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Preface

Over the past eight years the ZooBot (Austrian Zoological and Botanical Society) and the
Association of the Tropical Station La Gamba have cooperated in organizing workshops
on the research carried out at the rainforest field station of La Gamba in southern Costa
Rica — the rainforest of the Austrians (“Regenwald der Osterreicher”). This year we present
a special issue of the ACTA dedicated to the broad range of science carried out in this area.

The field station, situated at the immediate fringe of a virgin lowland forest, the Piedras
Blancas National Park, is ideally suited for studying pristine tropical rainforest ecosystems
and their adjacent cultural landscapes. Starting in 1993, the station has developed from
simple beginnings under the governance of the University of Vienna, and has increased its
research capacities and laboratory facilities. In 2015, a small farmhouse called Finca Alex-
is was bought and can also be used as a base camp to do research at the transition zone
between the lowland forests of the Golfo Dulce region and the mountain forests of the
adjacent Fila Cal. The research facilities have attracted scientists from Austria and many
international institutions to carry out field work in the La Gamba area, and also provide
an excellent base from which to conduct student excursions and courses. The field station
is well linked with the universities of Costa Rica as well as international research institu-
tions on tropical ecology.

Besides providing immediate access to various tropical ecosystems, both terrestrial and
aquatic, the station is ideally suited for studying applied aspects: a main focus is research
related to reforestation programs of former agricultural areas. A further scope of the station
is the function of migration corridors connecting isolated conservation areas in the region.

This volume demonstrates the high potential of the field station La Gamba for carrying
out both basic and applied tropical research, and highlights the wide range of studies ini-
tiated during the last decade. They range from research on physiographic conditions, flora
and fauna, the fascinating biotic interactions that are characteristic of tropical rainforest
ecosystems, as well as applied aspects of reforestation programs and the function of mi-
gration corridors.

We hope that the publication is a stimulation for further utilization of the field Station La
Gamba and for further research work on tropical biology and ecology.

Fritz ScH1EMER, Werner HUBER, Anton WEISSENHOFER
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The La Gamba Research Station in Costa Rica —
History, Nature and Research

Werner HUuBer & Anton WEISSENHOFER

Initiated by the Austrian nature conservation association “Rainforest of the Austrians”,
the tropical station was founded in 1993. It is now owned by the association “Férder-
verein des Tropenstation La Gamba”, based at the University of Vienna. The station
is located in the Pacific region of southern Costa Rica near the village of La Gamba
and the Piedras Blancas National Park, one of the last remaining perhumid lowland
rainforests on the Pacific coast of Central America. Due to its geographic, climatic and
geological conditions, it is one of the most species-rich regions of Central America with
about 2,700 plant, 370 bird, more than 90 reptile, 50 amphibian and 145 mammal spe-
cies. The roots of Austrian scientific activity in this region reach back to an expedition
of the Vienna Natural History Museum conducted in 1930. Since the establishment
of the tropical station, research has been carried out on many tropical biology issues.

Huber W. & Weissenhofer A., 2019: Die Tropenstation La Gamba in Costa Rica —
Geschichte, Natur und Forschung.

Ausgehend vom &sterreichischen Naturschutz-Verein “Regenwald der Osterreicher”
wurde die Tropenstation im Jahr 1993 gegriindet und ist inzwischen im Besitz des
,Fordervereins der Tropenstation La Gamba® mit Sitz an der Universitit Wien. Die
Station befindet sich im Siiden Costa Ricas in der pazifischen Region in unmittelbarer
Nihe der Ortschaft La Gamba und des Nationalparks Piedras Blancas, einem der letz-
ten noch erhaltenen perhumiden Tieflandregenwilder an der Pazifikkiiste Mittelame-
rikas. Dieser gehort auf Grund seiner geographischen, klimatischen und erdgeschicht-
lichen Gegebenheiten mit etwa 2.700 Pflanzen-, 370 Vogel-, iiber 90 Reptilien- und 50
Amphibien- sowie 145 Siugetierarten zu den artenreichsten Regionen Mittelamerikas.
Osterreichische Wurzeln der wissenschaftlichen Betitigung in dieser Region reichen
zuriick bis zu einer Expedition des Naturkundlichen Museums/Wiens im Jahre 1930.
Seit dem Bestehen der Tropenstation wird an vielen tropenbiologischen Fragestellun-
gen gearbeitet.

Keywords: Field station, field course, rainforest, Neotropics.

Introduction

The La Gamba Research Station was founded in the year 1993. It is located near the small
village of La Gamba and close to the Piedras Blancas National Park (Esquinas Rainfor-
est). This national park exists thanks to the conservation efforts of the Austrian Michael
SCHNITZLER, who collected financial donations in Austria and forwarded them to the
Costa Rican government, which in turn purchased large tracts of forest from landown-
ers. This resulted in the establishment of the Piedras Blancas National Park, with the sec-
tion “Rainforest of the Austrians” and various private properties of the Tropical Research
Station, which play a very important role in nature conservation and in the building of a
biological corridor in the southern part of Costa Rica. The Piedras Blancas National Park
harbors the last primary tropical lowland rainforest on the Pacific coast of Central America
and boasts exorbitantly high biodiversity.
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History

In 1993 the association “Rainforest of the Austrians” bought a small farmhouse (finca)
for the first students (the authors of this article and Astrid KeBer) who started their
scientific activities in La Gamba. The farmhouse was the precursor of the Tropical Re-
search Station La Gamba. Since 2002 the Austrian non-profit association “Forderverein
der Tropenstation”, closely linked to the University of Vienna, has taken over responsi-
bility for the station. Together with the financial support of the association “Rainforest
of the Austrians”, the Austrian Ministry of Science and Research and the University of
Vienna, the Tropical Research Station has been expanded and improved repeatedly dur-
ing the last decade. It now comprises several buildings, including a laboratory, library
and a botanical garden. It provides comfortable living and research facilities for about
40 visitors.

With support from the University of Vienna (specifically Prof. Anton WEBER and Prof.
Roland ALBERT) the scientific activities began to increase. Since those beginnings, many
students and scientists have visited La Gamba on excursions or to work at the station

(ALBERT 2013).

However, scientists have worked in the Golfo Dulce region for far longer than the first
days of the station. In the 50s of the last century, the US-American botanist Paul H.
ALLEN worked in the region and published the book “The rainforest of the Golfo Dulce”
(ALLEN 1956). He was employed at the research department of the United Fruit Com-

pany.

Even Austrians have worked in the region before. The roots of Austrian scientific work
in Costa Rica date back to 1930, when an Austrian expedition led by the botanist Otto
PorscH visited Costa Rica and the Golfo Dulce region.

In the 70s of the last century, scientific work increased and was mainly conducted by US
scientists. Scientists were particularly attracted once the Corcovado National Park was
founded in 1975. In 1989 the Instituto Nacional de Biodiversidad (INBio), the national
institute for biodiversity and conservation in Costa Rica, was founded. A goal of the insti-
tute was to complete an inventory of the natural heritage of Costa Rica. For this purpose,
INBio sent parataxonomists and field scientists to the region around the Golfo Dulce to
gather more information on its diversity.

Location and nature

The Golfo Dulce region is located at the southern corner of Costa Rica’s Pacific coast, close
to the border to Panama, in an area comprising the Corcovado and Piedras Blancas Na-
tional Parks (Esquinas forest). The region’s forests are the only remaining moist and wet
evergreen lowland forests on the Pacific slope of Central America. The elevation of the re-
gion ranges from sea level to a height of 745 m on the Cerro Rincén, Peninsula de Osa,
and 579 m on the Cerro Nicuesa in the Esquinas Forest. Annual precipitation is about
6.000 mm, with a short dry season from December to March (Fig. 1).

The relief is strongly structured at the landscape level and contains many microhabi-
tats and niches. The region is very diverse in soil types, and has high vegetation dynam-
ics (i.e. many forest gaps). All these factors, together with the biogeographical position of
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Fig. 1: Climate diagram, tropical research station La Gamba. pastures, rice fields and home
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therefore offers easy access

to many types of natural and
man-made ecosystems. Even marine ecosystems like mangroves, coastal forests and beach-
es are within reach. Thus, the station offers plenty of options to study different scientific
issues in tropical environments.

Costa Rica’s geographical location on the connecting “bridge” between North and South
America (Fig. 2) has led to remarkable biogeographical patterns, along with the fact that
some parts of the country — like the region around the Golfo Dulce — formed a kind of ref-
uge for tropical animals and plants during the last ice age. The region contains numerous
range-restricted plants and animals (high endemism) of which many reach their northern
limits in southern Costa Rica.

An extensive system of trails in the Piedras Blancas National Park (La Gamba) and on the
properties of the station offers perfect insight into tropical rainforests, and the region is an
excellent place for naturalists to learn about tropical nature.

The field Station La Gamba

The station is located close to the Pan-American Highway and near the small cities of
Golfito and Rio Claro. The station itself is close to the village of La Gamba and provides
comfortable accommodation and research facilities for about 40 visitors at a time. A small
botanical garden, a laboratory and library are also part of the installation (Fig. 3). The sta-
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Fig. 2: Geographical location of Costa Rica and the Golfo Dulce region with the Corcovado Na-
tional park (Parque Nacional Corcovado) and Piedras Blancas National Park (Parque Nacional
Piedras Blancas). Preparation: Bettina BERGER-ZIMMERMANN. — Abb. 2: Geografische Lage Cos-
ta Ricas und des Golfo Dulce, mit dem Corcovado Nationalpark (Parque Nacional Corcovado)
und dem Piedras Blancas Nationalpark (Parque Nacional Piedras Blancas). Gestaltung: Bettina
BERGER-ZIMMERMANN.
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Fig. 3: Aerial photo of the station and its surroundings. — Abb. 3: Luftbild der Station und ihrer
Umgebung.

tion owns about 300 hectares of pasture, reforestations, and primary and secondary forests
in various stages in the vicinity of La Gamba and in the region.

Thanks to its location close to various tropical habitats and to its infrastructure, the station
has gained international attention as a research institution and educational centre focusing
on scientific exploration and conservation of Neotropical rainforests (WaNEK et al. 2017).
At about 300 m a.s.l. lies the rustic farmhouse Finca Alexis, an outpost of the station that
provides space for about six visitors in two rustic rooms. The Finca Alexis is located close
to a lower mountain rainforest about one hour by car from La Gamba.

Overview of scientific work at the Station

Since 1993 numerous scientific publications have resulted from research performed at the
Tropical Research Station La Gamba, including around 170 doctoral and diploma theses.
Studies of the flowering plants of the region resulted in the book “An Introductory Field
Guide to the Flowering Plants of the Golfo Dulce Rain Forests” (WEBER et al. 2001), as
did further scientific work in the book “Natural and Cultural History of the Golfo Dulce
Region, Costa Rica” (WEISSENHOFER et al. 2008). Catalogues about groups of animals,
plants, the history of the station, the biological corridor, the stream ecosystems and about
the life of the people in La Gamba have been published. Various exhibitions on the nature
of the Golfo Dulce region and on the scientific work carried out at the field station have
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been presented in Austria, and one even in La Gamba itself. The scientific work initially fo-
cused on the flora and vegetation of the Esquinas forest but has now broadened to include
a wide range of other topics, such as animal-plant interactions, herpetology, ornithology,
entomology, limnology, plant ecophysiology, biogeochemistry, geography and sociology.
Around 100 field courses and excursions have been conducted, enabling students and sci-
entists from universities all over the world to visit and study the Piedras Blancas National
Park (Fig. 4). Some of the most exceptional scientific work will be described in more detail
in this book and mentioned below. All publications resulting from work done at the field
station are cited in the “Wissenschaftlicher Bericht” at www.lagamba.at.

Fig. 4: The Piedras Blancas National Park. — Abb. 4: Der Piedras Blancas Nationalpark.

Vegetation and Botany: Many publications were completed on the plant diversity and
vegetation of the region — mainly by the authors of this article. More work on differ-
ent groups of plants like Rubiaceae (BERGER et al. 2015, BERGER et al. 2017), Orchids
(HETHERINGTON-RAUTH & RaMiIrREZ 2016, Rakosy et al. 2013), Lichens (BaLocH &
GRUBE 2009, Breuss & NeuwIrTH 2007, GRUBE et al. 2004, LOCKING et al. 2013) and
many more has been carried out.

Ecophysiology: Under the guidance of Wolfang WAaNEK, research into primary production
and nutrient cycling has led to various publications (HorHANsL et al. 2015). Wolfgang
WAaNEK (WANEK et al. 2002) and Wolfram WeckwERTH (WANG et al. 2016) are interested
in the metabolism of the genus Clusia.

Plant-Animal Interactions: Research into pollination in plants is a research topic of Flo-
rian ETL, Anton WEBER and Jiirg SCHONENBERGER (ETL et al. 2016). For almost 20 years
Veronika MAYER (MAYER et al. 2018) has focused on the relationship of ants, plants and
fungi.
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Limnology: Students of Fritz SCHIEMER (SCHIEMER et al. 2010) and Leopold FOREDER
(FUREDER et al. 2014) have worked on ecology and diversity in freshwaters of the region.

Animal Biology: Many scientists are focusing on bees, including Thomas Errz, Santiago
RAMIREZ and Tamara POkoRNY (POKORNY et al. 2017), Stefan JarAU (FLAIG et al. 2016),
and Johannes SPAETHE (SPAETHE et al. 2014). Research on other invertebrate groups (drag-
onflies, butterflies) has been conducted by Christian ScHuLzE and students (ScHuLZE 2008)
and Harald Krenn and Martin WiemEeRs (butterflies) (KRENN et al. 2010). Meanwhile,
Gerlinde HoBeL (HOBEL 2000), Michael FrRanzeEn (FrRanzeN & Kovrrarrts 2018),
Walter HépL (HODpL 1996, MANGOLD et al. 2015) and Dennis KoLLarrTs (KOLLARITS
et al. 2017) have been working on amphibians and reptiles, and Christian ScHULZE
(SEamAN & ScHuLzE 2010) and Gerhard AuBRECHT (AUBRECHT et al. 2013) have studied
the region’s birdlife. An inventory of the mammals was completed by Armin LANDMANN
(LANDMANN et al. 2008).

Conservation Biology: Christian SCHULZE (FREUDMANN et al. 2015, GALLMETZER &
ScuuLzE 2015) has worked on various animal groups and their abundance and diversity in
different anthropogenic habitats and reforestations. Peter Hietrz (HieTz & KLEINSCHMIDT
2018) and Wolfgang WaNEek (Wan1a et al. 2002) have worked on natural succession, soils
and CO2 sequestration in reforested habitats within the Biological Corridor COBIGA,
mainly on Finca Amable.
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Contributions to the climatology around
La Gamba, Costa Rica

Birgit E1BL & Reinhold STEINACKER

When observing weather phenomena in the greater area of the tropical research station
in La Gamba, Costa Rica, high rain rates and precipitation sums are to be expected.
This is due to the fact that the described area is influenced by the south-westerly trade
winds, forcing warm moist air from the Pacific to rise at the leeward sides of 3 oro-
graphic elevations on its way east. Deep convective cloud development is highly vari-
able in the predominantly complex terrain and is reinforced when the inner-tropical
convergence zone passes the area from the south in June. To back up the frequently
used description “heavy precipitation” with numbers, several measuring campaigns
were carried out. An evaluation of the droplet spectrum of various precipitation events
revealed that a difference between stratiform and convective precipitation can be ob-
served in the distrometer measurements. Radiation investigation of light availability
on vertically and horizontally oriented surfaces in vegetation of different densities pro-
vides an indication of the quantitative influence of various cloud appearances on the
light intensity reaching the ground. To determine the significance of these findings,
and whether they constitute the norm or more of an exception, long-term observations
would be necessary.

