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ABSTRACT

Aim We report the first analysis of the long-term ecology of Tenerife, in order to
establish a pre-colonization base-line and to assess the effect of human activity
and the role of climatic variation on vegetation during the Late Holocene.

Location A former lake bed in the city of La Laguna (Tenerife, Canary Islands,
Spain).

Methods A sedimentary sequence of over 2 m was obtained from the former
lake bed. Fossil pollen and microfossil charcoal concentrations were analysed.
Radiocarbon dating of the sequence indicates that it spans approximately the last
4700 years. The pollen diagram was zoned using optimal splitting within
PSIMPOLL 4.25.

Results Three pollen zones were differentiated: (1) in Zone L1 (c. 4700-
2900 cal. yr BP) a mixed forest was dominated by Quercus, Carpinus, Myrica and
Pinus; (2) in Zone L2 (c. 2900-2000 cal. yr 8p) the laurel forest taxa increased,
while Pinus, Juniperus and Phoenix declined; and (3) Zone L3 (c. 2000—
400 cal. yr BP) was characterized by the decline of Carpinus and Quercus and
the abundance of laurel forest taxa (e.g. Myrica). Neither Carpinus nor Quercus
was hitherto considered to be native to the Canary Islands. Their decline started
¢. 2000 years ago, coinciding with microfossil charcoal evidence of increased
burning and with archaeological evidence for the first human settlement on
Tenerife.

Main conclusions Between c. 4700 and 2000 cal. yr Bp, the composition of the
forest in the valley of La Laguna was very different from what it is at present. In
particular, Quercus and Carpinus appear to have been significant components,
alongside components of the present-day laurel forest, and the native pine (Pinus
canariensis) forest and thermophilous woodland were also more prevalent in the
region (but probably not within the lake basin itself) until 3000 cal. yr Bp.
The subsequent decline of Quercus and Carpinus led to the establishment of the
present laurel forest in the region and a shift to more open vegetation types. These
changes indicate that the aboriginal inhabitants of the islands, the Guanches, had
a far more profound impact on the vegetation of Tenerife than hitherto realized.

Keywords
Canary Islands, Carpinus, forest ecology, Holocene vegetation change, human
impact, island ecology, palaeoecology, Quercus, Tenerife.

INTRODUCTION

The Canary Islands constitute an oceanic archipelago of
diverse ecosystem types (spanning semi-desert, evergreen
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forest and alpine desert) and high species endemism, subject
to increasing anthropogenic pressures. There are more than
12,500 terrestrial and 5500 marine species in, or around, a land
area of only 7500 km?. Within this total of 18,000 species,
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about 3800 species and 113 genera are endemic (Izquierdo
et al., 2004). Among them are many examples of spectacular
radiations of animals and plants. There have been many recent
studies of the genetics and distributions of endemic Canarian
taxa, contributing greatly to the understanding of island
evolutionary themes, such as back-colonization, progression
rules, multiple invasion, founder effects, adaptive and non-
adaptive radiation, and trait shifts (e.g. Juan et al, 2000;
Emerson, 2002; Carine et al., 2004; Whittaker & Fernandez-
Palacios, 2007; Whittaker et al, 2008). These phylogenetic
analyses have been aided by the increasingly well specified
geological history of the archipelago (Carracedo et al., 1998,
2002); to date, however, there is only a limited Late Quaternary
environmental change framework in which to view these
phylogenetic studies (Marrero, 2004), and we lack knowledge
of the past distributional dynamics of major ecosystem types.

The precise timing of human colonization from Northwest
Africa is uncertain, but the sparse archaeological evidence
based on mummies suggests a date of around 2500 yr Bp (del
Arco et al.,, 1997; Rando et al., 1999; Cabrera, 2001). Hence,
human modification of the ecology of these islands signifi-
cantly pre-dates written records. Castilian settlement followed
in the 15th century. The natural vegetation has been heavily

Iberian Peninsula

Tenerife

modified in all zones, and many species are considered
threatened, to the extent that NGOs and governmental
organizations alike have prioritized the islands for conserva-
tion action (Francisco-Ortega et al., 2000; Whittaker &
Fernandez-Palacios, 2007; Fernandez-Palacios & Whittaker,
2008). These actions have included recent initiatives in forest
restoration ecology (http://www.tenerife.es/life/).

This paper addresses the knowledge gap in the long-term
ecology of the Canaries by means of palaeoecological analyses
of a sedimentary sequence from a former lake bed within the
city of La Laguna on the island of Tenerife. We provide a first
assessment of the pre-anthropogenic base-line and post-
human contact ecological history of the broadleaved forest of
Tenerife — a vegetation belt of key biogeographical (e.g.
Axelrod, 1975; Bramwell, 1976; Sunding, 1979; Santos-Guerra,
1999; Emerson & Oromi, 2005), functional ecological (Arévalo
& Fernandez-Palacios, 1998, 2003, 2007; Fernandez-Palacios &
Arévalo, 1998) and conservation (e.g. Parsons, 1981; Fernan-
dez-Palacios & Martin Esquivel, 2001) interest.

