased. Rhincalanus 

copepodids were rare during the cold season, but unlike the adults, they increased in 

numbers and occurrence during the warm season. Rhincalanus rostrifrons is typical 

of the tropical and subtropical Pacific and Indian Oceans. It was only found at 2 

eastern sites in Galapagos, once during the cold season and once during the warm  
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Cas11 8.5 0.0 0.0 0.0 0.0 RRe5 0.0 0.0 0.0 0.0 3.3 

Fer11 0.0 0.0 0.0 0.0 0.0 FCD5 0.5 3.9 0.0 0.5 0.0 

PBr11 7.1 0.0 0.0 0.0 0.0 CDo5 0.5 0.0 0.0 0.0 3.4 

PM1 3.4 0.0 0.0 0.0 2.7 PMa5 0.0 0.0 0.0 0.0 1.2 

AM1 0.0 0.0 0.0 0.0 0.0   

North 
Central 

NBu7 0.0 0.0 0.0 0.0 0.0 
NEIs5 

2.4 0.0 0.0 0.0 1.0 
Pin7 1.1 0.0 0.0 0.0 0.0 

NIs7 0.0 0.0 0.0 0.0 0.0 

Southeast 
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Flo5 
0.5 0.0 0.5 0.0 2.3 SCr11 4.4 0.0 0.0 0.0 0.0 

SEs11 2.3 0.0 0.0 0.0 3.1 

PEs11 1.8 0.0 0.6 0.0 0.0 

 

Figure 20 Rhincalanidae (Rhincalanus) distribution and abundance (per m3).  CV 
refers to a 5th stage copepodid. Data for bar graphs are log transformed (abundance + 
1).  Legend number represents the size of rightmost red bar. 
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season, although C5 copepodites were observed at 1 station in the west during the 

warm season.   

 

Scolecitrichidae 

 Three species belonging to this family were identified in Galapagos: 

Scolecithrix danae, Scolecithrix bradhyi, and Scolecitrhicella orientalis (Figure 21). 

Two other Scholecitrichidids of uncertain generic identity were also found and 

counted as a group under Scolecitrichidae various species. Scolecithrix danae is 

found in all oceans, except for the Arctic. In Galapagos it was present at most eastern 

sites during the cold season, absent in the west. During the warm season it was found 

only at 1 site to the west of Isabela. Scolecithrix bradyi is found in all tropical and 

sub-tropical oceans. In Galapagos it was present at most western sites and at 2 

eastern sites during the cold season. In the warm season its occurrence decreased and 

it was found at only 3 sites, one of them in the east. Scolecithricella orientalis is 

found in the Mediterranean Sea, the Indian Ocean, and the central Pacific and coastal 

Japan. It has not been reported before from the eastern tropical Pacific. In Galapagos 

it was found at only 1 site in the west during the cold season; its occurrence rate 

increased to 1 eastern and 3 western sites during the warm season. The two 

Scolecithrichidae of uncertain generic identity were found in low numbers in the east 

and west throughout the year. Closer examination is necessary to determine their 

genus and species names.  
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CBo91 0.0 0.0 0.0 0.0 1.1 CBo2 0.9 1.4 0.5 0.0 0.9 
CBo9 0.0 0.5 0.0 0.0 0.5 SIs2 2.8 1.4 0.0 0.0 0.7 

PMo11 1.5 0.0 0.0 0.0 0.0 NIs2 0.0 0.0 0.0 0.0 2.8 

Cas11 0.0 0.0 0.0 0.0 2.8 RRe5 0.0 0.0 0.0 3.8 2.9 

Fer11 0.0 0.5 0.0 0.0 0.5 FCD5 0.0 0.0 0.0 0.5 0.0 

PBr11 0.0 1.8 0.0 0.0 8.8 CDo5 0.0 0.0 0.0 0.0 0.0 

PM1 0.0 4.4 0.0 0.0 0.0 PMa5 0.3 0.0 0.0 0.0 1.2 

AM1 0.0 1.3 0.0 0.0 2.5   

North 
Central 

NBu7 0.0 0.0 0.7 0.0 0.5 
NEIs5 

0.0 0.0 0.0 0.5 0.0 
Pin7 0.0 0.0 0.0 1.1 1.1 

NIs7 0.0 0.6 0.0 0.0 0.0 

Southeast 

EFl11 0.0 0.8 2.4 0.0 0.0 

Flo5 
0.9 0.5 0.0 0.0 0.5 SCr11 0.0 0.0 58.9 17.7 0.0 

SEs11 0.0 1.5 0.0 0.0 0.0 

PEs11 0.0 0.0 7.9 0.0 0.6 

 

Figure 21 Scolecitrichidae (Scolecithricella and Scolecithrix) distribution and 
abundance (per m3).  Data for bar graphs are log transformed (abundance + 1).  
Legend number represents the size of rightmost red bar. 

90°0'0"W91°0'0"W92°0'0"W

1°0'0"N

0°0'0"

1°0'0"S

0 30 60 90 12015
Kilometers

90°0'0"W91°0'0"W92°0'0"W

1°0'0"N

0°0'0"

1°0'0"S

0.8
1

Sco
lec

itrh
ice

lla
 or

ien
tal

is

Sco
lec

ith
rix

 br
ad

yi

Sco
lec

ith
rix

 da
na

e

Sco
lec

itri
ch

ida
e c

op
ep

od
ids

Sco
lec

itri
ch

ida
e v

ari
ou

s s
p.

Cold Season Warm Season

0 30 60 90 12015
Kilometers

(Scolecithricella and Scolecithrix)

abundance /m3

(log scale)

200 m
400 m

800 m
1600 m

3200 m

200 m
400 m

800 m
1600 m

3200 m

Scholecitrichidae



 
 

58 
 

Temoridae 

 The Temoridae contain four genera from which only one species, Temora 

discaudata, was present in Galapagos (Figure 22). Temora discaudata is found in 

Indo-Pacific tropical and sub-tropical regions. In Galapagos it was present at all 

eastern sites and most western sites during the cold season. It was most abundant in 

the southeast.  Adult and copepodid stages were found in similar numbers. Temora 

discaudata virtually disappeared during the warm season; only a few copepodids 

were found at 1 site southwest of Isabela.  

 

Tharybidae 

 This family contains three genera. Two species were found in Galapagos, 

both belonging to the genus Tharybis (Figure 22). Tharybis fultoni was present at 1 

western site during the R/V Thompson cruise, but it was not found in any of the P/V 

Guadalupe River samples. Tharybis fultoni has only been previously reported from 

the northeast Pacific. Most Tharybids live near the bottom in the hyperbenthic 

community (Boxshall and Halsey 2004).  It is likely that the true range of this 

species is not known due to the limited sampling of its habitat. Since it has now been 

found in the Galapagos shelf, this species may be present all along the continental 

shelves of the eastern Pacific. The second species of Tharybis present in Galapagos 

does not match any of the 17 recognized species.  It was present at eastern and 

western sites during the cold season. It was most abundant in the west and when 
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present it was on average the ninth most abundant species of zooplankton. Its 

abundance and occurrence decreased during the warm season when it was only 

found at 3 sites. Because this Tharybis was a dominant species in the Galapagos 

zooplankton, a full description is being prepared, with species name Tharybis 

parnagali sp. nov. (Figueroa in lit.). 

 

Order Cyclopoida 

Oithonidae 

 There are five genera in this family. Eight species, all representatives of the 

genus Oithona, were found in Galapagos: O. attenuata, O. longispina, O. robusta, O. 

setigera, O. plumifera, O. atlantica, O. fallax, and O. similis (Figures 23 and 24).  

Oithona attenuata has not been previously reported from the eastern tropical Pacific, 

but it is found in the southeastern Pacific, Central Pacific, Indian Ocean, south 

Atlantic Ocean and Mediterranean sea. In Galapagos it was present primarily during 

the warm season at 1 eastern and 3 western sites. During the cold season it was only 

present at 1 site in the west. Oithona longispina is present in the eastern tropical 

Pacific, Central Pacific, Western Pacific, Indian Ocean, South Atlantic Ocean, and 

Mediterranean Sea. In Galapagos it was present at 2 sites during the cold season, 1 in 

the east and 1 in the west. In the warm season it was present in lower numbers at 2 

sites west of Isabela.  
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West 

CBo91 0.0 0.0 0.4 0.0

 

CBo2 0.0 0.0 0.0 0.0
CBo9 0.0 1.6 14.0 0.0 SIs2 0.0 4.2 0.0 0.0 
PMo11 1.5 7.4 53.1 0.0 NIs2 0.0 0.0 0.0 0.0 
Cas11 1.4 2.8 4.2 0.0 RRe5 0.0 0.0 0.0 0.0 
Fer11 0.0 0.0 50.3 0.0 FCD5 0.0 0.0 1.0 0.0 
PBr11 2.7 0.0 0.9 0.0 CDo5 0.0 0.0 0.0 0.0 
PM1 0.0 0.0 160.5 0.0 PMa5 0.0 0.0 1.8 0.0 
AM1 0.0 0.0 217.5 2.8  

North 
Central 

NBu7 0.2 0.0 3.7 0.0

 NEIs5 
0.0 0.0 0.0 0.0 

Pin7 1.1 0.0 0.0 0.0 
NIs7 0.3 0.6 0.0 0.0 

Southeast 

EFl11 10.4 0.0 5.6 0.0

 Flo5 
0.0 0.0 8.7 0.0 SCr11 1.5 5.9 4.4 0.0 

SEs11 14.6 58.4 0.8 0.0 
PEs11 25.0 32.9 65.2 0.0 

 

Figure 22 Temoridae (Temora) and Tharybidae (Tharybis) distribution and 
abundance (per m3).  Data for bar graphs are log transformed (abundance + 1).  
Legend number represents the size of rightmost red bar. 
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Oithona robusta is typical of all tropical and subtropical oceans. In 

Galapagos it was only present during the warm season at western sites.  Oithona 

setigera is a circumglobal species present in all oceans, except for Polar and sub-

Polar regions. In Galapagos it was present at eastern and western sites during the 

cold season. It was most abundant in the southeast. During the warm season it was 

present at 2 sites in the west. Oithona plumifera is present in all oceans, except for 

the Arctic. In Galapagos it was on average the twelfth most abundant species of 

zooplankton. During the cold season it was found in large numbers at all 

southeastern sites. It was present in lower numbers at northern and western sites. 

During the warm season it only occured at 3 western sites in very low numbers.   

Oithona atlantica is a cosmopolitan species found in all oceans. In Galapagos 

it was on average the fourteenth most abundant species of zooplankton.  It was 

present at all sites during the cold season. During the warm season it was present at 

all but 1 site.  Oithona fallax is circumglobal, found in all tropical and subtropical 

oceans and in the sub-Antarctic.  In Galapagos, during the cold season, it was present 

in large numbers at southeastern sites. It was present at only one western site during 

this time. In the warm season its occurrence increased in the west, where it was 

present at 3 sites in low numbers.  Finally, O. similis is a cosmopolitan species found 

in all oceans. It was present at most sites in Galapagos during the cold season. Its 

abundance increased during the warm season, when it occurred in all but 1 sample in 

the west.  
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PMo11 0.0 0.0 5.9 0.0 NIs2 0.0 0.0 0.0 0.0 
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Fer11 0.5 0.0 0.0 0.0 FCD5 5.9 1.0 0.5 0.0 
PBr11 0.0 0.9 0.0 0.0 CDo5 2.9 1.0 0.0 0.0 
PM1 0.0 0.0 0.0 0.0 PMa5 0.0 0.0 0.0 0.3 
AM1 0.4 0.0 0.0 0.0  

North 
Central 

NBu7 0.0 0.0 0.0 0.0

 NEIs5 
0.0 1.4 0.0 0.5 

Pin7 0.0 0.0 0.0 0.0 
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Southeast 

EFl11 0.0 0.0 0.0 0.0

 Flo5 
0.0 0.5 0.0 0.0 SCr11 0.0 0.0 0.0 0.0 

SEs11 0.0 0.0 0.0 0.0 
PEs11 0.6 0.0 7.3 0.0 

 

Figure 23 Oithonidae (Oithona) distribution and abundance (per m3).  Data for bar 
graphs are log transformed (abundance + 1).  Legend number represents the size of 
rightmost red bar. 
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CBo9 0.0 7.3 0.0 1.0 SIs2 2.8 24.1 0.0 2.1 
PMo11 1.5 28.0 0.0 23.6 NIs2 0.0 0.0 9.9 0.0 
Cas11 0.0 7.1 0.0 0.0 RRe5 0.0 22.9 0.0 30.1 
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AM1 8.4 36.5 0.0 0.7  

North 
Central 

NBu7 0.2 9.8 1.2 2.9

 NEIs5 
0.0 36.3 2.9 35.4 

Pin7 4.4 28.7 0.0 5.5 
NIs7 0.0 6.4 0.0 4.8 

Southeast 

EFl11 13.7 37.0 1.6 0.8

 Flo5 
0.0 12.3 0.9 2.3 SCr11 243.2 2.9 1.5 1.5 

SEs11 13.8 32.3 20.0 9.2 
PEs11 32.9 13.4 22.6 0.0 

 

Figure 24 Oithonidae (Oithona) distribution and abundance (per m3).  Data for bar 
graphs are log transformed (abundance + 1).  Legend number represents the size of 
rightmost red bar. 
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Order Harpacticoida 

Clytemnestridae 

 Only one species from this family was present in Galapagos. It belongs to the 

genus Goniopsyllus (Figure 25).  According to Boxshall and Halsey (2004) there are 

only three valid species: Goniopsillus brasiliensis, found in the southwestern 

Atlantic Ocean; G. clausi from the Mediterranean Sea and eastern Atlantic Ocean; 

and G. rostratus from the southwestern Atlantic Ocean. Species of Goniopsyllus 

have not been previously reported from the Pacific Ocean. The species present in 

Galapagos has several important taxonomic differences from the three described 

species that make it unique.  Further analysis is necessary to describe and name this 

species. It was found only during the cold season at 1 western site and 1 eastern site.  

 

Ectinosomatidae 

 There are 20 genera in this family. Most are typical of sediments in shallow 

marine waters, but the Genus Microsetella inhabits the pelagic environment 

(Boxshall and Halsey 2004).  There are two species of Microsetella, M. rosea and M. 

norvegica, both cosmopolitan, found in all oceans, except that M. rosea does not 

inhabit Polar waters. In Galapagos M. rosea was present at several eastern and 

western sites during the cold season (Figure 25). In the warm season it increased in 

abundance, and it occurred at both eastern and western sites. Microsetella norvegica 
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was present in only 1 sample during the cold season in the west (CBo91, 1.82/m3, 

not shown). 

 

Euterpinidae 

The sole species in this family, Euterpina acutifrons, is found in all tropical and 

subtropical oceans. In Galapagos it was present at only 3 sites in the west during the 

cold season (Figure 25). During the warm season it was present at only 2 sites, one in 

the west and one in the east.  

 

Tisbidae 

 There are 27 genera in this family. It is not clear to which genus the single 

Tisbidae species found in Galapagos belongs (Figure 25).  It has a combination of 

morphological characters that places it in this family but excludes it from all 

recognized genera.  Closer examination is necessary to determine if one of the 

current genera needs to be redefined to include this animal or if a new genus needs to 

be created. During the cold season this species of Tisbidae was found at all 

southeastern sites and at 1 northern and 3 western sites. During the warm season it 

was present at 1 western site and 1 eastern site.  
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CBo91 0.4 2.5 3.6 0.0

 

CBo2 0.0 2.8 0.0 0.0
CBo9 0.0 0.0 0.0 0.0 SIs2 0.0 0.7 0.0 0.0 
PMo11 4.4 0.0 0.0 0.0 NIs2 0.0 0.0 0.0 0.0 
Cas11 0.0 0.0 2.8 0.0 RRe5 0.0 0.0 0.0 0.0 
Fer11 0.0 0.5 3.7 0.0 FCD5 0.0 0.5 0.0 0.0 
PBr11 0.0 1.8 0.9 0.0 CDo5 0.0 0.0 1.5 0.0 
PM1 0.0 0.0 0.0 0.4 PMa5 0.0 0.6 0.0 0.6 
AM1 0.0 0.0 0.0 0.4

North 
Central 

NBu7 0.0 0.0 0.0 0.0

 NEIs5 
0.0 0.5 0.0 0.0 

Pin7 0.0 1.1 0.0 1.1 
NIs7 0.0 0.3 0.0 0.3 

Southeast 

EFl11 0.0 0.0 0.0 0.8

 Flo5 
0.0 0.0 0.5 0.5 SCr11 1.5 2.9 0.0 1.5 

SEs11 0.0 0.8 0.0 2.3 
PEs11 0.0 0.0 0.0 2.4 

 

Figure 25 Clytemnestridae (Gonyopsillus), Ectinosomatidae (Microsetella), 
Euterpinidae (Euterpina) and Tisbidae distribution and abundance (per m3).  Data for 
bar graphs are log transformed (abundance + 1).  Legend number represents the size 
of rightmost red bar. 
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Order Poecilostomatoida 

Corycaeidae 

 There are seven genera in this family, six of which were represented in the 

Galapagos’ zooplankton: Corycaeus, Ditrichocorycaeus, Farranula, 

Onychocorycaeus, Urocorycaeus and Monocorycaeus. There were five species of 

Corycaeus: C. clausii, C. crassiusculus, C. flaccus, C. limbatus and C. speciosus 

(Figure 26).  Corycaeus clausii is present in all oceans except for sub-polar and polar 

regions. In Galapagos it was found in only 2 western samples during the cold season. 

It increased in numbers in the warm season and it was present at 3 western sites. 

Corycaeus crassiusculus is circumglobal, found in all oceans, except for sub-polar 

and polar regions. During the cold season, C. crassiusculus was present at all 

southeastern sites, where it was most abundant.  It was also present at most western 

sites, but in lower numbers. It was not found in the Archipelago during the warm 

season.  

Corycaeus flaccus used to be known as Agetus flaccus, but the genus Agetus 

has been synonymized into the genus Corycaeus  (Walter and Boxshall 2009). It is 

present in all oceans except for the Arctic and sub-Arctic. Corycaeus flaccus was 

present in Galapagos at all eastern sites and at all but 3 western sites during the cold 

season. It was present in higher numbers in the east. During the warm season it was 

present at every site and its abundance increased in the west.  
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CBo9 0.0 0.0 0.0 1.0 1.0 SIs2 4.2 0.0 0.0 9.2 0.7 

PMo11 4.4 8.8 7.4 7.4 0.0 NIs2 0.0 0.0 0.0 17.7 0.0 

Cas11 0.0 5.7 0.0 4.2 0.0 RRe5 0.0 0.0 0.5 1.9 0.0 

Fer11 0.0 0.9 0.0 0.0 0.0 FCD5 0.0 0.0 0.0 2.0 0.0 

PBr11 0.0 3.5 0.0 3.5 0.0 CDo5 0.0 0.0 0.0 1.5 0.5 

PM1 1.3 0.0 0.0 1.3 7.0 PMa5 0.3 0.0 0.0 1.5 2.4 

AM1 0.0 0.0 0.0 0.0 4.6   

North 
Central 

NBu7 0.0 0.0 0.2 2.7 2.5 
NEIs5 

0.0 0.0 0.5 1.4 0.0 
Pin7 0.0 5.5 1.1 5.5 0.0 

NIs7 0.0 0.0 0.0 0.6 0.3 

Southeast 

EFl11 0.0 12.1 0.8 3.2 0.0 

Flo5 
0.0 0.0 0.5 0.9 0.9 SCr11 0.0 28.0 60.4 14.7 4.4 

SEs11 0.0 10.0 3.8 14.6 0.0 

PEs11 0.0 18.9 7.9 2.4 0.6 

 

Figure 26 Corycaeidae (Corycaeus) distribution and abundance (per m3).  Data for 
bar graphs are log transformed (abundance + 1).  Legend number represents the size 
of rightmost red bar. 
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Corycaeus limbatus (formerly known as Agetus limbatus) is present in all 

oceans, except for sub-polar and polar regions. In Galapagos it was found at 3 

western and 4 eastern sites during the cold season. Its occurrence and abundance 

were similar during the warm season. Overall it was present in low numbers. 

Corycaeus speciosus is cosmopolitan, found in every ocean, except for the Arctic.  In 

Galapagos, during the cold season, it was present at all eastern sites and at 1 western 

site. It was most abundant in the southeast.  During the warm season it was present at 

2 western sites, 1 southeastern site, and 1 northern site.  

 The genus Ditrichocorycaeus has 15 species, 7 of which were found in 

Galapagos: D. affinis, D. amazonicus, D. andrewsi, D. dubius, D. lubbocki, D. 

minimus and D. subtilis (Figure 22).  Ditrichocorycaeus affinis has not been 

previously reported from the eastern tropical Pacific, but it has been found off the 

North American coast. It is also found in the western Pacific, the Arabian Seas and 

off the coast of South Africa. In Galapagos it was found during the cold season at 1 

western site and 2 central sites. During the warm season it was present at 3 western 

sites. It was present in low numbers at all these sites.  

Ditrichocorycaeus amazonicus has only been previously reported form the 

western Atlantic Ocean and off the western coast of North America.  In Galapagos it 

was on average the third most abundant species of zooplankton and did not show any 

geographical affinities. It was found in large numbers at almost all sites during the 

cold season. During the warm season it only occurred at 2 sites and in much lower 

numbers.  Ditrichocorycaeus andrewsi is found in tropical and subtropical waters of 
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the Pacific and Indian Ocean, the Red Sea and the Mediterranean. In Galapagos it 

was only present in low numbers during the cold season at 1 western and 1 eastern 

site.   

Ditrichocorycaeus dubius was only present at 1 site in the east during the 

cold season and at 1 site in the west during the warm season.  There is some 

uncertainty as to the validity of this species.  Boxshall and Halsey (2004) denote it as 

a valid species, while the world registry of marine species accepts it under the genus 

Corycaeus, as C. dubius (Walter and Boxshall 2009).  Razouls et al. (2009) do not 

recognize D. dubius as a valid species and suggests that it is a form of D. erythraeus, 

which is found in all tropical and subtropical oceans.  Ditrichocorycaeus lubbocki 

has been reported from all tropical and subtropical waters of the Pacific and Indian 

Oceans, and in the Mediterranean Sea. In Galapagos it was present at only 1 site 

during the warm season in the west.  

Ditrichocorycaeus minimus has not been previously reported in the eastern 

Pacific. It is found throughout the Atlantic Ocean, the Mediterranean Sea, the Indian 

Ocean and off the eastern coast of Australia.  In Galapagos it was found only at 

northern sites, 2 during the cold season and 1 during the warm season. 

Ditrichocorycaeus subtilis has not been reported before from the eastern tropical 

Pacific. But it is found to the north, off the North American coast and to the west in 

the Central and Western Pacific. It is also present in the Indian Ocean and the 

Mediterranean Sea. In Galapagos it was only present at 1 site in the west during the 

warm season.  
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PM1 0.0 64.1 0.0 0.0 0.0 0.0 0.0 PMa5 0.0 0.0 0.0 0.3 0.0 0.0 0.0 

AM1 0.0 33.2 0.0 0.0 0.0 0.0 0.0     

North 
Central 

NBu7 0.2 0.0 0.0 0.0 0.0 0.0 0.0 

NEIs5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Pin7 2.2 0.0 0.0 0.0 0.0 1.1 0.0 
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South- 
east 

EFl11 0.0 62.7 0.0 0.8 0.0 0.0 0.0 

Flo5 
0.0 0.5 0.0 0.0 0.0 0.0 0.0 

SCr11 0.0 32.4 0.0 0.0 0.0 0.0 0.0 

SEs11 0.0 74.6 0.0 0.0 0.0 0.0 0.0 

PEs11 0.0 11.0 1.8 0.0 0.0 0.0 0.0 

 

Figure 27 Corycaeidae (Ditrichocorycaeus) distribution and abundance (per m3).  
Data for bar graphs are log transformed (abundance + 1).  Legend number represents 
the size of rightmost red bar.  
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There are six recognized species of Farranula, four of which were found in 

Galapagos: F. gibbula, F. carinata, F. curta and F. gracilis (Figure 28).  Farranula 

gibbula was the most abundant. During the cold season it was present at all eastern 

sites and at 3 western sites, most abundant in the southeast.  During the warm season 

it was also present at western and eastern sites but in lower numbers. It is a 

circumglobal species found in all tropical and subtropical oceans.  Farranula 

carinata is circumglobal, present in all tropical to temperate waters. In Galapagos it 

was present in low numbers at 1 western site during the cold season and at 2 western 

sites during the warm season.  Farranula curta has not been previously reported 

from the eastern tropical Pacific. But it is present to the north, off the North 

American coast, and to south, off the South American Coast. It is also found in the 

western Pacific, the Indian Ocean, the Red Sea, the Mediterranean Sea and the 

eastern Atlantic Ocean. In Galapagos it was present only during the warm season at 4 

western sites in low numbers. Farranula gracilis is a cosmopolitan species found in 

all waters, except for the Arctic. In Galapagos it was present at only 2 sites, once 

during the cold season and once during the warm season, both times in the west.  

All seven recognized species of Onychocorycaeus were present in Galapagos: 

O. agilis, O. catus, O. giesbrechti, O. latus, O. ovalis, O. pacificus and O. pumilis 

(Figure 29).  All of these species are circumglobal, present in all tropical to 

temperate waters, except O. pacificus, that is absent from the eastern Atlantic but can 

also be found in the sub-Antarctic; and O. pumilis, that is absent from the western 

Atlantic. 
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Figure 28 Corycaeidae (Farranula) distribution and abundance (per m3).  Data for 
bar graphs are log transformed (abundance + 1).  Legend number represents the size 
of rightmost red bar. 
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 Onychocorycaeus agilis was only present in Galapagos at 3 eastern and 1 

western site during the cold season. It was absent during the warm season. 

Onychocorycaeus catus was only found once at a western site during the warm 

season.  Onychocorycaeus giesbrechti was only present during the cold season at 1 

eastern and 1 western site. Onychocorycaeus latus was only present at southeastern 

sites during the cold season. In the warm season it was found at the sole eastern site 

sampled and at 3 western sites. Onychocorycaeus ovalis was present only during the 

cold season at 1 western and 2 eastern sites. Onychocorycaeus pacificus was the 

most abundant species of this genus. It was found at all but 2 western sites during the 

cold season, being most abundant in the southeast. It was found in lower numbers 

during the warm season at only 2 sites. Finally, O. pumilis was present at 1 site 

during the cold season and at 2 sites during the warm season, all occurrences in the 

west.  

 All three recognized species of Urocorycaeus were found in Galapagos: U. 

furcifer, U. lautus and U. longistylis (Figure 30). Urocorycaeus furcifer is found in 

all oceans, except the sub-Arctic and Arctic. In Galapagos it was at most western 

sites and at one eastern site during the cold season. During the warm season it was 

present at four western sites. Urocorycaeus lautus is found in all tropical to 

temperate oceans. In Galapagos it was found at 1 site during the cold season and at 1 

site during the warm season. Both were in the north. Urocorycaeus longistylis is 

found in all tropical to temperate oceans. In Galapagos it was only found once, at a 

western site during the warm season.  
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Figure 29 Corycaeidae (Onychocorycaeus) distribution and abundance (per m3).  
Data for bar graphs are log transformed (abundance + 1).  Legend number represents 
the size of rightmost red bar.  
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Figure 30 Corycaeidae (Urocorycaeus and Monocorycaeus) distribution and 
abundance (per m3).  Data for bar graphs are log transformed (abundance + 1).  
Legend number represents the size of rightmost red bar. 
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The sole species of Monocorycaeus, M. robustus, was present in Galapagos 

only during the cold season at 2 eastern sites (Figure 30). It has not been previously 

reported from the eastern tropical Pacific, but it is found off the North American 

coast and throughout the central and western Pacific, the Indian Ocean, the 

Mediterranean Sea, and the southern Atlantic Ocean.  

 

Oncaeidae 

 There are seven genera in this family; three had representatives in 

Galapagos: Oncaea, Triconia and Monothula. There are over 70 species of Oncaea, 

4 of which were found in significant numbers in Galapagos: O. venusta (forma 

typica and venella), O. mediterranea (forma major and minor), O. media and O. 

scottodicarloi (Figures 31 and 32).  Oncaea venusta is cosmopolitan, except that it is 

not found in the Arctic Ocean. There are two forms, a large typica form and a 

smaller form called venella.  Both forms were present in Galapagos. Oncaea venusta 

typica was present at all but 1 site during the cold season, most abundant in the 

southeast. It was also present at all but 1 site during the warm season.  On average, it 

was the second most abundant species of zooplankton. Oncaea venusta venella was 

present in all the samples during the cold season. It was slightly more abundant than 

O. venusta typica in western samples, but in the east, O. venusta typica was more 

abundant.   Oncaea venusta venella was present at all but 2 sites during the warm 

season. On average it was the tenth most abundant species of zooplankton.  
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Figure 31 Oncaeidae (Oncaea) distribution and abundance (per m3).  Data for bar 
graphs are log transformed (abundance + 1).  Legend number represents the size of 
rightmost red bar. 
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Oncaea mediterranea is present in all oceans except for the Arctic and 

Antarctic. It is found in a large form (f. major) and a small form (f. minor). Both 

forms were present in Galapagos. Oncaea mediterranea f. major was present at all 

but 1 site during the cold season, most abundant in the southeast. It was present in 

lower numbers during the warm season at all but 1 site.  Oncaea mediterranea f. 

minor was present at all but 4 sites during the cold season. It was much more 

abundant than the larger form in the west. In the east their abundances were similar. 

