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         Introduction 

 Darwin’s Theory of Evolution, more than any other scienti fi c theory, has changed 
our fundamental understanding of the living world and our own conception of human 
nature. It is no surprise that it has been considered the most revolutionary idea in 
modern science (Mayr  1982  ) . The Galapagos Islands played a central role in the 
development of science, particularly for the  fi eld modernly known as evolutionary 
biology. It was mainly his observations on the species of this isolated group of islands 
in the Paci fi c that later led Darwin to doubt the chief concept of the time on the 
immutability of species and to re fl ect and develop his ideas about the origin of spe-
cies and, subsequently, his theory of evolution by natural selection (Sulloway  1982  ) . 
Ever since Darwin’s memorable trip to the Galapagos Islands 175 years ago in 
September 1835, and the publication of his theory in 1859, a large number of natural-
ists and scientists have visited the Galapagos eager to test Darwin’s observations and 
theory. The Swiss-American naturalist, Louis Agassiz of Harvard University, who 
visited the Galapagos in 1872; the German geologist Theodor Wolf, who visited 
twice, in 1875 and 1878; and George Bauer, who traveled there in 1891, are among 
the most renowned scientists in Darwin’s time to visit the Galapagos (Larson  2001  ) . 
During the twentieth century, two of the best known expeditions were the ones led by 
William Beebe, in 1923 and 1925, and the California Academy of Sciences expedi-
tion in 1905–1906 led by Rollo Beck (Larson  2001 ; Quiroga  2009  ) . 

 Scienti fi c research in the Galapagos was pioneered by Lack  (  1947  ) , Bowman 
 (  1963,   1979  )  and Eibl-Eibesfeldt  (  1958  ) . Thereafter, several dozen naturalists and 
scientists from around the world have visited and conducted research on Galapagos 
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on a wide variety of subjects. Some came to ful fi ll an academic requirement like a 
dissertation, while a few others made the Galapagos their veritable home (e.g., see 
Quiroga  2009  ) . Among the latter, there are celebrities like Peter and Rosemary 
Grant, now at Princeton University, who have visited the Galapagos for several 
months every single year for nearly 40 years since 1973 when their study of Darwin’s 
 fi nches began. Others include Tjitte de Vries, of the Universidad Católica del 
Ecuador, who pioneered research on the endemic Galapagos hawk ( Buteo galapa-
goensis ), now, in collaboration with Patty Parker of the University of Saint Louis; 
Fritz Trillmich, of the University of Bielefeld, Germany, who researched the 
Galapagos fur seal ( Arctocephalus galapagoensis ) and the Galapagos sea lion 
( Zalophus wollebaeki ); Andrew Laurie, whose work on the marine iguana 
( Amblyrhynchus cristatus ) was continued and expanded by Martin Wikelski of the 
University of Konstanz; Tom Fritts, who researched the giant tortoises; Howard and 
Heidi Snell, who worked on land iguanas ( Conolophus subcristatus  and  C .  pallidus ) 
and lava lizards ( Microlophus  spp.); and David Anderson, who carried out research 
on siblicide of the Nazca Booby ( Sula granti ) and the ecology of the Galapagos 
boobies ( Sula  spp.). Lately, a new generation of studies that takes advantage of 
modern molecular techniques has led to an explosion of phylogenetic and phylo-
geographic studies that are clarifying our understanding of ecological and evolu-
tionary processes, particularly, the processes and mechanisms of speciation, both in 
time and space. 

 The Galapagos Archipelago is one of the most studied places on Earth, even 
though much of its species’ ecological and evolutionary processes still remain 
unknown. In the marine realm, very little is known about the intertidal, subtidal, and 
pelagic species and populations, as well as their communities’ and ecosystems’ ecol-
ogy and evolutionary processes. The terrestrial biota has been better studied, but, 
even so, the knowledge base is strongly biased toward the most conspicuous and 
charismatic species, such as reptiles and some groups of birds. Among plants, only 
a few  fl owering plants have been relatively well studied, while very little is known 
about cryptic species such as cryptogamic plants (especially mosses and lichens). 

 Here, I brie fl y summarize some of the most relevant aspects of the natural history 
of the Galapagos by pointing out a few selected case studies that describe the most 
important research  fi ndings in different  fi elds of the natural sciences studies con-
ducted there. This mini review also addresses the conservation status and threats as 
well as the conservation achievements in the islands.  

   Geological Research 

 Darwin can be considered the  fi rst geologist to observe and describe the geology of 
the Galapagos and to correctly af fi rm their geological youth and volcanic origin 
(emerging from the ocean) as oceanic islands that had not been in contact with con-
tinental landmasses. Referring to the geology of the Galapagos, he once wrote, “We 
are led to believe that within a period, geologically recent, the unbroken ocean was 
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here spread out.” Modern geological research—aside from petrology and geochemical 
studies of basalts (e.g., Williams  1966 ; Williams and McBirney  1979 ; McBirney 
and Williams  1969 ; Swanson et al.  1974  )  and volcanology (Simkin and Howard 
 1970 ; Simkin  1984  ) —has focused mainly on the origin and age of the islands using 
several dating techniques including paleomagnetic polarities (geomagnetic reversals), 
geomorphology analyses, and radioactive potassium–argon dating (Cox  1971,   1983 ; 
Geist  1996  ) . Modern radiometric work estimated that Española Island is about 3.3 
million years old (Bailey  1976  )  and that the oldest islands of the archipelago range 
from about 2 to 3 million years old (Geist  2009  ) . 