The Canary archipelago (Fig. 1) is situated off the hyper-
arid coast of Northwest Africa, astride the subtropical high-
pressure belt, at the poleward limit of the Hadley Cell (Sperling
et al., 2004). The islands form part of the Atlantic island

La Laguna
®

B summit scrub
I pine forest
laurel forest
coastal shrubland

Figure 1 Location of the study site (La Laguna) and the main vegetation types on the island of Tenerife, Canary Islands (adapted
from the vegetation map of GRAFCAN, http://www.grafcan.com/). The star symbol indicates the present location of Carpinus in the Iberian

Peninsula.
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biogeographical region of Macaronesia (with the Cape Verde
Islands, Madeira, Salvage Islands and Azores), sharing biogeo-
graphical affinities with the Mediterranean and Northwest
Africa (Whittaker & Fernandez-Palacios, 2007). They are true
oceanic islands that have never been connected to continental
landmasses. They vary in maximum age from 1 to 20 Ma
(Carracedo et al., 1998), and phylogenetic data suggest that
colonization dates of Canarian lineages span this extended
period. The islands remain volcanically active, and over time
have been subject to intensive and at times catastrophic erosive
and/or volcanic episodes (Canals et al., 2000), which have
detectable imprints on the phylogenies of Canarian taxa (e.g.
Moya et al., 2004). Tenerife itself dates back to about 11.5 Ma,
and for a long time consisted of two or possibly three separate
islands (Carracedo et al., 1998, 2002). It is only within the last
1.5 Myr that the great felsic volcanic cycle of Las Canadas
unified the old basaltic massifs of Teno, Adeje and Anaga to
form today’s island of Tenerife (Anguita et al., 2002). The
Canary Islands, inclusive of Tenerife, have thus provided a
highly variable physical space assessed over a tectonic time-
scale (see Whittaker et al., 2008).

Oceanic islands in the low latitudes are generally considered
to have been fairly well buffered from the pronounced climate
change of the last 2 Myr. The so-called laurel forests of the
Atlantic islands provide a classic illustration in that they are
considered to be a Tethyan relictual flora, which colonized
from the Mediterranean region during the early Miocene
(Axelrod, 1975). This flora and forest type has survived within
Macaronesia owing to the persistence of the sub-humid
climate on these islands, whereas the flora declined in North
Africa and the southern edge of Europe as summer rainfall and
winter temperatures decreased (e.g. Axelrod, 1975). As a result,
several of the evergreen laurel forest tree species are now
considered palaeoendemics (e.g. Sunding, 1979), which is to
say that they appear to have persisted relatively little changed
on the islands, whereas the original mainland lineages have
failed to persist. Examples of Macaronesian taxa recognizable
from Tertiary deposits in Europe (5.3 Ma in southern France)
include Laurus novocanariensis, Ilex canariensis and Picconia
excelsa (Axelrod, 1975; Santos-Guerra, 1999). By contrast,
other forest lineages, notably invertebrates, show a far greater
degree of in situ evolutionary change, or neo-endemism (e.g.
see Emerson, 2002; Moya et al., 2004). In short, it has been
assumed that the Canary Islands have provided a persistent
sub-humid climate over the last several million years, and that
this climatic stability has been crucial to the persistence of this
forest type and to evolutionary dynamics within this major
ecosystem type (Axelrod, 1975; Sunding, 1979; Cronk, 1992).
Notwithstanding, changing Pleistocene global climates and
associated sea-level change have impacted on the area,
elevational range and isolation of the islands, and by inference
must have impacted on the distribution and extent of major
ecosystem types within the islands (Garcia-Talavera, 1999).

Tenerife encompasses all the main native vegetation types
of the archipelago, from the hot, dry semi-desert vegetation of
the coastal lowlands (18-21°C, < 250 mm annual rainfall),
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through the laurel forest zone (13-16°C, ¢. 1000 mm) and the
Canarian pine forest (10-15°C, 400-1000 mm), to the
summit scrub (5-10°C, ¢. 400 mm) (Fernandez-Palacios,
1992; Fernandez-Palacios & de Nicolas, 1995). The laurel
forest or monteverde occupies an elevational range limited to
between 600 and 1200 m a.s.l. on the windward face of the
island, and is thought to have once formed a continuous band
along the length of the island. The forest is dominated today
by some 20 species of evergreen trees. Less than 20% of the
estimated pre-human extent of this forest type remains within
the archipelago (Fernandez, 2001). This forest supports a
number of endangered vertebrate and invertebrate taxa. The
laurel forest distribution correlates with the zone of cloud
formation associated with the trade wind inversion, and at its
upper limits (within the Teide massif) this broadleaved
evergreen forest gives way to the more xerophytic endemic
Canarian pine, forming a taller but naturally less dense
coniferous forest. In addition, there are remnant species (e.g.
Phoenix canariensis and Juniperus turbinata) of a presumed
sclerophyll, thermophilous woodland zone, downslope of the
laurel forest, which was more or less entirely converted to
agricultural uses during the historical period (Fernandez-
Palacios et al., 2004).

A presumed paucity of suitable deposits appears to explain
the lack of previous palaeoecological analysis from the Canary
Islands. In this paper we report on a sedimentary record
spanning the Late Holocene, from a former lake bed in the city
of La Laguna, Tenerife. By means of the analysis of fossil pollen
and charcoal fragments from a dated core, we set out to (1)
establish the pre-settlement ecological baseline, and (2)
establish the amplitude of vegetation and environmental
variability for the last c. 4000 years (i.e. prior to and following
human colonization).

MATERIALS AND METHODS

Study site

We extracted a core from a former lake bed in the city of La
Laguna (28°30" N, 16°19” W), in the north-east of Tenerife.
The basin has basaltic bedrock (6-3 Ma) and was formed
when a large ravine that once drained the Anaga massif to
the west was blocked by the formation of the Canadas
massif, ¢. 1.5 Ma. This resulted in a shallow lake of about
0.5-km diameter, which persisted until about 240 years ago,
when water was artificially channelled for agriculture and to
prevent flood risk (Criado, 2002). Marshy areas still exist but
the lagoon has been encroached on by agricultural land and
housing.