EiBL B. & STEINACKER R., 2019: Beitrag zur Klimatologie um La Gamba, Costa
Rica.

Werden Wettererscheinungen im Grofiraum um die Tropenstation in La Gamba, Cos-
ta Rica untersucht, so erwartet man in jedem Fall hohe Niederschlagsmengen und
Regenraten. Das liegt vor allem daran, dass das Untersuchungsgebiet direkt vom Siid-
westpassat beeinflusst wird. Dieser transportiert feuchtwarme Luftmassen vom Pa-
zifik an die Leeseiten verschieden hoher topografischer Erhebungen. Damit werden
raumlich héchst variable, hochreichende konvektive Systeme ausgelost, die teilweise
von der innertropischen Konvergenzzone verstirkt werden kénnen. Um die Variabili-
tdt und Intensitit der Niederschlige zu messen wurden verschiedene Messkampagnen
durchgefiihrt. Die Auswertung des Niederschlagstropfenspektrums unterschiedlicher
Niederschlagsereignisse ergab, dass eine Unterscheidung zwischen stratiformem und
konvektivem Niederschlag auch durch Distrometermessungen méglich ist. Strahlungs-
untersuchungen iiber die Lichtverfiigbarkeit an vertikal und horizontal orientierten
Oberflichen in unterschiedlich dichter Vegetation quantifizieren den Einfluss des Be-
deckungsgrads und -charakters auf die Lichtbedingungen am Boden. Eine signifikante
Aussage dariiber, ob die Ergebnisse der vorliegenden Untersuchungen die Norm oder
cher eine Ausnahme darstellen, kann nur nach langzeitlichen Beobachtungen getrof-
fen werden.

Keywords: Heavy precipitation, light intensity, convection, droplet spectrum, radia-
tion.

Introduction

Equatorial fully humid climate (KotTEk et al. 2006), as it is observed in the South of
Costa Rica, is characterized by higher diurnal than annual temperature changes and a to-
tal precipitation amount of up to 6000 mm per year. To understand the following inves-
tigations and results, a brief description of the surrounding environment is provided. The
orography in the South of Costa Rica can be described as complex terrain with three el-
evated terrains oriented southeast — northwest like the Pacific coastline. The outer border
is marked by the Osa Peninsula, with a mountain ridge of 600 m in height. Between the
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peninsula and the mainland lies the Golfo Dulce, a shallow warm water bay with temper-
atures of around 30° C throughout the year.

i or - e e CT

Fig. 1: Map of the annual precipitation sum in Costa Rica. In the South, the purple precipitation
field at the leeward side of the mountain ridge on the Osa Peninsula and at the shore of the main-
land of the Golfo Dulce (including the area of the “Regenwald der Osterreicher”) indicates up to
6000 mm of precipitation per year (Instituto Meteorolégico Nacional, 2014). — Abb. 1: Karte der
jahrlichen Niederschlagssummen in Costa Rica. Die violetten Felder im Siiden Costa Ricas an der
an der Leescite der Halbinsel Osa und an der Leeseite des Kiistengebirges auf der Festlandseite des
Golfo Dulce (inklusive des Gebiets des ,Regenwald der Osterreicher) markieren eine jahrliche Nie-
derschlagssumme von bis zu 6000 | m= (Instituto Meteorolégico Nacional, 2014).

Continuing towards the Caribbean side, the next elevation relevant to the investigations is
the Fila Cal, a mountain ridge of 800 m, followed by the Talamanca mountains (Fig. 1).
The main mesoscale dynamics influencing the daily weather conditions in the Piedras
Blancas Region are the south-westerly winds, bringing warm, moist air from the Pacific
first to the Osa Peninsula, where air masses are lifted as they reach the mountainous ter-
rain. The consequences are convection and heavy rain showers, nearly every day. If the
wind from the southwest is very weak or the weather conditions are very calm, convective
clouds form on top of the mountain ridge due to heating and evaporation from the rain-
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forests covering the Osa Peninsula. Short, heavy showers and downbursts can be seen from
the Golfo Dulce, as is shown in Figure 2.

Fig. 2: Downburst over the Osa Peninsula, seen from Golfo Dulce (Photo: B. E1BL). — Abb. 2: Fall-
windbde aus einer Schauerwolke tiber der Halbinsel Osa, vom Golfo Dulce aus geschen (Foto: B.
EiBy).

As air moves forward towards the mainland of Costa Rica, moisture from the Golfo Dulce
is soaked up by the downflow of air overflowing the Osa mountain ridge. This now very
moist and warm air flow is forced to an uplift again at the coastal mountain ridge, produc-
ing another area with high precipitation amounts throughout the year. Since the mountain
ridge is only 400 to 600 m high, a significant amount of the moist air continues further
inland until it reaches the next mountain ridges, triggering more convective clouds which
each lead to heavy precipitation in turn. Additionally, mesoscale convective systems aris-
ing in the Pacific Ocean around Panama’s North are often advected through the south-
westerly winds to the Pacific coast of Costa Rica (DUrRAN-QEsaDA et al. 2010). Depending
on the wind speed and intensity of the spatially widespread cloud formations, the systems
penetrate inland more or less intensely. Observations in June and July 2008 showed that,
not rarely, only stratiform rain out of the edge zones of these convective systems reaches
parts of the Piedras Blancas regions. It is interesting to note that, in contrast to the Pacific
Northwest of Costa Rica and the central part of Panama, The Golfo Dulce region receives
considerable precipitation amounts even during the northern hemisphere winter. The rea-
son for this is that the high Central Cordilleras of Costa Rica block the north-easterly trade
winds and both deflected branches in the west and east of the High Cordilleras lead to a
south-westerly counterflow towards the Pacific southeast coast of Costa Rica.

With this in mind, an investigation of convective clouds and the resulting precipitation
in the surroundings of La Gamba was conducted. The first aim was to find objective evi-
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dence for subjectively experienced differences in precipitation amounts within the region.
The second aim was to find differences in the precipitation events, whether they are of a
stratiform or convective character, by examining the cloud droplet spectra.

The droplet size distribution is different and exclusive for every precipitation event, since
the cloud regions from where precipitation drops originate are never the same. A precipita-
tion drop spectrum can therefore be seen as the fingerprint of a precipitating cloud. Since
clouds are basically categorized in cumulus-like and stratus-like types, precipitation is dis-
tinguished as being either convective or stratiform. When it comes to deep convection,
high convective clouds and extended warm convective clouds, cloud droplet distribution,
and in consequence the precipitation drop distribution, are not so easy to distinguish.
Droplet development in warm convective clouds is expected to lead to an according pre-
cipitation droplet spectrum, just as stratiform precipitation is mostly expected to be ob-
served originating from stratus clouds. Mesoscale convective systems and large deep con-
vection clouds themselves have parts with so-called stratiform precipitation. During the
observational period, a distrometer was used to determine the precipitation fingerprint of
clouds passing the tropical station in La Gamba. The overall subjective impression in a
tropical wet forest — that every precipitation event is of a heavy character with large drops
and of short to extended duration, depending on rainy/dry seasonality, could not be veri-
fied in this observational period.

The precipitative temperature cooling during precipitation events and heavy rainfalls is
also shortly discussed. One heavy downburst event was documented directly at the tropi-
cal station in La Gamba, with an associated temperature drop of 5 degrees within half
an hour. The precipitative cooling is caused by melting and evaporation of hydromete-
ors on the way downwards. Due to the high melting level of precipitation (above 4000 m
msl) only longer-lasting intense precipitation events may cause a significant cooling at the
earth’s surface, whereas evaporative cooling needs a certain layer in the lower troposphere,
where a significant spread (difference between air temperature and dew point temperature)
occurs. The generally high relative humidity in the tropical climate makes significant evap-
orative cooling less frequent than in drier climates.

Aside from precipitation climatology, solar radiation conditions have also received con-
siderable interest in tropical rainforests, because the high degree of cloudiness and the
dense canopy of vegetation leads to an extreme reduction of radiation, which can prohibit
the germination and growth of plants. There are not many investigations on how differ-
ent types of vegetation with different densities affect solar irradiance. Reforestation at-
tempts may profit greatly from better knowledge about changing radiation conditions in
the course of plant growth. Different height growth of different plant species may have a
selective effect.

The basic principles of global solar radiation on the earth are shortly outlined in the fol-
lowing (see e.g. LANDOLT-BORNSTEIN 2005): the extraterrestrial solar radiation-flux-den-
sity (solar irradiance) shows a distinct gradient on our planet. Due to the angle of incli-
nation of the earth’s axis, the average annual solar irradiance decreases from nearly 540
Wm™ in the tropics to roughly 210 Wm™ in the polar regions. Annual solar energy sup-
ply is often indicated instead of average irradiation: extraterrestrial 4700 kWhm™a™ in
the tropics versus 1800 kWhm™a™ in the polar regions. The factor to obtain the annual
solar energy supply (kWhm™a™) from the average solar irradiance (Wm™) is 8,766. For
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solar energy considerations as well as biologically relevant processes (e.g. photosyntheti-
cally active radiation), the extraterrestrial solar irradiation is only of limited theoretical
value. The spectral solar irradiance is strongly affected by absorption (by atmospheric gas
components, acrosol), as well as reflection and scattering processes (clouds, hydrometeors,
acrosol) within the atmosphere. Due to the high degree of cloud cover in the tropics, the
extraterrestrial solar irradiance is reduced by roughly 60 % to roughly 210 Wm™, i.c. the
same value as the extraterrestrial irradiation in the polar regions! Only in the subtropical
dry regions with low average cloudiness is the solar irradiation at the earth’s surface high-
er, up to a global maximum of roughly 300 Wm~ in the high desert regions of the Andes
(Altiplano) or on the Tibetan plateau. If we compare typical average solar irradiance values
for Austria (approximately between 120 Wm™ and 160 Wm™) to tropical values, we still
see a considerably higher value in the tropics, despite the large reduction against the extra-
terrestrial value due to tropical cloud cover. This means that, for solar energy production
as well as for photosynthesis, there is still plenty of solar radiation available in the tropics.

The availability of low-cost, robust and easy to handle radiation sensors has opened the
way for detailed investigations of differences in irradiance in different parts of a rainfor-
est with high temporal and spatial resolution. As solar radiation is not isotropic (radiation
is rather concentrated around a specific space angle), not only the radiation flux to a hori-
zontal plane but also to vertical planes can and should be observed. This leads to a more
realistic estimate of the absorptive potential of differently inclined surfaces (e.g. leaves).

The experiment carried out in the immediate area of the biological Station in La Gamba
may be seen as a pilot study for more specific investigations on the radiation climate of a
tropical rainforest.

One basic problem has to be pointed out here: whereas usually in climatology the “glob-
al radiation” (the complete direct solar plus diffuse sky irradiance in the solar spectrum
with wavelengths between 0,3 and 3 pm) hitting a horizontal surface is measured with py-
ranometers, the illuminance (the part of the solar irradiance in the wavelengths perceptible
for the human eye, e.g. 0,4 to 0,7 pm) is measured by LUX-meters. Some radiation instru-
ments restrict the spectrum to the photosynthetically active radiation (PAR-meters). Not
only are the physical units of the three different radiation sensors different (Wm=, LUX,
pmol of photons m~s™), but direct conversion of the units is also not possible due to the
variable spectral irradiance of the solar radiation.

Methods and Data

Precipitation

Data for precipitation evaluation was available from different measuring campaigns carried
out by staff of the Meteorology department of the University of Vienna.

For the precipitation studies, ONSET (HOBO) tipping bucket devices were set up at the
tropical station in La Gamba (Fig. 3), at the Finca Modelo near the tropical station at the
same altitude, and at the Finca Alexis. The latter is located 16 km further east on a moun-
tain ridge, surrounded by tropical forest at an altitude of 400 m (Fig. 4). The measurement
principle of the tipping bucket is that precipitation droplets are collected in a tilt tray with
a volume equivalent of 0.2 mm of precipitation water. Every tilting and the exact time of
the tilting moment are recorded. In a post processing step, the rain rate and precipitation
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Fig. 3: Rain gauges at the Tropical Station La Gamba (Photo: B. E1BL). — Abb. 3: Regenmesser auf
der Tropenstation La Gamba (Foto: B. E1BL).

Fig. 4: Rain gauges at Finca Alexis (Photo: A. WEISSENHOFER). — Abb. 4: Regenmesser auf der Fin-
ca Alexis (Foto: A. WEISSENHOFER).
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sums in different time resolutions can be calculated. Additionally, and for validation pur-
poses, daily precipitation amounts from totalizator measurements at the tropical station,
recorded by the staff of the tropical station are available. The tipping bucket measurements
include a temperature sensor which is not used for proper temperature declarations but
can be used for quantitative precipitation cooling effects. Temperature measurements are
available for La Gamba only.

For the investigation of the droplet spectrum of different precipitation events, a THIES
distrometer was installed 1 m above the laboratory’s roof in the tropical station in La
Gamba. When droplets fall through a laser beam emitted and reflected horizontally by
the distrometer, the disturbances of the beam are measured. Since disturbances are differ-
ent for every droplet, an algorithm, containing the droplet calculation of MarsHALL &
PaLMER (1948) directly calculates the droplet size and fall velocity of every droplet. Hence
the droplet spectrum is directly calculated by the device, as is the precipitation amount
and precipitation rate. Due to power loss during heavy precipitation events, droplet spec-
trum data was not available for some events with high precipitation amounts and high rain
rates. Data for the precipitation droplet distribution is available during recorded events in
minutely detailed resolution.

Radiation

There exist only a few high-qual-
ity long-term radiation measure-
ment sites in the tropical belt of
our planet. The reason for this
lies in the difficulty to keep ra-
diation instruments running un-
der continuously moist and rainy
conditions. Dew or rain droplets
and dirt or insects on the pro-
tection cover may produce bi-
ased values and require more or
less permanent maintenance and
frequent re-calibration. More-
over, standard radiation meas-
urements according to WMO
standards (WMO 1986) should
be carried out at locations with
no or minimal horizontal ob-
struction (mostly on towers of
observatories). These values can-
not be directly transferred to a
vegetated tropical site. There-
fore, several publications deal
with the possibility of estimat-

_ 2 e s
Fig. 5: Setup of the radiation sensors, one positioned hor-

izontally (top) and four vertically in the main directions . diati diti f
(Photo: R. STEINACKER). — Abb. 5: Aufstellung der Strah- Ing radiation conditions Irom

lungssensoren, einen horizontal (oben) und vier verti- satellite ol?sc.l‘vatlons, or to mod-
kal, die in die Haupthimmelsrichtungen zeigen (Foto: R. el the radiation field by geomet-
STEINACKER). rical assumptions, see e.g. ETux
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& AkpraBio 2002, MaraccHI & MIGLIETTA 1988, McCaskiLL 1990, SAMANTI et al. 2007
or TurTON 1991.

