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Preface

Navigable canals are as old as civilization — the first was constructed in the 6™
century BCE and joined the Nile with the northern Red Sea. Another ancient
canal, the Grand Canal in China, constructed in the 4" century BCE, connected
Peking to Hangzhou, a distance of almost 1000 km. The technological
innovations of the 18" century led to an expansion of the network of navigable
inland waterways, followed in the 19" century and the early part of the 20"
century by the excavation of two interoceanic canals: the Suez Canal opened a
direct route from the Mediterrancan Sea to the Indo-Pacific Ocean, and the
Panama Canal afforded passage between the Atlantic and the Eastern Pacific.

Maritime canals dissolve natural barriers to the dispersal of marine organisms,
thus providing them with many opportunities for natural dispersal, as well as for
shipping-mediated transport. The introduction of alien species proved to be one
of the most profound and damaging anthropogenic deeds — involving both
ecological and economic costs. However, until recently marine bioinvasions
were perceived as isolated mishaps. This book is the first to compare the
impacts of the three principal maritime canals — Kiel, Panama, Suez — as
invasion corridor for alien biota. The three differ in their geographic locations,
hydrological regimes, and in their permeability to alien biota.

Globalization and climate change are projected to increase marine bioinvasions
and reduce environmental resistance to invasion of thermophilic biota. Inter-
oceanic canals offer a unique opportunity to study these processes in “statu
nascendi”’. With ample evidence that some maritime canals serve as major
invasion corridor, environmentally-considerate engineering may construct
barriers to preclude future invasions. It is hoped that this book will stimulate
further investigations in this field.

Neu Wulmstorf, Germany, March 2006
Harald Rosenthal

Haifa, Israel, March 2006
Bella S. Galil

xiil
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Invasive alien species are considered as one of the key causes of biodiversity
changes worldwide. The impacts of aquatic invasive alien species are immense,
insidious, and usually irreversible. Some invaders are re-forming the structures,
dynamics or functions of aquatic communities, or are imposing significant
economic costs. The global rate of new aquatic invasions increased in recent
years, driving efforts to evaluate their vectors and pathways (Fig. 1).

Shipping has been implicated in the dispersal of numerous aquatic organisms,
from protists and macrophytes to fish. Yet, it is seldom possible to ascertain the
precise means of transmission, as one species may be transported by a variety of
vectors. The transport on the hulls of ships of boring, fouling, crevicolous or
adherent species is certainly the most ancient vector of aquatic species
introduction. Fouling generally concerns small-sized sedentary, burrow-
dwelling or clinging species, though large species whose life history includes an
appropriate life stage may be disseminated as well. Ballast (formerly solid, but
for the past 130 years aqueous) is usually taken into dedicated ballast tanks or
into empty cargo holds when offloading cargo, and discharged when loading
cargo or bunkering (re-fuelling). Ballast water therefore consists mostly of port
or near port waters. Water and sediment carried in ballast tanks, even after
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voyages of several weeks’ duration, have been found to contain many viable
organisms. Since the volume of ballast water may be as much as a third of the
vessel’s deadweight tonnage, it engenders considerable anxiety as a vector of
introduction.

Fig. 1. Possible vectors (transfer mechanisms) of aquatic species. 1. shipping, 2. canals, 3. small
craft, 4. intentional stocking, 5. release from aquaria, 6. release of organisms intended for human
consumption, 7. release of bait species, 8. intentional and unintentional aquaculture introductions,
9. discharges of wastes following fish processing, 10. transport of fishing gear. Drawing Vitalija
Gasiunaite, Vilnius, Lithuania.

Table 1. Comparative aspects of the world’s three most important canals for ocean-going vessels.
Shipping patterns in 2003 (Sources: Kiel Canal http://www.kiel-canal.org/english.htm, Panama
Canal http://www.pancanal.com/eng/maritime/reports/table01.pdf, and Suez Canal Institute of
Shipping Economics and Logistics (ISL) Bremen, ISL Shipping Statistics and Market Review
(SSMR), Volume 48 (2004).

Canal Opening Length Canal Alien species | Number Cargo in
[km] features movements | of ships | transit [mt]
in transit

Kiel Canal 21 Jun. 1895 98.6 Locks, rare 39.797 72.296.794
marine-
brackish

Panama 15 Aug. 1914 57.0 Locks, medium 13.154 191.301.069
Canal marine-

freshwater-

marine

Suez Canal | 17 Nov. 1869 162.3 No locks, extensive 15.667 | 457.965.000
marine-

saline-marine
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Canals serve as the world’s greatest short cuts, nexus of major trade routes and
the densest shipping lanes. The world’s three principal navigable canals provide
significant savings for sea borne trade: the Panama Canal eliminates travel
through the Magellan Straits (saving 8,100 nautical miles (nm) on the route
from Los Angeles to Philadelphia), the Suez Canal avoids the passage around
Africa (a short-cut of up to 8,500 nm), and the Kiel Canal shortens the voyage
between the Baltic and North Seas by up to 450 nm (Fig. 2, Tab. 1 & 2).

Table 2. Maritime route shortcuts. Ships” speed put at 14 knots, assuming an average passage
time through the Kiel Canal as 9 hours (www.ak190x.de/Bauwerke/Bau/Nord-Ostsee-Kanal.htm),
average passage time through the Panama Canal as 24 hours (www.pancanal.com/eng/
maritime/routes.html) and average passage time through Suez Canal as 14 hours (www.atlas.
com.eg/scg.html).

Canal Route via Distance | Distance | Savings in Savings in
[nm] via canal distance time
[nm] [nm]

kiel | Rotterdam- | ponmark | 936 720 216 6.4 hours
Klaipeda

Kiel Hamburg - | pepmark | 620 174 455 23,5 hours
Rostock

Panama | Piladelphia- | oo pom | 16.208 9.684 6.614 18,7 days

Tokyo
Los Angeles -
Panama Philadelphia Cape Horn 12.995 4.897 8.098 23,1 days
. Cape of
Suez Mumbai - Koper Good Hope 11.316 4.336 6.980 20,2 days
Suez | Mumbai- Haifa | .S | 11672 3.215 8.457 24,6 days
Good Hope

About 6% and 3.4% of the global sea borne cargo passes through the Suez
Canal and Panama Canal. Aquatic organisms progress through canals both as a
result of “natural” dispersal, by autochthonous active or passive larval or adult
movements, and are also transported by shipping. But in addition to serving as
invasion corridors for autochthonous or shipping-transported invasion of alien
species, canals facilitate aquatic invasions globally by increasing the overall
volume of ship borne trade and changing the patterns of maritime transport. The
accelerating globalization and greater economical interdependence between
distant markets result in an increase in the volume of sea borne trade. World sea
borne trade expanded in 2004 to 6.76 billion metric tons, driven by the
economies of Asian countries and the USA (www.UNCTAD.org). The physical
limitations of the intermodal (maritime & road/rail) cargo system have driven
the success of the Kiel Canal, whereas the preference for “All-Water Routes”
from Asia to Western Europe and the East Coast of the United States meant a
surge in traffic through the Suez and Panama Canals. As growth outpaces
capacity, authorities are under severe pressure to keep up with demand: the
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Suez Canal Authority has been expanding the channel to accommodate ULCC
with oil cargos of up to 350,000 dead-weight-tons by 2010, and the Panama
Canal Authority plans to construct a third channel, and water-recycling new
locks to accommodate ships twice as big as Panamax vessels.

Atlantic Oc;:}n\(
1
/E
PANAMA ‘?&‘

CANAL _ 4",

acific Ocean

Mediterranean Sea

SUEZ i
CANALE

N\

&

This book presents an account of the impact of the three principal maritime
canals as invasion corridors for aquatic species. These canals differ in their
‘permeability’ to alien species. The Kiel Canal is characterized by a salinity
gradient from seawater at one end to low halinity brackish water at the other,
the seawater-fed Suez Canal had, for the first half of its existence, a hypersaline
barrier in the form of the Great Bitter Lakes, whereas the Panama Canal is a
triple-locked freshwater corridor between two oceans. The extent and distri-
bution of the alien biota, together with their environmental impacts, and past
as well as future trends, are discussed.

Fig. 2. Kiel, Panama and Suez Canals. Inserts show details of the canal route.



The Kiel Canal

The World’s Busiest Man-made Waterway and Biological
Invasions

STEPHAN GOLLASCH' & HARALD ROSENTHAL’

Y GoConsult, Bahrenfelder Str. 73 a, 22765 Hamburg, Germany
> Schifferstr. 48, 21629 Neu Wulmstorf, Germany

1 Introduction

In all more than 25,000 kilometres (km) of canals exist in Europe. The longest
inland waterway in Europe connects the southern North Sea at Rotterdam (the
Netherlands) with the Caspian Sea, and consists of rivers linked by canal
systems. This and other canal systems have been important corridors for the
spread of species between previously separated regions.

The Kiel Canal in northern Germany, is Europe’s longest man-made canal for
ocean-going merchant vessels. It connects the North Sea (canal entrance at the
mouth of the Elbe River estuary) to the Baltic Sea at the Kiel Fjord (Fig. 1),
providing a more rapid and sheltered transit than the alternative passage though
the Skagerrak, which is approximately 400 nautical miles (nm) longer.

The Kiel Canal is almost 100 km long and is the world’s busiest artificial water-
way: more than 40,000 merchant vessels and nearly 20,000 pleasure craft pass
through it each year (Wasser- und Schifffahrtsdirektion Nord pers.com., www.
ak190x.de/Bauwerke/Bau/Nord-Ostsee-Kanal.htm visited January 18" 2005).

Figure 2 shows the elevation of land along the route of the Canal. Figure 3
shows the major creeks and rivers draining into the Canal. The drainage area to
the Canal covers ca 1,580 square kilometres (km?), with an input of ca 630
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million cubic metres (m?) of freshwater per year. These inputs combined with the
overall direction of water flow create a clear but seasonally and inter-annually

varying decline in salinity from east to west, and a net outflow towards the
North Sea.

Fig. 1. Map. Insert = northern Germany with location of the Kiel Canal (dotted line).

Fig. 2. Route of the Kiel Canal from Brunsbiittel to Kiel. Top: passing bays, bridges and tunnels.
Bottom: upper line is the elevation of land along the route of the canal, the horizontal grey line is
the canal water surface and the heavy black line the bottom of the canal bed, both canal entrances

indicated with vertical black lines. (Modified after Hill in Wasser- und Schifffahrtsdirektion
Nord, Kiel 2001).
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Fig. 3. Schematic overview of the principal watershed draining to the Kiel Canal, including
ditches, creeks, small secondary canals and lakes. These are mainly located south of the canal,
and represent a catchment area of ca 1,580 km? Scale = 20 km. Arrow gives location of
Flemhuder Lake (see also Fig. 4). (Modified after Hartmann & Spratte 1995).

Figure 4 shows Flemhuder Lake, a small lake connected to the Canal at
canal km 85 - 86. The volume of freshwater input into this lake results in
seasonal changes in salinity. Flemhuder Lake is one example of many small
water bodies connected to the Kiel Canal that provide refuges for fish and have
rich benthic and planktonic communities.

The Canal is managed by the Wasser- und Schifffahrtsdirektion Nord. Other
canal authorities located in Brunsbiittel and Kiel-Holtenau are responsible for
traffic management, canal policing, building and maintenance as well as for
running the canal facilities. Additional canal authorities in Rendsburg
manage ship building and are responsible for mechanical and electrical engi-
neering, communications, maintenance and improvement works (Wasser- und
Schifffahrtsdirektion Nord 1993).

The official Kiel Canal homepage may be found at www kiel-canal.org where
two web cameras deliver real time images of the approaches to the canal locks.
This homepage also provides an online canal fee calculator according to ship
size.

The detailed traffic rules for the canal may be downloaded at www.kiel-canal.
org/pages_english/vorschriften/regulations-KIEL-CANAL.pdf.
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Fig. 4. The position, shape and overall topography of the Flemhuder Lake, one of the many small
water bodies connected to the Kiel Canal. (Modified after Hartmann & Spratte 1995).

2 History and canal construction

Today’s Kiel Canal was not the first connection between the North Sea and the
Baltic Sea. There were repeated plans for a man-made shipping canal since
Viking times (Fig. 5). However, most canal plans did not become reality.

2.1 The shipping route in Viking times

The first plans to build an inland waterway between the North and Baltic Seas
date back to Viking times. In early medieval times, in approximately the 7"
century, the Vikings started to search for an inland connection between the
North and Baltic Seas.

By the end of the 9" Century Haithabu in northern Germany became the Viking’s
major trade hub. This sheltered settlement formed a strategic trade gateway
between northern and southern as well as eastern and western regions of the
Viking territory. At its prime, more than 1,000 inhabitants lived in Haithabu,
making it one of the biggest settlements in the region.
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Fig. 5. Map of northern Germany in 1893 with an overview of planned canal projects (Beseke
1893 - with permission from Publishing House Liihr & Dircks, Hamburg, Germany).

Haithabu was located at the innermost part of the Schlei Fjord - approximately
40 km inland from the Baltic shores (Fig. 6). An overland distance of only 16
km was needed to reach the Treene River (at today’s Hollingstedt), from which
Viking ships sailed to the North Sea via the Eider River (Elsner 1994).
However, at these early times, the building of a canal over this distance was not
possible due to lack of construction knowledge, and the Viking vessels were
transported overland either on carriages or by rolling them on wooden logs.

The settlement at Haithabu declined following its pillage and destruction in
1050 and 1066. Nearby settlements developed into the city of Schleswig, and in
the early 13™ Century the city of Liibeck subsequently became the most
important trade hub in the region (Elsner 1994).

The Viking people were adventurers and may have been responsible for the
introduction of the infaunal bivalve Mya arenaria to Europe (Petersen et al.
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1992). Vikings returning from North America may have kept live Mya arenaria
aboard as fresh food, or they may have imported them with the solid ballast on
their ships. Excavations at Haithabu reveal enormous numbers of ballast stones
at and near the landing pier, supporting the probability of an introduction with
ballast. Viking ships are likely to have come from sheltered, muddy estuaries in
North America, and such muddy estuaries would have had large numbers of
Mya arenaria. However, it is also possible that there was a gradual reexpansion
into Europe following the last glaciation period.

AR

Treene River

Eider River

Fig. 6. Map of northern Germany with the Kiel Canal as a dotted line. Black arrow identifies the
Viking settlement Haithabu on the innermost shore of the Schlei Fjord. Grey arrows point to the
Treene and Eider Rivers. Dotted arrow indicate the possible Viking inland route connecting
Baltic and the North Sea.

In contrast Wolff (2005) states that the transfer of Mya by the Vikings poses a
problem. Except for an occasional vessel driven off course by gales, there was
no direct transport between North America and Europe in Viking times (Marcus
1980). Greenlanders travelled to North America on a more or less frequent basis
and also travelled between Greenland and Norway, but these trips were not
undertaken by the same vessels. As a result Mya was probably first introduced
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from North America to Greenland and thereafter from Greenland to Europe
(Ockelmann 1958, Hopner & Petersen 1978, 1999).

Legend or truth?

Mya arenaria, was probably native to North America and
introduced to Europe in Viking times which would have been
the first species introduction into Europe. Viking ships used
solid ballast, i.e. sand or gravel. It may well be that Mya
arenaria was shovelled onboard together with ballast when the
ships left America. Discharging the ballast in Europe may have
introduced the clam to Europe. Alternatively, Vikings may have
used the clam as a source of food during their voyages ... two
possible scenarios, impossible to prove!

Vikings may also have been the first to move a non-native
species through today’s German mainland with ships. Ships
were moved between the Treene and Eider Rivers and Haithabu
on logs or carriages to avoid the dangerous passage around
Denmark. But it is likely that any solid ballast was removed to
reduce a ship’s weight before moving it over land.

However, one never knows!

Regular shipping trade demanded a safe passage from the North Sea to the
Baltic Sea to avoid the dangerous passage around Denmark. As a result, canal
planning projects were commissioned.

2.2 The Stecknitzkanal project

In the following centuries and at the end of the 14™ Century, the cities of
Liibeck and Hamburg developed as trade hubs with salt being the most valuable
cargo. Salt was transported by road from Liineburg (near Hamburg) to Liibeck.
To facilitate cargo transportation the Stecknitzkanal was built between 1391 and
1398, enabling barges to be pulled by horses between Lauenburg (near
Hamburg) and Liibeck. This canal was the first man-made waterway in northern
Europe (Schiitt 1991).
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In the beginning, 13 locks were built along the water-way (total length 94 km);
another four locks were added at the end of the 17" Century to ease
transportation across the height difference of 18 m. The canal, 11.5 km long and
7.5 m wide, connected the Rivers Delvenau (a tributary of the Elbe River) and
Stecknitz (connected to the Trave River near Liibeck). Its shallowest sections
had a depth of 85 cm.

This canal was predominantly used by non-propelled barges to ship salt to
Libeck. The maximum allowable size of the barges was 12 m in length, 2.5 m
in width with a maximum draught of 40 cm. Such vessels could carry 7.5 tonnes
of salt. A canal passage took more than two weeks. The first vessels reached
Liibeck in July 1398. Trade peaked in 1500 to 1550 when on average more than
12,000 tonnes of salt were shipped to Liibeck annually. The canal was in use for
approximately 500 years and was eventually replaced by the Elbe-Liibeck-
Kanal, which opened in June 1900 (www.geschichte.schleswig-holstein.de,
www.schifffahrtslexikon.de/lexikon/lemma/def/stecknitzkanal de.htm visited
February 10" 2005).

23 The Alster-Trave-Kanal project

Another canal connecting Liibeck and Hamburg was first planned in 1448 — the
Alster-Trave-Kanal (also known as Alster-Beste-Kanal). Construction started in
the same year, but the excavation encountered technical difficulties, and the
project was put on hold in 1452.

Construction began again in 1526 with support from the Danish King Friedrich
I (1471 - 1533). Herzog Magnus II (1527 - 1603) tried to hinder this canal
project as he believed the new canal would compete with and lower the toll
income from the Stecknitzkanal (see above).

The Alster-Trave-Kanal opened in August 1529 providing an alternate route
between Hamburg and Liibeck via the Alster and Beste Rivers and into the
Trave River. Using the canal, the total distance between Hamburg and Liibeck
was 91 km of which the canal itself was 8 km. The canal width was
approximately 15 m and the depth nearly 2 m. It had 23 locks and was crossed
by 26 bridges. Cargo was transported through the canal in approximately seven
days using non-propelled lighters moved by men on the embankments.

Financially, this canal was unsuccessful. The building costs of approximately
43,000 Marks, more than the annual budget of the City of Hamburg at that time,
could not be recovered and the canal was closed in 1550 (Schiitt 1991,



Kiel Canal 13

www.uni-kiel.de/ewf/geographie/forum/hintergr/sh1995/15 kanal.htm visited
May 27" 2004, www.geschichte.schleswig-holstein.de/vonabisz/alstertrave
kanal.htm visited February 10™ 2005).

24 The Schleswig-Holsteinische Canal (Eiderkanal)

There were a number of plans to build a waterway across the Cimbrian
Peninsula (northern Germany and Denmark) in the 16th century to handle the
increasing trade demand and to enable a safe passage from the North Sea into
the Baltic Sea for sea-going vessels.

Herzog Adolf I of Holstein (1526-1586), a brother of the Danish King
Christian IT (1481-1559), planned a canal between Kiel and the Eider River
(Eiderkanal). He presented his plans to the German Emperor on the 10" of
August 1571. However, no development took place or was considered until the
end of the 18™ Century (Schulz 1995).

In the 1770s, during the time of Danish rule over the Cambrian peninsula as far
as the Elbe estuary, a Canal Commission was founded in Copenhagen under
the control of Denmark’s King Christian VII (1749-1808) and his brother
Crown Prince Friedrich (1768-1839). In 1773, King Christian VII hired General
Major Wegener to plan a canal between the Baltic and North Seas. This canal
was to take advantage of existing navigable waters, using the Eider River from
its mouth into the North Sea up to Rendsburg, and required the construction of a
channel from there to the Baltic Sea at Holtenau, the “Schleswig-Holsteinische
Canal”.

The Canal Realization Commission was founded on May 11" 1774 (Schulz
1995), and the plan was changed to connect Gliickstadt at the Elbe River with
the Kiel Fjord using existing rivers and inland lakes, such as the Stoér and
Einbeck Rivers, the Einbeck and Bordesholm Lakes near Neumiinster, the Eider
River and Schulenberg Lake.

Some further changes resulted in the final plan (from east to west): Kiel
Holtenau to Levensau River with locks to overcome the approximately 7 m
height difference at Holtenau, Knoop and Rathmannsdorf; to Flemhuder and
Western Lakes; to the Eider River with locks at Konigsforde, Kluvensiek and
Rendsburg (Schulz 1995).

Construction began in 1774 and the construction site became the largest non-
military building site in continental Europe. The River Eider was deepened from
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1776 onwards. Up to 4,600 construction workers were employed, more than
half of which were killed by disease. Approximately 82 million m? of material
were moved to build the canal and its six locks. The construction costs rose to
approximately 2.5 million “Reichstaler”.

The 43 km long Schleswig-Holsteinischer Canal was opened in October 1784 to
become part of the 175 km long waterway from Kiel at the Baltic Sea to the
mouth of the Eider River at Toénning near the North Sea. It was a narrow canal
only 28.7 m wide at the water surface and 18 m wide at the bottom. The water
depth was 3.45 m. The canal became an important shipping route for vessels up
to 300 tons. Six identical locks were built to accommodate the height difference
of the canal bed. Each lock was 35 m in length, 7.8 m in width and 4 m in
depth. A canal passage took approximately 3 to 4 days. This canal was renamed
the Eiderkanal in 1853. More than 5,000 vessels used it in the peak year of 1872
(Schulz pers. com., Schulz 1995, www.geschichte.schleswig-holstein.de visited
February 10" 2005).

2.5 History of the Kiel Canal project

The Eiderkanal’s modest size could not accomodate the emerging logistic,
technical and shipping demands, particularly after 1864 when political rule
passed from Denmark to Prussia and then to the German Reich. In addition, the
German navy wanted a direct link between its bases in the Baltic and North
Seas, so the German armada would not have to sail around Denmark. Several
plans were made over some decades to built a wider canal. Construction of a
new canal seemed likely when Chancellor Otto von Bismarck (1815-1898) gave
the project support.

But because of political differences with field marshal Helmut Karl Bernhard
von Moltke (1800-1891), the project did not proceed. Von Moltke summarized
his objections to the project in a talk entitled “Rede gegen den Kanalbau”
(=Speech against the canal construction). He argued that the canal would be
of little value to the navy and had limited strategic importance and he
recommended that financial resources should rather be used to strengthen land-
based military forces. These arguments convinced the German government to
not invest in building the canal, and by 1873, the new canal project seemed to
have failed.

However, Bismarck returned to the idea of a new and larger canal connection.
Moving the major Baltic navy port to Kiel, a strategic decision, strengthened the
German province Schleswig-Holstein. Further, a commercial analysis by the
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Hamburg shipowner and businessman Hermann Dahlstrom (1840-1922),
supported by the waterworks inspector Mr. Boden, provided support for a new
canal. Dahlstrom revised the original canal plan and financed an improvement
study from his own funds.

Dahlstrom’s plans, taking into account both commercial and naval
considerations, were published in 1878 and 1879 (“Ertragfihigkeit eines
schleswig-holsteinischen Schiffahrtskanals™). Bismarck eventually convinced
the German Emperor Wilhelm I (1797-1888) to approve the project. In March
1880, Dahlstrom was contracted to develop a first working plan of the canal.

Safety aspects were a major motivation, as approximately 200 ships sank
annually in the Skagerrak region on routes to and from the Baltic Sea — a canal
would provide a safer and shorter route. The canal was originally planned to
link the mouth of the Elbe river to Eckernforde on the Baltic shores. Dahlstrom
planned the canal as a public-private partnership. However, the project
remained in a stalled state and did not become reality!

Emperor Wilhelm [ initiated a further plan in 1883, with the aim of building a
canal of sufficient width and depth to enable the passage of German naval
vessels. Two years later, Bismarck finally convinced Wilhelm I that work on the
canal should begin.

Private Councillor Baench, a technical assistant for construction planning of the
German State Department, also supported the project. Due to his and other
support it was announced in 1886 that a shipping canal suitable for the German
navy would be built.

The Canal Construction Act, passed by the German government, was signed by
Wilhelm I in the same year'. Thus, the canal from the mouth of the Elbe river
via Rendsburg to Kiel became a national project funded by the German
government (www.ankieken.de/schleswigholstein/pages/nordostseekanal.htm
visited May 27™ 2004) and built by the Canal Construction Commission which
was established.”

! Gesetz betreffend die Herstellung des Nord-Ostsee-Kanals (Reichsgesetzblatt Seite 58.). Wir Wilhelm, von
Gottes Gnaden Deutscher Kaiser, Konig von Preufien verordnen im Namen des Reichs, nach erfolgter
Zustimmung des Bundesraths und des Reichstags, was folgt: §.1. Es wird ein fir die Nutzung durch die
deutsche Kriegsflotte geeigneter Seeschiffahrtskanal von der Elbmiindung iiber Rendsburg nach der Kieler
Bucht unter der Voraussetzung hergestellt, daB Preulen zu den auf 156.000.000 Mark veranschlagten
Gesammtherstellungskosten desselben den Betrag von 50.000.000 Mark im Voraus gewibhrt. [...] §.3. Von den
nicht zur Kaiserlichen Marine und zur Bauverwaltung gehorenden Schiffen, welche den Kanal Benutzen, ist
eine entsprechende Abgabe zu entrichten. [...] Gegeben Berlin, den 16. Mirz 1886.

® Allerhéchste Verordnung betreffen die Errichtung einer besonderen Commission fiir die Herstellung des
Nord-Ostsee-Kanals (Reichsgesetzblatt Seite 233). Wir Wilhelm, von Gottes Gnaden Deutscher Kaiser, Konig
von Preuflen verordnen im Namen des Reichs, mit Zustimmung des Bundesraths, was folgt: Fiir die
Herstellung des Nord-Ostsee-Kanals wird eine dem Reichsamt des Inneren unmittelbar untergeordnete
besondere Commission unter der Bezeichnung “Kaiserliche Kanal-Commission” errichtet, welche innerhalb



16 Gollasch and Rosenthal

Fig. 7. Ceremony for laying the Kiel Canal foundation stone in Kiel-Holtenau on June 3" 1887.
Photo courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).

The Canal Construction Commission was launched on October 1* 1886 in Kiel.
Subcommittees were established to build canal locks and approaches. The canal
construction itself was supervised by eight construction departments, each of
them responsible for approximately eleven kilometres (Schulz 1995,
www.holtenau-info.de/history/kanal2.htm visited January 18 "2005).

2.6 History of the Kiel Canal construction works

On June 3™ 1887, Emperor Wilhelm I (then over 90 years of age) laid the
foundation stone for the canal in Holtenau near Kiel (Fig. 7). He died soon
afterwards, in March 1888. The document embedded in the foundation stone
refers to the national and international importance of the canal.’

des ihr zugewiesenen Geschiftskreises fiir die Dauer ihres Bestehens alle Rechte und Pflichten einer
Reichsbehorde haben soll. [...] Gegeben Schlof8 Mainau, den 17. Juli 1886.

’ Wir Wilhelm, von Gottes Gnaden Deutscher Kaiser, Konig von PreuBen [...] thun kund und fiigen hiermit zu
wissen: Die Herstellung einer unmittelbaren Verbindung der beiden deutschen Meere durch eine fiir den
Verkehr der Kriegs- und Handelsflotte ausreichende Wasserstrale ist seit langer Zeit Ziel patriotischer
Wiinsche gewesen. [...] Durch das Reichsgesetz vom 16. Mirz 1886 ist die Verbindung beider Meere
nunmehr sichergestellt worden. [...] Wir beschlossen, dass ... der Grundstein zum Bau des Nord-Ostsee-
Canals, und zwar an der Stelle gelegt werde, an welcher sich in Zukunft die Eingangsschleuse bei Holtenau
erheben wird. [...] Moge der Bau dem Deutschen Vaterlande, mdge er den Elbherzogtiimern zu Heil und
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Fig. 8. Johann Fiilscher. Photo Courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).

Johann Fiilscher (Fig. 8), vice-chairman of the Canal Commission, managed the
construction works. Because of his success, he was later appointed as an advisor
to the Panama Canal Project (Schulz 1995).

Building started in 1888 and took eight years to completion in 1895. During this
time the Eiderkanal was in operation and every effort was made not to interfere
with its traffic. Where the two canals met, a movable bridge was built so as to
simultaneously allow (a) construction work of the Kiel Canal and (b) passage of
vessels in the Eider Canal. Figure 9 shows the canal construction site with a tug
boat crossing at the movable train bridge. The movable bridge allowed a
navigational water surface in the Eider Canal of 18 m in width. Here, both
canals were separated by a dam (Schulz 1995). For comparison today’s Kiel
Canal and the Eider river are shown in Figure 10.

Up to 8.900 workers from Germany, Spain, Poland, Italy, Denmark, Austria and
Russia were employed during the building phase. The minimum age for
employment was 17, although younger workers could accompany their fathers.

Segen gereichen! Moge durch ihn das Gedeihen der deutschen Schiffahrt und des deutschen Handels, die
friedliche Entfaltung des Weltverkehrs, die Stirkung vaterlindischen Seemacht und der Schutz Unserer
Kiisten kriftig gefordert werden! [...] Gegenwirtige Urkunde haben Wir in zwei Ausfertigungen mit Unserer
Allerhochsteigenhéndigen Unterschrift vollzogen [...] Wir befehlen, die eine Ausfertigung mit den dazu
bestimmten Schriften und Miinzen in den Grundstein der Schleuse Holtenau nieder-zulegen, die andere in
Unserem Archiv aufzubewahren. Gegeben Holtenau, den 3. Juni 1887.
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Fig. 9. Kiel Canal construction site (in the background) in 1892 with the Eider Canal in the front.
The train tracks crossing the Eider Canal were needed to allow the construction works of the Kiel
Canal. Photo courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).

The treatment of the workers was exceptionally up-to-date and included housing
in camps organised by commissioned military officers in several locations near
the canal. Food, health care, sanitary facilities and religious services were also
supplied. All workers had daily meals — prepared according to strict regulations
allowing an optimum nutrition. This health regime prevented disease outbreaks
and almost certainly maintained the work-force in good condition, especially
when in the nearby City of Hamburg, a severe cholera outbreak in 1892 resulted
in approximately 8,600 deaths (Schiitt 1991, Grahl & Kelm (eds.) 1992). The
disease also spread among the canal workers, but due to proper treatment only
three died from cholera.

The canal was completed on time and within the calculated budget of 156
million Gold-Marks.

It was built at mean sea level of the North and Baltic Seas — with a light house
at each end. The tidal amplitudes are different, with the greatest tidal range in
the North Sea. These level differences required the construction of locks at both
canal entrances (Fig. 11 & 12). Without locks, the tides at the North Sea canal
entrance would have flooded it at high tide and drained it at low tide.
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Fig. 10. Areal view of the Kiel Canal near Rendsburg, with the Eider River to the right of the
canal. Photo courtesy Joachim Eicke, Rendsburg, Germany.

Presently, the level is maintained at approximately 1.4 m above mean low tide
and 1.4 m below mean high tide in the Elbe estuary (North Sea canal entrance).
At Holtenau the water level approximately equals the mean water level of the
Kiel Fjord (Baltic Sea canal entrance).

Fig. 11. Construction work on the canal locks in Kiel-Holtenau in September 1893. Photo
courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).
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Fig.12. Construction work on the canal locks in Brunsbiittel in May 1893. Photo courtesy of
Walter Schulz, Brunsbiittel, Germany (Schulz 1995).

The building of the canal was a challenge because of intersecting rivers, ground
water influence and a topography ranging from 25 m above sea level, to 3 m
below sea level en route (Fig. 13). Due to careful planning, locks were only
required at both ends of the canal.

The canal construction began simultaneously at both ends and more than 80
million cubic meters of material were excavated. Locks, bridges and ferry termi-
nals were built. The last section to be dug, finally connecting both seas was located
near Reitmoor (41 km position) and was cut in February 1895 (Arndt 1931/32).

The work involved a great deal of equipment, including 65 excavators and
dredges for wet and dry material, 94 railway locomotives with 2,750 carriages,
270 vessels (such as tug boats and lighters), 10 steam powered rams, 20 cranes
and other technical equipment including lorries and wheelbarrows.

Concrete at that time was only in marginal use, mainly in the canal locks. Most
of the canal bed was built with bricks — a common procedure for construction
works at that time (Schulz 1995).

To ease canal construction groundwater levels were lowered using wells and an
extensive drainage system. Especially challenging were the boggy and marshy
sections of the canal. Embankments in these parts needed to be renewed and
repaired several times before the construction was completed (Schulz 1995).
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Fig. 13. Building phase of the Kiel Canal. Inner section of the canal at Griinental in 1889. Photo
courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).

Fig. 14. German navy ship Pelikan used prior to opening of the canal as a training vessel for canal
pilots. Photo courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).
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Before the canal was opened officially, the German navy vessel Pelikan was
used to train the canal pilots to ensure the operation of the locks and to provide
safe navigation (Fig. 14 & 15). A canal lighting system was installed soon after
the opening of the canal. The locks were illuminated with headlights. The
almost 100 km long construction was equipped with a chain of light signals
enabling navigation at night (Schulz 1995).

2.7 The official opening

The official opening ceremony took place in Hamburg on June 19" 1895
following two months of final preparation to ensure that it was fully operational.

The German head of Government, German “Royalties”, ministers and
representatives from foreign countries together with a cheering crowd of
thousands of Germans attended the ceremony. After the ceremony Emperor
Wilhelm IT (1859-1941) and his “guests” boarded navy vessels waiting in the
Port of Hamburg and left the port for the Brunsbiittel locks of the Kiel Canal —
where they arrived in the early hours of June 20™ (Schulz 1995) (Fig. 16).

Fig. 15. The first large merchant vessel, the Palatia, passes the bridge at Griinental on June 5™
1895 during the testing and training phase preceding the canal opening. The vessel is seen
releasing ballast water in the canal. The old Griinental Bridge was replaced by a new bridge in
1986. Photo courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).
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The canal locks and embankments were decorated with flags, wreaths and
garlands. In the early morning of June 20™ 1895 the German imperial yacht
Hohenzollern with Emperor Wilhelm II aboard entered the lock at Brunsbiittel
(North Sea) (Fig. 17). Music was played and several thousands of observers
welcomed the vessel. A ribbon crossing the entrance of the canal was cut as an
indication of the pre-opening of the canal.

The Hohenzollern was followed by a convoy of 24, predominantly naval ships,
fourteen of which represented other seafaring nations. To name a few:
the British Osborne and Enchantress,

the Italian Savoia and Aretusa,

the Austrian-Hungarian Trabant,

the French Surcouf,

the Russian Grosjaschtschi,

the Spanish Marques de la Ensenada,

the Swedish-Norwegian Edda and Viking,

the US Marblehead,

the Romanian Mircea,

the Danish Hecla, and as last vessel in the convoy,

the Dutch Alkmaar.

Fig. 16. Formation of the convoy through the Kiel Canal during the opening ceremony. Photo
courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).
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Approximately eight hours later, many thousands welcomed the convoy in Kiel-
Holtenau at the eastern end of the canal and a salute was fired from the convoy
vessels. The following day, June 21, a ceremony was held in Holtenau where
Emperor Wilhelm II officially opened the canal and named it Kaiser-Wilhelm-
Kanal (=Emperor-Wilhelm-Canal).

Fig. 17. The German imperial yacht Hohenzollern arriving in the Kiel-Holtenau locks after its
canal passage on June 20" 1895. Photo courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz
1995).

The celebration ceremonies attracted an enormous number of people, similar to
a ticker-tape-parade in New York. Platforms were built in Kiel Holtenau to
accommodate invited participants.

The opening ceremony came to an end with a speech by Reichskanzler Fiirst
Hohenlohe (1819-1901).*

* Wir Wilhelm, von Gottes Gnaden deutscher Kaiser, Konig von Preuflen thun kund und fiigen hiermit zu
wissen: Das Werk, zu welchem Unseres in Gott ruhenden Herrn Grofvaters Kaiser Wilhelm’s I Majestit am
3. Juni des Jahres 1887 im Namen des Reichs den Grundstein gelegt hat — die unmittelbare Verbindung der
deutschen Meere — steht vollendet vor unseren Augen. [...] Und wenn wir heute mit hoher Befriedigung die
Erwartungen der Erfiillung niher gefiihrt sehen, welche das Reich an die Herstellung einer fiir die Zwecke der
Kriegs- und Handelsflotte ausreichenden WasserstraBe zwischen Nord- und Ostsee gekniipft hat, so gereicht
es Uns zu besonderer Freude, da3 Wir, umgeben von dem erlauchten Kreise Unserer hohen Verbiindeten, der
Vertreter des Volkes und unter der dankenswerten Betheiligung der Abgesandten befreundeter Méchte, deren
Geschwader wir in unserem ersten, ihnen gastlich gedffneten Kriegshafen willkommen heifien, diese Strafle
dem Verkehr iibergeben konnen. [...] Aber nicht nur dem Vaterlande und seinem Handel, ferner Schiffahrt
und seiner Wehrkraft soll der Kanal forderlich sein. Zudem Wir ihn in den Dienst des Weltfriedens stellen,
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Fig. 18. Navy training vessel Moltke using the canal locks in Brunsbiittel in 1896. Photo courtesy
of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).

The official canal opening diploma was imbedded in the canal keystone
together with other documents and medals. The keystone was laid when the
German National Hymn was played and the flags lowered. The day was
concluded with an official dinner at which commemoration medals, six
centimetres in size and made of gold, silver or bronze, were given to selected
guests (Schulz 1995).

A highlight of the ceremony was the laying of the keystone at the Kaiser
Wilhelm I memorial monument (Fig. 19). Beside this an encryption of the
official canal opening was later fixed to the wall inside the canal opening
memorial hall in the canal lighthouse Kiel-Holtenau.” A further memorial
plaque was fixed outside of the canal lighthouse at Holtenau.’

eroffnen Wir neidlos allen seefahrttreibenden Volkern die Theilnahme an den Vorteilen, welche seine
Benutzung gewihrt. Moge er, ein Friedenswerk, allezeit nur dem Wettkampfe der Nationen um die Giiter des
Friedens dienstbar sein! Indem Wir befehlen, da der Kanal fiir die Schiffahrt aller Volker geoffnet werde,
wollen Wir zugleich, dall an der Stelle, an welcher derselbe in Unseren Kriegshafen miindet, ein Denkmal
errichtet werde, welches der Nachwelt Kunde giebt von der durch Uns in Gegenwart Unserer hohen
Verbiindeten vollzogenen denkwiirdigen Eroffnung der neuen Wasserstrale. Mit diesem Denkmal wiinschen
wir zugleich einen Theil des Dankes abzutragen, den das deutsche Volk dem grofen Kaiser schuldet, welcher
vor nunmehr 25 Jahren die heutigen Stémme zu einem ewigen Bunde geeint und in weiser Voraussicht das
jetzt vollendete Werk begonnen hat. Der reiche Segen, welcher das Walten des unvergesslichen Kaisers
begleitet hat, moge auch auf diesem Werke ruhen! Gegenwirtige Urkunde haben Wir in zwei Ausfertigungen
mit unserer Allerhochsteigenhéndigen Namensunterschrift vollzogen und mit Unserem groeren Kaiserlichen
Insiegel versehen lassen. Wir befehlen, die eine Ausfertigung mit den dazu bestimmten Schriften und Miinzen
in den Grundstein des Denkmals niederzulegen, die andere in Unserem Archiv aufzubewahren. Gegeben
Holtenau, den 21. Juni 1895.