The floor of the La Laguna basin is at an altitude of
c. 560 m as.l, and, being influenced by the trade wind
inversion, is subject to frequent orographic cloud formation.
Mean annual precipitation is about 550 mm, mostly occur-
ring in the winter. Summers are dry and warm. The mean
annual temperature is close to 16°C, and the basin is not
subject to frost. The soils of the valley have been classified as
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Alfisols, suborder Ustalfs. They feature high clay contents
and A horizons of 2-6% organic matter (Fernandez-Caldas
et al., 1982). Climatic and edaphic conditions are appropriate
for forest development, but intensive human use over many
centuries has limited the recovery and persistence of native
vegetation within the study site. The vegetation of the basin
today is largely agricultural, with some elements of the
xerophytic scrub vegetation on abandoned slopes, and only
in the upper reaches of the basin are there remnant stands of
laurel forest. Much of the basin is covered by the city of La
Laguna itself.

There are two distinct types of native forests nearby, the
laurel forest of the Anaga massif (3 km north-east of the site)
and the pine forest of La Esperanza Mountain chain (8 km to
the west) (Fig. 1). The Anaga laurel forest has some 20 canopy
tree species, including four ‘palacoendemic’ Lauraceae species
(Laurus novocanariensis, Ocotea foetens, Persea indica and
Apollonias barbujana). Other important species are Mpyrica
faya, Prunus lusitanica, Ilex canariensis, Ilex perado, Erica
platycodon and Erica arborea (Arévalo & Fernandez-Palacios,
1998; Fernandez-Palacios & Arévalo, 1998). The pine forest to
the west occupies a band between 1200 and 2000 m a.s.l. on
the windward slope, and between 700 and 2300 m a.s.l. on the
leeward slope of the island. The canopy of the pine forest is
dominated by a single tree species, Pinus canariensis, accom-
panied by several shrub species that constitute the understorey
(Cistus monspeliensis, Cistus symphytifolius, Adenocarpus visco-
sus and Chamaecytisus proliferus). Both forest types have been
subject to intensive human use. The Anaga laurel forest has
persisted within the mountains, reaching its minimum known
extent during the 20th century, in connection with the
post-Spanish civil war period, since which time it has been
allowed to expand a little in area, mainly as a result of the
abandonment of agriculture (Fernandez-Palacios et al., 2004).
The pine forest was also greatly reduced in extent in the
historical period by the need for wood for a variety of purposes
(especially for sugar manufacturing in the first century of
Spanish establishment) and later by the use of land for
agriculture and livestock, and by intense fires (Parsons, 1981).
After four centuries of continued exploitation, replanting
efforts were undertaken in the second half of the 20th century
(Ceballos & Ortuno, 1976).

Sample collection and analyses

A 2.15-m sediment core in 0.5 m sections was collected from
Massanet point, La Laguna, (28°29'32” N, 16°19°06” W) using
a 5-cm diameter modified Livingstone piston corer (Wright,
1967). The core was extruded in the field, wrapped in cling-
film and aluminium foil, and transported back to the Long-
term Ecology Laboratory, Oxford University Centre for the
Environment, for analyses. In the laboratory, 1-cm® subsam-
ples of sediment were extracted down the core using a
volumetric subsampler. The whole sequence was subsampled
at a 4-cm interval starting at 1 m. Three sedimentary samples
(covering a depth of ¢. 1 cm for each sample) were also taken
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for "C Accelerator Mass Spectrometer dating (carried out by
Poznan Radiocarbon Laboratory, Poland).

Extraction of pollen from the sediment samples followed
standard procedures (summarized in Bennett & Willis, 2001)
and involved the addition of acids to remove the carbonates, of
alkali and acetolysis to remove humic acids and polysaccha-
rides, and of hydrofluoric acid to remove silica and silicates.
The pollen remaining in the sample was then stained and
mounted in silicone oil for identification and counting. Exotic
Lycopodium tablets of a known concentration were added in
order to determine the concentration of pollen and microfossil
charcoal (Stockmarr, 1971). Identification of the pollen in the
samples was carried out by reference to various keys and
photographs (e.g. Reille, 1992, 1995, 1998) and to pollen
reference material from Europe, Africa and the Canary Islands
in the collection of the Oxford Long-term Ecology Laboratory.
Nomenclature for plant vascular species follows Izquierdo
et al. (2004). In order to ensure a statistically significant
sample size (Maher, 1972), a minimum of 300 pollen grains
were counted for each level analysed.

Samples for microfossil charcoal analysis were prepared as
part of the routine pollen analysis (Whitlock & Larsen, 2001),
and the charcoal concentration in each sample was determined
using the point count method (Clark, 1982). This provides an
estimate of the area of charcoal covering each slide counted. By
assessing this measurement against the exotic pollen count, a
measure of charcoal concentration (cm? cm™) per sample was
obtained.

Data handling

A number of data-handling techniques were employed in order
to compare and contrast the radiocarbon dates and the pollen
and microfossil charcoal data sets, as follows.

The radiocarbon dates were calibrated using the program
INTCAL98 (Stuiver et al., 1998) and subsequently labelled as
cal. yr Bp. The relationship between age and sediment depth
was modelled using a linear interpolation model, in which
estimated deposition times were calculated for the gradients
between adjacent pairs of points (Bennett, 1994). This enabled
calculation of interpolated ages for intermediate depths.

The raw pollen data were converted to pollen percentage
values (% total pollen) using a pollen sum based on the sum of
total arboreal pollen (AP) and non-arboreal pollen (NAP),
excluding spores and hygrophytes. The pollen percentage data
were then plotted against age and depth using the plotting
program psiMpOLL 4.25 (Bennett, 2005). The same program
also enabled the plotting of the microfossil charcoal results
(expressed as cm” cm ™). For ease of description, the pollen
diagram was zoned using optimal splitting (Birks & Gordon,
1985; Bennett et al, 1992) within the psiMPoLL program
(Bennett, 2005). This divides the diagram into a given number
of zones in such a way as to minimize the total variance for
that number of zones. A determination of the number of
significant zones was calculated using a broken-stick model
(Bennett, 1996).
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Table 1 Radiocarbon dates from three levels in La Laguna
sediments.