During the warm season it decreased in numbers, but it remained more abundant 

than the larger form and it was found at all but 1 site.  It was on average the eighth 

most abundant species of zooplankton in the Archipelago.   

Oncaea media is found in all tropical to temperate oceans. In Galapagos it 

was present only in the west at 1 site in the cold season and 1 site in the warm 

season. Oncaea scottodicarloi is found in tropical waters of the eastern and western 

Pacific, the Indian Ocean, the Mediterranean Sea and the Atlantic Ocean. In 

Galapagos it was present at all eastern sites and 4 western sites during the cold 

season. During the warm season it was found at all but 1 site and its abundance 

increased. 

There are 20 species of Triconia, 2 of which were found in Galapagos: T. 

redacta and T. similis (not shown). Triconia redacta has not been previously 

reported from the eastern tropical Pacific. It is found in the northwest and northeast 

Pacific. It has also been reported off the eastern coast of Australia and in the Indian  
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Figure 32 Oncaeidae (Oncaea) and Lubbockiidae (Lubbockia) distribution and 
abundance (per m3).  Data for bar graphs are log transformed (abundance + 1).  
Legend number represents the size of rightmost red bar. 
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ocean. It was found in only 1 sample in the northwest of Galapagos (RRe5. 0.96/m3).  

Triconia similis is found in all oceans, except for the Arctic and Antarctic. In 

Galapagos it was found at only 1 site in the west during the cold season (CBo91, 

12.7/m3). The sole species of Monothula, M. subtilis, is found in tropical to 

temperate waters of the western and eastern Pacific, the Indian Ocean, the Atlantic 

Ocean and the Mediterranean Sea.  It was present in Galapagos at only 1 site in the 

west during the cold season (CBo91, 9.82/m3, not shown). Additional species of 

Oncaea and Triconia were found in low numbers and occurring in single samples; 

these were recorded as Oncaeidae miscellaneous species. 

 

Lubbockiidae 

 There are seven genera in this family, of which only one has representatives 

in Galapagos, Lubbockia.  Only one species of Lubbockia was present, L. 

squillimana (Figure 32).   It was found at all eastern sites and most western sites 

during the cold season, most abundant in the southeast. It was also found at most 

sites during the warm season; its abundance increased in the west compared to the 

cold season. It is found in all tropical to temperate oceans, but it has not been 

reported previously in the eastern tropical Pacific. 
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Sapphirinidae  

 Representatives from all three genera in this family were present in 

Galapagos: Copilia, Vettoria, and Sapphirina. There are seven species of Copilia, 

three of which were present in Galapagos: C. longistylis, C. mediterranea, and C. 

mirabilis (Figure 33). Copilia longistylis has not been reported before in the eastern 

tropical Pacific, but it has been found to the north, off the North American coast, and 

to the west in the central and western Pacific Ocean and the Indian Ocean.  It was 

found at 2 western sites in Galapagos, once during the cold season and once during 

the warm season. Copilia mediterranea is found in tropical and subtropical waters.  

It has not been reported previously from the eastern tropical Pacific, but it is found to 

the west in the central and western Pacific. It is also found in the Indian Ocean, the 

Mediterranean Sea and the Atlantic Ocean. In Galapagos it was found only during 

the warm season at 1 site in the west.  Copilia mirabilis is circumglobal, found in all 

tropical to temperate oceans.  It was the most common Sapphiriniid in Galapagos, 

where it was found at most sites in the east and at 2 sites in the west during the cold 

season. During the warm season it was found at 3 sites in the west.  

There are four recognized species of Vettoria, two of which were found in 

Galapagos: V. granulose and V. parva (Figure 33).  Vettoria granulosa is 

circumglobal, found in all tropical and subtropical oceans. In Galapagos it was found 

at only 1 eastern site during the cold season and at 1 eastern and 1 western site 

during the warm season. Vettoria parva has not been previously reported from the 

eastern tropical Pacific, but it is found to the west in the central Pacific and off the 
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eastern coast of Australia. It is also found in the Arabian Sea, the Mediterranean Sea, 

off the coast of South Africa, and in the tropical Atlantic Ocean. In Galapagos it was 

found only during the cold season at 2 sites.  

Of the 15 species of Sapphirina, 4 were present in Galapagos: S. angusta, S. 

intestinata, S. metallina and S. nigromaculata (Figure 34).  Sapphirina angusta is 

found in all oceans, except for the sub-Arctic, Arctic and Antarctic. In Galapagos it 

was present only during the cold season at 1 western site. Sapphirina intestinata has 

not been previously reported from the eastern tropical Pacific, but it is found to the 

north, off the North American coast.  It is present in all tropical and subtropical 

oceans. In Galapagos it was present at 2 sites, 1 in the east during the cold season 

and 1 in the west during the warm season. Sapphirina metallina is present in all 

tropical to temperate oceans and in the Antarctic. In Galapagos it was present at only 

1 site in the east during the cold season. Sapphirina nigromaculata is found in all 

tropical to temperate oceans and in the Antarctic. In Galapagos it was present at 2 

sites in the southeast during the cold season and at 1 western site during the warm 

season.  
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Southeast 

EFl11 0.0 0.0 0.8 0.0 0.8 

Flo5 0.0 0.0 0.0 0.5 0.0 
SCr11 0.0 0.0 0.0 0.0 0.0 
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Figure 33 Sapphirinidae (Sapphirina) distribution and abundance (per m3).  Data for 
bar graphs are log transformed (abundance + 1).  Legend number represents the size 
of rightmost red bar. 
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Figure 34 Sapphirinidae (Sapphirina) and Pontoeciellidae (Pontoeciella) distribution 
and abundance (per m3).  Data for bar graphs are log transformed (abundance + 1).  
Legend number represents the size of rightmost red bar. 
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Siphonostomatoida 

Pontoeciellidae 

 There is only one species in this family, Pontoeciella abyssicola. It is found 

in all tropical and subtropical oceans. In Galapagos, during the cold season it was 

present only in the east at 3 sites (Figure 34). During the warm season it was found 

in larger numbers at 4 sites in the west.   

 

Other Zooplankton 

  There were other groups of organisms that significantly contributed to 

the overall abundance of the Galapagos zooplankton: Euphausiids, Chaetognaths, 

Apendicularians, Gelatinous zooplankton and Ostracods (Table 1).  A description of 

the distribution of each group in Galapagos follows.  

 

Euphausiidae 

 Of the 11 genera of euphausiids, 4 had representatives in Galapagos: 

Euphausia tenera, Nyctiphanes simplex, Stylocheiron affine and Nematoscelis 

atlantica (Figure 35).  Euphausia tenera is found in tropical and subtropical oceans.  

In Galapagos it was present only during the cold season at 1 site in the west and 2 

sites in the southeast.   
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West 

CBo91 0.0 0.0 0.0 0.0 0.0 CBo2 0.0 0.0 0.0 0.0 1.4 

CBo9 1.6 2.6 0.0 0.0 31.7 SIs2 0.0 0.0 0.0 0.0 7.1 

PMo11 0.0 0.0 0.0 0.0 588.0 NIs2 0.0 0.0 0.7 0.0 9.2 

Cas11 0.0 1.4 0.0 0.0 329.6 RRe5 0.0 0.0 0.0 0.0 5.7 

Fer11 0.0 0.0 0.0 0.0 14.0 FCD5 0.0 0.0 0.0 0.5 2.9 

PBr11 0.0 0.0 0.0 0.0 30.9 CDo5 0.0 0.0 0.0 0.0 0.0 

PM1 0.0 187.3 0.0 0.0 1039. PMa5 0.0 0.0 0.0 0.0 4.1 

AM1 0.0 6.0 0.0 0.0 846.4   

North 
Central 

NBu7 0.0 0.0 0.0 0.0 4.4 
NEIs5 

0.0 0.0 0.0 0.0 10.0 
Pin7 0.0 0.0 0.0 0.0 0.0 

NIs7 0.0 0.0 0.0 0.0 2.2 

Southeast 

EFl11 0.0 0.0 8.8 0.0 18.5 

Flo5 
0.0 0.0 0.0 0.0 25.1 SCr11 2.9 0.0 1.5 0.0 25.1 

SEs11 0.0 0.0 0.0 0.8 1.5 

PEs11 1.2 0.0 1.8 0.0 15.9 

 

Figure 35 Euphausiidae (Euphausia, Nyctiphanes, Stylocheiron and Nematoscelis) 
distribution and abundance (per m3).  Data for bar graphs are log transformed 
(abundance + 1).  Legend number represents the size of rightmost red bar. 
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Nyctiphanes simplex is found in the North and equatorial Pacific not far off 

the American coast.  In Galapagos it was only present during the cold season and 

only at 4 western sites.  Stylocheiron affine is found in the tropical and subtropical 

Pacific, Atlantic, and Indian Ocean.  In Galapagos it was present during the cold 

season only at 3 southeast sites. During the warm season it was found at only 1 site 

in the west. Nematoscelis atlantica is found in the tropical and subtropical Pacific, 

Indian and Atlantic oceans. In Galapagos it was only present at 1 site in the southeast 

during the cold season and at 1 site in the west during the warm season.   

Adult euphausiids, in general, were found in low numbers. Only N. simplex 

was present in large numbers at one western site. Unlike the adults, Euphausiid 

juveniles and larvae were present in large numbers. On average, immature 

euphausiids was the most abundant group of zooplankton, found in greater numbers 

than even the most abundant species of copepod, Paracalanus aculeatus.  The 

highest abundance of immature euphausiids was found at western sites during the 

cold season. They were present in lower numbers in the east during this season. 

Their numbers markedly decreased during the warm season in the west.  

 

Chaetognatha 

 Chaetognatha, or arrow worms, are predatory on other zooplankton. Over 100 

species of chaetognaths have been described (Appeltans et al. 2009). The 

chaetognaths found in Galapagos were not identified to species level; instead they 
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were counted in three different size classes based on their total length: small (less 

than 12mm), medium (12-24mm) and large (more than 24mm) (Figure 36). Small 

chaetognaths were found in every sample during both seasons. They were most 

abundant in the southeast during the cold season. Medium-sized chaetognaths were 

also found in every sample during both seasons with similar abundances as the small 

chaetognaths.  They were also most abundant in the southeast. Large chaetognaths 

were present at all eastern sites and 1 western site during the cold season. During the 

warm season they were present in lower numbers at only 3 western sites and 1 

eastern site. 

 

Cnidaria and Ctneophora 

 The Cnidaria and Ctenophora are gelatinous zooplankton. Due to their 

fragility most of these organisms were broken apart and difficult to identify. In 

Galapagos they were found at all southeastern sites and 2 western sites during the 

cold season (as “gelatinous” in Figure 37). During the warm season they were only 

found at 2 western sites. On average they comprised 0.6% of the zooplankton.  
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West 

CBo91 0.0 0.0 0.0 CBo2 7.1 5.7 0.9 

CBo9 0.5 1.6 0.0 SIs2 10.6 21.2 1.4 

PMo11 0.0 0.0 0.0 NIs2 1.4 7.8 0.7 

Cas11 0.0 0.0 0.0 RRe5 17.2 3.3 0.0 

Fer11 0.0 0.0 0.0 FCD5 8.8 2.0 0.0 

PBr11 0.0 0.0 0.0 CDo5 6.9 4.4 0.0 

PM1 8.5 18.3 5.7 PMa5 2.4 0.6 0.0 

AM1 33.8 12.6 0.0  

North Central 
NBu7 4.7 6.1 0.5 

NEIs5 16.7 12.4 0.5 Pin7 42.0 37.6 1.1 

NIs7 7.0 2.5 0.0 

Southeast 

EFl11 23.3 17.7 4.0 

Flo5 
7.3 4.6 0.0 

SCr11 371.4 234.3 101.7 

SEs11 116.1 71.5 14.6 

PEs11 115.9 54.9 9.1 

 

Figure 36 Chaetognath distribution and abundance (per m3).  Data for bar graphs are 
log transformed (abundance + 1).  Legend number represents the size of rightmost 
red bar.  
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West 

CBo91 0.0 0.0 0.0 0.0 0.0 CBo2 0.0 3.3 9.4 0.0 0.0 
CBo9 0.0 8.8 1.6 0.0 0.0 SIs2 0.0 2.1 3.5 0.0 0.0 

PMo11 0.0 0.0 0.0 0.0 0.0 NIs2 5.7 1.4 4.2 2.8 0.0 

Cas11 0.0 0.0 0.0 0.0 0.0 RRe5 0.0 2.4 6.7 0.0 0.0 

Fer11 0.0 0.0 0.0 0.0 0.0 FCD5 9.8 30.9 4.9 0.0 0.5 

PBr11 0.0 0.0 0.0 0.0 0.0 CDo5 0.0 25.1 0.0 0.0 0.0 

PM1 70.4 5.3 0.8 3.2 0.0 PMa5 0.0 43.9 2.1 0.3 0.0 

AM1 33.4 17.9 7.2 0.4 0.4   

North 
Central 

NBu7 0.0 7.1 1.7 0.0 0.0
NEIs5 

0.0 28.7 4.3 0.0 0.0 
Pin7 0.0 18.8 1.1 0.0 0.0 
NIs7 0.0 14.0 1.9 0.0 0.0 

Southeast 

EFl11 0.8 1.6 3.2 0.0 0.0

Flo5 
0.0 26.0 0.0 2.7 0.0 SCr11 7.4 114.9 4.4 1.5 0.0 

SEs11 1.5 10.8 2.3 1.5 0.0 
PEs11 1.2 7.3 6.7 0.0 0.0 

 

Figure 37 Gelatinous Zooplankton, Larvaceans and Ostracods distribution and 
abundance (per m3).  Data for bar graphs are log transformed (abundance + 1).  
Legend number represents the size of rightmost red bar. 
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Larvaceans  

 Larvaceans or Appendicularians are filter feeders found in the pelagic zone. 

In Galapagos they were present at all sites throughout the year (Figure 37). They 

were more abundant during the warm season.  On average they comprised 1.3% of 

the zooplankton. 

 

Ostracoda 

 Ostracods are small crustaceans with a bivalve shell. Most are benthic, but 

there are also many pelagic species. They were not identified to species level but 

counted in three different size classes: small (less than 2mm), medium (2-5mm) and 

large (more than 5mm) (Figure 37). Small ostracods were the most abundant. They 

were found at most sites during the cold season. During the warm season they 

increased in numbers and they were again found at most sites. Medium-sized 

ostracods were present in much lower numbers at 4 sites during the cold season and 

at 3 sites during the warm season. Large ostracods were rare; they were only present 

at 1 site during the cold season and 1 site during the warm season.   
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Zooplankton Community Structure  

Abundance and diversity estimates for all stations are shown in Table 3.  The 

total zooplankton density ranged from 97 organisms per m3 (at Nis7) to 5814 

organisms per m3 (at SCr11).  The number of species per station ranged from 22 (at 

BIO3) to 82 (at PEs11) with an average of 51 species. The average abundance of a 

species, calculated as the total density divided by the number of species present, 

ranged from 0.57 individuals per m3 (at a north central station, Nis7) to 34.4 

individuals per m3 (at a southeastern station, SCr11), with an average over all species 

of 6.01 per m3. Simpson’s diversity index expresses the probability that two random 

individuals belong to the same species: 

 1 ∑ Pi
2 

where S is species richness and Pi is the proportion of individuals belonging to 

species I; a score of 1would suggest that any two individuals sampled at random are 

certain to belong to two different species (McCune and Grace 2002).  Simpson’s 

diversity index is high for most samples.  It ranged from 0.67 to 0.95 with an average 

of 0.88.  Most sites (87%) had a Simpson’s diversity index greater than 0.8.  

Shannon’s diversity index is the log form of Simpson’s index, taking evenness into 

account and lowering the effect of rare species on the diversity value: 

H = ∑ Pi
 
 log Pi 
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the lowest value is 0, which occurs when there is only one species present and, 

therefore, no uncertainty as to which species an individual selected at random 

belongs (McCune and Grace 2002).  The Shannon diversity index for Galapagos 

zooplankton ranged from 1.91 to 3.47, with an average of 2.82.  

Table 3 Diversity statistics for zooplankton abundance data for each station. The 
mean is the average abundance of all species. A large standard deviation suggests 
large differences in abundance among the various species. The Sum is the total 
number of organisms and the Maximum is the abundance of the most numerous 
species. S is the species richness, E is the eveness, H is Shannon’s diversity index, 
and D is Simpson’s diversity index.  CBo91 and Nis2 are outliers; their treatment is 
described in the text. 
 

 Abundace (# of individuals/ m3)     
Station Mean Stand.Dev. Sum Maximum S E H D 
BIO1 4.80 20.12 810 134 30 0.75 2.54 0.89 
BIO2 4.81 22.53 813 210 29 0.72 2.42 0.87 
BIO3 2.84 12.93 480 126 22 0.79 2.43 0.87 
BIO4 3.49 16.09 590 169 32 0.73 2.53 0.87 
BIO5 3.26 14.39 550 145 36 0.74 2.66 0.88 
BIO6 4.83 21.28 815 159 33 0.73 2.56 0.88 
XO1 4.43 22.91 748 208 30 0.67 2.27 0.84 
PM1 11.11 81.99 1877 1040 42 0.51 1.91 0.67 
AM1 10.32 69.12 1744 846 48 0.52 2.00 0.73 
CBo91* 3.81 23.59 644 289 51 0.57 2.23 0.77 
CBo9 3.31 13.48 559 126 48 0.72 2.80 0.90 
EFl11 6.44 20.50 1088 186 66 0.78 3.28 0.93 
PMo11 21.65 87.40 3659 744 56 0.68 2.75 0.90 
Cas11 7.27 34.03 1228 330 44 0.68 2.58 0.87 
Fer11 1.73 6.60 292 50 48 0.73 2.83 0.91 
PBr11 8.04 34.61 1358 338 57 0.68 2.73 0.89 
SCr11 34.40 126.45 5814 1351 67 0.73 3.05 0.91 
SEs11 8.02 20.73 1355 151 74 0.81 3.47 0.95 
PEs11 9.26 26.95 1565 198 82 0.77 3.41 0.94 
CBo2 4.17 11.93 705 82 65 0.79 3.30 0.95 
SIs2 3.49 9.66 589 60 57 0.83 3.34 0.95 
NIs2* 1.88 11.62 318 141 28 0.64 2.14 0.77 
Flo5 2.45 8.44 414 70 65 0.74 3.11 0.92 
NEIs5 5.33 30.19 900 376 59 0.62 2.52 0.81 
RRe5 2.99 9.83 505 87 57 0.79 3.18 0.93 
FCD5 1.66 5.58 280 47 55 0.78 3.14 0.93 
CDo5 1.83 7.28 310 81 52 0.76 3.00 0.90 
PMa5 1.34 3.76 226 23 63 0.81 3.35 0.95 
NBu7 1.47 5.54 248 64 68 0.76 3.19 0.91 
Pin7 5.37 15.10 908 111 61 0.81 3.33 0.95 
NIs7 0.57 1.65 97 12 48 0.84 3.25 0.95 
 
AVERAGES: 6.01 25.69 1016 257 50.7 0.73 2.82 0.88 
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The evenness or equitability refers to how equally distributed the species 

abundances are for that particular site.  It is calculated with the following equation: 

Eveness = H / log(S) 

where H is Shannon’s diversity index and S is the average species richness; this 

evenness measure is also refered to as Pielou’s J, and a value of 1 means that all 

species are equally abundant (McCune and Grace 2002).  The evenness for 

Galapagos zooplankton ranged from 0.51 to 0.84 with an average of 0.73.   

Species-area curves were used to evaluate the adequacy of sampling by 

plotting the number of zooplankton species as a function of sites sampled (Figure 

38).  The average Sorensen distance between a sample and the whole sample was 

also calculated and plotted in the same graph (Figure 38).  The species curve showed 

that the number of species encountered increased drastically with the first 5 sites; 

after that the rate of increase was much slower, and after 20 sites it seems to be 

slowly approaching an asymptote. The plot of the average distance showed the same 

trend, but inverted.  After 12 sites are sampled, the Sorensen distance between an 

additional site and the centroid of the whole sample is less than 10%, indicating that 

further sampling will only result in samples that are slightly more similar to the 

entire community data set (McCune and Grace 2002). 
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Figure 37 Species-area curve showing the average number of species in relation to 
sites sampled based on repeated sub-sampling of the 24 sites by the software package 
PC-ORD 5. Distance curve shows the average Sorensen distance between a site and 
the whole community. Dotted lines are 95% confidence limits. 

 

Total number of species estimators Chao 1 and Chao 2 were used to estimate 

the likely number of copepod species in these samples (Figure 39). These yielded 

mean species richness estimates of 171 (Chao 1) and 185 (Chao 2), compared to the 

164 actually identified. Upper and lower bound 95% confidence limits were also 

calculated as suggested by Chao (1987). The lower limits were 166 (Chao 1) and 172 

(Chao 2); the upper limits were 188 (Chao 1) and 215 (Chao 2). This suggests that 

sorting the entire volume of zooplankton samples should yield 2 to 24 more species 

of copepods based on Chao1 and 8 to 52 species based on Chao 2.  After 20,000 

counts (32,943 copepods have been counted), exponentially larger counts only yield 

very minimal differences in species numbers. As with the species-area curve for the 
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entire zooplankton data, the Chao 1 and Chao 2 estimates for copepod species 

suggest that an asymptote of species richness is being approached. 

 

 

Figure 39 Chao 1 and Chao 2 diversity estimates with 95% upper and lower bound 
confidence limits. A total of 32,943 individual copepods have been counted.  
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  The community data consisted of a matrix with abundances (individuals per 

m3) for 24 sites and 187 zooplankton species.  The community matrix had a 

Whittaker’s beta diversity of 1.9 (Table 4).  This represents the rate of species 

change and reflects the number of distinct communities; the maximum value for beta 

diversity is one less than the total number of species (180 for this study), meaning 

that no species are shared among samples, while the minimum value is 0, which 

means that all of the samples contain all of the species (McCune and Grace 2002).  

The coefficient of variance (CV) was calculated for row totals (Sites) and column 

totals (Species).  The CV for sites was calculated by adding the total abundance for 

each site, calculating the mean abundance and standard deviation for all the sites, 

then dividing the standard deviation by this mean and multiplying it by 100 to 

express it as a percentage, (118%, Table 4). The same method was used to determine 

the CV for species (262%, Table 4). 

The community data were relativized by sample unit totals. So for each site, 

the abundance of a species was divided by the total zooplankton abundance for that 

site. The relativization by sample unit totals shifts the analysis from absolute 

abundances of species to relative abundances in a sample unit. This relativization 

does not affect beta diversity or the coefficient of variance for species totals (262%) 

but it does change the coefficient of variance for sites from 118% to 0% since the 

relative abundance for each site adds up to 1.  

The initial ordination of the community data revealed 2 outliers: Stations 

CBo91 and Nis2.  Each had a solitary and polarizing position in the final ordination. 
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Outlier analysis was performed by determining the average Sorensen distance of 

each site from all other sites and calculating standard deviations. This revealed that 

CBo91 was 2.3 standard deviations from the mean. After inspecting the abundances 

for this site, it was clear that it had unusually low numbers of most species and 

extremely large numbers of Paracalanus copepodids, 289 / m3, when the average for 

all sites was 76.4 /m3.  This outlier (CBo91) was removed.  

The same outlier analysis was performed again, and Nis2 was 2.2 standard 

deviations from the mean. That site had 79% of species as absent and very low 

abundances for the species that were present. The average percentage of species 

absence was 66%. Also 6 species were only present at this site: Calocalanus 

styliremis, Copilia mediterranea, Neocalanus gracilis, Microsetella norvegica, 

Monothula subtilis and Triconia similis.  Therefore NIs2 was also removed from the 

community data. After removing those outliers, there was a decrease in the beta 

diversity, % of 0 abundances, coefficient of variance, and skewness of the 

community data (Table 4). 
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Table 4 Summary profile for original community data, relativized data, and data 
after removing outliers. The percent of the coefficient of variance (CV) is calculated 
by 100*(standard deviation / mean) of the row (Sites) or column totals (Species) for 
the abundance matrix.  

 

Raw Abundance Relativized by Sample 
Units Totals 

Relativized by Sample 
Units Totals with 
CBo91 and NIs2 

removed 
Beta diversity 1.9 1.9 1.8 
% of zero abundances 66% 66% 64% 
CV of totals (Sites) 118% 0% 0% 
CV of totals (Species) 262% 262% 249% 
Average Skewness (Sites) 7.1 7.1 6.6 
Average Skewness 
(Species) 3.5 3.1 3.0 

 

The community data were analyzed without those 2 outliers. The NMS 

ordination based on Sorensen distances resulted in an optimum 2-dimensional 

solution (Figure 40).  The final stress was 14.6, stable for the last 115 of 150 

iterations. The Monte Carlo Test of 249 runs showed that the mean stress for 

randomized data was 24.4 and that the probability that a final stress of 14.6 could be 

obtained by chance was p =  0.004.  The two axes represented 83% of the variance, 

r2 = 0.66 for axis 1 and r2 = 0.17 for axis 2. The NMS ordination shows that the 

various sites divide according to their biological components into 3 climate zones 

(Western, Central, and Southeastern) and 2 seasons (cold and warm), although 

during the warm season the western sites cluster with the central sites (Figure 40).   
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Figure 40 NMS Ordination of sample units in zooplankton species space.  Sites 
sampled during the cold season are in blue, those sampled during the warm season 
are in red. Symbols code for the three climate zones: triangles for western sites, 
circles for central sites and squares for southeastern sites.  

   

The Multi-Response Permutation Procedure (MRPP) for the 3 cold season 

groups (Western, Central, and Southeastern) showed strong group support with A = 

0.43 and p < 0.00005.  Indicator Species analysis of these same groups showed that 

only a few species are indicators of the western zone, several are indicators of the 

seasonally varying central zone, and numerous species are specific to the 

southeastern region (Figure 41).   
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Figure 41 Indicator Species Analysis for the cold season. The 3 groups are based on 
the climate zones. Indicator Values, expressed as % of perfect indication for each 
climate zone.  Only statistically significant indicators are listed (p<0.05). 

 

Due to the limited sampling, a regional analysis during the warm season was 

not possible, but looking only at the western sites, seasonal differences between the 

warm and cold season were strong. The MRPP analysis showed in the west 

significant differences of species composition between the cold and warm seasons: A 

= 0.35 and p < 0.0005.  Indicator species analysis showed a clear seasonal difference 

of species composition at these western sites: 4 species are indicators of the cold 

season, while 10 are indicators of the warm season (Figure 42).  During the warm 

season, the western sites cluster with the central sites; MRPP analysis comparing the 
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western sites during this season with central sites resulted in a negative A statistic of 

-0.088 and p = 0.84, meaning that the community differences between these two 

regions were not significant. 

 

 

Figure 42 Ordination of species based on indicator species analysis contrasting 
association with the two seasons for the Western sites only.  Scale represents % of 
perfect indication.  Only statistically significant indicators are listed (p<0.05) 
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The NMS ordination was analyzed with respect to the various diversity and 

abundance statistics from Table 3 by graphing them with joint plots against the 

ordination axes. Species richness was correlated with Axis 1 (r= 0.71, Figure 43). 

The number of species was least at sites west of Isabela during the cold season. 

During the warm season, the number of species in the west increased, as was 

comparable to the number in other regions.  

 

Figure 43 Species Richness - NMS Ordination of sample units in zooplankton 
species space with different symbols coding for the three climate zones and season. 
Symbol size corresponds to Species Richness. Overlays show relationship between 
ordination axes and Species Richness.  
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Evenness is also strongly correlated to axis 1 (r= 0.85, Figure 44). The 

abundance of species was more equitable at central and southeastern sites. It was 

much lower for sites west of Isabela during the cold season.  Evenness was 

especially low in the two stations (AM1 and PM1).  These were sampled during the 

2006 cold season.  During the warm season the evenness increased in the west, 

matching that of central and southeastern regions.   

 

Figure 44 Evenness - NMS Ordination of sample units in zooplankton species space 
with different symbols coding for the four climate zones and season. Symbol size 
corresponds to Evenness. Overlays show relationship between ordination axes and 
Evenness.  
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Shannon’s and Simpson’s diversity indices were both correlated to axis 1 (r= 

0.91 and r= 0.81 respectively, Figures 45 and 46).  In general there was greater 

diversity at central and southeastern sites. Western sites were less diverse during the 

cold season, but during the warm season their diversity increased, matching that of 

eastern sites.  

 

 

Figure 45 Shannon’s Diversity Index - NMS Ordination of sample units in 
zooplankton species space with different symbols coding for the four climate zones 
and season. Symbol size corresponds to Shannon’s Diversity Index. Overlays show 
relationship between ordination axes and Shannon’s Diversity Index.  
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Figure 46 Simpson’s Diversity Index - NMS Ordination of sample units in 
zooplankton species space with different symbols coding for the four climate zones 
and season. Symbol size corresponds to Simpson’s Diversity Index. Overlays show 
relationship between ordination axes and Simpson’s Diversity Index. 
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Figure 47 Zooplankton Abundance (per m3) - NMS Ordination of sample units in 
zooplankton species space with different symbols coding for the four climate zones 
and season. Symbol size corresponds to Zooplankton Abundance. Overlays show 
relationship between ordination axes and Zooplankton Abundance. 
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depth. Details of profiles from western and eastern sites differed. Surface density in 

western sites ranges from 23.8 kg/m3 to 24.7 kg/m3.  The surface water in eastern 

sites was less dense (22 kg/m3) for all 3 stations.  This was a reflection of the lower 

sea-surface temperatures (25°C - 26°C) and higher salinity (34.7 - 34.9) in the west 

than in the east (24°C- 28°C; 33.6 - 33.9).  The salinity below 50m in the west was 

higher at depth than in the east, reaching over 35. The salinity in the east increased 

with depth also but never exceeded 35 (to 200m). 