° Seine Majestit Kaiser Wilhelm II legte bei der feierlichen Eroeffnung des Kanals am 21. Juni 1895 den
Grundstein fuer das auf diesem Huegel errichtete Standbild seiner Majestaet Kaiser Wilhelms des Grossen
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Fig. 19. Keystone laying ceremony of the Kiel Canal, June 21* 1895 at Kiel-Holtenau. Photo
courtesy of Walter Schulz, Brunsbiittel, Germany (Schulz 1995).

The canal was managed at the outset by almost 300 civil servants taking care of
maintenance planning and construction works; more than 500 workers were
employed to maintain and run the locks, bridges, ferries and to regularly check
the canal bed condition (Schulz 1995).

2.8 First canal enlargement phase

As a result of the building of ever larger naval vessels, the canal was considered
as too small by 1903.

To meet the increase in traffic and an expanding German navy with larger ships,
the canal cross-section was widened to almost twice its original size. This
enlargement took place between 1907 and 1914, costing 242 million Marks.
This operation was more expensive than the construction of the original canal
but by this stage the canal was accepted as being an asset. Almost 100 million
cubic metres of material were moved at a rate of approximately 40,000 cubic

und begleitete seine Hammerschlaege mit den Worten “Zum Gedéchtniss Kaiser Wilhelms I der Grossen taufe
ich dich: Kaiser Wilhelm-Kanal” Zum Ruhme des Deutschen Reichs — zur Wohlfahrt aller Nationen.

® Kaiser Wilhelm IT vollzog die Weihe des Nord-Ostsee-Kanals und iibergab ihn dem Weltverkehr am 21.
Juni 1895.
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metres per day and a laying of up to 2,000 cubic metres per day. The enlar-
gement project was completed with the construction of two additional and
larger locks at each end, in Brunsbiittel and Holtenau.

To span the canal steel bridges were built. The Rendsburg steel bridge had a
length of 2.5 km and was the largest steel construction in Europe at that time.
The improvement works were completed in 1914 and another opening cere-
mony was held on June 14™. The newspapers reported the canal could now
accommodate the largest naval vessels.

Shortly thereafter, in early August, World War I broke out. One may argue
whether or not the completion of the Kiel Canal, a strategic link, “prompted”
the beginning of World War L.

2.9 Kiel Canal and World War I & 11

The canal was a political issue. Restrictions in canal use applied during both
World Wars. After World War I (1914-1918) the Treaty of Versailles decreed in
1919 that the waterway was of international importance and that it was an
international waterway, open to all.”

The canal administration was left in German hands, but in effect it was put
under international surveillance. Adolf Hitler revoked this policy in 1936, and
restrictions to canal use applied again during World War II (1939-1945). Fol-
lowing this war the Treaty of Versailles was re-implemented and ever since
the canal has been open to all traffic.

In 1948 the canal was renamed as Nord-Ostsee-Kanal (=North-Baltic-Seas-
Canal), better known as the Kiel Canal.

2.10 Second enlargement phase

Naval traffic progressively increased and in the 1960s a second enlargement
project was launched to allow for the transit of more ships. The project began in
the 1960s and to date has cost approximately 600 million Euros. Of the 98.6 km
of the canal 88 km were widened and reinforced to prevent bank erosion which
is of particular importance in the western section of the canal. The remaining
narrows at the bridges in Kiel-Holtenau were widened in 2001 (n.n. 2003).

7 The Kiel Canal is to remain free and open to war and merchant ships of all nations at peace with Germany.
Goods and ships of all states are to be treated on terms of absolute equality, and no taxes to be imposed
beyond those necessary for upkeep and improvement for which Germany is responsible.
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2.11 Future improvement plans

An Automatic Identification System is to be put in place to facilitate computer
based canal navigation and improve the efficiency of ship passage through the
canal. With this system about twice the number of ships may be handled. The
project envisages completion in 2007 with additional improvement of tunnels,
ferries and canal locks. The allocated budget is 115 million Euro (n.n. 2003).

2.12 Celebrating the 100th year anniversary

On June 20" 1995 the 100th year anniversary of the Kiel Canal was celebrated.
The highlight of the ceremony was again a convoy of ships travelling from
Brunsbiittel to Holtenau led by the German naval training sailing vessel Gorch
Fock followed by the British Royal yacht Britannia and more than fifty ships
representing 20 nations (Schulz 1995).

3 Topography and canal details

The Kiel Canal has a length of 98.6 km (=53.3 nautical miles). At the waterline
it is presently 162 m wide, 102,5 m in narrow sections. The floor width is 90 m,
44 m where the canal narrows. Its depth is 11 m (Tab. 1, Fig. 20). The banks are
built with bricks and gravel; some sections have concrete (Arndt 1931/32).

3.1 Topography

The canal was cut through a terrain ranging from 25 m above to 3 m below sea
level. At the western Elbe entrance an extensive region of estuarine marshland,
coastal moorlands, grass land, forest and boggy soils occurs. Bog, lakes, creeks
and small rivers intersect the canal for up to 50 km of its length. A dam separates
the canal from the Eider River (see Eiderkanal above). The easternmost stretch
is made up of glacial moraines (Arndt 1931/32, Ax 1955).

Table 1. Canal dimensions at its opening and after two improvement projects (www.nok-
wsa.de/nok/nok.html May 27th 2004).

Year Width at water line | Width at bottom | Water depth
1895 (opening) 66.7 m 22.0m 9.0 m
1914 (completion date of first 102.5m 44.0m 11.0m
improvement project)
1965 (second improvement 162.0 m 90.0 m 11.0m
project, almost completed)
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Fig. 20. Canal dimensions at opening and after two improvement projects. (Modified after Hill
in Wasser- und Schifffahrtsdirektion Nord, Kiel 2001).

3.2 Locks

Each canal entrance has four locks, two old and two new (Fig. 21). The old
locks were the largest locks constructed at that time and were operated by
hydraulic systems. Up to 30,000 cubic metres of concrete were used to build
them and almost 100 million bricks were used for the construction of the locks
and jetties (Schulz 1995).

The usable length of the old locks is 125 m, the usable width 22 m. The lock
depth at Brunsbiittel is 10.20 m, and at Kiel-Holtenau 9.80 m. These locks have
gates with two opening and two closing doors per chamber and are filled with
water through two side channels each with 12 branch channels. The time
required for passage is approximately 45 minutes.

The more recent locks have a usable length of 310 m, a usable width of 42 m
and a depth of 14.0 m (Fig. 21 & 22). Each lock chamber has three gates. In
Brunsbiittel the locks have revolving gates, whereas in Holtenau two side
channels exist each with 29 branch channels. The transit time is 45 minutes.
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Fig. 21. Sectional drawing of the old (top) and new locks (bottom). Brunsbiittel locks left,
Kiel-Holtenau locks right. (Modified after Hill in Wasser- und Schifffahrtsdirektion Nord,
Kiel 2001).

33 Passing bays

Twelve passing bays (sidings), widened parts of the canal, of 586 to 5,656 m in
length are located alongside the canal. They allow larger ships to pass
unhindered and to organise priorities among ships. One of these sidings is
automated, i.e. is supervised by remote control from the control station
Holtenau (Wasser- und Schifffahrtsdirektion Nord 1993).

34 Bridges, tunnels and ferries

Important transport routes cross the Kiel Canal; presently ten train and road
bridges cross the canal, providing an airdraft of 40 m (Tab. 2). Most spectacular
is the railway bridge at Rendsburg, built 1911 - 1913 (Fig. 23). It was made of
19,700 tonnes of steel connected with 1,3 million rivets to form a 2,486 m
bridge, still in use today. Also at Rendsburg a pedestrian tunnel and a road
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tunnel pass under the canal (Fig. 24). There are thirteen ferry crossings for
pedestrians and/or vehicles, and beneath the Rendsburg Bridge a unique
suspension ferry is in operation.

Fig. 22. Aerial view of the canal bridge and locks (background) in Kiel-Holtenau. Photo courtesy
Klaas Hinderk Rosenboom, Hamburg, Germany.

Fig. 23. The railway bridge at Rendsburg built 1911-1913. Courtesy Wasser- und Schifffahrts-
verwaltung (WSV) Germany.
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35 Canal navigation

The waterway is a two-way traffic system. The ship passages and canal
navigation are controlled by a team of 24 traffic control officers in control
centres in Holtenau and Brunsbiittel. In management of the canal, ship classes
are defined according to their size and the nature of their cargo. Ships transpor-
ting dangerous cargo and large vessels are only permitted to pass in one of the
twelve passing bays. Such vessels are not permitted to overtake slower vessels.

Fig. 24. Street tunnel in Rendsburg. Measurements in metres. Courtesy Mr. Witt, Foto Focus,
Brunsbiittel, Germany.

The traffic control centres of the canal provide a traffic bulletin every half hour
in order to allow vessels in passage to plan their voyage.

A Pilot-Order is in place. Piloting is mandatory for ships with a draught larger
than 3.1 m. However, some exemptions from obligatory pilot service exist.
Mandatory piloting is needed, because of the unusual hydrodynamic forces in
some sections of the canal and the passage through the locks. Two categories of
pilots are available: Firstly, lock pilots who guide vessels through the entrance
locks, and secondly canal pilots who navigate vessels through the canal. In the
mid-section of the canal a pilot exchange takes place with the first canal pilot
leaving and a second canal pilot taking over until the end of the canal. Two
additional canal navigation officers are employed on larger vessels (www.
ak190x.de/Bauwerke/Bau/Nord-Ostsee-Kanal.htm visited January 18™ 2005).
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Table 2. Bridges, tunnels and ferries of the Kiel Canal from west (0 km) to east (98 km) (Wasser-
und Schifffahrtsdirektion Nord 1993).

3.6

Bridge/tunnel/ferry Canal km Built
(west to east)

Ferry Brunsbuttel 2.1
Ferry Ostermoor 4.4
Road bridge Brunsbuttel 6.1 1979-1983
Ferry Kudensee 7.4
Ferry Burg 14.8
Railway bridge Hochdonn 18.8 1915-1920
Ferry Hochdonn 19.1
Ferry Hohenhdrn 24.0
Highway bridge Hohenhérn 24.9 1985-1989
Railway and street bridge 311 1983-1986
Griinental
Ferry Fischerhitte 35.6
Ferry Oldenbittel 41.2
Ferry Breiholz 49.9
Road tunnel Rendsburg 60.9 1957-1961
Pedestrian tunnel Rendsburg 61.4 1962-1965
Railway bridge Rendsburg with 62.7 1911-1913
Suspension Ferry Rendsburg
Ferry Nobiskrug 65.3
Highway bridge Rade 68.1 1969-1972
Ferry Sehestedt 75.3
Ferry Landwehr 86.8
Railway and street bridge 93.5 1893-1894
Levensau
Road bridge Levensau 93.6 1980-1983
Road bridge Holtenau | 96.6 1992-1995
Road bridge Holtenau I 96.6 1969-1972
Ferry Kiel-Holtenau 97.3

Running costs

Except for the period prior to World War I, the canal has been operating at a
loss. The management and maintenance exceeds 50 million Euros annually and
canal dues generate only 40% of this. However, the canal employs 2,500
workers and supports the industrial sectors and the leisure industry in the
region. At Rendsburg an “inland” dockyard provides an important local
industry.
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3.7 Canal “cleaning”

The Elbe Estuary carries a high sediment load in comparison to the Kiel Fjord
(Fig. 25). As a result the Brunsbiittel locks accumulate sediments which need to
be removed. Keeping the Holtenau locks constantly open and selective opening
of the Brunsbiittel locks during low tide in the Elbe Estuary causes a controlled
water flow in the canal from the Baltic towards the North Sea. This flow lasts
for approximately three hours, at which time the tide in the Elbe Estuary changes
(Arndt 1931/32). Besecke (1893) calculated that each three hour water flow
carries 4 million cubic meters of water into the Elbe Estuary. As a result the
docks at Brunsbiittel are cleaned and sediment is washed back into Elbe River.

Cleaning locks using water flow was regularly carried out twice a day soon after
the canal opening. This considerably reduced the sediment accumulation in
Brunsbiittel. Brandt (1897) calculated that water from the Baltic reached the
Elbe Estuary within two weeks as a result of the water turnover in the canal
following a twice daily flushing. However, this activity added some further
risks to navigation and to erosion of the canal embankments. To reduce the
negative impact the canal cleaning was later reduced to once per day.

W>30 mg/l
©20-30 mgl
0520 mgll
O<5 mgl/l

Depth

12 L A A e e
Y A® \q,? a8 ,{}9 ,ﬁ? n,q,? “3\? @9 ‘;\? é"? 6\9 6"9 6\? ,\q,? ,\«9 Q’q? ‘S\‘Q qq,? 6‘9
km
Fig. 25. Sediment content (mg/l) of water in the Kiel Canal. (Modified after Krumm &
Rheinheimer 1966).

After the canal enlargement works completed in 1914, the purging of sediments
by means of water flow was discontinued and was replaced by a dredging
programme. Currently, 6.5 million tonnes of mud are dredged from the
Brunsbiittel locks and the nearby canal section each year. Dredging activities
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along the other canal sections result in 0.1 million tonnes of mud removed
annually, reflecting the different sedimentation rate across the canal (Wasser-
und Schifffahrtsdirektion Nord 1993).

To manage the natural inflow to the canal by river runoff, draw wells were
installed (Arndt 1931/32). Today, major flows only occur following exceptional
periods of run off through rivers and drains that enter the canal.

3.8 Canal fee

Canal fees are proportional to ship size. Fees are required for using the Elbe
approach and Kiel Fjord as well as for the canal itself. The high fees applied
may have reduced the shipping traffic until the 1990s. As a result fees were
dropped by 10% in 1993 and a discount for vessels regularly using this passage
was introduced to attract more business. An Internet based calculation scheme
for canal fees is available at www.kiel-canal.org. On July 16" 2004 a canal
passage for a ship of a 10.000 dead weight tonnage (DWT) cost approximately
4,000 Euros. In addition to pilot fees and transit costs (applicable for all
merchant vessels) further costs apply for pilotage and helmsman services. The
canal fees for a 40,000 DWT vessel were calculated as 7,041 Euros plus 2,802
Euros for the Elbe approach and 1,316 Euros for the Kiel Fjord approach (total
11,159 Euros).

3.9 Recreational aspects

The canal is also used for recreational purposes. However, apart from those
leisure crafts that have permanent berths within the canal, such craft are only
permitted to use the canal during daylight and only for passage. Sailing is not
permitted.

Fishing is also of importance but is only permitted with permission from the
waterway and shipping offices at either Brunsbiittel or Kiel-Holtenau. Target
species for fishing include Eel, Carp, Herring, Smelt, Pikeperch, Cod, Wittling,
Flounder, Plaice and Rainbow Trout (see below).

The canal also draws visitors. Each canal entrance has exhibition centres
documenting historical aspects, the building phases and shipping pattern in the

canal. Ships passing through the canal may be of general interest. Especially
when larger cruise liners or famous yachts pass through the canal, thousands of

interested viewers visit the embankments. In addition tourists on cruise liners
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appreciate passing through the canal; the passage is one of the highlights of a
cruise (see below).

4 Importance of the canal for the shipping industry

In ancient times the shipping passage around Denmark was a dangerous
challenge. Many ships have been wrecked and an alternative route was sought
resulting in various projects to build canals across northern Germany (see
above).

Historically naval strategies were important; today the Kiel Canal is an essential
trade link for Baltic countries and an important shipping route in Europe,
reducing cargo transport by trucks, resulting in more environmentally friendly
transportation.

The Kiel Canal is the shortest link between the North and Baltic Seas.
Compared with other shipping canals the voyage duration gain using the Canal
is small: about 400 nautical miles are saved by using the canal instead of the
shipping route around Denmark. On a voyage from Hamburg to Rostock
approximately 1.5 days of travel time are saved (446 nautical miles) by using
the canal. It is estimated that the shortcut using the canal is at least worth 20,000
Euro.

The canal is open every day. However, in winter 1928/29 a severe period of
frost occurred with temperatures dropping to —21°C. The water surface was
frozen and the canal was closed for three weeks. Where usually ferries crossed
the canal the traffic was now “guided” directly over the frozen canal water
surface (Schulz 1995).

The canal can be used by ships with a maximum length of 235 m and maximum
width of 32.5 m. The maximum allowable draught is 9.5 m and the maximum
ship height is 40 m — limited by the numerous bridges crossing the canal
(www.nok-wsa.de/nok/nok. html May 27" 2004). Acceptance of greater
draughts are given in individual cases and under special conditions.

Most large cruise liners cannot pass through the canal because of the bridges.
However, one of the larger cruise liners, the Norwegian Dream (50,764 gross
tonnage, length 229.8 m, width 28.6 m, draught 6.4 m), has specially designed
funnels and masts which can be folded to the side to enable its passage through
the canal. Transits of this ship are a major tourist attraction.
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The maximum allowable cruising speed of ships in the canal varies according to
ship size, type and cargo. Ships with a draught of more than 8.5 m are permitted
to travel at a maximum speed of 6.5 knots (kn) (=12 km/h). For all other ships
the maximum speed is 8.1 kn (=15 km/h). The passage through the canal
usually takes 6.5 to 8.5 hours excluding the lock passage (approximately 45
minutes) resulting in a total time of 8.0 to 10 hours (www.ak190x.de/
Bauwerke/Bau/Nord-Ostsee-Kanal.htm  visited January 18" 2005, Lloyds
Register-Fairplay 2002).

4.1 Shipping statistics

The number of merchant ships transiting the canal and the cargo transported
varies greatly (Fig. 26). On average 47,026 ships passed through the canal
(eastbound and westbound) each year, with a lowest number of 16,215 in 1915
(excluding the opening year) and the highest number, 85,919, in 1965. The
number of ships using the canal dropped significantly during both World Wars.
However, there has been an increase in number of ships passing through the
canal since the turn of the last century with eastbound and westbound traffic
being fairly balanced.

Although the canal fees were reduced in 1993 as a re-attraction measure the
number of transit ships has only been increasing slightly since then. However,
the Kiel Canal is still the world’s busiest artificial waterway. In 2004 41,682
ship movements were recorded, on average 114 vessels per day, transporting
more than 70 million tonnes of cargo between the North and Baltic Seas, the
highest amount of cargo transported through the canal ever (www kiel-canal.org
July 16™ 2004). Leisure craft are documented in a separate statistic: more than
18,000 craft use the canal annually (www.kueste.de/kanal/kanal2.htm May
27th 2004).

The biggest ship ever passed through the canal was the German naval vessel
Bismarck. She transited on March 9" 1941. The 56,551 DWT vessel was 251 m
in length, 36 m in width with a draught of 9.9 m — exceeding today’s vessel size
limits for passage (see above).

The majority of cargo transported through the canal consists of general cargo
followed by oil, bulk cargo, chemical products, iron and steel, wood and wood
chips, fertilizers and grain (www.kiel-canal.org July 16™ 2004).
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Fig. 26. Number of all non-pleasure boats, i.e. merchant ships, navy vessels and others, passing
annually through the Kiel Canal since 1895 (canal opening) to 2004. The maximum number of

passings is indicated. Grey bars indicate World Wars One and Two. Data source: Wasser- und
Schifffahrtsdirektion Nord, Kiel, Germany.

4.2 Traffic accidents

Although the most recent technologies and safety practices are used to
guarantee a safe passage some accidents occur. Most result from technical
failures, i.e. rudder system failure leading to ship, canal lock or embankment
damage. In 2003, 89 ship accidents were reported.

Most accidents are of minor consequence. However, deaths resulting from
accidents have occurred. In rare situations the canal was closed to enable
salvage measures (German Federal Bureau of Maritime Casualty Investigation
2004, www.ism-center.de/d2600.htm visited February 10™ 2005).

5 Canal water characteristics

5.1 Temperature

Northern Germany has a cold-temperate climate and the Kiel Canal shows
water temperatures comparable to adjacent waters. In severe winters ice cover
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occurs (see above). During the exceptionally cold winter of 1928/29 ice
breakers were employed for 70 days to allow navigation (Arndt 1931/32).

5.2 Salinity

While other major canals connect different waters and are mainly isolated from
rivers and lakes, the Kiel Canal is unique because of its direct connection with
many smaller rivers and creeks that drain directly to it. Further, several lakes are
also linked with draining creeks and ditches to the canal, allowing movement of
fish between them while also permitting migratory fish to enter.

The river systems that the canal crosses are used as spawning and nursery
grounds for fish that forage in the canal. This makes the Kiel Canal unique,
affecting not only natural freshwater bodies and their biota, but also being
affected by these freshwater systems. Perhaps these influences are as impor-
tant as those caused by biological invaders which enter the canal via the
locks. In fact, canal immigrants (native or non-native to the region) may
particularly benefit from this setting by finding seasonal refugia in adjacent
waters the canal itself cannot offer.
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Fig. 27. Mean salinity in the Kiel Canal according to Canal kilometres in 1896, 1938 and 1989.
(Modified after Czerny 1996).
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The salinity in the Kiel Canal varies according to the run-off from adjacent
lakes, creeks, small rivers entering the canal and also by marine influence from
the Elbe River estuary and the Baltic Sea. In the Elbe Estuary salinity fluctuates
from approximately 3 - 20 PSU at the bottom water layer. In Friedrichsort, close
to the canal entrance in Holtenau, the bottom water salinity ranges from
approximately 10 - 29 PSU (Arndt 1931/32).

The Baltic Sea locks at Holtenau were open during the first few years of the
canal and were only closed when the water level in the Kiel Fjord was more
than 0.5 m lower or higher than the canal’s level. This normally happens for 25
days per year. After 1898, the locks were more frequently closed and in 1901
they were only open for 7 days (Arndt 1931/32). When the locks are open at
Holtenau there is an increase in salinity throughout the canal and also its
western part becomes brackish. When the locks are closed, significant river run
off occurs, and salinity declines (Fig. 27) (Czerny 1996).
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Fig. 28. Surface water salinity gradient in the Kiel Canal in PSU according to canal kilometres
based on data for Summer 1953. (Modified after Schiitz & Kinne 1955). Kilometre measured

from west to east, i.e. Kilometre 1 = Brunsbiittel, kilometre 97.5 = Holtenau. Boxes = salinity
mean, upper end of column = maximum, lower end of column = minimum salinity.

Today, the canal water is brackish with a salinity gradient along its length. In
summer, salinity is highest near the Holtenau entrance because of the influence
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of bottom water inflow of the Baltic. The lowest salinity occurs in the middle
canal section (canal km 20 - 40). Progressing towards Brunsbiittel, salinity
increases slightly due to the brackish water entering the canal via the
Brunsbiittel locks. The salinity inflow in Holtenau has a longer (wider) reach
until the middle section of the canal. The influence of the Brunsbiittel inflow at
the canal bottom extends for a maximum of 18 km inland (Arndt 1931/32,
Schiitz & Kinne 1955, Czerny 1996).

Near the Brunsbiittel end the salinity of surface and bottom water fluctuates
between 4 and 7 PSU. In the middle section of the canal at km 50, surface and
bottom water have a salinity of 4 and 6 PSU. The salinity is highest in Holtenau.
Here, the surface water salinity lies between 10 and 20 PSU (Fig. 28), the
bottom water 15 to 19 PSU (Arndt 1931/32, Schiitz & Kinne 1955).

The inflowing, saline Baltic water sinks to the bottom while the surface water is
influenced by the discharge of freshwater run off to the canal. The total
catchment area is 1,580 square kilometres (Wasser- und Schifffahrtsdirektion
Nord 1993). Fresh water inflow is highest in spring. A stable stratification does
not occur, due to ship movements.

5.3 Canal zonation

Based on the biological and environmental features of the canal, Czerny (1996)
in his literature review divided the Kiel Canal in four sections:
(a) the stretch from Brunsbiittel harbour to the ferry of Hochdonn (canal
km 1.7 - 19.1),
(b) from ferry Hochdonn to ferry Breiholz (km 19.1 —49.9),
(c) from ferry Breiholz to ferry Sehestedt including the Obereidersee (km
49.9 — 75.3), and
(d) the section from Sehestedt to inner harbour of Kiel — Holtenau
including the Flemhuder See (km 75.3 — 98.8).

6 History of biological studies in the Kiel Canal

The first faunal study of the canal was carried out by Brandt in November 1895
approximately four months after the official opening of the canal (Brandt 1896
a, b). Brandt published two reports: one on the fauna of the Kiel Bight and the
Kiel Canal (Brandt 1986 a) and a further one on the migration of marine fauna
into the canal (Brandt 1986 b), the first publication analysing colonization of the
canal.
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Additional studies on the canal fauna were published by Brandt in 1897 while
Hinkelmann (1897) published a series of papers on fisheries and fish occur-
rences in the canal, showing a high variability in the number and quantity
of species invading and recording the development of the fish fauna and the
fishery for a full decade (Hinkelmann 1897, 1898, 1899, 1900, 1903, 1905,
1906, 1907). In particular, he reports early “invaders” of such species as the
Herring (1897) with the first recorded spawning of the species in the canal in
1902, the Bream (Abramis brama) in 1898, the River Lamprey (Lampetra
fluviatilis) in 1902.

Eel, Flounder, Herring and Cod were found in 1898 during fishing activities
near Rendsburg in the Meckel- and Flemhuder Lakes (Hinkelmann 1903,
Barfod 1904). In 1903 a dense population of Flounder was observed at canal
km 71-85 (Barfod 1904).

In 1904 Barfod published a study on Baltic species migration into the canal.

The first study on algal species in the canal was carried out by Reinke and
Darbishire in 1896, published in 1898. However, the research on canal biota
was dominated by fishery related studies (Andresen 1899, 1900, Barfod 1903,
1904).

The first PhD thesis based on sampling canal biota was by Dechow (1920), with
a focus on the bottom-living fauna.

Brandt (1897) calculated that Baltic organisms may have reached the Elbe
Estuary via the surface water of the canal within a week, aided by the flushing
activities often performed (see above). This is consistent with the initial canal
colonisation by Baltic species. However, after 1913 no “cleaning” (flushing)
occurred. Species also moved into the canal by ship movements. Hinkelmann
(1896) observed that the bow wave of ships transported species for several
kilometres into the canal. However, this observation is anecdotal and one may
suspect that if at all effective, this transportation means could operate in either
direction.

Arndt (1931/32) lists 115 zooplankton and zoobenthos taxa from various
sampling stations in the canal and states that the known taxa from the canal are
underestimated, especially since several groups of taxa had not been studied to
species level. One third of the taxa he identified were freshwater species; two
third were brackish or marine taxa. He presumed that freshwater species were
washed into the canal by river run off and were unlikely to survive the brackish
conditions in the canal.
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As may be expected, marine species are more frequent in the eastern part of the
canal where salinity is highest. There is a division that separates the majority of
brackish from freshwater taxa at Rendsburg (approximately at canal km 60).
Dechow (1920) concluded that brackish zoobenthos numbers in the eastern part
of the canal were similar to those in the western Baltic. Whereas the number of
zoobenthos taxa in the western part of the canal were similar to those of the
Bothnian Gulf (eastern Baltic). Dechow also observed the well-known
phenomenon that mussels in the western, least saline canal section had small
and more fragile shells than individuals in the eastern, more saline section.

In 1951, the fouling of wooden pilings of a mooring pier near the canal entrance
in Holtenau was investigated by Ax (1952). He sampled at depths of 2 to 9 m.
The species composition was dominated by hard bottom biota including some
species unknown from the adjacent Kiel Fjord: Victorella pavida, Pseudo-
monocelis cetinae, Promesostoma bilineatum, Pentacoelum fucoideum and a
species unknown to science, was found: Jensenia luetjohanni, named after Mr.
Luetjohann who took the samples via diving (Ax 1952).

The study was repeated in 1955 by Schiitz & Kinne (1955): wooden pilings
were qualitatively sampled from September to November 1953 for mobile
organisms at depths of 0.5 to 3 m. Sampling stations were located throughout
the canal, starting in Brunsbiittel (km 0), followed by kms 8, 18, 34.5, 41, 50,
61.5, 62.5, 75.5, 85.5, 86, 87, 89.5, 92.5 and 97.5 (Holtenau). For comparison,
samples were taken outside the canal at three sites in the Kiel Fjord. Sessile
organisms were not included in the analysis. The principal species were
Nematoda, Harpacticoida, Polychaeta, Rotatoria, Oligochaeta, Turbellaria and
Halacarida.

From the 1950s to the 1970s, studies on the Kiel Canal biota were conducted by
Kinne (1956), Schiitz (1961, 1963, 1969) and Kothe (1973) and more recently
by Bothmann (1998), who studied the fouling communities on wooden pilings,
Spratte & Hartmann (1998) studied fish abundances and Kafemann (2000)
made the first time ever investigation of trophic interactions of fish. Kafemann
(2000) also provides the first study on the feeding and food composition of fish
in the canal through extensive gut analysis, reporting on food composition and
biomass in relation to fish size.

Biological invasions were not a primary concern, although it was speculated
that the Kiel Canal acted as a corridor for the spread of alien species in both
directions (e.g. Jensen & Knudsen, submitted).
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More investigations on the fish fauna were conducted during the 1980s and
1990s. These were undertaken in support of the state policy and regulations in
Schleswig-Holstein and to monitor and control fishing activities in the canal and
the riverine and lake habitats draining into it.

7 Colonization of the canal by native and non-native species

Aquatic species colonised the canal either by active or passive immigration
from both the Baltic and North Seas as well as from freshwater run off from
adjacent streams and lakes (Fig. 29).

Fig. 29. Schematic cross-section of the Kiel Canal and the draining lakes and creeks, depicting
their depth and habitat differences. (Modified after Czerny 1995).

It has been calculated that more than 90% of these taxa originated from the Kiel
Fjord and only 2% from waters near the western end of the canal. The

remaining 8% could have colonised the canal from waters adjacent to the canal
(Dechow 1920, Arndt 1931/32).

7.1 Overall distribution of the benthic fauna in relation to salinity

Kothé and Sindern (1973) examined the macro-zoobenthos. Apparently, the
biocoenotic characteristics of the canal have been influenced by the initial
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flushing of the canal with Baltic Sea water while the limnic benthos relates to a
spectrum of freshwater species known from those freshwater systems now
connected to the canal. The authors summarize their findings on the zoobenthic
species by categorizing them into four groups:

(a) euryhaline marine species,

(b) genuine brackish water species,

(c) brackish-limnic adapted species, and

(d) limnic species with some euryhaline tolerance.

Kothé and Sinder (1973) plotted the distribution of benthic species according to
their “halinity” in a similar manner as the “Saprobien-Index” to describe the
benthic community’s response to pollution (Fig. 30). Figure 31 shows the
distribution of the four species groups revealing a predominance of euryhaline
marine species in the eastern part of the canal while strictly limnic species are
restricted to the western section.

7.2 Bacteria

Rheinheimer (1997) studied bacterial abundance along salinity gradients in
German estuaries and the Kiel Canal. Overall, this study, along a transect,
indicated a slight decline in abundance from west (North Sea) to east (Baltic
Sea) for bacteria growing in freshwater medium whilst a clear relationship
between heterotrophic bacteria (saprophytes) and the salinity gradient was
observed. Although the counts are less than 10% of the total, these seem to be a
very active group of microorganisms, somewhat depressed at the lowest salinity
but quickly recovering once exposed to seawater. Apparently their importance
in self-purification of water bodies through nutrient conversion is important also
in the Kiel Canal and needs to be considered also in similar canals with
estuarine conditions. Coliforms and bacteria growing on nutrient agar seem to
be at low level throughout the canal compared to the growth potential of marine
heterotrophs.

When comparing with microbial studies in general it was concluded that many
bacteria have a narrow salinity optimum, leading to significant changes in their
activity in a salinity gradient of a few PSU. Especially during times with heavy
rainfall and little ship traffic (small inflow of high salinity water through the
locks) these bacteria may quickly loose their competitiveness. Different from
other estuaries with quickly changing salinity regimes, the Baltic Sea Canal has
a relatively stable salinity gradient across seasons and therefore hosts a unique
potential for adaptations to certain salinity ranges. A distinction between several
ecological canal sections therefore seems as justified as that for fishes and
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benthic invertebrate fauna. This, however, requires further bacteriological
studies.
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Fig. 30. Distribution and frequency of occurrence of benthic macrofaunal species in the Kiel
Canal in accordance with their “halinity” (salinity preferences): a) euryhaline-marine, b) genuine
brackish, c) brackish-limnic, d) mainly limnic. (Modified after Kothé & Sindern 1973).
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Fig. 31. Percentage of marine and brackish water species compared to all taxa across the canal.
(Modified after Kothé & Sindern 1973).
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7.3 Algae

Baltic macroalgae and sea grasses were first recorded during the spring of 1896
(Brandt 1986 b, Arndt 1931/32, Aleem & Schulz 1952). Dense sea grass beds
extended into several parts of the canal in 1898, and Fucus spp. formed dense
populations from 1899 onwards, gradually expanding westward. Brandt (1895,
1896) also noticed a similar westwardly directed colonisation of marine
phytoplankton (e.g. Chaetoceros spp.).

Aleem & Schulz (1952) observed a zonation of benthic algal communities along
the supra- and sublitoral of the canal and distinguished between four
communities which they characterized during a September study:

(a) Cyanophycean dominated community,

(b) Urospora-Ulothrix-Capsosiphon assemblage,

(¢) Enteromorpha community, and

(d) Assemblage dominated by diatoms.

Aleem & Schulz (1952) also described in the supra-littoral zone an extensive
lichen community, on wood and stone pilings, principally composed of
Verrucaria maura (Wahlbaum).

The Cyanophycea-community is well established in the first zone in the splash
water level along the beaches of the canal, regularly wetted by the wash of
passing ships. This zone is dominated by Calothrix pulvinata meadows, usually
with Gloeocapsa crepidinum. These species are resistant to desiccation and well
adapted to splash conditions.

The second zone (Urospora-Ulothrix-Capsosiphon assemblage) is best
developed close to the water level and up to 10 cm above, and is dominated by
Urospora penicilliformis, Capsosiphon aureolis and Ulothrix subflaccida which
also support several epiphytes. Aleem & Schulz (1952) found this community
predominantly near the locks of Holtenau and the canal stretch towards the
Schiilp bridge.

The third zone overlaps with the previous community and is mainly formed by
Enteromorpha intestinalis and closely related species (E. ahlneriana and E.
linza). These form meadows and their density depends on the beach profile and
substrate type, while their vertical distribution is mainly light-limited. The
Enteromorpha belt extends to a depth of 50 cm and does not exceed 2.5 m.
Several other species co-occur in this zone, e.g. Cladophora glomerata.
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The fourth zone is dominated by diatoms and expands to a depth of about
2.5m (Aleem & Schulz 1952) with Melosira juergensii as the dominant
species, often accompanied by the genera Achnanthes, Navicula, Pleurosigma,
Cocconeis and others. Within this community, the cyanophyceaen Spirulina
subsalsa is also frequent, as well as Ectocarpus and Phyalla spp.

Soon after the canal opening Fucus vesiculosus was recorded but it was not
found by Aleem and Schulz (1952). These authors indicated similarities in
species composition with the Schlei “Fjord” in the north of the Baltic coast of
Germany, although some species are completely absent from the canal. Brandt
(1895, 1896) observed a westward colonisation of many marine plankton algae
(e.g. Chaetoceros spp.), in contrast with the phytoplankton species
Coscinodiscus wailesii that colonized the canal from the Elbe Estuary.

7.4 Invertebrates

Brackish water invertebrates colonised the canal soon after its opening. Two
months after the opening, at a time when the Holtenau locks were constantly
open, Mytilus edulis was found up to canal km 90. Other common taxa in the
Kiel Fjord, such as Aurelia aurita, Cyanea capillata and Mysis vulgaris, were
also frequently reported at the same time (Arndt 1931/32). Shortly after its first
record in the canal, Aurelia aurita was found in Brunsbiittel, making it the first
“immigrant” to appear along the entire canal length (Dechow 1920). In
November 1895, Mysis vulgaris was collected by Brandt (1896 b) from various
sites almost as far as Brunsbiittel. In winter 1895/96 and spring 1896 the first
brackish water crabs, fish (including pipe fish) and seastars were noted.
However, upon terminating the use of the water pulse system for removing
sediment from the canal (see above), the salinity decreased and many species
again disappeared. Whilst Amphibalanus (=Balanus) improvisus successfully
spread and became more common, Mytilus edulis numbers declined (Arndt
1931/32). Freshwater sponges, such as Spongilla lacustris have not been
reported from the canal since the salinity increased at the end of the 19"
Century (Hinkelmann 1898).

Amphipods can be found throughout the canal. Seven species invaded it, four of
which are hemi-sessile. Two are distributed according to their salinity prefe-
rence. Corophium insidiosum has not yet been found to reproduce in the canal
and its population represents an annual immigration that dies off in winter. C.
insidiosum occurs only in the easterly, brackish water sections while Corophium
multisetosum 1is restricted to the western part at low salinities. Leptocheirus
pilosus is the most common species and is often accompanied by Corophium
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lacustre. L. pilosus is often found between filaments of Cladophora glomerata
and is rare on sandy substrates or areas low in oxygen. The species shows two
annual reproductive maxima (June to early August and end of September to
October) (Arndt 1931/32, Ax 1952).

Until 1979, of all isopods known in German brackish waters, only one species
of Sphaeroma (S. hookeri, Leach 1814) became established in the Kiel Canal.
Betz (1979), re-analysed previous finds and compared these with his own
investigation, confirming that his record of S. rugicauda represents the first
record in the canal. Before that, Betz believed it was already present but was
overlooked. The incomplete knowledge of the ecological requirements of the
two species permits nothing more than speculation why S. hookeri is more
abundant compared to S. rugicauda. Frier (1976) provided some hints as to the
different osmoregulatory capabilities of the species, favouring S. hookeri at
lower salinities. Beside these two species of isopods, Jaera albifrons is also
common on pilings along the entire canal. However, its abundance declines
with decreasing salinity. Two additional isopods are rare: Idothea viridis
(a euryhaline species) and Cyathura carinata (a strictly brackish water species).

During summer, dense patches of Neomysis vulgaris can be observed (Schiitz
1969). At temperatures below 5°C, it disappears from surface water. A
comprehensive description of its life cycle is given by Kinne (1955).