Depth Laboratory Age Calibrated
(cm) code Mc yr BP) age (cal. yr BP)
146 POZ-13147 2045 + 30 1993 + 38

180 POZ-13148 3075 £ 35 3304 + 46

200 POZ-13149 3745 + 35 4099 + 55
RESULTS

Chronology

Three radiocarbon dates were obtained from the sequence
(Table 1).
collected from La Laguna represents a period of c. 4300 years,

These indicate that the sedimentary sequence

spanning from 4700 + 40 to 380 + 38 cal. yr Bp. The upper-
most metre of sediments contained pollen that was too highly
degraded to be included in the analysis.

The stratigraphy of sediments (Fig. 2) was almost homoge-
neous along the core (100-214 ¢cm), composed of brown and
grey clays containing some organic material. A difference in
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composition was observed at the bottom of the core (214—
220 cm) owing to the presence of finely laminated lake marl
with low clay content. There were no plant macrofossils or
identifiable (macroscopic) charcoal fragments in the sediments
analysed.

Pollen

The results obtained from the 28 samples analysed are
presented in a series of pollen percentage diagrams (Figs 2—4).
Optimal splitting of the pollen percentage diagram showed
three zones: L1 (215-170 cm) spanning from c. 4700 to
2900 cal. yr Bp; L2 (170-145 cm), from ¢ 2900 to 2000
cal. yr Bp; and L3 (145-103 cm), from ¢. 2000 to 400 cal. yr BP.
Throughout the sequence, arboreal pollen is the most abundant
type, indicating that a forested landscape predominated around
the basin in the last 5000 years (Fig. 4).

Zone L1 (c. 4700—-2900 cal. yr Bp)

In the lowermost zone (Fig. 2), percentages of arboreal pollen
indicate that a mixed forest containing Quercus, Carpinus,
Pinus and Myrica was present in the region around the basin.
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Figure 2 Pollen diagram for sediments of La Laguna, with trees ordered by the forest type to which they belong at present. Percentage
pollen abundance and micro-charcoal concentration are plotted against age (cal. yr Bp). The dashed lines indicate the zones delimited by

numerical zonation (optimal splitting within psimpoLL 4.25).
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Figure 3 Pollen diagram of La Laguna, with shrubs and herbs ordered by the vegetation type to which they belong. Percentage pollen
abundance and micro-charcoal concentration are plotted against age (cal. yr Bp). The dashed lines indicate the zones delimited by numerical

zonation (optimal splitting within psimpoLL 4.25), as shown in Fig. 2.

The presence of Quercus and Carpinus is particularly
interesting because neither of these tree taxa was hitherto
thought to have been part of the native vegetation in the
Canaries. It is unclear from the pollen morphology what
species these are. It may reasonably be assumed that pollen
of Pinus, Myrica, Picconia, Prunus, Viburnum, Sambucus,
Visnea, Sideroxylon, Maytenus, Phoenix and Salix coincide
with the only native species of these genera that occur on
Tenerife. Although there is a second Canarian Myrica species
(M. rivas-martinezii) growing in the three westernmost
islands of the archipelago (La Palma, La Gomera and El
Hierro), it is nowadays extremely rare on those islands and
absent from Tenerife. The same applies to Dracaena tamar-
anae, which is present only on the island of Gran Canaria. In
the case of Erica arborea, the pollen could be differentiated
from that of other species of Ericaceae that are native to the
island (Erica platycodon and Arbutus canariensis). In contrast,
pollen from species of Lauraceae (Apollonias barbujana,
Laurus novocanariensis, Ocotea foetens and Persea indica), Ilex
(Ilex canariensis and Ilex perado) and Juniperus (Juniperus
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cedrus and Juniperus turbinata) could not be discriminated to
the species level.

Other taxa present in this pollen zone, but in lower
abundances, include Phoenix canariensis and Juniperus. Sev-
eral other taxa that currently occur in the evergreen laurel
forest were recorded, including Viburnum rigidum, Erica
arborea, Prunus lusitanica, Picconia excelsa and Ilex. It is
probable that most of the species from the laurel forest are
under-represented in the pollen record because they are
entomophilous (i.e. insect-pollinated). Shrubs are scarcely
represented in this pollen zone (Fig. 3). Those that are
include Echium and Hypericum, which are presently found at
the transition between evergreen and thermophilous forests,
and Cistus, which is found in the pine forest understorey and
in disturbed sites. Herbaceous taxa present (Fig. 3) include
the Poaceae, Asteraceaec and Chenopodiaceae families, but
they account for less than 20% of the total pollen sum,
suggesting a predominantly forested environment. Hygro-
phytes such as Ranunculus, Carex, Salix canariensis and ferns
(Fig. 4) were also very abundant during this period, probably

Journal of Biogeography 36, 499-514
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Figure 4 Pollen diagram of La Laguna, with hygrophytes and total pollen sums for trees (divided into main forest types), shrubs and herbs.
Percentage pollen abundance is plotted against age (cal. yr Bp). The dashed lines indicate the zones delimited by numerical zonation

(optimal splitting within psimpoLL 4.25), as shown in Fig. 2.

growing in the margins of the basin and related to the
existence of a permanent lake.

Zone L2 (c. 2900-2000 cal. yr Bp)

In this zone, the composition of arboreal pollen (Fig. 2)
suggests the presence of a mixed forest where the dominant
tree taxa were Quercus, Carpinus, Myrica, Lauraceae species
and Viburnum. A change in the abundance of some taxa in
comparison with the previous period can be observed. There
was a decrease of pollen percentage for Pinus, Myrica, Ilex,
Juniperus and Phoenix, whereas Erica maintained a similar
percentage value to that in the previous zone. In contrast,
Lauraceae, Viburnum, Picconia and Prunus became more
abundant and consistent during this period. The composition
and abundance of shrubs in this zone (Fig. 3) were very similar
to those in zone L1. The best-represented shrubs were Cistus,
Adenocarpus, Echium and Hypericum. In the herbaceous pollen
(Fig. 3), Chenopodiaceae and Plantaginaceae taxa increased,
but herbaceous pollen continued to represent a low, if

Journal of Biogeography 36, 499-514

growing, percentage of the total pollen sum. Hygrophytes
were very abundant in this zone, indicating the persistence of
the lake during this period.