Aside from the climatological distribution of the global radiation according to WMO
standards, a biological application should also consider the variability of the radiation
within a vegetated zone, because plant growth usually starts on the ground below the
canopy. To receive comparative values for solar radiation in different parts of the canopy,
instruments were set up in the area of the biological station in La Gamba in the frame-
work of a field study of the Institute of Meteorology and Geophysics of the University of
Vienna.

The radiation sensors were mounted on a pole, roughly 1 m above the surface, positioned
horizontally as well as vertically in the 4 main directions N, E, S and W (see Fig. 5). The
instruments were low cost Lux-meters (ONSET Hobo Pendant Temperature/Light 8K
Data Logger). They were chosen because they are suited for wet, even immersed, condi-
tions, which is an important requirement for long-term functioning under a tropical wet
climate. Four such setups with five sensors each were deployed a) in a clearing in the gar-
den of the tropical station, b) under low vegetation (bushes), ¢) at the edge of dense tropi-
cal rainforest, and d) inside dense tropical rainforest.

Before the initial setup at the different locations, a calibration period of the instruments
was carried out, during which all setups were positioned close together in the clearing of
the garden. The relative difference of the sensors was mostly within + 10% of the aver-
age value of each direction and was used to correct the values of the single sensors dur-
ing the whole experiment. Instead of evaluating the recorded LUX-values, all values were
transferred to dimension-less relative values (in %) according to the maximum observed

values (= 100 %).

Whereas the time interval of measurements was set to 1 min during the three-day calibra-
tion period, the interval during the six-month observing period was set to 10 min, so as
not to exceed the capacity of the data loggers.

Results

Spatial precipitation distribution and variability

Precipitation measurements were taken at Finca Werner Klar (N8°46'50,6” W83°10°1,67,
568 m msl), Finca Alexis (N8°45'53,0” W83°9'49,8”, 400 m msl) and at the tropical sta-
tion and Finca Modelo (N8°%42’1,8” W83°11’37,4”, 80 m msl) in La Gamba (N8°%42'2,3”,
W83°12°8,2”, 80 m msl) for different, short time periods. Due to the high variability of pre-
cipitation and the short time series, no climatological statements as to significant differenc-
es in precipitation amount between the aforementioned locations can be made. The physi-
cally explainable altitude-dependency explains some of the higher precipitation amount at
Finca Alexis and Finca Werner Klar.

Figure 6 shows an evaluation of different monthly precipitation sums of the devices locat-
ed at La Gamba (tropical station and Finca Modelo) and at Finca Werner Klar. Data for
Finca Modelo was not available for the time span marked by the red box because the de-
vice was blocked by plant material and sheltered by a nearby tree. The hand sample was
performed by staff of the tropical station. Since tipping bucket devices tend to underes-
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Fig. 6: Monthly precipitation sum for Finca Modelo, Finca Werner Klar and tropical station La
Gamba (Bachelor’s thesis, Th. AISTLEITNER, 2018). — Abb. 6: Monatliche Niederschlagssummen
gemessen an der Finca Modelo, an der Finca Werner Klar und an der Tropenstation La Gamba.

(Bachelorarbeit, Th. AISTLEITNER, 2018).
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Fig. 7: Monthly precipitation sum from tipping bucket measurements at Finca Werner Klar, Finca
Alexis and the tropical station La Gamba. No measurements were available from December 2016
until June 2017. — Abb. 7: Monatliche Niederschlagssummen, mit Niederschlagswippen an der Fin-
ca Werner Klar, an der Finca Alexis und an der Tropenstation La Gamba gemessen. Von Dezember
2016 bis Juni 2017 sind keine Messdaten verfiigbar.
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timate high precipitation rates, the monthly sums measured by the tipping bucket at La
Gamba station (green) are lower than the hand samples (red). The high spatial variabil-
ity of the precipitation events and the short observation time do not allow for a signifi-
cant conclusion as to whether the precipitation amount was higher at Finca Werner Klar
at 600 m height or La Gamba at 80 m. There are months where the sum is higher at the
elevated Finca (yellow), for example in May, June and December 2015, and vice-versa in
April and May of 2016.

In Figure 7, monthly precipitation sums for Finca Werner Klar, Finca Alexis and the
tropical station for July until November 2016 and from July 2017 until February 2018
are shown. No significantly higher precipitation amount for a single location can be as-
certained. For some months, precipitation sums are highest at Finca Werner Klar (July,
September 2017), while in August 2017 and 2018 precipitation sums are highest at Finca
Alexis. In October and November 2017, as well as in November 2018, the highest pre-
cipitation amount was observed at the tropical station. For a climatological conclusion as
to systematically higher precipitation sums in any one location, longer time series would
have to be collected.

Precipitation cooling effect

During heavy rain showers, a significant temperature drop due to evaporative and melting
energy loss of the surrounding air can be observed.

As shown in Figure 8, within a precipitation event that did not last longer than 10 minutes,
a temperature drop of nearly three degrees was observed. Two sensors, one within a tip-

Precipitation cooling
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Fig. 8: Precipitation cooling during a short but heavy precipitation event at the tropical station in
La Gamba. - Abb. 8: Niederschlagsabkiihlung wihrend eines kurzen aber heftigen Regenschauers

an der Tropenstation La Gamba.
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ping bucket and the other one in a radiation shield outside the bucket, were compared. The
temperature was nearly equal before the precipitation event. Shortly after the beginning
of the precipitation event, the temperature drop began. With decrease of the precipitation
rate, the temperature stops declining. This phenomenon is not restricted to the tropical
zone and can be observed at higher latitudes as well, in cases of heavy precipitation. But

the high recurrence in the tropics brings an additional cooling effect to the nightly radia-
tion cooling on a regular basis.

Droplet size distribution differences

Analysis of droplet distribution from different precipitation events revealed that, for heavy
deep convective precipitation, droplet distribution was broader and droplet density per
minute was much higher than the distribution from precipitation originating from strati-
form parts of convective clouds. At several precipitation events in July 2018, distrometer

measurements were performed and satellite images (IR and VIS) were simultaneously stud-
ied to ascertain whether deep or low convection was prevalent.

Examples of stratiform precipitation droplet distribution are shown in Figures 9-11. It can
be seen that droplet number per minute can vary, but the variation is slight. The raindrops
nearly have the same diameter with a maximum at 0.125 mm in Figures 10 and 11. This is
due to the lower collision rate between the droplets during precipitation drop development

syajdoup jo J2qunu
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Fig. 9: Precipitation droplet distribution for 1 minute of precipitation within a stratiform precipita-
tion event on 10 July 2018. — Abb. 9: Niederschlagstropfchenverteilung der einminiitigen Nieder-
schlagssumme withrend eines stratiformen Niederschlagsereignisses am 10. Juli 2018.
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Fig. 10: Precipitation droplet distribution with an amount of 111 droplets per minute during a strat-

iform precipitation event. — Abb. 10: Niederschlagstropfchenverteilung von 111 Regentropfen, die
innerhalb 1 Minute wihrend eines stratiformen Niederschlagsereignisses gefallen sind.
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Fig. 11: Precipitation droplet distribution with an amount of 92 droplets per minute during a strati-
form precipitation event. — Abb. 11: Niederschlagstropfchenverteilung von 92 Regentropfen, die in-
nerhalb 1 Minute wihrend eines stratiformen Niederschlagsereignisses gefallen sind.




Contributions to the climatology around La Gamba, Costa Rica

25

2
3
=3
g
2
o
o
=
o
4

m0-25 m25-50 W50-75 W75-100

W 100-125 m®W125-150 ®W150-175 m175-200

W200-225 W 225-250 m250-275 275-300

Fig. 12: Precipitation droplet spectrum with an amount of 721 droplets per minute during a con-

vective precipitation event. — Abb. 12: Niederschlagstropfchenverteilung von 721 Regentropfen, die
innerhalb 1 Minute wihrend eines konvektiven Niederschlagsereignisses gefallen sind.
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Fig. 13: Precipitation droplet spectrum with an amount of 630 droplets per minute during a con-

vective precipitation event. — Abb. 13: Niederschlagstropfchenverteilung von 630 Regentropfen, die
innerhalb 1 Minute wihrend eines konvektiven Niederschlagsereignisses gefallen sind.
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in stratiform clouds. The updrafts are not as high as in deep convective clouds, where it

is more likely for droplets to collide with each other when higher up- and downdrafts are
present within the cloud.

For precipitation originating in deep convective clouds, the droplet distribution was rath-
er broad with two maxima, as is shown in Figures 12 and 13. The droplet distribution in
Figure 12 with a total of 721 droplets per minute shows a maximum of faster rain drops
of 1 mm diameter. The total number of droplets is the result of summing up all droplets
at every fall velocity and diameter. In Figure 13, the maximum with smaller droplet di-
ameters was at 0.25 mm. A second maximum with much faster drops was at I mm diam-
eter. Both figures show that the rain was heavier and the rain rate higher, as more droplets
per minute came down in comparison to the example of stratiform precipitation (Fig. 10).
Droplets were only a little larger than the stratiform droplets, but were falling faster, ac-
celerated by the downdraft of a deep convective cloud. For heavy tropical rain events,
droplets in this example were rather small. Due to power loss during heavy rainfalls with

large raindrops, it was not possible to capture a droplet distribution with droplet diam-
eters larger than 3.5 mm.

Figure 14 shows the distribution of 1726 droplets per minute, most of which were under
1 mm in diameter and had a small fall velocity. Faster and slightly larger droplets fell at
the same time, as can be seen in a smaller and broader maximum of the distribution in

Figure 14.
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Fig. 14: Precipitation droplet spectrum with an amount of 1726 droplets per minute during a con-
vective precipitation event. — Abb. 14: Niederschlagstropfchenverteilung von 1726 Regentropfen, die
innerhalb 1 Minute wihrend eines konvektiven Niederschlagsereignisses gefallen sind.
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Radiation conditions
The radiation conditions were analyzed with regard to orientation.

The plot for the horizontal plane is shown in Figure 15. It is interesting to note that, de-
spite the location of La Gamba being close to the equator, a definite annual cycle is visi-
ble. Around 1 September the sun is at its zenith at noon and around 21 December the sun
is only at an elevation of 68 degrees at noon. Hence the average daily global radiation in
the clearing on a horizontal plane is significantly lower (by roughly a factor of three!) in
December as compared to September. One has to consider, however, that the variation is
not only explained geometrically but also that the average cloudiness differs from month
to month. The variation between the maximum and minimum daily value in the whole
period is roughly a factor of 10! The values for the edge of the rainforest and the bushes
are quite similar, however the annual cycle seems to be different due to different shading,
As could be expected, the lowest average values were observed in the rainforest location.
There, the average global radiation was roughly 10 % of the clearing site. The ratio varies
considerably, which is an indication that even on the ground beneath a rainforest canopy
there are some angles where more (direct solar) radiation can penetrate. An upward-facing
fish-eye photograph could easily prove this hypothesis (Turron 1991). The day with the
absolute minimum in the rainforest was only 1% of the maximum value in the clearing.
The day to day variability was also considerable. On 19 November, a distinct minimum
was recorded on a day with continuous rain and deep cloud layers. The global radiation
was only about 10 % of the day with the maximum global radiation on a sunny day at the
end of September. It is interesting to note that the ratio of roughly 10 between the maxi-
mum and minimum daily global radiation is rather constant for all locations and all ori-
entations. This means that the ratio must be the same for the direct as well as the diffuse
part of the global radiation.

100%

30% ~— rain forest

— rain forest edge

10% clearing

. | W,/\MH W\ — bushes

1%
01.09.2015 01.10.2015 01.11.2015 01.12.2015 01.01.2016  01.02.2016 01.03.2016

Fig. 15: Daily average global radiation at a horizontal surface in relative units on a logarithmic scale.
— Abb. 15: T4gliche mittlere Globalstrahlung an einer horizontalen Fliche in relativen Einheiten,
auf einer logarithmischen Skala.



28 EisL B. & STEINACKER R.

30%

= bushes
— rain forest
- rainforest edge

39% - clearing

1% +
01.09.2015 01.10.2015 01.11.2015 01.12.2015 01.01.2016 01.02.2016  01.03.2016

Fig. 16: Daily average global radiation at a vertical surface, facing East, in relative units on a loga-
rithmic scale. — Abb. 16: Tigliche mittlere Globalstrahlung an einer vertikalen Fliche, nach Ost
ausgerichtet, in relativen Einheiten, auf einer logarithmischen Skala.

If we compare the average global radiation on a vertical plane, facing East (Fig. 16), in
the clearing a reduction by roughly a factor of 3 is apparent. The East-facing plane in the
rainforest, however, shows much less reduction, which means that the tiny spots where the
direct radiation comes through the canopy are not only found around the zenith, but also
at lower angles. Hence, under the canopy, the orientation becomes less important than in
a clearing. The results for the other directions of vertical planes (not shown), confirm the
findings of Figure 16. The South-facing surface shows a somewhat different behavior con-
cerning the annual cycle. In this case, in winter, when the solar elevation angle is lowest,
no minimum like with all other orientations was observed, because the South-facing plane
receives more direct solar radiation at this time.

Discussion

For long-term climate assertions, at least 30 years of observational data are required. When
it comes to the tropics, especially, simply setting up high-quality devices for data collection
is by far not enough. Since only long-distance measurements without regular maintenance
of the instrumentation were manageable from our side, a proper timeline of meteorologi-
cal parameters is pending. The higher the variability of a weather phenomenon, the longer
the timeline of observation has to be to reach a significant conclusion. This is even more
important if different sites are compared and a systematic difference is to be deduced. The
long-term precipitation measurement provided by the tropical station is the most robust
available for the moment.

Measuring extreme weather phenomena is always challenging. Instrumentation is gener-
ally built for the most likely range it will be operating in. What we learned from this in-
vestigation was that heavy precipitation rates made the distrometer automatically record
those events as failures. The reason is that the device is not able to dissolve rainfall if more
than one droplet falls through the laser beam at the exact same time, which is the case
when it comes to very heavy rainfall.
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To reach a more complete picture of the precipitation droplet distributions, an additional
observation period with a distrometer should definitely be conducted in October or No-
vember in this same region, when heavy convective precipitation events are more frequent
and huge amounts of rain are measured. But even then the bottle up effects on the dif-
ferent mountain ranges would lead to the presumption that several spectra would be of
stratiform character.

One interesting experiment could focus on the change of radiation conditions during a
reforestation period, while another could investigate the impact of topography, slope in-
clination, orientation, altitude, etc. on the specific radiation conditions.