Boje (1965) reported growth variability in Mytilus edulis in the Kiel fjord and
Kiel Canal. He transplanted mussels from one source to various test sites in
both habitats and found that the best growth was in the inner Kiel Fjord. This
may be because food was more abundant here during most of the year. Growth
in the outer Fjord and the Kiel Canal growth was similar only during summer.
However, during fall mussels in the canal have low tissue content and lower
shell weight than at Baltic test sites. Also during spring growth was retarded,
probably due to abundant organic detritus in the water column. The seston load
follows a gradient with increasing intensity from east to west along the canal
(Krumm & Rheinheimer 1963). Boje (1965) who studied the eastern part of the
canal near the locks of Holtenau (Kiel) suggested bacteria as an important food
source for mussels, confirming work by Rheinheimer. Skeletonema costatum —
an alternative food source — is largely missing from the canal.

7.5 Fish records over time and by species

It is to be expected that fish entered the canal soon after its construction. While
some have already been mentioned, we here focus on fish not only during the
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early years of the canal but on the total fish species ever observed, whether
native or non-native, and penetrating this new habitat by invasion from adjacent
sea, brackish or freshwater areas.

To understand the richness of the fish fauna of the Kiel Canal we refer again to
the numerous small creeks and small lakes draining into the canal or connected
to it via small canals (see above). These water bodies provide a wealth of
habitats suitable as refuge or spawning/nursery areas, permitting species to
survive and immigrate or retreat from the canal, depending on season, salinity
and other environmental conditions. Although it is impossible to completely
address all these linkages and their influence on the stationary and semi-
migratory fish fauna, several well documented cases demonstrate the
uniqueness of the fish fauna invading and inhabiting the canal. Without these
linkages, many species and their population sizes could not be maintained.

7.5.1 Fisheries in the Kiel Canal

Catch statistics of the total fishery have been sporadic. It is only for the past
few years that the sport fishery is obliged to fill in catch protocols (Czerny
1994). The commercial fishermen have recorded their catches since 1982 for the
section between km 65.4 and km 93.1. For Herring catches, a fairly reliable
statistic exist since 1936 for the western part of the canal and since 1939 for
the eastern part. Since 1987 the catches are recorded separately for three
canal sections in order to account for the different salinity regimes while trying
to reflect the specific fish fauna per section. Since 1990, it was found advisable
to re-arrange the areas and divide the canal into 4 sections.

7.5.2 Early records

Hinkelmann (1898) reported Pike, Perch, Bream, Pikeperch, Roach, Bleak in
high numbers and in all size classes. Pipefish, commonly recorded in 1895 and
1896, vanished after salinity depletion in the canal (see above) (Arndt 1931/32).

In 1899, thirty individuals of pikeperch were found by fishermen in the Kiel
Fjord and Arndt (1931/32) assumed that these individuals must have been
migrants from the canal.

Barfod (1904) reported that “suddenly” several smelts were caught by
commercial fishermen in the Kiel Fjord in October 1903 and he suggested that
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these were immigrants from the Kiel Canal. A similar occurrence of smelt was
documented by Neubaur (1926).

In 1926, a young Sturgeon was caught in the canal (Mohr & Dunker pers. com.
in Arndt 1931/32).

Since 1906, the Baltic Herring has migrated through the canal into the Elbe
Estuary, as documented by investigations at the Brunsbiittel locks (Hinkelmann
1907).

7.5.3 Overall occurrence of fish species

Occurrences of fish larvae in the Kiel Canal have been repeatedly recorded.
This signals either active spawning, or passive drift of larvae with the water
masses through the locks, accompanied by a good survival potential.

Figure 32 depicts the relative abundance of fish species in the Canal in 1995,
but this is certainly nothing but a “snapshot” description for this particular year
(Kafemann et al. 1998). Comparing earlier studies with the one performed later
by Kafemann (2000) demonstrated that both the frequency and biomass of a
species per unit area fluctuates seasonally and between years.

River Lamprey (Lampetra fluviatilis)

Early records of individual specimens have been made by Hinkelmann (1902
1904); it now regularly occurs. It had been seen spawning in one of the
tributaries of the canal, the Haaler Au (Bley 1989) and Czerny (1995) considers
its frequency of occurrence in the entire canal in the range of 11,100 specimens
since 1984. However, near the locks of Holtenau, Kardel (1995) reported
several specimens caught as by-catches of the silver eel night fishery in the mid
1980s. Up to seven specimens were captured per night. Nellen and Dehus
(1985) present a map on which records are given for the Todenbiittler Au
(which drains into the canal) and from the canal itself near the mouths of the
rivers Wehrau and Besdorfer Bach.

Sturgeon (Acipenser sturio)

Spratte & Hartmann (1992) list the lower Eider River (“Untereider”), a tributary
of the Kiel Canal, as the last spawning ground of native sturgeon in Germany
until 1936. Dallmer (1890) optimistically predicted that the sturgeon would
adopt the Kiel Canal as suitable habitat for feeding although not as a suitable
path to migrate into the smaller creeks where spawning may possibly occur.
Hartmann & Spratte (1995) refer to a personal communication by Czerny who
searched historical records of sturgeon catches in the Kiel Canal and its
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tributaries, and found a total of four records: two juveniles (about 1 - 1.25 kg) in
the Schirnauer Lake near Rade in 1926 (Duncker 1964) and 1927 (OFM 1927),
and two juveniles weighing between 1 - 2 kg at Canal km 21 (near
Diickerswisch) in 1936. In July 1990, an individual of 1 meter length was
reported by a sport angler (weight about 4.5 kg) from a place near the ferry
Hochdonn. However, it is unclear whether this was a native sturgeon or a non-
native species.
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Fig. 32. Composition of the fish community in the Kiel Canal in 1995 in terms of relative
frequency of occurrence of key species. (Modified after Kafemann et al. 1998).

Atlantic Salmon (Salmo salar)

Individuals of salmon (Salmo salar) were occasionally captured by both
commercial fishermen and anglers. It is assumed that these — while on their
feeding migration - were following migratory herring schools. A total of §
specimens were recorded in the period 1984-1994. Wiese (no year) reported that
during the early 1970s a salmon, tagged in Sweden, was caught in the Kiel
Canal but no further records have become known since then.

Sea Trout (Salmo trutta forma trutta)
This species is stocked to support a recreational fishery in rivers of the State of
Schleswig-Holstein. The recreational fishery in the Kiel Canal benefits from the
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releases of this hatchery-produced fish. On average the yield is about 200 kg per
year.

Coregonus albula

A small number of specimens have been captured as by-catch in other fisheries
in the canal and these may have originated from the Wittensee via the
Schirnauer Au. This species is also hatchery-produced and is stocked in the
Wittensee for recreational fishing.

Smelt (Osmerus eperlanus)
Smelt is an abundant species, occurring along the entire canal but apparently not
migrating into the small tributaries draining to the canal.

Pike (Esox lucius)

This species occurs naturally in most rivers and creeks draining into the Kiel
Canal. However, there are also some regional stock enhancement measures.
Pike is relatively abundant in the canal and migrates upstream into rivers and
creeks draining into it in order to spawn.

The canal itself does not posses suitable spawning habitat for pike. During the
years 1990 and 1991, juvenile pike were stocked in the canal. Presently, the
total landings are made up of about 100 specimens of about 2 kg average
weight. The largest size recorded is approximately 10 kg. Regulations limit the
catch to minimum total length of 40 cm (Hartmann & Spratte 1995).

Bream (Abramis brama)

This species was first reported by Hinkelmann (1898) while Henning (1939)
considered bream to be frequent, particularly between Rendsburg and
Brunsbiittelkoog. It is now the most abundant fish in the canal (Hartmann &
Spratte 1995, Czerny 1995). The larger rivers and creeks draining directly into
the canal are used for spawning.

Bleak (Alburnus alburnus)

This small fish schools near the surface of shallow stretches in clear rivers and
lakes, thriving in or near dense vegetation and overwintering in deeper water. It
occurs in the western and central part of the Kiel Canal (Hartmann & Spratte
1995) but is not abundant and is considered endangered in the state of
Schleswig-Holstein. One fisherman reported catches of this species between
1927 and 1988, but declining over time. During the past 12 years, no records
from commercial fishermen are available. Since the late 1980s, anglers have
reported no more than five specimens (Hartmann & Spratte 1995).
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Eel (Anguilla anguilla)

The immigration of elvers into the Kiel Canal takes place from the western
entrance at Brunsbiittel (North Sea) as had been reported by Eichelbaum (1924)
and Neubaur (1933). Although glass eels and elvers are commonly attracted by
a freshwater outflow into a marine environment, the situation in the Kiel Canal
is different. At Brunsbiittel, the Elbe estuary is already low in salinity and
except for the attracting current from the locks, there is no salinity gradient to
guide the migratory juveniles. Eichelbaum (1924) notes this peculiarity as being
the reason why relatively few elvers enter the Kiel Canal compared to the
numbers entering the Elbe estuary (Fig. 33).
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Fig. 33. Occurrence of Pikeperch, Eel, Herring and Flounder in percent of all fishes caught
according to canal kilometres. (Modified after Kafemann et al. 1998).

Herring (Clupea harengus)

Herring entered the Kiel Canal from the very beginning (Hinkelmann 1896,
1898, 1899). A detailed account of the spring spawning Herring population
appearing in the Kiel Canal and entering through the Locks at Kiel Holtenau,
was given by Brandhorst (1955).

7.5.4 The Kiel Canal as a spawning ground for Herring

A striking phenomenon is the importance of the Kiel Canal as a herring
spawning ground. The first study on the spawning of Baltic Herring near the
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locks of Kiel-Holtenau was by Brandhorst (1956). Kils (1992) impressively
showed the behavioural aspects of mature fish schools, ready to spawn, utilizing
the water currents and micro-turbulences along a minor salinity and temperature
gradient at the time when the lock gates open. They actively swim into the
locks, not chased away by moving ships. Fiedler and Kils (1990) also caught
larvae of the following fish species: Liparis liparis (km 90), Taurulus bubalis
(km 70, 80, 90, 97), Agonus cataphractus (km 50 - 97) and Pholis gunellus
(km 50 - 97).

In addition to the importance of the Kiel Canal as a migration pathway of
species it also is an important nursing area for certain fish (Arndt 1931/32).
Arndt assumed that the canal is more important as a recruitment habitat than for
species migrations.

The key recruitment species is the herring (Hinkelmann 1899). In 1896
Hinkelmann observed large swarms of herring and herring larvae. In 1899 he
located a Herring spawning ground of approx. 1 km length near canal km 74
with up to 5.500 eggs per 10 cm?. Later he documented other herring spawning
grounds in the canal and the migration of young herring into the Baltic.
Herrings became so numerous that certain canal regions were leased to
commercial fishermen from nearby Eckernférde. Sprat ready to spawn were
also found. However, after the salinity depletion in the 1910s, sprat ready to
spawn did not re-occur.

Weber (1971) listed the spawning grounds of spring-spawning herring in the
western Baltic, including the Kiel Bight and adjacent sea areas. His study
showed that the Kiel Canal is one of the major spawning grounds. While other
man-made activities along the Baltic coast (in particular in harbours) have
reduced the availability of coastal spawning habitat, here a positive man-made
effect is obvious, making the Kiel Canal currently the second major spawning
area along the German Baltic coast next to the Schlei estuary. The ripe and
running fish caught between 1960 and 1969 ranged from 34 - 290 tonnes.
However, these data reflect the catches of one fisherman only using the same
gear at all times.

Certainly, the traditional recreational fishery on Herring during the short
spawning season (which varies over the years between March and May) adds
additional unaccounted tonnes to the overall yield. As can be seen from Fig. 34,
Weber (1971) found that spawning of spring-spawners took place through-
out a long stretch of the Kiel Canal. While the northern beaches are preferred
spawning habitats of the eastern sections, the westerly shores are preferred in
the western sections of the Canal (Hinkelmann 1902, Neb 1952).
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Baltic spring-spawning herring spawn in shallow waters, seldom below the 3 to
4 m depth line. The boulders and rocks along the shores of the Kiel Canal offer
ideal habitat, however, since it has no or a weak current only. One may wonder
how dense egg depositions on and between the boulders and coarse gravel
material survive, because a high water exchange in the interstitial spaces is
required to bring oxygen-rich water to the egg surfaces.

Fig. 34. Distribution of the major spawning grounds of Baltic Herring as identified by Weber
(1971), indicating the Kiel Canal (solid arrows) next to the Schlei and Flensburg fjords (dotted
arrows) as the major spawning habitats for spring spawners (circles) while those for autumn
spawners are located mainly along the shores of islands (squares). (Modified after Weber 1971).
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Kils (1992) was able to demonstrate that ship traffic substantially contributes to
the survival of Herring spawn. The movement of ships creates a substantial
current along the beaches, leading to effective water exchange between the
rocky crevices in which Herring eggs are deposited. These artificially created
but fast short-term currents provide oxygenated water also to the innermost
interface between the egg masses, allowing the embryos to develop. Without
this regular and frequent exchange, mass mortality would occur. This study was
done during the early 1990s when ship traffic peaked during the first years after
the reunification of Germany, occasionally making the canal the busiest inter-
oceanic waterway. No follow-up study has been done since, while traffic
through the canal has declined but recreational fishermen still observe larvae at
high densities every year during and shortly after the peak of the spring
spawning period.

The beginning of the Herring spawning period along the German Baltic coast is
always temperature-dependent, and always starts in the somewhat warmer inner
parts of the Kiel fjord. Because of earlier warming of the Kiel Canal each
spring, the spawning starts earlier here than in the Kiel Bight (Neb 1952). This
author also indicates that multiple spawners (older fish) seem to prefer the Kiel
Canal as spawning ground, leading to a higher proportion of younger year
classes spawning in the inner Kiel Fjord.

Neb (1952), however, followed the condition of the larvae hatched in the Kiel
Canal before migrating out through the locks to the Baltic Sea and assumes
limited feeding conditions for larger juveniles (about 7 cm total length) in the
canal. However, it is not known whether these conditions prevail or how they
vary between years.

While the regular annual immigration of large quantities of mature and ripe
herring schools (up to 1,800 tonnes per year) is a spectacular event, the question
still arises why the spawning along the beaches of the Kiel Canal results in
large-scale successful hatching and high survival of embryos.

7.5.5 Non-native fish

A table of the known number, places and years of stocking fish species at
various sizes has been compiled by Hartman & Spratte (1995) using historic
records, published and unpublished sources, covering the years after 1954 till
present. Since the early 1980s the canal is regularly stocked with various
species and has become an important recreational fishing area for people of
economic centres such as Kiel and Hamburg. Therefore, stocking of fish has
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been organised and the sport fishery had to be regulated by licensing. The utility
of the canal to recreational fishermen as well as their landings have gone up
slightly in the 1990s, accounting for about 50 - 70 licences per canal km of
which an increasing number (656 in 1984 and 2225 in 1993) report their catches
(Czerny 1994, cited in Hartmann & Spratte 1995).

Statistics from a ten year period (1984 - 1993) indicate that herring was the
most important species (with an annual catch of more than 50 tonnes), followed
by eel (approximately 45 tonnes), pikeperch (approximately 40 tonnes), bream
(approximately 35 tonnes) and introduced carp and rainbow trout, in all about
19 tonnes and 1.5 tonnes, respectively (Czerny 1995, Hartmann & Spratte
1995).

Rainbow Trout (Oncorhynchus mykiss)

Hatchery produced rainbow trout are released to many water bodies in northern
Germany and some also escape from aquaculture sites. In the Kiel Canal,
relatively large rainbow trout are caught by recreational fishermen, in the order
of about 150 kg annually. They migrate between January and May from the Kiel
Canal upstream into small creeks and tributaries once they reach a total length
of 45 to 55 cm. (Czerny & Spratte 1988). Fish occur because of stocking or
escape from aquaculture; natural reproduction has not yet been reported from
the State of Schleswig-Holstein.

American Mud-minnow (Umbra pygmea)

A species deliberately introduced into some water bodies of northern Germany
from the USA around 1898. A few localized self-sustaining populations evolved
from this introduction. The fish resists low oxygen levels and water pollution.
Few individuals have been found in the Kiel Canal but most have been recorded
from the small creeks draining into the canal. Occasionally, fish enter the canal
as part of a natural recruitment from a small ditch from which they migrate via
the Quistenhofbek creek through the Hanerau into the canal and further
upstream into other waters of the drainage system, e.g. the Miihlenbek creek
(Holm & Neumann 1990).

Prussian Carp (Carassius auratus gibelio)

This species has been extensively dispersed by human activity and still
continues its range extension. It forms stable self-sustaining populations in
Schleswig-Holstein (Dehus 1990). There are no direct reports on its occurrence
in the Kiel Canal, although there is one from the Moorkanal and a few from
nearby creeks and ditches. It is expected that the species will continue to expand
its range and it is likely to become more common.
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Asian Carp (Cyprinus carpio)

Brought to northern Germany during the Middle Ages for cultivation, the Asian
carp has since been selectively bred and adapted to local conditions. Its occur-
rence and distribution in Schleswig-Holstein is described by Schiitt (1927) and
Duncker & Ladiges (1960). Some stocked fish gain access to the Kiel Canal.
Hartmann & Spratte (1995) report on the regular stocking of the species in
tributaries of the Kiel Canal and it has also been directly released into the canal
by sport fishing clubs who report annual landings of 1,500 and 3,000 kg (1968 -
1994). Tagging experiments show that carp migrate during spring from the
deeper (warmer) Kiel Canal to the lower reaches of some creeks. However, they
do not spawn there, as the water temperature never reaches the minimum
required. All carp occurring in the Kiel Canal and its drainage system are from
artificial stocking.

Pseudorasbora parva

This species has been introduced accidentally. It was first recorded from a few
specimens in the early 1990s (Neumann 1993 a) and also by Neumann (1994 b)
from the Papenau River draining into the Kiel Canal. These occurrences are
either due to escapees from pond culture, from releases of aquarium specimens,
or from their use as baitfish in sport fishing.

American Sunfish or Pumpkin Seed (Lepomis gibbosus)

The sunfish was introduced to Germany from North America between 1880 and
1890. The fish is recorded in the tributaries of the Kiel Canal or in the canal
itself and it is claimed to be due to accidental releases from a nearby pond fish
farm escaping via creeks into the Papenau River that drains to the Kiel Canal
(Holm & Neumann 1990).

7.5.6 Overall summary of the fish fauna of the Kiel Canal

Shortly after opening the canal, annual fishing surveys were conducted by
Hinkelmann between 1897 and 1915, using a variety of fishing gear to assure a
full coverage of habitats and species (Tab. 3).

Not all species reported from the Kiel Canal have inhabited the canal at all
times. Some are permanent, some are temporary visitors on a regular basis,
some are rare or of occasional occurrence, and some are maintained by regular
stocking. In total, during the more than 100 years of its existence, 63 fish
species and two lampreys have been recorded.

There have also been some deliberate releases of freshwater fish native to the
region. These attempted to enhance the local commercial and recreational fishery.
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For example, Bley (1989) reports on stocking of Thymallus thymallus during
the years 1961 - 1963 and of Salvelinus fontinalis in 1963. Both species
occurred in the fishery during subsequent years but disappeared few years after
releases ceased. Czerny (1996) analyzed the available information in published
and unpublished reports and concluded that the succession in the fish fauna
assemblages can be divided into four periods.

Table 3. Number of species calculated from results of annual fishing surveys in the Kiel Canal.

Period Lampreys | Freshwater | Marine Total
(years) Fish Fish
1896-1915 1 21 14 36
1920-1939 2 21 13 36
1953-1981 2 23 14 39
1984-1993 2 27 27 56
Total since 1896 2 30 33 65

Table 3 summarizes the information for each of these periods, indicating that
most of the freshwater species were recorded already during the first period
while 100 years after the opening of the canal only additional 33% of freshwater
species had to be added as “regularly occurring”. The list of marine species
remained short for over 80 years (13 - 14 species) but increased drastically
between 1986 and 1993 (plus 13 species). This increase in species number
reflects most likely the intensified research on the fish fauna in the canal rather
than a true increase in species diversity.

7.6 Mammals

Arndt (1931/32) noted that a bottle nosed dolphin (Tursiops tursio) was caught
in the canal in 1929 (Mohr & Dunker pers. com. in Arndt 1931/32). This
“invader” did likely penetrate the canal from the Brunsbiittel entrance at the
North Sea. A ringed seal (Phoca hispida) was also caught — likely having
migrated into the canal from the Baltic Sea (Arndt 1931/32). He assumes that
these species erroneously migrated into the Canal.

7.7 Impact of canal improvement projects

The canal improvement works negatively impacted canal biota, especially the
benthos and some species became extinct (Arndt 1931/32).
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8 Introduction of non-indigenous species

Several introduced species are known from the Kiel Canal itself and from water
adjacent to the canal mouths. First records of invaders in the canal and their
subsequent spread suggest that the canal may have been a migration pathway,
especially for brackish water species (both canal openings are brackish).

Two considerations argue against this assumption:

1. species may have been independently introduced into both seas
with e.g. ballast water release. But ballast water release is unlikely
as ballast water operations in the canal are kept to an essential
minimum, and

2. migrating species tolerant of marine salinity conditions may
have been able to colonise both seas by spreading along the Danish
coasts, not using the canal as a migration route. However, truly
brackish water species are not able to migrate by natural means
along the Danish peninsula as marine conditions occur along the
west coasts of Germany and Denmark.

Although the Kiel Canal shows different salinity regimes, Arndt (1931/32) calls
the canal an important invasion corridor between the Baltic and North Seas. He
suggests that the locks in Brunsbiittel do not limit the westward spread of the
species that colonized the canal, and many species meet their “relatives” in the
Elbe Estuary after migrating through the canal (Arndt 1931/32).

8.1 Non-native species in German coastal waters

Coastal waters are defined here as navigable for ocean-going ships. A wealth of
publications document the occurrence and spread of non-indigenous species
along the German North Sea and Baltic Sea coasts (see references at end of
Table 4). Surprisingly, the canal was not studied as a migration pathway for
biological invasions of non-native species. Selected publications mention first
records of non-native species in the canal, but no comprehensive overview was
undertaken in the past. Arndt (1931/32) noted that the canal is a migration
pathway in both directions.

In total 34 non-native species are known to occur in the Kiel Canal or adjacent
waters, in close proximity of which 20 species occur in self-sustaining
populations. Most non-native species being recorded from the Kiel Canal region
have been found in other German waters previously (Tab. 4).
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Table 4. First records of non-native species in German coastal waters (defined here as
navigational waters for ocean-going ships with adjacent waters) and the Kiel Canal region —
* = in adjacent waters, (x) = invasion status unknown, ((x)) = not established. = = first
record in the North Sea with subsequent findings in the Baltic Sea, € = first record in the
Baltic Sea with subsequent findings in the North Sea. For references see end of table.

Group First Ref| First | Ref | Firstrecord | Ref
and taxon record in record in German
German in Kiel Baltic Sea &
North Sea Canal adjacent
& region waters
adjacent
waters

Bacteriae
Vibrio vulnificus 2004 89
Phytoplankton
Alexandrium minutum € <1998 | 83 <1993 15
Chattonella cf. verruculosa 1998 37
Corethron criophilum <1998 83
Coscinodiscus wailesii 1977 81 1977 81
Fibrocapsa japonica <1999 82
Gymnodinium aureolum <1999 82
Gymnodinium catenatum 1993 22
Nodularia spumigena <1963 91
Odontella (=Biddulphia) 1903 29 1904 29
sinensis =
Prorocentrum minimum 1980s 48
Prorocentrum redfieldii <1999 82
Rhizosolenia indica <1998 83
Thalassiosira hendeyi <1998 83
Thalassiosira punctigera <1983 87 <1983 87
Thecadinium mucosum (2002) | 96
Macroalgae
Aglaothamnion halliae 1960 101
Ascophyllum nodosum 1990s 48
Alaria esculenta (<1999) | 85
Antithamnionella ternifolia (<1999) | 85
Bonnemaisonia hamifera <1890s | 38
Chara connivens 1858 101
Codium fragile ssp. 1930s | 48
tomentosoides
Dasya baillouviana 2002 101
Devaleraea ramentacea (<1999) | 85
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Table 4. continued
Group Firstrecord| Ref | First |Ref| Firstrecord |Ref
in German record in in German
North Sea Kiel Baltic Sea &
& adjacent Canal adjacent
waters region waters
Fucus evanescens <1999 85
Gracilaria vermiculophylla <2002 94
Laminaria ochotensis <1999 85
Mastocarpus stellatus 1970s 48
Neosiphonia (=Polysiphonia) <1978 85
harveyi
Porphyra cf. insolita (<2000) 84
Sargassum muticum 1980s 45
Magnoliophyta
Elodea canadensis 1899 2
Anthophyta
Spartina anglica 1927 30
Porifera
Eunapius carteri 1993* 86
Cnidaria
Bimeria francisciana <1952 | 55
Bougainvillia macloviana ((1895)) | 69
Cereus peduculatus (1921) 67
Clavopsella navis (<1994) | 99
Cordylophora caspia = 1858* 56 1899 90 1870 49
Craspedacusta sowerbyi (1953%) 64
Diadumene cincta 1928 65
Diadumene lineata (=Haliplanella (1920) 68
luciae)
Gonionemus vertens (=murbachi) (1947) 70
Muggiaea atlantica ((1989)) 98
Nemopsis bachei 1942 57
Bryozoa
Pectinatella magnifica 1883* 62
Victorella pavida (<1952) | 7 (1880) 35
Turbellaria
Pseudomonocelis cetinae (<1943) | 8
Nematoda
Anguillicola crassus € 1982* 48 1970s 93
Gastropoda
Crepidula fornicata 1934 17
Potamopyrgus antipodarum € 1893* 62 [ <1900 2 1887 21
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Group First record | Ref First Ref| First record | Ref
in German record in in German
North Sea & Kiel Canal Baltic Sea &
adjacent region adjacent
waters waters

Lithoglyphus naticoides 1887* 62
Physella acuta =& 1992* 64 1990 64 <1996 88
Bivalvia
Corbicula fluminalis 1984* 61
Crassostrea angulata ((1911)) 23
Crassostrea gigas 1991 16
Crassostrea virginica ((1911)) 24 ((<1887)) 25
Dreissena polymorpha € <1835 42 <1896 3 1824 62
Ensis americanus (=directus) 1978 19
Mya arenaria <1200 34 <1931 2 <1200 34
Mytilopsis (=Congeria) <1994* 59 <1928 6
leucophaeta
Petricola pholadiformis =» 1896 17 1927 13
Teredo navalis < <1808 40 1951 10 <1993 41
Polychaeta
Aphelochaeta marioni (1938) 73
Ficopomatus (=Mercierella) 1975* 20 <1980 |21 <1980* 21
enigmaticus =
Marenzelleria cf. viridis € 1996* 63 1996 63 1985 27
Marenzelleria cf. wireni ® 1983* 28
Microphthalmus similes (1962) 74
Nereis (=Neanthes) virens 1923 75 1920s 76
Polydora (=Boccardiella) <1932 77 <1962 54
ligerica
Polydora redeki 1960s 46 1960s 46
Tharyx killariensis (=marioni) 1972 31
Xiphosura
Limulus polyphemus ((1866)) 72
Cladocera
Cercopagis pengoi <2002 95
Copepoda
Acartia tonsa =2 1931 36 <1981 14
Cirripedia
Amphibalanus (= Balanus) 1858 56 <1899 1 <1873 52
improvisus =
Elminius modestus 1953 18

8 According to Sikorski & Bick (2004) Marenzelleria cf. wireni is now considered to be
M. neglecta. However, we refer to M. wireni here to allow for comparison with older literature.
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Table 4. continued

Group First Ref| First |Ref|Firstrecord |Ref

record in record in in German
German Kiel Canal Baltic Sea &
North Sea region adjacent
& adjacent waters
waters

Lepas anatifera ((1830)) | 26
Lepas fascicularis ((1865)) | 26
Amphipoda
Chaetogammarus ischnus <2002 100
Chelicorophium (=Corophium) 1920s 58 1932 50
curvispinum =
Corophium multisetosum <1989 33 <1989 33
Corophium sextonae (1997) 66
Gammarus tigrinus =» <1957* 11 1978 5 1975* 12
Pontogammarus robustoides 1994 51
Orchestia cavimana (1920*) | 44
Isopoda
Idotea metallica 1994 78
Proasellus coxalis <1987* 59
Decapoda
Atyaephyra desmarestii (1975%) 64
Callinectes sapidus ((1964)) | 32
Eriocheir sinensis = 1912 60 <1926 4 1932 53
Orconectes limosus (<1990) | 71
Palaemon longirostris 1920s* 79
Portumnus latipes 1936 47
Rhithropanopeus harrisii € <1977 20 1936 9 1936 21
Chronomidae
Telmatogeton japonicus € <2002 96 1962 96
Tunicata
Aplidium nordmanni <1994 48
Styela clava 1997 48
Pisces
Acipenser sp. (non-native, (1980s*) | 92 (1990) |92 (1996%) 92
hybrids?)
Carrassius auratus gibelo <1980* | 92
Ctenopharyngodon idella (1992) |92
Cyprinus carpio ((<1500)) | 92
Hypophthalmichthys molitrix ((1988)) | 92
Hypophthalmichthys nobilis ((1995%)) | 92
Ictalurus nebulosus (1990s) | 92
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Table 4. continued

Group First record | Ref First Ref | First record | Ref
in German record in in German
North Sea & Kiel Canal Baltic Sea &
adjacent region adjacent
waters waters

Lepomis gibbosus (1991*) | 92
Neogobius melanostomus 1996 39
Oncorhynchus mykiss (1960s*) | 92 (1960s)
Pseudorasbora parva (1996%) | 92
Salvelinus fontinalis ((1980s%)) | 92
Umbra pygmea 1924 102| <1910* 92
Subtotal established taxa 60 20 35
Total 83 34 39

References: 1 Dechow 1920, 2 Arndt 1931/32, 3 Brandt 1896a, 4 Neubaur 1926, 5 Bulnheim 1980,
6 Boettger 1933a, 7 Ax 1952, 8 Meixner 1943, 9 Neubaur 1936, 10 Schiitz 1961, 11 Schmitz 1960,
12 Bulnheim 1976, 13 Knudsen 1989, Jensen & Knudsen submitted, 14 Arndt & Schnese 1986, 15
Nehring 1994, 16 Reise 1998a&b, 17 Kuckuck 1957, 18 Kihl 1954, 19 Essink 1985, 20 Kihl 1977,
21 Cole 1982, 22 Nehring 1995, 23 Meyer-Waarden 1964, 24 Rady 1913, 25 Mobius 1887, 26
Luther 1987, 27 Bick & Burckhardt 1989, 28 Essink & Kleef 1986, 29 Ostenfeld 1908, 30 Dijkema
1983, 31 Hauser 1973, 32 Kihl 1965, 33 Kohn & Gosselck 1989, 34 Petersen et al. 1992, 35
Kraeplin 1887, 36 Klie 1933, 37 Backe-Hansen et al. 1998, 38 Kylin 1930, 39 Szaniawska &
Dobrzycka-Krahel 2004, 40 Hahn 1956, 41 Sordyl et al. 1998, 42 Reinhardt et al. 2003, 43 Grabow
et al. 1998, 44 Schlienz 1922, 45 Wallentinus 1992, 46 Eliason & Haahtela 1969, 47 Millegger
1937, 48 Bartsch & Kuhlenkamp 2000, 49 Schulze 1981, 50 Neuhaus 1933, 51 Rudolph 1997, 52
Mobius 1873, 53 Peters 1933, 54 Jaeckel 1962, 55 Schiitz 1963a&b, 56 Kirchenpauer 1862, 57
Kahl 1962, 58 Schlienz 1923, 59 Post & Landmann 1994, 60 Marquard 1926, 61 Kinzelbach 1991,
62 Thienemann 1950, 63 Bick & Zettler 1997, 64 Tittizer et al. 2000 and references therein, 65 Pax
1936, 66 Reise pers. com., 67 Mullegger 1921, 68 Pax 1920, 69 Hartlaub 1897, 70 Werner 1950,
71 Dehus 1990, 72 Wolff 1977, 73 Caspers 1950, 74 Hartmann-Schréder & Stripp 1968, 75
Hagmeier & Kandler 1927, 76 Reibisch 1926, 77 Augener 1940, 78 Reise 1998, 79 Schnakenbeck
1933, 80 Dorjes 1987, 81 Wiltshire & Durselen 2004 and references therein, 82 Elbrachter 1999, 83
Nehring 1998, 84 Bartsch & Kuhlenkamp 2000, 85 Wallentinus 1999, 86 Nehring 2002, 87 Hasle
1983, 1990, 88 Jungbluth 1996, 89 Jark pers. com., 90 Hinkelmann 1899, 91 Pankow 1971, 92
Spratte & Hartmann 1997 and references therein, 93 Minchin & Rosenthal 2002, 94 Nehls 2004, 95
Gruzka pers. com., 96 Kerckhof 2005, 97 Hoppenrath et al. 2004, 98 Greve 1994, 99 Barnes 1994,
100 Jazdzewski & Konopacka 2002, 101 Wallentinus pers. comm. and 102 Duncker 1939.

8.2 Non-native species known from Germany along the Baltic
and North Sea prior to the opening of the Kiel Canal

The following species were recorded from German coastal waters in the North

and Baltic Seas prior to the opening of the Kiel Canal. These species may have

migrated through the canal after its opening (for references see Table 4):

*  Mpya arenaria is one of the earliest invaders in Europe, with records dated
prior to 1200. The first record in the canal was in 1931.
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Teredo navalis. The shipworm was likely introduced to Europe several
centuries ago. Its key distribution area in Germany is the North Sea region.
It was also found in wooden pilings of bays in the Kiel Canal. Although
salt water inflow from the North Sea carried populations into the Baltic
the species may have colonised the Baltic from the North Sea via the Kiel
Canal, or with ballast water of ships. However, the Baltic population did
not reproduce until the 1990s. Today, the ship-worm is well established in
the Baltic, with self-sustaining populations.

Dreissena polymorpha was first recorded in the German Baltic in 1824,
in the German North Sea estuaries in 1835 and is one of the first invaders
reported from the Kiel Canal, introduced prior to 1896.

Amphibalanus (=Balanus) improvisus has occurred in Europe for more
than 125 years. It was first found in German coastal waters of the North
Sea in 1858 and <1873 in the Baltic. It was also found during the first
studies of Kiel Canal biota published in 1899.

Cordylophora caspia was first recorded in the North Sea in 1858 and
subsequently in the Baltic in 1870. It has been recorded in the Kiel Canal
since 1899.

Potamopyrgus antipodarum (=jenkinsi). Steusloff (1909) documented the
occurrence of Paludestrina (=Potamopyrgus) jenkinsi in the Baltic Sea
and published a note in 1927 on the spread of this invader, native to New
Zealand and first recorded from Europe in the Thames Estuary in 1859.
The species was first recorded in the Baltic in 1887 (Leppékoski 1984) and
from the Elbe River in 1893. Both records occurred before the opening of
the canal. Dechow’s (1920) first record of the snail in the Kiel Canal was
in 1900 when 3 individuals were found at canal km 12.3. Its first record in
the canal near Brunsbiittel indicates that the snail may have colonized the
canal from the Elbe Estuary (Arndt 1931/32). Until 1907, the species
spread throughout the western part of the canal (Brunsbiittel to Nobiskrug)
and was caught in high numbers. Dechow (1920) concluded that the
introduction occurred between 1897 and 1900. Arndt (1931/32) suggested
that the snail may have been introduced by ships or birds. In contrast,
Dechow (1920) assumes introduction by canal flushing from the Baltic.
Nehring (2000) assumes that the species migrated through the Kiel Canal
to colonize Western Europe.

Species migration to/through the Kiel Canal

Three migration pathways are theoretically possible:

species introduction with freshwater run off,
eastward species migration from the Baltic towards the North Sea, and
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* westward species migration from the North Sea via the Elbe River to the
Kiel Fjord at the Baltic sea shore.

When selecting species for closer consideration in the following sections
emphasis was on species with an unwanted ecological or economic impact.

8.3.1 Migration to the canal with freshwater run-off

In 1899, Elodea canadensis, native to North America, was found in the canal
(Hinkelmann 1903, Arndt 1931/32). The species had previously been recorded
from German waters and it is therefore likely that it colonised the canal from
nearby localities. Elodea canadensis is a freshwater species, and its introduction
to the canal may have occurred with river run-off. As this species is popular in
ornamental aquaria it may also have been accidentally introduced to German
waters. During mass occurrences the species may clog fishing nets and can
also reduce water currents.

Non-native freshwater fish found in the canal or adjacent waters are Acipenser
sp. (hybrids of non-native species), Ictalurus nebulosus, Lepomis gibbosus, and
Umbra pygmea. Stratte and Hartmann (1997) assume that ornamental species’
release is the introduction vector for these species.

8.3.2 Westward migration (from the Baltic Sea to the North Sea)

Species first recorded in the Baltic with subsequent occurrence in the North Sea
are described here. For references see also Table 4.

Anguillicola crassus

This eel parasite was likely introduced to Europe with live imports of eels.
Although A. crassus was first found in the Baltic in the 1970s and subsequently
in the North Sea a canal migration is unlikely as no records are known from the
inner Kiel Canal (Rosenthal pers. com.).

Rhithropanopeus harrisii

The crab Rhithropanopeus is native to the northwest Atlantic, from New
Brunswick to Florida and the Caribbean Sea. It was introduced to Europe,
presumably with ship fouling, around 1874, and it was also collected in the
Panama Canal in 1969. It was first recorded along the German Baltic coast in
1936 and thereafter in the North Sea (<1977). Nehring (2000) assumes that a



Kiel Canal 69

migration through the Kiel Canal is likely. It was first recorded in the canal in
1936 (Neubauer 1936).

8.3.3 Eastward migration (from the North Sea to the Baltic Sea)

For species not known to occur in the Kiel Canal, a canal migration is unlikely.
These invaders may have migrated around Denmark or were introduced with
shipping:

e Odontella sinensis appeared in the North Sea in 1903, in the Baltic in
1904. It is assumed that this phytoplankter reached the Baltic with salt
water influx from the North Sea.

e Chelicorophium curvispinum: in the North Sea in the 1920s, in the
Baltic in 1932.

e Acartia tonsa: first recorded in the North Sea in 1931, in the Baltic
<1981.

Species first recorded in the North Sea with subsequent occurrence in the Baltic
are described below, assuming that they used the canal as a migration pathway.
For references, see Table 4.

Eriocheir sinensis

The Chinese mitten crab was first recorded in the Aller River, a tributary of the
Weser River draining into the North Sea, in 1912 and subsequently spread to the
Weser and Elbe Rivers. Its native range is temperate and tropical regions
between Vladivostok (Russia) and South-China (Peters 1933, Panning 1938),
including Japan and Taiwan. Its centre of occurrence is the Yellow Sea
(Panning 1952).

Its lifecycle is characterised by migrations to waters with different salinities.
Larvae develop in marine waters, and perform a spring upstream migration,
aided by estuarine currents. Young crabs and young adults actively migrate
upstream. In their native region, living crabs have been found more than
1,000 km upstream in the river Jangtsekiang.

Crabs feed on a wide variety of plants, invertebrates, fishes and detritus. Plants,
snails and clams are the main food component. Two-year old adults migrate
down to the marine environment in summer, during which time they become
reproductively mature (Peters 1933, Panning 1938, Panning & Peters 1932).