Zone L3 (c. 2000—400 cal. yr Bp)

This period is characterized by the decline of Carpinus pollen
and a corresponding increase of Myrica pollen, indicating a
change in the forest composition 2000 years ago (Fig. 2).
Carpinus totally disappeared from the sequence c¢. 700 cal.
yr BP, whereas Quercus was still present until the end of the
period, although with low values. By 700 years ago, the forest
around the basin contained mainly Mpyrica, Erica, Viburnum,
Prunus, Sambucus, Lauraceae and Quercus, suggesting that a
forest similar to current evergreen laurel forest (with the
exception of Quercus) became established in the region during
this period. Pinus, Juniperus and Phoenix pollen percentages
continued to show a low but persistent presence in this period.

The increase of shrubs in zone L3 (Fig. 3) is attributable
mostly to a higher percentage of pollen from Echium and
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Adenocarpus, both taxa commonly found in the belt of
vegetation that surrounds the laurel forest. Erica arborea and
Mpyrica faya accompany these shrubs, forming a community of
transition between the laurel forest and the communities
growing below and above it. An increase in grasses (Poaceae)
and other herbaceous taxa (Asteraceae, Rubiaceae or Scroph-
ulariaceae families) is also observed in this zone of the diagram
(Fig. 3). The decrease of hygrophytes (Fig. 4) indicates the
decline in the water level that changed the lake into a shallow
and seasonal pool.

Microfossil charcoal

Results from the microfossil charcoal record are presented in
Figs 2 and 3. In zones L1 and L2, covering the period from
4700 to 2000 cal. yr Bp, the input of microfossil charcoal to
the basin was relatively low, and can be taken to be indicative
of the natural burning frequency of the forest. With the start of
zone L3, from 2000 cal. yr Bp, a significant increase in
microfossil charcoal concentration occurred, the date coincid-
ing with the first evidence for human occupation of the island
(which is not to say that humans may not have colonized
somewhat earlier than so far established).

DISCUSSION

Climate in the region over the past 5000 years

Palaeoclimatic data in the Canaries are scarce and relate mainly
to the last glacial and interglacial periods. Based on geomor-
phological and sedimentological data there is evidence of trade
winds circulation since the Early Holocene (Coudé-Gaussen &
Rognon, 1993). Based on the occurrence of landslide activity in
the Canaries during the Holocene, Lomoschitz et al. (2002)
suggested that the present interglacial in the Canary Islands
and Northwest Africa has included humid and wet episodes.
Moreover, aeolian deposits in Fuerteventura, which is nowa-
days the most arid island in the archipelago, contain inter-
bedded levels of land snail shells, insect brood cells and alluvial
deposits that indicate humid phases within the subtropical arid
climate during the Holocene (Meco et al., 1997). This general
lack of palaeoclimatic data in the Canaries, in particular for the
last 5000 years, makes it necessary to search for palaeoclimatic
variations in the records available from nearby regions such as
Northwest Africa and the Iberian Peninsula.

Climate during the Early to Middle Holocene (mainly
during the interval 8000-6000 yr Bp) in northern Africa has
been described as a period of moister conditions (Lamb et al.,
1989; Hooghiemstra et al., 1992; Jolly et al., 1998; Gasse, 2000;
Prentice et al., 2000). From c. 5000 to 4000 years ago a shift
towards a warmer and drier climate occurred in northern
Africa and the western Mediterranean. A progressive desicca-
tion, suggested by changes in lake levels, supports the idea of a
general trend to climatic aridification, from eastern to western
regions, over the second half of the Holocene (Damnati, 2000;
Magny et al., 2002). Pollen records of many regions of the

506

Iberian Peninsula show this period of increasing aridity,
generally characterized by a decline in deciduous and mesoph-
ilous taxa (favoured by cooler and moister conditions during
the Middle Holocene) vs. an increase in xerophytes and the
spread of present Mediterranean-type forest (YIl et al., 1997;
Jalut et al., 2000; Carrion et al., 2001a,b, 2003a, 2004; Carrion,
2002; Pantaleon-Cano et al., 2003).

The region of Maghreb in Morocco apparently maintained
wetter conditions from 6000 to 4000 yr Bp, as evidenced by
pollen records, plant macrofossils and sedimentological data
(Rognon, 1987; Cheddadi et al., 1998). Moreover, it is difficult
to recognize any natural trend to aridification as mentioned
above because of confounding human interference with
vegetation over the last 4000 years. The reconstruction of
climate in Morocco based on the identification of the closest
modern analogues of fossil pollen (Cheddadi et al., 1998)
shows a clear difference between the Early and Late Holocene.
At ¢. 6500 yr BP there was a transition from warm and dry to
cooler and moister conditions, which were maintained during
the last phase of the Holocene. Superimposed on the long-term
climatic trend are several shorter arid events, inferred from the
intermittent occurrence of shallow-water facies (Lamb et al.,
1991).

The results described for La Laguna indicate that the climate
in the studied region could have been very similar to that
obtained for the Atlas in Morocco by Cheddadi et al. (1998). A
first period spanning c. 4700-2900 cal. yr Bp was dominated
by taxa requiring humid conditions (Quercus, Carpinus,
Myrica, Viburnum, Erica, Prunus, Picconia, Ilex, etc.) and
therefore probably influenced by the trade winds. There are
also xerophytic trees (Pinus and Juniperus) during this interval
of 2000 years, indicating the presence of pine forest and
thermophilous woodland in the region around La Laguna.