Concerning solar radiation, the field study pointed towards the importance of taking into
account the spatial variability of global radiation due to the vegetation canopy. As the
vegetation is not a constant, the investigation of the feedback mechanism between the ra-
diation conditions and the vegetation dynamics would be an interesting field of research.
Long term investigations are quite difficult to perform under humid tropical conditions.
Therefore, a different approach would appear promising. Instead of placing several instru-
ments in different vegetation zones, one could profit from mobile equipment making ra-
diation measurements along fixed transects in the rainforest. Especially the profiling of an
area of reforestation could give interesting insights into the vegetation dynamics. Meas-
urements along such transects could be carried out in certain intervals or on a selection
of days (sunny, rainy, etc.) during the annual cycle extended over years without too much
personal and technical effort. It is clear, that we can still learn a lot more about the rela-
tion and feedback mechanism between radiation and vegetation growth in the tropics.
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Diversity and composition of tropical forest plant
communities in the Golfo Dulce region

Florian HorraNsL, Eduardo CHACON-MAaDRIGAL, Albert MORERA, Fernando
SiLra, Werner HUBER, Anton WEISSENHOFER & \Wolfgang WANEK

The Golfo Dulce region located in southwestern Costa Rica represents one of the
remnant global biodiversity hotspots containing the largest Pacific lowland tropical
forest in Central America. Recent biogeographical analyses revealed a close relation of
taxonomic tree species composition to northern South America. However, the under-
lying factors leading to the extraordinary taxonomic richness of the region have so far
remained elusive. In this study, we analyzed the composition of tropical forest plant
communities (trees, lianas and palms with a diameter at breast height 210 cm) occur-
ring in one-hectare permanent forest inventory plots. To that end, we established 20
forest sites across the Golfo Dulce region, i.e. 5 geographic locations each comprising
4 forest habitat types in ridge, slope and ravine positions, as well as in secondary forest
stands. Our study highlights the oligarchic dominance of tropical forest plant com-
munities in the Golfo Dulce region, and further suggests that plant species composi-
tion is associated with topography, disturbance history and edaphic properties. The
finding that oligarchic and rare species are affected by environmental filtering has
important implications for assessment and modeling of important ecosystem func-
tions, such as carbon storage and productivity, as well as nutrient cycling and trophic
interactions and thus could potentially improve biodiversity conservation and man-
agement strategies.

HornaNsL F., CHACON-MADRIGAL E., MORERA A., SiLiA F., HUBER W., WEISSEN-
HOFER A. & WANEK W., 2019: Diversitit und Zusammensetzung tropischer
Pflanzengesellschaften in der Golfo Dulce Region.

Die Golfo Dulce-Region im Stidwesten von Costa Rica ist einer der letzten globa-
len Biodiversitits-Hotspots mit dem grofiten verbliebenen tropischen Wald im pazifi-
schen Tiefland in Mittelamerika. Jiingste biogeografische Analysen der taxonomischen
Baumartenzusammensetzung zeigten eine enge Beziechung zu den Pflanzengesellschaf-
ten Stidamerikas. Die zugrundeliegenden Faktoren, die zu dem auflerordentlichen ta-
xonomischen Reichtum der Region fiihrten, sind jedoch bislang schwer fassbar. In die-
ser Studie haben wir die Zusammensetzung der tropischen Vegetation (Biume, Lianen
und Palmen mit einem Durchmesser in Brusthéhe > 10 cm) auf 20 Inventarflichen von
jeweils 1ha Grofle (5 geografische Standorte mit jeweils 4 Habitatstypen in Kamm-,
Hang- und Schlucht Position, sowie einem Sekundirwald) analysiert. Unsere Studie
beschreibt die Dominanz hiufiger tropischer Pflanzenarten und legt nahe, dass die Zu-
sammensetzung der Vegetation mit der Topographie, der Storungsgeschichte und den
edaphischen Eigenschaften zusammenhingt. Die Feststellung, dass die Zusammenset-
zung von sowohl hiufig vorkommenden als auch eher seltenen, Grofteils endemischen
Arten von denselben Umweltfaktoren beeinflusst wird, birgt interessante Erkenntnisse
tiber wichtige Okosystemfunktionen wie die Kohlenstoffspeicherung und die Produk-
tivitdt des Okosystems und kénnte somit helfen Strategien zur Erhaltung und Bewirt-
schaftung der Artenvielfalt in tropischen Okosystemen zu entwickeln.

Keywords: Biodiversity, biogeography, Costa Rica, Golfo Dulce, tropical plant com-
munities.

Introduction

Tropical forest ecosystems typically persist on strongly weathered nutrient-poor soils but
comprise high species richness and store large amounts of carbon. Hence, tropical forest
ecosystems provide crucial ecosystem functions, such as carbon sequestration from the
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atmosphere via plant carbon metabolism (DuseNGE et al. 2018). However, despite their
global importance in mitigating global warming, tropical ecosystems are still increasingly
exploited by human activities, such as deforestation and logging, to support the increas-
ing demands of global populations (Barlow et al. 2018). It is therefore of the utmost im-
portance to understand how these important ecosystems function in order to derive and
implement management plans that succeed in maintaining crucial ecosystem processes
under projected future scenarios, while concomitantly providing ecosystem functions,
such as continuous extraction of food and timber under realistic socioeconomic pathways.

Tropical tree communities are characterized by high species richness, often surpassing
100 species per hectare (VALENCIA et al. 1999). What drives this exuberant diversity has
been a mactter of scientific debate, but in general the number of co-occurring species de-
pends on the number of available niches determined by local environmental factors, such
as climate, parent material, topography and soil type (JUCKER et al. 2018). A structurally
diverse environment was found to increase the available niche space and thereby enable a
high diversity of co-occurring biota (FIGUEIREDO et al. 2018). As a result, distinct floristic
communities with distinct functional properties may emerge on different parent material
and soil types (PRaDA & STEVENSON 2016). Both species diversity and taxonomic compo-
sition of tropical plant communities might therefore differ in association with geological
substrate and topoedaphic factors by affecting the availability of resources, such as light,
water and nutrients along environmental gradients.

Topography strongly influences local-scale variability in soil chemistry, hydrology and
microclimate (WERNER & HoMEIER 2015, JuCKER et al. 2018) thus being one of the
main factors determining species-habitat associations in tropical forests (ZULETA et al.
2018). Due to subtle differences in elevation controlling soil chemistry and hydrology,
such environmental filtering was found to profoundly influence forestlevel patterns of
community assembly by affecting diversity and composition of tropical tree communi-
ties (JuckeR et al. 2018). Furthermore, more diverse communities should have the poten-
tial to exploit available resources more efficiently due to niche complementarity and posi-
tive species interactions (TtLmMaN 1999). Therefore, it has been proposed that biodiversity
positively affects ecosystem functioning in hyperdiverse tropical forests (POORTER et al.
2015). However, because a high proportion of biodiversity in tropical regions stems from
closely related species, species diversity is not proportional to functional diversity (Safi
et al. 2011), but higher levels of functional diversity imply larger numbers of functional
types and therefore a greater breadth of functional response-spectra to climatic signals.
Hence, it might not necessarily be species diversity of a location but rather species com-
position in a given environment, and particularly the functional composition of a given
community, that will determine ecosystem functioning under future scenarios of project-
ed environmental changes.

In this case study we examined tropical tree communities growing on nutrient-poor soils
in a topographically heterogeneous environment located in southwestern Costa Rica. The
study region is located in the largest remaining tropical rainforest in the Pacific lowlands
of Central America (GILBERT et al. 2016), and constitutes one of the remnant global biodi-
versity hotspots. The region therefore is especially suited for studying biodiversity and spe-
cies composition of tropical plant communities. We compiled a unique dataset comprising
10,007 individuals and 485 species recorded in twenty one-hectare permanent inventory
plots established across five sites (differing in climate, parent material and soil type), each
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one comprising four forest habitat types (differing in topographic position and disturbance
regime). Based on this set-up we investigated the following hypotheses: (1) Plant species
richness varies between sites, along spatial gradients in climate, soil parent material, land-
form and soil types; (2) plant species composition varies between forest habitat types, in
association with local topography and disturbance regime and thus; (3) the abundance of
hyperdominant plant species varies in relation to habitat preference among co-occurring
plant species distributed across the Golfo Dulce region.

Material and Methods

The study was conducted in tropical lowland forests located between 50 and 450 m a.s.l.
in the Area de Conservacién Osa (ACOSA) at the Pacific slope of southwestern Costa
Rica (08.6°N, 83.2°W). The region is considered a “hot spot” of biodiversity with 700 tree
species among 2,369 species of ferns, fern allies and flowering plants recorded in total
(Quesapa etal. 1997). The terrain is characterized by parent material originating from the
Cretaceous, Tertiary and Quaternary (i.e. basalt, alluvium and sediment) and is divided
into six different landforms (i.e. denudational, volcanic, alluvial, structural, littoral, tecton-
ic) and four soil orders, i.e. Entisols, Inceptisols, Mollisols and Ultisols (Loo 2016). The
dominating, highly weathered, strongly acidic Ultisols on ridges and upper slopes are re-
placed by younger, moderately weathered Inceptisols in ravines and lower slopes and little-
developed Mollisols in fluvial deposits (Loo 2016). Daily climatologic data for tempera-
ture and precipitation (starting in 1997) are available from La Gamba field station; https:/
www.lagamba.at/en/tropical-field-station/scientific-data-of-the-golfo-dulce-region/. Mean
annual precipitation for the period 1998-2017 accounted for 5892 mm with no month re-
ceiving less than 180 mm on average. The rainy season lasts from April to December, the
driest months are January to March. Mean annual temperature for the period 1998-2017
was 28.0°C and ranged between 23.7°C and 33.7°C.

Study plot locations were selected based on a stratified sampling design (CLark & CLARK
2000), i.e. the set of ecosystem types to be studied was pre-selected upon a thorough
evaluation of the relative spatial contribution of different ecosystem types in the ACO-
SA region. Dominant regional ecosystem types are broad-leaved evergreen well-drained
lowland forests (38.3 %), dense tropical evergreen well-drained lowland (woody) herbland
dominated by graminoids (pastures) (22.0 %) and dense tropical broad-leaved evergreen
well-drained lowland shrubland with early to late successional re-growth (9.7 %). The
old-growth lowland forests stock on narrow ridges (3.2 %), steep slopes (94.0 %) and val-
leys (2.8 %) passed by streams and small rivers (WEISSENHOFER et al. 2008). To account
for the spatial variability of climate, parent material and soil types, permanent forest
inventory plots were installed in replicates across five sites, i.e. La Gamba (LG), Riyito
(RY), Agua Buena (AB), Rancho Quemado (RQ), and Piro (PR), each comprising four
plots: three plots of old-growth forest in habitat types differing in topographic position,
i.e. forest stands in hilltop (ridge), intermediate (slope) and valley bottom (ravine) posi-
tions and one plot in secondary re-growth forest stands. Plots were of 1-ha in size and
subdivided into subplots of 10x 10 m following the standards of ALDER & SyNNoOTT
(1992). Plot shape was adapted to the physiography of the terrain, ranging from regu-
lar (100x 100 m) to irregular shapes, especially in the case of ravine forest plots where
subplots were situated along the small streams and adjacent terraces. For further in-
formation and an interactive map showing respective locations of forest plots includ-
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ing numbers of surveyed tree individuals and identified taxonomic species please visit
http://www.univie.ac.at/bdef/.

Plant species were identified in the field (Eduardo Chacon) and, where direct ID in the
field was not possible, samples were collected for taxonomic identification and deposited in
the herbarium of the Biology School of the University of Costa Rica (US], acronym). The
number of species analyzed in this study was 485 species of trees, palms and lianas from a
total of 11,786 individuals with a diameter at breast height > 10 cm, of which only 11,514
represented live trees, 272 dead trees, and around 86 % were identified to species level
(96 % at genus level), thus representing 10,007 individuals analyzed subsequently. Plot
survey and data collection involved all live stems from individuals with a diameter above
breast height larger than 10 cm (DBH 210 cm at 1.3 m), thus representing 485 species,
280 genera and 77 families of trees, palms and lianas recorded in the 2012-2015 census
interval. To compare the diversity of species between locality and forest habitat types we
used rarefaction analysis of Hill numbers based on the abundance of species (Hill 1973).
We estimated the diversity of Hill numbers of order 0, 1 and 2, which represent the rich-
ness (number of species), the effective number of rare species and the effective number of
abundant species (Hsieh et al. 2016), respectively. For each forest site we estimated the
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Fig. 1: Map of the study region showing the distribution of permanent plots surveyed per geographic
location i.e. Site 1: La Gamba; Site 2: Riyito; Site 3: Agua Buena; Site 4: Rancho Quemado; Site 5:
Piro, situated across the Golfo Dulce region in southwestern Costa Rica. — Abb. 1: Karte des Un-
tersuchungsgebiets in der Golfo Dulce Region im Siidwesten von Costa Rica inkl. Verteilung der
geografischen Standorte, d. H. Standort 1: La Gamba; Standort 2: Riyito; Standort 3: Agua Buena;
Standort 4: Rancho Quemado; Standort 5: Piro.
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diversity by extrapolation using rarefaction analysis to 3,500 individuals per site and for
forest habitat type we estimated the richness by extrapolation using rarefaction analysis to
1,000 individuals for each forest habitat type in each site. Variation in species composition
among forest plots was assessed using hierarchical cluster analysis and non-metric multi-
dimensional scaling (NMDS) based on a double-standardized, square root-transformed
species abundance Bray—Curtis dissimilarity matrix. To assess the relationships between
tropical forest plant community composition, environmental variables and geographic dis-
tance we correlated the respective matrices of species composition, environmental variation
and a matrix of three-dimensional Euclidean geographic distances calculated from GPS
coordinates. Based on these parameters we performed variation partitioning among factors
controlling variation of plant community composition (i.e. beta diversity) among twenty
1-ha permanent inventory plots established in the Golfo Dulce region, Costa Rica (Fig. 1).

Results and Discussion

Species richness (alpha diversity) of rare and abundant tropical plants

Tropical forests are characterized by extraordinary species richness, however, less is
known about variation in species richness between rare and abundant species. We found
that alpha diversity (species richness) varied throughout the study region (Fig. 1). How-
ever, while some regions, such as Rancho Quemado and Agua Buena, had high species
richness with over 300 estimated species, other regions, such as Piro, hardly reached 200
estimated species based on extrapolation using rarefaction analysis (Fig. 2). Since all sites
showed similar diversity of abundant species, the variation in alpha diversity was main-
ly due to differences in the number of rare species (Fig. 2). Within each region, plots in
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Fig. 2: Rarefaction analysis using Hill‘'s numbers (0, 1, and 2) of the tree species by locality. The
Hill's number 0 represents the species richness, the Hill's number 1 represents the effective number
of rare species and the Hill's number 2 represents the effective number of abundant species. The
solid lines represent the interpolation with the observed data and the dotted lines represent the ex-
trapolation to 3,500 individuals. Shaded areas represent 95 % confidence intervals. — Abb. 2: Ra-
refaction-Analyse unter Verwendung der Hill-Zahlen (0, 1 und 2). Die Zahl 0 steht fiir den Arten-
reichtum der Baumarten nach Lokalitit, die Zahl 1 fiir die effektive Anzahl seltener Arten und die
Zahl 2 fiir die effektive Anzahl hiufig vorkommender Arten. Die durchgezogenen Linien reprisen-
tieren die Interpolation mit den beobachteten Daten und die gepunkteten Linien reprisentieren die
Extrapolation auf 3.500 Individuen. Schattierte Bereiche reprisentieren 95 % Konfidenzintervalle.
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Fig. 4: Diversity of tree species observed for each Hill’s number (0, 1, 2) in each locality and for each
forest habitat type. The Hill's number 0 represents the species richness, the Hill‘'s number 1 repre-
sents the effective number of rare species and the Hill‘'s number 2 represents the effective number of
abundant species. — Abb. 4: Diversitit der Baumarten fiir die jeweilige Hill-Zahl (0, 1, und 2). Die
Zahl 0 steht fiir den Artenreichtum der am jeweiligen Ort und fiir den jeweiligen Lebensraumtyp
beobachtet wurden, die Zahl 1 fiir die effektive Anzahl seltener Arten und die Zahl 2 fiir die effek-

tive Anzahl hiufig vorkommender Arten.

secondary forest stands exhibited lower species diversity compared to old-growth forest
plots (Fig. 3). However, this difference was less pronounced when only abundant species
were considered (Fig. 3). Among old-growth forest stands within each region, there was
no clear pattern of a particular forest habitat type association; however, the contribution
of rare species to overall species diversity was higher for old-growth forests in slope posi-
tion and lower for secondary forest stands (Fig. 4). The low alpha diversity and low con-
tribution of rare species in more disturbed re-growth forest stands is likely a result of high
colonization rates of opportunistic fast-growing species, taking advantage of high-light
environments and thus attaining relatively high abundances. In contrast, high contri-
bution of rare species to overall diversity in old-growth forests (especially in slope posi-
tion) likely results from the fact that slope forests are situated between uphill ridges and
downslope ravines, thus differing in edaphic properties and taxonomic species composi-
tion. Similar associations between rare species and edaphic conditions have been previ-
ously reported for other tropical regions (LAURANCE et al. 2010). Hence, our results in-
dicate that the contribution of rare and abundant species to alpha diversity is affected by
geological, topographic, and edaphic factors, as well as natural and anthropogenic distur-
bance regimes that in turn shape the distribution of species and determine the heteroge-
neity of habitats in the Golfo Dulce region.