 Estimates of the ages of individual islands vary a lot, but the latest studies esti-
mate the age of the oldest current extant islands (i.e., San Cristobal or Española) at 
about 3.5 million years and only about 60,000–300,000 years for Fernandina Island 
(Bailey  1976 ; Geist  1996  ) . Once again, Darwin was correct when he inferred that the 
islands emerged from the unbroken ocean, as their origin is currently explained by 
hot spot and plate tectonic theories. Plate tectonics—the theory that continents 
move—was  fi rst proposed by de Candolle, a French biogeographer, who was origi-
nally discredited for his idea. However, it was formally proposed by Alfred Wegener 
in 1912 and was only gradually accepted after nearly 50 years, mostly due to paleo-
magnetic evidence. The hot spot theory, on the other hand, is a recent one and refers 
to a huge and extremely hot solid, but plastic, column of rock that probably rises 
from the deep mantle due to radioactive enrichment (and radioactive heat). The column 
(mantle plume) rises due to thermal buoyancy, melts near the surface owing to 
decompression, and breaks the Earth’s crust from beneath, giving rise to a shield 
volcano like those found in the Galapagos, Hawaii, and other oceanic archipelagos. 

 The Galapagos settles over the Nazca plate that moves eastward to South America 
and runs under the South American continental plate along the so-called subduction 
zone. The islands travel from their center of origin (the Galapagos hot spot under 
Fernandina Island) at a variable rate between 2 and 7 cm per year. That has created 
a rough age gradient with a cluster of oldest islands in the east, a cluster of middle-
aged islands in the center, and still another cluster of the youngest islands in the 
west of the archipelago (Simkin  1984  ) . Although most of the Galapagos Islands 
owe their origin to the mantle hot spot, the origin of the two northernmost islands 
(Darwin and Wolf) and the three northwestern islands (Pinta, Marchena, and 
Genovesa) is likely related to the Galapagos ridge, the Nazca-Cocos plates spread-
ing zone, which is located north of the Galapagos Islands (Geist  2009  ) . Current 
marine geological exploration (   Christie et al.  1992  )  has corroborated the hypothe-
ses,  fi rst advanced by biologists (Wyles and Sarich  1983  ) , that the older sunken 
Galapagos Islands may have been in existence for at least 10 million years. By now, 
most geologists and biologists working in the Galapagos readily accept that as the 
Nazca plate moves eastward and the islands travel away from the hot spot, they 
decrease in altitude—apparently owing to the cooling and contraction of the crust—
and eventually subside (Geist  2009  ) . Recent evidence about the genetic distance 
between the marine and land iguanas, and especially the new species of land iguana 
(Gentile et al.  2009  ) , provides further support for the currently drawn Galapagos 
Islands and an older origin of the archipelago.  



4 C.A. Valle

   Climate and Oceanographic Research 

 The Galapagos Islands are located where several marine currents converge, modifying 
what should be basically a tropical climate into a predominantly dry region during 
most of the year (Palmer and Pyle  1966  ) . Such a geographical and oceanographic 
setting makes these islands attractive for oceanographers and climate scientists 
interested in the study of Earth’s paleoclimate and for those attempting to under-
stand and predict current climatic phenomena with a global impact, such as the El 
Niño–Southern Oscillation (ENSO) (e.g., Wyrtki  1975 ; Houvenaghel  1984 ; Cane 
 1983  ) . The El Niño event, and its usual counterpart La Niña, affect the terrestrial 
and marine Galapagos biota in particular ways. During the conditions associated 
with El Niño (high sea surface temperature and a heavy rainy season), terrestrial 
organisms feast, breed freely, improve survival, and increase population sizes, while 
marine organisms fast and stop breeding, die, and decline in population. However, 
the reverse is true during the drop in sea surface temperature and drought conditions 
associated with La Niña (e.g., see Robinson and del Pino  1985  ) . 

 Global-scale research has tremendously advanced our understanding of how the 
Earth’s climate has changed over millions of years. Astronomic evidence and 
 glacial–interglacial cycles, as well as local changes in landmass connectivity associ-
ated with plate tectonics, attest to the major climatic changes that the Earth has 
undergone on a global scale (e.g., Zachos et al.  2001 ; Ferodov et al.  2006  ) . Thus, the 
opening and closing of the Isthmus of Panama had major consequences on the pat-
terns of atmospheric and ocean circulation in the eastern Paci fi c (Cronin and 
Dowsett  1996  ) . From these studies, it has been inferred how the climate of the 
Galapagos has changed over the last 10 million years from when the islands had a 
warmer and more humid tropical climate as compared to today. 

 Furthermore, studies conducted on the Galapagos Islands themselves have also 
improved our understanding of the climate both in these islands and at larger geo-
graphic scales, including the eastern Paci fi c. Most paleoclimate research on the 
Galapagos is based on analyses of sediment cores from a number of lakes but mainly 
at Junco Lake on San Cristobal Island, Lake Arcturus on Genovesa Island, and the 
lake on Bainbridge Rock islet near Santiago Island. Pollen stratigraphy and geo-
chemical and mineralogical analyses of sediment cores and C 14  dating (Colinvaux 
 1968,   1972 ; Colinvaux and Scho fi eld  1976a,   b  ) , carbon/nitrogen ratios, and isotopic 
hydrogen and oxygen analyses (Riedinger et al.  2002  )  have opened a window that 
has allowed us to picture the history of climatic changes in the Galapagos and the 
whole eastern Paci fi c Ocean. These studies provide evidence that during the last 
50,000 years, the climate of the Galapagos has undergone profound changes in tem-
perature and precipitation, in association with the Northern Hemisphere ice-age 
cycles. The islands were dry during glaciations and humid and rainy during intergla-
cial periods, such as the present (Colinvaux  1984  ) , and the frequency of El Niño 
events started increasing during the last 2,500 years, particularly in the last 1,000 
years (Riedinger et al.  2002 ; Conroy et al.  2008  ) . Research on lake sediments con-
tinues today with modern and improved devices and methods; research on El Niño 
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and the climate dynamics of the Galapagos has also been tracked by studies of 
marine organisms including coral (Shen et al.  1992 ; Urban et al.  2000  )  and foramin-
ifera (Lea et al.  2006  ) . One of the major effects of climate change associated with 
glacial and interglacial cycles in the Galapagos relates to changes in sea levels. Sea 
level rises (interglacial) and falls (glacial) of over 100 m (Lambeck and Chappell 
 2001  )  are presumed to have affected levels of isolation, as well as the size and shape 
of the islands (Grant and Grant  2008  ) ; changes, that in turn, are expected to have 
affected evolutionary patterns and processes. In summary, global local-scale climate 
studies have shown that climate of the Galapagos has been highly dynamic and has 
changed dramatically over geological and evolutionary time scales.  