In the following period, ¢. 2900-2000 cal. yr Bp, xerophytic
forest species were still present in the landscape, but the
proportion was lower, and the mixed forest became even more
dominant. As we have seen above, there was a general trend to
aridification during the Late Holocene in many Mediterranean
regions, but this trend is not confirmed by the pollen record in
La Laguna. Here, instead of a substitution of mesophytic
vegetation by taxa indicative of xerophytic vegetation, the
dominance of the mixed humid forest becomes more evident.

As true elsewhere, for example in the Middle Atlas (Lamb &
van der Kaars, 1995), the climatic trend of the last 2000 years
cannot readily be interpreted from the pollen fossil record at
La Laguna because the role of human impact on the
vegetation, as inferred from the disappearance of some tree
taxa and the increased fire regime, confounds attempts to link
pollen depositional changes solely to natural forcing.

The impact of human activity

Authors do not agree on a precise date for the arrival of the
aboriginal Guanche population on the Canaries, but it is
estimated to have occurred c¢. 3000-2000 years ago (Parsons,
1981; del Arco et al., 1997; Rando et al., 1999). The Guanches
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were mainly goatherds, but they also introduced other
domestic animals such as sheep, pigs, dogs and cats, whereas
crop cultivation was a secondary activity. Some accounts from
the time of the Conquest by the Castilians at the end of the
15th century refer to the use of the former lake in La Laguna by
the aborigines and their animals as a watering place (Criado,
2002). The Guanches probably used open areas for grazing but
they also moved their livestock from the coast to the
mountains, depending on the season, in search of green
pastures. The continued use of the lake as a pond for animals
in transit implies an impact on the vegetation not only by goats
and sheep but also by pigs, which like eating roots, acorns and
other fruit.

Although archaeological studies have claimed that the
Guanches had poor technological development and were
adapted to and dependent on the environment (Machado &
Ourcival, 1998), work elsewhere has established that such
societies could well have changed the composition of the forest
and even have caused the disappearance of trees and/or of
particular tree species (e.g. Bahn & Flenley, 1992; Diamond,
2005). The abrupt shift in microfossil charcoal concentration
shows how burning has increased markedly over the last
2000 years. Other anthropogenic indicators become evident
during the third zone in the diagram: examples include several
nitrophilous taxa (Rubiaceae, Plantaginaceae, Apiaceae) and
fodder shrubs (Bituminaria). The clearance of the forest is also
signalled by the slight increase in shrubs and herbaceous taxa
(Adenocarpus, Artemisia, Chamaecytisus, Cistus, Convolvulus,
Echium, Hypericum, etc.), most of them occurring in the
communities that have substituted for the former forest cover.

As shown by the total sum, arboreal pollen was dominant
during the whole sequence at La Laguna (Fig. 3), denoting the
continued presence of forest within the region during the last
5000 years. However, the specific composition of this forest
has undergone two notable shifts during the studied period.
The first change, at around 2900 cal. yr B>, may well be
attributable to a climatic switch from drier to humid
conditions, as explained above. The second change occurred
¢. 2000 cal. yr Bp, and is much the more drastic, as two tree
taxa (Quercus and Carpinus), which had been dominant
components since at least the start of our record,
c. 4700 cal. yr Bp, progressively vanished from the sequence.
This change in forest composition coincides with archaeolog-
ical evidence for the first human settlements, thus supporting
the interpretation that this transition was driven by human
influences, such as forest clearance, grazing, or altered fire
regimes. Although historical documents do not provide
evidence of a systematic management of the forest, or of the
purposeful use of fire (Galvan, 1993), the high concentrations
of microfossil charcoal suggest that the Guanches used fires to
clear forested vegetation in order to provide pastures and land
for agriculture.

It is thought that the Guanches were wholly or partly
responsible for the extinction of several Canarian animals
(Cabrera, 2001; Rando, 2002; Bocherens et al., 2006; Rando &
Alcover, 2008). Their role in the extinction of plant species is,
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however, unknown. Although many Canarian endemic species
have been reduced to small populations by the effect of grazing
during the historical period (Nogales et al., 1992; Rodriguez-
Pifiero & Rodriguez-Luengo, 1993; Francisco-Ortega et al.,
2000) it is difficult to identify whether the damage was caused
largely by the Pre-Hispanic grazing culture, the post-Conquest
culture, or a combination of both.

The decline of Carpinus occurred in a period of only about
400 years, and it disappeared altogether within an interval of
1200 years, whereas the initial Quercus decline, associated with
the putative time of human colonization, was far less
pronounced, although it too had essentially dropped out of
the record by the end of the Conquest. The speed with which
both tree taxa disappeared is a clear sign of the influence of
humans in the process (Arroyo et al., 2004). As both Carpinus
and Quercus are valuable sources of fuel, wood and fodder, it
may be that a selective removal and/or suppression of these
trees was practised, at least during the first centuries of pre-
Hispanic settlement. The selection of these trees within the
forest might have happened because the colonists knew the
species and were more familiar with them (Quercus occurs in
Northwest Africa, although Carpinus does not), because they
grew close to their settlements, or because their properties were
valued for specific uses. For instance, the reduction of Quercus
canariensis to small stands in the Middle Atlas region since
¢. 2500 yr Bp is attributed to the exploitation of the area by
humans (Lamb & van der Kaars, 1995). The inability of many
species of Carpinus and Quercus to reproduce vegetatively
(Tutin et al., 1964) could be another reason for a relatively fast
decline of these trees. The predation of acorn fruits by
frugivorous animals and seedling mortality as a result of
herbivory have been shown to be important main causes for
regeneration failure in many oak species in other settings
(Crawley & Long, 1995; Herrera, 1995; Leiva & Fernandez-
Alés, 2003). Possibly, a superabundance of ungulates (goats,
sheep and pigs introduced by the Guanches) could have had a
harmful effect on the regeneration of Quercus on Tenerife.