 The depths of the thermocline and of the surface mixed layer differed 

between western and eastern sites. At western sites the pycnocline started near the 

surface and properties changed rapidly within 5-15 m (Figure 49).  At western sites 

the mixed layer was almost non-existent, only 1-2 m deep. In the east, the surface 

mixed layer was deeper (12-30m) and properties changed rapidly between 30-60m. 

The oxygen profile at western sites reflected the stratification, with high values at the 

surface (~4.5 – 5.0 ml/L) and oxygen decreasing to ~2.5 ml/L at 50m (Figure 50). In 

the eastern sites, oxygen was relatively constant (~4-4.5 ml/L) through the mixed 

layer, and decreased to ~2.0-2.7 ml/L at 50 m. The fluorescence, a measurement of 

relative chlorophyll concentration, showed high maxima near the surface at western 

sites (BIO1 9.5 units, BIO2 2.5 units, BIO3 7 units; Figure 50). The eastern sites 

showed a subsurface chlorophyll maximum just below the mixed layer (BIO4 1.4 

units, BIO5 1.4 units, BIO6 2.4 units). 
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Figure 48 Vertical profiles (200 m) of density, temperature and salinity at western 
and eastern sites. Western sites are characterized by lower temperatures and higher 
salinities than eastern sites. 
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Figure 49 Vertical profiles (50 m) of density, temperature and salinity in western 
and eastern sites. The surface mixed layer in the east was very shallow; this layer 
was much deeper in the west.  
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Figure 50 Density, Fluorescence and Oxygen profiles from western and eastern 
sites. The oxygen profile followed that of temperature, steadily decreasing at western 
sites. At eastern sites it remains fairly constant throughout the mixed layer before 
decreasing with depth. 
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The nutrient profiles showed lower concentrations at the surface, increasing 

with depth (Figure 51). Surface nitrate concentrations ranged from 2.5 to 6.25 

μmol/L. There was a faster increase in nitrate concentrations with depth at western 

than at eastern sites.  Surface ammonia levels were relatively low ranging from 0.20 

to 0.80 μmol/L, except for BIO2 where it reached 1.60 μmol/L. Ammonia decreased 

with depth.  Phosphate was present at the surface in low concentrations (0.15-0.30 

μmol/L) at stations BIO2, BIO4 and BIO5. At stations BIO1, BIO3 and BIO6 it was 

10-fold higher (1.5-2.75 μmol/L).  This increasing trend for phosphate continued at 

depth.  The lowest phosphate concentrations were found at two stations in the east 

and at one station in the west.  So there was no clear west to east pattern. The 

profiles for silicate (Figure 52) were similar to those of nitrate, very low at the 

surface and steadily increasing with depth. There were no clear trends between 

western and eastern stations.  Surface chlorophyll (Figure 52) was much higher at 

western stations (BIO1 1.7 μg/L, BIO2 0.79 μg/L, BIO3 1.45 μg/L) than at eastern 

stations (BIO4 0.19 μg/L, BIO5 0.35 μg/L, BIO6 0.15 μg/L).  Chlorophyll decreased 

steadily with depth at western stations.  At eastern stations there was a slight increase 

in chlorophyll levels within the mixed layer, reaching a maximum of 0.3 μg/L, 0.55 

μg/L, and 0.23 μg/L at stations BIO4, BIO5 and BIO6, respectively.  The size 

fractionation analysis of this chlorophyll showed that at the western stations the 

majority of phytoplankton were cells greater than 20 μm (Figure 52). At eastern 

stations the dominant phytoplankton were cells of less than 2 μm.  
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Figure 51 Vertical profiles of nitrate, phosphate and ammonia. Red, green and dark 
blue lines correspond to the western sites (BIO1, BIO2 & BIO3). Yellow, purple, 
and teal lines correspond to the eastern sites (BIO 4, BIO5 AND BIO 6).  
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Figure 52 Vertical profiles of silica and chlorophyll. Red, green and dark blue lines 
correspond to western sites (BIO1, BIO2 & BIO3). Yellow, purple, and teal lines 
correspond to eastern sites (BIO 4, BIO5 AND BIO 6).  Chlorophyll concentrations 
shown by size (blue < 2 μm, red 2-20 μm and green >20 μm) in lower panel. 
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The ratios of nitrate to phosphate and nitrate to silicate are shown in Figure 

53.  These were compared to the stoichiometric Redfield ratio of N:P of 16:1 and 

specifically for diatoms that need silica at a stoichiometric ratio of Si:N of 16:15 

(Brzezinski, 1985). The graph showed that at low concentrations of phosphate and 

nitrate, the ratio was close to the Redfield standard, but at higher concentrations, 

phosphate becomes relatively more abundant.  

 

Figure 53 Nitrate to phosphate and silicate to nitrate plots. At low phosphate and 
nitrate concentrations, the ratio is close to the Redfield ratio. At higher 
concentrations phosphate is relatively more abundant. The nitrate to silicate ratio is 
lower than the Brzezinski ratio for diatoms (except for two of the measurements in 
western sites) suggesting silicate limitation. 

 



 
 

117 
 

Ratios of Si:N in most of the measurements fell below the standard ratio of 

Si:N for diatoms as determined by Brzezinski (1985) (Figures 53 and 54). This 

suggests a relatively lower availability of silicate with respect to nitrogen.  There 

were only 2 measurements close to this standard and they were from western sites 

BIO1 and BIO3 at 130m depth; these higher ratios were primarily due to a sudden 

drop in nitrate concentrations at this depth (Figure 50).  The Si:N ratios followed a 

general pattern of increasing with depth for the first 30m (Figure 52). At depths 

greater than 30m the ratios stabilized between 0.4 and 0.55 in the west (except for 

the higher ratios from BIO1 and BIO3 at 130m) and between 0.6 and 0.7 in the east.  

 

Figure 54 Silicate to nitrogen ratio for western and eastern sites plotted against 
depth. Most of the nitrogen to silicate ratios are lower than the Brzezinski’s (1985) 
ratio for diatoms (green dashed line). 
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The physical and chemical properties measured during the R/V Thompson 

cruise in January 2006, were complemented with zooplankton samples as detailed in 

the zooplankton methods section. Zooplankton species composition and abundance 

were determined for each station. This community matrix was relativized by sites 

totals following the same procedure used for the community matrix for the P/V 

Guadalupe River samples. The summary profiles for the community data before and 

after relativization are shown in Table 5. Table 6 shows the zooplankton species 

abundance for each station. A cluster analysis was performed on this data set with 

the software package PC-ORD 5 (McCune and Grace 2002), using Sorensen 

distances and flexible-beta as the linkage method.  The resulting dendogram 

identifies first western (BIO1, BIO2, and BIO3) and eastern (BIO4, BIO5, BIO6, and 

XO1) groups of sites (Figure 55).  The 4 eastern sites divide further into central 

(BIO4 and BIO5) and southeastern (BIO6 and XO1) groups.  These groupings 

correspond to the 3 different climate zones. Multi Response Permutation Procedures 

(MRPP) showed that the groups were statistically distinct (A=0.52 p=0.009).   

Table 5 Summary profile for original community data and relativized data. The 
percent of the coefficient of variance (CV) is calculated by 100*(standard deviation / 
mean) of the row (Sites) or column totals (Species) for the abundance matrix.  

 Raw Abundance  Relativized by Sample 
Units Totals 

Beta diversity 0.8 0.8 
% of zero abundances 45% 45% 
CV of totals (Sites) 20.8% 0% 
CV of totals (Species) 221% 221% 
Average Skewness (Sites) 3.8 3.8 
Average Skewness (Species) 1.4 1.4 
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Table 6 Zooplankton species list and abundance (individuals / m3). 

Species Name BIO1 BIO2 BIO3 BIO4 BIO5 BIO6 XO1 
Acartia copepodids 0.00 0.00 0.00 0.98 4.91 2.95 6.84 
Acartia danae 2.95 0.00 0.00 0.00 0.00 0.98 1.95 
Acartia levequei 0.00 0.00 0.00 0.00 2.95 0.00 0.00 
Acrocalanus gibber 0.98 0.00 0.00 3.93 10.81 4.91 0.00 
Acrocalanus gracilis 0.00 0.00 0.00 0.98 0.98 0.00 0.00 
Agetus flaccus 0.00 0.00 0.00 0.00 1.96 0.00 0.00 
Calanidae copepodids 3.93 1.26 0.00 3.93 14.74 1.96 4.89 
Calocalanus pavo 3.93 1.26 2.95 1.96 0.98 2.95 4.89 
Calocalanus various 10.81 8.84 4.91 12.77 45.19 20.63 3.91 
Candacia copepodids 0.00 0.00 0.00 0.98 0.00 0.00 0.00 
Candacia pectinata 0.00 0.00 0.00 0.98 1.96 0.00 0.00 
Centropages copepodids 0.00 0.00 0.00 0.98 0.00 0.00 0.98 
Clausocalanus copepodids 47.16 44.21 21.61 18.67 19.65 37.33 16.61 
Clausocalanus farrani 0.00 0.00 0.00 0.00 0.98 2.95 0.98 
Clausocalanus jobei 14.74 29.05 4.91 12.77 7.86 15.72 0.00 
Copepods naupliar 133.61 66.95 45.19 65.82 30.46 159.15 147.53 
Corycaeidae copepodids 5.89 0.00 0.00 1.96 8.84 8.84 11.72 
Ctenocalanus tageae 0.00 1.26 3.93 1.96 0.98 7.86 0.98 
Delibus nudus 0.00 1.26 0.00 27.51 1.96 15.72 3.91 
Ditrichocorycaeus affinis 0.00 0.00 0.00 0.00 5.89 0.00 0.00 
Ditrichocorycaeus amazonicus 0.00 0.00 0.00 0.00 0.98 0.00 0.00 
Eucalanus copepodids 4.91 2.53 3.93 2.95 7.86 16.70 7.82 
Euchaeta copepodids 5.89 3.79 3.93 6.88 8.84 2.95 3.91 
Euphasiid larvae 0.98 8.84 0.98 0.00 4.91 17.68 0.00 
Farranula gibbula 0.00 0.00 0.00 0.00 2.95 0.98 0.00 
Lubbokia squillimana 0.00 0.00 0.00 0.00 0.00 6.88 0.00 
Lucicutia copepodids 0.00 0.00 0.00 0.98 0.00 0.00 0.00 
Mecynocera clausii 4.91 8.84 4.91 3.93 0.00 9.82 4.89 
Microcalanus pusillus 0.98 0.00 0.00 0.98 0.00 1.96 0.00 
Microsetella norvegica 13.75 7.58 11.79 20.63 18.67 22.60 18.56 
Microsetella rosea 10.81 8.84 19.65 1.96 1.96 2.95 1.95 
Miscellaneous copepodids 10.81 6.32 10.81 26.53 0.00 1.96 16.61 
Nannocalanus minor f. minor 0.98 0.00 0.00 0.00 1.96 0.00 0.00 
Neocalanus gracilis 0.00 0.00 0.00 0.00 0.00 0.00 1.95 
Oithona atlantica 2.95 5.05 2.95 0.00 0.00 0.00 0.00 
Oithona copepodids 117.89 142.73 56.98 80.56 88.42 140.49 208.10 
Oithona plumifera 0.00 0.00 0.00 0.00 0.00 0.00 9.77 
Oithona similis 129.68 209.68 125.75 0.00 0.00 0.00 0.00 
Oncaea copepodids 40.28 32.84 31.44 48.14 51.09 67.79 67.41 
Oncaea mediterranea f. major 10.81 7.58 6.88 0.00 0.00 0.00 0.00 
Oncaea mediterranea f. minor 0.00 0.00 0.00 0.00 1.96 0.00 0.00 
Oncaea venusta f. typica 29.47 12.63 2.95 22.60 10.81 32.42 16.61 
Oncaea venusta f. venella 62.88 60.63 37.33 15.72 14.74 24.56 20.52 
Onychocorycaeus pacificus 0.00 0.00 0.00 0.00 0.98 0.00 0.98 
Paracalanus aculeatus 12.77 17.68 8.84 13.75 12.77 8.84 15.63 
Paracalanus copepodids 115.93 108.63 67.79 168.98 145.40 157.19 139.71 
Paracalanus sp.nov. 3.93 2.53 0.00 3.93 0.00 10.81 0.00 
Paracalanus parvus 0.00 2.53 0.00 0.00 0.00 0.00 6.84 
Pleuromamma copepodids 0.00 0.00 0.00 14.74 6.88 4.91 0.00 
Rhincalanus  copepodids 4.91 3.79 0.00 0.00 0.00 0.00 0.00 
Scolecithrix copepodids 0.00 0.00 0.00 0.00 3.93 0.00 0.98 
Scolecithrix danae 0.00 0.00 0.00 0.00 0.00 0.98 0.00 
Triconia similis 0.00 1.26 0.00 0.00 0.00 0.00 0.00 
Temora copepodids 0.98 0.00 0.00 0.98 3.93 0.98 0.98 
Tharybis parnagali sp. nov. 0.00 5.05 0.00 0.00 0.00 0.00 0.00 
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Figure 55 Cluster dendogram for zooplankton species composition based on relative 
Sorensen distances. Branching reflects the 3 climate zones sampled. MRPP analysis 
shows strong support for these groups (A=0.52 p=0.009). 

   

  Indicator species analysis identified 5 species for the western group (BIO1, 

BIO2, and BIO3) and 6 for the eastern group (BIO4, BIO5, BIO6, and XO1) as 

significant (Figure 56). Indicator values are expressed as percentages. The western 

and eastern sites had strong indicators with values ranging from 70-100% in the west 

and 60- 100% in the east.   Indicators of a western site were two species of Oithona 

(atlantica and similis), two species of Oncaea (venusta typica and mediterranea 

major) and Microsetella norvegica. Indicators of the eastern site are much smaller 

animals, 4 of them copepodid stages of Paracalanus, Oncaea, Temora and Acartia, 

the very small paracalanid Delibus nudus and Microsetella rosea.  
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Figure 56 Ordination of species based on indicator species analysis contrasting 
association with Western and Eastern sites.  Scale represents % of perfect indication.  
Only statistically significant indicators are listed (p<0.05). 
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DISCUSSION 

 The distribution and community structure of the dominant zooplankton in 

Galapagos reflect the advective sources of the surrounding waters. During the cold 

seasons of 2004 and 2006, three distinct biological communities were observed that 

divide geographically into western, central, and southeastern regions.  The western 

community is the least diverse of the three; it has the lowest number of species in the 

Archipelago and is more strongly dominated by a few abundant ones. The western 

region of Galapagos is characterized by strong upwelling due to the surfacing of the 

EUC through topographic forcing. This upwelling in the western region is usually 

persistent throughout the year (Palacios, 2004; Palacios et al., 2006; Sweet et al., 

2007).   

The hydrographic data for the western region in January 2006 clearly show 

the surfacing of the EUC as characterized by the cold temperatures and high 

salinities typical of this undercurrent.  A shoaling of the thermocline is also observed 

as a result of this upwelling.  Nutrients are found in low concentrations at the 

surface, but they increase rapidly with depth. The upwelling and shallow thermocline 

in this region ensure that the euphotic zone remains well supplied with nutrients. 

This results in the highest chlorophyll levels found in the Archipelago, with 

maximum chlorophyll just below the surface.  The dominant phytoplankton in this 

region are large cells such as diatoms, which can take advantage of the ample 

nutrient supply.  This highly productive and stable region allows for a few species of 
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zooplankton to acquire and sustain dominance, decreasing the overall diversity of the 

zooplankton community.   

On the other hand, the upwelling intensity from the EUC in western 

Galapagos can vary seasonally, and it can be completely suppressed during years 

with strong El Niños (Johnson et al., 2002; Palacios, 2004; Palacios et al., 2006; 

Sweet et al., 2007). During the Galapagos warm season the southeast trade winds 

subside and the Inter Tropical Convergence Zone (ITCZ) or equatorial front moves 

south (Xie, 1994).  The equatorial front separates the warm oligotrophic waters to the 

north from the cooler nutrient-rich waters (from equatorial upwelling) in the south. 

As this front moves south, the warm oligotrophic waters envelop the Galapagos, 

depressing the thermocline and reducing nutrient imput to surface waters.  The 

western sites in this study were sampled in the warm season during a mild El Niño 

year.  Therefore, these sites were influenced not only by the seasonal southerly 

movement of warm oligotrophic waters, but also by the reduction of upwelling by a 

weakening of the EUC due to El Niño.  The result was an overall decrease in 

zooplankton abundance to levels usually present in the central zone of Galapagos.   

Along with a decrease in numbers, there was also a shift in the community 

composition of the zooplankton. The few zooplankton dominant during the cold 

season were replaced by a mix of species from the central zone of the Archipelago.  

Eastern regions of Galapagos are not a persistent large-scale upwelling 

system. Although the EUC does meander to the east, it only surfaces in a few 

localized regions (Houvenaghel, 1978; Shaeffer et al., 2008). The hydrographic data 
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for the eastern sites showed a well-oxygenated mixed layer, much deeper than 

surface waters in the west. Unlike western sites, where persistent upwelling supplies 

surface waters with nutrients, generating a near-surface chlorophyll maximum, in the 

east maximum levels of chlorophyll were reached below the mixed layer where 

nutrients were abundant. This chlorophyll maximum is a thin layer, only about 5m 

thick.  Overall chlorophyll concentrations were lower in the east than in the west, 

and the dominant phytoplankton were small cells.  This is suggestive of oligotrophic 

or HNLC conditions. 

  The combination of restricted upwelling and the confluence of the warm 

Panama current from the north and the cold Peru current from the southeast generate 

a diverse environment.  Hence, the central and southeastern zooplankton 

communities are much more diverse than that in the west. The central community 

has greater equitability, while the southeastern community has the largest number of 

species. The central zooplankton has the lowest abundance of all three regions.  

Overall lower numbers of zooplankton lead to a higher equitability in this 

community since overly abundant dominant species are not present. The central sites 

in this study were located in the north. This northern region is under the influence of 

tropical, oligotrophic waters brought in by the Panama current (Sakamoto et al., 

1998; Palacios, 2004). The degree of influence of this current is greater during the 

austral summer, when southeasterly trade winds slacken and the ITCZ moves south. 

These warm, low-nutrient waters from the north do not sustain an abundant 

planktonic community. The high species diversity found in this region is likely due 
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not only to a variable habitat, but also to the seeding of zooplankton species through 

advection in this area of tropical waters from the Central American coast.   

  The southeast region not only has the greatest species richness, but also the 

highest abundance in the Archipelago. This southern region is directly influenced by 

the Peru current that brings cold, nutrient-rich upwelled waters from the South 

American coast.  Sakamoto et al. (1998) have shown that nitrate levels in the eastern 

region of Galapagos are high in the south and steadily decrease to the north. 

Advection of nutrient-rich waters to the southeastern region of Galapagos not only 

supports a high zooplankton biomass, but also likely seeds the Islands with 

zooplankton species from nearby continental waters, resulting in high species 

diversity.    

The relationship of nitrate and phosphate across the Archipelago showed that, 

at higher nutrient levels, phosphate is more abundant relative to nitrate than the 

Redfield ratio (N:P) of 16:1. A lower N:P ratio can be achieved by decreasing nitrate 

concentrations and/or increasing phosphate concentrations.  When dissolved oxygen 

concentrations are low (<0.2 ml/L), as in oxygen minimum zones (OMZ), organic 

matter is broken down by organisms that use nitrate as a reducing agent, leading to 

denitrification (Thomas, 1996; Anderson et al., 1982, Codispoti and Christensen, 

1985, Silva et al., 2009).  Another nitrogen-reducing process that occurs at OMZ is 

the oxidation of ammonia and reduction of nitrite by the anammox bacteria; this 

produces N2 gas, reducing the available dissolved nitrogen (Zehr, 2009).  Both of 

these processes decrease dissolved nitrogen concentrations, while phosphate 
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concentrations remain unaltered, leading to a higher N:P ratio (Silva et al. , 2009; 

Zehr, 2009). It is likely that one or both of these processes are contributing to the 

sudden loss of nitrogen observed below 80m depth at two of the stations in western 

Galapagos.  

Though a reduction in nitrogen can help explain some of the low N:P ratios, 

most of these low ratios are due to very high phosphate concentrations (> 3 umol/L) 

and not nitrogen loss.  Possible sources of excess phosphate include: contamination 

of samples during analysis, anthropogenic phosphate enrichment of oceanic waters, 

and underwater volcanic activity. The three stations with unusually high phosphate 

concentrations were the first to be sampled. The stations sampled later in the cruise 

have much lower phosphate concentrations.  The possibility remains that the 

instruments used for measurement at the first three stations were contaminated; 

though this is unlikely, as samples were handled with great care, and strict 

standardized procedures for nutrient measurements were followed at all times.  

Anthropogenic phosphate enrichment could result from the agricultural areas 

with cattle and fertilized fields that are present in Galapagos. But such a source of 

phosphate is dubious because these agricultural areas are relatively small and limited 

to the central Island of Santa Cruz, the southeastern Islands of San Cristobal and 

Floreana, and the southeastern side of Isabela. The excess phosphate was observed in 

both eastern and western regions, far from these communities; therefore, it is not 

likely that this phosphate is supplied by human activity.  
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The third possible source of phosphate is through volcanic activity. The 

Galapagos hotspot is a source of several active underwater volcanoes and 

hydrothermal vents. Yamagata et al. (1991) analyzed volatile condensates in 

volcanic gas and determined that volcanic activity can produce water soluble 

polyphosphates.  Frogner et al. (2001) demonstrated that a relatively small amount of 

volcanic ash mixed with seawater will result in phosphate concentrations that reach 

the highest concentrations found in the Atlantic Ocean during winter. Tarasov et al. 

(1999) showed that shallow-water hydrothermal vents in Papua New Guinea 

contribute to high phosphate concentrations of nearby waters; these phosphate 

concentrations are even higher than the ones present in Galapagos.   Pringle (1991) 

found similar results in freshwater streams of Costa Rica, where phosphate 

concentrations were 24-fold higher in streams with geothermal vents than in streams 

without vents.  The Galapagos Islands are located along one of the earth’s most 

active volcanic regions.  It is plausible that the observed excess phosphate could be 

attributed to the enrichment from underwater volcanoes and hydrothermal vents, but 

further research is necessary for any conclusions to be made.  

Concentrations of silicate and nitrate in Galapagos were generally found in 

lower proportions than the Si:N ratio of 16:15 determined by Brzezinski (1985) as 

being typical for a wide range of diatom species. There were only two instances 

when these ratios were similar to the ones established by Brzezinski, and they 

occurred because of a decrease in nitrate as discussed earlier. The Si:N ratios were 

smaller within the mixed layer, suggesting that silicate was being depleted in relation 
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to nitrogen and likely limiting diatom growth.  Overall, Si:N ratios were lower in 

western sites than in eastern sites, reflecting the greater abundance of diatoms that 

take up silicate in western regions. The ratio of nitrate to silicate, at depths greater 

than 30m, remains fairly constant at all concentrations (though at different 

proportions in eastern and western regions), suggesting that the phytoplankton 

community in Galapagos takes up nitrogen and silicate at a different stoichiometric 

ratio than the diatom species used in Brzezinski’s research. It also suggests that some 

other nutrient is limiting the growth of phytoplankton. Since phosphate is found in 

excess, a likely limiting factor is iron, given recent emphasis on its importance. 

Within a small geographical region that are the waters surrounding the 

Galapagos Islands, it is possible to find a wide range of marine environments with 

very different physical and chemical properties, from oligotrophic warm waters in 

the northeast to much colder, nutrient-rich upwelling waters in the west.  This 

environmental diversity results in a highly diverse zooplankton community with 

varying geographical and seasonal affinities within the Archipelago.  Because of 

their geographic location along the Equator in the eastern tropical Pacific, the 

Galapagos Islands are among the first to experience the effects of El Niño events. A 

baseline of the zooplankton community will be essential for assessing the biological 

response of the Galapagos marine environment to such events and to future change 

in climate and human influence. Though this study provides such a baseline for the 

dominant copepods and other major groups of zooplankton in Galapagos waters, 

many species remain to be found for a complete taxonomic list.  
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New species of Ridgewayia and Pseudocyclops (Copepoda: 
Calanoida) from the Galapagos Islands and the Florida Keys: 

Colonization and Speciation. 

 

INTRODUCTION 

The Galapagos Islands have a unique set of anchialine pools dispersed 

throughout the Archipelago. These are inland bodies of salt water with subterranean 

connections to the sea (Holthuis 1973).  They take the form of open pools along 

tectonic fault lines, pools in caves, and submerged cave passages; they exhibit tidal 

influence and often the sea-water is mixed with freshwater from the groundwater 

system or from rain, resulting in a mixohaline environment (Sket 1996; Iliffe 2000; 

Santos 2006).  Studies of anchialine habitats in the Caribbean, Mediterranean, and 

Western Pacific have yielded many new species. The only reported location of 

anchialine habitats in the eastern Pacific is the Galapagos Islands (Iliffe 1991).  As in 

other regions, these pools contain numerous undescribed species of specialized cave 

dwellers, including copepods. 

Anchialine organisms exhibit disjunct, widespread distributions.  Four 

models have been proposed to explain this pattern: 1) vicariance, 2) regression, 3) 

deep-sea origin, and 4) active migration (Iliffe 2000; Kano and Kase 2004).  The 

vicariance model suggests that plate movements separated and spread the various 

anchialine faunal elements that exhibit a Tethyan track. The assumption is that while 

the Tethys Sea was open and circumglobal, ancestors of this anchialine fauna were 



 
 

136 
 

found throughout this warm sea.  As the modern continents formed, the climate 

changed and the Tethyan Sea closed. Some of the Tethyan fauna found refuge in 

anchialine environments where they diversified and speciated. This is the favored 

explanation for the biogeography of these animals (Iliffe et al. 1984; Stock 1993, 

1994; Jaume and Boxshall 1996; Boxshall and Jaume 2000; Danielopol et al. 2000; 

Humphreys 2000).  The regression model stipulates that anchialine fauna is 

descended from shallow-water, epi-benthic, species that became stranded due to 

tectonic uplift and/or successive marine regressions and transgressions, leading to 

dispersal, isolation and speciation (Stock 1980; Holsinger 1988; Suarez-Morales and 

Iliffe 2007). The deep-sea model suggests that the deep sea and anchialine systems 

provide similar environments (dark and climatically stable with limited food sources) 

that are linked by crevices and fissures facilitating colonization from depth to these 

new habitats (Hart et al. 1985; Manning et al. 1986; Boxshall 1989; Iliffe 1990).  

Finally the active migration model attempts to explain current anchialine faunal 

distributions by the colonization of new habitats through dispersal by ocean currents 

(Rouch and Danielopol 1987; Iliffe 2000; Kano and Kase 2004).  The biogeography 

of the anchialine fauna cannot be fully explained by just one of these models.  The 

models are not mutually exclusive, and it seems that each has contributed to the 

formation of the modern anchialine fauna. Therefore, instead of choosing one of 

these models to explain the evolutionary pattern of anchialine fauna in general, it is 

more useful and informative to test these models against the phylogeography of 

specific taxonomic groups.  
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This study describes three new species of calanoid copepods belonging to the 

family Ridgewayiidae and three to the family Pseudocyclopidae. Two of the 

Ridgewayiids and two of the Pseudocyclopids are from anchialine pools in 

Galapagos, the third Ridgewayiid and third Pseudocyclopid are from the Florida 

Keys. The families Ridgewayidae and Pseudocyclopidae are demersal calanoid 

copepods found worldwide in subtropical and tropical waters.  Their species have a 

high degree of endemism with strictly localized distributions.  These near-shore 

animals have been found associated with sea grass, actinarians, oysters, coral ruble, 

and anchialine habitats (Wilson, 1958; Humes and Smith, 1974; Iliffe, 1991; Ferrari, 

1995; Razouls and Carola, 1996; Barthelemy et al., 1998, Ohtsuka et al., 1999; 

Ohtsuka et al., 2000; Boxshall and Halsey, 2004).  Due to their bottom-dwelling 

nature, these calanoid copepods are rarely found in plankton tows and are difficult to 

collect.  Because of this, they have been largely neglected by copepod systematists.   

Beyond description of newly discovered species, my purpose is to apply 

morphologic and molecular methods to determine the phylogenetic relationships and 

the colonization and subsequent speciation of these copepods from the Galapagos 

anchialine system.  The morphological analysis of the Ridgewayia is simply a 

descriptive comparison of the three new species to the well established and all 

inclusive species groups of this genus. A more detailed analysis is needed for the 

Pseudocyclops, since species group affiliations for most of its members have not 

been determined. Therefore, a phenetic analysis is presented here for all the 

Pseudocyclops described to date, based on 22 morphological characters, each scored 



 
 

138 
 

according to its character state from most pleisiomorphic (ancestral) to most 

apomorphic (derived or advanced).   