In 1926, Neubaur published the first finding of a single specimen of the Chinese
mitten crab in Lake Wittensee, three kilometres from the Kiel Canal, near
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Eckernforde. Lake Wittensee is connected with the Kiel Canal by a small creek,
the Habyer Au. It is likely that the Chinese mitten crab migrated into the canal
from the Elbe River and was first recorded on the German Baltic coast in 1926
(Boettger 1933b, Panning 1938).

Today, crabs are reported in the Baltic up to Estonia, Finland and Russia. How-
ever, it is unlikely that the species is able to attain self-sustaining populations
in the Baltic Sea. Due to the low salinity, the reproduction cycle cannot be
completed here.

It is assumed that specimens captured in the Baltic immigrated from estuaries
adjacent to the North Sea. In 2002 and 2003, an annual catch of approx. 100
individuals was documented near Saaremaa Island (Gulf of Riga). The
migratory distance from the nearest reproductive area (Elbe river estuary) via
the Kiel Canal to the most distant location in Estonia (Narva Bay in the eastern
Gulf of Finland) exceeds 1,500 km. This distance almost doubles the recorded
migration maximum upstream in the Elbe River (Ojaveer at al., in prep.)

Ficopomatus enigmaticus

The polychaete F. enigmaticus is native to tropical and warm-temperate brackish
coastal habitats of India, the Indo-Pacific, and Australia (Walford & Wicklund
1973).

During mass occurrences, reef like aggregates of densely packed tubes form,
perpendicularly to the substrate. Their density ranges from 70,000 to 180,000
per square meter. Small tubes of newly settled individuals encrust interweaving
tubes of adult specimens. As a result, the reef-like aggregates become highly
consolidated (Aliani et al. 1995).

F. enigmaticus was first collected from German North Sea estuaries in 1975 —
the first record from the German Baltic coast was before 1980 and it was also
found in the Kiel Canal prior to 1980. This fouling organism frequently lives on
ship hulls (e.g. Gollasch 1996). From the North Sea it may have reached the
Baltic via the Kiel Canal or with the fouling of vessels.

Gammarus tigrinus

Native to North America, Gammarus tigrinus was first recorded in Europe on
the west coast of England in 1931 (Sexton 1939). The species tolerates salinities
of 1 — 25 PSU, and would not have been able to migrate into the Baltic around
Denmark as local waters are too saline.
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The first record in Germany occurred in 1957 (Schmitz 1960), in the Werra
River. Schmitz intentionally released about 1,000 individuals to re-establish an
amphipod in the highly polluted river where native amphipods had become
depleted. In 1967, the species was found in the Weser Estuary near
Bremerhaven (Klein 1969).

The first record in the Baltic region was in 1975 in the Schlei Fjord (Bulnheim
1976). During an analysis of Kiel Canal amphipods in 1978 and 1979, G.
tigrinus was recorded in the lower saline middle part of the canal in a stretch of
about 40 km (Bulnheim 1979).

Although it was found in western Germany decades before its record in the Kiel
Canal, it is doubtful whether it colonized the canal from the Elbe Estuary.
During an investigation of Elbe Estuary amphipods in 1978 G. tigrinus was not
found. It was also absent from the Kiel Fjord in 1978 (Bulnheim 1979).
Bulnheim (1980) suggests that it was introduced to the canal with ballast water.
However, this is unlikely as ballast water operations in the canal are strictly
limited. Therefore, and in contrast to Bulnheim, we assume that this amphipod
colonised the Kiel Canal from the North Sea.

Petricola pholadiformis

P. pholadiformis, from the north-western Atlantic (Gulf of St. Lawrence to
Uruguay), was first recorded in 1890 along the southeastern coast of England. It
may have been introduced with live American oyster shipments. The first record
along the German North Sea coast was in 1896. The first record in Denmark
was in 1905, in the Wadden Sea. Thereafter, the species spread and was found
in 1912 in Esbjerg harbour (Wadden Sea), in 1915 in Lenstrup (Skagerrak
coast), and in 1926 in the Limfjord. In the northern Kattegat it was found in
1931 and it in Storebelt in 1943 (Knudsen 1989, Jensen & Knudsen in prep.).

There is a record from the western Baltic in 1927, to where the species may
have migrated through the Kiel Canal. It became established and today can be
collected in the Wadden Sea, along the Skagerrak coast, the Limfjord and in
northern Kattegat (Knudsen 1989, Jensen & Knudsen in prep.). No record in the
canal may also indicate a migration of this species around Denmark.

8.4 Unintentional species introductions during canal improvements
works

During the first improvements to the Kiel Canal from 1910 to 1914, some
construction equipment was transported from the Netherlands to Germany. This
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equipment had previously been used in the Netherlands for water works in
canals near the Dutch Noordzeekanaal which drains into the Zuiderzee (Redeke
1937). Nehring & Leuchs (2000) assume that several species were moved to the
Kiel Canal with this construction equipment:

®  Bimeria fransiciana,

e Mytilopsis leucophaeta,

e Rhithropanopeus harrisii.

8.5 Future invaders which may take advantage of the Kiel Canal
to spread across Europe

Several species recently recorded in Europe are currently spreading. Due to
their known salinity tolerance, some have the ability to migrate through the Kiel
Canal and in using this shortcut rapidly colonize the North and Baltic Seas.

The following chapters document that the Kiel Canal is of continuous concern
as a migratory pathway, now even more than 100 years after its opening. It
should be noted that the examples given are not exhaustive, but should give an
overview.

Fig. 35. Hemigrapsus penicillatus. Drawing U. Frerichs, Hamburg, Germany. Look out for this
invader along the German coasts!

8.5.1 Species known to spread in the North Sea region, but not (yet)
known from the German coast along the Baltic

Hemigrapsus penicillatus
The crab H. penicillatus (Fig. 35), with native range from northern Japan to
China, was first recorded in Europe in 1994 by a record of a one-year old
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specimen in France (Noél et al. 1997). Since then, it has been spreading and is
now found along the coasts stretching from northern Spain towards Belgium
(Dumoulin 2004).

The crab occupies the same niche as the indigenous (young) green crab
Carcinus maenas and is supposed to be a competitor and predator of various
native species. Wide salinity and temperature tolerance enable it to migrate
through the Kiel Canal and to colonise a wide range of habitats along the Baltic
shores (Gollasch 1999). So far, it has not been found in German waters,
however.

8.5.2 Species known to spread in the Baltic region, but not (yet)
known from the German coast along the North Sea

Cercopagis pengoi

The brackish water cladoceran Cercopagis pengoi (fishhook water flea)
(Fig. 36) was first recorded in the Baltic Sea in 1992. The upper salinity tole-
rance of 15-18 PSU does not permit it to spread around Denmark to the North
Sea and its adjacent water bodies and estuaries. However, by using the Kiel
Canal it may colonize the Elbe River estuary. Recently, it was found in the
Pomeranian Lagoon, the first record from German coastal waters (Gruzka pers.
com.).

Fig. 36. The cladoceran Cercopagis pengoi from the Gulf of Finland — instar III parthenogenetic
female with embryos in brood poach. Drawing courtesy of Vadim Panov, St.Petersburg, Russian
Federation, see also www.zin.ru/rbic.

Neogobius melanostomus

Another Baltic invader may have used the Kiel Canal: Neogobius melanostomus
(Fig. 37). This fish of Ponto-Caspian origin tolerates salinities up to 45 PSU in
laboratory experiments and temperatures from —1 to 35°C. Spawning occurs
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above 8°C. Its scattered distribution along the southern Baltic shores indicates
multiple introductions or a spreading potential of this invader (Sapota pers.
com.).

In contrast to Cercopagis pengoi, this invader tolerates the higher salinity of the
western Baltic. However, it requires hard bottom habitats, rare along the south-
western Baltic coasts. It is assumed that the artificial hard bottom substrate of
the Kiel Canal bed may attract Neogobius, especially in the absence of
alternative hard substrates in the region.

Fig. 37. Neogobius melanostomus. Drawing courtesy of Kryzstof Skora, Hel, Poland.

It was recently recorded from the Dutch North Sea coast (Beek pers. comm.)
but it remains unclear whether it reached the North Sea from its Baltic
population or whether it was introduced from its natural range.

It is also interesting to note that two additional species of the Genus Neogobius
have recently been found in the Baltic Sea: N. gymnotrachelus (first record in
1995) and N. fluviatilis (first record in 1997). As N. melanostomus, they have
the potential to colonize a wide range of habitats in northern Europe and their
spread may be facilitated by the Kiel Canal.

9 Impacts of non-native species

A comprehensive impact assessment of non-native species in German coastal
waters cannot be presented due to a lack of relevant information. Data are not
available in a consistent and comprehensive format. In addition the limited
information available is geographically scattered.
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The three most impacting species in German coastal waters are the Zebra
mussel Dreissena polymorpha, the ship-worm Teredo navalis, and the Chinese
mitten crab Eriocheir sinensis. For the latter two, a tentative economic impact is
calculated below.

9.1 Ecological impact

Reise et al. (1999) concluded that the North Sea is not impacted severely by
invaders and that established non-native species in the region are rather additive
than destructive, and without major consequences. However, as several
examples have shown worldwide, each invader poses a potential risk to the
environment and economy of a region. Today, the Pacific Oyster Crassostrea
gigas is spreading in the Wadden Sea; in the future, it may cause unwanted
impacts as a competitor of the native blue mussel Mytilus edulis (Reise pers.
com).

9.2 Economic impact

An overall impact calculation for all known introduced species in German
coastal waters remains a challenge, because of a lack of relevant information.
During an unpublished study carried out by S. Gollasch for the German Federal
Agency for Shipping and Hydrography in 2004, a questionnaire was sent to
relevant stakeholders. Indications on the monetary impact of two species, the
Chinese mitten crab and the ship-worm were received. The following sections
summarise the impact of these two invaders. However, this attempt at a
monetary calculation is preliminary, pending additional information.

9.2.1 Dreissena polymorpha

The Ponto-Caspian Zebra mussel D. polymorpha was first recorded in Germany
in 1824, in the Baltic. This mussel causes severe damage to hard structures by
dense fouling, resulting in the clogging of industrial water intakes, fishing gear
and boats (Olenin et al. 1999).

It is also known from the inner estuaries of the Elbe and Weser rivers. Water
dependent industries are threatened here by it, and modifications of water
intakes had to be implemented. Selected industrial plants were moved to marine
conditions to avoid it (Rosenthal pers. com.). However, its impact to German
waters cannot be quantified.
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9.2.2 Teredo navalis

The worm-shaped bivalve T. navalis has been known from German waters
(North Sea) for more than 200 years (Schiitz 1961). First recorded in the
Netherlands in 1731 (Sellius 1733), the species destroyed wooden flood
protection installations. It is likely that this ship-worm also colonised wooden
sailing vessels of the Spanish Armada, while they were waiting in French and
Portuguese ports for the invasion of England in 1588, resulting in structural
damage to the ships and loss of the war (Gollasch & Riedel-Lorje 2000, Hoppe
2002). Mobius (1872) noted its presence in the Eiderkanal (see above). It was
also known to occur in the Kiel Fjord (Schiitz 1961).

Sporadic mass invasions lasted for two or three years in the 1930s and 1950s -
also along the Baltic shores and the species was also found in the Kiel Canal in
1951. By 1961 it was found until canal kilometre 93, i.e. in brackish water,
almost 5 km from the Kiel locks (Schiitz 1961).

In the Baltic, however, the bivalve disappeared again after a few years,
presumably because reproduction was impossible at the local low salinities. The
latest invasion in the Baltic took place in the early 1990s, possibly due to much
salt water inflow from the North Sea. Today the population appears to be
established at a self-sustaining level. The easternmost limit of shipworm
distribution in Germany is along the Island of Riigen, where low salinities
negatively impact larval survival. Wooden pilings used in marinas, harbours
and sea bridges are still attacked, with large pieces of wood destroyed within
just two years (Hoppe 2002).

Tentative cost calculation

The damage caused in the Baltic alone is calculated as 25 Mio € since 1993
(confirmed). The total damage along all German coastal waters is estimated as
50 Mio € since 1993 (Hoppe, pers. comm.).

9.2.3 Eriocheir sinensis

The Chinese mitten crab was introduced to Germany by shipping (see above).
The first sighting of an adult crab was from the Aller river in 1912 (Peters 1933,
Panning 1938, Panning & Peters 1932). The impact of this invader became
especially clear during the mass occurrences of the 1930s, 1940s, 1950s, 1980s
and 1990s. In total, mass developments were reported for approximately 30
years (Fladung pers. comm.).
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Table 5. Tentative calculation of cost since the first findings of the Chinese mitten crab in German

waters. (Modified after Gollasch & Fladung, unpublished).

Cost item
(data adjusted from Fladung pers. comm.)
costs from 1930s and 1940s calculated to current
value

Estimated
sub-total
[in€]
conservative
calculation

Estimated
sub-total
[in €]
maximum
calculation

» Costs of catchment gear installation
During 1935-1945 in total 35 catchment

installations, i.e. barriers, ramps, collection buckets

were in use. The average cost per installation was
750 €

During 1996-1998 four catchment systems were in

use, capital cost total to

26,250

10,000

26,250

10,000

Labour to clean and maintain catchment gear
During the 1935-1945 the catchment season
lasted for 8 to 10 weeks with 1 or 2 employees
(estimated salary per week 300 €)

During 1996-1998 labour cost totalled to

24,000
40,000

60,000
40,000

« The impact on bank erosion and feeding on native

species are difficult to quantify. The assumption
results in several 10,000s €

20,000

50,000

« Loss in commercial fisheries (estuaries and rivers)

Assuming that 250 fishermen were affected during

1930-1950 costs are estimated as 70,000,000 €
(for 20 years annually ca.

14,000 €per fisherman) including repair of nets as
crabs tend to cut net ropes.

60 fishermen were affected during the period
1994-2004 costs are estimated as 8,400,000 €
(annually ca. 14,000 € per fisherman).

65,000,000

8,000,000

75,000,000

9,000,000

o Loss in commercial fisheries (pond fisheries),
estimated for 1994-2004. Impacts include
predation of fish food and cultured
pond fish

75,000

100,000

« Loss in commercial fisheries due to the predatory
impact of the crabs on macrozoobenthos (fish
food) resulting in e.g. poor growth of fish is
calculated as 10,000 to 20,000 € annually during
the 30 year duration of mass occurrences.

300,000

600,000

Estimated total

73,495,250

84,886,250
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During four severe mass developments in the last century up to 140 t of juvenile
crabs were caught annually. A single fishing net collected 50 - 60 kg of crabs
per day (Fladung pers. comm.).

In the 1930s, 1940s and 1990s, attempts were undertaken to catch and destroy
as many crabs as possible. This implied labour costs and some catchment gear
production at the German Rivers Elbe and Havel.

It was calculated that the monetary impact caused to German waters has totalled
approximately 80 million Euro since 1912 (Tab. 5).

Other cost implications

Additional negative impacts exist, but cannot be quantified:
e impacts on biodiversity,
e impacts on recruitment of commercial species, and
e increased erosion rate due to crab burrowing activities in river banks.

It should also be noted that one positive effect was documented. During mass
occurrences crabs were and continue to be sold for 1 to 3 € /kg to the industry
e.g. for industrial use and for direct human consumption (Asian markets).

During 1994 - 2004 crabs were sold to a value of approximately 3,000,000 to
4,500,000 €. This amount needs to be deducted from the impact cost figures to
take account of “beneficial” effects.

10 Summary of species migrations through the Kiel Canal

The Kiel Canal has not been studied as a migratory pathway for biological
invasions of non-native species. Selected publications mention first records of
non-native species in the canal, but a comprehensive overview is lacking.

Arndt (1931/32) highlights the canal as an important invasion corridor between
the Baltic and North Seas. He also suggests that the canal locks would not limit
the spread of species.

Most of the established invaders nowadays occurring in both the North Sea and
the Baltic were previously first recorded in the North Sea. As a result species
migrations in eastwards direction, i.e. from the North Sea to the Baltic, were
more frequent.
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Fig. 38. Spread of established non-native species between the North and Baltic Seas — possibly
via the Kiel Canal. For species details see Tab. 4.

In all, 83 non-indigenous taxa have been recorded from the German coasts of
the North Sea (60 established species) and 39 from the Baltic Sea (35
established). In total 18 species are known to be established on both, along the
German coast of the North and Baltic Seas (Tab. 4).

When comparing the year of first record, 11 of these common species have been
found first in the North Sea and later in the Baltic (Fig. 38) indicating the likely
eastern route of secondary spread (species known to occur in the Kiel Canal in
bold):

Acartia tonsa

Amphibalanus (=Balanus) improvisus

Chelicorophium curvispinum

Cordylophora caspia

Eriocheir sinensis

Ficopomatus enigmaticus

Gammarus tigrinus

Odontella sinensis

9. Petricola pholadiformis

10. Physella acuta

11. Teredo navalis

S e
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The average time lag between the first record along the North Sea coast and the
subsequent finding of the organism in the Baltic is approximately 19 years.

Nearly half (7 species) have first been recorded in the Baltic and were found
thereafter in the North Sea or adjacent waters (Fig. 38), indicating a westward
spread (species know to occur in the Kiel Canal in bold):
1. Alexandrium minutum
Anguillicola crassus
Dreissena polymorpha
Marenzelleria cf. viridis
Potamopyrgus antipodarum
Rhithropanopeus harrisii
Telmatogeton japonicus

NS AW

The average time lag between the first findings along the Baltic Sea coast and
the subsequent finding of the organism in the North Sea is approximately 12
years.

For two species it remains unclear where they were recorded first (species
known to occur in the Kiel Canal in bold):

1. Mpya arenaria

2. Nereis virens

Of the 18 species established in German coastal waters of both the North and
Baltic Seas, 12 species have also been found in the Kiel Canal (marked in bold
above), indicating the likeliness of the Kiel Canal as an invasion pathway.
However, it cannot be ruled out that some of these 12 may have migrated
around Denmark. A few species have been found to be widespread along the
coasts of both the North and Baltic Sea prior to the opening of the Kiel Canal.

The Kiel Canal turns out not to be a major migration pathway for non-native
marine species. Some species, such as Cercopagis pengoi, are not able to reach
the North Sea estuaries by spreading around Denmark as excess salinity limits
their spread. The Kiel Canal is thus seen as a key migration pathway for only
brackish water species between the Elbe River estuary and the Baltic Sea.

As Reise et al. (1999), we conclude that the German coastal waters are not
impacted severely by introduced species and that most established non-native
species can rather be seen as additions, without major consequences.

However, exceptions occur. A monetary impact assessment carried out for two
species, the Chinese mitten crab and the ship-worm revealed that these two
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invaders, since their first records in German coastal waters, have caused a cost
equivalent to 98.5 to 134.8 Million €. As both species were first recorded a long
time ago, this monetary impact is comparatively small.
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Chapter I

Cutting a Canal Through Central America

ANDREW N. COHEN

San Francisco Estuary Institute, 7770 Pardee Lane, Oakland, CA
94621-1424, USA

1 Introduction and prehistory

Men had dreamed of a ship canal through Central America for three centuries
before the first shovelful of dirt was dug, and three decades more would pass
before the first ship sailed through the completed canal. This marked the
reconnection of two bodies of water and two biotas that had been separating for
perhaps 10 million years, and had been fully separated for at least 2 million
years. The reconnection would affect not only these two regions, but would
have at least indirect impacts on coastal marine biotas throughout the world.

The locations and times of existence of ancient seaways connecting the Atlantic
and Pacific oceans have been the subject of lively scientific debates. These rely
on interpretations of sedimentary deposits; inferences based on fossil,
taxonomic and molecular genetic evidence of exchanges of terrestrial organisms
between North and South America and of marine organisms between the
Atlantic and Pacific oceans; and paleogeochemical evidence of the timing of
water exchanges between the oceans. Such seaways may have existed as early
as the late Cretaceous and throughout most of the Tertiary (Darlington 1957,
Whitmore & Stewart 1965; Briggs 1974). As the Central American isthmus rose
during the late Tertiary, water gaps of various sizes remained or opened at
different periods. For land animals, these gaps acted sometimes as a complete
barrier and at other times as a selective filter, allowing the passage of some
“island hopping” species but not others. Similarly, when these gaps were deep,
wide and common, marine plants and animals may have passed freely between
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the oceans, but narrower or shallower gaps would have acted as filters,
restricting the flow of certain species through them.

During the middle Miocene, one or more straits connected Atlantic and Pacific
waters through the developing Central American isthmus, as shown by the close
similarity of the fossil marine faunas on either side of it (Dickerson 1917;
Woodring 1966). Dickerson (1917) believed these openings were at Tehuantepec
and in Panama. Woodring (1966) concluded that the main opening was through
the Bolivar Trough, where the Atrato River now runs in western Colombia
(which Briggs (1974) refers to as the “Panama Portal”), based on the extent of
Miocene marine deposits found there and the discovery of early or early middle
Miocene fossils of North American land mammals in central Panama
(Whitmore & Stewart 1965). Smaller or intermittent straits may also have
opened during the Miocene through the Nicaraguan Depression in southern
Nicaragua (now occupied by Lake Nicaragua), or in central Costa Rica or
central Panama (Whitmore & Stewart’s (1965) “Strait of Panama” in the
vicinity of the Canal Zone) where there are significant Miocene marine and
brackish-water deposits. Woodring (1966) suggested that the North Equatorial
Current would have carried planktonic larvae from the Atlantic through these
straits and into the Pacific.

It was Wallace (1876) who first realized that there were extensive migrations of
land animals between North and South America during the Tertiary. These
occurred in four distinct periods, based on fossils recovered primarily in western
North America, Florida and Argentina (Webb 1976; Marshall et al. 1979). The
first exchange involved a few genera of ground sloths moving north, and
procyonids (racoons and their relatives) and probably the earliest sigmodontinid
rodents moving south. These animals, dubbed the “New Island Hoppers,” were
capable of crossing water gaps in the island arcs that were the precursors of the
central American land bridge in Hemphillian (North American stage) and
Huayquerian (South American stage) time, between 6 and 9.5 million years ago
(Marshall et al. 1979). The second and third interchanges involved a larger and
more diverse group of genera, suggesting that the land bridge was then more-or-
less complete. These occurred in late Blancan to early Irvingtonian stages in
North America, and Chapadmalalan to early Uquian stages in South America,
roughly 3 to 2 million years ago (Webb 1976; Marshall et al. 1979). Finally, a
few further genera migrated to South America in the Ensenandan stage, around
one million years ago (Webb 1976). Webb (1976) notes that an absence of
exchanges over long periods does not necessarily mean that the land bridge was
broken. Instead ecological factors, including tropical habitats and discontinuities
in savanna habitat across the Central American isthmus, could have blocked
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migration entirely at times, and acted as a selective filter, blocking some
families or groups of organisms, at other times (Marshall et al. 1982).

An arcuate, east-west belt of thin sediment in the central Caribbean is thought to
mark the course of a persistent ocean current that was strong enough to inhibit
sediment deposition, with two breaks in the sediment record indicating periods
when the current was strong enough to stop deposition altogether (Holcombe &
Moore 1977). The later of these occurred from Eocene to early Miocene time
when the Atlantic equatorial current apparently flowed through to the Pacific.
The resumption of sedimentation starting in early-to-middle Miocene indicates
a weakening of the current in the central Caribbean, which was probably due to
the constriction and closure of straits that had connected to the Pacific. Marine
sediments east of Florida show a gradual coarsening from late Miocene up to
mid-Pliocene time (about 3.8 million years ago), which has been interpreted as
evidence of stronger winnowing of sediments due to an increase in the average
velocity of the Gulf Stream (Kaneps 1979). This is thought to have also been
caused by the gradual emergence of the Central American isthmus, forcing
flows that had formerly entered the Pacific to turn north and strengthen the Gulf
Stream. This had the further effect of warming northern waters so that a
subtropical fauna became established around Chesapeake Bay (Stanley &
Campbell 1981).

Keigwin (1982) compared the carbon and oxygen isotope ratios in benthic and
planktonic foraminifera recovered from seabed cores in the western Caribbean
and eastern Pacific, and concluded that the initial shoaling of the isthmian
region occurred in the Miocene, that deep to intermediate water exchange
between the Atlantic and Pacific ended around 6 million years ago, and that
surface water exchange became increasingly restricted between 4 million and 3
million years ago. It has been suggested that the restriction of water exchange at
that time led to a sustained change in regional climate, resulting in a period of
rapid speciation in shallow water ostracods (Cronin 1985). Keller et al. (1989)
compared foraminifer faunas and isotope values in the western Caribbean and
eastern Pacific and concluded that the closure of the strait occurred in four
phases: first, an increase in coldwater upwelling foraminifer species at
intermediate depths in the Caribbean around 6.2 million years ago, indicating a
restriction of westward flow and its deflection northward, corroborated by
divergence of oxygen isotope values in benthic foraminifers; a second faunal
change accompanied by divergence of oxygen isotope values in planktonic
foraminifers at about 4.2 million years ago, probably caused by increasing
surface salinity in the Caribbean related to further restriction of westward flow;
third, a major differentiation of Caribbean and Pacific faunas beginning around
2.4 million years ago as high salinity surface species of foraminifers became
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relatively more abundant in the Caribbean, with high surface salinities
corroborated by other faunal and isotope data; and finally, an acceleration of
faunal divergence starting at 1.8 million years ago, indicating final closure of
the strait. Further comparisons of fossil foraminifera assemblages suggest that a
barrier prevented exchange between the oceans between 12.9 million and 7.0
million years ago (Knowlton et al. 1993), facilitated by a low sea-level stand at
about 10.5 million years ago (Banford et al. 2004); followed by restricted
shallow water exchange that may have extended to 150 meters depth 6-7 million
years ago (Lessios 1998), and to less than 50 meters depth by 6.3 million years
ago (Knowlton et al. 1993).

Knowlton et al. (1993) reported a pattern of divergence in behavior, allozymes
and mitochondrial DNA in sibling pairs of alpheid shrimp species collected on
the Atlantic and Pacific coasts of Panama that indicated separation of the
species pairs at markedly different times. Calibrating by mitochondrial DNA
divergence and assuming the least differentiated pairs were separated 3.5
million years ago (see estimates of the time of isthmian closure in the next
paragraph), yields separation times for the more differentiated pairs of 6.1, 6.3
and 9.1 million years ago, which is consistent with the temporal pattern of
circulatory barriers and shoaling derived from foraminiferal assemblages and
isotope changes.

The limited distribution of Pliocene marine deposits in Costa Rica and the
limited distribution of Pliocene marine deposits in Costa Rica and Panama
suggests that the southern part of the isthmus was complete during the Pliocene
(Woodring 1966). Based on the fossil record of a major interchange of North
and South American land animals, the closure of the straits and completion of
the land bridge is estimated to have occurred by 2-3 million years ago
(Woodring 1966), 3 million years ago (Marshall et al. 1979, 1982; Keigwin
1982), 2.5-2.8 million years ago (Bermingham & Lessios 1993), or 2.8-3.1
million years ago (Banford et al. 2004). Other estimates of the time of closure as
reviewed or reported by various authors are about 1 million years ago (Olsson
1972), 1-2 million years ago (Voss 1972), 2-3 million years ago (Springer &
Gomon 1975), around 3.5 million years ago (Holcombe & Moore 1977; Stanley
& Campbell 1981; D’Croz & Robertson 1997), 1-3 million years ago (Voss
1978), around 5.7 million years ago (Gunter 1979), between 3.5-5.7 million
years ago and 2 million years ago (Lessios 1979, 1981), 1-5 million years ago
(Leschine 1981), 3.1-3.5 million years ago (Lessios 1984), 3-4 million years
ago (Cronin 1985), around 3.1 million years ago (Vermeij 1991), 3.0-3.5
million years ago (Knowlton et al. 1993; Lessios 1998), and 2.9-3.5 million
years ago (Bermingham & Lessios 1993). Some evidence also suggests that a
final opening in the isthmus may have occurred in association with a high sea
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level stand 2.8-3.1 million years ago (Knowlton & Weigt 1998), or a more
limited breach allowing limited exchange around 1.8-2 million years ago
(Lessios 1998; Knowlton & Weigt 1998; Banford et al. 2004).1

With the closure or even the partial closure of the isthmus, the biota of the
Caribbean and Panamic® regions began to diverge. Woodring (1966) noted a
much greater loss of Tertiary molluscan genera and subgenera in the Caribbean
than in the Panamic region, and Vermeij (1991) similarly calculated that the
Caribbean lost 32% and the Panamic 15% of their respective Miocene and
Pliocene subgenera. In contrast, nearly all of the Panamic coral genera but less
than half of the Caribbean coral genera were lost since the closure (Vermeij
1991).

Later analysis of fossil assemblages indicated that the highest rate of extinction
of molluscan subgenera in the Caribbean occurred somewhat later, around 2.4
million years ago (Vermeij 1993) or around the end of the Pliocene (Jackson
et al. 1993), and that speciation and invasions from other regions more than
made up for the losses, so that the number of Caribbean subgenera continuously
increased from the late Miocene to the end of the Pliocene (Jackson et al. 1993).
Similarly, an analysis of fossil assemblages in Florida found that the number of
mollusk species in the western Atlantic has remained more or less constant from
the late Pliocene to the present (Allmon et al. 1993). A species-level analysis of
strombinid mollusks from both sides of the isthmus found a steady increase on
the Pacific side from 3 species in the early/middle Miocene to 33 species
currently, whereas Caribbean strombinids peaked at 23 species in the early
Pliocene and then declined to 3 species. As with the Caribbean subgenera, both
Caribbean and Pacific strombinid species suffered a high rate of extinction
around the end of the Pliocene, but the Pacific fauna gained more species
through speciation and invasion than it lost (Jackson et al. 1993). Vermeij
(1993) summarized the overall pattern portrayed by these and other studies as
being characterized by a greater degree of speciation and diversification among
large suspension-feeding animals and shallow-water mollusks occurring on mud
or sand in the eastern Pacific than in the western Atlantic, and greater speciation

2 <

! As noted, “closure,” “completion” or “emergence” of the isthmus did not happen all at once or
in a single event, and these terms may mean somewhat different things to researchers variously
concerned with changes in hydrology, migrations of land animals, or migration of marine
organisms. This accounts for some of the range and variation in these time estimates, along with
the incomplete and still accumulating stock of evidence, and differences in interpretations of the
evidence.

2 . . . . .
“Caribbean” and “Panamic” are used in this chapter to refer to the modern coastal marine
regions in the tropical western Atlantic and tropical eastern Pacific, respectively.
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and diversification in reef- and rock-dwelling organisms in the western Atlantic
than in the eastern Pacific.

2 Construction of the canal

Dreams of cutting a canal through the Central American isthmus have been
recorded since the 16th century, but no attempt was made until a French
company began digging in the 1880s.” After 8 years and the deaths of tens of
thousands of workers, the French effort ended in failure, bankruptcy and
scandal. After another 10 years of labor, the U.S. government completed a canal
in the early 20th century. Apart from the monumental physical effort and
medical challenges, and the accompanying political and financial drama, the
canal project is primarily a tale of repeatedly determining, reconsidering and re-
determining two key decisions: where to build the canal, and whether to
construct it as a sea-level or a lock canal. The latter decision in particular would
have a huge effect on the canal’s biological consequences.

2.1 Plans and explorations

In 1513, Vasco Nuiiez de Balboa crossed the isthmus of Panama and reached
the shore of the Pacific, demonstrating that a mere strip of land separated the
Atlantic and Pacific oceans.* In 1534, King Charles I of Spain ordered his
governor in Panama to survey a route for a ship canal through the isthmus along
the valley of the Chagres River. The governor concluded that a canal could not
be dug there, but the priest Francisco Lopez de Gomara thought otherwise.
Writing in 1552, he described four possible routes, concluding that “there are
mountains, but there are also hands, and for a king of Castile, few things are
impossible” (McCullough 1977: 27). By then, however, the king had other
priorities.

In 1811 the German naturalist and explorer Alexander von Humboldt published
a report that considered several routes and recommended one through
Nicaragua. Several events over the following decades would encourage serious
consideration of a transisthmian canal. The Erie Canal and the Caledonian

3 The following account of the building of the canal is largely based on McCullough (1977),
updated with information from the Panama Canal Authority (ACP 2005).

4 . . . .

The shortest straight-line distance is at San Blas, where the two oceans are less than 50
kilometers apart. At the site of the canal, from Limon Bay to Balboa, the straight-line distance
across is about 60 kilometers.
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Canal both opened in the 1820s. The 98 kilometer-long Caledonian Canal,
designed by Thomas Telford and built in 1803-1822, cuts across Scotland to
link the Atlantic and the North Sea. Among its 29 locks is a set of eight known
as “Neptune’s Staircase,” which the poet Robert Southey described as Britain’s
greatest work of art. DeWitt Clinton’s Erie Canal, built in 1808-1825, was the
longest canal in the world, with a lock system that lifts barges over an elevation
of nearly 700 feet. The successful completion of these massive engineering
projects made a transisthmian canal seem more feasible, and in later years both
Telford and Clinton would consider plans for a Central American canal.

Gold was discovered in California in January of 1848. A year later, 200 men
landed at the mouth of the Chagres River on the Caribbean side of the Panama
region and beat their way through the jungle to meet up with a California-bound
ship on the Pacific side, thus becoming the first gold-seekers to reach California
via the “Panama Route.” More would follow, so many that work on a railroad
would begin in the following year. The 48-mile-long, single-track Panama
Railroad was completed in 1855, and in the next 10 years some 400,000
travelers would buy a $25 one-way ticket for a 3-hour ride from ocean to ocean

(Fig. 1).

Fig. 1. The Panama Railroad. From: Illustrated History of the Panama Railroad, by F.N. Otis,
Harper & Brothers, Publishers, New York, 1862.
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In 1850 Dr. Edward Cullen announced that he’d found a path through the
Darien region that rose no more than 150 feet above sea level. Such a route did
not, in fact, exist, but Cullen’s claim spurred others to examine the isthmus
more carefully. One of these was Navy Lieutenant Isaac Stain, who in 1854
entered the Darien wilderness with 27 men in search of the canal route and,
finding no route, reached the Pacific seven weeks later with 20 survivors
described as “living skeletons, covered with foul ulcers.”

Between 1870 and 1875, U.S. President Ulysses S. Grant, who as an Army
captain had led the Fourth Infantry across the isthmus in 1852, dispatched seven
expeditions to Central America to survey possible canal sites. These included
routes in Colombia (along the Atrato and Napipi rivers, the site of an ancient
seaway, the Bolivar Trough), in the Darien region (from Caledonia Bay along
the Sucubti River, and from the Gulf of San Blas along the Mandinga River),
along the Chagres River and the line of the Panama Railroad (the site of another
ancient seaway), in southern Nicaragua through Lake Nicaragua, and across the
isthmus of Tehuantepec in southern Mexico. To evaluate the results, Grant
appointed an Interoceanic Canal Commission, which in 1876 concluded that the
best route was through southern Nicaragua. The value of linking the oceans was
more evident than ever, and the geographical and engineering knowledge
needed to build the canal seemed increasingly within reach.

2.2 The French effort

The Suez Canal was completed in 1869. Six years later its triumphant creator,
Ferdinand de Lesseps, announced his interest in constructing a canal through
Central America at a special meeting of the Société de Géographie de Paris
(Fig. 2). Even at that early stage, de Lesseps declared that the canal must be a
waterway dug through at sea level, like the canal at Suez, rather than a lock
canal.

De Lesseps and others formed a company, La Société Civile Internationale du
Canal Interocé€anique de Darien, and sent an expedition to Panama to search for
a route, under the leadership of Naval Lieutenant Lucien Napoléon Bonaparte
Wyse. Panama was then a province of Colombia, which gave the expedition
permission to search only in the Darien region, east of the Panama Railroad.
Lieutenant Wyse returned in April 1877 with a plan and route for a canal that
included both ship locks and tunnels, but de Lesseps rejected the plan.

While a second expedition in 1877-78 examined a route along the Panama
Railroad, Wyse traveled to Bogota and negotiated a treaty that granted an
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exclusive right to the Société Civile to build and operate a canal through
Panama. This time the expedition returned to Paris with a plan for a sea-level
canal along the railroad route, with an 8 kilometer-long tunnel under the
Continental Divide. De Lesseps found the new plan acceptable. Working with
the Société de Géographie de Paris, he organized an international scientific
congress to consider the construction of an inter-oceanic canal. De Lesseps
expected the congress to give legitimacy to the Société Civile’s plan and
thereby assist it in obtaining financing.

Fig. 2. Ferdinand de Lesseps, fresh from his triumph at Suez. From: Vanity Fair, Nov. 27, 1869.

The congress met in Paris in May 1879, and considered 14 different routes
across Central America. Baron Godin de Lépinay, the chief engineer for the
French Department of Bridges and Highways, proposed a lock canal with a dam
at Gatun to block the Chagres and Gatun Rivers and create an artificial lake that
would serve as the main waterway, with a cut through the Culebra Gap.
Lépinay’s plan was very similar to the canal that was built 35 years later, but the
congress gave it little attention. There was more interest in an American plan for
a lock canal in southern Nicaragua. But after an impassioned presentation by de
Lesseps, the congress endorsed the Société Civile’s plan for a sea-level canal
along the line of the Panama Railroad.
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Following the congress, the Société Civile was reorganized as the Compagnie
Universelle du Canal Interocéanique de Panama with Ferdinand de Lesseps as
its president. De Lesseps’ son Charles was hired to supervise the work, which
officially began with an explosion at Culebra on January 10, 1880. The work,
however, did not go smoothly. The company had vastly underestimated the
amount of excavation needed to create a sea-level waterway; there were
frequent landslides that stopped work, destroyed equipment and had to be
laboriously dug out; and workers died in huge numbers from tropical fevers and
other diseases. As progress slowed and the death toll mounted, it became harder
and harder to raise the financing needed to continue the work.

In 1887 the plan to dig a sea-level waterway - which had been the central,
unwavering component of Ferdinand de Lesseps’ Central American vision for
the past twelve years - was discarded in favor of a plan to first construct and
open a lock canal, which would later and gradually be excavated down to sea
level by floating dredges. The change, though a sensible one, came too late to
save the effort. The Compagnie Universelle went bankrupt in December 1888, a
liquidator was appointed, and work was halted in May 1889. In the aftermath of
the company’s failure, claims emerged that government officials had been
bribed to support the issuing of public bonds to finance the work. Some of the
Compagnie Universelle’s officers and contractors were tried and found guilty of
fraud and bribery, and Charles de Lesseps went to jail.

2.3 America takes over

Two events around the turn of the 19th century set the stage for the United
States to take on the role of canal builder. In 1898, the Spanish-American War
left the United States in possession or control of new territories, including the
islands of Puerto Rico, Guam and the Philippines, and a naval base in Cuba. And
in 1901, an anarchist shot and killed President William McKinley, putting
Theodore Roosevelt - a participant in and ardent supporter of the Spanish-
American War - in the White House (Fig. 3).