   Research on Ecology and Evolutionary Biology 

   Research on Ecology 

 Ecological research in the Galapagos is mainly of autoecological character and has 
focused on geographic distribution, demography, and the behavioral ecology of the 
most conspicuous species of terrestrial vertebrates (Bowman  1984 ; Clark  1984 ; 
Eibl-Eibesfeldt  1984a,   b ; de Vries  1984 ; Grant  1984,   1999 ; Grant and Grant  2008 ; 
Harris  1984 ; Trillmich  1984 ; de Roy  2009  )  and a few species of vascular plants 
(Eliasson  1984 ; Porter  1984 ; Tye  2007,   2008  ) . Even so, several gaps remain regard-
ing the ecology of these relatively well-studied groups, and even less is known about 
most species of terrestrial invertebrates and most vascular and nonvascular plants, 
as well as most marine organisms. Furthermore, except for a few marine studies 
(Withman and Smith  2003 ; Edgar et al.  2004  )  and a handful of terrestrial organisms 
(Abbott and Abbott  1978 ; Schluter  1986 ; Schluter and Grant  1984 ; Schluter et al. 
 1985 ; Grant and Grant  2006  ) , ecological research in the Galapagos has severely 
neglected community ecology at the ecosystem level, with almost a complete lack 
of in-depth studies about interspeci fi c interaction at the community level and its role 
on the structuring of natural communities. Thus, we know very little about ecological 
processes such as pollination, seed dispersal, symbiotic interactions (e.g., parasitism, 
commensalism), competition, predation, decomposition, predator-/herbivore-mediated 
coexistence, and the occurrence and role of ecological guilds.  

   Research on Evolutionary Biology 

 A volcanic, highly isolated, oceanic archipelago like the Galapagos that was never 
connected to the mainland is expected to have been devoid of terrestrial life when it 
emerged from the ocean. The terrestrial life now inhabiting these islands, as well as 
those organisms now extinct, got there from somewhere else and became rapidly 
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and effectively isolated from their parental populations. These two aspects of 
colonization and further isolation have profoundly shaped the ecological and evolu-
tionary history of the Galapagos organisms through a three-step process involving 
(1) organisms’ arrival, (2) establishment (colonization) in their new habitat, and 
(3) in situ evolution (i.e., adaptive and nonadaptive genetic and phenotypic diver-
gence, speciation, evolutionary radiation).  

   Arrival of Organisms to the Archipelago 

 Arrival requires transportation to the islands from somewhere else, and 1,000 km of 
ocean represents a major ecological barrier for a vast number of organisms. A key 
factor for dispersal and arrival was the organisms’ vagility (dispersal ability), which 
is dependent upon their intrinsic dispersal abilities (i.e., production of small 
propagules that disperse easily or are easy to transport by winds or by animals) and 
their ability to survive a long journey through the ocean. Organisms reached the 
islands by three means of dispersal: through the ocean, either by  fl oating and drift-
ing with the ocean currents (passive dispersal) or swimming (active dispersal); 
through the air, taking advantage of the trade winds blowing from southeast and 
northwest; or by attaching themselves to other organisms (e.g., birds). Many organ-
isms, including several types of invertebrates (snails, arthropods) and vertebrates 
(lizards, snakes, and even poor- fl ying birds like rails), may have reached the islands 
on those masses of vegetation that usually get to the ocean when continental rivers 
over fl ow during the rainy season and then drift into the open ocean. Duncan Porter 
 (  1976  )  inferred the mean of transportation for the 378 indigenous ancestral taxa that 
colonized the Galapagos and suggests that birds may have been the vector for about 
60% (of these, 64% in the digestive tract, 21% attached to feathers, and 15% attached 
to mud on the legs), while 32% were transported by the wind and 9% by the sea.  

   Establishment of Organisms in the Archipelago 

 Getting to the Galapagos was only part of the process; colonization required the 
establishment of a viable population. It can be inferred that many successful arrivals 
did not lead to a successful colonization due to a number of factors, including 
(1) the ecological successional stage of the island, (2) reproductive viability, and 
(3) demographic (population) viability. Many organisms may have been prevented 
from settling after not  fi nding a suitable habitat upon arrival. For example, as we 
can see today on a barren lava  fl ow, only a few pioneer species (e.g., lichens and few 
other plants) would be expected to have established themselves  fi rst, while the more 
habitat-demanding species would have had to wait for conditions that were more suit-
able. For organisms with strict sexual reproduction (most animals and monoecious 
plants), an unavoidable condition for establishment was arriving with a mate, or in 
a small  fl ock with individuals of both sexes (as may be the case of the birds), or a 
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fertilized female. Populations that are too small and isolated, such as those that just 
have colonized a remote archipelago from one single  fl ock, a fertilized female, or a 
single asexual individual, run a high risk of extinction due to stochastic factors 
(including genetic, demographic, and environmental), as well as the occurrence of 
natural catastrophes (Lande  1980 ; Lande and Barrowclough  1987  ) .  

   Evolution in the Galapagos Archipelago 

 Perhaps the most prevalent biological feature of isolated oceanic archipelagos is the 
high level of endemism among every native taxonomic group. Insular endemics 
evolve from a mainland-colonizing ancestor either through  linear evolution , when a 
colonizing ancestor transforms into a new insular species, or through an  evolution-
ary radiation , when either an ancestral colonizer or an insular endemic splits further 
into several new species. 