The morphological analysis of Ridgewayia and Pseudocyclops is used in 

conjunction with a molecular analysis of the six new species to suggest colonization 

sources and speciation of these copepods in Galapagos. Two molecular markers were 

used in this study, one from mitochondrial genes, cytochrome-c oxidase subunit 1 

(COI) and the other a nuclear ribosomal DNA region known as Internal Transcribed 

Spacer 1 (ITS1).  Mitochondrial genes have proven useful in resolving copepod 

phylogenies (Edmands 2001; Rocha-Olivares et al. 2001; Bucklin et al. 2003; 

Machida et al. 2006).  Folmer et al. (1994) developed a set of universal primers to 

amplify the first half of the mitochondrial Cytochrome Oxidase I gene.  This 5’ end 

of the COI gene is typically referred to as the “Folmer” region and it has become the 

most popular marker in molecular systematics.  It is the genetic marker used by the 

Barcode of Life initiative that is developing DNA “bar-coding” as a global standard 

for the identification of all species.  This particular gene has provided much effective 

insight regarding systematic distinctions and relationships in copepods (Folmer et. al 

1994; Bucklin et al. 2003; Goetze, 2005; Lee, 2007; Newer et al. 2008).  The 

ribosomal DNA region known as ITS1 has also been used as a successful marker for 

phylogenetic and population analyses in crustaceans (Chu et al. 2001), including 

copepods (Schizas et al. 1999; Rocha-Olivares et al. 2001;  Elvers et al. 2006; Ki et 

al. 2009). This is a non-coding region acting as a spacer between ribosomal genes. 
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Because it is not transcribed, it lacks selective constraints, evolving freely in a 

neutral model (Marinucci et al 1999). 

 

METHODS 

Field Sampling 

Copepods were collected from 20 anchialine pools on three different islands 

in the Galapagos Archipelago, Ecuador, and from coral ruble washings from the 

Florida Keys.  In Galapagos, four of these pools contained undescribed species of 

Ridgewayiidae and/or Pseudocylopidae (Figure 57).  The first site (00º45.426´ S 

90º18.932´ W) is located on the island of Santa Cruz, near the town of Puerto Ayora.  

This site is locally known as the Grietas, a Spanish word for fissure or crevasse, and 

it is a popular local swimming hole.  It consists of two open pools about 300 m from 

shore, located on a tectonic fault line running along an east-west transect.  The site is 

described in detail by Iliffe (1991), at a time when it was known as Grietas Delfin, 

after the nearby former Hotel Delfin.  The first pool is about 5 m wide and 30 m long 

with a depth of about ten meters.  The water can be reached after a fifteen meter 

descent into the tectonic fault.  There are a series of fallen rocks that divide the 

second pool from the first, but a free flowing and direct connection persists under the 

surface.  The second pool has dimensions similar to the first.  These pools have a 

sub-surface connection with the sea and are influenced by tidal currents.  The water 

has a salinity of about 17 to 19 pss throughout the first meter.  A steep halocline 
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follows, with salinities reaching 27 pss at depth.  The water temperature is on 

average 24º C near the surface.  The water in the Grietas is clear with visibility of 

about 10 meters.  The rock surfaces are covered with green algae, and the bottom is 

full of organic debris, a majority of which is composed of pieces from the local giant 

cactus, Opuntia.  The larger fauna that inhabit the Grietas include several types of 

small fish, parrot fish, eels, small white-tip reef sharks, and small shrimp.  Some of 

the smaller fauna include ostracods, mysiids, polychaetes, and a substantial array of 

copepods.  Among the copepods there are several harpacticoid and cyclopoid species 

with a few calanoids, including the one new species of Ridgewayia and two new 

species of Pseudocyclops described in this study, a cave-dwelling representative of 

Epacteriscidae, Enantiosis galapaguensis Fosshagen et al., 2001, and Acartia 

levequei Grice, 1964 that is endemic to near-shore waters throughout the Galapagos.   

 Samples were taken on January 30, February 6 and February 16, 2005, by 

using two simple nets, one with 333 µm mesh and a mouth opening of 30 cm and 

one with 102 µm mesh and a mouth opening of 60 cm.  These nets were towed at 

various depths by swimming with snorkeling equipment and/or by pulling a line 

from shore.    

 The second site (00º57.565´ S 90º59.417´ W) is located on the southeastern 

side of the Island of Isabela, near the town of Puerto Villamil.  This site was 

formerly known as Cueva de la Cadena, and it is described in detail by Peck and 

Peck (1986) and by Montoriol-Pous and Escola (1978).  Today it is a visiting site 

along a Galapagos National Park nature trail, and it is called Tunel del Estero. It 
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consists of a lava tunnel with an opening at about 40 meters from shore.  The tube 

extends into the sea where it plunges below the surface.  Inside the lava tube, there is 

a shallow pool, of about 1 meter depth that starts at the tube’s opening on the shore 

and extends out to sea.  It is directly influenced by the tide and its salinity (33 pss - 

35 pss) and temperature (25º C - 27º C) are close to those of the sea.  The bottom of 

the pool is very fine white sand, and the walls are covered with green algae.  The 

fauna found in Tunel del Estero is not as numerous or diverse as that of Grietas 

Delfin.  There are fiddler crabs along the intertidal section of the tunnel, while in the 

pool there are several small fish, a few species of cylopoid and harpacticoid 

copepods and a few calanoid copepods, including A. levequei, a species of Bestiolina 

and the second species of Ridgewayia described in this study. 

 Samples from this site were taken on March 23, 2005, and April 10, 2005.  A 

333µm simple net with a 30 cm mouth opening was used to collect the samples.  The 

net was towed, with the aid of snorkeling equipment, through the pool, near the 

bottom, for a distance of about 25m into the tunnel.  The samples from both sites 

were immediately split and preserved after collection, one half placed in a 10% 

buffered formalin solution and the other half in 97% ethanol. 

 Two other anchialine pools, one a depression hole in the midst of a giant 

cactus forest (Cactus Forest Grieta, 00º45.884´ S 90º20.430´ W), and the other a pool 

in a deep crevice along a tectonic fault line (Deep Grietas, 00º45.735´ S 90º19.742´ 

W), contained specimens of Pseudocyclops, morphologically identical to the larger 

of the two kinds of Pseudocyclops found in Grietas Delfin. Both of these pools were 
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sampled using the same methods as in the first two grietas, on March 25, 2005; April 

14, 2005; April 19, 2005; May 4, 2005; May 10, 2005; July 8, 2005; and July 29, 

2005.  These samples were also preserved in both formalin and ethanol. 

   

Figure 57. Satellite image from Google Earth (-0°45'S, -90° 20'W) showing the 
location of the 3 anchialine pools in the Island of Santa Cruz. These pools are known 
as “grietas” to the locals. Also shown are photos of sampling at each location and of 
a specimen of Pseudocyclops sp. nov. from Grietas Delfin.  

 

Coral rubble was collected from the intertidal zone, at a depth of 

approximately one-half meter at two different sites in the Florida Keys. Sea water 

was used to wash the rubble and the washings were strained through a 225 um mesh. 

The strained samples were split and preserved in formalin and ethanol.  Specimens 

of an undescribed species of Ridgewayia were collected from Garden Key in the Dry 
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Tortugas, (24º37.6´ N 82º52. 3´ W) on November 16, 2006.  Specimens of an 

undescribed species of Pseudocyclops were collected on November 15, 2006, at 

Bahia Honda (24º39.1´ N 82º41. 5´ W). 

 

Morphological Analysis 

Several males and females of each of the 6 new species were dissected and 

all limbs mounted flat on a slide. The morphology of each limb was then analyzed 

and photographed with the aid of a compound microscope with magnification 

ranging from x100 to x1000.  Drawings of each limb for species descriptions were 

prepared using two methods. For the two species of Ridgewayia from Galapagos, the 

first step consisted of hand-drawing a pencil sketch of each limb.  These sketches 

were traced in ink on specially prepared paper and then digitized as figures for the 

descriptions. Figures for the other 4 species were hand-drawn with the aid of a 

Wacom Intuos™ 3 graphic pen and tablet and Adobe™ CS3 software. The use of the 

graphic pen and tablet significantly speeds up the drawing process as the figures are 

prepared directly in digital form, skipping the pencil-sketching and ink-tracing steps. 

Using the graphic tablet also allows for the drawings to be overlaid directly on 

images from the microscope on a computer screen, so that adjustments can be made 

to match the specimen exactly. Corrections can be made without redrawing the entire 

limb.  
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A character matrix was generated for all Pseudocyclopidae and used in a 

phylogenetic analysis of the family (Tables 7 and 8). A similar analysis was 

performed by the late D. J. Barr (1994), which included all described species of 

Pseudocyclops up to 1989, plus ten unnamed species described fully in his thesis 

(these species will be referred to as species one, species two, etc..., and species ten).  

Six species of Pseudocyclops have been described since Barr’s work.  My analysis 

includes all described species to date, the ten unnamed species from Barr’s thesis 

(these remain unpublished), and the three new species from this study, for a total of 

48 species of Pseudocyclops.  Each morphological character was scored according to 

its character state from most pleisiomorphic (ancestral) to most apomorphic (derived 

or advanced).  The general trend in Copepod evolution is towards fusion and loss of 

segmentation (i.e. fusion of thoracic segments, antennules segments, exopod and 

endopod segments, etc…), loss of setation, and specialization of setae or spines 

(Huys and Boxshall, 1991).  Eighteen of the characters from Barr’s thesis were used 

for this analysis and an additional 4 were added for a total of 22 characters (Table 1).  

Phylogenetic analyses were performed with PAUP*4.0 (ver. 4.0b10; Swofford 2009) 

using maximum-parsimony (MP). 

 

 

 



 
 

145 
 

Table 7. Morphological characters used for phylogenetic analysis. Character state 
score given in parenthesis from most pleisiomorphic (0) to most apomorphic (6). 

Character                                     Description 

1 Female 5th leg - number of inner setae on terminal exopod segment from 4 setae (0) 
to 0 setae (4) 

2 Female 5th leg - number of endopodal segments from 3 segments (0) to 1 segment 
(2) 

3 Antennule - number of segments ranging from more than 20 (0) to 15 segments (6) 

4 Female 5th leg - number of setae on terminal endopod segment from 6 setae (0) to 0 
setae (6) 

5 Male 5th leg - number of free basipodal segments, 4 separate (0), only the 2 right 
basipods separate (1), only right basis separate (2) 

6 Female 5ht leg - 1st exopod segment inner seta present (0) or absent (1) 

7 Female 5ht leg - 2nd exopod segment inner seta present (0) or absent (1) 

8 Male 5th leg - number of seta on left endopod from 6 setae (0) to 0 setae (6) 

9 Male 5th leg - left 2nd exopod segment complex (0) or simple bilobed structure (1) 

10 Thoracic segments - 4th and 5th segments separate (0) or fused (1) 

11 Male 5th leg - right exopod spine elongate (0) or short (1) 

12 Male 5th leg - left endopod distal cleft absent (0) or present (1) 

13 Female 5th leg - posterior seta on basis present (0) or absent (1) 

14 Male 5th leg - number of spines on right exopod, 2 spines (0) or 1 spine (1) 

15 Caudal setae - plumose (0) or barbed (1) 

16 Thoracic segments - 5th segment distal cleft absent (0) or present (1) 

17 Rostrum - long and acute (0), short and acute (1), or blunt (2) 

18 Prosome shape - ovate (0) or ellipsoidal (1)  

19 Leg 1 - inner basal seta present (0) or absent (1) 

20 Maxilliped - number of setae on 2nd syncoxal endite, 2 setae (0), 1 seta (1) or 0 
setae (2) 

21 Leg 3 - basis with outer seta (0), outer spine (1), or neither present (2) 

22 Leg 1 - bulbous process on 2nd exopod segment present (0) or absent (1) 
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Table 8. Pseudocyclops character matrix, each character scored from 0 most 
pleisiomorphic to 6 most apomorphic character state (Ridgewayia used as outgroup).   

                                                                                    Character Number 
Species Name  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22 

Ridgewayia  0  0  0  0  0  0  0  6  0  0  0  0  0  0  0  0  0  0  0  0  0  1 

arguinensis  0  0  4  2  1  0  1  2  0  0  0  0  1  0  0  0  2  0  1  0  0  1 

australis  0  0  3  0  1  0  0  2  0  0  0  1  1  0  1  0  0  0  1  2  1  0 

bahamensis  2  2  4  1  1  0  0  2  1  1  1  0  1  0  1  0  1  1  1  0  1  1 

bahiahonda  0  0  3  0  1  0  1  1  1  0  0  0  1  0  1  0  2  0  1  1  1  0 

bilobatus  4  1  4  3  1  1  1  6  1  1  1  0  1  0  1  0  2  0  1  1  2  1 

cokeri  4  1  6  4  1  0  1  2  1  0  1  0  1  0  0  0  2  1  1  1  2  1 

costanzoi  2  1  2  1  ?  0  1  ?  ?  0  ?  ?  1  ?  1  1  1  0  1  0  1  1 

crassiremis  0  2  4  4  1  0  0  2  1  1  0  0  1  0  0  0  1  1  1  2  2  1 

eight  0  0  3  0  2  0  1  1  1  0  1  0  0  0  1  0  2  0  1  1  2  1 

ensiger  0  0  2  0  2  0  0  1  1  0  0  0  0  1  0  0  1  1  0  1  1  0 

five  0  0  3  1  2  0  0  2  0  0  0  1  1  0  1  0  0  0  1  0  1  0 

four  4  1  4  3  1  1  1  1  1  1  1  0  1  0  1  0  2  0  1  1  1  0 

giussanii  4  1  5  2  ?  1  1  ?  ?  0  ?  ?  0  ?  1  0  ?  1  1  0  1  0 

gohari  0  0  3  1  0  0  0  1  0  0  1  0  1  1  1  0  0  0  1  0  ?  0 

kulai  0  0  2  0  2  0  0  1  0  0  0  0  1  0  0  0  0  0  0  1  1  1 

lakshmi  0  0  0  3  2  0  1  1  1  0  1  0  0  1  0  0  1  0  1  0  1  0 

lardelfin  0  0  3  0  2  0  0  2  0  0  0  1  1  0  1  0  2  0  1  0  1  0 

latens  4  1  4  4  ?  1  1  ?  ?  1  ?  ?  1  ?  1  0  2  0  1  ?  2  1 

latisetosus  ?  ?  3  ?  2  ?  ?  2  0  0  0  1  ?  0  1  0  0  0  ?  ?  ?  ? 

lepidotus  0  0  1  0  1  0  0  1  0  0  0  0  0  0  0  1  0  0  0  0  2  0 

lerneri  1  0  4  2  1  0  1  1  1  0  1  0  1  0  1  0  2  1  1  0  0  1 

magnus  4  1  4  4  1  1  1  6  1  1  1  0  1  0  1  0  2  0  1  ?  2  1 

mathewsoni  0  0  3  0  2  0  0  1  0  0  0  1  1  0  1  0  0  0  1  0  1  0 

minutus  4  2  4  1  1  0  0  4  1  1  1  0  0  0  1  0  1  0  1  0  1  1 

minya  ?  ?  3  ?  2  ?  ?  2  0  0  0  1  ?  0  0  0  0  0  1  1  1  1 

mirus  4  1  5  1  2  0  1  6  1  0  0  0  1  0  0  0  2  1  ?  ?  ?  ? 

nine  0  0  2  0  2  0  0  1  0  0  0  0  0  0  0  0  0  0  1  0  0  0 

obtusatus  0  0  3  3  1  0  0  6  0  0  0  0  1  0  1  0  0  0  ?  ?  ?  ? 

oliveri  1  2  4  5  ?  0  0  ?  ?  1  ?  ?  1  ?  0  0  2  1  1  0  0  0 

one  3  2  5  5  1  0  1  5  1  0  0  0  1  0  0  0  2  1  1  0  1  1 

ornaticauda  0  0  2  0  1  0  0  1  0  0  1  0  0  0  0  1  0  1  0  0  2  0 

pacificus  ?  ?  3  ?  2  ?  ?  2  0  0  0  1  ?  0  1  0  2  0  1  2  2  1 

paulus  1  2  5  2  1  1  1  1  1  0  0  0  1  0  1  0  1  1  1  1  2  1 

pumilis  4  1  5  2  1  1  1  6  1  0  1  0  1  0  0  0  2  1  ?  ?  ?  ? 

reductus  3  0  4  1  ?  0  1  ?  ?  0  ?  ?  1  ?  1  0  1  0  ?  ?  ?  ? 

rostratus  2  2  5  4  1  0  1  2  1  0  1  0  0  0  1  0  0  1  1  1  1  1 

rubrocinctus  0  0  3  0  2  0  1  1  1  0  0  0  1  0  1  0  2  0  1  1  1  0 

seven  0  0  3  0  2  0  1  1  1  0  0  0  1  0  1  0  2  0  1  1  2  1 

simplex  0  0  4  0  2  0  1  3  0  0  0  1  1  0  1  0  0  0  1  ?  2  1 

six  0  0  3  1  2  0  0  2  0  0  0  1  0  0  1  0  0  0  1  1  1  0 

smadelfin  0  0  4  0  2  0  1  1  1  0  0  0  0  0  1  0  2  0  1  1  1  0 

spinulosus  1  2  5  5  ?  0  1  ?  ?  0  ?  ?  1  ?  0  0  2  1  1  0  0  0 

steinitzi  0  0  4  0  2  0  1  1  1  0  0  0  1  0  1  0  0  0  ?  ?  ?  ? 

ten  ?  ?  3  ?  2  ?  ?  1  0  0  0  1  ?  0  1  0  0  0  1  0  0  0 

three  4  1  4  3  1  1  1  1  1  1  1  0  1  0  1  0  2  0  1  1  2  0 

two  2  2  4  2  1  0  1  3  1  0  1  0  1  0  0  1  2  1  1  1  2  1 

umbraticus  2  2  6  1  1  0  1  2  1  0  0  0  1  0  1  0  1  1  ?  ?  ?  ? 

xiphophorus  4  1  4  3  1  1  1  6  1  1  1  0  1  0  1  0  2  0  ?  2  ?  ? 
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Molecular Analysis 

Copepods preserved in ethanol were re-hydrated in Milli-Q water and DNA 

extraction was accomplished by standard proteinase-K digestion, using Qiagen’s 

DNAeasy kit. Polymerase chain reaction (PCR) primers LCO 1490 

(5’GGTCAACAAATCATAAAGATATTGG 3’) and HCO 2198 

(5’TAAACTTCAGGGTGACCAAAAAATCA 3’; Folmer et al., 1994) were used to 

obtain sequences from the Folmer Region of the COI gene.   Primers F1665-18S 

(5’CCGTCGCTACTACCGATTGAACG 3’) and R73-5.8S 

(5’GTGTCGATGTTCATGTGTCCTGC 3’) (Machida personal communication) 

were used to obtain the ITS1 region of ribosomal DNA. PCR was carried out in a 50 

μl reaction with the following reagents:  3 μl of Accuprime Taq polymerase, 10 μl 

purified DNA, 2.5 μl of each primer, 5 μl of Accuprime Buffer II (includes dNTPs 

and MgCl2), and 28 μl water.  Thermocyler conditions were: 3 minutes at 94°; 

followed by 30 cycles of 1 minute at 94°, 1 minute at 55°, and 1.5 minutes at 68°; 

followed by 5 minutes at 68° and then cooling to 4°.  PCR product was loaded on a 

gel for electrophoresis; the gel was then checked under UV light for contamination 

and consistency of product.  The PCR product was cleaned using the standard 

Montage PCR product cleaning kit. Both the forward and reverse strands were 

sequenced at the Center for Genome Research and Biocomputing at Oregon State 

University. 
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The chromatogram for each sequence was visually inspected and the forward 

and reverse sequences for each specimen were used to generate a consensus 

sequence.  Sequences were aligned using ClustalW 1.4 and visually inspected for 

optimality.  Phylogenetic analyses were performed with PAUP*4.0 (ver. 4.0b10; 

Swofford, 2009) using neighbor-joining (NJ), maximum-parsimony (MP) and 

maximum-likelihood (ML) methods.  The model of molecular evolution was selected 

by the Akaike Information Criterion as implemented in ModelTest 3.7 (Posada and 

Crandall, 1998).  Bootstrap re-sampling with random sequence additions and tree 

bisection-reconnection (TBR) branch swapping were used to assess nodal support of 

phylogenetic tree branches. A Bayesian analysis was also performed with MrBayes 

3.1 (Huelsenbeck and Ronquist, 2001). MrModeltest 2.2 (Nylander, 2004) was used 

to select the best fit model of evolution. Details of the implemented analysis are 

given in the results section.  
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RESULTS 

Descriptions of new species 

DESCRIPTION 

Subclass Copepoda H. Milne Edwards, 1830 

Order Calanoida G. O. Sars, 1903 

Family Ridgewayiidae Wilson, 1958 

Genus Ridgewayia Thompson and Scott, 1903 

Ridgewayia delfine (Figueroa and Hoefel, 2008) 

(Figures 2-5) 

Material Collected.—  34 specimens collected on January 30, 2005; 110 specimens 

collected on February 6, 2005 and 75 specimens collected on February 16, 2005 all 

from the Grietas near the town of Puerto Ayora, on the Island of Santa Cruz, 

Galapagos, Ecuador.  25 ♀ and 25 ♂ were used for analysis, including dissection and 

measurements. 

Body length.—Female.   Total length: range = 0.91 – 0.98 mm (mean ± standard 

deviation = 0.95 ±0.02 mm, n = 20); prosome length = 0.69 – 0.76 mm (0.72 ±0.02 

mm, n = 20); urosome length = 0.22 – 0.26 mm (0.23 ±0.01 mm, n = 20).   Male.  
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Total length = 0.82 – 0.94 mm (0.88 ±0.03 mm, n = 21); prosome length = 0.61 – 

0.68 mm (0.64 ±0.02 mm, n = 21); urosome length = 0.21 – 0.29 mm (0.24 ±0.02 

mm, n = 21). 

Types.— Deposited in the Smithsonian Institution’s National Museum of Natural 

History, Washington. Holotype: adult female, USNM 1098375; paratypes 7 adult 

females, USNM 1098376, and 7 adult males, USNM 1098377.  All collected on 

January 30, 2005 (00º45.426´ S 90º18.932´ W). 

Description.— Female (holotype). The body (Figure 58A, B), bright red in life, is 

slender and the prosome is 6-segmented.  The cephalosome is clearly separate from 

the first pedigerous somite. Posteriolateral angles of prosome rounded and extending 

a third of the length along the genital double somite.  Large eye present in the 

anterior section of the cephalosome, red pigmented in fresh specimens.  Rostrum is a 

simple process produced ventrally with a rounded tip; a pair of secretory gland 

openings is present near the tip.  The urosome (Figure 58C) is four segmented.  The 

genital double somite is symmetrical, and the genital operculum is somewhat offset 

to the right of midventral.  A seminal receptacle is present on the left side only. All 

urosomal segments, except for the anal segment, have rows of denticles along the 

posterior borders.  The row of denticles on the genital double somite has a gap 

(Figures. 58C and 61A) along the border directly behind the genital operculum. The 

surfaces of all the segments, except for the area around the genital opening, are 

entirely covered with small spinules (Figures 61A and 61C). Caudal rami are 

symmetrical with their surfaces covered with minute setules, and bearing six setae 
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(Figures 58C and 61C). A small, blade-like seta is sited on the outer distal corner, 

followed medially by a longer naked seta striated with helical lines, then two long   

plumose median setae that are jointed basally.  A small plumose seta extends 

dorsally, followed by a longer plumose seta on the distal inner margin.  The distal 

third of the inner margin bears a row of long setules.   

 Antennule (Figures 58D, E) barely reaches the tip of the caudal ramus.  There 

is some variation in length among individuals, a few specimens with antennules 

extending slightly beyond the caudal ramus.  The antennules are 26-segmented.  

Each of segments 13 to 22 has a distal transverse row of spinules.  Fusion pattern and 

armature are: I-1 (setae) + ae (aesthetasc), II-III-3+ae, IV-2, V-1+ae, VI-1+ae, VII-

2+ae, VIII-1+ae, IX-2+ae, X-1+ae, XI-2+ae, XII-2, XIII-1+ae, XIV-2+ae, XV-1+ae, 

XVI-2+ae, XVII-2+ae, XVIII-2+ae, XIX-2, XX-2, XXI-2+ae, XXII-1, XXIII-1, 

XXIV-2, XXV-1+ae, XXVI-2, XXVII-XXVIII-5+ae.  

 Antenna (Figure 59A) has a plumose seta on the coxa adjacent to a patch of 

setules.  The basis has two setae of unequal length.  The exopod is indistinctly 8-

segmented, with setal formula 1, 1, 1, 1, 1, 1, 1, 4.  The endopod is 2-segmented with 

the first bearing two subterminal setae.  The second segment is bilobed; the 

subterminal lobe has nine setae, the terminal lobe has seven.  There are two rows of 

spinules/setules along the inner margin of the second segment.   

 Mandible (Figures 59B and 61D) has a gnathobase bearing nine teeth.  There 

is a row of ten smaller teeth at the distal inner edge of the mandible blade forming a 
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saw-like element.  A tuft of fine setules is present on the gnathobase, near the 

attachment of the palp; basis with four setae along the inner margin (one large, two 

medium and one small). Exopod is indistinctly 4-segmented with setal formula 1, 1, 

1, 3; endopod 2-segmented; first segment bearing four setae, second segment bearing 

eleven.  

 Maxillule (Figure 59D) well developed; praecoxal arthrite bearing six 

spiniform and three spinulose distal setae and one anterior and four slender posterior 

setae.  A tuft of fine setules is present along the insertion of the posterior seta.  The 

coxa has nine setae on the epipodite and five setae on the endite.  The basis has one 

seta on the exite, four setae on the first endite and five setae on the second endite.  

Exopod is 1-segmented, with 3 + 8 setae.  Endopod is 2-segmented with setal 

formula 4+4, 7.   

 Maxilla (Figure 59C) with first praecoxal endite bearing one proximally 

directed seta at the base and five long distal setae.  Second praecoxal endite and first 

and second coxal endites have three setae each.  Basis has one sclerotized seta and 

three long setae. Endopod is 4-segmented with the distal 3 segments partly fused, 

bearing 3, 2, 2, 3 setae.  A tuft of fine setules is present near the distal edge of first 

and second praecoxal endites and first and second coxal endites. 

 Maxilliped (Figure 59E) has syncoxal endites bearing 1, 2, 4, and 3 setae 

respectively.  Several setules present on each of the first three endites, and a large 

patch of fine setules present on the fourth endite. The basis bears 3 setae, with a 
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patch of long setules along the inner margin.  Endopod is 6-segmented, with setal 

formula 2, 4, 4, 3, 3 (inner) + 1 (outer), 4. First endopod segment is distinctly 

separate from basis.    

 Legs 1-4 have 3-segmented rami (Figs, 60A-D). Seta and spine formulae are 

given in Table 9.  Inner coxal setae present on legs 1-4. Coxae of all legs have 

several patches of fine setules. Surface of coxae, bases, exopods and endopods, 

covered with patches of minute setules and/or denticles (Figure 61B). Leg 1 (Figure 

60A) has a von Vaupel Klein organ, thought to be used for grooming (Barthelemy et 

al. 1998), consisting of  a curved inner basal setae and a distally serrated process 

originating anteriorly from the first endopod segment and extending halfway along 

the second segment.  A tuft of setules is present on the surface of this process.   A 

row of fine setules is present on the distal edge of the first exopod segment.  On 

segment two, there is a lamellate, serrated process at the distal margin, between the 

outer setae and the insertion point of the third segment.  There is also a seta-like 

process in between the outer setae and this lamellate process.  Legs 2, 3, and 4 

(Figure 60B-D) have serrated distal margins on first and second endopod segments; 

they have hairy protuberances on the center distal margin of the second exopod 

segment.  Leg 5 (Figure 60E) has a three-segmented exopod and a two-segmented 

endopod.  Inner coxal seta is absent, basal seta is present. Surface of leg covered 

with minute setules and/or denticles.  

 Male (paratype).  The body (Figure  58F, G) is as in female. The urosome 

(Figure  58H) is 5-segmented.  The caudal rami are similar to those of the female, 
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except lacking a row of setules on the distal inner margins.  Left antennule is the 

same as in the female.   

Right antennule (Figure  58J, I) is 24-segmented, weakly geniculate with four 

segments beyond the geniculation.  Fusion pattern and armature are as follows: I-

1+ae, II-III-3+ae, IV-2, V-1+ae, VI-1+ae, VII-2+ae, VIII-2+ae, IX-2+ae, X-2+ae, 

XI-1+ae, XII-1+ae, XIII-1+ae, XIV-2+ae, XV-2+ae, XVI-2+ae, XVII-1+ae, XVIII-

1+ae, XIX-1, XX-2, XXI-XXIII-4+ae, XXIV-2, XXV-2+ae, XXVI-2, XXVII-

XXVIII-5+ae.  Rows of spinules present on segments XV, XVI, XVII, XVIII, XIX, 

and XXI-XXIII.  Segments XI and XIV constricted.   

 Legs 1 – 4 are the same as in the female.  Leg 5 (Figure  60F, G) is biramous, 

asymmetrical, and strongly modified. The coxa is without setae. Basis of right leg 

bears a single seta on the posteriolateral surface, near the distal outer margin.  The 

distal half of the inner margin is serrated and covered with minute setules.  The right 

leg (Figure 60F) has a 2-segmented exopod and 1-segmented, elongate endopod.  