Species composition (beta diversity) among forest plots

In tropical forest ecosystems the diversity of species assemblages across space and time has
been explained by various theories (HusBEeLL 1979, TiLman 1999). Nonetheless, due to the
spatial dependence of factors controlling plant species composition along environmental
gradients, it might be impossible to separate contrasting theories explaining the high level
of species co-existence in tropical forests (WrIGHT 2002, CHAVE 2004, CHISHOLM et al.
2013, Cuask 2014). While on a larger spatial scale intraspecific variability and functional
equivalence of tropical plant species would indicate that species richness is maintained as
a balance between immigration and extinction of species (HuBBELL 1979, GARZON-LOPEZ
et al. 2014), on a smaller local-scale specialization of species to particular environmental
conditions may better explain the co-existence and distribution of tropical tree commu-
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nities (BRowN et al. 2013). Despite the fact that these theories emphasize different pro-
cesses contributing to the maintenance of species diversity at the landscape-scale (Q1a0 et
al. 2015), we found both significant effects of spatial distance and environmental factors
(i.e. climate, parent material, soil type) on plant species composition across nearby lowland
forest plots (Fig. 5). Our results suggest that both biotic and abiotic factors shape floris-
tic community composition at the landscape-scale. Although residual variation was high
(66 % unexplained variance), environmental factors, such as climate (4 %), soil type (6 %),
parent material (11 %), and spatial autocorrelation (13 %) explained up to one third of the
variation in species composition among lowland forest stands (Fig. 5). Similar levels of spa-
tial autocorrelation have been observed by other authors in foregoing studies and have been
attributed to multiple processes regulating forest structure and plant species composition
across environmental gradients at the landscape-scale (e.g. TAyLOR et al. 2015). Further-
more, PRADA & STEVENSON (2016) reported that distinct floristic communities emerged
on different parent materials and soil types, such that taxonomic species composition of
tropical tree communities differed in association with topoedaphic factors. Based on dif-
ferences in geological substrates and soil types described across the Golfo Dulce region,
we hypothesized that floristic community composition varies in relation to regional dif-
ferences in geomorphology, topography and climate. Indeed, we found that each region,
i.e. La Gamba, Riyito, Agua Buena, Rancho Quemado and Piro, exhibited its unique flo-
ristic community composition. For instance, whereas La Gamba was characterized by a
high abundance of palms (33 % Arecaceae), Piro exhibited only a very small proportion of
palm species (4% Arecaceae) but much higher percentage of tree species (Fig. 6). Hence,
our findings of regionally variable taxonomic composition might indicate that both large-
scale abiotic factors (i.e. geomorphology, topography, climate) as well as local biotic pro-
cesses (i.e. competition, dispersal, stochastic events of colonization and extinction) influ-
ence taxonomic community composition at the landscape-scale (ConprT et al. 2002) and
thus contribute to the extraordinary plant species richness of the Golfo Dulce region.

Fig. 5: Factors controlling
Controls on plant community composition beta diversity (i.e. variation
of plant community com-
position) among permanent
inventory plots established
across the Golfo Dulce re-
gion, Costa Rica. Note the
high amount of residual un-
explained variation (66 %).
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Fig. 6: Relative distribution (%) of dominant plant families (> 500 individuals) across different for-
est sites surveyed across the study region, i.e. for all forest sites (Grand Total), as well as for local
clusters surveyed in La Gamba, Riyito, Agua Buena, Rancho Quemado and Piro, respectively. Note
that most sites are dominated by palms (Arecaceae), but that every cluster exhibits a unique compo-
sition of tropical plant families (e.g. La Gamba dominated by Arecaceae; Piro by Moraceae, etc.). —
Abb. 6: Relative Verteilung (%) der dominanten Pflanzenfamilien (> 500 Individuen) auf verschie-
dene Waldstandorte in der Golfo Dulce-Region, dh iiber alle Waldstandorte (Grand Total) sowie
auf den lokalen Standorten La Gamba, Riyito. Agua Buena, Rancho Quemado und Piro. Beachten
Sie, dass die meisten Standorte von Palmen (Arecaceae) dominiert werden, withrend jeder Cluster
eine einzigartige Zusammensetzung tropischer Pflanzenfamilien aufweist (z. B. La Gamba, domi-
niert von Arecaceae; Piro von Moraceae usw.).

Species composition and relative abundance of plant functional groups

We found that local small-scale heterogeneity of environmental and topo-edaphic factors
promotes tropical plant species richness in the Golfo Dulce region. Previous studies re-
ported that variation in tree species composition across forest plots was highly correlated
to gradients in resource availability (PRaDA & STEVENSON 20106), due to feedbacks be-
tween edaphic properties, disturbance and floristic community composition (Prapa et al.
2017). Indeed, we found that topographic forest habitat types, i.e. forest plots established
in hilltop (ridge), slope and valley bottom (ravine) positions, showed a distinct pattern in
plant species composition and relative abundance. We found that ridge and slope forests
exhibited a higher abundance of palms (i.e. /riartea, Welfia) and certain tree species (e.g.
Mabea, Compsoneura), while ravine forests were dominated by other taxa (e.g. Otoba), and
that secondary re-growth forests were characterized by a distinct taxonomic species com-
position (Fig. 7). The latter finding for re-growth forest stands indicates differences in
successional stage and disturbance regime between forest habitat types, whereas the vari-
ation among old-growth forest stands points to variability in edaphic properties, in turn
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affecting species diversity and community composition between forest stands. It has been
proposed that physical and chemical properties of forest soils determine local commu-
nity composition via positive feedback mechanisms (QUEesapa et al. 2012). According to
this theory, in relatively stable environments on flat terrain, low clay content and nutrient
availability favor a rather slow-growing tree community, whereas in highly disturbed sys-
tems on steep terrain, high clay content and nutrient availability support a fast-growing
community in competition for resources (QUEsapA & Lroyp 2016). This would suggest
that local resource availability affects forest structure and function, such that distinct flo-
ristic communities emerge in different topographic forest habitat types. Accordingly, we
found that /. deltoidea, a fast growing palm, was especially abundant in slope forests, as
its characteristic stilt roots allow for early exploitation of light gaps without loss of stabil-
ity on steep slopes (HuBer 2005, HUBER et al. 2008). In contrast, O. novogranatensis, a
late-successional mid-canopy tree, was associated with moist but well-drained soils in ra-
vine forests (LIEBERMAN et al. 1996) but can be successfully introduced into early stages
of succession (CoLE et al. 2011). Apeiba tibourbou and Goethalsia meiantha were present in
high densities in tree inventories of secondary re-growth forest stands, with juvenile stages
associated with canopy gaps (CLark & CLARK 2001). In contrast, Mabea occidentalis and
Compsoneura excelsa were almost exclusively found at ridges and slopes in moderate to high
densities, with the endemic C. excelsa being restricted to the very humid forests of Costa
Rica and west Panamd (CornEgjo et al. 2012). As a result, such differences in habitat pref-
erence between co-occurring plant species and associated differences in abundance across
environmental gradients caused differences in floristic dominance between forest habitat

types in the Golfo Dulce region (Fig. 7).

M Ridge Forest " Slope Forest ™ Ravine Forest ™ Secondary Forest

Hilill

Iriartea deltoidea  Welfia regia Compsoneura Otoba Mabea Apeiba tibourbou  Goethalsia
I g 7 occid li meiantha

Fig. 7: Most abundant (> 100 individuals) plant species per habitat type, i.e. ridge forest, slope for-
est, ravine forest and secondary forest surveyed across the Golfo Dulce region, SW Costa Rica. —
Abb. 7: Die am hiufigsten vorkommenden Pflanzenarten (> 100 Individuen) pro Lebensraumtyp,
d. H. Kammwald, Hangwald, Schluchtenwald und Sekundirwald, in der Golfo Dulce-Region,
Costa Rica.
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Hyperdominance in the Costa Rican plant flora

Tropical forests are characterized by extraordinary species richness and scientists still de-
bate how many tree species might occur in the Amazon or how many will go extinct in
the course of climate change (HuBBELL et al. 2008). However, it may not be so impor-
tant to know the exact number of species, as it has been proposed that only a few abun-
dant tropical plant species make up a large proportion of tree stems found in the Amazon
(TER STEEGE et al. 2013). Accordingly, it was reported that only about 1% of Amazon tree
species are responsible for 50 % of carbon storage and productivity (FAUSET et al. 2015).
Hence, knowledge about patterns in floristic dominance might be crucial for understand-
ing ecosystem functioning and associated responses of tropical forests to changing climat-
ic signals. Previous studies on nearby forest plots in the Golfo Dulce region found that
the climate sensitivity of tropical forest productivity was affected by local topography and
disturbance history (HorHANSL et al. 2014). This suggests that ecosystem resistance to
projected global changes might be strongly related to local site characteristics, while eco-
system resilience might depend on the potential of the local species pool to adapt to these
novel conditions. Hence, hyperdominant plant species could determine local responses of
tropical forest ecosystems due to their abundance in certain habitat types. Nonetheless, the
most species-rich plant families in a given region must not necessarily coincide with the
most abundant plant families. For instance, while Fabaceae, amounting to approx. 7% of
flowering plant species, represent the most diverse plant family found in tropical rainfor-
ests, the palm 1. deltoidea is reportedly one of the most abundant plant species in the Neo-
tropics (P1TMAN et al. 2001, TER STEEGE et al. 2013, ARELLANO et al. 2014). Accordingly,
we found that although Fabaceae represented the most species-rich plant family, Arecace-
ae was the most abundant plant family in the Golfo Dulce region, followed by Moraceae,
Myristicaceae and Malvaceae (Fig. 8), which is a pattern reported similarly for other forests
in the Neotropics (GENTRY 1990). Nonetheless, our study further highlighted that floristic
plant species composition and diversity was related to landscape heterogeneity and local
topoedaphic properties, thus allowing for characterization of hyperdiverse forest commu-
nities and potentially improving our understanding of tropical ecosystem processes and
associated crucial ecosystem services, such as carbon storage in tropical forest ecosystems
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number of individuals per family (below each bar)
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Fig. 8: Most species-rich plant families in the region (N above each bar). Most abundant plant fami-
lies in the region (N below each bar). — Abb. 8: Die artenreichsten Pflanzenfamilien der Golfo Dul-
ce-Region (N iiber jedem Balken), sowie am hiufigsten vorkommende Pflanzenfamilien in der Re-
gion (N unter jedem Balken).
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(TER STEEGE et al. 2013, FAUSET et al. 2015). Eventually, we conclude that our findings of
local hyperdominance in the Costa Rican plant flora could provide useful information for
biodiversity conservation and management strategies by focusing on a subset of the most

abundant plant species in the Golfo Dulce region (Tab. 1, Tab. 2).

Tab. 1: List of the 20 most abundant plant species in the Golfo Dulce region, SW Costa Rica. —
Tab. 1: Liste der 20 hiufigsten Pflanzenarten in der Golfo Dulce Region, SW Costa Rica.

% of re-
et Family Distribution corded in- Mean den- Standard Max.
dividuals sty ha-1 error  density
DBH>10cm

[riartea deltoidea Arecaceae Widespread in Tropical America 6,97 40,15 + 884 148
Otoba novogranatensis Myristicaceae  Mesoamerica/ NW South America 2,51 14,45 + 339 46
Compsoneura excelsa Myristicaceae  Costa Rica/ Panama 2,3 13,25 + 399 60
Tetrathylacium macrophyllum  Salicaceae Widespread in Tropical America 2,08 12 £ 2,09 36
Symphonia globulifera Clusiaceae Pantropical 1,97 11,35 + 201 24
Carapa nicaraguensis Meliaceae Mesoamerica/ NW South America 1,93 11,1 + 208 32
Tapirira guianensis Anacardiaceac Widespread in Tropical America 1,72 9,9 2066 41
Apeiba tibourbou Malvaceae ~ Widespread in Tropical America 1,61 9,25 395 76
Castilla tunu Moraceae Mesoamerica/ NW South America 1,44 83 + 442 85
Perebea hispidula Moraceae Mesoamerica 1,22 7 + 14 24
Vochysia ferruginea Vochysiaceae  Widespread in Tropical America 1,02 585 + 243 39
Socratea exorrhiza Arecaceae Widespread in Tropical America 0,99 57 + 143 24
Brosimum guianense Moraceae Widespread in Tropical America 0,96 5,55 + 087 13
Tetragastris panamensis Burseraceae  Widespread in Tropical America 0,92 5.3 + 186 31
Sorocea pubivena Moraceae Widespread in Tropical America 0,9 5.2 1 27
Brosimum lactescens Moraceae Widespread in Tropical America 0,86 4,95 + 15 23
Cecropia insignis Urticaceae Mesoamerica/ NW South America 0,86 495 + 164 29
Chimarrhis parviflora Rubiaceae Costa Rica/ Panama 0,83 475 + 145 21
Virola sebifera Myristicaceae  Widespread in Tropical America 0,82 47 + 193 33
Chimarrhis latifolia Rubiaceae Mesoamerica 08 4,6 + 293 45
Pourouma bicolor Urticaceae  Widespread in Tropical America 0.8 4,6 t 323 51
Pleuranthodendron lindenii ~ Salicaceae Mesoamerica/ NW South America 0,77 445 + 198 35
Marila pluricostata Calophyllaceae Mesoamerica/ NW South America 0,68 39 + LIS 15
Virola surinamensis Myristicaceae  Widespread in Tropical America 0,68 39 062 10
Lacmellea panamensis Apocynaceae  Mesoamerica/ NW South America 0,64 37 082 14
Virola koschnyi Myristicaceae  Mesoamerica/ NW South America 0,58 3,35 057 9
Vochysia gentryi Vochysiaceae  Mesoamerica/ NW South America 0,56 32 + 092 10

Tab. 2: Top 30 species (O: oligarch/ C: common/ R: rare; total number of individuals) per forest
habitat type, i.e. ridge forest, slope forest, ravine forest and secondary forest surveyed across the
Golfo Dulce region, SW Costa Rica. — Tab. 2: Die 30 hidufigsten Arten (O: oligarchen / C: hiufig
/ R: selten; Gesamtzahl der Individuen) nach Waldlebensraumtyp, d.H. Kammwald, Hangwald,
Schluchtwald und Sekundirwald, der Untersuchungsflichen in der Golfo Dulce-Region, Costa
Rica.