 In the Galapagos Islands, most species that colonized the archipelago have evolved 
at least into single endemic taxa including subspecies, species, and genera (see Baert 
 2000 ; Peck  1996 ; Tye et al.  2002  ) . Endemics at the species level included mammals 
(~88%), birds (52%), reptiles (100%),  fi shes and algae (~20–30%) insects (47%), other 
terrestrial invertebrates (53%) and vascular plants (32%), bryophytes (mosses, liver-
worts; ~10%), lichens (~7%), and pteridophytes (ferns; ~4%). Examples of a single 
colonizing ancestor evolving into a new species (an insular endemic) abound, including 
the two species of sea lions, the Galapagos penguin ( Spheniscus mendiculus ), the 
 fl ightless cormorant ( Phalacrocorax harrisi ), and several others. A lower number of 
colonizers evolved even further and underwent evolutionary radiation when a single 
colonizing species evolved into several new endemic species. The best examples of 
evolutionary radiation, most of them derived from a single colonizing event (i.e., mono-
phyletic groups), include land snails of the genus  Bulimulus  (71 species, all endemic, 
perhaps the most spectacular example of adaptive radiation), Darwin’s  fi nches (15 spe-
cies), and giant tortoises (originally about 15 species). Among plants, the genus  Scalesia  
(Asteraceae; 15 species, 19 taxa including subspecies and varieties) and  Alternanthera  
(Amaranthaceae; 14 species and 20 taxa),  Opuntia  (Cactaceae; six species and 14 vari-
eties, from two independent colonizations). 

 The geological youth of the Galapagos Archipelago, together with the high level 
of endemism among all taxonomic groups that colonized it, implies that evolution 
in the Galapagos has generally proceeded rapidly particularly among those species 
that have evolved into different species through the process of linear evolution. The 
rate of evolution (speciation) has been even more dramatic among those groups that 
have radiated into many species from a single ancestor that colonized the islands. 

 The process of colonization and evolution of all organisms in the Galapagos  fi ts 
nicely into the  founder effect speciation  model  fi rst suggested by Huxley  (  1938  )  and 
formally proposed by Mayr  (  1954  ) . That is, a new species arises when a new population 
is founded in a remote isolated place, usually by a small group on immigrants. Under 
such a model, theoretically, there are a number of ecological and genetic factors and 
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processes driving rapid evolution in an isolated archipelago like the Galapagos. These 
factors and processes include  founder effect ,  genetic drift ,  divergent selection ,  inter-
rupted or restricted gene    fl ow ,  multiple isolation,  and  ecological opportunity . 

  Founder Effect : The role of the founder effect in immediately driving genetic diver-
gence and subsequent phenotypic divergence between a founding (island) and a 
parental (continental) population is expected to be high; few individuals will bring, 
at best, only a small fraction of the whole genetic variation from a large parental 
population simply due to random genetic sampling error. Furthermore, a very small 
number of founding individuals may not necessarily be a representative sample of 
the whole parental population (e.g., Huxley  1938  ) . A genetically nonrepresentative 
sample means that the island’s founding population will start with a biased sample 
of alleles relative to the continental population. All of this suggests that a new insu-
lar founding population is likely to diverge from its continental parental population 
from the very beginning. Founder effects are also expected to lead to inbreeding, 
due to the small number of colonists. Inbreeding is predicted to lead to increased 
homozygosis in the population, which would potentially lead to inbreeding depres-
sion, thus increasing the probability that the founding population could become 
extinct. Only those populations that managed to go through such a demographic 
bottleneck and survive were the ones that become established (colonized) in the 
Galapagos. Such populations, at least on theoretical grounds, may be able to sur-
vive, evolve, and remain well adapted through a coadapted set of genes; for them, 
outbreeding could be deleterious in the sense that it would break the coadapted set 
of genes thus reducing or wiping out their adaptive value. Over time, however, most 
populations are expected to increase in number and in genetic variation. 

 Owing to the development of molecular genetics, studies only recently started to 
address this issue, as well as that of the role of genetic drift in the process of evolu-
tion in the Galapagos. The few studies addressing this issue seem to indicate that 
some species may in fact have started with extremely low numbers (i.e., a founder 
effect genetic signature has been found). On Daphne Major Island, Grant and Grant 
 (  2008  )  observed and neatly tracked a founder event of a population of the large 
ground  fi nch ( G .  magnirostris ) that had colonized the islet during the last 25 years. 

  Genetic Drift : Genetic drift, a random  fl uctuation of allele frequencies leading to an 
eventual random loss/ fi xation of alleles in a population, is expected to play an 
important role in the evolution of small and isolated populations (Wright  1931, 
  1932  ) . The Galapagos’ recently founded populations that have experienced a demo-
graphic bottleneck due to a founder effect would constitute an ideal scenario for 
drift to occur. Thus, colonizing alleles would become lost/ fi xed at a faster rate, leading 
to rapid further genetic divergence between the island and the continental popula-
tion. Such a stochastic evolutionary process would result in nonadaptive evolution, 
which is theoretically expected to be a common pattern at the onset of colonization 
in a place like the Galapagos. Genetic erosion or loss of alleles (a consequence of 
drift) and inbreeding (a consequence of a founder effect) are expected to lead to 
increased homozygosis in the population, perhaps contributing in turn to inbreeding 
depression and increasing chance of extinction. 



91 Science and Conservation in the Galapagos Islands

  Divergent Selection : Isolated populations are expected to diverge rapidly as a result 
of divergent natural selection for local adaptation. Selection pressures usually vary 
geographically and doubtless are expected to differ greatly between the continent 
and a new colonized insular habitat, as well as from island to island. Selection, act-
ing upon a biased and impoverished genetic variation (due to founder effect and 
genetic drift), as well as upon new alleles (i.e., originated by independent mutation) 
and new genotypes (due to recombination), will rapidly or gradually lead to genetic 
and phenotypic divergence between insular and continental populations. Such diver-
gence is expected to happen rapidly among small and isolated populations or rather 
gradually among much larger populations. 