The exopod segments are without setae.  The first exopod segment has an outer spine 

reaching the base of the first outer spine on the second exopod segment.   Second 

exopod segment has two outer spines.  Distal end of this segment is modified, with 

two processes on the anterior surface (Figure  61E). The first process, next to the 

base of the second spine, consists of a curved flange with brush-like elements on the 

outer surface.  The second process, just distal to the first, protrudes anteriorly, and it 

is also covered with brush-like elements. The exopod ends at a terminal projection, 

the outer surface of which is also covered with brush-like elements.  The endopod is 
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elongate, reaching the tip of the exopod.  A seta is present on the anterodistal margin, 

before the mid-length of the segment; otherwise it is unarmed.  The left leg (Figure 

60G) bears a single seta on the anterolateral surface of the basis, near the distal outer 

margin. Exopod is 3-segmented.  First segment has an outer spine reaching the distal 

edge of the second segment.  Second segment has a small acute process on the distal 

outer margin. An outer spine on second segment is long and straight and conical in 

shape, with a thick base tapering slightly distally.  The tip of the spine is very thin 

and curved inward.  There are brush-like setules along the posterior and anterior 

inner margins of the spine.   The third segment is complex and strongly modified 

(Figure 61F).  There are five discernable elements, in order from anterior to 

posterior:  the first element is a thin naked seta near the outer margin; the second 

element is leaf-like with anteriorly directed marginal folds;  the third element is 

slender, lamellate and protrudes from the middle of second element, with several 

thin, finger-like extensions at the tip; the fourth element consists of two segments, 

the first of which is thick and rectangular along the inner edge, while the second 

stems from a strong distal joint, is slender, and curves towards the outer spine and 

then projects distally and inwards with a forked tip and a small, petal-like process;  

the fifth element is another leaf-like process with anteriorly directed marginal folds, 

and tapers distally into a very thin tip.    

Remarks.- Barthelemy et al. (1998) divided the members of the genus Ridgewayia 

into three species-groups: 1) marki species-group; 2) gracilis species-group; and 3) 

typica species-group.  The two new species from Galapagos belong to the marki 
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species-group.  Members of this group are characterized by Ohtsuka et al. (2000) as 

having an inner coxal seta on leg 1, two outer spines on the second exopod segment 

of the male right fifth leg, and a simple and unarmed endopod on the male left fifth 

leg.  Ridgewayia delfine meets these characteristics and therefore forms part of the 

marki species group. Several characters distinguish R. delfine from other members of 

the marki species-group (Tables 4 and 5).  Ridgewayia delfine has minute 

spinules/denticles covering the surface of its legs, urosome, and caudal ramus, as in 

Ridgewayia stygia Ohtsuka et al., 2000 and Ridgwayia fosshageni Humes and Smith, 

1974, while other members of this group lack this characteristic.  Ridgewayia delfine 

has a long and straight outer spine on the second expedite of the male left fifth leg.  

This spine is also long in Ridgewayia shoemaker Wilson , 1958, R. fosshageni, and 

R. stygia, but the shape of the spine varies. In R. shoemakeri it curves inward; in R. 

fosshageni it is irregular, with the outer edge concave medially; and in R. stygia it is 

also irregular and sinusoidal in shape.  The other members of this group, Ridgewayia 

marki marki Esterly, 1911, Ridgewayia marki minorcaensis Razouls and Carola, 

1996, and Ridgewayia klausruetzleri Ferrari, 1995, have a short, stout, spine.  The 

two long median setae on the caudal rami are jointed in R. delfine, a character shared 

with R. fosshageni but not present in R. shoemakeri or R. marki marki. The genital 

operculum in R. marki marki, R. marki minorcaensis, R. shoemakeri, and R. stygia is 

located near the distal margin of the genital double somite (the operculum actually 

seems to overlap the distal edge in R. shoemakeri, and R. stygia); while in R. delfine, 

R. fosshageni and R. klausruetzleri there is considerably more space between the 
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distal margin of the genital double somite and the operculum. Ridgewayia delfine has 

7 setae on the second endopod segment of the female fifth leg, a character shared by 

all members of this group, except for R. fosshageni, which has only 6. 

Etymology.—The species name delfine refers to the former name, Grietas Delfin, of 

the anchialine pool that is the type locality.   

 

Table 9. Seta and spine formulae for legs 1-5 of female Ridgewayia delfine. 

   Exopod Endopod 
 coxa basis 1        2        3 1        2        3 

Leg 1 0-1 0-1 I-1;    I-1;     II, I, 4 0-1;    0-2;    1, 2, 3 

Leg 2 0-1 0-0 I-1;    I-1;     II, I, 5 0-1;    0-2;    2, 2, 4 

Leg 3 0-1 0-0 I-1;    I-1;    III, I, 5 0-1;    0-2;    2, 2, 4 

Leg 4 0-1 0-1 I-1;    I-1;    III, I, 5 0-1;    0-2;    2, 2, 3 

Leg 5 0-0 0-1 I-0;    I-1;    III, I, 4 0-0;    2, 2, 3 
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Figure 58.  Ridgewayia delfine sp. nov., (A) Female, habitus, dorsal; (B) Female, 
habitus, lateral; (C) Female, urosome, ventral; (D) Female, antennule, segments 1-19 
(I-XX); (E) Female, antennule, segments 20-26 (XXI-XXVIII); (F) Male, habitus, 
dorsal; (G) Male, habitus, lateral; (H) Male, urosome, ventral; (I) Male, antennule, 
segments 1-19 (I-XX) with reverse detail of segments 14-18 (XV-XIX); (J) Male, 
antennule, segments 20-24 (XXI–XXVIII) with reverse detail of segment 20 (XXI-
XXIII). 
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Figure 59. Ridgewayia delfine sp. nov., Female mouthparts.  (A) Female, antenna; 
(B) Female, mandible; (C) Female, maxilla; (D) Female, maxillule; (E) Female, 
maxilliped. 
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Figure 60.  Ridgewayia delfine sp. nov., (A) Female, leg 1, anterior; (B) Female, leg 
2, anterior; (C) Female, leg 3, anterior; (D) Female, leg 4, anterior; (E) Female, leg 5, 
anterior; (F) Male, right leg 5, anterior; (G) Male, left leg 5, anterior 
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Figure 61.  Ridgewayia delfine sp. nov., Scanning Electron Microscope Images. (A) 
Female, genital double somite, ventral;  (B) Female, leg 1 exopod, posterior; (C) 
Female, caudal rami, posterior-dorsal; (D) Female, mandible, anterior; (E) Male, 
right leg 5, tip of second exopod; (F) Male, left leg 5, posterior. 
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DESCRIPTION 

Subclass Copepoda H. Milne Edwards, 1830 

Order Calanoida G. O. Sars, 1903 

Family Ridgewayiidae Wilson, 1958 

Genus Ridgewayia Thompson and Scott, 1903 

Ridgewayia tunela (Figueroa and Hoefel 2008) 

(Figure  62) 

Material Collected.—3 specimens collected on March 23, 2005, and 47 specimens 

collected on April 10, 2005; all from the same locality, Tunel del Estero on the 

Island of Isabela, Galapagos, Ecuador (00º57.565´ S 90º59.417´ W).  25 ♀ and 3 ♂ 

were used for analysis, including dissection and measurements. 

Body length.—Female.   Total length: range = 0.78 – 0.87 mm (mean ± standard 

deviation = 0.83 ±0.02 mm, n = 20); prosome length = 0.61 – 0.67 mm (0.63 ±0.01 

mm, n = 20), urosome length = 0.18 – 0.22 mm (0.20 ±0.01 mm, n = 20).   Male.  

Total length = 0.71 – 0.75 mm (0.73 ±0.02 mm, n = 3), prosome length = 0.53 – 0.56 

mm (0.54 ±0.02 mm, n = 3), urosome length = 0.18 – 0.20 mm (0.19 ±0.02 mm, n = 

3). 
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Types.— Deposited in the Smithsonian Institution’s National Museum of Natural 

History, Washington. Holotype: adult female, USNM 1098378; paratypes 7 adult 

females, USNM 1098379, and 2 adult males, USNM 1098380.  All collected on 

April 10, 2005 (00º57.565´ S 90º59.417´ W). 

Description.—Female (holotype). The body (figure 62A, B) is slender and 6-

segmented.  Other than its smaller size, the habitus is indistinguishable from 

Ridgewayia delfine.  The eye and rostrum are the same as in R. delfine. Urosome is 

4-segmented.  The genital double somite is symmetrical and the genital operculum is 

midventral, not offset to the right as in R. delfine (Figure 62C). The seminal 

receptacle is present on the left side only.  There is a tuft of long setules present on 

the right ventrolateral side of the genital double somite.   As in R. delfine, small 

spinules cover the surface of all prosome and urosome segments, and all urosomal 

segments, except for the anal segment, bear a row of denticles along the posterior 

borders, with a gap along the border directly behind the genital operculum. The 

caudal ramus is the same as in R. delfine. Antennules are 26-segmented and they 

extend beyond the caudal ramus by 1½ segments.  Antennule length varies among 

individuals, but in all the specimens the tips of the antennules reach beyond the 

caudal rami by ½ to 1½ segments. Fusion pattern and armature are as in R. delfine.   

 There are no noticeable differences between the mandibles, maxillules, 

maxillae, and maxillipeds of R. delfine and R. tunela.  Legs 1-4 are the same as R. 

delfine. Leg 5 is similar to R. delfine, but the outer spines on the first and second 
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exopod segments are considerably longer in R. tunela (Figure 62D). The surfaces of 

the legs are also covered with minute setules and/or denticles. 

 Male (paratype). The body is the same as in the female (Figure 62E, F).  

Urosome and caudal ramus are the same as in R. delfine. Antennules are the same as 

in R. delfine, except for their length.  The antennules extend beyond the caudal rami 

by 1½ segments.  Legs 1-4 are the same as in the female. Leg 5 (Figure 62G, H) is 

similar to R. delfine with the following exceptions:  the endopod on the right leg is 

shorter, only reaching ¾ along the length of the third exopod segment; the outer 

spine on the first exopod segment of the right leg is longer, reaching halfway along 

the outer spine on the second exopod segment; there is a row of fine setules present 

along the proximal inner margin of the second exopod segment on the right leg; the 

spine on the first exopod segment of the left leg is longer, reaching well beyond the 

distal edge of the second exopod segment; finally, a tuft of long setules is present 

along the proximal inner margin of the second exopod segment of the left leg. 

Remarks.- Ridgewayia tunela is similar to R. delfine and also meets all the criteria 

for being included in the marki species group. Therefore, the marki species-group is 

now comprised of eight members: R. marki marki, R. shoemaker, R. fosshageni, R. 

klausruetzleri, R. marki minorcaensis, and R. stygia, along with R. delfine and R. 

tunela from the present study.  Ridgewayia tunela shares all the characters that 

separate R. delfine from other members of the marki species-group (Tables 10 and 

11).  Both have minute spinules/denticles covering the surface of their legs, urosome, 

and caudal ramus. They have a long and straight outer spine on the second exopod of 
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the male left fifth leg.  The two long median setae on the caudal rami are jointed. In 

both, the genital operculum is set farther back from the distal margin of the genital 

double somite than in other members. Finally, both R. delfine and R. tunela have 7 

setae on the second endopod segment of the female fifth leg.  The combination of 

these characters distinguishes these two species from other members of the marki 

species group.  

There are several differences between R. delfine and R. tunela (Table 10).  

Ridgewayia delfine is significantly larger than R. tunela. The antennules of R. delfine 

are shorter, only reaching the end of the caudal ramus (a few specimens have 

antennules slightly longer than the caudal ramus); in R. tunela all specimens have 

antennules reaching beyond the caudal ramus.  The genital opening in R. delfine is 

midventral, but offset to the right; while in R. tunela it is well centered.  Ridgewayia 

tunela has a patch of setules on the right ventrolateral side of the female genital 

double somite, similar to those found in R. marki marki, and R. klausruetzleri 

(although in R. klausruetzleri they are on the left side).  Ridgewayia delfine lacks 

these setules.  The outer spine on the first exopod segment of the female fifth leg is 

long in R. tunela; it reaches beyond the distal edge of the second exopod segment, 

similarly to that of R. marki minorcaensis.  All other members of this group, 

including R. delfine, have a shorter spine.  The outer spine on the second exopod 

segment of the female fifth leg is also longer in R. tunela; reaching beyond the tip of 

the third outer spine of the third exopod segment (it barely reaches the tip of the third 

spine in R. delfine).  In R. delfine, the endopod of the male right fifth leg is long, 



 
 

166 
 

almost reaching the distal edge of the second exopod segment; in R. tunela it only 

extends to the base of the second outer spine of the second exopod segment.  The 

outer spine on the first exopod segment of the male fifth leg is long in R. tunela, 

reaching beyond the midlength of the first outer spine on the second exopod 

segment, while in R. delfine it only reaches the base of the first outer spine.  In R. 

tunela there is a row of fine setules along the proximal inner margin of the second 

exopod segment of the male right fifth leg that is not present in R. delfine.  In R. 

tunela the outer spine on the first exopod segment of the male left fifth leg reaches 

well beyond the distal edge of the second exopod segment.  This character is shared 

by all the members of the marki species-group, except for R. delfine, where the spine 

barely reaches the distal edge of the second segment.  Finally, in R. tunela there is a 

tuft of long setules present along the proximal inner margin of the second exopod 

segment of the male left fifth leg.  All other members of this group, including R. 

delfine lack this character.    

Etymology.—The species name tunela refers to the site where this Ridgewayiid was 

collected, a submerged lava tunnel.   
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Figure 62.  Ridgewayia tunela sp. nov., (A) Female, habitus, dorsal; (B) Female, 
habitus, lateral; (C) Female, genital double somite, ventral; (D) Female, leg 5, 
anterior; (E) Male, habitus, dorsal; (F) Male, habitus, lateral; (G) Male, right leg 5, 
anterior; (H) Male, left leg 5, anterior. 
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Table 10. Distinguishing characters among female Ridgewayiids of the marki 
species-group. 
 R. marki 

marki 

R. marki 

minorcaensis 

R. klausruetzleri R. shoemakeri R. fosshageni R. stygia R. delfine R. tunela 

Total length (mm) 1.00 1.00 0.87 0.68 0.75 0.98 0.95 0.83 

Number of setae 

on basipod of 

mandible 

3 short N/A 3 short  

1 long 

3 short 2 short  

1 long 

3 short 

 1 long 

3 short 

 1 long 

3 short 

 1 long 

Ventrolateral 

setules on genital 

double somite 

yes on 

right 

N/A yes on left no no no no yes on 

right 

Seminal 

receptacles 

no N/A N/A N/A yes 1 on left yes 1 on 

left 

yes 1 on 

left 

yes 1 on 

left 

Caudal rami 

w/spinules  

no no no no yes  yes yes yes 

Antennules 

beyond caudal 

rami 

yes yes yes no yes yes most no yes 

Median setae on 

caudal rami  

not 

jointed 

N/A N/A not jointed jointed N/A jointed jointed 

Genital opening  center offset right center N/A center offset left offset right center 

Genital operculum 

near distal margin 

yes yes no, mid-ventral yes overlaps no, mid-

ventral 

yes 

overlaps 

no, mid-

ventral 

no, mid-

ventral 

P5, number of 

seta/spines on 2nd  

exopod 

7 7 7 7 6 7 7 7 

P5, outer spine 

on 1st exopod 

long 

no yes, beyond 

2nd exopod 

no no no no no yes, 

beyond 

2nd 

exopod 

P5, outer spine 

on 2nd exopod 

reaching beyond 

tip of 3rd spine on 

3rd exopod 

no 

(barely 

reaches 

tip) 

yes no (only to tip of 

2nd spine) 

no (only to tip 

of 2nd spine) 

yes no (only to 

tip of 2nd 

spine) 

no (barely 

reaches 

tip) 

yes 
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Table 11. Distinguishing fifth leg characters among male Ridgewayiids of the marki 
species-group 
 R. marki 

marki 
R. marki 
minorcaensis 

R. klausruetzleri R. shoemakeri R. fosshageni R. stygia R. delfine R. tunela 

Left P5, outer spine 
on 2nd exopod 

short short short long/ 
irregular 

long/ 
irregular 

long/ 
irregular 

long/ 
irregular 

long/ 
irregular 

Left P5, outer spine 
on 2nd exopod 
longer than seg. 

no, 
shorter, 
about 
1/3 of 
segmen
t 

no, shorter, 
about 1/3 of 
segment 

no, shorter, 
about 1/3 of 
segment 

yes, almost 2 
times as long 

yes, 1.4 times 
as long 

yes, 
almost 2 
times as 
long 

no, same 
size as 
segment 

yes, 1.2 
times as 
long 

Left P5, Spine on 1st 
exopod seg. 
reaching beyond 
distal edge of seg. 2 

yes yes yes yes yes yes no, barely 
reaches 
edge 

yes 

Left P5, tuft of hairs 
present along 
proximal inner 
margin of 2nd 
exopod 

no no no no no no no yes 

Right P5 with medial 
expansion on 1st 
exopod seg. 

no no no yes no no  no no 

Right P5, endopod 
reaching to base of 
2nd spine on 2nd 
exopod 

yes just short of 
base 

yes yes yes yes no, beyond 
base and 
near distal 
edge  

no, 
beyond 
base not 
near 
distal 
edge 

Right P5 spine on 1st 
exopod seg. 
reaching beyond 
midlenght of spine 
on 2nd exopod. 

no, only 
1/3 
along 

yes no, only 1/3 
along 

no, only 1/4 
along 

yes no, only 
1/3 along 

no, barely 
reaches 
base of 
spine 

yes 

Right P5 with row of 
hairs along inner 
margin of 2nd 
exopod seg. 

no no no no no no no yes 
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DESCRIPTION 

Subclass Copepoda H. Milne Edwards, 1830 

Order Calanoida G. O. Sars, 1903 

Family Ridgewayiidae Wilson, 1958 

Genus Ridgewayia Thompson and Scott, 1903 

Ridgewayia tortuga sp. nov. (Figueroa in press.) 

(Figures 63-66) 

Material Collected.—  5 specimens (2 females, 1 male and 2 fifth stage copepodites) 

collected on November 16, 2006, in coral rubble washings at Garden Key in the Dry 

Tortugas, Florida. Two females and one male were used for analysis, including 

dissection and measurements. 

Body length.—Female Holotype. Total length = 0.78 mm; prosome length = 0.59 

mm; urosome length = 0.19 mm.   Female Paratype. Total length = 0.77 mm; 

prosome length = 0.54 mm; urosome length = 0.23 mm (urosome segments severely 

distended giving the appearance of a longer urosome than holotype).  Male Paratype.  

Total length = 0.68 mm; prosome length = 0.50 mm; urosome length = 0.18 mm. 

Types.— Deposited in the Smithsonian Institution’s National Museum of Natural 

History, Washington. Holotype: adult female, USNM #?; paratypes 1 adult male, 
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USNM #?, and 1 adult female, USNM #?.  All collected on November 16, 2006 

(24º37.6´ N 82º52. 3´ W). 

Description.— Female (holotype). Body (Figure 63A, B) light red in life, slender, 

prosome 6-segmented.  Cephalosome clearly separate from first pedigerous somite. 

Posteriolateral angles of prosome rounded and extending along the genital double 

somite to one third of its length, with small notch in distal ventral margin.  Large eye 

present in anterior section of cephalosome, red-pigmented even after preservation in 

formalin.  Rostrum a simple process produced ventrally with single sharp tip.  

Urosome (Figure 63C) 4-segmented.  Genital double somite symmetrical with 

genital operculum midventral.  Caudal rami symmetrical bearing six setae (Figure 

7C): a small, blade-like seta on the outer distal corner, followed medially by a longer 

seta covered in small setules, two long plumose median setae jointed basally,  a 

small plumose seta extending dorsally (Figure 63A), and a longer plumose seta on 

the distal inner margin.   

 Antennules (Figures 63D, E) 25-segmented, barely reaching genital double 

somite.    Fusion pattern and armature as follows: I-2 (setae, 1 normal, the other very 

long and annulated), + ae (aesthetasc), II-IV-6+ae, V-2+ae, VI-1+ae, VII-2+ae, VIII-

1+ae, IX-2+ae, X-1+ae, XI-2+ae, XII-1+ae, XIII-2+ae, XIV-2+ae, XV-1+ae, XVI-

2+ae, XVII-1+ae, XVIII-1+ae, XIX-1+ae, XX-1+ae, XXI-2+ae, XXII-1, XXIII-1, 

XXIV-2, XXV-2+ae, XXVI-2, XXVII-XXVIII-5+ae.  
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 Antenna (Figure 64A) bears plumose seta on coxa.  Basis bears two setae of 

unequal length.  Exopod indistinctly 8-segmented, with setal formula 1, 1, 1, 1, 1, 1, 

1, 4.  Endopod 2-segmented, first segment bears 2 subterminal setae.  Second 

segment bilobed; subterminal lobe bears 8 setae, while terminal lobe bears 4.  Two 

rows of setules along inner margin of second segment.   

 Mandibular gnathobase (Figures 64B) bears a long and slender tooth on inner 

distal margin, followed by several shorter and wider teeth, decreasing in size towards 

the outer margin.  Basis of palp with four setae along the inner margin (two medium 

and two small). Exopod indistinctly 4-segmented with setal formula 1, 1, 1, 3; 

endopod 2-segmented; first segment bears 4 setae, second segment bearing 9.  

 Maxillule (Figure 64D) well developed; praecoxal arthrite bears 4 spiniform 

and 3 spinulose distal setae, 1 anterior and 5 posterior slender setae.  Coxa bearing 9 

setae on epipodite and 4 on endite.  Basis with one seta on exite, 4 setae on first 

endite and 5 on second.  Exopod 1-segmented, with 3 + 8 setae.  Endopod 2-

segmented with setal formula 4+5, 3.   

 Maxilla (Figure 64C) with first praecoxal endite bearing 3 long distal setae.  

Second praecoxal endite and first and second coxal endites bears 3 setae each.  Basis 

with 1 sclerotized seta and three long setae. Endopod 4-segmented with distal 3 

segments partly fused, bearing 3, 2, 2, 2 setae. 

 Maxilliped (Figure 64E) with syncoxal endites bearing 1, 1, 3, and 1 setae 

respectively.  Basis bears 3 setae, with a patch of long setules along the inner margin.  



 
 

173 
 

Endopod 6-segmented, with setal formula 2, 4, 4, 3, 3 (inner) + 1 (outer), 4. First 

endopod segment distinctly separate from basis. Second and third endopod segments 

with row of setules along inner margin, fifth segment with patch of setules on outer 

distal margin.   

 Legs 1-4, with 3-segmented rami (Figs, 65A-D). Seta and spine formulae are 

given in Table 12.  Inner coxal setae present on legs 2-4, absent on legs 1 and 5. Leg 

1 (Figure 65A) with a von Vaupel Klein organ.   Patch of setules present on proximal 

outer margin of first exopod segment; same segment with row of fine setules on 

distal margin.  Segment two, with two lamellate, leaf-like processes at distal outer 

margin, between outer setae and insertion point of third segment; larger process with 

row of setules around its entire margin.  Leg 2 (Figure 65B) bearing row of setules 

on inner distal margin of second exopod segment.  Legs 3 and 4 (Figure 65C-D) 

bearing rows of spinules on distal margin of exopod and endopod segments 1 and 2.  

Leg 3 with fine row of spinules on anterior distal surface of third exopod segment.  

Leg 5 (Figure 65E) with three-segmented exopod and a two-segmented endopod.  

Inner coxal seta absent, basal seta present. Patch of fine setules present along 

proximal inner margin of second exopod segment.  

 Male (paratype).  Body (Figure 66F, G) as in female, but slightly smaller. 

Urosome (Figure 63H) 5-segmented.  Caudal rami similar to female, but with row of 

setules on distal inner margins.  Left antennule same as female.   
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Right antennule (Figure 63J, I) 20-segmented, strongly geniculate between 

segments 9-10 and weakly geniculate between segments 16-17.  The fusion pattern 

of the ancestral segments is not clear; armature of segments as follows: 1-1+ae, 2-

4+ae, 3-2+ae, 4-ae, 5-2+ae, 6-ae, 7-3+ae, 8-2+ae, 9-1+ae, 10-1, 11-1, 12-1, 13, 14-1, 

15-1+ae, 16-1, 17-1+ae, 18-1+ae, 19-4, 20-3+ae.  Rows of spinules present on 

segments 11, 12, 13, and 15.  Segments 10 and 14 constricted.   

 Legs 1 – 4 same as in female.  Leg 5 (Figure 65F, G) biramous, 

asymmetrical, and strongly modified. Coxa without setae. Basis unarmed.  Right leg 

(Figure 65F) with 2-segmented exopod and 1-segmented, elongate, endopod.  

Exopod segments without setae.  First segment with outer spine and patch of setules 

on posterior inner margin.   Second exopod segment with outer spine; distal end of 

segment unarmed and modified into an elongate finger-like process. Endopod 

elongate reaching the tip of the exopod; forked at tip and unarmed.  Left leg (Figure 

65G) with 3-segmented exopod.  First and second segments with one strong outer 

spine each.  Third segment complex and strongly modified, bearing three elements, 

in order from inner to outer margin:  first element a slender, elongate, finger-like 

projection near the outer margin; second element leaf-like with laterally directed 

marginal folds; third element also leaf-like but larger with anteriorly directed 

marginal folds. Endopod consists of an ovoid segment tapering distally, ending in a 

tooth-like element.   

Remarks. — Presently the Ridgewayia can be divided into three species groups, 

marki, typica, and gracilis (Ummerkutty, 1963; Ferrari, 1995; Bartelemy et al., 1998; 
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Ohtsuka et al., 2000). However Ridgewayia tortuga cannot be assigned to any of 

them.  These three species groups are differentiated from R. tortuga by the following 

five characters: 1) Ridgewayia tortuga and members of the typica group lack an 

inner seta on the basis of leg 1 which is present in members of the marki and gracilis 

groups; 2) also as in the typica group, R. tortuga has only 1 outer spine on the second 

exopod segment of the male fifth leg, whereas two outer spines are present in species 

of the marki and gracilis groups; 3) unlike members of the typica group in which the 

right endopod of the male leg 5 has 4 to 5 elements, R. tortuga has an elongate 

unarmed endopod forked at the tip, more similar to that found in the gracilis and 

marki groups; 4) the male leg 5 left endopod of R. tortuga is shaped like those of the 

gracilis and marki groups but with a tooth-like element at the tip (in the gracilis 

group this endopod has several fingerlike projections, while that of the marki group 

is completely unarmed); 5) males of R. tortuga have a doubly geniculate right 

antennule; a single geniculation is present in all other species. 

Etymology.— Ridgewayia tortuga is named after the type locality, the Dry Tortugas, 

Florida. 
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Figure 63.  Ridgewayia tortuga sp. nov., (A) Female, habitus, lateral; (B) Female, 
habitus, dorsal; (C) Female, urosome, ventral; (D) Female, antennule segments I-
XVII; (E) Female, antennule segments XVIII-XXVIII (F) Male, habitus, lateral; (G) 
Male, habitus, dorsal; (H) Male, urosome, ventral; (I) Male, right antennule segments 
1-16; (J) Male, right antennule segments 17-20. 
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Figure 64. Ridgewayia tortuga sp. nov., Female mouthparts.  (A) Female, antenna; 
(B) Female, mandible; (C) Female, maxilla; (D) Female, maxillule; (E) Female, 
maxilliped. 

 

Table 12. Setae and spine formulae for legs 1-5 of female Ridgewayia tortuga. 

    Exopod   Endopod  

 Coxa Basis 1 2 3 1 2 3 

Leg 1 0-0 0-1 I-1 I-1 II, I, 4 0-1 0-2 1, 2, 3 

Leg 2 0-1 0-0 I-1 I-1 II, I, 5 0‐1  0-2 2, 1, 4 

Leg 3 0-1 0-0 I-1 I-1 II, I, 5 0‐1  0-2 2, 2, 4 

Leg 4 0-1 0-0 I-1 I-1 II, I, 5 0-1 0-2 2, 1, 4 

Leg 5 0-0 1-0 0-1 I-1 II, I, 4 0-0 2, 2, 3  
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Figure 65.  Ridgewayia tortuga sp. nov., (A) Female, leg 1, anterior; (B) Female, leg 
2, anterior; (C) Female, leg 3, anterior; (D) Female, leg 4, anterior; (E) Female, leg 5, 
anterior; (F) Male, right leg 5, anterior; (G) Male, left leg 5, anterior 
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DESCRIPTION 

Subclass Copepoda H. Milne Edwards, 1830 

Order Calanoida G. O. Sars, 1903 

Family Pseudocyclopidae Giesbrecht, 1893 

Genus Pseudocylcops Brady, 1872 

Pseudocyclops bahiahonda, sp. nov. (Figueroa in press.) 

(Figures 66-68) 

Material Collected.—  3 specimens (2 females and 1 male) collected on November 

15, 2006, in coral rubble washings at Bahia Honda in the Florida Keys. Both females 

and the male were used for analysis, including dissection and measurements. 

Body length.—Female Holotype. Total length = 0.62 mm; prosome length = 0.47 

mm; urosome length = 0.15 mm.   Female Paratype. Total length = 0.60 mm; 

prosome length = 0.46 mm; urosome length = 0.14 mm.  Male Paratype.  Total 

length = 0.54 mm; prosome length = 0.41 mm; urosome length = 0.13 mm. 