Roosevelt was also a disciple of Alfred Mahan (Fig. 5A), a former naval officer
and the author of “The Influence of Sea Power Upon History.” In this widely-
read and highly-regarded book, Mahan argued that a nation’s success in
commerce and war depended on its dominance at sea, and that a Central
American canal was a commercial and military necessity for the United States.
Mahan’s lessons gained force with the sudden expansion of U.S. possessions in
both the Atlantic and Pacific at the close of the Spanish-American War, along
with the annexation of Hawaii in 1898. Meanwhile, an incident during the war
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vividly demonstrated the perils of having the U.S. fleet divided between two
oceans, when it took the battleship USS Oregon more than two months to sail

from San Francisco around the South American continent to provide a military
presence in the waters off Cuba.

Fig. 3. Theodore Roosevelt, Colonel of the 1st Volunteer Cavalry (the “Rough Riders”) in the

Spanish-American War. From: The Rough Riders, by Theodore Roosevelt, Charles Scribner’s
Sons, New York, 1899.

Fig. 4. Foredeck of the battleship USS Oregon. Photo courtesy of the Library of Congress.
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More than any other modern U.S. president, Roosevelt supported the expansion
of the nation’s territorial and military authority, with the expectation that the
United States would become the dominant power in the Pacific. Armed with
Mahan’s sense of the importance of the Navy, Roosevelt considered a U.S.-
controlled isthmian canal to be essential to the country’s future, allowing it to
quickly merge its fleets while denying its enemies the same swift passage
between oceans in time of war. By lopping nearly 8,000 miles off the distance
between the Atlantic and the Pacific, a canal would grant the United States an
enormous military advantage.

Fig. 5. (A) Alfred Thayer Mahan. (B) Secretary of State John Hay. Photos by J.E. Purdy, courtesy
of the Library of Congress.

Roosevelt began preparing the United States for the pursuit of a Central
American canal even before he assumed the presidency. In 1850 the United
States and Great Britain had signed the Clayton-Bulwer Treaty, agreeing to joint
control of any canal built across Central America. This forestalled the wor-
risome possibility of Britain building and controlling its own canal in the New
World. Forty years later, however, the United States was prepared to consider
building a canal on its own, and so in 1890 the U.S. Secretary of State, John
Hay (Fig. 5B), and the British ambassador negotiated a new treaty which gave
the United States the right to build and operate an unfortified canal that would
be free and open to the ships of all nations, both in peace and in war.
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To Roosevelt, these terms were unacceptable. “If that canal is open to the war
ships of an enemy it is a menace to us in time of war,” he wrote to Hay. “If
fortified by us, it becomes one of the most potent sources of our possible sea
strength.” Roosevelt had allies in the U.S. Senate, and when they blocked rati-
fication of the treaty, Hay was forced to renegotiate it. The new treaty, which
deleted the prohibition against fortifying the canal and gave the United States
the right to do whatever was necessary to protect it, was signed in November
1901 after Roosevelt became President.

During these negotiations, it had been assumed by nearly all the parties that any
U.S. canal would be built in Nicaragua. The Nicaraguan route had been selected
by Grant’s Interoceanic Canal Commission in 1876, championed by the U.S.
delegation to the Paris congress in 1879, and confirmed by the Isthmian Canal
Commission, also known as the Walker Commission, in November 1901. A
careful reading of the Walker Commission’s report, however, revealed that the
selection of a route through Nicaragua rather than Panama was based on cost,
and a large portion of that was the $109 million estimated price for acquiring
the canal properties and equipment that had belonged to the Compagnie
Universelle.” In early January of 1902, after a flurry of activity in Paris, the
asking price was slashed to $40 million; and by the end of the month, at
Roosevelt’s request, the Walker Commission issued a supplemental report that
favored the Panama route.

The debate then moved to the U.S. Congress and carried on for weeks, when the
earth itself appeared to step in and have its say. Among the many differences
between the proposed routes, the threat posed by Nicaragua’s several volcanoes
had been only a minor point of argument. Then on May 2, 1902, Mt. Pelée, a
little known volcano on the island of Martinique in the eastern Caribbean, began
erupting. Six days later it exploded, killing 30,000 people and leveling the town
of St. Pierre (Fig. 6). On May 14, Momotombo in Nicaragua erupted, and then
on May 20 Mt. Pelée erupted again, along with an eruption of Souffriere that
devastated the northern portion of the island of St. Vincent.

Though the proponents of the Panama route made much of the volcanic threat,
it’s not clear how much it affected the outcome of the debate. In any event, in
late June the Senate and House passed bills that provided for an initial attempt
to construct a canal in Panama, but to revert to the Nicaragua route if the

5 The purchase would actually be made from the Compagnie Nouvelle du Canal de Panama, a
company that had been formed to take over the holdings of the Compagnie Universelle when it
went bankrupt.
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country could not obtain clear title to the Panama canal properties within a
reasonable time.

Fig. 6. (A) Mt. Pelée erupting. (B, C) The destruction of St. Pierre. Photos courtesy of the Library
of Congress.

In January 1903, John Hay negotiated a treaty with Colombia granting the
United States a 100-year franchise to build and operate a canal in Panama in
exchange for $10 million. The terms of the treaty were quite favorable to the
United States, and included U.S. control of a six-mile-wide canal zone across
Panama and renewal of the franchise at the United States’ sole option. The U.S.
Senate quickly ratified the treaty, but Colombia balked. The Roosevelt admini-
stration, through both diplomatic communications and public statements, exp-
ressed increasing impatience with Colombia, even suggesting publicly that it
might support a Panamanian revolt.

That support was provided just eight months later. On November 3, 1903, a
small group of revolutionaries took over Panama City in a bloodless coup, and
declared Panama’s independence. On November 5, U.S. gunboats landed at
Colon on the Caribbean coast and took control of the Panama Railroad. When a
Colombian ship reached Colon that evening with a large detachment of soldiers,
the U.S. forces stopped them from traveling to Panama City, and eventually
negotiated their return to Colombia. Over the following months eight U.S.
gunboats would patrol both coasts of Panama, preventing Colombian troops
from landing.

On November 6 the United States formally recognized Panama, and twelve days
later John Hay signed a treaty with Panama granting the canal concession to the
United States. This agreement was similar to the one that Colombia had
rejected, but was even more favorable to the United States. For example, the
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canal zone would be ten rather than six miles wide, it would be held by the
United States in perpetuity, and the United States could expropriate any
additional land or water needed for the construction, operation or defense of the
canal. In return, the United States would pay Panama $10 million and guarantee
its independence. After the treaty was ratified by the two countries, the United
States purchased the Compagnie Universelle’s canal properties for $40 million.

2.4 Construction

The U.S. canal project began in earnest with the arrival of Colonel William
Gorgas, the Chief Sanitary Officer, at Colon in June of 1904 (Fig. 7B). Gorgas
recognized the critical importance to the construction effort of controlling
tropical fevers and other diseases. During the building of the Panama Railroad,
thousands had died from cholera, dysentery, malaria, yellow fever and
smallpox. So frequent and regular were these deaths that the railway company
did a steady side-business in supplying pickled cadavers to medical schools
for dissection and study. The high toll continued during the Compagnie
Universelle’s canal work. Later estimates indicated that 20,000 to 22,000
workers died in the 8-year effort.

Until nearly the start of the U.S. canal project, the prevailing medical and public
opinion was that malaria and yellow fever were caused by “miasmal mists” that
arose from swampy ground or disturbed soils. For a long time, however, there
had been hints that mosquitoes were involved. By 1881 a Havana physician,
Carlos Finlay, had become convinced through 20 years of observations that
yellow fever was transmitted by the mosquito Aedes aegypti (then known as
Stegomyia fasciata) (Fig. 8A). He tried to prove it by allowing mosquitoes to
suck blood from yellow fever patients, and then having them attack the skin of
volunteers, but the volunteers did not come down with yellow fever. The
solution to this puzzle began to emerge when a Mississippi physician, Henry
Rose Carter, initiated a statistical study of yellow fever among rural patients,
and discovered that a 12-20 day “extrinsic incubation period” was needed after
an individual developed yellow fever before another person could catch the
disease by visiting the infected individual’s home. Carter published his results
in 1900, just as he and Walter Reed (Fig. 7A) were sent to Havana to deal with
a yellow fever outbreak, working alongside Finlay. Reed focused on Aedes
aegypti and demonstrated through a series of experiments and observations that
it was the agent of transmission of yellow fever, and that Carter’s extrinsic
incubation period was the time needed for the disease organisms to develop in
their mosquito hosts. As final proof, William Gorgas, though not yet fully
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persuaded by Reed’s work, undertook a massive effort to rid Havana of Aedes
aegypti, thereby eliminating yellow fever from the city in eight months.

Meanwhile, in 1897 the English physician Ronald Ross, working in India,
discovered Plasmodium falciparum, the protozoan that causes malaria,
multiplying in the stomach of an Anopheles mosquito that had recently fed on a
malarial patient. For discovering the mosquito vector of malaria, Ross won the
Nobel Prize in 1902.

Fig. 7. (A) Walter Reed. (B) William Gorgas. (C) John Stevens.

Gorgas now arrived in Panama, with the job of controlling both malaria and
yellow fever in the Canal Zone, and to reduce the incidence of pneumonia,
tuberculosis, chronic diarrhea and dysentery, which took nearly as many lives.
Although Gorgas understood what needed to be done to control these two
tropical fevers, his superiors still believed that they were caused by bad air
rising from wet or disturbed ground and exacerbated by immoral life styles, and
they failed to support his efforts to control mosquitoes.

In July of 1905 a new director arrived in the Canal Zone: John Stevens,
formerly an engineer with the Great Northern Railroad (Fig. 7C). He
immediately saw the importance of managing these diseases, accepted Gorgas’
plans, and provided unstinting support for a medical campaign that included
controlling mosquitoes. Gorgas virtually eliminated yellow fever from the
Canal Zone in a year and half, and greatly reduced the incidence of malaria
(Fig. 8B). In all, during the ten years it took to construct the canal there were
5,609 deaths from disease and accidents out of a total work force of 56,300
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people - a very large number, but corresponding to an annual death rate that was
only one-fifth of the rate during the years of the French effort.

When Stevens took over, one key decision still to be made was whether to build
a sea-level or a lock canal. A review board appointed by Roosevelt recom-
mended a sea-level canal in November 1905. But later that winter, Stevens
observed the Chagres River in flood. He decided that a sea-level canal, which
required containing or diverting the Chagres’ raging flood waters before they
reached the waterway of the canal, was impractical; and that the best solution
was to allow the Chagres’ flows to enter and fill a lake that would form the
major part of the waterway in a lock canal.

Fig. 8. (A) Aedes aegypti, the vector for yellow fever. Photo courtesy of the U.S. Department of
Agriculture. (B) One of the drainage and fumigation brigades, similar to those he organized in
Havana, that William Gorgas used to rid the Canal Zone of yellow fever. Photo courtesy of
CanalMuseum.com.

The next advisory body to take up the question was the Isthmian Canal
Commission. In February 1906 Stevens convinced first the commissioners, and
then Roosevelt himself, to endorse a lock canal. Then the issue advanced to a
U.S. Senate committee, which voted in favor of a sea-level canal, before the full
Senate voted for a lock canal by a narrow margin and finally settled the matter.

With Gorgas’ medical campaign underway and the form of the canal decided,
Stevens, a former railroad engineer, now reorganized the canal excavation as a
railroad project. In his view, the fundamental challenge of the canal’s construction
was the coordinated movement of men, food, supplies and - most importantly -
dirt, throughout the Canal Zone. Enormous quantities of dirt had to be moved
quickly and efficiently out of the diggings at Culebra Cut and the other exca-
vation sites and transported to Gatun where it was needed to dam the Chagres
and Gatun rivers, and to other fill and disposal sites. To Stevens, the obvious
solution to the problem was the Panama Railroad, and so he rebuilt it with
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heavier rails and a second track, ordered heavy locomotives and cars to replace
the lightweight French stock, and hired railroad engineers to run the project.
“The digging is the least of it,” he said, and the efficient operation of the project
after his reorganization showed that he was right (Fig. 9).

Fig. 9. Moving the dirt. Photo courtesy of the Panama Canal Authority.

In November 1906, at the height of the rainy season, Roosevelt made a famous
tour of the canal project - the first time a U.S. president had left the country. He
slogged through mud, posed at the controls of a massive steam shovel, asked
innumerable questions, and by his energy and enthusiasm greatly increased the
visibility and the popularity of the project in the United States. However, a few
months after Roosevelt’s return to the United States, Stevens, for reasons that
were never clear, suddenly resigned. Roosevelt turned the canal project over to
Major George Washington Goethals and other officers from the Army Corps of
Engineers, and from then on the project was run under a command structure of
military engineers working in a civilian capacity and reporting to the Secretary
of the War Department until it was completed seven years later.

The main excavation through Culebra Gap was plagued by a series of massive
landslides. These forced repeated downward adjustments in the estimate of the
final slope that would stabilize the sides of the excavation, which increased the
amount of rock and sediment that had to be removed from Culebra to 80 million
cubic meters, compared to a 1906 estimate of 45 million cubic meters of
excavation for the entire canal. Despite these setbacks, the dry excavation at
Culebra was completed in June 1913, when two steam shovels met nose-to-nose
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at the bottom of the cut. On October 10, 1913, President Woodrow Wilson
pressed a button in Washington, sending a telegraph signal to Panama which
detonated an explosion that broke open the Gamboa Retention Dam and
allowed the rising waters of Gatun Lake to flood the cut. Dredges were then
floated in to complete the digging (Fig. 10).°

Fig. 10. Floating dredges at work in the Culebra Cut. Photo courtesy of CanalMuseum.com.

On January 7, 1914, the Alexandre La Valley, an old Compagnie Universelle
crane boat that had been brought up from Limon Bay to work on the canal some
time earlier, passed down through the locks to the Pacific side, becoming the
first ship to pass through the canal from ocean to ocean. Hardly anyone noticed.
The canal was officially opened on August 15, 1914, to little ceremony, as
World War I had just broken out in Europe.

The following year, however, the completion of the canal was celebrated at an
international exposition in San Francisco (Fig. 11). The United States had spent
about $375 million building the canal (including a $40 million payment for the
Compagnie Universelle’s property and equipment and a $10 million payment to

6 Though in truth, the digging is never really over. In the first 13 months after the canal was
opened, slides at Culebra blocked the canal three times, the last of which closed it to traffic for
seven months while dredges dug it out again. Slides, repairs, and improvements have continued
the digging to the present day.
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the Republic of Panama), which is about $175 million more than the 1906 cost
estimate. In all, some 200 million cubic meters of rock and sediment were
excavated, or over four times the amount that was estimated as necessary in
1906 and nearly three times the amount excavated at Suez.

Fig. 11. “The Thirteenth Labor of Hercules” - Perlham W. Nahl’s poster for the 1915 Panama
Pacific International Exposition in San Francisco, showing Hercules parting the isthmus.
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1 Introduction

Shipping has been a primary mode of trade for millennia and is undergoing
constant change (Couper 1972; see Suez Canal chapter). Vessel size and speed
have certainly increased through time. Worldwide, the number of recipient and
source ports engaged in international commerce have increased in recent
history, as have the cumulative number of vessel arrivals across these ports.
Together, these changes in scale and tempo of shipping are driving the
increased globalization of economies.

Trade routes have also shifted through time. Changes in vessel characteristics
such as motorization (speed), size, and refrigeration have overcome earlier
physical or temporal constraints associated with some routes. New commodities
and markets have emerged, and older ones have sometimes declined. Opening
of new passages has resulted from discovery and the creation of canals. World
events such as wars and trade embargos or agreements have limited use of pre-
existing routes. In addition, trade routes have also responded at various
timescales to environmental changes (e.g. ice cover or water level surrounding
passages) and storm events.

Although it is evident that the scale, tempo, and routes of shipping are highly
dynamic, the temporal and spatial pattern of changes and not been well docu-
mented to date. Many of the changes in shipping are punctuated rather than
a gradual shift over time. Such shifts are exemplified by the advent of
steamships or the opening of canals as new passage ways, which rapidly
changed shipping on a global scale (Couper 1972, see Suez Canal chapter).

113
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Changes in shipping patterns affect not only transport of cargo but also transfer
of organisms to new geographic regions. It is well known that many species
are transferred unintentionally in the cargo of ships and by the hulls and
ballasted materials of ships (Visscher 1928, Carlton 1985, Carlton and Geller
1993, Coutts 1999, Gollasch 2002). Upon release to a new geographic region,
many species have established self-sustaining populations. Due to the magni-
tude of shipping and the extensive species pool associated with ships’ ballast
and hulls, shipping is a leading source of biological invasions in coastal eco-
systems throughout the world (Cohen and Carlton 1995, Reise 1998, Ruiz
et al. 2000, Fofonoff et al. 2003, Hewitt et al. 2004).

In this chapter, we begin to explore some patterns of shipping associated with
the Panama Canal (see Cohen, Panama Canal chapter 1 for history and
description of the canal). The opening of this passage in 1914 was indeed a
punctuated event, causing a change in commercial shipping on a global scale.
We compiled historical records from the Panama Canal Authority to (a)
describe changes in the magnitude of shipping through the Panama Canal from
1914-2004, (b) examine the directional flux of different vessel types, including
the frequency of ballasted versus cargo laden transits, through the canal and (c)
compare the magnitude of shipping through the canal to that of the largest port
systems in the United States. Based upon this background, we consider the
implications of creating this new passageway, and its expanding use, for
biological invasions.

2 Magnitude and tempo of commercial shipping in the Panama
Canal

Since its opening in 1914, an estimated 781,363 ocean-going commercial
vessels have passed through the Panama Canal. This estimate excludes all ships
(a) operated by Panama and Colombia, (b) operated by the United States
through 2000, or (c) under 500 tons displacement.

The number of transits by these ocean-going vessels shows a strong increase
through time, exhibiting two periods of rapid increase followed by relatively
little inter-annual change (Figure 1A). The first period of increase occurred
from 1915 (1,075 transits) to 1928 (6,456 transits), where the number of annual
transits are reported by fiscal year ending in June. The number of annual transits
did not exceed this range until 1952. There was a marked decline in traffic
during World War II (1942-1945), when the number of transits ranged from
1,562 to 2,688. The second period of increase occurred from 1952 (6,562
transits) to 1971 (14,020 transits). Since this time, annual transits have remained
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relatively stable, having a mean of 12,625 transits (sd = 1,030) and a range of
9,936 to 15,194.
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Fig. 1. Number of transits by year. Shown for each year is the number of transits through the
Panama Canal by ocean-going commercial vessels. (A) Total number of transits, (B) Number of
westbound transits (dark circles) and eastbound transits (open circles), and (C) Percent of
westbound and eastbound transits reported to be ballasted. Data as reported by the Panama Canal
Authority for each fiscal year (ending in June).
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In recent years, small commercial vessels (<500 tons) added approximately
10% more transits. For example, the number of reported annual transits for
small vessels ranged from 1,323 to 1,517 for the years 2002 - 2004. Today, we
therefore estimate total commercial traffic from ocean-going and small vessels
to be approximately 13,000 to 14,000 transits per year. This is the current scope
of international traffic using the canal, as these estimates exclude domestic
(local) traffic and also recreational vessels.

3 Overall direction of traffic and ballasted transits

Beginning in 1929, data were available on the annual number of transits in each
direction and whether these ships were laden with cargo versus in ballast. As
might be expected, the number of transits in each direction is similar among
years (Figure 1B).

Table 1. Cumulative statistics for total and ballasted transits by direction. Summary statistics are
shown for two different time periods: (A) 1929 - 2004; (B) 1929 - 1991.

Atlantic to Pacific Pacific to Atlantic
A. 1929 - 2004
Total Transits 366,693 348,914
% of Total Transits 51.20% 48.80%
Total Transits in Ballast 72,979 47,271
% of Total Transits in Ballast 60.70% 39.30%
% of Directional Transits in Ballast 19.90% 13.50%
B. 1929-1991
Total Transits 289,286 276,325
% of Total Transits 51.10% 48.90%
Total Transits in Ballast 59,450 34,432
% of Total Transits in Ballast 63.30% 36.70%
% of Directional Transits in Ballast 20.60% 12.50%

However, there appears to be a strong directional bias in the percentage of
transits in ballast (Figure 1C). Such directional data were available for the 73 of
76 years from 1929-2004, as shown in Figure 1C. For 56 (77%) of these years,
the percentage of transits in ballast from Atlantic to Pacific exceeded those in
the opposite direction, often by a large margin. Interestingly, the difference in
annual percentage of ballasted eastbound versus westbound voyages was greatest
before 1965, suggesting temporal change and convergence in directional ballast
operations through time.
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These patterns are equally evident when comparing cumulative data across all
years (Table 1A). From 1929-2004, 51.2% of all transits were westbound
(Atlantic to Pacific) and 48.8% were eastbound (Pacific to Atlantic). During this
same period, the westward traffic accounted for 60.7% of all ballasted voyages
for both directions. Since the cumulative number of transits was similar in each
direction, this indicates that a higher percentage of westbound traffic was in
ballast (19.9%) compared to eastbound traffic (13.5%), as shown in Table 1A.

4 Direction of traffic and ballasted transits by vessel type

To gain a better understanding of directional patterns of ballasted transits, we
examined the frequency of transits classified as “in ballast” by vessel type and
direction from 1929-1991. During this time period (1929-1991), new types of
vessels were added to the classification scheme used by the Panama Canal
Authority, probably reflecting changes in specialization, design, and size of
vessels (Couper 1972). General Cargo and Tanker vessels were present in the
classification scheme for the entire period, whereas other vessel types were
represented for only part of the period (Ore Carriers 1938-1972; Dry Bulk 1968-
1991; Refrigerated Cargo 1968-1991; Containers 1968-1991; Passenger vessels
were not consistently reported until 1938-1991). It is likely that some of these
latter vessel types are included earlier as General Cargo vessels and were not
classified separately until they began to increase in frequency, but any lag-time
in reporting new vessel types in the transit records has not yet been evaluated.
After 1991, the number of different commercial vessel types included in the
classification scheme for transits in the Panama Canal doubled, expanding from
seven to over fourteen. To simplify our analysis, and to avoid the confounding
effects of adding additional vessel types through time, we examined transits for
the 62-year period prior to 1992.

For the period 1929-1991, most (63.3%) of all ballasted transits occurred from
the Atlantic to Pacific (Table 1B) and a higher percentage of westbound transits
(20.6%) were ballasted than eastbound transits (12.5%). A similar directional
bias exists in ballasted transits for the period 1929-2004 (Table 1A), but this
pattern is weighted strongly by the early years and changed dramatically through
time (as noted above and seen in Figure 1C); the cause of such temporal change
is the focus of current study.

Figure 2A shows the composition by vessel type for all transits from 1929-
1991. General cargo vessels were the most frequent vessel type (50% of total),
followed by dry bulk carriers (15%), tankers (14%), refrigerated cargo
vessels (8%), containerships (5%), ore carriers (1%), and passenger vessels
(1%). Other vessel types in combination contributed the remaining 6%, and
included military vessels, but little information was available to characterize
these further.
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In general, the flux of vessels eastbound was equivalent to that westbound for
each vessel type. As shown in Figure 2B, the percentage of total traffic that was
westbound (Atlantic to Pacific) ranged from a low of 43.5% (for ore carriers) to
a high of 50.9% (for general cargo vessels).

Five of the seven vessel types were classified as having arrived to the Panama
Canal “in ballast” for at least 10% of their total transits (Figure 2C). Ore Car-
riers, tankers, and refrigerated cargo vessels arrived most frequently in ballast
(43%, 38%, and 27% of transits, respectively). Dry bulk and general cargo
vessels arrived in ballast much less frequently (14% and 10% of transits). Less
than 2% of container and passenger vessels arrived in ballast.
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Fig. 3. Percent of ballasted transits by vessel type and direction, 1929 - 1991. Shown separately
for each vessel type is the percent of eastbound and westbound transits in ballast.

For these five vessel types most often arriving in ballast, Figure 3 contrasts the
percent of ballasted transits for eastbound versus westbound traffic. For four of
the five vessel types, a higher percentage of in ballast transits occurred in the
westbound direction. This was most pronounced for ore carriers and refrigerated
cargo vessels. Nearly all ore carriers were reported in ballast from the Atlantic
to Pacific (98%) and almost none (2%) were classified in ballast when east-
bound, suggesting transport of cargo in only the latter direction.
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Approximately 51% of westbound refrigerated cargo vessels were in ballast
compared to 5% of eastbound transits by this vessel type.

Although much less pronounced, the percentage of cargo vessels in ballast was
still 3-fold greater in the westbound versus eastbound direction. The percentage
of dry bulk carriers in ballast was very similar for eastbound (12.5%) and
westbound transits (14.8%). In contrast, tankers exhibited a bias in the opposite
direction for this time period. The percentage of vessels in ballast for east-
bound transits was approximately twice that reported for westbound transits.

Such directional bias may have important consequences for species transfers
and biological invasions. In general, ships laden with cargo can carry much less
ballast water than those considered in ballast. For this reason, the frequency of
ballasted voyages may provide a useful, albeit coarse, proxy for the net direc-
tion of transfer for biota associated with ballast tanks within particular vessel

types.

At the present time, we are not able to go beyond this coarse-level analysis and
estimate actual volumes of ballast water transferred through the Panama Canal
or compare these volumes across vessel types, source regions, and recipient
regions. The frequency distribution and average for ballast water volumes
carried by any one vessel type (e.g. tankers) when ‘in ballast’ will certainly differ
from the others (Carlton et al. 1995, Verling et al. 2005). Even within vessel
type, there are also likely to be differences through time that result from
changes in vessel size, design, and cargo. While it is evident that many factors
influence ballast water use (volume) by ships, and that this affects transfer and
dynamics of associated biota, the specific details surrounding ships in the
Panama Canal remain unresolved (see also Effects of the Panama Canal on
Biotic Exchange).

5 Relative scale of shipping associated with the Panama Canal

It is important to consider the current scale and nature of shipping in the
Panama Canal in the context of other major port systems, underscoring the broad-
scale shift in commercial shipping patterns that resulted from opening of this
passageway. For this purpose, we compare the number of transits in the Panama
Canal to commercial ship arrivals to ports of the United States at the present
time.
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From 2000-2004, the mean number of annual transits in the Panama Canal by
commercial vessels was 12,121 (sd = 325). All of these are commercial vessels
arriving from outside the country, as transits from Panama and Colombia are
excluded from these estimates. Most of these vessels are not undergoing any
cargo operations and pass through the canal as quickly as possible, with a transit
time of 6-12 hours. The last port and next port of call of these vessels, defining
the trade routes through the canal, is the topic of ongoing investigation.

For this same time period, all ports in the United States received approximately
100,000 ship visits per year (U.S. Maritime Administration, unpublished data).
While this surpasses the number of transits in the Panama Canal, these arrivals
are distributed across scores of ports and thousands of miles, along both the
Atlantic and Pacific coasts. A more direct comparison to the Panama Canal,
where ships pass the same geographic location, would be to consider individual
port systems in the U.S. Each of the largest port systems in the U.S. received
annually less that 50% of the total transits in the Panama Canal for the same
years, 2000-2004 (Figure 4). The mean number of annual arrivals to each of the six
largest U.S. port systems ranged from 2,118 to 5,358.

Seattle

New Orleans
Chesapeake Bay

New York

Los Angeles / Long Beach

Houston

Panama

0 5000 10000 15000

Average Number of Arrivals / Year

Fig. 4. Mean number of annual arrivals by location, 2000 - 2004. Shown is the mean number
(+s.e.) of arrivals to each of six major port systems in the United States compared to mean
number (+ s.e.) of total transits for the Panama Canal.

It is also noteworthy that the number of arrivals to U.S. ports included both
foreign and domestic (coastwise) traffic, whereas those reported for the Panama
Canal are only foreign arrivals. Approximately 50% of arrivals to the U.S. ports
are domestic in origin, and domestic arrivals to the six U.S. ports in Figure 4
ranged from 23-79% of the total.
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6 Effects of the Panama Canal on biotic exchange

The creation of the Panama Canal as a major passageway for commercial
shipping, where none existed previously, has affected the movement of aquatic
organisms in two general ways: (1) unaided movement of organisms into or
through the canal from adjacent waters and (2) transfers of organisms by ships.
Either mode of biotic exchange can breach historical barriers to dispersal and
result in biological invasions, allowing organisms to establish self-sustaining
populations in new geographic locations.

For unaided dispersal of organisms via the canal, especially coast-to-coast
movement across Panama, a great deal depends upon the organisms’
environmental tolerance. Cohen (Panama Canal chapter III) reviews examples
of several fish and invertebrate taxa that appear capable of making the transit
through the canal. However, the transition from marine to freshwater may be
very restrictive, creating a dispersal barrier for many species (Rubinoff 1970).
Certainly some species may raft (Sheffey 1968, Thiel and Gutow 2005),
possibly avoiding full and prolonged exposure to freshwater by attaching to
floating materials. Others may be have environmentally tolerant resting stages
(e.g. seeds, eggs, and cysts) or be associated with fast-moving organisms, per-
haps as commensals or parasites, facilitating survivorship and transport. The
capacity for dispersal unaided by ships, including especially salinity tolerance
and the extent of rafting, remains largely to be studied in the Panama Canal
system (Rubinoff 1970).

With respect to ship-mediated dispersal, it appears that a massive movement
movement of organisms has occurred via ships using the Panama Canal. For
almost a century, the canal has operated as a focal point for international ship
traffic, shaping trade routes on a global scale. Approximately 800,000 com-
mercial ship transits have now occurred, having many potential implications for
the ship-mediated transfer of organisms in a regional and global context.
However, to a large extent, we can only draw inferences (outlined below) about
the transfer of organisms by these ships, and these await further data for testing.

6.1 Ship-mediated transfer: Regional perspective

In general, the coasts of Panama and surrounding region have been exposed to
an increased propagule supply of non-native organisms, resulting from the large
and continuous flux of transiting ships. These ships arrive from many parts of
the world, and they would not otherwise have come to this region except for the
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canal. There exists a vast body of research from around the world describing
abundant and taxonomically diverse assemblages of organisms that are
transported in and on ships (see below). As a result, it is certain that ships
arriving to the canal transport organisms and that some of these organisms are
released to surrounding waters (Rubinoff 1970, Dawson 1973; see also Cohen,
Panama Canal chapter III for discussion).

Ship-mediated transfer of aquatic organisms occurs primarily through
association with ships’ ballasted materials and ships’ hulls. Organisms are
routinely entrained in ships’ ballast tanks, which are filled with surrounding
waters at one port or location (to maintain stability, under rough conditions or
often in lieu of cargo) and discharged at subsequent ports of call (Carlton 1985,
Carlton and Geller 1993). Nearly all ballast tanks contain living organisms. It is
not unusual to find concentrations of organisms in the water itself in the range
of 10° - 10* zooplankton per liter, 10° - 10° phytoplankton per liter, 10°* - 10°
bacteria per liter, and 10° - 10" viruses per liter (Smith et al. 1999, Zhang and
Dickman 1999, Drake et al. 2001, Minton et al. 2005). Organisms also reside at
the bottom of ballast tanks, and microorganisms form biofilms on the inner
surfaces of these tanks (Bailey et al. 2005, Drake et al. 2005). Moreover,
organisms associated with tank bottoms and surfaces can form resting stages or
cysts that can remain viable for relatively long periods of time, even with little
overlying water (Bailey et al. 2003). Thus, when ballast is discharged, orga-
nisms are released to the surrounding waters.

Organisms are also frequently found on the exposed, underwater surfaces of
ships. Contemporary with the operation of the canal, a wide variety of species
have been reported from around the world on the hulls, rudders, and other
underwater surfaces (Visscher 1928, Coutts 1999, Gollasch 2002, Minchin &
Gollasch 2003). Organisms also appear to be common in the sea chests of ships;
although part of ballast intake systems, these are protected recesses along the
outer surface and therefore easily colonized by a diverse array of organisms
(Coutts et al. 2003).

Based upon existing information across many ship types and global regions, we
surmise that (a) most ships arriving to the Panama Canal have living aquatic
organisms in their ballast tanks and outer surfaces, (b) the cumulative number of
these organisms passing through the region through time must be great, and (c)
viable organisms (propagules) have frequently been released from the ballast
tanks and hulls of vessels to local waters. Given the importance of ship-
mediated transfers as a source for biological invasions in many parts of the
world (Cohen and Carlton 1995, Ruiz et al. 2000, Hewitt et al. 2004), we might
also expect many non-native species to be established along the coasts of
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Panama due to shipping. However, there is a paucity of data available to
characterize the quantity and species diversity of biota associated with arriving
vessels to Panama or the extent to which propagules are released to the
surrounding waters (see discussions by Rubinoff 1970 and Cohen, Panama
Canal, chapter III). The capacity of such organisms to tolerate and colonize
local waters, or the extent to which invasions have already occurred, also has
not been adequately tested, despite some earlier surveys (see Panama Canal
chapter III for review). Thus, a robust assessment of the relationship of shipping
to propagule delivery and invasion dynamics in the region is not yet available.

6.2 Ship-mediated transfer: Global perspective

In addition to any regional effects on biotic exchange, the Panama Canal has
also affected the global flux of biota associated with transiting ships. As a
minimum, opening of this passageway resulted in different trade routes, altering
transit times as well as surrounding environmental conditions and voyage
conditions. In addition, access to the canal likely affected the source and
recipient ports for some commodities. Each of these changes, operating alone and
in combination, can affect the biota transferred by ships.

Any changes in geographic route or ports will obviously affect the species
assemblage that can be moved by ships, either in ballast tanks or on outer
surfaces. Opening a new trade route or adding a new port is likely to result
in changes not only to species composition but also relative abundances
encountered by ships, affecting the initial colonization of ships and possibly the
fate of organisms during transit. While the Panama Canal has surely caused a
shift in both species composition and abundance of ship borne biota, the scope
of such change has not been evaluated to date.

Independent of colonization of ships, the condition and survivorship of
organisms will be strongly affected by voyage duration and environmental
conditions encountered. The Panama Canal was built to reduce transit time
between ports. Survivorship in ballast tanks is time-dependent, and past studies
have shown that species from many taxonomic groups decline in abundance
during voyages (Gollasch et al. 2000, Wonham et al. 2001, Verling et al. 2005).
Thus, survivorship in ballast tanks should increase with reduced voyage
duration, resulting in a higher density of organisms at the end of voyages,
controlling for other factors (see Cohen, Panama Canal chapter III for further
discussion). Although we are not aware of similar studies for time-dependent
mortality for biota on the hulls of vessels, we expect a similar pattern to exist.
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The rate of decline during voyages will depend upon surrounding environmental
conditions, which are also affected by route. For ballasted communities, large
differences in survivorship rates may exist between transits in tropical water
versus high latitudes, especially if ambient conditions approach thermal
tolerance limits. Although physically isolated from the environment, ballast
tanks often acclimate to outside conditions experienced during voyages
(Wonham et al. 2001, Gollasch et al. 2000, Ruiz unpubl. data).

The same general principles apply to organisms on the outer surfaces of vessels,
and it may be that exposure to freshwater within the Panama Canal is
particularly stressful for many organisms. Unlike biota in ballast tanks, these
organisms are exposed to a change from full seawater to freshwater upon
entering the canal. They must be able to withstand freshwater exposure for the
period of transit (6-12 hours) and then acclimate again to full seawater. These
rapid changes in salinity may serve as a strong biocide, actually removing many
species from hulls (see however Rubinoff and Rubinoff 1969). On the other
hand, there is some evidence that rapid changes in environmental conditions
(especially temperature) can induce spawning (Minchin & Gollasch 2003),
which may increase propagule supply to surrounding areas.

To our knowledge, the dynamics of biota associated with ships transiting the
Panama Canal have not been measured. It would be especially informative to
take such measures along multiple voyage routes, especially to examine the
effect of pre- and post-canal routes on (a) the initial biotic content and (b)
survivorship functions for both ballast and hull communities.

On balance, it is difficult at the present time to quantify exactly how the Panama
Canal has affected the global flux of biota. The nature of organism transfers
certainly changed with associated shifts in route, transit time, and environmental
conditions. Furthermore, invasions inevitably resulted from post-canal shipping
traffic, given the overall importance of ship-mediated transfers (see discussion
in Panama Canal chapter III). Whether the magnitude of species movement and
invasions is greater than would have occurred without the canal remains a
challenging question.
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Species Introductions and the Panama Canal
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1 The canal and its environs
1.1 Structure, operations and environmental characteristics

The Panama Canal has been described as being more of a “bridge of water”
over the Central American isthmus than an excavation through it (McCullough
1977)." The bridge was built by damming the Chagres and Gatun rivers to
create Gatun Lake, 26 meters above sea level. The lake covers 425 square
kilometers and crosses the Continental Divide through the 14-kilometer-long
Culebra Cut. When it was impounded, it was the largest artificial water body in
the world.”

The canal, including its approach channels, runs about 80 kilometers from
Limon Bay on the Caribbean side to near Balboa on the Pacific side, with a
distance of about 57 kilometers from tidewater to tidewater (Fig. 1). Because of
the curve in the isthmus, an Atlantic-to-Pacific transit through the canal follows
a compass path from the northwest to the southeast. A vessel first enters the
Atlantic approach channel through Limon Bay. At the end of the channel it is
lifted up through three lock chambers at Gatun Locks to Gatun Lake (Fig. 2).
The vessel then follows a 51 kilometer-long shipping lane through the lake and
Culebra Cut to Pedro Miguel Locks. Here it is lowered 9.5 meters in a single
lock chamber to Miraflores Lake. At the far end of the 2.1 kilometer-long lake it
drops through two lock chambers at Miraflores Locks into the Pacific shipping

! The description of the canal in this section is based primarily on information from Jones &
Dawson 1973, McCullough 1977 and ACP 2005.

2 1t remained the largest artificial lake until 1936 when the completion of Hoover Dam created
Lake Mead. Until Hoover Dam the Panama Canal’s locks were also the largest concrete structures
in the world.
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channel, which runs past the Port of Balboa, under the Bridge of the Americas,
along the Naos Breakwater and out to Panama Bay.

Fig. 1. The canal route. Insert = Central Panama with Gatun Lake (grey) and location of the
Panama Canal (dotted line). Drawing by Stephan Gollasch, Hamburg, Germany.

Fig. 2. Three views looking up Gatun Locks from the Caribbean approach channel toward Gatun
Lake.

At each end of the canal there are thus three lock steps, each of which consists
of a pair of lock chambers built side-by-side (so there are six pairs or 12
chambers in all). This provides two lanes of traffic, so that vessels can be
simultaneously moved up or down the locks in opposite directions or in the
same direction, depending on traffic needs. Each chamber is essentially an
enormous concrete box, 305 meters long by 33.5 meters wide, and averaging 26
meters deep. The chambers are closed at each end by two gates, except at the
lower entrance to the Gatun Locks where there is only one gate. Each gate is
made of two swinging steel doors, 20 meters wide and 2 meters thick, and from
14 to 25 meters tall. The largest weighs nearly 750 tons, but they are hollow and
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buoyant so that each one can be opened and closed by a 40-horsepower motor
(Fig. 3).

Fig. 3. Miraflores Locks drained for maintenance. The view is toward the lower end of the upper
lock chamber. In the center of the image are the two slightly gaping doors of the chamber’s
lowermost gate: the doors of the gate just above them are folded back into the lock walls. In the
foreground are five of the circular wells set into the floor of the chamber through which water
enters and drains. Photo courtesy of Mark Torchin.