  Interrupted or Restricted Gene   Flow : Gene  fl ow is a homogenizing evolutionary 
force that prevents conspeci fi c populations from diverging due to local adaptation. 
Therefore, if gene  fl ow became effectively interrupted or severely restricted due to 
geographical isolation, genetic divergence between source (continental) and founder 
(island) population would be rapid. Recent molecular genetics and ecological infer-
ences suggest that, in this sense, the almost 1,000 km of open ocean have acted as 
an effective ecological barrier preventing gene  fl ow for most of the terrestrial organ-
isms that colonized the Galapagos. Founder effect, genetic drift, and divergent 
selection, aided with lack of gene follow, will result in genetic and phenotypic 
divergence between conspeci fi c populations, eventually leading to speciation and 
the origin of endemic taxa (species or subspecies). 

  Multiple Isolation : Archipelagos, as opposed to single islands, present opportunities 
for multiple and repeated events of dispersal and colonization followed by further 
isolation (an  archipelago effect ). This means that within archipelagos, a natural evo-
lutionary experiment of colonization of one island from the mainland, as described 
above, is replicated every time that a species already present in the archipelago dis-
perses and colonizes a new island. Such a combination of ecological and genetic 
factors and processes repeated several times on different islands would be another 
ingredient for rapid evolutionary diversi fi cation of a lineage into several endemic 
taxa (genera, species, subspecies). The Galapagos, where single colonization events 
have led to evolutionary radiation in a number of endemic organisms (e.g., Darwin’s 
 fi nches, bulimulid land snails,  Scalesia  plants, and  Opuntia  cacti),  fi ts these theo-
retical expectations very closely. 

  Ecological Opportunity : Oceanic archipelagos that were originally devoid of terres-
trial life, like the Galapagos, will only gradually  fi ll with species that arrive and estab-
lish on the islands. Insular ecological communities, therefore, are expected to be less 
packed than continental ones, especially at the early and middle stages of their eco-
logical succession. These more relaxed ecological communities will have a number 
of  empty  ecological niches that will not only favor continuous colonization of new 
species (McArthur and Wilson  1967  )  but will also allow already established species 
the opportunity to  explore  and, in some cases, eventually shift into a new ecological 
niche. Species that show large genetic variation for morphological and behavioral 
adaptive traits, such as Darwin’s  fi nches (e.g., Grant and Grant  1989,   2008  ) , will be 
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more likely to undertake such an evolutionary path and thus radiate into several new 
species, each one adapted to a particular ecological niche (Lack  1947 ; Grant  1999 ; 
Grant and Grant  2008  ) . 

 On theoretical grounds, in isolated archipelagos like the Galapagos, genetic drift 
has the potential to be a relevant factor in evolution, particularly following a founder 
event. Thereafter, because the population increases in size or becomes less isolated 
within the archipelago, the effect of drift as an evolutionary force is expected to 
decline, while natural selection is likely to catch up and become the chief mecha-
nism of further divergence. This does not imply that natural selection may not be an 
important evolutionary force from the very beginning following a founder event. 

 In the past, evolutionary ecologists usually assumed that all or most speciation 
resulted from Darwinian (adaptive) evolution and quickly accepted most evolution-
ary radiations as putative examples of adaptive radiation. Most modern-day evolu-
tionary biologists would accept that a combination of stochastic processes (i.e., drift 
and founder effect) and adaptive (Darwinian selection) mechanisms are usually 
involved in evolution. The relative importance of natural selection and stochastic 
processes, however, is still a matter of debate on both theoretical and empirical 
grounds. Whether evolutionary radiations are mainly adaptive or the product of sto-
chastic process still deserves in-depth research in the Galapagos and elsewhere. 

 Some divergent traits among closely related species [e.g., morphological and 
behavioral traits such as song and beak size and shape in Darwin  fi nches (Lack 
 1947 ; Bowman  1979 ; Grant  1999 ; Grant and Grant  2008  ) ] show a clear adaptive 
function and evolutionary divergence. Speciation among those lineages can safely 
be attributed to the role of selection although that does not imply that the role of 
drift at some point on their evolutionary history should be disregarded. The adaptive 
value of other traits is less obvious since there is not an apparent function for sur-
vival and their evolution may be either the result of sexual selection or genetic drift. 
Geographical and interspeci fi c divergence at the molecular level (i.e., DNA 
sequences) is regarded to be mainly the result of genetic drift, and, although the 
issue is still controversial, new molecular techniques and statistical methods have 
started to reveal evidence for selection at this level. 

 Most biological research on the Galapagos has been centered on the evolutionary 
ecology of vertebrates and a few invertebrates and plants. The evolutionary biology 
of marine organisms largely remains an unexplored  fi eld. Modern molecular genetic 
techniques have prompted a new generation of evolutionary studies in the Galapagos, 
including  fi elds such as population genetics, phylogenetics, phylogeography, and 
evolutionary developmental biology. These new and recent studies are shedding light 
on the patterns of genetic variation within and between populations, information that 
is important for conservation. These studies are also clarifying the taxonomic status 
of many different taxa, such as the taxonomic position of each species (previously 
considered as subspecies) and the  fi nding of cryptic taxa of giant tortoises. Just to list 
a few, the taxonomic positions of species whose Galapagos populations are now 
accepted as full new and endemic species include the Nazca booby ( Sula granti ), the 
Galapagos petrel ( Pterodroma phaeopygia ), the Galapagos shearwater ( Puf fi nus 
subalaris ), and the green heron ( Butorides striatus ). More than that, these studies are 
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allowing the exploration of the evolutionary history of Galapagos organisms, both in 
space and time. These studies have begun to clarify more accurately several issues 
that were previously dif fi cult to track, such as the ancestral species and geographical 
origins of the different native species, especially of those that have radiated. We have 
still a long way to go, but thanks to molecular genetic studies, at least we have gained 
a better understanding of the historical evolution of Darwin’s  fi nches (Petren et al. 
 1999,   2005 ; Sato et al.  2001a,   b  ) , Galapagos mockingbirds (Arbogast et al.  2006 ; 
Hoeck et al.  2010  ) , Galapagos hawk (Bollmer et al.  2005,   2006,   2007 ; Whiteman 
et al.  2007 ; Hull et al.  2008 ;    Parker  2009a,   b  ) , Galapagos cormorant (   Kennedy et al. 
 2009 ; Duf fi e et al.  2009  ) , giant tortoises (Caccone et al.  1999,   2002  ) , land and marine 
iguanas (Wyles and Sarich  1983 ; Rassmann  1997 ; Gentile et al.  2009  ) , lava lizards 
(Lopez et al.  1992 ; Jordan et al.  2002 ; Kizirian et al.  2004 ; Jordan and Snell  2008  ) , 
bulimulid land snails (Parent and Crespi  2006 ; Parent et al.  2008  ) , and a few others 
(Sequeira et al.  2000 ; Schmitz et al.  2007 ).   