Types.— Deposited in the Smithsonian Institution’s National Museum of Natural 

History, Washington. Holotype: adult female, USNM #?; paratypes 1 adult male, 

USNM #?, and 1 adult female, USNM #?.  All collected on November 15, 2006 

(24º39.1´ N 82º41. 5´ W). 
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Description.— Female (holotype). Body (Figure 66A, B) stout, transparent with 

purple striations, prosome 6-segmented.  Cephalosome clearly separate from first 

pedigerous somite. Posteriolateral angles of prosome rounded and extending halfway 

along genital double somite.  Large eye present in anterior section of cephalosome, 

red-pigmented even after preservation in formalin.  Rostrum a simple strong process 

produced ventrally.  Urosome (Figure 67C) 4-segmented, first three segments with 

row of spines along posterior margin.  Genital double somite symmetrical with 

midventral operculum and paired gonopores, two rows of spinules present near inner 

side of each gonopore on anterior dorsal surface.  Caudal rami symmetrical bearing 

six setae (Figures 66C): a small, blade-like seta on the outer distal corner, followed 

medially by a longer seta covered in small setules, 3 long plumose median setae, the 

second more robust than other two, and a small plumose seta on the distal inner 

margin.   

 Antennules (Figure 66D) 18-segmented, barely reaching first pedigerous 

somite.    The fusion pattern of the ancestral segments is not clear; armature of 

segments: 1-10+3ae, 2-2, 3-2, 4-2, 5-2, 6-2, 7-1, 8-2, 9-2, 10-2, 11-2, 12-2, 13-1, 14-

1, 15-1, 16-4, 17-2, 18-5+ae.  

 Antenna (Figure 67A) with coxa and basis partly fused, each bearing a long 

slender seta.  Exopod 3-segmented, with setal formula 4, 2, 3.  Endopod 3-

segmented, first segment bearing 2 subterminal setae.  Second segment bearing 5 

marginal and 4 terminal setae. Third segment bearing 6 terminal setae.   
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 Mandibular gnathobase (Figure 67B) diverges into 2 parallel plates at distal 

end, smaller plate bearing several short and stout teeth.  Basis of palp and first 

endopod segment are fused with 1 subterminal and 3 terminal setae.  Distal endopod 

segment bearing 7 terminal setae. Exopod 4-segmented with setal formula 1, 1, 1, 3. 

 Maxillule (Figure 67D) well developed; praecoxal arthrite bearing 4 stout + 3 

slender distal setae and 4 posterior slender setae.  Coxa bearing 3 setae on epipodite 

and 3 on endite.  Basis with 2 setae on exite, 2 setae on first endite and 1 on second.  

Exopod 1-segmented with 11 setae.  Endopod 1-segmented with setal formula 3+8.   

 Maxilla (Figure 67C) with first praecoxal endite bearing 1 long seta.  Second 

praecoxal endite and first and second coxal endites bearing 3 setae each.  Basis with 

2 + 2 slender setae. Endopod 2-segmented, first segment bearing 4 setae, distal 

segment bearing 2. 

 Maxilliped (Figure 67E) with syncoxal endites bearing 1, 1, 3 and 3 setae, 

respectively.  Basis bears 4 setae, with a patch of long setules along the inner margin.  

Endopod indistinctly 4-segmented with setal formula 3, 2, 2+1, 6.   

 Legs 1-5 with 3-segmented rami (Figs, 68A-E). Seta and spine formulae are 

given in Table 13.  Inner coxal setae present on legs 1-4, absent on leg 5. Leg 1 

(Figure 68A) with patches of setules present on inner margin of first and second 

exopod segment. Second exopod segment with lamellate process at distal outer 

margin, between outer setae and insertion point of third segment; this process distally 

trifurcate.  Legs 2-5 with spinules on posterior surface, pattern shown in figure 6-D. 



 
 

182 
 

Legs 2-4 bearing row of spinules on anterior distal margin of exopod and endopod 

segments 1 and 2. Coxa of leg 2 bears minute seta on anterior surface and tuft of 

hairs on proximal inner margin. Row of setules on inner and row of spinules on outer 

margin of all three exopod segments. Endopod segment 1 and 2 with row of setules 

on inner margin, segment 2 and 3 with setules on outer margin. Legs 3 and 4 with 

coxa bearing 2 minute setae on anterior surface and a tuft of hairs on outer proximal 

margin. Basis of leg 3 bearing small outer spine.  Leg 5 with strong posterior 

spinulation (Figure 68E); coxa serrated along entire distal margin. Inner distal 

margin of basis produced into a strong spinular process. Coxa and basis without 

setae.  

 Male (paratype).  Body (Figure 66E) as in female, but slightly smaller. 

Urosome (Figure 66E) 5-segmented.  Caudal rami as in female.  Left antennule same 

as female.   

Right antennule (Figure 66F) 17-segmented, geniculate between segments 

13-14. The fusion pattern of ancestral segments is not clear; armature of segments: 1-

7+3ae, 2-2, 3-1, 4-2, 5-1, 6-1, 7-1, 8-2, 9-1, 10-2, 11-2, 12-1 13-1, 14-1, 15-3, 16-2, 

17-6+ae.   

 Mouthparts and Legs 1 – 4 same as in female.  Leg 5 (Figure 68F) biramous, 

asymmetrical and strongly modified. Coxa separate from right and left basis. Small 

setae present on posterior surface near left outer margin of each left and right basis. 

Right leg with exopod and endopod 1-segmented.  Right exopod bearing 3 spines, 1 
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small plumose spine on outer margin and 2 elongate curved distal spines, the medial 

one long and slender, the other shorter, stouter and partly serrated on distal outer 

margin.  Two long, slender spinules extend from base of medial spine. Right 

endopod an elongate oval lobe bearing a minute plumose seta along inner margin, a 

tuft of hairs on distal margin and a 3-toothed serration on outer margin.  Left basis 

with long wishbone-shaped element originating on anterior surface near inner 

margin. Left leg with 2-segmented exopod.  First segment bears outer spine, with 

serrated outer margin. Second segment bears a slender seta and three membranous 

processes, first broad and leaf like, second more slender also leaf like, and third 

elongate with a forked distal margin. All 3 processes with marginal folds. Left 

endopod a simple lobe, its distal end bearing 5 setae. 

Remarks. — Pseudocyclops bahiahonda is most similar to P. steinitzi Por, 1962, and 

P. rubrocinctus Bowman and Gonzalez, 1961.  Pseudocyclops steinitzi and P. 

bahiahonda have similar body shapes, but the former is larger (♀ 0.66-0.70mm., ♂ 

0.59-0.62mm. Por, 1962) than P. bahiahonda (♀ 0.60-0.62mm., ♂  0.54mm.) with 

the cephalon fused to the first pedigerous somite. It is distinctly articulate in P. 

bahiahonda.  The description of P. steinitzi is incomplete, and the only drawings are 

of the female furca with the last three urosome segments, the last 4 segments of the 

female antennule, the female antenna, the female leg 4 and male leg 5. This limited 

description makes comparison with P. bahiahonda difficult. The antenna and the 

armature of the endopod and exopod segments of legs 1-4 of P. bahiahonda, and P. 

steinitzi are closely similar. The female fifth legs in both species are nearly identical; 
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the notable differences are: 1) the lamellate extension of the posterior distal margin 

of the basis in P. bahiahonda; this margin is straight in P. steinitzi; and 2) the armed 

spinular projection of the syncoxa joining the right and left fifth leg in P. bahiahonda 

is absent in P. steinitzi.  The male fifth legs are very similar in the two species, but 

some notable differences occur: 1) the right basis in P. steinitzi has an outer spine not 

present in P. bahiahonda; 2) the outer distal margin of the right proximal exopod 

segment ends in a spinular projection in P. bahiahonda, whereas this margin is 

smoothly tapered in P. steinitzi; 3) the right endopod is similar in shape, but armed 

with a seta, tuft of hairs and three teeth in P. bahiahonda, while naked in P. steinitzi; 

4) finally, on the right leg of P. steinitzi, the first exopod segment is partly fused to 

the coxo-basis, and the outer spine of this segment has been modified into a lamellate 

structure with serrated margin, whereas in P. bahiahonda the exopod is clearly 

separate from the coxo-basis and the outer spine is of normal shape.   

 Pseudocyclops rubrocinctus is very similar to P. steinitzi, as stated by Por 

(1962), and to P. bahiahonda. Legs 1-4 of P. bahiahonda  and P. steinitzi are similar 

to those of P. rubrocinctus with the following exceptions:  on leg 1 the outer distal 

lamellate process on exopod segment 2 is tri-furcate in P. bahiahonda and rounded 

in P. rubrocinctus;  the basis of leg 3 in P. bahiahonda has an outer spine, while P. 

rubrocinctus has an outer seta; the third endopodal segment of leg 3 in P. 

bahiahonda and P. steinitzi has 8 setae, while P. rubrocinctus has only 7; the third 

endopodal segment of leg 4 of P. bahiahonda and P. steinitzi has 7 setae, while P. 

rubrocinctus has 8.  Female fifth legs of these three species are nearly identical, with 
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the same armature and spinulation; the only notable difference is that the inner distal 

margin of the coxa in P. bahiahonda and P. steinitzi is produced into a long spinular 

process, while that of P. rubrocinctus is rounded. The male 5th legs of P. bahiahonda 

resemble more closely those of P. rubrocinctus than those of P. steinitzi, but can be 

distinguished by the right endopod of P. bahiahonda bearing a row of teeth, a tuft of 

hairs and a small seta, while P. rubrocinctus has an unarmed endopod without 

ornamentation. Also, the distal outer margins of exopod segment 1 of both right and 

left 5th legs end in a spinular projection in P. bahiahonda, while P. rubrocinctus has 

smoothly curved margins. Finally P. bahiahonda has a wishbone shaped element on 

the left coxo-basis, while P. rubrocinctus has a slender fingerlike projection.   

The close similarities among P. bahiahonda, P. steinitzi, and P. rubrocinctus 

suggest that they comprise a fifth, distinctive rubrocinctus group.  The following six 

characters set apart this rubrocinctus group from all other species of Pseudocyclops:  

1) On the female 5th leg, absence of an inner seta on the 1st exopod segment; 2) 

presence of 4 inner setae on the terminal exopod segment; 3) endopod 3-segmented; 

4)  terminal endopod segment has 6 setae; 5) on the male 5th leg, the left endopod has 

5 setae and 6) the left exopod is relatively simple consisting of a set of lobes with 

marginal folds.   

Etymology.— Pseudocyclops bahiahonda is named after its type locality, Bahia 

Honda in the Florida Keys.  



 
 

186 
 

 

Figure 66.  Pseudocyclops bahiahonda sp. nov., (A) Female, habitus, lateral; (B) 
Female, habitus, dorsal; (C) Female, urosome, ventral; (D) Female, antennule; (E) 
Male, habitus, lateral; (F) Male, antennule. 
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Figure 67. Pseudocyclops bahiahonda sp. nov., Female mouthparts.  (A) Female, 
antenna; (B) Female, mandible; (C) Female, maxilla; (D) Female, maxillule; (E) 
Female, maxilliped. 

 

 

Table 13. Setae and spine formulae for legs 1-5 of female Pseudocyclops 
bahiahonda. 

    Exopod   Endopod  
 Coxa Basis 1 2 3 1 2 3 

Leg 1 0-1 0-0 I-1 I-1 II, I, 4 0-1 0-2 1, 2, 3 

Leg 2 0-1 0-0 I-1 I-1 II, I, 5 0‐1  0-2 2, 2, 4 

Leg 3 0-1 I-0 I-1 I-1 III, I, 5 0‐1  0-2 2, 2, 4 

Leg 4 0-1 1-0 I-1 I-1 III, I, 5 0-1 0-2 2, 2, 3 

Leg 5 0-0 0-0 I-0 I-1 III, I, 4 0-1 0-1 2, 2, 2 
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Figure 68.  Pseudocyclops bahiahonda sp. nov., (A) Female, leg 1, anterior; (B) 
Female, leg 2, anterior; (C) Female, leg 3, anterior; (D) Female, leg 4, posterior; (E) 
Female, leg 5, posterior; (F) Male, leg 5, anterior. 
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DESCRIPTION 

Subclass Copepoda H. Milne Edwards, 1830 

Order Calanoida G. O. Sars, 1903 

Family Pseudocyclopidae Giesbrecht, 1893 

Genus Pseudocylcops Brady, 1872 

Pseudocyclops smadelfin, n. sp. (not real name…just ID) 

(Figure 69) 

Material Collected.—  18 specimens collected on January 30, 2005; 21 specimens 

collected on February 6, 2005, and 16 specimens collected on February 16, 2005, all 

from the same locality, the Grietas near the town of Puerto Ayora, on the Island of 

Santa Cruz, Galapagos, Ecuador (00º45.426´ S 90º18.932´ W).  20 ♀ and 20 ♂ were 

used for analysis, including dissection and measurements. 

Body length.— Female.   Total length: range = 0.59 – 0.63 mm (mean ± standard 

deviation = 0.61 ±0.02 mm, n = 20); prosome length = 0.44 – 0.48 mm (0.46 ±0.02 

mm, n = 20); urosome length = 0.14 – 0.16 mm (0.15 ±0.01 mm, n = 20).   Male.  

Total length = 0.53 – 0.57 mm (0.55 ±0.02 mm, n = 20); prosome length = 0.38 – 

0.42 mm (0.50 ±0.02 mm, n = 20); urosome length = 0.14 – 0.16 mm (0.15 ±0.02 

mm, n = 20). 
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Types.— Deposited in the Smithsonian Institution’s National Museum of Natural 

History, Washington. Holotype: adult female, USNM #?; paratypes 10 adult males, 

USNM #?, and 10 adult females, USNM #?.  All collected on January 30, 2005 

(00º45.426´ S 90º18.932´ W). 

Description.— Female (holotype). Body similar to P. bahiahonda, stout, transparent 

with purple striations, prosome 6-segmented.  Cephalosome clearly separate from 

first pedigerous somite. Posteriolateral angles of prosome rounded and extending 

halfway along genital double somite.  Large eye present in anterior section of 

cephalosome, orange-pigmented.  Rostrum a simple strong process produced 

ventrally.  Urosome 4-segmented, first 3 segments with row of spines along posterior 

margin.  Genital double somite symmetrical with midventral operculum and paired 

gonopores.  Caudal rami symmetrical bearing 6 setae: a small, blade-like seta on the 

outer distal corner, followed medially by a longer seta covered in small setules, 3 

long plumose median setae, the second more robust than other 2, and a small 

plumose seta on the distal inner margin.   

 Antennules 17-segmented, barely reaching first pedigerous somite.    The 

fusion pattern of the ancestral segments is not clear; armature of segments: 1-10+3ae, 

2-2, 3-2, 4-2, 5-2, 6-2, 7-1, 8-2, 9-2, 10-2, 11-2, 12-2, 13-1, 14-1, 15-4, 16-2, 17-

5+ae. Antenna similar to P. bahiahonda, but with 4 segmented exopod. Mandible, 

maxillule, maxilla and maxilliped same as in P. bahiahonda.   
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Legs 1-5 similar to P. bahiahonda with 3-segmented rami (Figs, 69A-E). Seta and 

spine formulae are given in Table 14.  Inner coxal setae present on legs 1-4, absent 

on leg 5. Leg 1 as in P. bahiahonda.  Legs 2, 3 and 4 as in P. bahiahonda except for 

3rd exopod segment with a small distal spine in addition to long terminal spine.  Leg 

5 as in P. bahiahonda except for stronger spinulation and posterior surface of exopod 

segments covered in denticles. 

 Male (paratype).  Body as in female, but slightly smaller. Urosome 5-

segmented.  Caudal rami as in female.  Left antennule same as female.   

Right antennule as in P. bahiahonda, 17-segmented, geniculate between 

segments 13-14. The fusion pattern of ancestral segments is not clear; armature of 

segments: 1-7+3ae, 2-2, 3-1, 4-2, 5-1, 6-1, 7-1, 8-2, 9-1, 10-2, 11-2, 12-1 13-1, 14-1, 

15-3, 16-2, 17-6+ae.   

 Mouthparts and Legs 1 – 4 same as in female.  Leg 5 (Figure 69F) biramous, 

asymmetrical and strongly modified. Coxa separate from right basis, partly fused 

with left basis. Right leg with exopod and endopod 1-segmented.  Right exopod 

bearing 3 spines, 1 small plumose spine on outer margin and 2 elongate curved distal 

spines, medial one long and slender with serrated outer margin, the other shorter, 

stouter with flanged and serrated distal outer margin.  Two long, slender processes 

extend from base of medial spine. Right endopod a simple elongate lobe.  Left basis 

with long wishbone-shaped element originating on anterior surface near inner 

margin. Left leg with 2-segmented exopod.  First segment bears a serrated outer 
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spine. Second segment bears a slender seta and three membranous processes, first 

broad and leaf like, second more slender also leaf like, with hairs along marginal 

folds and a long finger-like projection from the base.  Third process much larger, 

medially folded, terminal end with 7 finger-like projections. Left endopod a simple 

lobe, its distal end bearing 5 setae. 

Remarks. — Pseudocyclops smadelfin is very similar to P. bahiahonda, P. 

rubrocinctus, and P. steinitzi.  They have similar body shape and segmentation, and 

all mouthparts are nearly identical. All thoracic legs are also very similar. An inner 

basal seta on the 1st leg is absent in all 4 species.  All have 4 inner setae on the 3rd 

exopod segment of the female 5th leg, with a 3-segmented endopod bearing 6 setae 

on the terminal segment. They share the presence of an inner setae on the 1st exopod 

segment of the female 5th leg. They also have 5 setae present on the male left 5th 

endopod and a similarly complex left exopod.   Pseudocyclops smadelfin can be 

distinguished from these other 3 species by its antennules divided into 17 segments; 

the others have 18. It has a posterior seta on the basis of female leg 5, absent in the 

rest. Its antennae have a 4-segmented exopod as opposed to 3 segments in the others.  

Etymology.— Pseudocyclops smadelfin sp. nov. is the temporary name after the type 

locality (Grietas Delfin) and in reference to its smaller size relative to its cohabiting 

congener P. lardelfin sp. nov. 
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Table 14. Setae and spine formulae for legs 1-5 of female Pseudocyclops smadelfin. 

    Exopod   Endopod  

 Coxa Basis 1 2 3 1 2 3 

Leg 1 0-1 0-0 I-1 I-1 II, I, 4 0-1 0-2 1, 2, 3 

Leg 2 0-1 0-0 I-1 I-1 II, II, 5 0‐1  0-2 2, 2, 4 

Leg 3 0-1 I-0 I-1 I-1 III, II, 5 0‐1  0-2 2, 2, 4 

Leg 4 0-1 1-0 I-1 I-1 III, II, 5 0-1 0-2 2, 2, 3 

Leg 5 0-0 0-0 I-0 I-1 III, II, 4 0-1 0-1 2, 2, 2 
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Figure 69.  Pseudocyclops smadelfin sp. nov., (A) Female, leg 1; (B) Female, leg 2; 
(C) Female, leg 3; (D) Female, leg 4; (E) Female, leg 5, posterior; (F) Male, leg 5, 
anterior. 
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DESCRIPTION 

Subclass Copepoda H. Milne Edwards, 1830 

Order Calanoida G. O. Sars, 1903 

Family Pseudocyclopidae Giesbrecht, 1893 

Genus Pseudocylcops Brady, 1872 

Pseudocyclops lardelfin, n. sp. (not real name…just ID) 

(Fig 70) 

Material Collected.—  25 specimens collected on January 30, 2005; 32 specimens 

collected on February 6, 2005, and 28 specimens collected on February 16, 2005, all 

from the same locality, the Grietas near the town of Puerto Ayora, on the Island of 

Santa Cruz, Galapagos, Ecuador (00º45.426´ S 90º18.932´ W).  20 ♀ and 20 ♂ were 

used for analysis, including dissection and measurements. 

Body length.— Female.   Total length: range = 0.69 – 0.74 mm (mean ± standard 

deviation = 0.72 ±0.02 mm, n = 20); prosome length = 0.53 – 0.55 mm (0.54 ±0.02 

mm, n = 20); urosome length = 0.17 – 0.19 mm (0.18 ±0.01 mm, n = 20).   Male.  

Total length = 0.64 – 0.68 mm (0.66 ±0.02 mm, n = 20); prosome length = 0.48 – 

0.50 mm (0.49 ±0.02 mm, n = 20); urosome length = 0.16 – 0.18 mm (0.17 ±0.02 

mm, n = 20). 
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Types.— Deposited in the Smithsonian Institution’s National Museum of Natural 

History, Washington. Holotype: adult female, USNM #?; paratypes 10 adult males, 

USNM #?, and 10 adult females, USNM #?.  All collected on January 30, 2005 

(00º45.426´ S 90º18.932´ W). 

Description.— Female (holotype). Body similar to P. bahiahonda, stout, transparent 

with purple striations, prosome 6-segmented.  Cephalosome clearly separate from 

first pedigerous somite. Posteriolateral angles of prosome rounded and extending 

halfway along genital double somite.  Large eye present in anterior section of 

cephalosome, red/orange-pigmented even after preservation in formalin.  Rostrum a 

simple strong process produced ventrally.  Urosome 4-segmented, first 3 segments 

with row of spines along posterior margin.  Genital double somite symmetrical with 

midventral operculum and paired gonopores.  Caudal rami symmetrical bearing 6 

setae: a small, blade-like seta on the outer distal corner, followed medially by a 

longer seta covered in small setules, 3 long plumose median setae, the second more 

robust than other 2, and a small plumose seta on the distal inner margin.   

 Antennules same as P. bahiahonda, 18-segmented, barely reaching first 

pedigerous somite.    The fusion pattern of the ancestral segments is not clear; 

armature of segments as follows: 1-10+3ae, 2-2, 3-2, 4-2, 5-2, 6-2, 7-1, 8-2, 9-2, 10-

2, 11-2, 12-2, 13-1, 14-1, 15-1, 16-4, 17-2, 18-5+ae.  

 Mouthparts same as P. bahiahonda with the following exceptions: Antenna 

with coxa and basis partly fused, bearing single long slender distal setae.  Exopod 2-
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segmented, with setal formula 6, 5.  Endopod 3-segmented, first segment bearing 1 

subterminal setae.  Second segment bearing 5 marginal and 4 terminal setae. Third 

segment bearing 6 terminal setae.   

 Mandibular gnathobase bearing several short and stout teeth.  Basis of palp 

and first endopod segment are fused with 4 terminal setae.  Distal endopod segment 

bearing 11 terminal setae. Exopod 4-segmented with setal formula 1, 1, 1, 3. 

 Maxillule and maxilla same as P. bahiahonda.  Maxilliped with syncoxal 

endites bearing 1, 2, 3 and 3 setae, respectively.  Basis bears 4 setae.  Endopod 

indistinctly 4-segmented with setal formula 3, 2, 2+1, 6.   

 Legs 1-5 similar to P. bahiahonda with 3-segmented rami (Fig, 70A-E). Seta 

and spine formulae are given in Table 15.  Inner coxal setae present on legs 1-4, 

absent on leg 5. Leg 1 (Figure 70A) with patches of setules present on inner margin 

of all three exopod segments. Second exopod segment with lamellate process at 

distal outer margin, between outer setae and insertion point of third segment.  Legs 

1-5 with strong spinulation on posterior surfaces. Legs 2-4 bearing row of spinules 

on anterior distal margin of exopod and endopod segments 1 and 2. Row of setules 

on inner margin of all three exopod segments. All endopod segments with rows of 

setules on inner margin and outer margin.  Basis of leg 3 bearing small outer spine.  

Leg 5 inner distal margin of basis produced into a strong spinular process. Coxa and 

basis without setae.  
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 Male (paratype).  Body as in female, but slightly smaller. Urosome 5-

segmented.  Caudal rami as in female.  Left antennule same as female.   

Right antennule as in P. bahiahonda, 17-segmented, geniculate between 

segments 13-14. The fusion pattern of ancestral segments is not clear; armature of 

segments: 1-7+3ae, 2-2, 3-1, 4-2, 5-1, 6-1, 7-1, 8-2, 9-1, 10-2, 11-2, 12-1 13-1, 14-1, 

15-3, 16-2, 17-6+ae.   

 Mouthparts and Legs 1 – 4 same as in female.  Leg 5 (Figure 70F) biramous, 

asymmetrical and strongly modified. Coxa fused with left basis, right basis separate. 

Small setae present on posterior surface near left outer margin on left basis, medially 

located on right basis. Right leg with exopod and endopod 1-segmented.  Right 

exopod bearing 3 spines, 1 small plumose spine on outer margin and 2 elongate 

curved distal spines, the medial one long and slender, the other equally long but 

partly serrated on distal outer margin.  Two long, slender spinules extend from base 

of medial spine. Right endopod an elongate lamellar, distally forked lobe.  Hairs 

present along distal outer margin.  Left basis with long and slender element 

originating on anterior surface near inner margin. Left leg with 2-segmented exopod.  

First segment bears outer spine, with serrated margin. Second segment bears three 

membranous processes, first 2 broad and leaf like, with marginal folds. Third 

elongate and slender. Left endopod a simple lobe, its distal end bearing 4 setae and 

with a pronounced cleft on distal inner margin. 
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Remarks. — Pseudocyclops lardelfin is most similar to Pseudocyclops australis 

(Nicholls, 1944), found in Australia and Japan.   Both have 18 segmented antennules, 

exopod of antenna 5 segmented, presence of an outer spine on basis of leg 3, 6 setae 

in the terminal endopodal segment of the female 5th leg, an inner seta on female 5th 

leg exopod segments 1 and 2, 4 setae on the left endopod of male 5th leg with a distal 

cleft and similar complex structure on the left 2nd exopod segment of male 5th leg. 

Pseudocyclops lardelfin differs from Pseudocyclops australis in the fusion of the 

basal segments of the male 5th leg, P. lardelfin has all 3 segments fused with only the 

right basis separate, P. australis has only the 2 left segments fused, leaving the right 

coxa and basis separate. The female genital segment is ornamented with spines in P. 

lardelfin, but naked in P. australis. Pseudocyclops lardelfin has a mandible with a 4-

segmented exopod; P. australis has a 5-segmented exopod. And finally, though both 

species have a complex left 2nd exopod segment of the male 5th leg, the details of this 

segment are different.  Instead of having 1 long and slender and 2 broad, leaf-like, 

processes, P. australis has 3 long and slender and 1 broad, leaf-like, processes. 

Several male and female Pseudocyclops specimens from Cactus forest grietas and 

Deep grietas were dissected and examined. These specimens seem to belong to P. 

lardelfin as they are morphologically identical.   

Etymology.— Pseudocyclops lardelfin sp. nov. is the temporary name after the type 

locality (Grietas Delfin) and in reference to its larger size relative to its cohabiting 

congener P. smadelfin sp. nov. 
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Table 15. Setae and spine formulae for legs 1-5 of female Pseudocyclops lardelfin. 