Ridge Forest Slope Forest Ravine Forest Secondary Forest
Welfia regia [riartea deltoidea [riartea deltoidea Goethalsia meiantha
G 13D (0;369) (0;258) (G218)
Compsoneura excelsa Compsoneura excelsa Otoba novogranatensis Apeiba tibourbou
(05 122) (O 130) (05 123) (05 141)
Mabea occidentalis Otoba novogranatensis Tetrathylacium macrophyllum  Hieronyma alchorneoides

(C; 100) (05 95) ©;71) G 9)
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Tab. 2 continued

Ridge Forest
Symphonia globulifera
©;99)

Iriartea deltoidea
(0;95)

Qualea paraensis

(C; 86)

Tapirira guianensis
(0;72)

Vochysia ferruginea
(O; 64)

Carapa nicaraguensis
©;62)

Pourouma bicolor

(05 61)

Perebea hispidula
(0559)

Marila laxiflora

(G 50)

Pausandra trianae
(G52)

Socratea exorrhiza
(0;48)

Brosimum guianense
(O; 44)

Tetragastris panamensis
(O; 44)

Brosimum lactescens
(O;41)

Lacmellea panamensis
(0533)

Guarea pterorhachis
(€32

Euterpe precatoria
(C;30)

Otoba novogranatensis
(©;28)

Calophyllum brasiliense
(G289

Vochysia gentryi
6;25)

Virola sebifera

(O521)

Marila pluricostata
©521)

Cassipourea elliptica
G21)

Garcinia madruno

(C; 20)

Calophyllum longifolium
(G20

Castilla tunu

0;18)

Aspidosperma spruceanum

C;18)

Slope Forest
Symphonia globulifera
(©O;81)

Welfia regia

(G 78)
Tetrathylacium macrophyllum
(0570)

Carapa nicaraguensis
(0:64)

Chimarrhis latifolia
(05 58)

Tapirira guianensis
(O556)

Mabea occidentalis
(C;56)

Sorocea pubivena

(O 49)

Qualea paraensis
(OX5)

Castilla tunu

(O;43)

Marila pluricostata
(0 35)

Pausandra trianae

G 33)

Brosimum guianense
(©531)

Tetragastris panamensis
(0530

Perebea hispidula
;29

Brosimum lactescens
©:29)

Cecropia insignis
(O520)

Lacmellea panamensis
(0520)

Chimarrhis parviflora
6;29)

Batocarpus costaricensis
(G 24)

Marila laxiflora
€23

Virola surinamensis
(©523)

Guarea pterorhachis
G 23)

Pourouma bicolor
(0521)

Protium pecuniosum
(G20

Aspidosperma spruceanum
(G;20)

Protium glabrum

G19

Ravine Forest
Welfia regia
(C;59)
Pleuranthodendron lindenii
(0,51)
Carapa nicaraguensis
(05 50)
Goethalsia meiantha
(C; 49)
Sorocea pubivena
(O;41)
Symphonia globulifera
(05 40)
Socratea exorrhiza
(O; 40)
Chimarrhis parviflora
(05 40)
Virola sebifera
;39
Calarola costaricensis
(C; 36)
Eschweilera biflava
(G 35)
Apeiba tibourbou
©0;32)
Cleidion castaneifolium
(G 31)
Tapirira guianensis
(05 30)
Perebea hispidula
(05 30)
Chrysochlamys glauca
(C; 30)
Ocotea rivularis
(C; 30)
Tetragastris panamensis
(6;29)
Brosimum utile
(G;28)
Virola surinamensis
(05 26)
Brosimum lactescens
(0525)
Cecropia insignis
(0;25)
Peltogyne purpurea
G 23)
Cryosophila guagara
(C;23)
Brosimum guianense
©521)

Marila pluricostata
(O;21)

Virola koschnyi
6;21)

Secondary Forest
Castilla tunu
(0;90)
Alchornea costaricensis
(C; 88)
Tetrathylacium macrophyllum
(05 85)
Iriartea deltoidea
(©:8D)
Spondias radlkoferi
(C; 81)
Gmelina arborea
(R; 67)
Guatteria chiriquiensis
(&)
Carapa nicaraguensis
(05 46)
Miconia trinervia
(C; 44)
Otoba novogranatensis
(0:43)
Luehea seemannii
(C; 43)
Cecropia insignis
(O;42)
Tapirira guianensis
(05 40)
Ficus tonduzii
(C; 40)
Hampea appendiculata
(G 39)
Vochysia ferruginea
(05 36)
Platymiscium curuense
(3D
Inga oerstediana
(G5 30)
Jacaranda copaia
G29)
Chimarrhis parviflora
(0:29)
Terminalia amazonia
(C;29)
Trattinnickia aspera
G29)
Perebea hispidula
(0523)
Vochysia allenii
G 23)
Terminalia oblonga
G2
Virola sebifera
;19
Virola koschnyi
(05 19)
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Forest conservation and restoration in southwestern Costa

Rica: The biological corridors COBIGA and AMISTOSA

Anton WEISSENHOFER, Alvaro Picapo ZuRica, Wendy
BARRRANTES RAMIREZ, Heiner ACEVEDO MAIRENA & Werner HUBER

The southwestern parts of Costa Rica, especially the area around the Golfo
Dulce and adjacent mountain areas such as the Fila Cal are hotspots of biodiver-
sity and still boast a high proportion of forest cover. However, the natural ecosys-
tems are increasingly affected by fragmentation and climate change. These have a
strong negative impact on habitat diversity and biodiversity of flora and fauna. In
order to improve this situation, the idea of biological corridors was developed: re-
maining patches of primary and secondary forest are protected and connected by
reforestation of the pastures and wastelands in between. This allows plants and
animals to disperse and migrate again over long distances, and promotes genet-
ic exchange. An important aspect is to involve the local people in these projects.
This article describes the organization and implementation of the COBIGA (Biologi-
cal Corridor La Gamba) and AMISTOSA (Biological Corridor Amistad-Osa) corridor
projects in southwestern Costa Rica.

WEISSENHOFER A., PicaApo ZUNIGA A., BARRRANTES RamMireEz W., ACEVEDO
Mairena H. & Huser W., 2019: Waldschutz und -restoration im Siidwesten Costa
Ricas: Die Biologischen Korridore COBIGA und AMISTOSA

Die Golfo Dulce Region und die angrenzenden Berggebiete im Siidwesten Costa Ri-
cas sind nach wie vor grofitenteils bewaldet und weisen eine sehr hohe Artenvielfalt
an Tieren und Pflanzen auf. Dennoch sind diese Okosysteme durch Fragmentierung
und Klimawandel sehr gefihrdet, was eine negative Auswirkung auf die Diversitit der
Flora und Fauna hat. Die Etablierung von Biologischen Korridoren sollen der Frag-
mentierung entgegenwirken und primire und sekundire Wilder wieder verbinden.
Dadurch wird Pflanzen und Tieren ein genetischer Austausch iiber gréffere Distanzen
ermdoglicht. Ein wichtiger Aspekt von Biologischen Korridoren ist auch die Einbezie-
hung des Menschen.

Keywords: Biological corridor, sustainability, biodiversity, conservation, reforestation,
forest restoration, AMISTOSA, COBIGA.

Introduction

Human development has deeply changed and often destroyed the natural coverage of the
planet. The natural ecosystems have been drastically reduced in area and are heavily frag-
mented. Consequently, the landscape has been transformed into a mosaic of human settle-
ments and agricultural land, often interspersed with tiny and isolated fragments of natural
vegetation (e.g., BENNET 1998, MORERA et al. 2007, MORENO & GUERRERO-JIMENEZ 2019).

Before this human impact, Costa Rica was covered — with the exception of a narrow band
of sandy beaches and the highest mountainous regions — by a continuous layer of forests.
According to elevation and regional climatic conditions, this forest cover could be differ-
entiated into a variety of forest types (e.g., tropical lowland forest, hill forest, montane for-
est, subalpine forest), but together they formed an unbroken continuum.

Nowadays, natural vegetation remains only in the form of larger or smaller patches (‘is-
lands’). These patches are + strongly isolated from each other, with distances ranging from
just a few to many hundreds of kilometers.



WEISSENHOFER A., PICADO ZUNIGA A., BARRRANTES RaMirREZ W,
48 Acevepo MatreNa H. & HuBer W.

Forest fragmentation poses a great problem to the animals and plants living in these habitat
remnants. Many animals are bound to the forest and avoid crossing open land to reach an-
other patch of forest. This not only holds true for ground-dwelling animals such as mam-
mals, snakes, amphibians etc., but also for flightless birds and insects. In consequence,
these animals are captured in small areas that are often too small for long-term survival.
They cannot migrate to find appropriate food and proper sexual partners. Finding only
relatives for reproduction, inbreeding is inevitable. Some animals such as tigers, leopards,
jaguars etc. are in need of huge forest areas for survival and reproduction. They die out
when their territories are scaled down.

It is not as obvious that this also holds true for plants, e.g. the forest trees. In a tropical for-
est, the individuals of many species often grow kilometers apart. Their survival and repro-
duction is only ensured if the area is large enough to contain many individuals, and if the
appropriate pollen vectors (insects, birds, bats, etc.) and seed dispersers are present. Even
species whose seeds are transported by birds over large distances are threatened. If they do
not fall (with the faeces) on forest ground, they are lost. The seeds either do not germinate
or the seedlings dry out in the sun.

In summary, human-caused habitat fragmentation is a significant threat to biodiversity.
The more that plant and animal populations decrease and become increasingly isolated,
the greater the threat.

How to counteract these problems? One way to diminish the effect of genetic degeneration
is the establishment of biological corridors. A biological corridor is a connection between
two or more forest patches, or more generally, between patches of similar natural vegeta-
tion. It allows for migration, expansion and genetic exchange of animals and plants and
enables an exchange of individuals between different populations. It thus helps to main-
tain the genetic diversity and to prevent the negative effects of inbreeding. Corridors may
also facilitate the re-establishment of animal/plant populations that have been reduced or
eliminated due to events such as fires, animal/plant diseases or humans. Thus, they con-
tribute to alleviating the worst effects of habitat fragmentation.

During the past few years, the establishment of biological corridors has received great ac-
ceptance among experts. A large number of associations and institutions, such as NGOs
and universities, cooperate together in initiatives such as the Mesoamerican Biological
Corridor Project (MBS). The vision of this specific project is a green corridor belt between
North and South America, with the aim of re-establishing or increasing biological ex-
change between the two continents. The crucial meeting point is Central America. The
countries here are challenged to establish corridors with different degrees of protection
and restrictions of land use.

In Costa Rica, biological corridors are among the most important conservation strategies
in terms of territory size and scope. They are promoted by the National Program of Bio-
logical Corridors (created on 30 May 2006, executive decree N°33106-MINAE), with local
stakeholders and platforms forming so-called Local Committees of Biological Corridors
(Consejos locales). So far, Costa Rica has 44 biological corridors, which represents about
33 % of the continental territory (Fig. 1).

In 2018, a management plan was established for the Biological Corridors in Costa Rica,
entitled Plan Estratégico 2018—2025 del Programa Nacional de Corredores Bioldgicos de
Costa Rica, Informe Final (SisTEMA NaciONAL DE AREAS DE CONSERVACION 2018).
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Fig. 1: Costa Rica’s biological corridors (pale green) and National Parks (dark green). — Abb. 1: Bio-
logische Korridore Costa Ricas (hellgriin) und Nationalparks (dunkelgriin).

Biological Corridors in the Golfo Dulce Region

The pristine forests of the Golfo Dulce region in southwestern Costa Rica harbor the
most diverse ecosystems and encompass the most significant remaining areas of lowland
Pacific tropical forest in Central America (see WEBER et al. 2001 and literature cited).
The extraordinary level of biodiversity and endemism in the region resulted in one of the
highest conservation priorities in Central America (ANKERSEN et al. 2006). The Piedras
Blancas National Park (approx. 150 km?) and the Corcovado National Park (424 km?)
includes protected lowland rainforests and is surrounded by agricultural land and unpro-
tected forests.

The Biological Technical Coalition Biologica Corridor OSA (CTCBO), founded in 2001
by the National System of Conservation Areas (SINAC) and NGOs, aims at (1) generating
and transferring technical and scientific information, (2) implementing conservation strat-
egies and consolidating local capacities, and (3) setting up sustainable development and
management in the region (Garcia 2008). As an example, the OSA Biological Corridor
links different rainforest ecosystems including mangroves and cloud forests. Equally, it

forms a connection between the Osa peninsula and the La Amistad International Park
(PILA) in the Cordillera de Talamanca.
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Fig. 2: A typical tree nursery run by Elias PAprLLA at the Finca Alexis, 400 m a.s.l. — Abb. 2: Typi-
sche Baumschule die von Elias PaprLLa auf der Finca Alexis auf 400 m Seehéhe aufgebaut wurde.

Fig. 3: View from the lowland forest near La Gamba up to the mountain forests of Fila Cal (1,700
m). Foto: Dennis KorLarITs. — Abb. 3: Blick vom Tieflandregenwald Richtung Bergregenwald der
Fila Cal in der Nihe von La Gamba (1.700 m). Foto: Dennis KoLLARITS.



Forest conservation and restoration in southwestern Costa Rica:
The biological corridors COBIGA and AMISTOSA 51

The COBIGA project (Biological Corridor La Gamba)

The COBIGA project was initiated in 2006 by the first author and is guided by the Tropi-
cal Station La Gamba. The focus of the project is mainly on the connection of the lowland
forests of the Piedras Blancas National Park with the ‘Fila Cal’, a largely unprotected area
covered with montane rainforests. Local people in the villages of La Gamba, San Miguel
and La Virgen are integrated in this project (Fig. 2 and 3).

The exchange of species of the lowland and mountain forests is thus facilitated and con-
tributes to an enrichment of the flora and fauna in both ecosystems. Furthermore, the Fila
Cal is an important transition corridor zone to the Talamanca mountains in the north.

On the basis of aerial photographs taken in 2003 (CARTA 2003), particularly important
prospective corridor areas were identified (Fig. 4). Special importance was attached to (1)
closing forest gaps in order to create — as far as possible — a continuous forest area, and (2)
reforesting or restoring pastures and/or river banks for water protection and the formation
of + compact corridors. MORERA & RoMERO (2008) analyzed the vegetation types in an
area of 117.8 km?between the Piedras Blancas National Park and the Fila Cal based on
aerial photographs taken in 1998. Around 54 % of the area proved to be covered with
forest. The dominant use of the remaining area was for agriculture, particularly pastures
(24 %) and timber plantations (9 %).