About 100 million liters of water are needed for each filling of a chamber.
Water enters and leaves the chambers though 5.5-meter diameter culverts built
into the side walls, and through smaller culverts running laterally beneath the
floors of the chambers. Each chamber is served by 20 lateral culverts, and each
of these drains and releases water though five 1.4-meter diameter wells in the
floor of the chamber, so there are 100 such wells per chamber. With these, a
chamber can be filled or drained in only eight minutes (Fig. 4).

To run the locks, the impounded water of the Chagres River is released
progressively downward from one water body or lock chamber to the next and
on into the saline coastal waters of the Atlantic and Pacific Oceans. Each plug
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of downward flow out of an upper chamber lowers its surface, and each plug
flowing into a lower chamber raises its surface, to bring the water on either side
of a lock gate to the same level before the gate is opened. However, when a lock
gate is opened between an upper chamber or water body containing fresher
water, and a lower chamber or water body containing saltier water, the lighter,
fresher water flows from the upper to the lower chamber on the surface while
the denser, saltier water flows from the lower to the upper chamber along the
bottom, mixing the water between the two chambers in a process called
gravitational circulation. This pulls some salt water (along with drifting or
swimming organisms) up into the locks, so that incrementally greater salinities
are encountered as one progresses down the locks from Gatun Lake.

Fig. 4. The first flooding of Miraflores Locks, with water entering through wells in the floor of
the chamber. Photo courtesy of CanalMuseum.com.

The strength of the gravitational circulation depends on the density differences
between the waters above and below each set of lock gates, and this is mainly a
function of salinity differences, which are greater in the lower chambers. When
the gates between lower chambers or between the lowest chambers and the
ocean at Gatun or Miraflores are opened, a surface current of about 0.25 meters
per second has been observed flowing out from the upper chamber accompanied
by a “readily perceptible wave of ripples,” indicating strong gravitational
circulation (Jones & Dawson 1973). Saltier water may also be pushed or drafted
into higher chambers by vessels moving upward through the locks.

Table 1 shows some surface salinity measurements in the canal system. The
measurements indicate that there is generally fully fresh water in Gatun Lake,
Gatun Upper Locks and Pedro Miguel Locks, slightly brackish water (0-3 ppt)
in Gatun Middle Locks, Miraflores Lake and Miraflores Upper Locks, brackish
water (5-26 ppt) in Gatun Lower Locks and Miraflores Lower Locks, and
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somewhat saltier water (10-30) in the approach channels. However, Dawson’s
(1973) record of 20 ppt in the sump areas after dewatering of the upper east lock
at Miraflores suggest that even the locks at this level (the middle of the three
steps) can sometimes attain relatively high salinities at least near the bottom of
the chambers. This is consistent with records of the estuarine barnacle
Fistulobalanus (=Balanus) pallidus in Miraflores Upper Locks (Jones &
Dawson 1973; Spivey 1976), and a collection of the stenohaline goby
Gobiosoma nudum in a sump of the Miraflores Upper Locks (Fishbase 2005).
Jones and Dawson (1973) reported some vertical salinity stratification in the
approach channels and Miraflores Lower Locks in November, but fully mixed
conditions otherwise. They noted that the rapid, turbulent flow of water into the
bottoms of the chambers during filling, turbulence generated by rotating
propellers, and the “piston effect” of a large ship moving into a tight-fitting lock
chamber all help to mix the water in the locks. No substantial differences in
salinity are apparent between the end of the wet season (November 1972) and
the end of the dry season (April 1972).

Table 1. Measurements of surface salinity (parts per thousand) in the Panama Canal. References
1 = Hildebrand 1939, 2 = Menzies 1968, 3 = Abele 1972a, 4 = Dawson 1973, 5 = Jones &
Dawson 1973, 6 =Jones & Riitzler 1975, * = Values estimated from graph, ** = In sump areas
after dewatering.

Date | Pacific | Mira- | Mira- | Mira- | Pedro | Gatun | Gatun | Gatun |Gatun| Atlantic |Ref.
Ap- | flores | flores | flores |Miguel| Lake | Upper [Middle Lower| Ap-
proach | Lower | Upper | Lake | Locks Locks | Locks |Locks | proach
Locks | Locks

Jun 1935 0 =0-1 |10-16| 18-20 | 1

<1939 | 16-20 0.1-3.0 <0.02 18-20 | 1

<1968 30 26* 1.0* | 0.0* | 0.0* 24* 28.5* | 2
Feb 1969 0.0-0.4 3
Jan 1972 20** 4
Apr 1972 | 27* 1-3* 0* 0* 0* 0.1* | 0-1* | 5-11* 17* 5
Nov 1972| 23* |[14-15*| 3* 0-1* 0* 0* 10.2-0.3* 1-2* | 6-8* | 10-17* | 5
Mar 1974 0.2 | 0.02- 6

0.8

Jones and Dawson (1973) also noted that in some cases there was significant
horizontal variation in salinity within a lock. Their investigations were sparked
by an earlier observation in January 1972 of a slanting upper distributional
boundary for the estuarine barnacle Fistulobalanus pallidus on the side of an
upper lock chamber at Miraflores, slanting from 7 meters above the chamber
floor at the seaward end down to floor of the chamber at 25 meters in,’
suggesting a salt wedge within the chamber, though their salinity measurements
provided little evidence of vertical stratification. Jones and Riitzler (1975)
similarly reported a slanting lower distributional boundary for the freshwater
sponge Trochospongilla leidii on the side of an upper Gatun Lock chamber in

3 Spivey (1976) noted the same slanting distribution on the lock wall in August 1974.
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1974 that suggested the presence of a salt wedge, and several estuarine species
(the mussel Mytilopsis sallei, the isopod Uromunna (=Munna) reynoldsi and the
amphipod Gitanopsis tortugae?) restricted to the seaward half of the chamber,
suggesting differences in salinity from one end of the chamber to the other.
Their measurements did show slightly higher salinities toward the bottom and
toward the lower end of the chamber. Abele and Kim (1989) also noted the
walls of one Gatun Lock chamber covered with the bivalve Isognomon sp.
“along a line apparently following a salinity gradient.”

Jones and Dawson (1973) found no vertical temperature stratification anywhere
in the canal system. In April, water temperatures were about 29-30°C in Gatun
Lake, dropping to about 28°C in the Atlantic approach and about 24-25°C in the
Pacific channel. In November, temperatures were about 27-30°C throughout the
system. This is consistent with other temperature records with means between
27 and 29°C, and extreme ranges in the approaches of 21-30°C (Hildebrand
1939; Abele 1972; Jones & Riitzler 1975).

An additional component of the canal system that is relevant to biological
studies is the “Miraflores Third Lock,” a brackish water lagoon that partially
fills an excavation alongside the approach to the Miraflores Locks, where a
number of Atlantic species have been found. The excavation was part of an
effort, abandoned in the 1940s, to build a third and larger set of locks.* The
lagoon is about 100 meters wide and 1,400 meters long, and averages 20 meters
deep. The lagoon receives a mix of freshwater runoff and sea water that enters
at high tides several times a month. The sea water comes in through five
culverts that connect to the canal’s approach channel a short distance below
Miraflores Locks, and surface water from the lagoon drains back to the
approach channel through a small (2-3 meter wide) surface creek (Rubinoff &
Rubinoff 1968; McCosker & Dawson 1975).

The nearly vertical sides of the lagoon are covered to a depth of 5.5 meters by
shells of the oyster Ostrea palmula. Red mangroves, Rhizophora mangle, which
are native to both coasts of Panama, grow in the occasional shallow areas
(Rubinoff & Rubinoff 1968; McCosker & Dawson 1975). The tide range in the
lagoon is only several centimeters. Salinities have been measured at 6-12 ppt at
the surface and 14-18 ppt at 15-18 meters depth (Rubinoff & Rubinoff 1968;
Dawson 1970; McCosker & Dawson 1975), and pH declined from 7.8 at the

4 The new locks were to be nine meters wider and 60 meters longer than the old ones (Challinor
1972). The project was authorized in 1939 and abandoned in 1942 according to Challinor (1972)
and Leschine (1981); begun in 1941 and abandoned in 1943 according to Rubinoff and Rubinoff
(1968); and excavated in 1940 and filled with water after work was abandoned in 1946 according
to McCosker and Dawson (1975).
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surface to 7.3 at 18 meters depth in February-March 1971 (McCosker &
Dawson 1975). The temperature profile is an inverted thermocline, with a layer
of warmer but saltier and denser water beneath cooler and lighter brackish
water; in March 1971 temperatures were 29.6°C at the surface, 29.1-29.2°C at
1-4 meters depth, and 30.7-30.8°C at 7 meters and below (McCosker & Dawson
1975). Dissolved oxygen at that time was 6-7 ppm between the surface and 4
meters depth, declining to an anoxic zone of hydrogen sulfide and suspended
detritus below 12 meters. The decline in oxygen is presumably responsible for a
drop in the concentration of macroscopic organisms at around 5 meters depth
(McCosker & Dawson 1975).

The canal’s construction and operation has no doubt altered some of the
physical conditions at least in the near vicinity of the ends of the canal. The
dredging of approach channels has deepened some sections and probably
resulted in the intrusion of some higher salinity water along the bottom. The
long breakwater at Naos protecting the approach on the Pacific side has
presumably altered longshore currents and sedimentation dynamics. The dam-
ming of the Chagres and Gatun rivers that formerly emptied into Limon Bay on
the Atlantic shore and the use of the impounded water for lockage on both the
Atlantic and the Pacific side has reduced the amount and the temporal variation
in water and sediment supplied to the Atlantic side and increased the discharge
of fresh water to the Pacific side.

1.2 Environmental and biological characteristics at either
end of the canal

The canal connects two tropical marine regions that differ significantly in their
environmental characteristics and biological composition, and these differences
affect which organisms can invade the other region through the canal. The Gulf
of Panama on the Pacific side of the canal has a much greater range of tides,
temperature and salinity than the western Caribbean, and is generally more pro-
ductive and supports more individuals and a larger biomass than the western
Caribbean (Rubinoff 1968; Martin et al. 1970; Graham 1971; Glynn 1972;
Rubinoff 1972; D’Croz & Robertson 1997). The annual occurrence of upwel-
ling in the Gulf of Panama during the dry season (January to April) which brings
cooler, saltier and more nutrient-rich water to the surface, and the lack of such
upwelling on the Caribbean side, is responsible for some of these differences
(D’Croz & Robertson 1997). For example, nitrogen concentrations are roughly
the same on both sides of the isthmus during the wet season but are about five
times greater in the Gulf of Panama than on the Caribbean side during the dry
season; and phosphate concentrations in the Gulf of Panama are four times
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greater than in the Caribbean in the wet season and ten times greater in the dry
season, though Caribbean phosphate levels were similar to those measured in a
non-upwelling section of Panama’s Pacific coast (D’Croz & Robertson 1997).
The Pacific side is also subject to episodic warming from El Nifio/Southern
Oscillation events at 4-9 year intervals (D’Croz & Robertson 1997).

The average daily tidal range is 0.2-0.3 meters at the Atlantic entrance to the
canal compared to 3.9 meters at the Pacific entrance, the annual range between
the highest and lowest tide is 0.7-0.8 meters at the Atlantic entrance and 6.5-7.5
meters at the Pacific entrance, and sea level is about 0.3 meters lower on
the Atlantic side (Martin et al. 1970; Glynn 1972, 1982; Porter 1972). During
the upwelling season, surface temperatures drop and surface salinities rise in the
Gulf of Panama, so that the annual ranges on the Pacific side (18-28°C and 25-
36 ppt) are greater than on the Atlantic side (26-28°C, 33-36 ppt) (Glynn 1972;
Rubinoff 1972), and the average annual temperature is about 1°C lower
(Graham 1971; Sheffey 1972; Porter 1972). This has led some researchers to
conclude that environmental conditions on the Pacific side are generally more
variable and more challenging to organisms. However, Glynn (1972) points
out that the weather is more variable and extreme on the Caribbean side -
windier and stormier, with twice as much rainfall and greater seasonal variation
in cloud cover - so that shallow reef and shore species are more heavily buffeted
by high seas and subjected to greater changes in turbidity and sediment load.
The Caribbean tides, though much smaller, are also more variable due to the
greater influence of winds and weather; and abrupt seasonal shifts in the timing
of the tides produces sudden, lengthy mid-day low tides that stress and kill
intertidal and shallow reef organisms in many parts of the Caribbean (Glynn
1972, 1982).

Some types of habitats also vary greatly across the isthmus. Coral reefs are
common on the Caribbean side on both protected and exposed coasts, range
from shallow water to 60 meters depth, often cover tens to hundreds of hectares,
grow up to 33 meters thick, are composed of a large number of different frame-
building coral species, and comprise a wide variety of habitat zones. In contrast,
coral reefs are rare in the Gulf of Panama and uncommon elsewhere on the
Pacific side, are restricted to protected areas in water shallower than 15 meters,
usually cover no more than a few hectares and grow no larger than 12 meters
thick, include only a few frame-building coral species, and exhibit only a few
habitat zones® (Glynn 1972, 1982; Porter 1972; D’Croz & Robertson 1997). In
general, reefs on the Pacific side are made of volcanic rock from extensive lava

5 Comparing the coral diversity, Porter (1972) reported a maximum Shannon diversity of 1.81 in
the eastern Pacific compared to 3.42 in the Caribbean.



Panama Canal 135

flows, a substrate that is uncommon on the Caribbean side (Porter 1972).
Caribbean beaches often consist of coarse coral sands and coral fragments,
while Pacific-side beaches are generally composed of finer quartz sands and
mud (Martin et al. 1970; Glynn 1972). Seagrass beds are common on the
Caribbean coast, rare on the Pacific (Glynn 1972; Earle 1972).

Biological differences accompany these physical and habitat differences.
During the dry season, primary productivity is 3-5 times greater’ and net
plankton density is more than five times greater on the Pacific than the Atlantic
side (Martin et al. 1970; Rubinoff 1972), apparently because of Pacific-side
upwelling. In the Gulf of Panama, D’Croz and Robertson (1997) measured
chlorophyll concentrations that were double and zooplankton concentrations
that were ten times the concentrations on the Caribbean side, differences that
were more or less consistent over the year. Seaweed communities have been
described as well-developed and stable on the Caribbean side and sparse and
seasonally varying in the Gulf of Panama, especially in intertidal and shallow
subtidal waters, possibly due to differences in tide range, upwelling, or grazing
by fish and invertebrates (Earle 1972). Hay and Gaines (1984) reported that
seaweed community cover tends to be dominated by larger, upright species on
the Caribbean side and by crustose and small filamentous forms (“algal turf”)
on the Pacific side. They argue that this difference is due to differences in
grazing pressure, in combination with the larger tide range and lack of
significant reef flat habitat on the Pacific side. Beach macrofaunal species
diversity and density are six times greater and biomass is nine times greater on
the Pacific than the Atlantic side (Glynn 1972), perhaps due to differences in
upwelling, tidal range or sediment size. Mud-bottom benthic biomass is 3-5
times greater on the Pacific side (Bayer et al. 1970; Martin et al. 1970). On coral
reefs, invertebrate diversity is lower but fish abundance is higher on the Pacific
side (Glynn 1982). There appears to be greater grazing pressure by fish on corals
and under-rock encrusting fauna, and greater bioeroding of corals by inver-
tebrates, on the Pacific side (Glynn 1972, 1982). Shallow water fish are more
tolerant of high temperatures on the Atlantic side, and of lower temperatures on
the Pacific side (Graham 1971). Bayer et al. (1970) found the fish and inver-
tebrate assemblages to be more varied on the Caribbean side, which they felt
reflected a greater variety of habitats.

Extinction, immigration and speciation have increasingly differentiated the
biological composition of the Caribbean and Panamic regions since the closure
of the Central American seaway, but there are a still a notably large number of

6 Primary productivity of 210-650 mg C/m? on the Pacific side and 78-120 mg C/m? on the
Atlantic side (Martin et al. 1970 at p. 62).
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shared morphospecies’ and pairs of morphologically similar, closely related
species across the isthmus (Table 2). The latter were dubbed “geminate pairs”
by Jordan (1908) based on a review of the shallow-water fish species. Strictly
speaking, the term geminate pair - also called sibling species,® cognate pair,
homologues or analogues’ - refers to the pair of species that resulted from the
most recent speciation in their lineage.'’ Trans-isthmian geminate pairs have
been frequently studied to gain an understanding of the pace and process of
speciation (e.g. Mayr 1954; Lessios 1979, 1981, 1984, 1998; Bermingham &
Lessios 1993; Knowlton et al. 1993; Lessios & Weinberg 1994; Knowlton &
Weigt 1998).

Table 2. Assessments of biotic diversity across the isthmus. a Collection = Comparison based on a
particular collection of organisms from sites within the indicated areas or regions. Review =
Comparison based on a more-or-less comprehensive review of records of organisms collected
within the indicated areas or regions, b Oceans = Atlantic and Pacific oceans. Regions = Usually
Caribbean and Panamic Regions, sometimes different but comparable regions. Coasts = Atlantic
and Pacific coasts of the Republic of Panama. Ends = Areas near the Atlantic and Pacific ends of
the Panama Canal, ¢ Compares species collected on buoys in the eastern U.S. and Bahamas
versus the western U.S. including Hawaii, d Compares the Eastern Atlantic to the Western
Pacific, e Includes species assumed to be in Panama because of records north and south, f Based
on genera occurring in the West Indies, and omitting one genus (Clypeaster) requiring taxonomic
revision, g Jordan later (1908) reported that according to the latest authority it was doubtful that
any fish species occurred on both sides of the isthmus, h Compares the western Caribbean to
Panama Bay and adjacent waters, i Compares southern Caribbean coast to Pacific Panama
coast, j Compares one beach on each coast, k Compares the mainland coasts of Central America.

Organism | Type of | Regions | Atlantic | Pacific | Total | Shared % |References
Group Study? Comparedb Species | Species |Species|Species |Shared

Diatoms Collection |Regions 118 97 135 80 59% |Voss 1967,
1972

Macroalgae |Review Regions - 265 - =93 —  |Martin et al.
1970, citing
Hume 1969

Green Algae [Review Regions - 45 — 16 - Martin et al.
1970, citing
Dawson
1962

Green Algae |Review  |Coasts 38 19 52 5 10% |Earle 1972

The determination of a morphospecies is based entirely on its form, without considering its
reproductive continuity or isolation.

The term “sibling species” is used more broadly by some authors to refer to “species that are
difficult or impossible to distinguish based on morphological characters,” without regard to the
species’ genetic relationship (Knowlton 1993).

? Coan (1984) argues that “analogue” implies a lack of close genetic relationship, and is therefore
an improper term for a geminate species.

Thus some morphologically similar species thought to be geminate pairs may turn out not to
be, when examined genetically.
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Table 2. continued.
Organism Type of | Regions |Atlantic| Pacific | Total |Shared| % |[References
Group Study? |Compared® |Species|Species|Species |Species |Shared
Green Algae Collection|Coasts 78 43 107 14 13% |Wysor 2004
& Review
Green Algae Collection|Ends 13 10 21 2 10% |B. Wysor &
A.N. Cohen
unpublished
data 2002
Brown Algae Review |Regions — 22 - 8 — |Martin et al.
1970, citing
Dawson
1962
Brown Algae Review |Coasts 20 9 27 2 7% |Earle 1972
Brown Algae Collection|Coasts 38 10 44 4 9% |B. Wysor
& Review pers.
comm.
2002
Brown Algae Collection|Ends 4 0 4 0 0% |B. Wysor &
A.N. Cohen
unpublished
data 2002
Red Algae Review |Regions - 167 - 44 —  [Martin et al.
1970, citing
Dawson
1962
Red Algae Review |Coasts 60 51 103 8 8% |Earle 1972
Red Algae Collection|Coasts 102 48 134 16 12% |B. Wysor
& Review pers.
comm.
2002
Red Algae Collection|Ends 21 7 26 2 8% |B. Wysor &
A.N. Cohen
unpublished
data 2002
Blue-green Algae|Review |Coasts 3 6 7 2 29% |Earle 1972
Sea Grasses Review |Coasts 4 3-5 6 1-3  |17-50%|Earle 1972
Sponges Collection|Ends 21 16 31 6 19% |De
Laubenfels
1936
Siphonophores |Collection|Regions 41 39 52 28 54% |Alvarifio
& Review 1974
Hydrozoans Collection|Ends 24 17 34 7 21% |D. Calder &
A.N. Cohen
unpublished
data 2002
Corals Review |Regions - - - 0 0% |Verrill 1866,
cited in
Dickerson
1917
Corals Review |Coasts 67-73 | 20-23 | 86-95 1 1% |Porter 1972
Scleratinian Review |Regions 74 49 - - — |Voss 1972
Corals
Hermatypic Review |Oceans - - =800 1 0.1% |Porter 1972
Corals
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Table 2. continued.

Cohen

Organism | Type of | Regions | Atlantic | Pacific | Total |Shared| % |References
Group Study? Comparedb Species | Species [Species|Species|Shared
Hermatypic Review |Regions 49 20 67-69 0-2 0-3% |Glynn 1972
Corals
Octocorals Review |Regions 184 89 - - — |Voss 1972
Intertidal Review [Coasts 73 136 179 30 17% |Fauchald
Polychaetes 1977
Sabellid and |Collection|Ends 20 11 25 6 24% | S.l.
Serpulid Salazar-
Polychaetes Vallejo, J.R.
Bastida-
Zavala &
A.N. Cohen
unpublished
data 2002
Pelecypods & |Review [Regions =1,000 | =4,500 - - — |Olsson 1972
Gastropods
Gastropods Review |Regions 799 1,818 - - — |Voss 1972
Bivalves Review |Regions 378 564 - - — |Voss 1972
Barnacles Collection|Ends 11 14 22 3 14% |F.B.
Pitombo &
A.N. Cohen
unpublished
data 2002
Buoy-fouling |Collection|gceansC 14 16 29 1 3% [Miller 1968;
Isopods & Glynn 1972
Tanaids
Sphaeromatid |Collection|Ends - - 12 1 8% |Glynn
Isopods in 1972:25
fouling
Isopods Collection|Ends 6 4 9 1 1% [J.W.
Chapman &
A.N. Cohen
unpublished
data 2002
Amphipods Collection|Ends 20 13 30 3 10% [J.W.
Chapman &
A.N. Cohen
unpublished
data 2002
Sandy Beach |Collection|Ends 8 17 25 0 0% |Abele 1972b
Decapods
Mangrove Collection|Ends 17 20 35 2 6% |Abele 1972b
Decapods
Rocky Collection|Ends 67 78 145 0 0% |Abele 1972b
Intertidal
Decapods
Porcelain Review  |0ceansd 34 88 - - - |Gore &
Crabs Abele 1976
Porcelain Review |Regions 31 65 - - - |Gore &
Crabs Abele 1976
Porcelain Review  |coasts® 21 48 65 4 6% |Gore &
Crabs Abele 1976
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Table 2. continued.
Organism | Type of | Regions | Atlantic | Pacific | Total |Shared| % |References
Group Study? Comparedb Species | Species |Species|Species|Shared
Porcelain Collection|Coasts 12 29 38 3 8% |Gore &
Crabs Abele 1976
Warm-water |[Review |Oceans - - — — 2% |Menzies
Brachyuran 1968
Crabs
Brachyuran Review [Regions 362 233 574 21 4% |Bayer et al.
Crabs 1970
Crabs Collection|Ends 18 14 29 3 10% |E. Campos-
Gonzalez &
A.N. Cohen
unpublished
data 2002
Stomatopods |Review [Regions? 50 28 78 0 0% |Bayer et al.
1970
Bryozoans Collection|Ends 7 25 30 2 7% |Powell 1971
Echinoderms |Review |Regions - - - 0 0% |Ortmann,
cited in
Dickerson
1917
Echinoderms |Review |Oceans - - - - 0.3% [Menzies
1968
Echinoids Review |Regions - - - 0 0% |Agassiz
1869, cited
in Dickerson
1917
Shallow-water |[Review |Regions 19 20-23 | 39-42 0 0% [Mayr 1954
Echinoidsf
Shallow-water |[Review [Regions 24 27 48-50 1-3 2-6% |Chesher
Echinoids 1972
Shallow-water |[Review [Regions 18 37 55 07? 0% |Martin et al.
Asteroids 1970;
Chesher
1972
Crinoids Review |Regions =50 2 - - —  |Chesher
1972
Ophiuroids Collection|Regions 51 10 - - — |Chesher
1972
Crinoids Collection|Regions 23 20 - - — |Chesher
1972
Tunicates Collection|Ends 16 6 17 5 29% |G. Lambert
& AN.
Cohen
unpublished
data 2002
Fish Review [Regions - - - - 6% |Jordan
18959, cited
in Dickerson
1917
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Table 2. continued.

Organism Type of | Regions |Atlantic| Pacific | Total | Shared % References
Group Study? Comparedb Species|Species|Species|Species|Shared
Fish Review  |Regions - 1,307 - 72 — |Evermann &
Jenkins 1891,
cited in
Dickerson 1917
Fish Review  |Regions - - - - ~1% |Topp 1969
Fish Review Regions ~2,000- | =1,000 - - - Martin et al.
2,500 1970
Shelf & Shore |Review Regions =1,400 | =800 - - - Martin et al.
Fish 1970
Shallow Water |Review Regionsh 600 400 - - - Briggs 1972b
Fish
Fish (minus Review Regions - - =1,000 12 1% |Rubinoff &
circumtropical Rubinoff 1969
species)
Fish Review Coasts! =750 =600 - - — |Martin et al.
1970
Shelf & Shore |Review Coasts! =500 403- - - — |Martin et al.
Fish =500 1970
Gobies Review  |Regions - - - 0 0% |Rubinoff &
Rubinoff 1969
Invertebrates |Review Regionsh 7,800 5,200 - - - Briggs 1972b
Invertebrates |Collection |Ends 126 164 19 12% |Jones 1976
from Locks
Mainly Fouling |Collection |Ends 204 174 348 30 9% |A.N. Cohen
Organisms unpublished
data 2002
Sandy Beach [Review |cqgsts =14 41 53-557 | 0-2? 0-4% |Glynn 1972
Macroscopic
Infauna
Shallow Water |Review Regionsk >8,000 | >6,000 - - - Briggs 1968
Invertebrates &
Fish
Shallow Water |Review Regions =~8,400 | =5,600 - - —  |Briggs 1972a
Invertebrates &
Fish
Biotas Review Regions 7,000 8,000 — — — Newman 1972

The morphospecies that occur on both sides of the isthmus probably comprise
several elements (Table 3). Some may be true, native, genetically-intercon-
nected species, with ongoing, natural genetic exchange occurring between the
populations on either side of the isthmus. Such exchange could occur, for
example, by individuals swimming or drifting around the South American
continent; by relay through populations distributed around South America or
around the world through the Pacific, Indian and South Atlantic Oceans; or by
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seeds, spores, cysts or other reproductive or resting stages carried over the
isthmus by wind or birds (e.g. Martin et al. 1970 at p. 76). Other morphospecies
may be closely-related populations that are reproductively and genetically
isolated from each other by the isthmus. Although morphologically indistin-
guishable, appropriate genetic analysis would detect differences, and depending
on the degree of difference and the definition employed, the populations would
be classified either as separate subspecies or separate species.

Table 3. Interpretations of single morphospecies found on both sides of the isthmus.

Native populations
» asingle genetic species that is present on both sides, with ongoing natural genetic
exchange between the two populations.
» two morphologically indistinguishable genetic species, one on each side.
One-way introduction
« simple introduction: with no morphologically similar species present on the side receiving
the introduction.
» complex introduction: with a morphologically similar species present on the side receiving
the introduction, with or without resulting hybridization.
Two-way introductions
» morphologically similar species present on both sides, with introductions in both directions,
with or without resulting hybridizations.
Double introduction
» an introduction to both sides from some other part of the world.

The presence of a morphospecies on both sides of the isthmus could also result
from or involve a migration or transfer of organisms across the isthmus
associated with human activities. In the simplest case there is no pre-existing,
morphologically or genetically similar population on the second (invaded) side
of the isthmus, resulting in a native population on the first side, and an
introduced population the second side. A more complicated situation arises if
there is initially a pair of similar populations (subspecies or closely related
species) on either side of the isthmus, and there is an introduction from one of
these populations across the isthmus. The result then is a native population on
the first side, and a separate native population on the second side with a similar,
perhaps morphologically indistinguishable introduced population living
alongside it. It starts to get complicated if the two populations on the second
side can hybridize, with additional genetic complexity if over time there are
multiple introductions, each bringing a different sample of the genetic diversity
present in the population on the first side. Things can get even messier if,
as before, there are initially a pair of similar populations on either side of
the isthmus, but now there are introductions in both directions (two-way
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introductions). Finally, a single morphospecies occurring on both sides of the
isthmus can arise from a double introduction of a single exotic species, that is, a
species native to some other part of the world that is introduced to both coasts.
This may well have happened with some circumtropical or cosmopolitan
species.

The geographic proximity and geologically recent separation of the Caribbean
and Panamic regions has prompted a line of scientific inquiry involving
taxonomic, ecological and evolutionary comparisons of the biotic communities
on either side of the Central American isthmus. These studies have, among
other goals, sought to determine the rates and patterns of evolutionary change in
populations separated by the closing of the Central American seaway (reviewed
in Lessios 1998), and to understand how differences in habitat and environ-
mental conditions in the coastal waters on either side of the isthmus have influ-
enced the composition and structure of these biological communities.

The existence of the canal can affect these cross-isthmian comparative studies.
Organisms that migrate or are transported through the canal may provide a test
of conclusions regarding reproductive isolation, differences in community
structure, and the like. However, they can also confuse and complicate taxonomic
and genetic comparisons (e.g. Lessios & Weinberg 1994). Chesher (1968), for
example, suggested that because of the volume of ballast water transported
through the canal since its opening in 1914, comparative systematic and ecolo-
gical surveys “are 50 years too late to describe the uncontaminated condition.”
Voss (1972) concluded that “an unknown but considerable introduction of
foreign elements has already mixed the faunas to such an extent that the list of
original twins or analogues may be hopelessly confused.” Lessios (1998),
however, argued that genetic studies can avoid the problem by a “judicious
choice of organisms.”

2 Effects of the canal on species introductions
2.1 Modes of biotic transport

Organisms can theoretically move or be transported through the Panama Canal
from one ocean to another by a variety of mechanisms that are summarized in
Table 4. These mechanisms fall into two major categories. First, organisms can
potentially swim, crawl, drift or float through the canal, a process here called
“migration.” Second, organisms may be carried through the canal in or on vessels.

The locks do not pose a significant physical barrier to migration by swimming
organisms, since these can pass freely from one chamber to the next whenever
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the lock gates between them are open, regardless of whether vessels are in the
process of being raised or lowered. That many fish, at least, do so is indicated
by observations and collections of large numbers of fish at all levels in the lock
system (e.g. Hildebrand 1939). Crawling organisms face the challenge of
ascending the roughly 9-meter high wall at the inland end of each lock chamber,
but in the nearly weightless underwater environment, many organisms can
climb up vertical faces almost as easily as they crawl over horizontal surfaces.
However, the low salinity water in the upper locks and the fresh water of Gatun
Lake do block organisms that cannot tolerate extended exposure to hyposaline
conditions.

Table 4. Modes of biotic transit through the canal.

Migration
Individual Travel (individuals traversing the entire length of the canal)
Gradual Dispersal (multigenerational range extension through the canal)
Transport by Vessels
As Hull Fouling (including in borings and crevices)
In Ballast Tanks (and other seawater system components)
Subaerial Transport (on deck, in chain lockers, in nets or other equipment)

While strong swimming or crawling abilities no doubt increase an organism’s
potential to migrate through the canal, it is at least theoretically possible for
drifting or floating organisms to do so as well. Organisms drifting in the lower
parts of the water column could be carried from one lock chamber to the next
higher one by the gravitational currents described in the preceding section.
Drifting organisms could also be drafted along in currents created by the move-
ment of large vessels into the next chamber upward, or by the prop wash or return
currents from vessels moving downward. Floating organisms could be carried by
such currents, or propelled from chamber to chamber by the wind. Once in Gatun
Lake, water currents or wind could disperse drifting and floating organisms
throughout the lake. On reaching the other lock system, organisms could be
carried downward through the locks with the water passed from one chamber to
the next through the culvert system, be drawn along in vessel-created currents,
drift or float in surface gravitational currents, or be pushed along by the wind.

Migration through the canal can occur either by individual organisms traversing
the entire route from one end of the canal to the other; or by gradual dispersal,
wherein a population becomes established within the canal system and then
gradually extends its range, over one or more generations, to the other end of
the canal. An individual organism’s capacity to traverse the canal, if not
constrained by environmental sensitivities, depends on the distance to be
covered (about 57 kilometers from tidewater to tidewater), its traveling speed
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and the length of its life. A fish’s sustained swimming speed depends upon its
body form and its size (larger fish are generally faster). For fish that are not
built for continuous fast swimming and that are less than about a third of a
meter long, the speeds reported in the literature typically range from about 0.3
to 0.9 meters per second, or about 1-3 kilometers per hour (Fishbase 2005),'" so
theoretically the minimum time needed for a fish of this type to swim through
the canal is less than 1-3 days. Deviations from the shortest route, and time
spent resting or feeding would of course make any actual passage considerably
longer, but still virtually any fish species not deterred by fresh water should be
capable of swimming through the canal in less than one fish’s lifetime."”

Organisms, including very slow-moving ones, could also migrate by gradually
extending a population through the canal over more than one generation. This
would require the capacity to pass an entire life cycle, including the often
sensitive reproductive and early developmental stages, in fresh water, not just
tolerate it during one life stage for a limited period of time.

Ships, boats, barges and other vessels frequently carry a variety of organisms
attached to their hulls, collectively known as fouling, which can include
seaweeds, sponges, hydroids, serpulid and sabellid worms, mussels, oysters,
barnacles, bryozoans and tunicates (Woods Hole Oceanographic Institution
1952). Wooden hulls may also harbor various species of wood-boring orga-
nisms including shipworms, pholad clams, limnoriid and sphaeromatid isopods,
and the amphipod Chelura terebrans. Snails, sea slugs, worms, tanaids, isopods,
caprellid and gammarid amphipods, crabs and other crawling, clinging and
crevice-nestling organisms can be carried along in fouling or in bored cavities,
including some types of fouling-associated fish and shrimp. Modern cargo ship
practices, including the brief time spent in port and the use of toxic hull coatings
to deter fouling growth (which by increasing hull friction reduces a ship’s speed
and increases its fuel consumption), have presumably reduced the density of
hull fouling organisms relative to earlier times. However, some fouling orga-
nisms are carried even by modern, well-maintained cargo ships in full opera-
tion, and the hulls of vessels that have been poorly maintained or moored in one
spot for a long period of time may carry a remarkably dense fouling cover
(DeFelice 1999; Coles et al. 1999; Pauley et al. 2002; Coutts 2002).

1 For example, a 7-centimeter-long sand goby (Pomatoschistus minutus) swims at a speed of 0.3
meters per second, and 6- and 14-centimeter-long goldfish (Carassius auratus auratus) swim at
sustained speeds of 0.4 and 0.8 meters per second, respectively (Bainbridge 1960; Sambilay
1990). In contrast, 2- to 2.5-meter-long bluefin tuna (Thunnus thynnus) swim at sustained speeds
of 2.2-3.5 meters per second (Sambilay 1990).

12 Internal parasites of such fish, as well as external parasites that can tolerate the freshwater
exposure, could travel along with them.
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Cargo ships may also transport and release marine organisms in ballast water.
Over the course of a voyage, and especially at the beginning and end, a cargo
vessel may take on and discharge large volumes of water to adjust its draft and
trim. The water enters through ports in the hull located below the waterline.
Metal covers with holes or slots that are typically about a centimeter wide block
the entrance of large objects that could damage the pumps, though corrosion or
a missing cover can provide a larger opening. The ports empty into a large
compartment or “sea chest” immediately inside the hull, which acts as a sump
for the ballast pumps to draw on. Pipes from the sea chest lead to the pumps,
and thence either to the ballast tanks or to empty cargo compartments that are
used to carry ballast on some bulkers and tankers. To drain the tanks the water
is either pumped back along the same route, or in some cases (such as wing
tanks located above the waterline) emptied though ports in the side of the ship.
Studies in the last few decades have demonstrated that ballast water routinely
transports and releases large numbers of marine organisms to new regions
around the world (e.g. Carlton & Geller 1993; Gollasch et al. 2000a,b; and
studies summarized in Cohen 1998). While most of the research and manage-
ment effort has focused on organisms carried in ballast tanks and cargo holds,
organisms can also travel in sea chests, ballast system pipes, firemain systems,
etc. (Shelton et al. 2002). In this chapter I refer to ballast tanks and these other
pipes and components as parts of the ship’s seawater system.

Little is known about the volume of ballast water transferred between or into the
Caribbean and Panamic regions, or where ballast water is taken up or discharged
by vessels transiting the canal. We do know that a regulation adopted by the
Panama Canal Company in 1956 required large vessels to maintain a minimum
draft in order to reduce the “windage” or the portion of the vessel sticking out
above the water, in order to prevent vessels from becoming unmanageable in
narrow sections of the canal on windy days' (Chesher 1968; Constant 1978;
Sheffey 1978). When the regulation was first enacted, nearly every ship that
arrived in ballast (that is, without cargo) was required to take on additional
ballast water in the harbor before it was allowed to enter the canal; in later
years, most ships loaded this additional ballast while en route to the canal in
order to avoid delays, so that only a few ships each month had to take on more

13 The Panama Canal Authority’s Marine Directive No. D-1-2005 (Jan. 1, 2005) states that “All
vessels transiting the Canal should have sufficient ballast to permit safe handling during transit”
(Section 10, Paragraph d at page 21), and sets minimum drafts based on vessel length (Table V on
page 21). Vessels unable to attain these drafts may have constraints placed on their transit
(Section 10, Paragraph e at page 21). Chesher (1968) reports that this requirement was adopted in
1956, but Sheffey (1978) states that ships have been loading ballast before entering the canal and
discharging it after exiting the canal ever since the canal was opened.
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ballast at the canal entrance. Most ships discharge the extra ballast water after
transiting the canal, to reduce the hull cross-section below the water and thereby
minimize fuel consumption (Sheffey 1968, 1978). Thus, a substantial amount of
additional ballast water has been transported through the canal since 1956, with
a good part of it loaded from and discharged to Panamanian waters near the
canal.

In contrast to this requirement of loading ballast before entering the canal,
Dawson (1973) stated that a ballasted ship “will usually discharge at least some
ballast before traversing the Isthmus,” and that Canal Company employees
reported that ships often discharge both bilge and ballast water within the locks,
despite regulations prohibiting such discharge in waters of the Canal Zone. He
noted the “presence of considerable oil on surface waters and lock walls” at
both ends of the canal as possible evidence of this practice. Springer and
Gomon (1975), similarly note that “ships intending to clear their bilges and
ballast tanks must do so before entering the Canal.”