   Biological Conservation 

 Oceanic archipelagos and island ecosystems, in general, are highly vulnerable to 
disturbance, especially to invasion by exotic (introduced) organisms (Crawley  1987  ) . 
Such a high level of vulnerability is likely explained by a history of evolution in isola-
tion from the mainland (i.e., insular organisms evolved free from major and diversi fi ed 
competition, predation, and disease) that has resulted in their ecosystems’ low resis-
tance and low resilience (Carlquist  1965 ; Connell and Sousa  1983  ) . Other causes for 
their ecosystems’ fragility may be explained by a pattern of low species diversity, low 
complexity and demographic factors, including small population size and restricted 
distribution range for a large number of island species and the existence of vacant 
niches (Connell and Sousa  1983 ; Herbold and Moyle  1986 ; Mace and Lande  1991  ) . 

 The Galapagos Archipelago fully  fi ts these generalizations of being ecologically 
fragile. The islands’ ecosystems are species-poor and simple (Snell et al.  2002  ) ; how-
ever, relative to its size, the Galapagos’ contribution to global biodiversity is high, 
due to a high endemism among all taxa. Also, the Galapagos biota evolved largely in 
isolation from mainland South America with very low presumed rates of natural 
arrival and colonization of species over their geological history. On the demographic 
side, a large number of native species of plants and animals have an extremely small 
population size and/or distributions restricted to a single island or even to only a 
small area within an island. The population size of several of these species, as well as 
their distribution areas, has been further reduced due to current threats.  

   Conservation Threats 

 The Galapagos’ ecosystems are under pressure on two fronts: terrestrial and marine, 
each one having its own peculiarities. 
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   Terrestrial Ecosystems 

 The main threat to terrestrial ecosystems is the large and diversi fi ed number of 
exotic organisms (plant, animals, bacterial, and viral diseases), many of which have 
become invasive. Most of the introduced organisms are competitors, predators, 
parasites for native species, vectors, or reservoirs of diseases that later spread to 
organisms. The ecological impact of exotic organisms is worsened, because native 
species have not usually evolved immunological defenses against recently intro-
duced diseases or developed behaviors and other life-history strategies to counteract 
the effects of exotic predators and competitors. The problems of exotic species in 
the Galapagos are further worsened because, while roads are the main means of 
dispersing exotic plants and animals, current development trends aim to build new 
roads across each inhabited island. 

 Exotic organisms have been introduced to the islands voluntarily or involuntarily 
by humans for 400 years, since pirates started using the islands regularly. The rate of 
introductions has worsened during last two decades, mainly due to a dramatic increase 
in the resident human population and the increased rate of transportation both within 
the archipelago and between the archipelago and the continent (   Tye et al.  2008 ; 
Causton and Sevilla  2008  ) . Contrasting with 112 introduced species recorded by 
1900, the Charles Darwin Research Station and the Galapagos National Park 
con fi rmed the establishment of 748 species of vascular plants (cf. ~500 native), 543 
invertebrates (cf. ~3,000 native), mostly insects (490 introduced cf. 1,555 native), 
and 30 vertebrates (Tapia et al.  2000 ; Roque-Albelo  2008 ; Causton and Sevilla  2008 ; 
Tye  2007,   2008 ; Tye et al.  2008  )  by 2007. Most remain in the place they were introduced 
on the  fi ve human-inhabited islands and within the colonized zones of these islands, 
but they are gradually spreading over much of the archipelago. By now, none of the 
19 larger islands of the archipelago are free from introduced organisms. 

 The worst introduced species are the most invasive ones that rapidly spread from 
their center on introduction. Among these are hill blackberry ( Rubus niveus ) and 
guava ( Psidium guajava ), which are invading extensive areas of the humid zone on 
San Cristobal, Santa Cruz, Floreana, and Isabela Islands, and quinine ( Cinchona 
pubescens ), which is widespread on Santa Cruz (Tye et al.  2008  ) . Their negative 
impact on animals is widely recognized (Causton and Sevilla  2008 ;    Jiménez-
Uzcátegui et al.  2008a,   b  ) . Goats ( Capra hircus ) compete for food with giant tor-
toises, causing the decline of a number of rare plants and provoking the decline of 
otherwise rather common plants, such as the cactus trees ( Opuntia  sp.) in islands like 
Santiago which, in turn, endangers the cactus  fi nch ( Geospiza scandens ), which is 
highly dependent on the cactus for survival. Rats (black  Rattus rattus ; Norwegian, 
 Rattus norvegicus ), dogs ( Canis familiaris ), cats ( Felis catus ), and pigs ( Sus scrofa ) 
are very active and voracious predators, attacking insects (e.g., native beetles), land 
and marine birds and even nests and hatchlings of birds, and all reptiles, including 
giant tortoise hatchlings, lava lizards, land and marine iguanas, snakes, and sea tur-
tles. The recently introduced ani ( Crotophaga ani ) spread through the archipelago 
during the El Niño of 1982–1983 (Valle, personal observations), likely causing the 
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population to decline and perhaps even causing future extinctions of several land 
birds (e.g., the vermilion  fl ycatcher), although this issue needs further investigation. 