Park and adjacent areas

Barriers and target Areas

I o barier (1)

B very tow barier (2)
[ Low barrier (4)

[ Lower medium barrier (5)
[ upper medium barrier (6)
[ High barrier (7)

I Very High Barier (9)
B Exteme high barrier (10)

Interamericana

Other streets

Scale 1 : 50.000

0 1.250 2.500 Meters

Projecton UTM, Zone 17 N, Datum WGS 84

R, nhofer, A, Huber, W.,
Koukal, T and Immitzer, M.

Decer
2005 north of nteramericana,
550 ) w000 South of Interamericana)

Fig. 4: Computed corridors in the COBIGA region around La Gamba and Fila Cal with different
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At present, most of the sites envisaged for corridors are in private hands. The farmers are
the first people that have to be convinced of the corridor idea. Since 2010, the Austrian
association ‘Rainforest of the Austrians’ has taken an active part in the COBIGA project
and engages mainly in purchasing suitable land areas, and in reforesting them. Examples
that have been successfully reforested or are presently in the process of reforestation or
natural succession are the Finca Amable (12.5 ha), Finca La Bolsa (16.5 ha), Finca Alexis
(137 ha), and several smaller areas. The Fincas are then included into the FONAFIFO
projects (Fondo Nacional de Financiamiento Forestal) for better visualization and protec-
tion of the forest areas.

Since 2015 the association Rainforest Luxemburg is a major sponsor. In 2017, the COBIGA
project and Rainforest Luxemburg started working intensively together on the AMISTO-
SA biological corridor. The Tropical Station La Gamba is main actor in the local commit-
tee (consejo local) of La Gamba. It takes the lead in planning, managing and organizing
local activities (see below), in association with national organizations (SINAC), NGOS and
the involvement of the local people.

Reforestation of agricultural land and restoration

of forests in COBIGA

Reforestation of agricultural land and restoration of forests with native tree species is an
important step in the establishment of biological corridors, particularly in the COBIGA
project. Moreover, agroforestry systems consisting of a mix of timber trees, fruit trees,
short-lived crops and vegetables can be well utilized by the local people.

It is important to emphasize that reforestation with native tree species plays a fundamen-
tal role in environmental conservation, because it helps to recover certain species that face
a particularly high risk of extinction, either because they are endemic or have very slow
growth rates.

There is no doubt that trees play an important role in the history and economy of south-
ern Costa Rica. One of the main problems is the over-exploitation of valuable species such
as Cachimbo (Platymiscium curuense), Mant Negro (Minquartia guianensis) and Chirraco
(Caryodaphnopsis burgeri). These species have been largely exploited without control and
nowadays it is difficult to find trees of such species in their natural habitat.

There are many benefits of reforestation projects such as the COBIGA project. Along with
the reforestation of areas, forest carbon storage areas are enlarged and safe zones for the
dispersal of fauna and flora species are created. Such areas become central reservoirs both
for common and endangered species. In addition, this allows study areas to be created for
future research. Reforestation projects provide opportunities for collaboration in solving
social issues, such as providing jobs directly and indirectly for the community of La Gam-
ba and adjacent areas.

In total, between 2006 and 2019, more than 60 ha of pasture were reforested. More than
44,000 trees of 200 species were planted in the region of La Gamba, San Miguel and La
Virgen. At present, the Finca Luis (La Gamba; approx. 1,000 trees, reforestation in patch-
es, see Fig. 5) and the Finca Alexis 3 (San Miguel; species enrichment, 2,000 trees) are in
the process of reforestation.
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Fig. 5: Dia de accién — Day of reforestation at Finca Luis, with students from the University of Vi-
enna, volunteers of La Gamba and workers involved in the COBIGA project. — Abb. 5: Typischer
Aktionstag — Wiederbewaldung auf der Fica Luis mit Studierenden der Universitit Wien, Volontiren
aus La Gamba und Mitarbeitern von COBIGA.

Reforestation, forest restoration and species enrichment:
explanation of terms and concepts

Reforestation projects are mainly conducted by or in cooperation with private farmers. In
the case of the COBIGA project, up to 50 species of selected timber trees and species of
high ecological value are used for reforestation. The private owners are allowed to use the
wood after a certain period of time and have to replant the trees after cutting. In this way,
a simple and sustainable forest management is established.

In contrast, restoration of forests means that there is no intention of using the planted trees
after the forest has developed. In this case, one has to attach great importance to species
selection for each individual site. Up to 200 different species have to be planted per Finca
(e.g. Finca Amable). Such projects can only be realized in cooperation with national insti-
tutions, and only rarely with private owners. Restoration of forests is only practicable at
sites where natural succession is hampered, due to soil conditions and/or lack of natural
vegetation, e.g. pastures without contact to natural forest.

At sites where the seed bank is not disturbed and natural succession can take place suc-
cessfully, we generally do not plant trees but rather promote growth of the spontancous
vegetation. In rare circumstances (e.g. Finca Alexis) we perform species enrichment. That
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means that we select rare tree species of the region (e.g. species that were overexploited)
and plant them in selected patches in the shade of the spontaneous vegetation. This is to
avoid complete extinction of those species.

Tab. 1: List of the most important tree species used in the reforestation project. — Tab. 1: Liste der
wichtigsten im Wiederbewaldungsprojekt verwendeten Baumarten.

Nr. Family Genus species Vernacular name
1 |Anacardiaceae Anacardium excelsum Espavel

2 |Anacardiaceae Astronium graveolens Ron ron

3 |Anacardiaceae Spondias mombin Jobo

4 |Apocynaceae Aspidosperma myristicifolium cara tigre

5 |Apocynaceae Aspidosperma spruceanum Manglillo

6 |Bignoniaceae Tabebuia guayacan Corteza

7 |Malvaceae Ceiba pentandra Ceiba

8 |Clusiaceae Calophyllum brasiliense Maria

9 |Combretaceae Terminalia amazonica Amarillon

10 |Euphorbiaceae Hyeronima alchorneoides Pilon, zapatero

11 |Euphorbiaceae Croton schiedeanus Colpachi

12 |Fabaceae - Casalpinioideae Schizolobium parahyba Gallinazo

13 |Fabaceae - Casalpinioideae Copaifera camibar Camibar

14 |Fabaceae - Casalpinioideae Cynometra hemitomophylla | Cativo, guapinol negro
15 |Fabaceae - Casalpinioideae Peltogyne purpurea Nazareno

16 |Fabaceae - Faboideae Platymiscium curuense Cristobal, Cachimbo
17 |Fabaceae - Faboideae Dussia discolor Sangregao, targuayugo
18 |Fabaceae - Mimosoideae Inga oerstedtiana Cuajiniquil

19 |Fabaceae - Mimosoideae Inga spp- Guaba

20 |Fabaceae - Mimosoideae Parkia pendula Tamarindo, tamarindo gigante
21 |Fabaceae - Mimosoideae Zygia longifolia Sotocaballo

22 |Humiriaceae Humiriastrum diguense Chiricano alegre, lorito, nispero
23 |Lauraceae Ocotea sp. Ira

24 |Lecythidaceae Couratari guianensis Copo hediondo

25 |Malvaceae Apeiba membranacea Peine de mico

26 |Malvaceae Apeiba tibourbon Peine de mico

27 |Malvaceae Luehea semanii Guacimo colorado

28 |Malvaceae Mortoniodendron  |anisophyllum Cuero de vieja

29 |Meliacae Carapa guianensis Cedro bateo

30 [Meliaceae Cedrela odorata Cedro amargo

31 [Meliaceae Guarea grandifolia Caobilla

32 |Moraceae Brosimum utile Lechoso

33 |Moraceae Brosimum alicastrum Ojoche

34 [Moraceae Ficus insipida Chilamate

35 |Myristicaceae Virola koschnyi Fruta dorada

36 [Olacaceae Minquartia guianensis Manu, manu negro, palo de piedra
37 |Salicaceae Tetrathylacium macrophyllum Lengua de vaca, zapote
38 |Verbenaceae Vitex cooperi Manu platano

39 [Vochysiaceae Vochysia \ferruginea Mayo

40 | Vochysiaceae Vochysia alleniii Mayo




Forest conservation and restoration in southwestern Costa Rica:
The biological corridors COBIGA and AMISTOSA 55

Species selection

In order to make a suitable selection of species for a given locality, it is necessary to know
about factors such as soil type (acidity, prior use, fertility, presence of compacted layers
etc.), weather conditions (precipitation) and topography, as well as the ecological charac-
teristics of each species that is considered for planting. Unfortunately, very little informa-
tion exists for most species of the area. The lack of knowledge about the ecological factors,
paired with improper handling, led to the failure of many reforestation initiatives in the
past. The selection of appropriate species is an indispensable prerequisite for successful re-
forestation. This step can best be achieved in close cooperation between forest engineers,
botanists and local people with good knowledge of forest trees. Species of prime impor-
tance are those with a high ecological value. A selection of the most important species used
for reforestation is given in Table 1. Practical information on reforestation and suitable tree
species is presented in the book Creating a forest — trees for biological corridors in the Golfo
Dulce region, Costa Rica (WEISSENHOFER et al. 2012).

The Finca Modelo

The Finca Modelo (Escuela vieja) is a model farm situated close to the Tropical Station
La Gamba. It plays an important part in the COBIGA project. It is based at the site of a
former primary school which was converted into a tree nursery for the permaculture pro-
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Fig. 6: Seed exhibition at Finca Modelo: this is held once a year during the dry season. — Abb. 6: Die
Samenmesse auf der Finca Modelo wird einmal jihrlich in der Trockenzeit veranstaltet.
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ject (agroforest system) in 2006. It has become an important communication and educa-
tion center.

Since 2014, plant exhibitions (Feria de semillas, Fig. 6) take place annually in the dry sea-
son (February/March). People come from far away to exchange seed and plant material
and learn about organic gardening. Courses on permaculture, forestry and cultivation of
different plant species are held at the Finca Modelo as well. In 2019 the Finca Modelo was
awarded — as the first Finca in southern Costa Rica — the so-called Bandera Azul by the
Ministerio de Agricultura y Ganaderia de Costa Rica MAG.

Practical and theoretical knowledge and experience in growing and planting trees, produc-
ing compost, and selection of tree species was collected during the years and compiled in
the book Creating a forest mentioned above (\WEISSENHOFER et al. 2012).

The AMISTOSA biological corridor

The aim of the AMISTOSA biological corridor is to integrate both the enlargement of
forest areas and the connection between the Osa Peninsula and La Amistad Internation-
al Park (PILA) in the Cordillera de Talamanca. Moreover, sustainable land management
through projects of reforestation, agriculture and sustainable development is promoted.

For several years, various international, national and private organizations, such as the OTS
(Organization for Tropical Studies), Tropical Research Station La Gamba (COBIGA Project),
Association Rainforest Luxemburg, FUNDAOSA, SINAC, CATIE, local groups, etc. have
sought to formalize the biological corridor AMISTOSA. In December 2018, the AMISTOSA
project was accredited in the Programa Nacional de Corredores Biolgicos (SINAC), which
is a further step in the environmental conservation of the Golfo Dulce area.

The AMISTOSA biological corridor covers an area of 929 km? and is located in the Brunca
region, in the cantons of Buenos Aires (5 %), Corredores (9 %), Golfito (39 %) and Coto
Brus (48 %) (SINAC 2018). The AMISTOSA is a geographical and altitudinal bridge that
connects the Parque Nacional Piedras Blancas and the Refugio Nacional de Vida Silvestre
Mixto Golfito (ACOSA) with the Zona Protectora Las Tablas and the Parque Internacio-
nal La Amistad (ACLAP).

In total, 43 % of the AMISTOSA biological corridor are covered by forests (398 km?),
while 32 % are dedicated to pasture cultivation (294 km?) and 21 % (194 km?) to annu-
al and permanent crops, such as coffee and oil palm (Fig. 7). The three major problems
of AMISTOSA are (1) the fragmentation of forests, (2) the lack of knowledge about the
biological diversity of the corridor, and (3) the impact of climate change (SINAC 2018).

There are 1,017 forest fragments in the AMISTOSA biological corridor, of which 37 %
have an area of less than 2 hectares. Because of their small size, these fragments are not
legally recognized as forests by the Ley Forestal de Costa Rica (N° 7575). There are only
four forest fragments with an extension of more than 1,000 hectares. These represent ap-
prox. 68 % of all AMISTOSA forests. The largest fragment covers an area of 18,186 hec-
tares and is located in the southwest of the biological corridor, between the communities
of La Gamba-Bajo, Cedros-Santo and Domingo-Kilémetro 29. The northern sector of
AMISTOSA is the most fragmented one. Unfortunately, there is — as yet — a lack of con-
crete biological studies outlining the functional connectivity of AMISTOSA. Informa-
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tion from local management elements or indicator species that would allow assessment
of the current state of health of the biological corridor is also missing. Regarding climate
change, the AMISTOSA biological corridor contains areas that act as ‘climatic shelters’,
which were identified during formation of the Estrategia Nacional del Sector Biodiversi-
dad ante el Cambio Climético (ENASB-CC).
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Fig. 7: Map of the AMISTOSA Biological Corridor. — Abb. 7: Karte des Biologischen Korridors
AMISTOSA.

For this reason, the AMISTOSA management plan Viveros Cuna del Corredor Bioldgico
Amistosa 2018-2027 (Acevepo 2018) identifies ‘promoting ecological connectivity and so-
cial articulation for conservation, recuperation and sustainable use of natural resources for
the wellbeing of mankind’ as their primary mission goals. The management plan consists
of seven strategical concepts: (1) planning, monitoring and evaluation; (2) governance; 3)
connectivity, forests and natural spaces; (4) sustainable production; 5) climate change; 6)
generation of economic resources and (7) communication and management of knowledge
(SINAC 2018). This management plan has 18 goals that are stated for development with-
in ten years. These goals are in line with at least five of the national goals outlined in the
Estrategia Nacional de Biodiversidad 20162025 (ENB2).

The areas of highest priority for reforestation, production and restoration are areas con-
taining water resources for the association of rural water providers ASADAS, routes of
structural connectivity between select forest fragments, living fences or hedges of fruit
trees.
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Scientific work in the Biological Corridors

COBIGA and AMISTOSA

The region around La Gamba is ideal for studying natural, semi-natural and anthropogenic
habitats and organisms. Since the COBIGA project was established, many scientists have con-
ducted their research on effects and impacts of biological corridors.

In 2013, the Association Rainforest of the Austrians bought a 13.7 ha Finca, called Finca Am-
able, in the vicinity of the village La Gamba. The Finca was used for banana production since
the 1940s and was converted into a rice field in the 1980s. In the last years it was used for cattle
breeding. When we purchased the Finca in 2013, vegetation was dominated by the introduced
grass Paspalum fasciculatum. Many Fincas in the region have quite a similar history and
Finca Amable is therefore an ideal model site for a long term study concerning reforesta-
tion and regeneration on agricultural land. A scientific design with 80 permanent plot rep-
licates and different combinations of trees according to wood density and inclusion of leg-
umes was established. The planted trees in the plots are monitored 1-2 times per year and
should give exact data on growth and CO2 sequestration (see HIETZ et al., this volume).