While none of these authors state any reason for ships to discharge ballast water
before entering or on entering the canal, four possibilities can be imagined: (1)
to reduce draft to meet canal regulations'* and to safely enter shallow locks or
channels;" (2) to prevent an increase in draft when entering freshwater, which
provides less buoyancy than salt water;'® (3) to reduce draft and hull resistance
in order to reduce fuel consumption during passage through the canal, where
less ballast is needed for stability than in the ocean; or (4) to save time in port
by starting the discharge of ballast water before arriving, for vessels that will

14 “A vessel’s initial transit draft may not exceed 35.5 feet (10.82 m) six inches TFW (deepest
point of immersion) unless a deeper transit draft for the vessel is authorized in conformity with
ACP Navigation Regulations, article 52” (Panama Canal Authority Marine Directive No. D-
1-2005 (Jan. 1, 2005), Section 10, Paragraph c at page 21). “Vessels may be denied transit when the
vessel’s maximum point of immersion exceeds its maximum authorized transit draft, or when the
vessel’s maximum point of immersion exceeds the published TFW maximum draft then in effect”
(Panama Canal Authority Marine Directive No. D-1-2005 (Jan. 1, 2005), Section 10, Paragraph f
at page 21).

The permissible draft of transiting ships is controlled by the level of Miraflores Lake and the
depth of water over the south sill elevation at Pedro Miguel (Panama Canal Authority Marine
Directive No. D-1-2005 (Jan. 1, 2005), Section 18, Paragraph b(1) at page 43). If sufficient water
is available, Miraflores Lake can be raised to provide a depth of 12.56 m over this sill to
accomodate deep draft vessels. Leschine (1981a), however, reported that “low rainfall in 1976
and 1977 led to...severe draft restrictions on vessels transiting the canal.”

6 “Transition to fresh water frequently alters the trim of large vessels 3 to 4 inches (8 to 10 cm)
by the head” (Panama Canal Authority Marine Directive No. D-1-2005 (Jan. 1, 2005), Section 1,
Paragraph k at page 1). Cheshire (1968) noted that a tanker 131 m long has to load 18 metric tons
of ballast water to increase its draft by 1 cm, while a 202-meter-long tanker needs 46 metric tons
of ballast water.
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after transiting the canal, load cargo after transiting the canal at Balboa or
Panama City near the Pacific entrance, or at Cristobal, Colon or Manzanillo
near the Atlantic entrance. Vessels discharging ballast water before entering
the canal or in the canal for any of the first three reasons would presumably
be likely to take on ballast water after leaving the canal in order to return
to proper ocean ballast conditions.

Bayer et al. (1970) additionally noted that ships that had passed through the
canal from the Pacific to the Atlantic often stopped at Colon to take on fuel, and
would discharge ballast water into the harbor. Glynn (1982; also Carlton 1985)
reported that an increasing number of oil tankers that were too large to transit
the canal carried Alaskan oil to Parita Bay in the western Gulf of Panama,
where they transferred the oil to small tankers for transport through the canal.
To accommodate the oil, each small tanker discharged into Parita Bay an
estimated 20,000-30,000 tons of Caribbean ballast water.

Finally, besides transport in hull fouling or in ballast tanks or other seawater
system components, marine organisms that can survive out of water for the
short trip through the canal (typically 8-10 hours) could be carried on the deck
or the hull of a ship above the waterline, in among nets, lines or other damp
equipment, or in damp compartments such as anchor chain lockers (Schormann
et al. 1990). While organisms such as ligiid isopods and grapsid crabs that
commonly scurry about above the waterline on rocks, docks, pilings or
mangrove roots may be the likeliest candidates, subaerial transport is not
necessarily restricted to such supralittoral organisms. For example, it has been
suggested that the Japanese seaweed Codium fragile tomentosoides may have
been transported along the New England coast from Nantucket Sound to fishing
grounds north of Cape Cod in damp nets piled on the decks of fishing boats
(Carlton & Scanlon 1985), and the invasive colonial tunicate Didemnum sp.
may have recently been transported by similar means from the coastal harbors
of New England to offshore fishing grounds on Georges Bank. McMahon
(1996) has also suggested that the freshwater zebra mussel, Dreissena
polymorpha, could have traveled from Europe to North America as adults
attached to an anchor chain in the damp environment of a chain locker, rather
than in ballast water as is commonly reported.

An organism’s method of transit through the canal will determine the length and
intensity of its exposure to fresh water (Table 5). Migration, by individual
organisms or by gradual dispersal of a population, involves exposures of
probably weeks up to several generations. Hull fouling organisms are exposed
first to steps of decreasing salinity as they are raised through the locks to the
level of Gatun Lake, then to full fresh water for the 5-8 hours it typically takes
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for a vessel to travel the 51 kilometer route across the lake to the other locks,'’
then to steps of increasing salinity as the vessel is lowered to sea level on the
other side. It is not known how quickly water exchange occurs between the
ambient water outside the hull and the water retained inside bore holes and
crevices, or the water in sea chests, but organisms in these situations are
presumably buffered to some degree from the full effect of freshwater exposure.
The freshwater exposure of organisms carried subaerially is limited to the effects
of splash and rain, while organisms loaded in seawater into ballast tanks are
fully protected against freshwater exposure.

Table 5. Transit modes and freshwater exposure.

Transportation Mode Duration of Freshwater
Exposure
Individual Travel weeks? to <1 lifespan
Gradual dispersal generations
Hull fouling = 6-8 hrs
In bored wood/crevices buffered for = 6-8 hrs
In sea chests buffered for = 6-8 hrs
On deck, in chain lockers, entangled in nets, etc. none (except for splash or rain)
In ballast tanks none
2.2 Pathways

Organisms that are introduced to new regions via voyages that include a passage
through the Panama Canal may travel on a variety of generalized pathways
(Table 6). The introduction pathway that people primarily associate with the
canal is the transport of an organism from the tropical waters on one side of the
isthmus to the tropical waters on the other side, here called (somewhat
awkwardly) the Near-Canal-Near Pathway. Organisms can also be picked up in
a region distant from the canal, carried through it and then released into the
tropical waters on the other side, the Distant-Canal-Near Pathway, or may be
carried on the reverse route, from American tropical waters through the canal
and transported to some distant region, the Near-Canal-Distant Pathway. In
some of these cases the role and significance of the canal will be relatively
obvious, since traveling through the canal will be the shortest route from the
source area to the release point by a substantial margin, and the reduction in the
duration of that voyage (and the corresponding increase in the probability that
organisms will survive the voyage) will be great.

17 Hay and Gaines (1984) calculated that 12% of the 13,087 ships that used the canal in 1977
spent less than 6 hours in fresh water during transit, and that 98% spent less than 12 hours in fresh
water. Some vessels may, of course, take longer, and for various reasons may even stop in Gatun
Lake for a while.
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Table 6. Generalized introduction pathways via vessels using the canal.

Pathway Description

Near-Canal-Near Between nearby waters through the canal, i.e. from the
Caribbean to the Panamic region, or the reverse.

Distant-Canal-Near From a distant region through the canal to nearby waters.

Near-Canal-Distant From nearby waters through the canal to a distant region.

Distant-Canal-Distant Between distant regions through the canal.

Distant-Near-Canal From a distant region to nearby waters before a ship passes
through the canal.

Canal-Near-Distant From nearby waters to a distant region after a ship passes
through the canal.

Freshwater Introduction Introduction of exotic freshwater species into the canal and its
tributaries.

Organisms can also be transported between two distant regions, passing through
the canal en route, the Distant-Canal-Distant Pathway. In these cases alternate
routes connecting the source and release points may not be much longer than,
and may even be shorter than, the route through the canal, and the argument that
transport was through the canal will depend largely on other evidence, such the
relative strength of different trade routes.

A vessel that is en route to the canal can also pick up an organism in one region
and release it in another before the vessel passes through the canal (the Distant-
Near-Canal Pathway); similarly, a vessel that has already passed through the
canal and is heading for its destination can also pick up an organism in one
region and release it in another (the Canal-Near-Distant Pathway). These cases
too will require evidence other than the directness of the route to show that they
involved a vessel that traveled through the canal.

Finally, vessels can introduce freshwater organisms into the canal’s waters,
from which they can spread into the rivers and reservoirs that are tributary to the
canal.

2.3 Direct and indirect effects

Since its opening in 1914, the Panama Canal has affected the transport and
introduction of organisms to new regions of the world in a variety of ways. I
have classified these as direct when they involve either the migration of
organisms through the canal or the transport of organisms on vessel voyages
where the vessel transits the canal. I classify the effects as indirect if they
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involve the transport of organisms on voyages that do not include a canal
transit. These effects may result from the canal’s alteration of local and global
shipping patterns, or from the canal’s influence on the design and operation of
ships. The most important of these direct and indirect effects are listed in
Table 7.

Table 7. Effects of the canal on species introductions.

Direct Effects
Migrations of some marine organisms between the Caribbean and Panamic regions, and of
freshwater species across the continental divide.
Increased ship-borne transfers of organisms by voyages that include a transit through the
canal, involving both near and distant regions, related to greater trade volume, new trade
routes and shorter voyages.
Ship-borne transfers of freshwater species from other regions into the canal system.
Indirect Effects
Increased transfers of organisms in ballast water and hull fouling, due to an increase in the
ballast water transported and discharged and the hull surface area per ton of cargo carried,
a consequence of the canal’s locks limiting the size of many vessels in the world’s cargo
fleet.

First, the canal serves as a migration pathway between the Caribbean and
Panamic regions for marine species that can tolerate exposure to fresh water as
they move through the canal — the first such pathway to be opened in probably
2-3 million years. It also provides a channel that freshwater species on one side
of the continental divide can use to migrate to watersheds on the other side.

Table 8. Effects of the canal on voyage distance and voyage duration, and the consequent effect
on organism survival. a = Assumes an 8 hour transit time through the canal, and ship speeds of 20
knots elsewhere, b = Assumes an exponential decline in concentration in ballast tanks over time,
N(t):N(o)e'rt, with r = 0.3 based on the mean value from studies by Carlton et al. 1982, Wonham
et al. 1996, Gollasch et al. 2000a,b, Olenin et al. 2000 and Drake et al. 2002.

Voyage Voyage Distance (nautical Voyage Duration (days)? Increase in End-of-
miles) Voyage Organism
Concentration
Without With Without With Canal
Canal Canal Canal

London to 12,743 11,319 27 24 2.5x

Auckland

New York to 16,642 9,698 35 21 67x

Yokohama

New York to San 13,188 5,261 27 11 122x

Francisco

Kingston to 9,669 1,418 20 3 164x

Guayaquil

Colon to Balboa 10,542 39 22 0.4 652x
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Second, by making shipborne trade faster and cheaper between many of the
world’s ports, the canal has increased the volume of such trade overall. To carry
the increased trade, more cargo voyages or bigger cargo vessels are needed,
which means more organisms transported in hull fouling or ballast water. Some
trading partners, especially those whose distance apart by sea was greatly
reduced by the opening of the canal, have seen a much greater increase in trade
between them than have other partners. In addition, by shortening the length of
voyages between points, the numbers of organisms carried in ballast tanks that
survive these voyages has been increased, probably substantially. Studies have
generally reported large declines in the number of organisms and the number of
species present in ballast tanks over the course of a voyage (reviewed in Cohen
1998 and Gollasch et al. 2000b), probably due to either food depletion or to
exposures to environmental stresses. For example, Gollasch et al. (2000a)
measured roughly exponential declines in the concentrations of organisms in a
ballast tank on a voyage from Singapore to Bremerhaven, with a 90% drop in
zooplankton and phytoplankton concentrations after 4 and 9 days, respectively.
While there is a lot of variation in the rate of decline,18 the effect of shorter
voyages due to passage through the canal can be estimated using mean values
from a number of ballast water sampling studies (Table 8). Thus, a ship
traveling between London and Auckland, a voyage shortened by only three
days, would have 2.5 times as many living organisms in its ballast tanks at the
end of the trip compared to the longer pre-canal voyage; on a voyage between
New York and San Francisco, shortened by sixteen days, there would be more
than 120 times as many organisms alive at the end of the trip. Because of the
variation in the rate of decline, these figures are meant to be illustrative of the
possible effect of the canal, rather than predictive.

Besides shortening voyages, the canal also reduces the temperature variation,
and therefore the thermal stress, that organisms carried in hull fouling or ballast
water are exposed to. For example, prior to 1914, the thermal experience of a
ship sailing from New York to San Francisco would include passing from
temperate waters to tropical to temperate to subantarctic to temperate to tropical
and back to temperate waters again. Both the extremes of temperature and the
rate of change of temperatures would stress both the hull fouling organisms,
who were exposed to the full force of these changes, and the organisms carried
in ballast tanks, since the water in these tanks does heat up and cool down in
response to the temperature of the water that the ship passes through (e.g. Carlton

18 For example, Gollasch et al. (2000) reported that in another tank on a shorter portion of the
same voyage there was a much sharper decline of phytoplankton (the density dropping over 80%
in 2 days, which the authors suggest resulted from damage during ballast uptake), and a large
increase in the density of one copepod species (presumed to be a fast-reproducing, epibenthic
detritivore) toward the end of that voyage.
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1985, Gollasch et al. 2000a, Olenin et al. 2000). After the canal opened in 1914,
the voyage’s thermal changes were reduced to passage from temperate to
tropical to temperate waters, lowering the stress on organisms and presumably
improving their survival.

Another direct effect arises because ships using the canal spend typically around
5-8 hours in the fresh waters of Gatun Lake, crossing between Gatun and Pedro
Miguel Locks. Thus, freshwater organisms from other parts of the world that are
carried in ballast tanks, sea chests or other seawater system components can be
introduced into Panamanian fresh waters. On the other hand, the freshwater
passage presumably kills or damages some of the marine organisms that occur
as fouling on the hulls of ships, thus reducing the potential for successful
introduction of these species into marine waters later in the voyage — though
there are many marine fouling species that can survive a few hours of fresh-
water exposure.

Perhaps the most significant indirect effect of the canal stems from the size of
its locks and the largest vessel that can fit through them, which canal regulations
set at 32.3 meters wide and 294.1 meters long (about a meter narrower and ten
meters shorter than the lock chamber). Ships built to fit these dimensions are
called Panamax ships (Fig. 4), and until 1992 the largest containerships in the
world were of the Panamax type. Through the 1980s, the containership industry
tried to pack ever-larger numbers of containers onto each ship, in part by
stacking the containers higher and higher on the decks, which required
correspondingly greater amounts of ballast water to maintain stability. Beamier
Post-Panamax containerships are inherently more stable and carry and discharge
much less ballast water per voyage - on the order of a few hundred metric tons
of ballast water discharged rather than several thousand tons for Panamax ships
(Herbert Engineering 1999) - while carrying many more containers. For example,
it has been estimated that at the Port of Oakland in California each 3,000 TEU"
Panamax containership discharges about 4,000 metric tons of ballast water per
voyage, compared to 1,000 metric tons of discharge for a 5,000 TEU Post-
Panamax containership (Port of Oakland 1999). This works out to around 1.3
metric tons of ballast water discharged per TEU transported in a Panamax
vessel, versus 0.2 metric tons of discharge per TEU in a larger Post-Panamax
vessel. Similarly, carrying the cargo in a larger number of smaller vessels
increases the amount of hull surface area per TEU carried. The same principle
holds for other types of vessels: with vessel widths limited by the need to fit
through the lock of the Panama Canal, vessels have had to carry more ballast
water to maintain stability than they would if they had been built beamier.

' A TEU is a “Twenty-foot Equivalent Unit,” the standard measure for container cargo.
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Fig. 4. A high-stacked, Panamax containership in Gatun Locks, and a Panamax car carrier in
Miraflores Locks. Photos courtesy of CanalMuseum.com.

Thus, for many decades the size of the locks in the Panama Canal restricted ship
sizes and delayed the production of larger vessels that can transport a given
cargo volume while carrying and discharging less ballast water and providing
less hull surface for fouling organisms to attach to. These restrictions applied
not only to vessels on regular voyages through the canal, but also to vessels
throughout the world that might only rarely pass through the canal. The overall
impact on species introductions from this indirect effect of the canal has never
been calculated, but could be substantial.

About 874,000 vessels have passed through the canal since its opening in 1914,
and current traffic runs to about 14,000 vessels each year, carrying 200 million
tons of cargo (ACP 2005). Through its combined effects of increasing trade,
rearranging global shipping patterns, shortening voyages, and controlling the size
and design of a substantial portion of the world’s merchant fleet, the Panama
Canal has probably had a greater impact on the global scale and pattern of ship-
borne species introductions than have any of the world’s other great canals.

3 The canal as a biological pathway between the oceans

3.1 Biological studies

The Panama Canal lies in a region of the world where the marine biota is both
diverse and relatively poorly known, and there has been remarkably little

investigation of the effect that the canal has had on the distribution of that biota.
The canal has also affected the spread of organisms from distant regions, though
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much of the evidence for this is circumstantial and open to different interpre-
tations. Accordingly, the present account will necessarily be both incomplete
and somewhat tentative.

In the first edition of Man and Nature, published in 1864, George Perkins
Marsh speculated that a sea level canal through Central America might divert
the flow of the Gulf Stream, depress the temperature of western Europe and
eastern North America, and trigger a new ice age resulting in “the extinction of
vast multitudes of land sea plants and animals, and a total revolution in the
domestic and rural economy of human life in all those countries from which the
New World has received its civilized population.” Regarding an isthmian
canal’s potential for translocating organisms, he thought a sea level canal could
“produce very interesting revolutions in the animal and vegetable population” in
the waters on either side, but that a lock canal would “scarcely possess a
geographical character.”

Hildebrand provided the first significant description of the canal’s effects on the
distribution of local fauna, with a 1937 paper on the presence of Atlantic tarpon
(Megalops atlanticus) in Gatun and Miraflores lakes and a 1939 review of fish
and a few invertebrates collected in the canal locks when they were drained for
cleaning (Fig. 5). He noted several types of coastal fish whose tolerance of low
salinities suggested they might be capable of traversing the canal, including
tarpon, snook, guavinas, sardinas and others. His collections from the locks
provided evidence that ten Atlantic or Atlantic slope fish and two Pacific slope
fish had crossed the continental divide via the canal.

After Hildebrand there was nearly a 30-year hiatus in such studies until
Rubinoff and Rubinoff (1968) reported on a Caribbean goby, Lophogobius
cyprinoides, collected in the Miraflores Third Lock lagoon, as the first record of
a fish “passing through the Panama Canal and successfully colonizing the
opposite coast.” The following year they reported on an eastern Pacific goby,
Gobiosoma nudum, that they had collected on a reef near the Atlantic entrance
to the canal, and suggested that it transited the canal as eggs deposited among
the hull fouling of a ship (Rubinoff & Rubinoff 1969).

In a review of trans-isthmian migration, Bayer et al. (1970) noted that the
gobies Gobiosoma (=Garmania) homochroma and Gobiosoma (=Garmania)
hildebrandi were known only from collections in or near the canal, and their
origin was therefore “obscure;” and that G. hildebrandi, like G. nudum, was
established on both coasts. They also reported the Indo-Pacific blenny Omobran-
chus punctatus (as Omobranchus dasson), which was collected in Trinidad in the
1930s, as having arrived in the Caribbean after transiting the canal from west to
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east, traveling among hull-fouling organisms. Later, Springer and Gomon
(1975) reported the collection of O. punctatus in Limon Bay and Gatun Locks
at the Atlantic end of the canal, and argued that it had arrived in the ballast
tanks of a ship approaching the canal from the east.

Fig. 5. Sampling the locks when they are drained for maintenance can provide information on the
migration or transport of organisms through the canal. Here, Mark Torchin and Ross Robertson
seine for fish in Miraflores Locks during draining in 2005. Photo courtesy of Mark Torchin.

Dawson (1970) reported a Caribbean blenny, Lupinoblennius dispar,
established in the Miraflores Third Lock lagoon, noting the possibility of either
adults passing through the canal or of eggs being carried through on hull
fouling. Three years later he reported collecting an Indo-West Pacific eleotrid
fish, Butis (=Prionobutis) koilomatodon, in Miraflores Upper Locks and sug-
gested that it had been introduced in ballast water discharged into the lock
(Dawson 1973).

McCosker and Dawson (1975) reviewed the biota of the Miraflores Third Lock
lagoon and the records of exotic fish on either side of the canal. To the
examples already published, they added four fish species that had apparently
passed through the canal. They argued, as Rubinoff and Rubinoff (1968) had
earlier, that the Miraflores Third Lock lagoon provided a kind of “safe haven”



156 Cohen

on the Pacific Coast for immigrants from the Caribbean. Gunter (1979)
reviewed the data and concluded that there were a total of three fish that were
“actual migrants” through the canal and one that had been carried through in
ballast water. Carlton (1985) argued that six of the fish reported as having
transited through or into the canal had possibly or probably been carried in
ballast water. Smith et al. (2004) considered the freshwater fish in the water-
sheds tributary to the canal and concluded, based on their own collections and
other data, that 8-11 species of primary or secondary fish (found only or pri-
marily in fresh water and only occasionally in brackish or saline water) and four
species of peripheral fish (regularly occurring in brackish or marine as well as
fresh water) had become established across the continental divide as a result of
migration through the canal.

Besides fish, Hildebrand (1939) listed several invertebrates collected in the
locks when they were drained in 1935 and 1937. A few of these may have been
transported by ships into or through the canal including a cosmopolitan sponge,
Haliclona permollis, a European freshwater hydroid, Cordylophora caspia, and
a Caribbean mussel collected in the Pedro Miguel and Miraflores locks,
Mytilopsis sallei. Bequaert (1943) reported that two species of Caribbean
periwinkles had reached the Pacific through the canal. Abele (1972a) reported a
freshwater crab, previously known only from Iraq, that was collected and was
apparently abundant in Pedro Miguel Locks; and two mangrove crabs and a
freshwater shrimp that he believed had migrated or been transported through the
canal (Abele 1972c). McCosker and Dawson (1975) listed a Caribbean crab and
two Caribbean seaweeds that had become established in the Miraflores Third
Lock lagoon.

Jones and Riitzler (1975) reported on invertebrates sampled during the draining
of the upper east chamber of the Gatun Locks and the east chamber of Pedro
Miguel Locks (Fig. 6), focusing on an abundant freshwater sponge,
Trochospongilla leidii, that was probably introduced from the eastern United
States. Rosewater (1975, 1976) reported on mollusks collected in the drained
locks in 1974-75, noting that two out of the 74 species, the snail Alexania
floridana and the mussel Mytilopsis sallei, were collected at both ends of the
canal. Jones (1976) reported that 19 out of the 164°° invertebrate species
collected were present in locks at both ends of the canal, and suggested that they
had probably been transported between them in hull fouling. Hendrickx (1980)
discussed two species of shipworms as having dispersed from the Caribbean to

20 Jones (1976) actually stated that 165 species had been collected in the locks, but the other
numbers reported (57 in Atlantic locks, 126 in Pacific locks, with 19 species shared) add up to
164.
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the Pacific through the canal. Carlton (1985) listed 17 invertebrates that he
believed had possibly or probably been carried through or into the canal in
ballast water. Abele and Kim (1989), reporting on decapods collected in the
canal, added one species of shrimp and four species of crab to those already
reported as having travelled through the canal across the continental divide.

Fig. 6. Barnacles being scraped from the bottom of Miraflores Lock during draining in 2005.
Photo courtesy of Mark Torchin.

There has been remarkably little investigation of the mechanism of ship-borne
transport of organisms through the canal. In the only published field
experiment, Menzies (1968) wrapped a variety of Atlantic and Pacific marine
invertebrates in cheesecloth and towed the bundle through the canal alongside a
naval vessel, to test the ability of fouling organisms to survive exposure to
freshwater during the transit. However, at cruising speed the bundle planed and
skipped over the water so the animals were unsubmerged for a significant
portion of the trip, and some of the animals were smashed or removed by the
force of the water striking them. Most of the rest survived, though it’s hard to
know what this signifies. Rubinoff and Rubinoff (1969) and McCosker and
Dawson (1975) tested the hyposalinity tolerance of five species of gobies and
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blennies that had migrated or been transported through the canal or to the canal
region, in order to assess whether they were capable of migrating through the
canal or passing through it as adults or as eggs among hull fouling; and Hay and
Gaines (1984) tested the freshwater tolerance of ten common species of
seaweeds from Caribbean reefs to assess their potential for transport through the
canal as hull fouling. In May 2002, I had the opportunity with a team of
taxonomists to examine the hull of a large tuna fishing boat that had spent
several months working off the coast of Africa before entering drydock in
Balboa near the Pacific end of the canal. The submerged portion of the hull was
covered from bow to stern with a layer of fouling that included living seaweeds,
serpulid worms, oysters, barnacles and bryozoans (Fig. 7). Among these were
several species of campanularid hydroids - delicate, soft-bodied animals - that
had apparently survived passage across the Atlantic and through the canal and
were still alive on the hull of the ship in drydock on the Pacific coast (D.
Calder, A. Cohen unpublished data). Jones (1972) and Glynn (1972) noted the
lack of data on hull fouling organisms transported through the canal; there
appear to be unutilized opportunities to examine this question, taking up from
where Menzies’ initial, flawed experiment left off.

Even less investigation has been conducted on the ballast water carried through
the canal, which Chesher (1968) first argued could transport large numbers of
organisms. In 1967, Rubinoff found no living organisms in samples taken from
a few ballast tanks in ships transiting the canal, and stated that “the environment
in most ballast tanks is remarkably inhospitable and frequently completely
abiotic,” though noting that ballast water’s role in transporting organisms
through the canal had not yet been properly evaluated (Rubinoft 1970). In 1970,
Cross (1971) found live crustaceans (probably copepods) in a single vertical
tow that he collected from the ballasted cargo tank of an oil tanker transiting the
canal en route to Venezuela. The ballast had been loaded from Balboa Harbor
4-8 hours before sampling, and was contaminated with oil that had not been
cleaned from the tank. Several researchers noted the need for a program of
sampling the ballast water that is carried through the canal (Jones 1972; Dawson
1973; Challinor 1978). Carlton (1985), in a global review of ballast water, listed
nine species “probably” introduced through or into the Panama Canal via ballast
water and another sixteen species “possibly” introduced via ballast water,
including a freshwater sponge, jellyfish, snails, clams, barnacles, crabs and fish.
Numerous studies since then in many parts of the world have fully
demonstrated the ability of a wide variety of organisms to survive voyages in
ballast tanks (e.g. Carlton & Geller 1993; see Cohen 1998 for a review).
However, there is little information on current and historic ships’ practices
regarding the locations and volumes of ballast uptake and discharge relative to
the Panama Canal.
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Fig. 7. Taxonomists examine a vessel in drydock in Balboa in 2002. Most of the fouling that had
covered the hull when the vessel entered drydock has already been hosed and scraped off by the
drydock workers. Photo courtesy of Ernesto Campos-Gonzalez.

In 1965, U.S. President Lyndon Johnson appointed the Atlantic-Pacific
Interoceanic Canal Study Commission to assess possible routes for a sea-level
canal, including canals created by “nuclear excavation” (part of an effort to find
a peaceful use for nuclear explosives). The proposal sparked a heated debate
among members of the scientific community, who disagreed about the extent to
which the existing canal served as a conduit for the migration or transportation
of organisms between the oceans, about the extent to which a new, sea-level
canal would serve as a conduit, about the main direction (Atlantic to Pacific, or
Pacific to Atlantic) in which invasions were most likely to occur, and about the
nature and severity of the consequences that would ensue (e.g. Rubinoff 1968,
1970; Briggs 1968, 1972a,b; Sheffey 1968, 1978; Clarke 1969; Topp 1969).
Views about the first question, on the role of the existing canal, ranged from
that of Newman (1972), who was strongly opposed to contructing a sea-level
canal without a biotic barrier, who wrote:

“If it were known that a spectrum of marine organisms had
been getting through the existing canal, primarily in ships’
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ballast tanks, it would be well that measures be taken to stop
the transport, but there is no evidence that successful
transports of this kind have been made.”

to that of Bayer et al. (1970), who believed there was no biological reason to
oppose a sea-level canal:

“Undoubtedly, numerous species and millions of individuals
of invertebrates have successfully crossed from one ocean to
another on ship bottoms and in ballast tanks through the
present canal ever since the first day it went into operation.”

The Commission solicited two reviews of the ecological effects of a sea-level
canal, one by Battelle Memorial Institute and one by a committee convened by
the National Academy of Sciences. Both reviews found that there was little
information available with which to predict impacts, and both reviews and the
Commission called for a comprehensive research program including studies of
the potential for the region’s organisms to pass through a canal, become
established on the opposite side of the isthmus, and affect the existing biota
(Boffey 1971; Leschine 1981a). A second National Academy of Sciences com-
mittee, created in 1978, found that little of this research had been done in the
interim (Leschine 1981b). The same could be said today.

3.2 Migration of marine or estuarine species through the canal

The first and best known marine or estuarine species reported to have migrated
through the canal is the tarpon, Megalops atlanticus. It is native to the western
Atlantic from North Carolina to Brazil (with occasional records north or south
of this range) and the eastern Atlantic from Senegal to Angola. Hildebrand
(1937) reported that tarpon were regularly fished from Gatun Lake, and
observed several large specimens breaking the surface in Gatun and Miraflores
lakes in 1935. In 1935-37 he and his colleagues collected numerous 1- to 2-
meter-long tarpon in the dewatered Gatun Middle and Upper Locks, Pedro
Miguel Locks, and Miraflores Upper and Lower Locks (Table 9), including
females with roe; and noted that they had been “reliably reported from the sea
level end of the Canal below Miraflores Locks” (Hildebrand 1939). He found
no evidence of tarpon breeding in Gatun Lake, nor any evidence that they are
capable of breeding in fresh water. Several specimens, 1-1.5 meters long,
were collected in the drained Miraflores Upper Locks in 1972 (McCosker &
Dawson 1975), and there are periodic anecdotal observations of tarpon break-
ing the water surface in the locks. Heilner (1965) stated that there had been
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unsuccessful efforts to transplant tarpon to the Pacific Coast, including
“attempts to tow them through the Panama Canal alive in slatted, submerged
pens,” though he gave no dates and I have seen no other references to these
efforts.

Bayer et al. (1970) and Voss (1972) reported there was no evidence that tarpon
had become established on the Pacific side of the isthmus, Martin et al. (1970;
also Voss 1978) stated that tarpon had “failed to establish a breeding colony” on
the Pacific side, and McCosker and Dawson (1975) noted that though they often
received reports of anglers catching tarpon in Panama Bay, they had not been
able to substantiate these reports nor had they seen tarpon for sale in the Panama
City fish markets. Heilner (1965), however, reported that tarpon had been
caught off the Pacific entrance to the canal, and there have continued to be
regular reports of tarpon, including fish weighing over 100 kilograms, being
caught in Panamanian waters on the Pacific side of the isthmus in the Gulf of
Chiriqui, at Coiba Island, near the canal entrance, in the Bayano River and at
Pinas Bay; and on the Pacific coasts of Costa Rica and Colombia (Fig. 8)
(Fishbase 2005; Bayano River Sportfishing Charters 2005; Morey 2005;
Ruhlow 2005; West 2005).

One charter boat captain reports that he has been catching tarpon on the Pacific
side of Panama for at least 30 years, and has regularly seen abundant juveniles
and large schools of large adult fish along the Gulf of Panama and in the
Bayano River. Until the last few years he observed an annual, gradual migration
of large adult fish through the canal, reporting that he would first catch them

“on the Atlantic side in August for a couple of months, and
then follow them into Lake Gatun for a couple of months
then to the Pacific side entrance of the canal around the
Miraflores locks, along the Causeway and on out to Taboga.
Later, usually in February to March, when Gulf of Panama
waters annually turned cold we would catch them in the
Bayano River and the Gulf of San Miguel” (Tony Herndon,
pers. comm.).

Despite the lack of collections by biologists, it appears that tarpon are regularly
present on the Pacific side of the isthmus. The reports of large numbers of
juvenile fish suggest they are reproducing in the Pacific, although it’s possible
that all reports in the Pacific are of individuals that have migrated through the
canal.
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Fig. 8. An Atlantic tarpon caught in the Bayano River on the Pacific side of the isthmus. The
photograph was taken at the Diablo Spinning Club near Balboa. Photo courtesy of Tony Herndon.

The crested goby Lophogobius cyprinoides is native and widespread in
Caribbean waters, including records from Porto Bello not far from the canal’s
Atlantic entrance (Hildebrand 1930; Rubinoff & Rubinoff 1968; Dawson 1972).
Hildebrand (1939) found it to be common in the dewatered Gatun Lower Locks
in 1935, and it was collected in those locks on several occasions from 1945 to
1974 (Table 9) (Fishbase 2005). It was collected in the Miraflores Lower Locks
in 1937 (Dawson 1972), and regularly collected in the Miraflores Third Lock
lagoon near the canal’s Pacific entrance in 1968-1976, where it had become
established as the numerically dominant fish (Rubinoff & Rubinoff 1968, 1969;
Dawson 1972; Fishbase 2005). Individuals from the Atlantic and from the
Miraflores Third Lock lagoon bred freely in the laboratory (Rubinoff &
Rubinoff 1968). Other experiments showed that L. cyprinoides tolerates low
salinities, with nearly 30% surviving 70-100+ hours of exposure to fresh water
(McCosker & Dawson 1975), and there are records from fresh waters in
Bermuda (Rubinoff & Rubinoff 1969). These data and records suggest that
L. cyprinoides may have migrated on its own through the canal (as suggested by
Rubinoff & Rubinoff 1969 and Springer & Gomon 1975), although it could also
have been transported in association with hull-fouling (suggested by McCosker
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& Dawson 1975) or in a ship’s ballast tank (suggested by Carlton 1985) or sea
chest. While it is well established in the Miraflores Third Lock lagoon, there are
no records of it on the Pacific Coast outside of the lagoon. Rubinoff and
Rubinoff (1986) and McCosker and Dawson (1975) argue that it may not be
able to compete against the native Panama Bay fish fauna outside of the unusual
environment in the lagoon.

The Caribbean blenny Lupinoblennius dispar ranges from Mexico to Trinidad,
and is common in the upper parts of Limon Bay (Dawson 1970; McCosker &
Dawson 1975). It was collected in the drained Gatun Lower Locks in 1935
(Hildebrand 1939, as Blennius sp.), and in all three levels of the Gatun Locks
and on several occasions in 1966-1974 (Table 9) (McCosker & Dawson 1975;
Fishbase 2005). In 1967, 1968, 1970 and 1976 it was found in the Miraflores
Third Lock lagoon; collections there included adults, juveniles and settled
larvae, indicating an established population (Dawson 1970; Springer & Gomon
1975; McCosker & Dawson 1975; Fishbase 2005). Lupinoblennius dispar is
tolerant of fresh water, with about 60% surviving experimental exposures of
60-100+hours (McCosker & Dawson 1975). As with Lophogobius cyprinoides,
its repeated collection in the canal system and its tolerance to fresh water
indicate that it probably migrated through the canal (as suggested by Springer &
Gomon 1975), though transport in hull fouling (as eggs or adults, suggested by
Dawson 1970 and McCosker & Dawson 1975), ballast tanks (suggested by
Carlton 1985) or sea chests is also possible. Lupinoblennius dispar is
established in the Pacific only in Miraflores Third Lock lagoon, and like
Lophogobius cyprinoides, it may not be able to compete with the native fauna
outside of the lagoon (McCosker & Dawson 1975).

The anchovy Anchoa (=Anchovia) parva is native to the Caribbean from Cuba
and Jamaica south to Venezuela. It occurs mainly in coastal marine and
brackish water but sometimes ranges into fresh water. It has been collected on a
few occasions from all levels of the Gatun Locks. It was collected in both levels
at Miraflores Locks in 1937, but has not become established on the Pacific
coast.

The western Atlantic pipefish Qostethus lineatus, which is found in both marine
and fresh water, was common in brackish and fresh waters up to Gatun Lake
prior to the construction of the canal. Males carrying eggs were collected in the
lake in 1928 and 1935, suggesting that it was then a permanent resident
(Chickering 1929; Hildebrand 1939; McCosker & Dawson 1975). A single
specimen was collected in Panama Bay near the Pacific entrance to the canal in
1971, and another in Miraflores Upper Locks in 1972 (McCosker & Dawson
1975).
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Table 9. Records in the canal of native Caribbean species that have apparently migrated through
to the Pacific drainage. a = Record given as “Gatun Locks” without specifying which level, b =
Miraflores Third Lock lagoon, ¢ = Publication date. 1 = Hildebrand 1939, 2 = Hildebrand 1939;
Rubinoff & Rubinoff 1968, 1969; McCosker & Dawson 1975; Fishbase 2005, 3 = Hildebrand
1939; Dawson 1970; McCosker & Dawson 1975; Fishbase 2005, 4 = Hildebrand 1937, 1939;
McCosker & Dawson 1975, 5 = Chickering 1929; Hildebrand 1939; Zaret & Paine 1973;
McCosker & Dawson 1975.

Date Gatun | Gatun | Gatun | Gatun| Pedro | Mira- | Mira- | Mira- | Pacific |Ref.
Lower | Middle | Upper | Lake | Miguel | flores | flores | flores |coast of
Locks | Locks | Locks Locks | Lake | Upper |Lower|Panama
Locks |Locks
Anchoa 1935 | 1935 | 1935 - - - 1937 | 1937 - 1
parva 1972 | 1974
1974
Lophogobius 1935 | 1ggga | 1974 - - - - 1937 | 1967- 2
cyprinoides 1945 a 19760
1974 | 1972
1974
Lupinoblennius| 1935 | 1ggga | 1974 - - - - 1937 | 1967- 3
dlspar 1974 1 9728 1 976b
1974
Megalops - 1935 | 1935 | 1935 | 1937 | 1935 | 1937 | 1937 | <1939 | 4
atlanticus 1972
Oostethus - - - 1910 - - 1972 - 1971 5
lineatus 1928
1933C
1935
1972

In all, five marine or species are here considered to be probable migrants
through the canal, all of them native to Caribbean and Atlantic slope waters
(freshwater migrants are considered in Section 3.6 below). Two species, the
anchovy Anchoa parva and the pipefish Oostethus lineatus, are apparently not
established in the Pacific. Two others, the goby Lophogobius cyprinoides and
the blenny Lupinoblennius dispar, are established on the Pacific Coast only in
the Miraflores Third Lock lagoon. The fifth species, the tarpon Megalops
atlanticus, is reported by anglers to be common in and around Panama Bay,
though we have found no scientific records of their presence in Pacific waters.
Reports of large numbers of young fish at sites around the Gulf of Panama
suggest that it is breeding there. However, the tarpon is very long lived (with a
maximum reported age of 55 years), has been at least seasonally common in
Gatun Lake for over 60 years, has been frequently reported from other parts of
the canal system, and in recent decades schools of large tarpon are reported to
have migrated through the canal into the Pacific in most years. Thus it is
conceivable that the large numbers of tarpon reported in Panama Bay and
adjoining waters are all fish that were born in the Atlantic and migrated through
the canal.
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With the possible exception of the pipefish, Oostethus lineatus, all of these
species appear to have reached the Pacific slope and coast by the migration of
individual fish rather than the gradual spread of a population. There is some
evidence that O. lineatus breeds in Lake Gatun, but it was collected in that area
before the lake was created, so that probably can’t be counted as dispersal. It
was collected twice on the Pacific side, once in Miraflores Locks and once in
Panama Bay, but it is probably not established there. O. lineatus is a very weak
swimmer, and normally would not be a good candidate for colonization over a
significant distance via the movement of individual fish; however, since water
from Lake Gatun is regularly released down through the locks, individual
O. lineatus could make it into Panama Bay simply by drifting with the flow.