The corresponding increase in pollen from Mpyrica faya
during the decline of Carpinus and Quercus is evidence of the
expansion of the characteristic Erica—Myrica woody heath that
appears after natural or human disturbances of the laurel forest
and the consequent conditions of increased light (Fernandez-
Palacios & Arévalo, 1998). Initial canopy opening is also linked
to an increase in grasses (Poaceae).

Many historical documents about the arrival of the first
Castilians conquerors on Tenerife, in Ap 1494, describe the
valley of La Laguna as a densely forested area, mentioning
some trees, such as Erica arborea, Visnea mocanera and Arbutus
canariensis, growing around the pool (Criado, 2002). Our
results show how for the last 2000 years the dominant
formation within the region has been very similar in compo-
sition (Lauraceae, Mpyrica faya, Erica arborea, Viburnum
rigidum, Prunus lusitanica and Picconia excelsa) to the laurel
forest we know today, and not very different from that
described by the first historians. Since the arrival of the first
European colonizers, the former lake and the region around it
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have been used for a variety of purposes. The use of land for
grazing, the need for fuel and wood for construction, and the
expansion of agriculture accelerated the process of erosion,
affecting the surrounding slopes of La Laguna valley, as
described in many historical records (Criado, 2002), and had
much to do with the shallowing of the lake. The acceleration in
the sedimentation rate probably occurred in the last 500 years,
in large part as a consequence of the rapid deforestation in the
basin. Some indicators of the desiccation of the lake are
evident within the last 2000 cal. yr Bp, as exemplified by the
increase in Asteraceae (probably growing in the desiccated
margins) and by the significant reduction in pollen from

hygrophytes.

The lost trees of the forest of La Laguna

The two lost genera (Quercus and Carpinus) were components
of the Pliocene floras of southern Europe, along with other
elements of the laurel forest such as Ilex, Viburnum, Prunus,
Picconia, Erica, Myrica and species of Lauraceae (Axelrod,
1975; Santos-Guerra, 1999). The abundance of these taxa is
probably underestimated in the pollen diagram (Fig. 2) for
two reasons: (1) insect-pollinated species produce less pollen
than wind-pollinated ones (Pinus, Myrica, Quercus, Carpinus,
etc.), and (2) Lauraceae pollen grains are easily fragmented
during sample preparation (especially during acetolysis)
(Bennett & Willis, 2001). The analysis of modern pollen rain
in different communities will help to refine the interpretation
of Canarian fossil pollen diagrams in the future.

During the Late Miocene and Pliocene, many of the
Canarian taxa that make up the laurel forest were distributed
in the Mediterranean Basin adjacent to coniferous and
deciduous forests that are absent in the Canaries but that are
distributed through temperate parts of the Holarctic ecozone
(Axelrod, 1975; Milne, 2006). The temperate alliance was one
of the Pliocene floras of southern Europe that lived close to
or with members of the Canarian laurel forest in the
Mediterranean province. Carpinus is nowadays distributed
mainly in eastern and central Europe, with an isolated area
of distribution in the Iberian Peninsula (2000 km from
Tenerife; see Fig. 1) at the western limit of the Pyrenees
chain (Aizpuru & Catalan, 1984). Carpinus is absent from
most Holocene palynological records of the Iberian Peninsula
(Penalba, 1994; Carrion et al., 2003b), although its presence
has been detected in pollen records of the Cantabrian—
Atlantic territories (Ramil-Rego et al., 1998), suggesting the
existence of Pleistocene refugia. Other palynological records
from previous periods show the presence of Carpinus in the
Iberian Peninsula during the last glaciation (Burjachs &
Julia, 1994; Sanchez Goni et al., 1999; Yl et al, 2003;
Burjachs, 2006; Gomez-Orellana et al., 2007). During inter-
glacial periods, Carpinus appears to have spread north, late
in the succession, from its refugia in the Balkans and
southern Italy (Bennett et al., 1991; Willis, 1994; Tzedakis
et al., 2002; Grivet & Petit, 2003). The physical barrier of the
Pyrenees, as suggested by Turner & Hannon (1988), or
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human action during the Late Holocene (Penalba, 1994)
could have marked a limit to its distribution in the east of
the Iberian Peninsula in the transition of the last glacial/
interglacial.

From our results we can only confirm the presence of
Carpinus on the island of Tenerife during the last ¢. 4500 years.
Therefore its early origin as one of the surviving elements of
the Neogene flora from the Tertiary period in the Canary
Islands is, at this stage, only a possibility. In this case Carpinus
could have persisted in the Canaries during the Pleistocene,
where climatic oscillations are thought to have been less
pronounced than in the south of the Iberian Peninsula and
Northwest Africa. Then, during the Late Holocene, the impact
of the first human colonists, in time, caused its disappearance
from the islands.

Typical broadleaved sclerophyllous taxa of the Mediterra-
nean, such as Quercus species, which were hitherto not
considered part of the native Canarian flora, were also part of
the Neogene flora living together with Canarian taxa in the
Mediterranean region (Axelrod, 1975). In contrast to the
absence of Carpinus, there are many records of Quercus
species in the Iberian Peninsula (e.g. Pons & Reille, 1988;
Stevenson & Moore, 1988; Carriéon & Dupré, 1996; Carrion
et al., 200la,b, 2003a, 2004; Carrion, 2003; Pantaleon-
Cano et al., 2003; Riera, 2006) and in Northwest Africa
(Lamb et al., 1991; Marret & Turon, 1994; Lamb & van der
Kaars, 1995) during the Holocene. In the records from the
South Iberian Peninsula, deciduous taxa of Quercus showed
an optimum during the Middle Holocene, being replaced by
evergreen Quercus in the Late Holocene. In Northwest African
records, both evergreen and deciduous Quercus were very
abundant in the Early Holocene, although deciduous taxa
declined during the Late Holocene in favour of the evergreen
types. Quercus grains in the La Laguna record were identified
only to the level of genus, and because the pollen was not very
well preserved we could not match it with the evergreen or
deciduous type.