 Introduced invertebrates seem to be the worst among the animals, because of their 
rapid spread and their apparent impact on the invertebrate and vertebrate community 
(Causton and Sevilla  2008 ; Roque-Albelo  2008 ; Fessl et al.  2006  ) . Of primary con-
cerns are two  fi re ants ( Wasmannia auropunctata  and  Solenopsis geminata ) and two 
wasps ( Brachygastra lechiguana ,  Polistes versicolor ). The cottony cushion scale 
( Icerya purchasi ) spread rapidly along the coastal zone in Santa Cruz and caused the 
death of mangroves and several other plant species. The  fl y ( Philornis downsi ) infests 
birds in their nests. The potential for further introduction is remarkably high due to 
the high volume of organic products (mostly fruits and vegetables) brought to the 
islands every week as food supply for the local population and tourists. 

 Diseases pose a major threat for oceanic fauna, as exempli fi ed in Hawaii, where 
more than one-half of native birds became extinct from avian malaria (Van Riper 
et al.  1988  ) . In the Galapagos, introduced vertebrates, particularly birds and mam-
mals, are known vectors or reservoirs of several viral, bacterial, and protozoan dis-
eases (   Vargas and Snell  1997 ; Miller et al.  2001 ; Wikelski et al.  2004  ) . A viral disease 
carried by black rats was the most likely reason for the extinction of most Galapagos 
native rice rats. Viral and protozoan diseases are the subject of an investigation started 
by the Charles Darwin Foundation (Vargas and Snell  1997  )  and now continued by 
Patricia Parker’s team (Gottdenker et al.  2005 ; Whiteman et al.  2005 ; Parker et al. 
 2006,   2009a,   b ; Duf fi e et al.  2008 ; Santiago-Alarcon et al.  2008 ; Levin et al.  2009  ) . 

 Habitat degradation and loss is probably the second most important threat for 
terrestrial biodiversity in the Galapagos and the most likely direct cause of recent 
extinctions among some native endemic invertebrates and vertebrates (especially 
land birds). The humid zones of the four major islands (which also happen to be the 
islands inhabited by humans) are probably the most important habitats for most 
exclusive terrestrial Galapagos organisms, both vertebrates and invertebrates. The 
vegetation zone that remained largely unaltered up to the 1970s has now almost 
been completely replaced by introduced pastures and other invasive exotic plant 
species, especially on Santa Cruz and San Cristobal and to a lesser extent on Isabela 
and Floreana where large areas have been invaded also. The removal and alteration 
of natural habitats in these areas have severe implications for the conservation of a 
large number of native species. This alone, or in combination with other factors, 
may be the cause of the extinction of two species of endemic snails and the virtual 
disappearance of the vermilion  fl ycatcher on San Cristobal and its apparent decline 
in Santa Cruz.  

   Marine Ecosystems 

 The Galapagos marine ecosystems remained largely pristine until very recently, in 
spite of heavy exploitation during the nineteenth century by whalers, fur sea lion 
hunters and, since the early 1900s, tuna  fi shers (Larson  2001  ) . Besides the direct and 
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severe effect on the exploited populations (i.e., whales and the Galapagos fur sea lion 
 Arctocephalus galapagoensis ), the ecosystem as a whole was not largely impacted, 
and apparently, at least for fur seals, these exploited populations recovered in full 
(Trillmich, personal communication). Recent research suggests that the Galapagos 
sea lion ( Zalophus wollebaeki ) population may be declining; however, preliminary 
results await further con fi rmation since methodologies between past and recent 
censuses differed substantially (Bustamante et al.  2002  ) . Marine predators and graz-
ers, both among vertebrates and invertebrates are, however, affected negatively by 
recurrent El Niños. The most severe effects of El Niño in the Galapagos were 
recorded during 1982–1983. In that year, most sea birds ceased reproduction, expe-
rienced an unprecedented high mortality, and some species including the Galapagos 
penguin ( Spheniscus mendiculus ) and the Galapagos cormorant ( Phalacrocorax 
harrisi ) suffered the most severe population declines ever recorded (Valle  1985 ; 
Valle and Coulter  1987 ; Valle et al.  1987  ) . A similar pattern, although without the 
dramatic decline of penguins and cormorants, was also recorded for the Galapagos 
fur seal and the Galapagos sea lion (Limberger  1985 ; Trillmich and Limberger  1985 ; 
Trillmich  1985  ) , marine iguana ( Amblyrhynchus cristatus ) (   Laurie  1985 ),  fi shes 
(   Grove  1985 ), corals that almost disappeared (Glynn  1986,   1994  ) , and several other 
organisms (see Robinson and del Pino  1985  ) . Another exceptionally strong El Niño 
took place in 1997–1998 that also led to interruptions and mortality and population 
declines of a large number of marine organisms (Vargas et al.  2006  ) . Marine biolo-
gists suggest that the effects of the El Niño and anthropogenic factors combined to 
threaten several marine organisms, which in turn are severely altering the commu-
nity composition of Galapagos marine ecosystems (Branch et al.  2002  ) . Although it 
is still debatable, some researchers think that the frequency and intensity of El Niños 
may be strengthening due to anthropogenic factors at the global scale. 