    Exopod   Endopod  

 Coxa Basis 1 2 3 1 2 3 

Leg 1 0-1 0-0 I-1 I-1 II, I, 4 0-1 0-2 1, 2, 3 

Leg 2 0-1 0-0 I-1 I-1 II, I, 5 0‐1  0-2 2, 2, 4 

Leg 3 0-1 I-0 I-1 I-1 III, I, 5 0‐1  0-2 2, 2, 4 

Leg 4 0-1 1-0 I-1 I-1 III, I, 5 0-1 0-2 2, 2, 3 

Leg 5 0-0 0-0 I-0 I-1 III, I, 4 0-1 0-1 2, 2, 2 
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Figure 70.  Pseudocyclops lardelfin sp. nov., (A) Female, leg 1; (B) Female, leg 2; 
(C) Female, leg 3; (D) Female, leg 4, posterior; (E) Female, leg 5, posterior; (F) 
Male, leg 5, posterior. 
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Pseudocyclops Phylogenetic Analysis 

 The Pseudocyclops character matrix was analyzed using maximum 

parsimony in PAUP*4.0 (ver. 4.0b10; Swofford 2009).  Of the 22 characters, 7 are 

applicable to females only, 6 to males only and 9 to both sexes.  Ten species of 

Pseudocyclops have been described from only 1 of the sexes. The missing 

information in the matrix for these species resulted in spurious associations, and 

therefore they were excluded from the final analysis. The excluded species are 6 

described from only female specimens: P. costanzoi, P. giussanii, P. latens, P. 

oliveri, P. reductus, and P. spinulosus; and 4 described from only male specimens: 

P. latisetosus, P. minya, P. pacificus, and species ten from Barr’s thesis (1994). An 

additional 3 species were excluded due to weak original descriptions: P. mirus, P. 

obtusatus, and P. pumilis. Thus, the final matrix consisted of 35 species of 

Pseudocyclops with Ridgewayia as the out-group.  Characters with more than 2 

states were set to irreversible up. For example, character 1 refers to the loss of setae 

on the terminal exopod segment of the female fifth leg from 4 to 0 setae. In this case 

the program is instructed that in order to go from 4 to 0 setae it must go through the 

intermediate steps in order.  An exhaustive search was performed using maximum 

parsimony with branch-swapping and tree-bisection-reconnection.  This resulted in 

629,734,996 rearrangements; 166 was the best score found for these trees, retaining 

1328 trees. A 50% majority rule consensus tree (Figure 71) was generated from all 

1328 trees using the software program Mesquite (ver. 2.6; Maddison and Maddison 

2009). 
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 The resulting consensus tree shows 7 strongly distinct species groups: the 4 

previously defined groups and 3 new ones (Figure 71).  The first branch for this 

genus includes the kulai and lepidotus groups and P. lakshmi.  These 5 

Pseudocyclops species have the most plesiomorphic (ancestral) traits found in the 

genus, such as antennules with 19 or more segments, female 5th leg with a 3-

segmented endopod, 4 inner setae on the terminal exopod segment of the same leg, 

and 5 setae on the male 5th leg endopod.  Reduced segmentation of the antennules 

and fusion of endopod segments and loss of endopod and exopod setation are 

apomorphic or more derived traits found further up the phylogenetic tree.   The next 

2 branches contain the singleton species nine from Barr’s thesis description and P. 

gohari.  The fourth branch contains P. australis, P. mathewsoni, P. lardelfin, P. 

simplex and Barr’s species five and species six.  This is a new group that will be 

referred to as the australis group.  Like the kulai and ensiger groups, this group has 

also retained several ancestral characters such as a female 5th leg with a 3-segmented 

endopod, 4 inner setae on the terminal exopod segment of the same leg, thoracic leg 

segments 4 and 5 separate, and the presence of 2 spines on the exopod of the male 

right 5th leg.  But there are also several apomorphic characters, such as barbed caudal 

setae instead of plumose and the absence of an inner basal seta on leg 1.  Finally, 

there is a clear synapomorphy (shared derived trait) for this group, the presence of a 

deep cleft on the distal margin of the endopod of the male left 5th leg.  This last 

character and the combination of the aforementioned ancestral and derived 

characters warrant the establishment of an australis species group.  
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 The 5th branch along this tree contains another new group.  That group will 

be referred to as the rubrocinctus group with the following members: P. 

rubrocinctus, P. bahiahonda, P. smadelfin, and Barr’s species eight and species 

seven.  This group does not retain as many pleisiomorphic characters as the previous 

groups. It only has 3: the female 5th leg with a 3-segmented endopod, and 4 inner 

setae and 6 terminal setae on the 3rd exopod segment of the same leg. There are 

several more apomorphic traits shared by this group: absence of an inner seta on the 

1st exopod segment of the female 5th leg, only 5 setae on the left endopod of the male 

5th leg, the second exopod segment of the male 5th leg reduced to a simple bilobed 

structure, barbed caudal setae, a reduced and blunt rostrum, absence of an inner basal 

seta on leg 1, only 1 seta on the 2nd syncoxal endite of maxilliped (2 is ancestral).  

The combination of these characters defines this rubrocinctus group. Pseudocyclops 

steinitzi appears as a singleton in the following branch on this tree, but it is clear that 

it should belong to the rubrocinctus group as it shares all its defining characters. The 

reason the analysis placed it on its own branch is that many of the characters used in 

the matrix had to be left blank due to a poor original description.   

 The 7th branch on the tree belongs to 2 groups, the already defined 

crassiremis group (P. crassiremis, P. bahamensis, and P. minutus) and a new group 

with P. umbraticus, P. rostratus, and P. paulus. This new group will be referred to as 

the umbraticus group. It only has one shared pleisiomorphic trait, the separation of 

the 4th and 5th thoracic segments.  The derived traits that define this group are 

antennules with 16 or fewer segments, male 5th leg with left basipod fused and right 
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basipod separate, absence of an inner seta on 1st exopod segment of female 5th leg, 

left exopod of male 5th leg with second segment reduced to a simple bilobed 

structure, barbed caudal setae, female genital segment ornamented with spines or 

setae, inner basal setae absent on leg 1,  only 1 seta on 2nd syncoxal endite of 

maxilliped, a bulbous process on 2nd exopod of leg 1 absent, reduced segmentation of 

the mandibular exopod (3 segments only, 5 is ancestral).   The 8th, 9th, and 10th 

branches belong to the singleton species P. arguinensis, P. lerneri, and Barr’s 

species 2 respectively.   The 11th branch belongs to P. cokeri and Barr’s species 1. 

These 5 species could not be assigned to a group.  Finally the last branch belongs to 

the magnus group (P. magnus, P. bilobatus, and P. xiphophorus). This group has 

already been clearly defined and Barr’s species 3 and species 4 are also included.  
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Molecular Analysis 

A 569 base pair region of ITS-1 was successfully amplified from 3 specimens 

each of R. delfine, R. tunela, R. tortuga, 6 specimens of P. lardelfin, 4 specimens of 

P. smadelfin, 2 specimens each of Pseudocyclops from Cactus forest grietas and 

Deep grietas and 1 specimen of the closely related family Epacteriscidae, Enantiosis 

galapaguensis. The E. galapaguensis sequence was used as an out-group. The ITS-1 

region for Ridgewayia showed between species differences ranging from 2-30% and 

within species differences ranging only from 0-1%. Within species differences 

among the Pseudocyclops ranged from 0.2-2.6%, while the between species 

differences were 29-43%.  

 Phylogenetic analyses were carried out separately for the Ridgewayia and 

Pseudocyclops. A transitional model with gamma distribution (TIM+G) was selected 

by Modeltest 3.7 (Posada and Crandall, 1998) as the best fit model of molecular 

evolution based on the Akaike Information Criterion (AIC) for both genera.  This 

model was applied in PAUP*4.0 (ver. 4.0b10; Swofford 2009) to reconstruct 

phylogenies by maximum-parsimony (MP) maximum-likelihood (ML) and 

neighbor-joining (NJ) with the following settings: MP- heuristic search with 10000 

replicates, branch swapping with tree-bisection-reconnection, bootstrap values from 

10000 replicates; ML- heuristic search with 100 replicates, branch swapping with 

tree-bisection-reconnection, bootstrap values from 100 replicates; NJ- HKY85 

distance measure, heuristic search with 10000 replicates, branch swapping with tree-

bisection-reconnection, bootstrap values from 10000 replicates. A Bayesian analysis 
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was also performed with MrBayes 3.1 (Huelsenbeck and Ronquist, 2001). 

Mrmodeltest 2.2 (Nylander 2004) was used to select the best fit model of evolution 

based on AIC scores, resulting in the Hasegawa-Kishino-Yano-85 model with 

invariable sites (HKY+I) for both genera.  The analysis was carried out with 

1,000,000 generations, sampling every 100th generation. As suggested by Nylander 

(2004), the initial 25% (2500) of sampled generations were omitted from the 

analysis.  

 For the Ridgewayia, only 1 tree was retained for both MP and ML methods, 

while NJ resulted in 9 trees, which were used to construct a strict consensus tree.  All 

4 methods resulted in similar phylogenetic reconstructions (Figure 72) with well 

supported branches, except for the branch leading to R. delfine which had less than 

50% bootstrap support for the NJ consensus tree.  This branch is well supported by 

the other 3 methods.  The phylogenetic tree for the Ridgewayiids shows R. tortuga 

branching separately from the Galapagos Ridgewayiids.  It also shows that R. delfine 

and R. tunela are closely related but each belonging to different clades.  
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Figure 72. Ridgewayia phylogenetic tree based on a 569 base pair region of ITS-1. 
Branch values correspond to bootstrap support for maximum parsimony, maximum 
likelihood, neighbor joining, and Bayesian posterior probabilities (--- means that the 
branch failed the 50% bootstrap support).  
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Evolutionary rates for ITS -1 have been determined for several different 

animals (shown as percent base changes per million years): Humans, chimpanzees 

and gorillas at 0.18% (Gonzales et al. 1990); Darwinulid ostracods from 0.13%-0.7% 

Schon et al. 1998; Schon et al. 2003); and Drosophila 1.2% (Shlotterer et al. 1994).  

Extremely high mutation rates for this gene have been found in bivalves 6.6%-37.9% 

(Page and Linse 2002) and salmon 53% (Booton et al. 1999).  A mutation rate for 

copepods has not been determined. But Ki et al. (2009) demonstrated that the ITS-1 

region in copepods of the genus Tigriopus evolves 2.07 times slower than the COI 

gene.  In crustaceans the COI gene is estimated to evolve between 0.6% – 2.3% per 

million years (Knowlton et al., 1993; Williams and Knowlton, 2001; Amato et al., 

2008). Applying Ki et al.’s (2009) relative rate of ITS-1 to COI evolution yields a 

mutation rate between 0.3% - 1.2% for crustaceans. This range of rates is similar to 

that determined directly for primates, ostracods, and drosophila (0.13% - 1.2%).  

Assuming an evolution rate range of 0.13% to 1.2% per million years results in an 

approximate divergence time of R. tortuga and the Galapagos Ridgewayiids of 5 to 

48 million years ago. It also shows that R. delfine and R. tunela diverged 

approximately 80 thousand to 1.3 million years ago.  

 Analysis of the Pseudocyclops sequences resulted in 4 trees for MP, 1 for 

ML, and 3 for NJ. Strict consensus trees were constructed for MP and NJ. The 

resulting tree topology for MP, ML and NJ methods was similar to that of the 

Bayesian analysis (Figure 73).  All 4 methods resulted in well supported clades for 

P. largedelfin, specimens from deep grietas, specimens from cactus forest, and P. 
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smadelfin. The main differences between methods include for MP a collapse of two 

branches within the P. largedelfin clade and a collapse of the branch generating the 

P. lardelfin and deep grietas clades.  For the ML method, a collapse of one branch in 

the P. largedelfin clade, a collapse of the branch that generates the  P. lardelfin and 

deep grietas clade and collapse of the branch generating the P. largedelfin, deep 

grietas, and cactus forest clades. Finally for NJ there is a collapse of a branch within 

the P. largedelfin clade and a collapse of the branch generating the P. largedelfin, 

deep grietas and cactus forest clades.  

The genetic distances among the various clades of Galapagos Pseudocyclops 

are much greater than that among the Ridgewayiids.  As with the Ridgewayiids, 

assuming an evolutionary rate range of 0.13% to 1.2% per million years results in an 

approximate divergence time of 4 to 40 million years ago for P. smadelfin from the 

other Galapagos’ Pseudocylops, 2 to 24 million years for specimens from Cactus 

forest grietas and the clade that includes P. lardelfin and Deep grietas specimens, and 

2 to 18 million years ago for Deep grietas specimens and P. lardelfin. These 

Pseudocyclops from Cactus forest grietas, Deep grietas, and P. lardelfin are clearly 

close relatives as they are morphologically identical.  The upper range of estimated 

divergence time for these copepods is much older than the Island of Santa Cruz (2-4 

million years old, Hall, 1983; Hickman and Lipps, 1985). It is unlikely that these 

Pseudocyclops are a result of 3 independent colonizations which would be necessary 

for a divergence time older than their present habitat. This suggests that the 

evolutionary rate of ITS-1 in Pseudocyclops is closer to the upper range of published 



212 
 

estimates. Assuming a maximum age of 4 million years for Santa Cruz, the 

maximum evolutionary rate for ITS-1 in Pseudocyclops is approximately 0.69% per 

million years. 

 

Figure 73. Pseudocyclops phylogenetic tree based on a 569 base pair region of ITS-
1. Branch values correspond to bootstrap support for maximum parsimony, 
maximum likelihood, neighbor joining, and Bayesian posterior probabilities (--- 
means that the branch failed the 50% bootstrap support).   
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 Huys et al. (2006) sequenced a 1785 base-pair region of the 18S small 

subunit ribosomal gene of an un-identified Pseudocyclops that was collected in May 

2000 with a sledge net off Nagannu Island, Japan. This sequence is available in 

GenBank, ascension number AY626994.  The first 114 base-pairs of this sequence 

correspond to the last 114 base-pairs of the ITS-1 region used in my analysis. A new 

alignment was prepared only using this 114 base-pair region for all the sequences of 

Pseudocyclops.  The alignment shows that the 114 base-pair sequence of the 

Pseudocyclops species from Japan is an exact match to that of P. lardelfin.  There are 

no differences in the sequences obtained from any of the 6 P. lardelfin and the 

specimen from Japan.  But this P. lardelfin/Japan sequence is different from the 

sequences for the other Pseudocyclops.  These differences range from 1.8% to 18%.  

A Bayesian analysis was then performed with MrBayes 3.1 (Huelsenbeck and 

Ronquist, 2001) using the same settings as before. These shorter sequences generated 

a similar phylogenetic tree as that based on the entire 569 base-pair sequences; 

showing well supported branches, first separating P. smadelfin from all other 

Pseudocyclops and individual branches supporting separate clades for Pseudocyclops 

from Cactus forest grietas, from Deep grietas, and P. largedelfin including the 

Pseudocyclops specimen from Japan (Figure 74).  A female paratype of this 

Pseudocyclops from Nagannu Island was deposited in the Natural History Museum 

in London (NHM reg. no. 2005.42). This specimen was requested and permission 

was obtained to perform a dissection.  Analysis of this specimen showed that it is 

morphologically indistinguishable from the females of P. lardelfin. 
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Figure 74. Pseudocyclops phylogenetic tree including unidentified Pseudocyclops 
from Japan. Based on a 114 base pair region of ITS-1. Branch values correspond to 
bootstrap support for Bayesian posterior probabilities.   
  

 Twenty-four specimens each of R. delfine and R. tunela, 2 of R. tortuga, 

and 6 of each Pseudocyclops (lardelfin, smaldelfin, cactus forest and deep grietas) 

were sequenced for the Folmer region of COI. The 620-base pair sequence obtained 

from this region was identical for all these specimens except for two sequences 

which varied by 1 base pair at position 381 and 535 with a substitution from G to A 

in Pseudocyclops from Deep grietas and Pseudocyclops from Cactus forest 

respectively. Six specimens of the endemic neritic calanoid Acartia levequei were 

also sequenced for this region, showing a 30% base-pair difference from that of the 

Ridgewayia and Pseudocyclops specimens.  These results are unexpected; therefore, 

the experiment was repeated, using different batches of chemicals and primers for all 
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reactions and extracting DNA from new specimens.  The same results were obtained 

the second time, showing no differences in the COI base pair sequences from 

Ridgewayia and Pseudocyclops specimens and a 30% base pair difference for 

Acartia specimens. In an attempt to replicate the experiment in a different lab, 

specimens of R. delfine, R. tunela, R. tortuga, P. smadelfin, P. lardelfin, P. deep 

grietas, and P. cactus hole were sent to Dr. Ryuji J. Machida, the project manager for 

the Asian division of the Census of Marine Zooplankton.  Dr. Machida had difficulty 

generating PCR product for the COI gene from these specimens. He was never able 

to obtain a sequence from R. delfine, but did obtain the same COI sequence for R. 

tunela, R. tortuga, P. smadelfin and P. lardelfin. He also obtained different 

sequences for the Pseudocyclops from cactus forest and from deep grietas, and for a 

specimen of R. tunela.  Though it was not possible to replicate the experiment 

exactly, similar results were found showing an invariant sequence for Ridgewayiids 

and Pseudocyclopids. The difficulty in obtaining sequences from these specimens 

was probably due to deterioration of the DNA since they had been stored for over 4 

years.  Sub-optimal shipping conditions to Japan probably exacerbated this problem.   

 Custom primers were designed based on the Ridgewayia/Pseudocyclops 

sequence and used in conjunction with universal primers to sequence the second half 

of the COI gene. A specimen of A. levequei and two each of R. delfine and R. tunela 

were sequenced for this second half. A 656 base pair sequence was obtained and like 

the Folmer region, A. levequei showed a 30% base pair difference from both R. 

delfine and R. tunela. But, unlike the Folmer region, Ridgewayia delfine and R. 
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tunela had a sequence difference of 2-5%, while within species differences ranged 

from 1-2%. These results suggest that the second half of the COI gene is more 

variable and may be phylogenetically informative.  A phylogenetic tree was 

reconstructed following the same procedures as with the ITS-1 region, resulting in 

the same tree for all 4 methods, MP, ML, NJ, and Bayesian; all with well supported 

branches (Figure 75). 

 

 

Figure 75. Ridgewayia phylogenetic tree based on the second half of the COI gene, a 
656 base pair region. Branch values correspond to bootstrap support for maximum 
parsimony, maximum likelihood, neighbor joining, and Bayesian posterior 
probabilities. 
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DISCUSSION 

Ridgewayia  

The family Ridgewayiidae is currently composed of ten genera, seven of 

which are found only in marine caves: Brattstromia, Exumellina, Hondurella, 

Normancavia, Robpalmeria, Stargatia, and Badijella (Fosshagen and Iliffe, 1991; 

Fosshagen and Iliffe, 2003; Krsinic, 2005; Suarez-Morales and Iliffe, 2007).   The 

remaining three genera, Placocalanus, Exumella and Ridgewayia are mainly 

hyperbenthic and/or epibenthic; but Exumella and Ridgewayia also have members 

that inhabit marine caves (Wilson 1958; Fosshagen and Iliffe 1998; Ohtsuka et al. 

2000).  The genus Ridgewayia was established by Thompson and Scott (1903) and 

redescribed by Wilson (1958). There are fifteen species and two subspecies 

belonging to the genus Ridgewayia, including the three new species described in this 

paper.  The Ridgewayia have disjunct distributions and have been found only in 

tropical and subtropical shallow waters of the Indo-West Pacific, the Caribbean, the 

Mediterranean (Barthelemy et al. 1998, Ohtsuka et al 2000), and now in the Eastern 

Pacific.   

Presently the Ridgewayia can be divided into three species groups, marki, 

typica, and gracilis (Ummerkutty, 1963; Ferrari, 1995; Bartelemy et al., 1998; 

Ohtsuka et al., 2000). Ridgewayia delfine and R. tunela from Galapagos clearly 

belong to the marki species-group, while Ridgewayia tortuga from Florida cannot be 

assigned to any of the three defined groups. The characters that define the genus are 



218 
 

clearly present in Ridgewayia tortuga, the general body shape, segmentation and 

size, structure of the urosome, the segmentation and armature of all mouthparts and 

legs, including the third exopod segment of the female fifth leg originating halfway 

along the inner margin of the second segment and the complex and highly modified 

male fifth leg. There is one character of R. tortuga that does not agree with the 

generic definition of Ridgewayia or with the definition of the family Ridgewayidae. 

The right male antennule in the Ridgewayidae as defined by Boxshall and Halsey 

(2004) is geniculate, with four segments beyond the geniculation.  Such geniculation 

is present in R. tortuga, but there is also a stronger geniculation between segments 

nine and ten, a character not observed in any other species belonging to the family 

Ridgewayiidae.  In addition to this unique character, Ridgewayia tortuga has several 

characters (see remarks) that by themselves do not make it unique, but combined set 

it apart from all other species of this genus. The defining characters of the three 

species groups established by Ummerkutty (1963), Ferrari (1995), Bartelemy et al. 

(1998), and Ohtsuka et al. (2000) clearly exclude R. tortuga from any one of them. 

The unique characters of R. tortuga warrant a fourth species group with R. tortuga as 

its sole member. 

 It is presently thought that Ridgewayia is a Tethyan relict (Ohtsuka et al. 

2000).  Most members of the marki species-group are found in the Caribbean and 

they include: R. marki marki (Bermuda), R. shoemakeri (Dry Tortugas, Florida), R. 

fosshageni (Bahamas and Panama), and R. klausruetzleri (Belize).  There is one 

member from the Mediterranean, R. marki minorcaensis (Minorca), and one from the 
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Indo-West Pacific, R. stygia (Palau).  Ohtsuka (2000) points out the faunistic link 

between the Western Central Pacific and Caribbean, and suggests that the ancestor of 

R. stygia migrated from the Caribbean into the Western Central Pacific during the 

Miocene when the Tethys Sea was circumtropical.  This is a feasible theory, and the 

discovery of R. delfine and R. tunela in the Eastern Pacific can be viewed as further 

evidence of a westward dispersal of these marki species-group Ridgewayiids.  The 

present Galapagos Islands are geologically young; the oldest islands are 4-5 million 

years old (Hall, 1983; Hickman and Lipps, 1985), but there is evidence that sea 

mounts and/or islands have been emerging from the Galapagos hot spot as far back 

as 75-95 million years ago. Hoernle et al. (2002) show that the entire Caribbean plate 

originated from the Galapagos hotspot during the Cretaceous period. This places the 

emergence of oceanic islands around the Galapagos hot spot well within the time 

frame needed for a Tethyan dispersal of the ancestors of R. stygia, R delfine, and R. 

tunela from the Caribbean into the Pacific.  Although this Tethyan hypothesis is one 

of the favored explanations for the present distribution of anchialine fauna, it does 

not exclude the possibility that some of the inhabitants of anchialine systems have 

colonized these habitats more recently (Boxshall and Jaume 1999). 

 The Tethys Sea remained open and circumtropical until about 20 million 

years ago (Hrbek and Meyer 2003), but the dispersal of the marki species-group 

from the Caribbean into the Pacific could have taken place after this period, before 

the closing of the Panama seaway 3.5 million years ago (Nesbitt and Young 1997).  

Thus the colonization of Galapagos by the members of the marki species-group 
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could have come directly from the Caribbean to the present-day Islands.  Both 

dispersal scenarios call for the colonization of the marki species-group from the 

Caribbean into the Pacific, but the possibility remains that members of this group 

present in the Western Pacific subsequently migrated into the Caribbean.  A major 

argument against a modern-day dispersal of Ridgewayiids is the 5000 km expanse of 

deep water separating the Central Pacific and the Eastern Pacific. This marine barrier 

was first mentioned by Darwin (1859) in The Origin of Species, and it is now 

referred to as the Eastern Pacific Barrier (EPB).  Since there are no islands present 

across this vast stretch of deep-ocean, the EPB acts as a barrier to dispersal of 

shallow water species.  The effectiveness of this barrier has been demonstrated by 

the large number of shallow species that are not shared by these two regions, in 

contrast to the very few species that are found on both sides (Lessios et al. 1998; 

Lessios and Robertson 2006).   

 There is a debate about the few trans-Pacific species, whether they are the 

remnants of a previously continuous Tethyan distribution that have not evolved 

morphological differences since the emergence of the EPB, or whether there is 

dispersal across the EPB that maintains sufficient gene flow to prevent speciation 

(Lessios et al. 1998; Lessios and Robertson 2006).   Lessios et al. (1998) showed that 

for the sea urchin Echinothrix diadema (present in the Central and Eastern Pacific) 

the latter is the case, since substantial gene flow was found between the two trans-

Pacific populations by analysis of mitochondrial DNA.  More recently, Lessios and 

Robertson (2006) studied the mitochondrial DNA of 20 species of trans-Pacific reef 
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fish and found that 18 of these species showed some level of recent gene flow across 

the barrier.  The genetic analysis performed by Lessios and Robertson (2006) 

demonstrated that dispersal occurred stochastically in time and with respect to 

species dispersed, and that gene flow occurred in both directions. Such evidence 

raises the possibility that the Ridgewayiids from the Galapagos and Palau are the 

result of post-Tethyan dispersal.   

 Many uncertainties remain which will be subject to future research, and some 

of these are addressed later in the discussion of the genetic analysis.  Chief among 

them are: 1) the timing of the dispersal of the marki species-group Ridgewayiids in 

the Pacific,  2) whether this dispersal was from East to West or vice versa, and 3) 

whether the two species of Ridgewayiids in Galapagos are the result of one or two 

different colonization events.  Ohtsuka et al. (2000) recognize that the species 

richness of Ridgewayia is yet to be determined due to paucity of samples.  Research 

filling in this gap and genetic studies of the various Ridgewayia species will be 

essential for determining the biogeographic history of this genus.  Further 

exploration in the Galapagos Archipelago will lead to the discovery of more species 

of Ridgewayiids, and it is also certain that further exploration in the Caribbean and 

Indo-west Pacific will lead to similar new discoveries.  
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Pseudocyclops  

The family Pseudocyclopidae established by Giesbrecht (1893) is 

monogeneric.  Pseudocyclops contains 37 nominal species, including the three 

described in this paper. Poor descriptions have made assigning them to species 

groups difficult.  Nevertheless, four groups are recognized and were clearly 

characterized by Ohtsuka et al. (1999): the lepidotus group (P. lepidotus Barr and 

Ohtsuka 1989 and P. ornaticauda Ohtsuka et al. 1999), the kulai group (P. kulai 

Othman & Greenwood 1989 and P. ensiger Ohtsuka et al. 1999), the crassiremis 

group (P. crassiremis Brady 1872, P. bahamensis Fosshagen 1968, P. oliveri 

Fosshagen 1968, and P. minutus Othsuka et al. 1999) and the magnus group (P. 

magnus Esterly 1911, P. latens Gurney 1927, P. xiphophorus Wells 1967 and P. 

bilobatus Dawson 1977).   Prior to this study, only 12 species of Pseudocyclops were 

organized into these groups leaving 25 singletons in this monogeneric family.  My 

analysis suggests at least three more species groups, an australis group (P. australis, 

P. mathewsoni, P. lardelfin, P. simplex and species five and six), a rubrocinctus 

group (P. rubrocinctus, P. bahiahonda, P. smadelfin, P. steinitzi and species eight 

and seven), and an umbraticus group (P. umbraticus, P. rostratus, and P. paulus).  

These new groups classify 11 more of the nominal Pseudocyclops species, for a total 

of 23 species ordered in groups and 14 left as singletons.  As more Pseudocyclops 

species are discovered, new groups will become apparent, which will help with the 

taxonomic division and classification of this family.  



223 
 

 The results of this morphological study not only aid in the taxonomic 

classification of this family but provide insight into its evolution and biogeography.  

The phylogenetic tree generated by this analysis clearly shows that the most 

primitive species of Pseudocyclops are found in the Western Pacific and Indian 

Ocean, suggesting that region as the site of origin for this family.  Intermediate 

species are found not only in the Western Pacific and Indian Ocean but also in the 

Eastern Pacific and Caribbean.  The most derived species are found mainly in the 

Caribbean, Eastern Atlantic, Mediterranean and Red Sea. This pattern suggests a 

radiation of Pseudocyclops from ancestral forms in the Western Pacific and Indian 

Ocean to both east and west.  There seem to have been two colonization events for 

the Pseudocyclops species found in Galapagos.  An ancestral form of the australis 

group probably arrived at the Islands from the Western Pacific and gave rise to P. 

lardelfin.  The several pleisiomorphic characters that define this group suggest a 

Western Pacific origin. The origins of P. smadelfin are not as clear, since most 

members of its group are found in the Caribbean; that suggests that the ancestral 

form of P. smadelfin crossed the seaway at Panama, before the isthmus closed, 

arriving from the Caribbean and speciating in the Galapagos. But the reverse 

scenario is also possible: of an ancestral form of this species arriving in the 

Galapagos from the west, just like the ancestor of P. lardelfin, and subsequently 

crossing into the Caribbean before the closure of the Isthmus of Panama, and then 

radiating into the three Caribbean species.  What is clear is that the colonization and 

speciation of P. lardelfin, like that of the Galapagos Ridgewayiids, is likely a result 
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of post-tethyan dispersal in the present-day ocean, while that of P. smadelfin 

necessarily occurred at least 3.5 million years ago to allow for exchange between the 

Caribbean and the Eastern Pacific through the Panamanian seaway.  

 

Molecular  

 The sequences obtained from the ITS-1 region prove to be species specific 

and can successfully reconstruct the phylogeny of the Ridgewayia and 

Pseudocyclops.  This gene shows that although R. delfine and R. tunela are closely 

related, they are genetically isolated, supporting their status as separate species as 

determined by their morphology.  The ITS-1 region also shows that R. tortuga from 

Florida is a distant relative of these two sibling species from Galapagos. Analysis of 

the second half of the COI gene supports these conclusions.  Evolutionary rates of 

ITS-1 place the divergence time of Galapagos Ridgewayiids and the Ridgewayiid 

from Florida within 5 to 48 million years ago. This time frame is well within an open 

seaway through Panama, allowing for exchange of Ridgewayia between the 

Caribbean and the Eastern Pacific. The direction of this transfer cannot be 

determined with the present data. It is likely that the two species of Galapagos 

Ridgewayia are a result of one colonization event.  The divergence time of R. delfine 

and R. tunela is approximately 80 thousand to 1.3 million years ago. This age 

coincides with the formation of the Island of Isabela (Hall, 1983), where R. tunela is 

found.  So it seems that the older Island of Santa Cruz, formed 2-4 million years ago 
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(Hall, 1983; Hickman and Lipps, 1985), was first colonized by R. delfine, which then 

migrated to the younger Island of Isabela, becoming genetically isolated and 

speciating into R. tunela.  

 The ITS-1 region clearly shows that the two Pseudocyclops species 

lardelfin and smadelfin are genetically different. It also shows that, though both 

Pseudocyclops from Cactus forest grietas and Deep grietas are morphologically 

identical to P. lardelfin, they are genetically isolated, forming independent clades. 

These Pseudocyclops form a species complex demonstrating that cryptic speciation 

is occurring in the Galapagos anchialine environments.   