Nowadays several species of deciduous [i.e. Q. canariensis
(see below), Q. faginea, Q. pubescens, Q. pyrenaica, Q. suber]
and evergreen (i.e. Q. coccifera, Q. ilex, Q. rotundifolia) oaks are
part of the xerophyllous and deciduous forests distributed
through the Iberian Peninsula and northern Africa. As
proposed for Carpinus (above), Quercus could have been a
member of the Neogene relict flora that managed to survive in
the Canary Islands with other laurel forest taxa. Presciently,
Axelrod (1975) raised the question of how the species of
Lauraceae, with fruits and seeds of large size, had managed to
colonize the islands, whereas none of the species of Quercus,
which were associated with Lauraceae species in the Mediter-
ranean Pliocene, had done so. Other authors described the
laurel forest as an impoverished relict of mixed oak-laurel
forest deriving from the early Neogene and attributed its
deterioration to human impact during the Late Holocene
(Hollermann, 1981). On the island of Madeira (within the
Macaronesian region and only some 500 km northwards of
Tenerife), Sziemer (2000) reported the presence of several tree
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species, now extinct, such as Ulmus minor, Corylus australis,
Ilex hartungi and Frangula azorica, among other tree species
still inhabiting the island’s laurel forest (Clethra arborea, Erica
arborea, Vaccinium padifolium, Laurus mnovocanariensis or
Myrica faya) in the Late Pliocene deposits of Sao Jorge.
Laurophyllous Quercus were also members of the oak—laurel
forests or evergreen sclerophyllous—laurophyllous forest in the
Catalonian basin during the Oligocene and Miocene (Sanz de
Siria, 1987, 1992). To date it has been assumed that these tree
species were not able to migrate during colder periods and
overcome the barrier posed by the Mediterranean (Barrén
et al., 2003; Barron & Peyrot, 2006), but our results show the
possibility of the presence of laurophyllous Quercus in the
Canary Islands even though these species failed to persist in the
Iberian Peninsula.

Specific mentions of Quercus from the Canary Islands in
records from the historical period (i.e. the last 500 years)
generally assume the genus to have been introduced by people
(Izquierdo et al., 2004). Several historians and naturalists
mentioned the early (ie. early in the Castilian period)
presence of some species in the Canary Islands, including
Q. canariensis, Q. ilex, Q. lusitanica, Q. suber and Q. robur, in
particular on the island of Tenerife (Salas & Caceres, 2000).
These observations probably refer (mostly) to trees intro-
duced by colonizers shortly after the conquest. Although the
name Q. canariensis refers clearly to a Canarian distribution,
there is no certain evidence of the natural presence of this
species in the islands, and it is presently distributed in the
Iberian Peninsula and northern Africa. Its name has been
attributed to a presumed mistake in the labelling and
description of the species, which was first collected and
labelled by the French naturalist Broussonet and later
described by the German botanist Willdenow (Do Amaral
Franco, 1990). Stands of Q. canariensis in the Iberian
Peninsula (Blanco et al., 1997) share common taxa with the
Canarian laurel forest, including Prunus lusitanica, Viburnum
rigidum, Erica, Laurus and Ilex, all of them recorded in the
pollen sequence from La Laguna. However, we cannot deduce
from our results if the Quercus pollen were Quercus canari-
ensis or a different type or types of oak.

Although macrofossils were not retained from the sedi-
ments of La Laguna, there are other sites on the island of
Tenerife (caves located in the north of the island) that have
been studied for macrofossils, in particular fragments of
macroscopic charcoal (Machado ef al., 1997; Machado &
Ourcival, 1998). Anthracological fossils were found for several
taxa from the laurel forest (i.e. Laurus mnovocanariensis,
Apollonias barbujana, Ilex canariensis, Erica, Myrica faya,
Salix canariensis), from the pine forest (Pinus canariensis) and
from thermophilous woodland (Juniperus). Fragments of
charcoal from Carpinus or Quercus were not identified. This
could be explained by two factors: (1) the oldest sequence
analysed by Machado et al. (1997) extends back only to
¢. 250 yr Bc, coinciding with the beginning of the decline of
both taxa, and therefore the trees might have been less
abundant during that period; and (2) the archaeological sites
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studied are located ¢. 30 km from La Laguna, and both tree
taxa may have been absent from that region as vegetation
zonation is pronounced on Tenerife owing to the strength of
the climatic gradients across the island. Consequently,
although anthracological data for the north of Tenerife do
not show evidence of the presence of Quercus and Carpinus,
they do not necessarily contradict the fossil pollen record
from the old lake of La Laguna.

These first results raised from the palynological record of
the former lake of La Laguna were unexpected. A key finding
of this analysis is that two tree genera lacking from the
currently recognized native flora, namely Carpinus (no
previous record) and Quercus (native status previously
disputed), were important constituents of the forest in the
La Laguna basin prior to human settlement. Our results have
important implications for conservation (cf. Willis & Birks,
2006) and suggest the possibility of a lost forest type or sub-
type, and they demand a reappraisal of the traditional
scheme of composition and distribution of potential vegeta-
tion in Tenerife (Rivas-Martinez et al., 1993; del Arco et al.,
2006).

The results also indicate that the original inhabitants of
these islands (the Guanches) may have had an even more
profound impact on the ecology of the archipelago than
previously recognized. We suggest that insights such as these,
provided by long-term ecology, should be taken into account
both by evolutionary ecologists and by conservation managers
involved in restoration ecology within the archipelago (cf.
Willis et al., 2007).
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