33 Species transport by vessels passing through the canal

Undoubtedly, a large number of species introduced to tropical American waters
or other waters of the world have been transported by vessels on voyages that
involve a transit of the Panama Canal. The evidence of this for any particular
species is circumstantial, and includes consideration of the areas of origin and
introduction, the relative amount of ship traffic on different trade routes, the
organism’s life history and environmental tolerances relative to possible
transport mechanisms, and the existence of other non-ship transport mecha-
nisms that could account for the species’ distribution.

In this section I describe some representative examples of organisms in different
taxonomic groups that appear to have been transported and introduced into
regions outside their native range by vessels passing through the canal. In the
discussion and tables that follow, the information is organized by taxonomic
groups for species transported by vessels transiting the canal from the Atlantic
to the Pacific (Table 10) and from the Pacific to the Atlantic (Table 11).
The species are also classified by pathway in each direction (Tables 12-17).

Seaweeds

The red seaweed Polysiphonia denudata is native to the western Atlantic from
southwestern Canada to tropical waters. It was collected in the northeastern
Pacific in San Francisco Bay by 1983, and possibly observed there as early as
1963 (Josselyn & West 1985; Cohen & Carlton 1995). Polysiphonia species are
common in hull fouling and are resistant to many anti-fouling treatments
(Cohen & Carlton 1995), suggesting that this species traveled to the Pacific as
hull fouling. Transport in ballast water is less likely, as few seaweeds have been
reported in ballast water (Wysor 2004). McCosker and Dawson (1975) reported
two Caribbean species growing on mangrove roots in the Miraflores Third Lock
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lagoon, Polysiphonia atlantica (as P. macrocarpa) and Cladophora montagneana
(as C. deliculata), which presumably would also have been transported in hull
fouling or possibly ballast water. However, C. montagneana was earlier reported
in the Gulf of California, so the Miraflores Third Lock population may not be a
trans-isthmian introduction (Wysor 2004; Guiry et al. 2005). Hay and Gaines (1984)
noted that Acanthophora spicifera, Centroceras clavulatum and Spyridia filamen-
tosa are found on boat hulls or buoys in the Caribbean, can stand at least six hours
of exposure to fresh water, and are abundant on Caribbean reefs but extremely rare
on the Pacific coast near Panama, and thus might have been introduced to the
Pacific as hull fouling on boats or ships passing through the canal. Although a
large number of other seaweed species are reportedly common to both coasts of
Panama (see Table 2), it is unclear whether these represent introductions or
morphologically similar but genetically distinct species (Wysor 2004).

Table 10. Possible introductions through the canal from the Atlantic to the Pacific. a = Some
species listed in Table 9 as migrants through the canal could also have been transported by ship in
hull fouling, ballast tanks or sea chests (including Lophogobius cyprinoides and Lupinoblennius
dispar as suggested by various authors (Dawson 1970; McCosker & Dawson 1975; Carlton 1985)).
They are not included in this table and Table 12 to avoid double-counting, b = Includes
introductions of marine or brackish water species to locks on the Pacific side of the isthmus, ¢ =
The date refers either to the date the species was first collected in the invaded region, or to the
earliest date associated with a report of the species in the invaded region, and is not necessarily
the date of introduction which could have been earlier, d = HF = transport as hull fouling or in
hull borings; HFE = transport as eggs among hull fouling; BW = transport in ballast water tanks,
sea chests or other parts of ships’ seawater systems; OA = with oyster aquaculture; AQ = release
from an aquarium. Less likely mechanisms are in parentheses, ¢ = References include both
collection records and discussions of anthropogenic transport.

Species? Transport: Source Region to Possible References®
Destination® [Collection Date(s)®] Mechanism
Seaweeds
Polysiphonia North Atlantic and Caribbean to Miraflores | HF, (BW) McCosker &
atlantica Third Lock lagoon [1975] Dawson 1975
(as P.
macrocarpa)
Polysiphonia Northwestern Atlantic to northeastern HF, (BW) Josselyn &
denudata Pacific in San Francisco Bay [1978-83] West 1985;
Cohen &
Carlton 1995
Sponges
Clathria prolifera Northwestern Atlantic to northeastern HF, BW, OA Carlton 1979;
Pacific in San Francisco Bay [1945-49] Cohen &
Carlton 1995
Geodia gibberosa Caribbean to Pacific Panama [1933] HF, BW De Laubenfels
1936
Halichondria North Atlantic to northeastern Pacific in HF, BW, OA Carlton 1979;
bowerbanki San Francisco Bay [1950-53] Cohen &

Carlton 1995
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Table 10. continued.
Species? Transport: Source Region to Possible References®
Destination® [Collection Date(s)C] Mechanism
Haliclona loosanoffi | North Atlantic to northeastern Pacific in HF, BW, OA Carlton 1979;
San Francisco Bay [1950] Cohen &
Carlton 1995
Haliclona Caribbean to Pacific Panama [1933] HF, BW De Laubenfels
coerulescens 1936
Microciona Europe to Pacific Panama [1933] HF, BW De Laubenfels
atrasanguinea 1936
Prosuberites sp. Northwestern Atlantic to northeastern HF, OA Carlton 1979;
Pacific in San Francisco Bay Cohen &
[1953, 2004] Carlton 1995;
J.T. Carlton,
A.N. Cohen
unpublished
data 2004
Hydrozoans
Blackfordia virginica | Black Sea or Atlantic sites to northeastern | HF, BW Mills & Sommer
Pacific in San Francisco Bay [1970] and 1995; Cohen &
Coos Bay [1998] Carlton 1995;
Mills & Rees
2000
Chelophyes Atlantic to Pacific Panama [1962-1969] BW Alvarifio 1974;
appendiculata Carlton 1985
Maeotias marginata | Black Sea or Atlantic sites to northeastern | HF, BW Mills & Sommer
Pacific in San Francisco Bay [1992] 1995; Cohen &
Carlton 1995;
Mills & Rees
2000
Muggiaea kochi Atlantic to Pacific Panama [1962-1969] BW Alvarifio 1974;
Carlton 1985
Polychaetes
Boccardiella ligerica | Northwestern Europe to California [1935] | BW Carlton 1979;
Cohen &
Carlton 1995
Hydroides alateralis | Caribbean to Pacific Colombia [1988] HF, BW Bastida-Zavala
& ten Hove
2003a,b
Hydroides Caribbean to Pacific Panama [1933] and | HF, BW Bastida-Zavala
gairacensis Ecuador [1966] & ten Hove
2003a,b
Hydroides Caribbean to Pacific Panama [1972, HF, BW Bastida-Zavala
sanctaecrucis 2002], Pacific Mexico [2000] and Australia & ten Hove
2003a,b
Marenzelleria viridis | Northern Atlantic fo northeastern Pacific in | BW Cohen &
San Francisco Bay [1991] Carlton 1995
Gastropods
Alexania floridana Caribbean to Miraflores Lower Locks HF, BW Rosewater
[1974-75] (not established) 1976
Conus mus Caribbean tfo Pacific Panama at Veracruz | BW Burch 1960
[1960] (not established)
Echinolittorina Caribbean to Pacific Panama at Panama | BW, AQ Bequaert 1943;
ziczac City [1914, 1933] (not established) Carlton 1985
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Table 10. continued.

Cohen

Species? Transport: Source Region to Possible References®
Destination® [Collection Date(s)®] Mechanism

Littoraria angulifera | Caribbean to Pacific Panama at Panama |BW, AQ Bequaert 1943;
City [1933] (not established) Carlton 1985

Tenellia adspersa Europe to northeastern Pacific in San HF, BW Carlton 1979;
Francisco Bay [1953] Cohen &

Carlton 1995

Bivalves

Bankia cieba Tropical western Atlantic to Pacific HF, BW Clench &
Panama at Balboa [1946] and the Gulf of Turner 1946;
California [1971] Turner 1971;

Carlton 1985

Bankia destructa Tropical western Atlantic fo Pacific HF, BW Clench &
Panama at Puerto Armuelles [1946] and Turner 1946;
to Pacific Mexico near Mazatlan Hendrickx
[1978-79] 1980; Carlton

1985

Bankia fimbriatula Tropical western Atlantic fo Pacific HF, BW U.S. Navy

Panama at Balboa [1943] 1951; Carlton
1985

Martesia Tropical/subtropical western Atlantic to HF, BW Turner 1955;

cuneiformis Pacific Panama at Balboa [<1955] Carlton 1985
(not established)

Mytilopsis sallei Caribbean to Pacific Panama [1937] and | HF, BW Hildebrand
the Indo-West Pacific (Fiji [1929], India 1939; Hertlein
[1967], Japan [1974], Taiwan [1977], & Hanna 1949;
Hong Kong [1980], Singapore [1997] Morton 1981,
and Australia [1998]) 1987; Rao et al.

1989; Bax
1999; but
taxonomy
disputed by
Marelli & Gray
1985 (see
discussion in
text)

Teredo bartschi Western Atlantic to Pacific Mexico at La HF, BW Hendrickx
Paz [1971] and near Mazatlan [1978-79], 1980; Carlton
to Los Angeles [2000], and to Hawaii 1992; Benson

et al. 2004;

A.N. Cohen
unpublished
data 2000

Barnacles

Amphibalanus Caribbean to Pacific Panama at Balboa HF, BW Spivey 1976

amphitrite [1974]

Amphibalanus Western Atlantic to Pacific Panama at HF, BW, (OA) Spivey 1976;

eburneus Balboa [1964], possibly also to Pacific Carlton 1985
Mexico [1959, 1963, 1968]

Amphibalanus Caribbean to Pacific Panama at Balboa HF, BW F.B. Pitombo &

reticulatus and Fort Rodman [2000] A.N. Cohen

unpublished
data

Balanus calidus Western Atlantic to Pacific Panama in HF, BW Spivey 1976

Miraflores Locks [1974]
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Table 10. continued.
Species? Transport: Source Region to Possible References®
Destination® [Collection Date(s)®] Mechanism
Balanus trigonus Caribbean to Pacific Panama at Punta HF, BW F.B. Pitombo &
Culebra [2000] A.N. Cohen
unpubl. data
Chthamalus proteus | Caribbean to Hawaii [1995] HF, BW Southward
et al. 1998
Fistulobalanus Caribbean to Pacific Panama in Miraflores | HF, BW Jones &
pallidus Locks [1972] Dawson 1973;
Spivey 1976
Isopods
Pleurocope Caribbean to southern California [2000] HF, BW Fairey et al.
floridensis 2002
Amphipods
Gammarus daiberi | Northwestern Atlantic to San Francisco HF, BW Cohen &
Bay [1983] Carlton 1995
Shrimp
Leander paulensis | Caribbean to Miraflores Upper Locks HF, BW Abele & Kim
[1972] 1989
Crabs
Callinectes Warmwater/tropical western Atlantic to HF, BW Abele & Kim
exasperatus creek draining the Miraflores Third Lock 1989
lagoon [1972]
Eurypanopeus Caribbean to Miraflores Third Lock lagoon | HF, BW McCosker &
dissimilis [1971] Dawson 1975;
Carlton 1985
Goniopsis cruentata | Caribbean to creek draining the Miraflores | HF, BW Abele & Kim
Third Lock lagoon [1972] and Miraflores 1989
spillway [1972, 1973]
Panopeus rugosus | Caribbean to Miraflores Upper Locks HF, BW Abele & Kim
[1972, 1974] and Miraflores spillway 1989
[1973]
Rhithropanopeus Northwestern Atlantic to San Francisco HF, BW, OA Abele 1972c;
harrisii Bay [1937] (established) and the Pedro Carlton 1985;
Miguel Locks [1969] (not established) Abele & Kim
1989; Cohen &
Carlton 1995
Bryozoans
Anguinella palmata | Atlantic to Peru, Panama, western HF Osburn 1953;
Mexico, southern California [1933-42] Cohen &
Carlton 1995
Bugula stolonifera | Atlantic to Panama Bay [1924, 1969] HF Powell 1971
Electra Atlantic to Panama Bay [1924, 1944-47, HF, BW U.S. Navy
monostachys 1969] 1951; Powell
1971; Carlton
1985
Membranipora West Africa to Panama Bay [1924, HF, BW U.S. Navy
annae 1944-47, 1969] 1951; Powell
1971
Tunicates
Botryllus schlosseri | North Atlantic fo Australia [1928], Pacific |HF U.S. Navy
Panama at Balboa [1944-47] and 1951; Carlton
California [1945-47] 1979; Kott

1985; Cohen &
Carlton 1995
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Table 10. continued.

Species? Transport: Source Region to Possible References®
Destination® [Collection Date(s)®] Mechanism

Fish
Barbulifer Tropical western Atlantic fo Pacific BW McCosker &
ceuthoecus Panama [1973] (not established) Dawson 1975
Hypleurochilus Tropical eastern and western Atlantic to HF, HFE, BW McCosker &
aequipinnis Miraflores Third Lock lagoon [1971] Dawson 1975
Plants

Bayer et al. (1970) and Voss (1972, 1978) reported that the common Caribbean
turtle grass Thalassia testudinum had briefly become established on the Pacific
side of the isthmus. Martin et al. (1970) and Earle (1972) described the Pacific
records of this species and of another common Caribbean seagrass, Halodule
wrightii, published in 1935 and 1960, as “questionable” and “doubtful”. These
records are apparently based on Setchell (1935), who noted T. festudinum’s
“possibly sporadic” occurrence on the Pacific coast, “whether attached or
established and whether of recent or ancient occurrence is uncertain,” and noted
H. wrightii’s “outlying record” in the Gulf of Panama. If these records are
correct, these seagrasses could have been carried as seeds in ballast water, or
possibly as plants or seeds snagged in a dredge or other marine equipment; but
they could also have been carried across the isthmus by birds (see Martin et al.
1970 at p. 76) as seeds stuck to their feathers or as undigested seeds in their
guts. Because of uncertainty regarding the records, and the existence of an
alternate, natural transport mechanism, these seagrasses are not included in Tables
10 and 12.

Sponges

De Laubenfels (1936) investigated sponges near the ends of the Panama Canal
in 1933. He collected the primarily Caribbean species Haliclona coerulescens
and Geodia gibberosa on both coasts, and the European species Microciona
atrasanguinea on the Pacific coast. These species probably represent introduc-
tions through the canal in hull fouling, or possibly in ballast water. Laxosuberites
zeteki and Placospongia intermedia are common on both Panama coasts; they
may have been introduced from one to the other through the canal. Haliclona
permollisﬂ, Halichondria panicea, Adocia cinerea, Tethya aurantia, Tethya
diploderma, Chondrilla nucula and Oscarella lobularis are widespread or
cosmopolitan species that may have also been introduced to Panama.

21 Also reported by Hildebrand (1939) in Miraflores Upper Locks in 1937.
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Four species of north Atlantic sponges, Clathria prolifera, Halichondria
bowerbanki, Haliclona loosanoffi and Prosuberites sp., were collected in the
northeastern Pacific in the 1940s and early 1950s in San Francisco Bay (Carlton
1979; Cohen & Carlton 1995). The first three species are well established in
San Francisco Bay and a few other sites on the coast. Prosuberites sp., after its
initial collection in 1953, was not seen again on the North American Pacific
coast until the spring of 2004 (J.T. Carlton, A.N. Cohen unpublished data). All
four of these sponges might have initially arrived with shipments (by rail) of
Atlantic oysters, Crassostrea virginica, planted in San Francisco Bay, though
most of these shipments were made in the late 1800s and the first decade of the
1900s and the last, small shipments were in the 1930s. Alternately, they could
have arrived as hull fouling or in the ballast tanks of ships traveling through the
canal.

Jellyfish

Alvarifio (1974) reported on siphonophores collected in 1962, 1963 and 1969 in
tropical American waters. He argued that the distributions of five siphonophore
species suggested introductions through the canal, either by migration or
transport in ships’ ballast waters or cooling system waters. Chelophyes
appendiculata and Muggiaea kochi were mainly reported from the tropical
Western Atlantic but were also found at a few stations on the Pacific side of the
isthmus in the Gulf of Panama. Chelophyes contorta was found mainly in the
tropical Eastern Pacific off Central America and Mexico, and Muggiaea
atlantica ranged from the Pacific coastal waters of Central America to Japan,
but both species were collected at a few stations in the Caribbean near the
entrance to the canal. Lensia challengeri, an Indo-West Pacific and Eastern
Pacific species, was also found at a station near the Caribbean entrance to the
canal. Carlton (1985) listed these species as probable ballast water introductions
through the canal.

Two species of brackish-water hydrozoans native to the Black Sea region were
discovered in San Francisco Bay in the 1970s-1990s, and were probably
transported through the canal in ballast water or hull fouling. Blackfordia
virginica was first collected in low salinity waters in the upper part of San
Francisco Bay in 1970, and was also found in Coos Bay, Oregon in 1998. Since
it had also been reported as an exotic species from several Atlantic Ocean sites
(Chesapeake Bay, Brazil, France and Portugal) and in India and China, the
source of the San Francisco Bay population is uncertain (Mills & Sommer
1995; Cohen & Carlton 1995; Mills & Rees 2000). Maeotias marginata has
been collected in San Francisco Bay since 1992, with possible records going
back to 1959. Outside of the Black and Azov seas, it has been found in the
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Baltic Sea, The Netherlands, France, Chesapeake Bay and South Carolina
(Mills & Sommer 1995; Cohen & Carlton 1995; Mills & Rees 2000).

The spotted jellyfish, Phyllorhiza punctata, is native to the Indo-West Pacific
region. It is reported from Australia, the Phillipines and Thailand, and as an
introduction in Hawaii (possibly collected there as early as 1933; Devaney &
Eldredge 1977), and more recently in the eastern Mediterranean Sea (probably
via the Suez Canal) and off southern California. It was collected in the southern
Caribbean in 1955, having probably been carried through the Panama Canal in
hull fouling (as polyps, the jellyfish’s sessile life stage) or possibly in ballast
water (as ephyrae, the early phase of its pelagic life stage). It ranges south to
Brazilian waters, and in the summer of 2000 became abundant in the northern
Gulf of Mexico, where economic losses due to interference with the harvest of
white shrimp may have been as high as $10 million (Graham et al. 2003).

Polychaetes

Fauchald (1977) reviewed the intertidal polychaetes that had been collected in
Panama. He listed 30 species found on both coasts of Panama, of which 19 are
cosmopolitan or circumtropical, and 11 were known only from American
coasts; and another seven species found on the Panama coast on one side of the
isthmus and in the ocean but not on the Panama coast on the other side of the
isthmus. Three of the species found on both Panama coasts are mainly
distributed in the western Atlantic, while five species and one subspecies are
mainly distributed in the eastern Pacific, and these may well represent
introductions through the canal.

Bastida-Zavala & ten Hove (2003a,b) cite records of three Caribbean serpulid
worms in the eastern tropical Pacific. Hydroides gairacensis was collected in
Pacific Panama in 1933 and Ecuador in 1966; Hydroides sanctaecrucis was
collected in Pacific Panama in 1972 and 2002 and on the Pacific coast of
Mexico in 2000; Hydroides alateralis was collected on the Pacific coast of
Colombia in 1988. These species probably arrived in hull fouling, given the
many records of serpulid worms on the hulls of ships (Woods Hole
Oceanographic Institution 1952), or possibly in ballast water.

The spionid worm Boccardiella ligerica is native to the brackish waters and
mudflats of northwestern Europe, with records in France, The Netherlands and
Germany. It was collected in Newport Bay in southern California in 1935 and
has since spread to several California bays from Mission Bay to San Francisco
Bay, where it is now abundant (Carlton 1979; Cohen & Carlton 1995). Another
spionid worm, Marenzelleria viridis is native to the northwestern Atlantic. It
was introduced to Europe by 1983 (probably in ballast water), where it is now
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common from northwestern Europe to the Baltic Sea, and it has been collected
in San Francisco Bay since 1991 (Cohen & Carlton 1995). Both worms were
probably transported to California in ballast water carried on a ship that passed
through the canal, since spionid larvae are among the most commonly collected
types of organisms in ballast water (Carlton & Geller 1993).

Gastropods

Four Caribbean snails have been reported as introductions to Panama Bay, but a
lack of recent records suggests they did not become established. Two of the
most common periwinkles on Panama’s Caribbean coast were collected near
Panama City, Echinolittorina (=Littorina) ziczac in 1914 and 1933 and
Littoraria (=Littorina) angulifera in 1933 (Bequaert 1943; Rosewater 1980;
Carlton 1985). These periwinkles could have been transported as larvae in
ballast water as Carlton (1985) suggested, but given the ease with which these
snails are collected and their discovery each time near an urban area, they could
also have been releases from aquariums. Loftin (1965) noted that hobbyists in
the Canal Zone often stocked their aquariums with local species. The mouse
cone, Conus mus, was collected in 1960 in the low intertidal zone at Veracruz
near the Pacific entrance to the canal (Burch 1960). Rosewater (1976) reported
that Alexania floridana, was collected in the Gatun Lower Locks and Miraflores
Lower Locks when they were dewatered in 1974-75. The genus is often found
on small anemones that are common in hull fouling, which may have been how
it traveled through the canal.

The minute sea slug Tenellia adspersa is native to European and Mediterranean
waters and was collected in the northeastern Pacific in San Francisco Bay in
1953. It has since spread along that coast from southern Oregon to southern
California (Carlton 1979; Cohen & Carlton 1995). It has planktonic larvae, and
could have passed through the canal into the Pacific in ballast water, or possibly
on hydroids (which it lives on and feeds on) fouling a ship’s hull. It has since
been reported from Chesapeake Bay, Massachusetts and Brazil (Cohen &
Carlton 1995; Benson et al. 2004), probably representing one or more separate
introductions from Europe, but possibly representing an introduction back
through the Panama Canal from the U.S. Pacific Coast. The northeastern Pacific
sea slug Stiliger fuscovittatus™ ranges from Alaska to the Gulf of California,
where it feeds on filamentous red seaweeds (Behrens 1991). It was collected in
eastern Florida in the Indian River region, perhaps only once, by 1995 (Carlton
& Ruckelshaus 1997; Benson et al. 2001b; U.S. Geological Survey 2005),

22 . . .
Reported by some authors as Ercolania fuscovittata, but this is apparently incorrect

(Trowbridge 2005).
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where it had probably been introduced in ballast water or in seaweed fouling a
boat or ship that had passed through the canal.

Table 11. Possible introductions through the canal from the Pacific to the Atlantic. a = Includes
introductions of marine or brackish water species to locks on the Atlantic side of the isthmus, b =
The date refers either to the date the species was first collected in the invaded region, or to the
earliest date associated with a report of the species in the invaded region, and is not necessarily
the date of introduction which could have been earlier, c = HF = transport as hull fouling or in
hull borings; HFE = transport as eggs among hull fouling; BW = transport in ballast water tanks,
sea chests or other parts of ships’ seawater systems; AQ = release from an aquarium, d =
References include both collection records and discussions of anthropogenic transport, ¢ = May
have been transported through the canal to Pacific Panama after becoming established in the
Caribbean.

Species Transport: Source Region to Probable Referencesd
Destination? [Collection Date(s)"] Mechanism®
Jellyfish
Chelophyes Pacific Panama to Atlantic Panama [1962- | BW Alvarifio 1974;
contorta 1969] Carlton 1985
Lensia challengeri | Pacific Ocean to Atlantic Panama [1962- |BW Alvarifio 1974;
1969] Carlton 1985
Muggiaea atlantica | Pacific Panama to Atlantic Panama [1962- | BW Alvarifio 1974;
1969] Carlton 1985
Phyllorhiza Indo-West Pacific to Caribbean [1955] HF, BW Graham et al.
punctata 2003
Gastropods
Stiliger Northeastern Pacific to Florida [1995] (not | HF, BW Carlton &
fuscovittatus established) Ruckelshaus
1997; Benson
et al. 2001b;
U.S. Geological
Survey 2005
Bivalves
Electroma sp. Indo-West Pacific to Atlantic coast of BW Borrero & Diaz
Colombia & Venezuela [1983] 1998
Hyotissa hyotis Indo-Pacific to southeastern Florida HF, BW Bieler et al.
[2001] 2004
Lyrodus Indo-West Pacific to Florida [1983] HF, BW Mikkelsen et al.
medilobatus 1995;
Carlton &
Ruckelshaus
1997; Benson
et al. 2001b
Pinctada Indo-Pacific to southeastern Florida HF, BW Frank 1993;
margaritifera [1990] Carlton &
Ruckelshaus
1997
Perna viridis Indo-West Pacific to Caribbean (Trinidad, |HF, BW Agard et al.
Venezuela, Jamaica and Florida) [1990] 1992; Benson
et al. 2001a
Teredo furcifera Southwestern Pacific to U.S. Atlantic HF, BW Benson et al.
coast at New Jersey [1974] 2004
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Table 11. continued.
Species Transport: Source Region to Probable Referencesd
Destination? [Collection Date(s)] Mechanism®
Barnacles
Amphibalanus Indo-West Pacific or eastern Pacific to HF, BW Carlton 1979;
amphitrite Caribbean, Gulf of Mexico and Carlton &
northwestern Atlantic [1940s]® Ruckelshaus
1997
Amphibalanus Indo-West Pacific to Caribbean and Gulf | HF, BW Britton &
reticulatus of Mexico [1952]€ Morton 1989;
Carlton &
Ruckelshaus
1997
Balanus trigonus Indo-West Pacific to Atlantic Panama HF, BW Bayer et al.
[1966-67], Venezuela [1990s] and Florida 1970; Spivey
[1990s]® 1976; Carlton &
Ruckelshaus
1997
Tanaids
Zeuxo Kuriliensis Indo-West Pacific to Florida HF, BW Sieg & Winn
1981; Carlton &
Ruckelshaus
1997
Crabs
Hemigrapsus Northwestern Pacific fo northeastern HF, BW Lohrer 2001
sanguineus Atlantic [1988]
Petrolisthes Tropical western Pacific fo Gatun Locks BW Gore & Abele
robsonae [<1960, 1974] (not established?) 1976; Abele &
Kim 1989
Sesarma Pacific Panama to Caribbean at entrance | HF, BW Abele 1972¢c
rhizophorae to canal
Sesarma sulcatum | Pacific Panama to Caribbean at entrance |HF, BW Abele 1972¢c
to canal
Bryozoans
Watersipora Western Pacific to Florida [1976] HF Mook 1976;
subtorquata Carlton &
Ruckelshaus
1997
Tunicates
Botrylloides Indo-West Pacific to Caribbean in Belize |HF Goodbody
perspicuum [2000] 2000, 2004
Diplosoma virens | Indo-West Pacific to Caribbean in Belize |HF Goodbody
[2000] 2000, 2004
Cnemidocarpa Western Pacific fo Caribbean at HF Monniot &
irene Guadeloupe [1984] Monniot 1994
Polyandrocarpa Southeastern Pacific fo the Mediterranean | HF Lambert &
zorritensis [1974] and the Caribbean at Puerto Rico Lambert 1998;
[2002] G. Lambert,
A.N. Cohen
unpublished
data
Fish
Gnathodon Tropical eastern Pacific to Gatun Lower BW, AQ McCosker &
speciosus Locks [1968] (not established) Dawson 1975
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Table 11. continued.

Species Transport: Source Region to Probable Referencesd
Destination? [Collection Date(s)] Mechanism®
Gobiosoma nudum | Tropical western Pacific fo Atlantic HFE, BW Rubinoff &
Panama at Galeta Reef [1962] (not Rubinoff 1969;
established) McCosker &
Dawson 1975
Bivalves

Mytilopsis sallei is native to and distributed throughout the Caribbean region
(Marelli & Gray 1983). It or a very similar species have been reported in Fiji
(by 1929), in India at Visakhapatnam Harbor (in 1967, where it has become a
major fouling pest), Bombay (by 1975) and Kakinada (in 1986), in Japan (in
1974), in Taiwan (in 1977), in Hong Kong (in 1980), in Singapore (by 1997)
and in northern Australia (at Darwin in 1998, where it was eradicated with
massive applications of bleach and copper sulphate, at a cost of over $AU2.3
million). It was also collected from Gatun Middle and Upper Locks in 1974,
Pedro Miguel Locks in 1937 and 1975, and Miraflores Upper Locks in 1937
and 1974 (Hildebrand 1939; Hertlein & Hanna 1949; Jones & Riitzler 1975;
Jones 1976; Morton 1980, 1981, 1987; Marelli & Gray 1983; Rao et al. 1989;
Bax 1999; Hutchings et al. 2002). Marelli and Gray (1985) argue that the
introduced Indo-West Pacific populations of Mytilopsis are an eastern Pacific
species, M. adamsi from the Pacific coast of Panama. They suggest that this
species was introduced to Fiji (where the genus had been reported in 1898) in
the 19th century prior to the construction of the Panama Canal, on British mail
steamers that ran between a coaling station in Panama and Australia with
apparent stops in Fiji; and that it was later introduced from Fiji to India.
However, most authors have considered the introduced Indo-West Pacific
populations to be M. sallei. For example, Morton (1981) suggested that M. sallei
had been transported to Fiji through the Panama Canal, possibly on the hull
of a ship, aided by its broad salinity tolerance. M. sallei has been reported
as preferring water of 22-32 ppt, surviving in waters varying between 3 and 35
ppt, living in coastal lagoons with rainy season salinities <1 ppt, and surviving
0-50 ppt (Morton 1981). Hutchings et al. (2002) reported that M. sallei could
have reached northern Australia on the hull of one of three international cruising
yachts that called at Darwin after a voyage through the canal. Morton (1981)
noted that M. africana of West Africa is similar and possibly identical to
M. sallei, and if so then M. sallei could have arrived in India by way of Africa
rather than through the Panama Canal.

The green mussel Perna viridis is native to the northeastern Indian Ocean and
from southeast Asia to the South China Sea, where it is commercially
cultivated. It has been introduced to Tokyo Bay (Siddall 1980; Benson et al.
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2001a). It was first found in the Caribbean at Pt. Lisas in Trinidad in 1990
(Agard et al. 1992), and over the next decade spread along the west coast of
Trinidad and the Venezuelan coast, and appeared in Kingston Harbor, Jamaica
and on the west coast of Florida from Tampa Bay to Charlotte Harbor (Benson
et al. 2001a). In the Caribbean it grows abundantly on pilings, seawalls and
other artificial structures and on the roots of red mangrove Rhizophora mangle,
where it may exclude native fouling species. It is generally found in estuarine
waters with salinities of 27-33 ppt but can survive salinities at least as low as
16-20 ppt, and its larvae are planktonic for 2-3 weeks (Agard et al. 1992;
Benson et al. 2001a). It probably arrived in the Caribbean in ballast water, or
possibly as hull fouling, carried through the canal.

Three species of Indo-Pacific oyster that have been collected in the western
Atlantic were probably introduced as hull fouling or in ballast water after
passing through the canal. An unidentified pearl oyster in the exclusively Indo-
West Pacific genus Electroma was collected near Santa Marta on the Atlantic
coast of Colombia in 1983. It has proliferated and spread to other sites in
Colombia and Venezuela (Borrero & Diaz 1998). The black-lipped pearl oyster
Pinctada margaritifera is found from the Persian Gulf to the South Pacific and
Japan, and in the Gulf of California and Panama in the eastern Pacific. At least
four specimens were collected on reefs at different sites off southeastern Florida
between 1990 and 2003 (Frank 1993; Carlton & Ruckelshaus 1997; Benson
etal. 2001b; U.S. Geological Survey 2005). Three specimens of Hyotissa hyotis,
a graphaeid oyster reported from the Indian Ocean and the western and eastern
Pacific, were collected at three sites off southeast Florida in 2001-05 (Bieler
et al. 2004; U.S. Geological Survey 2005).

Martesia cuneiformis is a wood-boring clam that is native to the Western
Atlantic from North Carolina to Brazil (Turner 1955). It was collected at Balboa
near the Pacific entrance to the canal prior to 1955 (Turner 1955),” and
apparently not since. Turner (1955) suggested that it had arrived via the canal,
and Carlton (1985) suggested that it had traveled either in ballast water or bored
into a hull.

Shipworms are highly-modified, wood-boring clams, and in the past they were
frequently passengers in and major pests of wooden ship hulls. Since many
Bankia species have a free-swimming larval stage that may last up to a month
(Clench & Turner 1946), these species may have traveled in ballast water,
especially in recent decades. Collection records suggest that four species of

23 Turner’s record may be based on specimens that the U.S. Navy collected in fouling panels at
Balboa in 1944-47, in 1948 and in 1949, and identified only as Martesia (U.S. Navy 1951).
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shipworms have been transported through the canal from the Caribbean to the
eastern Pacific and that two species have been transported from the Indo-West
Pacific region eastward through the canal, although some species’ native ranges
may be masked by movement around the globe at an early date in ship hulls.

The western Atlantic shipworm Bankia fimbriatula ranges from Florida to
Brazil. It was collected at Cristobal near the Caribbean entrance to the canal in
1944 and at Balboa on the Pacific side in 1943 and 1944 (Bartsch 1944 as B.
canalis; Clench & Turner 1946). Bankia cieba is recorded from Cuba to
Colombia and was collected at Balboa near the Pacific entrance to the canal by
1946 and in the Gulf of California by 1971 (Clench & Turner 1946; Turner
1971). Bankia destructa is recorded from Honduras to Venezuela and was
collected at Puerto Armuelles in Pacific Panama by 1946 and near Mazatlan,
Mexico in 1978-79 (Clench & Turner 1946; Hendrickx 1980). Teredo bartschi,
which ranges from South Carolina to the Gulf of Mexico and Caribbean,”* was
collected in Pacific Mexico at La Paz by 1971 and near Mazatlan in 1978-79, in
California in Los Angeles Harbor in 2000, and in Hawaii (Hendrickx 1980;
Carlton 1992; Benson et al. 2004; A.N. Cohen unpublished data 2000). The
southwestern Pacific shipworm Teredo furcifera was collected at New Jersey on
the U.S. east coast in 1974 (Benson et al. 2004) and in Florida prior to 1997
(Carlton & Ruckelshaus 1997); and the Indo-West Pacific shipworm Lyrodus
medilobatus was collected in eastern Florida in the Indian River region by 1983
(Mikkelsen et al. 1995; Carlton & Ruckelshaus 1997).

Arthropods

Seven barnacles appear to have been introduced through the canal with
shipping. The Indian Ocean barnacle Amphibalanus (=Balanus) amphitrite
became established in Hawaii in 1902. It reached the Pacific coast of the
Americas at Los Angeles Harbor by 1914. By the late 1940s it was reported in
the western Atlantic, where it has been collected at many sites from the
Caribbean and Gulf of Mexico and as far north as Massachusetts (Carlton 1979;
Cohen & Carlton 1995). Its introduction to the western Atlantic could have
occurred either eastward through the canal or westward from England, where it
was established at least by 1937, and possibly as early as 1917 (Bishop 1950).
In 1974 it was collected near both entrances to the canal (Spivey 1976). Another
Indo-West Pacific barnacle, Amphibalanus (=Balanus) reticulatus, was collected
in the Gulf of Mexico in 1952, where it has become a dominant fouler on

24 Carlton (1992) describes T. bartschi as a tropical Atlantic species introduced to western
Mexico, but Carlton and Ruckelshaus (1997) list it as possibly a Pacific species introduced to
Florida.
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offshore drilling platforms from central Louisiana to Eastern Texas (Britton &
Morton 1989), and later spread to Florida (Carlton & Ruckelshaus 1997). It was
collected at Coco Solo near the Atlantic entrance to the canal in 1974 and at
several sites near both entrances in 2000 (Spivey 1976; F.B. Pitombo, A.N.
Cohen, unpublished data). A third Indo-West Pacific barnacle, Balanus
trigonus, was collected in Limon Bay in 1966-67, at Fort Randolph in 1974 and
on Galeta Reef by 1975, all near the Atlantic end of the canal; in Venezuela and
Florida by the early 1990s, and in Panama near both ends of the canal in 2000
(Bayer et al. 1970; Spivey 1976; Cubit & Williams 1983; Carlton & Ruckelshaus
1997; Benson et al. 2001b; F.B. Pitombo, A.N. Cohen, unpublished data). All
three species are common ship and harbor foulers, and could have traveled to
the Atlantic via the canal either in hull fouling or in ballast water. Collection
records suggest that after they became established in the Caribbean, these
barnacles then traveled back through the canal to Panama’s Pacific coast.

The Atlantic barnacle Balanus calidus is widespread in the Caribbean and the
Gulf of Mexico and to North Carolina. It was collected in Miraflores Lower
Locks in 1974 (Spivey 1976). Fistulobalanus (=Balanus) pallidus is reported
from the west coast of India, West Africa, the Mediterranean and the Caribbean
with scattered records south to Argentina. It was abundant in the upper and
lower Miraflores Locks in 1972 and 1974 (Jones & Dawson 1973; Spivey 1976).
These collection records suggest that these barnacles were transported from the
Caribbean or western Atlantic through the canal to the locks on the Pacific side.
Amphibalanus (=Balanus) eburneus is also native to the western Atlantic where
it has been collected from Massachusetts to Brazil, and was introduced to
Atlantic Europe, the Mediterranean, the Black Sea, India, Hawaii and Japan
(Carlton 1979). It was reported from Caribbean Panama near the entrance to the
canal both as fossil material and as living barnacles collected at various sites in
1966, 1974 and 2000. It was collected in the eastern Pacific in the Gulf of
California in 1959, on the mainland west coast of Mexico in 1963 and 1968, at
Balboa in Pacific Panama in 1964, and near Los Angeles in southern California
in 2000 (Spivey 1976; Carlton 1979; F.B. Pitombo, A.N. Cohen, unpublished
data 2002). While it’s possible that all these eastern Pacific records derived
from a secondary introduction from Hawaii (where A4. eburneus has been
collected since 1929) or from an introduction with imported Atlantic oysters, it
seems more likely that some at least were the result of transport through the
canal as hull fouling or in ballast water, as suggested by Carlton (1985).

The high intertidal barnacle Chthamalus proteus is native to the western
Atlantic from eastern Florida to Brazil, including the Caribbean coast of



180 Cohen

Panama. It was discovered on Oahu in Hawaii in 1995 (Southward et al. 1998),
where it is thought to have become established sometime after the last thorough
barnacle survey in 1973, presumably arriving via the Panma Canal in hull
fouling or possibly in ballast water. In Hawaii it has been collected on the four
largest islands and Midway Atoll. It has also been reported in Apra Harbor on
Guam, probably as a secondary introduction from Hawaii (Pauley et al. 2002).
The Australasian barnacle Elminius modestus was discovered in England in
1944, presumably on vessels from Australia or New Zealand. Bishop (1951)
suggested that the war-time practice of vessels traveling in convoys could have
enhanced the potential for establishment, by the simultaneous transport of a
l