 The main current threat to marine ecosystems is over fi shing. The targets of tra-
ditional small-scale  fi sheries—the grouper  bacalao  ( Mycteroperca olfax ) and three 
species of lobster ( Panulirus penicillatus ,  P .  gracilis ,  Scyllarides astori )—are 
already overexploited. Sea cucumber ( Stichopus fuscus )  fi shing began as a high 
income opportunity in the early 1990s, but became overexploited in less than a 
decade, as some predicted (Valle  1994  ) . By now it has become economically 
unpro fi table. Although baseline data are still scanty, circumstantial evidence 
strongly suggests that several marine invertebrates of the intertidal and subtidal 
zones (e.g., snails, crabs, chitons, octopi) around local communities are heavily 
impacted by on-foot  fi shing. A preliminary assessment failed to detect any impact 
from tourism on the marine visitor sites (Bustamante et al.  2002  ) . However, there is 
growing concern that marine subtidal zones at visitor sites may become affected 
especially by the dramatic increase in tourism over the last 10 years. All ecosys-
tems, but particularly the marine ones, face the potential impact from accidental fuel 
spills from the nearly 100 tourist boats, half-dozen cargo boats, and tankers that 
provide fuel to the islands for a remarkably fast-growing number of automobiles. 
The most striking fuel spill accident was that of the Jessica tanker in January 2001, 
when the tanker runs aground on Wreck Bay on San Cristobal and more than 
240,000 gallons of fuel spilled into the ocean.   
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   Conservation Achievements 

 Much effort has been devoted to the conservation of the Galapagos by both Ecuador 
and the world. Ecuador pioneered conservation efforts in South America when it 
declared a number of island protected areas in the 1930s and, subsequently, when it 
declared all terrestrial land that was not yet colonized in the Galapagos by 1959 
(97.3% of the land area) as a national park. Another conservation landmark was an 
agreement signed by Ecuador and the Charles Darwin Foundation that allowed the 
creation of the Charles Darwin Research Station, which began its operation in 1964. 
Since 1964, both the Galapagos National Park and the Charles Darwin Foundation 
(through its operative arm, the Charles Darwin Research Station) have exerted tre-
mendous effort to ful fi ll their mission of conserving the Galapagos Islands. Their 
main conservation efforts focused on (1) the protection and restoration of native 
endangered species and habitats; (2) the control and eradication of exotic species, 
focusing particularly on the most invasive  fl ora and fauna; and (3) the environmen-
tal education of a rapidly growing resident population. 

 Achievements in protecting and restoring native endangered species has mainly 
taken place via the captive breeding program for land iguanas and giant tortoises. 
Their subsequent repatriation into their natural habitat quali fi es as an unprecedented 
conservation success. The most celebrated case is that of the Espanola giant tortoise 
(Milinkovitch et al.  2004  )  that was at the brink of extinction in 1964 with only 14 
individuals in the wild (12 females and two males) and a third male at the San Diego 
Zoo, all of whom were brought to the Darwin Station for breeding in captivity; by 
2010, nearly 2,000 young tortoises had been repatriated and a few of the  fi rst repatriated 
young already had started breeding in the wild (Milinkovitch et al.  2004  ) . There is, 
however, still room for concern about the long-term viability of this population, due 
both to the small number of parents, the consequent low levels of heterozygosis, and 
a small effective population size. 

 Eradication of feral introduced vertebrates, including goats ( Capra hircus ), pigs 
( Sus scrofa ), dogs ( Canis familiaris ), cats ( Felis catus ), donkeys ( Equus asinus ), and 
pigeons ( Columbia livia ) has been successful on a number of small islands and at par-
ticular locales on the larger islands (Tapia et al.  2000 ; Jiménez-Uzcátegui et al.  2008a, 
  b  ) . Another notable conservation achievement was the  Isabela Project , a well-planned 
intensive eradication project that led to the eradication of goats on northern Isabela 
Island, a vast area of dif fi cult terrain, and the virtual eradication of goats on Pinta Island 
and goats and pigs on Santiago Island (Campbell et al.  2004  ) . The local control of 
introduced species, particularly mammals, has proved effective in particular locations 
at decreasing predation and increasing in situ reproductive success and population 
numbers for a large number of native species including the Galapagos Petrel ( Pterodroma 
phaeopygia ) on Floreana and Santa Cruz Islands, land iguanas on Santa Cruz and 
Isabela Islands, and giant tortoises on several islands. Along the same lines, the  fi rst 
time biological control systems was applied in the Galapagos to control the introduced 
cottony cushion scale ( Icerya purchasi ) that started devastating native vegetation with 
the introduction and controlled release of the ladybug beetle ( Rodolia cardinalis ). 
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The Galapagos National Park and the Charles Darwin Research Station have several 
eradication projects underway aiming to eradicate or control at least the most invasive 
introduced plants, vertebrates, and invertebrates. Enormous further investment is 
needed to succeed, especially with the need to  fi ght not only invasive species already 
on the islands but also new ones that are being introduced every year, due to an inef-
fective and poorly implemented quarantine control. 

 On the marine side, the creation in 1998 of the Galapagos Marine Reserve 
(GMR), one of the world’s largest marine reserves backed by an organic special law, 
was, without a doubt, the greatest marine conservation achievement. The GMR 
which embraces 140,000 km 2  of marine waters, both within and around the islands, 
is a multiple-use reserve (protection, small-scale extractive and non-extractive 
activities are allowed) that excludes industrial  fi shing and confers a high level of 
protection to marine ecosystems and species within 40 miles surrounding the 
Galapagos. The GMR is under the administration of the Galapagos National Park 
directorate but has several bodies that allow a process of participatory management 
where local stakeholders are part of the decision-making process. To implement the 
management of the reserve, a management plan was developed and an on-the-ground 
zoning system of the coastal waters was put in place and is being implemented. 

 Besides a good level of scienti fi c knowledge relevant to conservation, the 
Galapagos has the legal framework and elements to achieve its conservation goals in 
the long run. In Ecuador, Galapagos is the only province with an organic special law 
that declares and promotes conservation and sustainable development as its funda-
mental principles. However, due to a general lack of law enforcement due to limited 
resources and limited willingness, the long-term conservation of the Galapagos can-
not yet be guaranteed. The islands were included in the 2007 list of World Heritage 
sites in peril. There is an urgent need for an Ecuadorean state policy for the conserva-
tion of the islands. Although there is some disagreement about how much of the 
Galapagos native biota is still in place, nobody doubts that the Galapagos remains one 
of the most pristine places on Earth, something that humanity cannot afford to lose.      
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