The morphological evidence suggests that the ancestor of P. lardelfin arrived 

at Galapagos from the western Pacific.  Proponents of a Tethyan origin for this fauna 

argue that such a transfer would have had to occur during the existence of the warm, 

shallow and circumtropical Tethys Sea. The genetic distances among the P. lardelfin 

species complex imply that these animals are likely one of the first colonizers of the 

Galapagos, arriving to Santa Cruz just as soon as the Island formed. The unidentified 

species of Pseudocyclops from Japan is genetically and morphologically identical to 

P. lardelfin, suggesting that a secondary exchange between the western and eastern 

Pacific is occurring in the present-day ocean.   This provides evidence that these epi-

benthic animals are able to cross the vast expanse of deep-ocean, the Eastern Pacific 

Barrier.  As for P. smadelfin, its closest relatives of the rubrocinctus group are found 

in the Caribbean. It is unclear if the ancestral form of P. smadelfin arrived at 
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Galapagos from the Caribbean.  It is equally plausible that an ancestral form of the 

rubrocinctus group migrated from Galapagos to the Caribbean where it speciated.  

Evidence from this study suggests that the Folmer region of the COI gene 

cannot be used to distinguish species of Ridgewayia and Pseudocyclops.  The 

Ridgewayidae and Pseudocyclopidae show the lowest diversity reported in any 

metazoan for this gene. More specimens of these two families need to be analyzed 

for the second half of the COI gene, which shows potential as a genetic marker, as it 

was able to differentiate the two species of Ridgewayia from Galapagos. A similar 

result was reported by Erpenbeck et al. (2006); they show that the Folmer region of 

the COI gene fails to differentiate sponges at the species level, but the second half of 

the gene proves to be species specific.  There is mounting evidence that the Folmer 

region, which has become the standard for DNA barcoding of all living organisms, 

may not be appropriate for all phyla.  Slow mitochondrial COI evolution is a 

characteristic found at the base of the metazoan phylogeny (Huang et al. 2008). 

Schroeder et al. (2003) found no differences between sponge species of the genus 

Lubomirskia and Baikalospongia. Duran et al. (2004) compared populations of the 

sponge Crambe crambe from the Mediterranean and Atlantic, spanning over three-

thousand kilometers, and found only one polymorphic site in the entire sequence. 

Worheide (2006) found no significant differences between three sibling species of 

the sponge Astrosclera, spanning a range of 20,000 km. These species can be clearly 

separated by morphological characters and ITS sequence data (Worheide et al. 

2002).  Hebert et al. (2003) showed that most cnidarian species had interspecific 
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differences of less than 2%. There are several studies that show minimal to no 

variation of the COI region of coral species, suggesting that the evolution of this 

gene in Anthozoans is very slow (Snell et al. 1998; Medina et al. 1999; Hellberg 

2006).  The rate of evolution of the COI gene in the Porifera and Anthozoa is 50 to 

100 times slower than in most metazoans; such extremely slow rates are also 

characteristic of fungi and angiosperms, implying that a slow evolution rate in the 

mitochondria is a pleisiomorphic trait in eukaryotes (Hellberg 2006; Huang et al. 

2008).  The switch from slow to fast evolution of COI has been attributed to the 

sudden loss of mitochondrion-specific DNA repair and/or replication genes 

(Hellberg 2006; Huang et al. 2008).  This switch happens rapidly, it is not reversible, 

and it has occurred four times: twice in flowering plants and twice in animals 

(Hellberg 2006). 

Through phylogenetic reconstruction, both Hellberg (2006) and Huang et al. 

(2008) have arrived at the same conclusion, that the switch from slow to fast 

evolution of mitochondrial DNA in animals occurred once in the branch that leads to 

the Medusozoa and separately in the branch leading to the Bilateria, which includes 

Platyzoans (flatworms), Lophotrochozoans (mollusks, annelids, bryozoans) 

Ecdysozoans (arthropods, nematodes), and Deuterostomes (echinoderms, tunicates, 

vertebrates). Copepods belong to the Arthropoda (Ecdysozoa). The controlling 

mechanisms for this switch from fast to slow evolution have been determined to be 

mitochondrion-specific, resulting in a much slower evolution of mitochondrial genes 

relative to that of nuclear genes in organisms such as angiosperms, fungi, anthozoa 
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and porifera; the opposite is true for organisms lacking this repair system, including 

most metazoans, geraniums and plantains (Hellberg 2006).  The extremely low 

diversity of the “Folmer” region of the COI gene in Ridgewayia and Pseudocyclops 

and the much faster evolution of the nuclear genes (as shown by ITS-1) fit the 

pattern of angiosperms, fungi, anthozoa and porifera.  These are the only copepods 

that have shown such a trait; all other copepods where the “Folmer” region of the 

COI sequence has been analyzed show a rapidly evolving COI gene (Bucklin et al. 

2003; Goetze, 2005; Lee, 2007; Newer et al. 2008) It is conceivable then that the 

copepod families of Ridgewayiidae and Pseudocyclopidae have retained this 

ancestral trait for a mitochondrial DNA repair system that operates with extremely 

high fidelity, a trait that at the moment seems to have been lost by all other bilateria.  

 

CONCLUSIONS 

Among the four evolutionary models suggested for anchialine fauna, it seems 

that for these Ridgewayia and Pseudocyclops, a combination of the vicariance model 

and the active migration model are responsible for the observed species distributions.  

There was clearly faunal exchange between the Galapagos Islands and the Caribbean 

before the closure of the Panamanian seaway.  Once the Isthmus of Panama 

emerged, closing this seaway, the Ridgewayia and Pseudocyclops from Galapagos 

became isolated from those of the Caribbean, leading to speciation through 

vicariance. But, active migration and colonization with subsequent speciation is also 
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occurring in the present-day ocean. This is demonstrated by Ridgewayia’s 

colonization of Isabela, a geologically young island, and by the genetic and 

morphological similarities between Pseudocyclops lardelfin and the specimens from 

Japan.  Though the genetic evidence shows that these copepods are able to cross the 

entire Pacific, it also shows that such far migration is not the norm.  These copepods 

tend to have restricted distributions with minimal migration and gene exchange, even 

between habitats that are very close to each other such as the anchialine pools on the 

Island of Santa Cruz.   

Applying evolutionary rates of genes that are based on other organisms is not 

the best method to estimate divergence times for these copepods.  The evolutionary 

rate of a particular gene depends on many factors, including generation time, 

metabolic rate, and the DNA repair system of the organism in question (Baer et al. 

2007).  Nevertheless, using a range of estimates from several organisms has shown 

that the estimated divergence times for the various Ridgewayia and Pseudocyclops 

coincide with major geological events. The closure of the Panama seaway is well 

documented, as is the formation of each island in the Galapagos archipelago with the 

oldest islands in the east and the youngest in the west. This presents a clear scenario 

were genetic studies of Ridgewayia and Pseudocyclops from Galapagos and the 

Caribbean can be related to the geology of the region and used to narrow down the 

range and calibrate molecular evolutionary rates that can then be applied to other 

copepods.  
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Finally, the “Folmer” region of the COI gene, which has become the standard 

for barcoding all organisms, cannot be used to distinguish the Ridgewayiidae and 

Pseudocyclopidae. The second half of this gene shows modest variability, while the 

nuclear DNA region of ITS-1 is highly variable. Similar genetic characteristics have 

been found in the basal taxa of the metazoan phylogenetic tree.  It is possible that the 

low variability of the Folmer region in these copepods is due to a mitochondrion-

specific DNA repair system that is also present in angiosperms, fungi, porifera, and 

anthozoans. Future research is needed to determine whether this repair system is 

present in the Ridgewayidae and Pseudocyclopidae, but absent in copepod families 

that have a species specific “Folmer” region of the COI gene.  

 

REFERENCES 

Baer, C., M. M. Miyamoto, et al. (2007). "Mutation rate variation in multicellular 
eukaryotes: causes and consequences." Nature Reviews Genetics 8: 619-631. 

Barr, D. (1994). The Taxonomy, Phylogeny and Zoogeography of the Demersal 
Copepod Genus Pseudocyclops (Crustacea: Copepoda: Calanoida) of the 
World. Zoology, Texas A&M University. Ph.D. 

Barr, D. J. and S. Ohtsuka (1989). "Pseudocyclops lepidotus, a new species of 
demersal copepod (Calanoida: Pseudocyclopidae) from the northwestern 
Pacific." Proceedings of the Biological Society of Washington 102(2): 331-
338. 

Barthélémy, R. M., S. Ohtsuka & C. Cuoc (1998). "Description and female genital 
structures of a new species of the demersal calanoid copepod Ridgewayia 
from southern Japan." Journal of Natural History, London 32: 1303-1318. 

Bowman, T. E. and J. G. González (1961). "Four new species of Pseudocyclops 
(Copepoda: Calanoida) from Puerto Rico." Proceedings of the United States 
National Museum 113(3452): 37-59. 



231 
 

Boxshall, G. A. (1989). "Colonization of inland marine caves by misophrioid 
copepods." Journal of Zoology, London 219: 521-526. 

Boxshall, G. A. and S. H. Halsey, Eds. (2004). An introduction to copepod diversity. 
London, Ray Society. 

Boxshall, G. A. and D. Jaume (1999). "On the origin of misophrioid copepods from 
anchialine caves." Crustaceana 72(8): 957-963. 

Boxshall, G. A. and D. Jaume (2000). "On the Origin of Misophrioid Copepods 
(Crustacea) from Anchialine Caves." Crustaceana 72: 957-963. 

Brady, G. S. (1872). "Contributions to the study of the Entomostraca. No. VII. A list 
of the non-parasitic marine Copepoda of the north-east coast of England." 
Natural History Transactions of Northumberland and Durham 4: 423-445. 

Bucklin, A., B. W. Frost, et al. (2003). "Molecular systematic and phylogenetic 
assessment of 34 calanoid copepod species of the Calanidae and 
Clausocalanidae." Marine Biology 142: 333-343. 

Chu, K. H., C. P. Li, et al. (2001). "The first internal transcribed spacer (ITS-1) of 
ribosomal DNA as a molecular marker for phylogenetic and population 
analyses in Crustacea." Marine Biotechnology 3: 355-361. 

Danielopol, D. L., A. Baltanas, et al. (2000). "Danielopolina kornickeri sp. n. 
(Ostracoda, Thaumatocypridoidea) from a western Australian anchialine 
cave: morphology and evolution." Zoologica Scripta 29: 1-16. 

Darwin, C. (1859). The origin of species by means of natural selection. London, 
John Murray Publishing. 

Dawson, J. K. (1977). "A new species of Pseudocyclops (Copepoda: Calanoida) 
from the southern California coast." Transactions of the American 
Microscopical Society 96: 247-253. 

Duran, S., M. Pascual, et al. (2004). "Low levels of genetic variation in mtDNA 
sequences over the western Mediterranean and Atlantic range of the sponge 
Crambe crambe (Poecilosclerida)." Marine Biology 144: 31-35. 

Edmands, S. (2001). "Phylogeography of the intertidal copepod Tigriopus 
californicus reveals substantially reduced population differentiation at 
northern latitudes." Molecular Ecology 10: 1743-1750. 

Elvers, D., R. Bottger-Schnack, et al. (2006). "Sympatric size variants of the 
microcopepod Oncaea venusta exhibit distinct lineages in DNA sequences." 
Marine Biology 149: 503-513. 



232 
 

Erpenbeck, D., J. N. A. Hooper, et al. (2006). "CO1 phylogenies in diploblasts and 
the "Barcoding of Life" - are we sequencing a suboptimal partition?" 
Molecular Ecology Notes 6(2): 550-553. 

Esterly, C. O. (1911). "Calanoid Copepoda from the Bermuda Islands." Proceedings 
of the American Academy of Arts and Science 47(7): 219-226. 

Ferrari, F. D. (1995). "Six copepodid stages of Ridgewayia klausruetzleri, a new 
species of calanoid copepod (Ridgewayiidae) from the barrier reef in Belize, 
with comments on appendage development." Proceedings of the Biological 
Society of Washington 108: 180-200. 

Figueroa, D. F. (in press). "New species of Ridgewayia (Copepoda: Calanoida) and 
Pseudocyclops (Copepoda: Calanoida) from the Florida Keys." Journal of 
Crustacean Biology. 

Figueroa, D. F. and K. L. Hoefel (2008). "Description of two new species of 
Ridgewayia (Copepoda: Calanoida) from anchialine caves in the Galapagos 
Archipelago." Journal of Crustacean Biology 28(1): 137-147. 

Folmer, O., M. Black, et al. (1994). "DNA primers for amplification of 
mitochondrial cytochrome c oxidase subunit I from diverse metozoan 
invertebrates." Molecular Marine Biology and Biotechnology 3: 294-299. 

Fosshagen, A. (1968). "Marine biological investigations in the Bahamas. 4. 
Pseudocyclopidae (Copepoda, Calanoida) from the Bahamas." Sarsia 32: 39-
62. 

Fosshagen, A., G.A. Boxshall & T.M. Iliffe (2001). "The Epacteriscidae, a cave-
living family of calanoid copepods." Sarsia, Bergen 86: 245-318. 

Fosshagen, A. and T. M. Iliffe (1991). " A new genus of calanoid copepod from an 
anchialine cave in Belize." Bulletin of the Plankton Society of Japan Special 
Volume: 339-346. 

Fosshagen, A. and T. M. Iliffe (1998). "A new genus of the Ridgewayiidae 
(Copepoda, Calanoida) from an anchialine cave in the Bahamas." Journal of 
Marine Systems 15: 373-380. 

Fosshagen, A. and T. M. Iliffe (2003). "Three new genera of the Ridgewayiidae 
(Copepoda, Calanoida) from anchialine caves in the Bahamas." Sarsia 88(1): 
16-35. 

Giesbrecht, W. (1893). "Mittheilungen über Copepoden 1-6." Mitteilungen aus der 
Zoologischen Station zu Neapel 11(1): 56-106. 



233 
 

Goetze, E. (2005). "Global population genetic structure and biogeography of the 
oceanic copepods, Eucalanus hyalinus and E. spinifer." Evolution 59(11): 
2378-2398. 

Grice, G. D. (1964). "Two new species of calanoid copepods from the Galapagos 
islands with remarks on the identity of three other species." Crustaceana 6(4): 
255-264. 

Gurney, R. (1927). "Report on the Crustacea. Copepoda (littoral and semiparasitic). 
Zoological Results of the Cambridge Expeditionto the Suez Canal, 1924, no. 
35." Transactions of the Zoological Society of London 22: 451-577. 

Hall, M. L. (1983). "Origin of Española Island and the Age of Terrestrial Life on the 
Galápagos Islands " Science 221(4610): 545-547. 

Hart, C. W. J., R. B. Manning, et al. (1985). "The fauna of Atlantic marince caves: 
evidence of dispersal by sea floor spreasing while maintaining ties to deep 
waters." Proceedings of the Biological Society of Washington 98: 288-292. 

Hebert, P. D. N., S. Ratnasingham, et al. (2003). "Barcoding animal life: cytochrome 
c oxidase subunit 1 divergences among closely related species." Proceedings 
of the Royal Society B 270: 96-99. 

Hellberg, M. E. (2006). "No variation and low synonymous substitution rates in coral 
mtDNA despite high nuclear variation." BMC Evolutionary Biology 6: 24. 

Hickman, C. S. and J. H. Lipps (1985). "Geologic youth of Galapagos Islands 
confirmed by marine stratigraphy and paleontology." Science 227(4694): 
1578-1580. 

Hoernle, K., P. v. d. Bogaard, et al. (2002). "Missing history (16-71 Ma) of the 
Galápagos hotspot: Implications for the tectonic and biological evolution of 
the Americas." Geology 30: 795-798. 

Holsinger, J. R. (1988). "Troglobites: the evolution of cave-dwelling organisms." 
American Scientist 76: 147-153. 

Holthuis, L. B. (1973). "Caridean shrimps found in land-locked saltwater pools at 
four Indo-West Pacific localities." Zool. Verhand. 128: 1-48. 

Hrbek, T. and A. Meyer (2003). "Closing of the Tethys Sea and the phylogeny of 
Eurasian killifishes (Cyprinodontifromes: Cyprinodontidae)." Journal of 
Evolutionary Biology 16: 17-36. 

Huang, D., R. Meier, et al. (2008). "Slow Mitochondrial COI Sequence Evolution at 
the Base of the Metazoan Tree and Its Implications for DNA Barcoding." 
Journal of Molecular Evolution 66: 167-174. 



234 
 

Huelsenbeck, J. P. and F. Ronquist (2001). "MRBAYES: Bayesian inference of 
phylogeny." Bioinformatics 17: 754-755. 

Humes, A. and W. L. Simth (1974). "Ridgewayia fosshageni n. sp. (Copepoda; 
Calanoida) associated with an actinarian in Panama, with observations on the 
nature of the association." Caribbean Jounal of Science 14: 125-139. 

Humphreys, W. F. (2000). Relict faunas and their derivation. Ecosystems fo the 
World 30. Subterranean Ecosystems. H. Wilkens, D. C. Culver and W. F. 
Humphreys. Amsterdam, Elsevier: 417-432. 

Huys, R. and G. A. Boxshall (1991). Copepod Evolution. London, The Ray Society. 

Huys, R., J. Llewellyn-Hughes, et al. (2006). "Small subunit rDNA and Bayesian 
inference reveal Pectenophilus ornatus(Copepoda incertae sedis) ashighly 
transformed Mytilicolidae, and support assignment of Chondracanthidae and 
Xarifiidae to Lichomolgoidea (Cyclopoida)." Biological Journal of the 
Linnean Society 87: 403-425. 

Iliffe, T. M. (1990). "Crevicular dispersal of marine cave faunas." Memoires de 
Biospeologie 17: 93-96. 

Iliffe, T. M. (1991). Anchialine cave fauna of the Galapagos Islands. Galapagos 
Marine Invertebrates. M. J. James. New York, Plenum Press: 209-231. 

Iliffe, T. M. (2000). Anchialine cave ecology. Ecosystems of the World 30. 
Subterranean Ecosystems. H. Wilkens, D. C. Culver and W. F. Humphreys. 
Amsterdam, Elsevier: 59-76. 

Iliffe, T. M., H. Wilkens, et al. (1984). "Marine lava cave fauna: composition, 
biogeography, and origins." Science 225: 309-311. 

Jaume, D. and G. A. Boxshall (1996). "The persistence of an ancient marine fauna in 
Mediterranean waters: new evidence from misophrioid copepods living in 
anchialine caves." Journal of Natural History 30: 1583-1595. 

Kano, Y. and T. Kase (2004). "Genetic exchange between anchialine cave 
populations by means of larval dispersal: the case of a new gastropod species 
Neritilia cavernicola." Zoologica Scripta 33(5): 423-437. 

Ki, J. S., K. W. Lee, et al. (2009). "Phylogeography of the copepod Tigriopus 
japonicus along the Northwest Pacific rim." Journal of Plnakton Research 
31(2): 209-221. 

Krsinic, F. (2005). "Badijella jalzici - a new genus and species of calanoid copepod 
(Calanoida, Ridgewayiidae) from an anchialine cave on the Croatian Adriatic 
coast." Marine Biology Research 1: 281-289. 



235 
 

Lee, C. E. (2007). "Global phylogeography of a cryptic copepod species complex 
and reproductive isolation between genetically proximate 'populations' " 
Evolution 54: 2014-2027. 

Lessios, H. A., B. D. Kessing, et al. (1998). "Massive gene flow across the world’s 
most potent marine biogeographic barrier." Proceedings of the Royal Society 
B 265: 583-588. 

Lessios, H. A. and D. R. Robertson (2006). "Crossing the impassable: genetic 
connections in 20 reef fishes across the eastern Pacific barrier." Proceedings 
of the Royal Society B 273: 2201-2208. 

Machida, R. J., M. U. Miya, et al. (2006). "Molecular phylogeny and evolution of the 
pelagic copepod genus Neocalanus (Crustacea: Copepoda)." Marine Biology 
148: 1071-1079. 

Manning, R. B., C. W. J. Hart, et al. (1986). "Mesozoic relicts in marine caves of 
Bermuda." Stygologia 2: 156-166. 

Marinucci, M., R. Romi, et al. (1999). “Phylogenetic relationships of seven 
palearctic members of the maculipennis complex inferred from ITS2 
sequence analysis." Insect Molecular Biology 8(4): 469-480. 

Medina, M., E. Weil, et al. (1999). "Examination of the Montastraea annularis 
species complex (Cnidaria: Scleractinia) using ITS and COI sequences." 
Marine Biotechnology 1: 89-97. 

Montoriol-Pous, J. and O. Escola (1978). "Contribucion al conocimiento 
vulcanoespeleologico de la Isla Isabela, Galapagos, Ecuado." Speleon 24: 
101-110. 

Nesbitt, H. W. and G. M. Young (1997). "Sedimentation in the Venezuelanbasin, 
circulation in the Caribbean Sea, and onset of northern 
hemisphereglaciation." Journal of Geology 105: 531-544. 

Newer, M. L., B. W. Frost, et al. (2008). "Population structure of the planktonic 
copepod Calanus pacificus in the North Pacific Ocean." Marine Biology 156: 
107-115. 

Nicholls, A. G. (1944). "Littoral Copepoda from south Australia (II) Calanoida, 
Cyclopoida, Notodelphyoida, Monstrilloida and Caligoida." Records of the 
Australian Museum 8: 1-62. 

Nylander, J. A. A. (2004). MrModeltest v2. Program distributed by the author. 
Uppsala University, Evolutionary Biology Centre. 



236 
 

Ohtsuka, S., A. Fosshagen & S. Putchakarn (1999). "Three new species of the 
demersal calanoid copepod Pseudocyclops from Phuket, Thailand." Plankton 
Biology and Ecology 46(2): 132-147. 

Ohtsuka, S., T. Kase & G.A. Boxshall (2000). "A new species of Ridgewayia 
(Copepoda: Calanoida) from a submarine cave in Palau, western Pacific." 
Species Diversity 5(3): 201-213. 

Othman, B. H. R. and J. G. Greenwood (1989). "Two new species of copepods from 
the family Pseudocyclopidae (Copepoda, Calanoida)." Crustaceana, Leiden 
56(1): 63-77. 

Peck, S. and J. Peck (1986). "The Galapagos Islands: Volcanic caves and cave fauna 
of the Galapagos Islands." The Canadian caver 18: 42-50. 

Por, F. D. (1962). "Copepods of some land-locked basins on the islands of Entedebir 
and Nocra (Dahlak Archipelago, Red Sea)." Bulletin of Sea Fisheries 
Research Station, Israel 49: 32-50. 

Posada, D. and K. Crandall (1998). "Modeltest: testing the model of DNA 
substitution." Bioinformatics 14(9): 817-818. 

Razouls, C. and M. Carola (1996). "The presence of Ridgewayia marki minorcaensis 
n. ssp. in the western Mediterranean." Crustaceana, Leiden 69: 47-55. 

Rocha-Olivares, A., J. W. Fleeger, et al. (2001). "Decoupling of molecular and 
morphological evolution in deep lineages of a meiobenthic harpacticoid 
copepod." Molecular Biology and Evolution 18: 1088-1102. 

Rouch, R. and D. L. Danielopol (1987). "L’origine de la fauna aquatique souterraine, 
entre le paradigme du refuge et le modèle de la colonization active." 
Stygologia 3: 345-372. 

Santos, S. R. (2006). "Patterns of genetic connectivity among anchialine habitats: a 
case study of the endemic Hawaiian shrimp Halocaridina rubra on the island 
of Hawaii." Molecular Ecology 15: 2699-2718. 

Schizas, N. V., G. T. Street, et al. (1999). "Molecular population structure of the 
marine benthic copepod Microarthridion littorale along the southeastern and 
Gulf coasts of the USA." Marine Biology 135: 399-405. 

Schro¨der, H. C., S. M. Efremova, et al. (2003). "Molecular phylogeny of the 
freshwater sponges in Lake Baikal." Journal of Zoological Systematics and 
Evolutionary Research 41: 80-86. 

Sket, B. (1996). "The ecology of anchialine caves." Trends in Ecology & Evolution 
11: 221-225. 



237 
 

Snell, T. L., D. W. Foltz, et al. (1998). "Variation in morphology vs conservation of 
a mitochondrial gene in Montastraea cavernosa (Cnidaria, Scleractinia)." 
Gulf of Mexico Science 2: 188-195. 

Stock, J. H. (1980). "Regression model evolution as exemplified by the genus 
Pseudoniphargus (Amphipoda)." Bijdragen tot de Dierkunde 50: 105-144. 

Stock, J. H. (1993). "Some remarkable distribution patterns in stygobiont 
Amphipoda." Journal of Natural History 27: 807-819. 

Stock, J. H. (1994). "Biogeographic synthesis of the insular groundwater faunas of 
the (sub) tropical Atlantic." Hydrobiologia 287: 105-117. 

Suarez-Morales, E. and T. M. Iliffe (2007). "A new genus of Ridgewayiidae 
(Copepoda: Calanoida) from a karstic cave of the western Caribbean." 
Journal of Natural History 27(2): 339-350. 

Swofford, D. L. (2009). PAUP*4.0: Phylogenetic analysis using parsimony (* and 
other methods). Sunderland, Sinnauer Associates. 

Thompson, I. C. and A. Scott (1903). Report on the Copepoda collected by Professor 
Herdman, at Ceylon, in 1902. Report to the Government of Ceylon on the 
Pearl Oyster Fisheries of the Gulf of Manaar. W. A. Herdman. 1: 227-307. 

Ummerkutty, A. N. P. (1963). "Studies on Indian copepods. 7. On two calanoid 
copepods, Ridgewayia typica Thompson & Scott and R. krishnaswamyi n.sp. 
[sic]." ulletin of the Department of Marine Biology and Oceanography, 
University of Kerala 1: 15-28. 

Wells, J. B. J. (1967). "The littoral Copepoda (Crustacea) of Inhaca Island, 
Mozambique." Transactions of the Royal Society of Edinbourgh 67: 189-358. 

Wilson, M. S. (1958). "A review of the copepod genus Ridgewayia (Calanoida) with 
descriptions of new species from the Dry Tortugas, Florida." Proceedings of 
the United States National Museum 108(3398): 137-179. 

Worheide, G. (2006). "Low variation in partial cytochrome oxidase subunit I (COI) 
mitochondrial sequences in the coralline demosponge Astrosclera willeyana 
across the Indo-Pacific." Marine Biology 148: 907-912. 

Worheide, G., J. N. A. Hooper, et al. (2002). "Phylogeography of western Pacific 
Leucetta ‘chagosensis’ (Porifera: Calcarea) from ribosomal DNA sequences: 
implications for population history and conservation of the Great Barrier 
Reef World Heritage Area (Australia)." Molecular Ecology 11: 1753-1768. 



238 
 

General Conclusions 

The main conclusions of this research are: 

1) The Galapagos marine environment varies spatially and seasonally. Two 

marine systems were identified: 1) a nutrient-rich upwelling system with a 

shallow mixed layer and a diatom dominated phytoplankton community in 

the west and 2) a non-upwelling system with a deeper mixed layer, lower 

surface nutrient concentrations and a phytoplankton community dominated 

by small cells in the east.  

2) During the cold season three distinct zooplankton communities were 

observed that divide geographically into a western community dominated 

by a few abundant species, a central community with higher species 

numbers but much lower abundances and a southeastern community with 

the highest species richness and highest abundance of all three regions. 

During the warm season, the community in the west was replaced by a mix 

of species from the central region and overall zooplankton abundance 

decreased. The diverse zooplankton community with varying geographical 

and seasonal affinities reflects the advective sources of surrounding waters.  

3) Low Nitrate to phosphate ratios relative to Redfield ratios were observed. 

Possible causes include: 1) denitrification and anammox activity in the 

OMZ reducing dissolved nitrogen concentrations; 2) excess phosphate 

generated as a byproduct of underwater volcanic activity and hydrothermal 
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vents; and 3) contamination of analytical instruments. Further research is 

necessary. 

4) Though this research provides a baseline of the dominant zooplankton in 

Galapagos, the distribution of rare species remains unknown as they were 

likely missed by the 4% subsampling method. Sorting through the entire 

sample would yield a more complete taxonomic list.  

5) Among the four evolutionary models suggested for anchialine fauna, it 

seems that for the Galapagos Ridgewayia and Pseudocyclops, a 

combination of the vicariance model and the active migration model are 

responsible for the observed species distributions.  

6) There was clearly faunal exchange between the Galapagos Islands and the 

Caribbean before the closure of the Panamanian seaway.  Sepeciation 

through vicariance took place once the Isthmus of Panama emerged. 

7) Active migration of Ridgewayia and Pseudocyclops is occurring in the 

present day ocean. This is demonstrated by Ridgewayia’s colonization of 

Isabela, a geologically young island and by the genetic and morphological 

similarities between Pseudocyclops lardelfin and the specimens from 

Japan.  This particular Pseudocyclops is capable of crossing the vast 

expanse of deep-ocean known as the eastern tropical barrier. 

8) Though the genetic evidence shows that these copepods are able to cross 

the entire Pacific, it also shows that such far migration is not common.  In 
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fact, most of these copepods demonstrate minimal migration and gene 

exchange between habitats that are very close to each other such as the 

anchialine pools on the Island of Santa Cruz.   

9) Genetic studies of Ridgewayia and Pseudocyclops from Galapagos and 

the Caribbean can be related to the well known geology of the region and 

used to calibrate molecular evolutionary rates that can then be applied to 

other copepods.  

10) The “Folmer” region of the COI gene cannot be used to distinguish the 

Ridgewayiidae and Pseudocyclopidae. This gene should not be the sole 

standard for “bar-coding” of all species. 

11) It is possible that the low variability of the Folmer region in these 

copepods is due to a mitochondrion-specific DNA repair system that is 

also present in angiosperms, fungi, porifera, and anthozoans. Future 

research is needed to determine whether this is the case. 
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