Other reforestation sites such as the Finca La Bolsa, Finca Amable, Finca Mundo,
and Finca Alexis are ideal areas for studying regeneration as well as population ecolo-
gy. Christian ScHULZE and his students have carried out scientific work on bats, birds,
mammals and reptiles in natural habitats and in oil palm plantations (FREUDMANN et
al. 2015, GALLMETZER et al. 2015, SEAMAN & ScHULZE 2010). Macroinvertebrates as in-
dicators in tropical streams with different land-use are studied by Leopold FUREDER and
collaborators, University of Innsbruck (see DuscHEx et al., this volume).

To get information on the diversity and migration of big mammals, Randy Tear and Chris-
tian ScruLrzg, University of Vienna, established a research project using camera traps
(Fig. 8). In cooperation with the University of Natural Resources and Life Science, Vienna
(BOKU), another new project was started by Ramon ExGuipanos REQueNa and Chris-
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Fig. 8: Photo traps are crucial to study the success and routes of animal migration. Photo of Puma
concolor taken near the Tropical Station La Gamba. — Abb. 8: Mit Hilfe von Kamerafallen kann der
Erfolg von Biologischen Korridoren und Migrationsrouten der Tiere erforscht werden. Das Foto von

Puma concolor wurde in der Nihe der Tropenstation La Gamba aufgenommen.
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tian VOGL, dealing with the use of organic fertilizers under tropical climatic conditions. In
total, around 20 master theses were conducted in the COBIGA area. They are referenced
in the ‘Scientific report’ of the Tropical Station La Gamba (www.lagamba.at).

Research in the AMISTOSA biological corridor started only recently. The main focus is
on migration of larger animals (Wendy BARRANTES, pers. comm.).

Conclusions

The establishment of biological corridors is important to connect isolated forest patches,
thus enabling migration and genetic exchange of animals and plants. Nature conservation
is impossible without involvement and support of the local people. Habitat protection or
reforestation should be accompanied by educational programs to sensitize the local peo-
ple. To guarantee attendance and success, the projects must be long-term. Success depends
on the effective accomplishment of the guidelines, the monitoring processes and the time
available to react and to correct mistakes. Scientific research is important and inevitable to
gain data and information about migration, population ecology, carbon sequestration, etc.
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Biomass accumulation and carbon sequestration in a
reforestation project in La Gamba, Costa Rica

Peter HieTz, Svenja KLEINSCHMIDT, Bence MaLa,
Zachary WesT & Katharina SCHWARZFURTNER

Tropical reforestation is increasingly seen as important to provide ecosystem services,
including climate regulation, carbon dioxide sequestration, and biodiversity conserva-
tion. To optimize the management of active reforestation projects, it is important to be
clear about the goals and to compare the effect of reforestation on ecosystem services
as well as the efficiency of the project in terms of costs, land area or other limiting re-
sources. These effects will depend on many factors, including species selection. In the
Finca Amable reforestation project in La Gamba, Costa Rica, different combinations
of trees were planted in replicated plots. We monitored the growth of trees during the
first six years and present here the results on biomass accumulation and carbon seques-
tration. We tested the effect of using different allometric models to predict biomass,
and use a global model that includes tree diameter and height. After approximately five
years, above-ground biomass of the planted trees had reached 13.5-59.6 t ha™' (mean
36.4), which corresponds to a CO, sequestration of 64 t ha™'. This is high compared
to natural regeneration, but the comparison is limited by the few comparable data on
very young secondary forests in the region and the effect of site factors. Considerable
uncertainties also remain in the best allometric models, which could be improved by
more detailed measurements of tree allometries.

Hierz P., KLEINSCHMIDT S., MALA B., WEST Z., SCHWARZFURTNER K., 2019: Bio-
masseakkumulation und Kohlenstoff-Sequestrierung in einem Wiederbewal-
dungsprojekt in La Gamba, Costa Rica. )
Die Wiederbewaldung in den Tropen wird zunehmend als wichtiger Beitrag zu Oko-
systemdienstleistungen wie Klimaregulation, CO,-Sequestrierung und Erhaltung der
Biodiversitit anerkannt. Um eine Wiederbewaldung optimal durchzufiihren sollten
zunichst deren Ziele klar definiert und miissen im Verlauf sowohl der Effekt auf Oko-
systemdienstleistungen als auch die Effizienz in Bezug auf Kosten, Landnutzung und
anderen Ressourcen quantifiziert werden. Diese Effekte hidngen von verschiedenen
Faktoren einschliefSlich der Auswahl der Baumarten ab. Im Wiederbewaldungsprojekt
Finca Amable bei L.a Gamba in Costa Rica wurden verschiedene Kombinationen von
Bidumen in replizierten Versuchsflichen gepflanzt, das Wachstum in den ersten sechs
Jahren gemessen und daraus Biomasseakkumulation und CO,-Sequestrierung berech-
net. Nach einem Vergleich verschiedener allometrischer Modelle zur Berechnung der
Biomasse wurden ein generelles Modell, das Baumdurchmesser und —héhe einschlief3t,
als das geeignetste ausgewihlt. Etwa fiinf Jahren nach dem Auspflanzen der Biume
hatte die oberirdische Biomasse in den einzelnen Flichen 13.5-59.6 (Mittel: 36.4) t
ha™" erreicht, was einer CO, Sequestrierung von durchschnittlich 64 t ha™ entspricht.
Dies ist hoch im Vergleich zu einer natiirlichen Regeneration ohne aktivem Setzen von
Bédumen, allerdings ist der Vergleich limitiert weil es wenige vergleichbaren Daten von
jungen Sekundirwildern in der Region gibt. Auch beim besten allometrischen Modell
bleiben betrichtliche Unsicherheiten, die durch detailliertere Messungen von Biumen
reduziert werden koénnten.

Keywords: Costa Rica, reforestation, functional diversity, biomass growth, allometric
biomass model.
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Introduction

Tropical forests store about 37 % of the global terrestrial carbon pool (Dixon et al. 1994),
account for approx. 33 % of net primary production (Bonan 2008) and 60 % of gross
photosynthesis (BEER et al. 2010), and tropical rainforests are the most biodiverse biome
on earth (BARLOW et al. 2018). In addition, they provide many vital ecosystem services in-
cluding climate regulation and resources that sustain the livelihoods of millions of people
(MiLLenTUM_EcosysTEM_AssessMENT 2005). Increasing human impact on tropical for-
ests via hunting, degradation, conversion to other land uses, fragmentation and impacts of
climate change threaten this diversity as well as ecosystem functions and services (LEw1s
et al. 2015). Tropical forest degradation is a major source of carbon emissions contribut-
ing to the increasing atmospheric CO, concentration and thereby global warming. Emis-
sions from tropical forest loss and degradation were estimated at approx. 2.9 Pg (or billion
tons) of carbon per year at the beginning of this century (MrrcuarDp 2018). Currently, the
effect of tropical forest areas on atmospheric CO, thus appears to be approximately neu-
tral. Without the sinks, the increase of atmospheric CO, would be faster still, but if forest
degradation were reduced or forest recovery were increased, tropical forests could become
important net carbon sinks.

The need to restore deforested and degraded land for reasons that include biodiversity
conservation, climate mitigation, water protection and security of livelihoods has gained
increasing support. International initiatives such as REDD+ (Reducing Emissions from
Deforestation and Forest Degradation, ALEXANDER et al. 2011) and the Convention on
Biological Diversity (www.cbd.int) focus global efforts to restore degraded tropical land.
For instance by the end of 2018, 57 countries and private organizations have pledged to
bring 170 million hectares of degraded and deforested land into restoration with the goal
of reaching 350 million hectares by 2030 (www.bonnchallenge.org). Costa Rica alone has
committed to restore 1 million hectares by 2020. Landowners in Costa Rica are encour-
aged to contribute to this goal through a program of payments for ecosystem services (in-
cluding carbon sequestration, biodiversity and water protection) managed by the Fondo
Nacional de Financiamiento Forestal (Fonafifo, www.fonafifo.go.cr).

When disturbance stops or agricultural land is abandoned, the forests will eventually re-
grow. These secondary forests that are re-growing on previously deforested land were ne-
glected for a long time as ecosystems that do not match primary forests in terms of bio-
diversity and complexity. They consequently received limited scientific interest, but are
recognized today as important refuges for many species where primary forests have been
lost or are strongly reduced and fragmented, and regrowing forests are the most impor-
tant terrestrial carbon sink (CHAZDON 2014). In 2008 second-growth tropical forest cov-
ered 2.4 million km? in Latin America. These lands could sequester 31 Pg CO, over 40
years through natural succession or assisted regeneration, and permitting forest regenera-
tion on 40% of often low-productivity pastures could capture an additional 7 Pg CO,
(CHAZDON et al. 2016).

Left alone, tropical forests will eventually regrow under most circumstances, but how fast
they recover their biomass, diversity, and other ecosystem functions and services depends
on many factors. Soil degradation, the loss of the soil seedbank, absence of seed sources,
the harsh microclimate or very competitive herbaceous vegetation may hinder regrowth
and arrest succession (WALKER 1994; SLocum et al. 2004; ELGAR et al. 2014). A study
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in the Australian wet tropics found that compared to natural regeneration of rainforests,
actively reforested sites increased substantially faster in wood volume (and thus biomass)
and woody plant diversity, the latter largely independent of the dispersal mode (SHooO et
al. 2016). By contrast, the diversity of non-arboreal plants (vines, epiphytes and ferns) in-
creased only slowly with stand age in the actively reforested as well as the naturally regrow-
ing sites. In situations where natural regrowth is slow or when there is a strong interest to
restore the ecosystem services and biodiversity of the forest rapidly, actively planting trees
may be the strategy of choice.

Since actively planting a forest is more costly than natural forest recovery, the advantages
need to be weighed against the costs. Avoiding failure requires detailed information on
obtaining seeds or seedlings, raising seedlings in nurseries, and planting and caring for
the trees during the first years. For a number of tropical trees of commercial value, this
information is readily available, but for many others our knowledge on how to manage
them is scant or absent (but see RoMAN et al. 2012 and BARQUERO PaLMA et al. 2012 for
Central American trees). Many reforestation projects have contributed important insights
into the practical management of tree species and human-assisted forest recovery (LAMB
2011; vaAN BREUGEL et al. 2011a). For most regions, however, only a fraction of the local
forest species has been tested and the trees planted are mostly from relatively few species
that are easily available and known to grow well, which results in a forest with a strongly
selective species-composition that is often not representative of a natural old-growth for-
est. Apart from the successful management of a reforestation, decisions about the aim of
the project also need to be taken when selecting trees. The purpose of reforestation could,
for instance, be carbon sequestration, protection of biodiversity, creating a biological cor-
ridor, scientific studies, commercial timber and non-timber products for local or non-lo-
cal markets, or non-commercial forest products and services (Lams 2011). While many
forests will provide all of these functions to some degree, there is no forest that maximiz-
es all. For instance, a young forest composed of a few fast-growing species will initially
sequester more carbon but will be less diverse than a forest that includes many fast- and
slow-growing species.

Overall, higher tree diversity tends to result in higher productivity through complemen-
tarity in resource use (MORIN et al. 2011). This has recently been confirmed from a sub-
tropical reforestation project, where tree diversity per plot ranged between 1 and 16 spe-
cies (Huang et al. 2018). However, a global study of mature tropical forests found that the
relationship between diversity and productivity depends on the spatial scale, and at a scale
of 1 ha negative relationships were more common (CHisHOLM et al. 2013). Whether di-
versity is positively or negatively related to growth depends on the selection of individual
species in a comparison (which may have intrinsically higher or lower growth) and on the
complementarity of species. When the species number is high but their requirements are
very similar, they will likely compete with each other similarly to individuals of a single
species. If, on the other hand, the species are functionally very diverse, the complementa-
rity and thus the positive effect of diversity is likely greater.

To test the effect of functional diversity independent of species diversity, trees were planted
in plots with the same number of species per plot but with different numbers of functional
groups in a reforestation project on Finca Amable close to La Gamba, Costa Rica. We do
not evaluate growth performance of individual tree species here, but ask if functional types
of trees differed in their growth and if a combination of different functional types had an
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effect on plot-based tree biomass accumulation without changing the number of species.
In addition, the analysis of the first five years of growth on Finca Amable presented here
serves to estimate the carbon sequestration potential of this and other reforestation pro-
jects in the region, and provides a basis to compare growth and carbon sequestration with
natural succession or other land management strategies.

Material and Methods

The reforestation site Finca Amable (Fig. 1) is located in the vicinity of the village La
Gamba, close to the La Gamba field station in the Puntarenas province, SW Costa Rica
(8°42'03.78"N 83°12'06.14"W). It is part of the local reforestation project COBIGA
(Corredor Biolégico La Gamba), whose main purpose is to establish a network of reforest-
ed areas connecting the protected lowland rainforest of the Golfo Dulce region with the
lower montane rainforests in the Fila Cal mountain range. Finca Amable was previously a
cattle pasture dominated by the introduced pasture grass Paspalum fasciculatum. The site
is flat at approximately 70 m above sea level. Average annual temperature is 28.3°C and
annual rainfall is 5930 mm (WEISSENHOEFER et al. 2008). December to April is less rainy,
but there is no month with < 100 mm of rainfall (which is often used to characterize a dry
season) and most months receive > 200 mm. The natural vegetation is a humid lowland

Fig. 1: Aerial photograph of Finca Amable, the reforestation sites is outlined in red. Photo: A.
WEISSENHOFER, March 2018. — Abb. 1: Luftbild der Finca Amable, die Wiederbewaldungsfliche ist
rot umrandet. Foto: A. WEISSENHOFER, Mirz 2018.
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rainforest. Soils are plastic loamy clays and can be flooded during the rainy season. Because
of the stagnant water resulting in partly anoxic soil, drainage of the area was improved by
digging several parallel ditches with a distance of approx. 50 m and some smaller ditches
perpendicular to these to drain towards a river.

Trees were planted on approx. 13.7 ha in a rectangular pattern with a spacing of 3.5 x4 m
in plots of 6x 6 trees separated by at least one tree row between plots. Seeds or seedlings
had been collected in local forests and were grown in a nursery for several weeks. Plant-
ing was done mostly during the wetter season with trees 30-100 cm tall. For planting and
the first 2-3 years afterwards, grass and other competing vegetation including vines and
lianas were manually cut around each tree several times per year. Trees were first planted
between 2012 and early 2014, but trees that had died were replaced until 2015.

We classified species into three functional groups. Legumes (Caesalpiniaceae, Fabace-
ac and Mimosaceae, “LEG”), non-legume trees with high wood density (> 0.5 g / cm?,
“HWD?”), and non-legumes with low wood density (<0.5 g / cm?, “LWD”). Wood density
darta were obtained from the wood density database (ZaNNE et al. 2009) with some own
local measurements for species not included in the database. In each plot of 6x6 trees,
nine species with four individuals each were planted. While the number of species was
therefore constant, we modified the number of functional groups by planting nine spe-

Fig. 2: Finca Amable in La Gamba before tree planting (2012, note the drainage ditch) and in 2015,
2016 and 2018. Note the low-branching trees in 2016 and 2018 (/nga sp.), which made diameter mea-
surement at breast height impractical. — Abb. 2: Die Finca Amable in La Gamba vor der Pflanzung
2012 (mit Drainagegraben), 2015, 2016 und 2018. Bei den tief verzweigenden Biume 2016 und 2018
(Inga sp.) wurde die Messung der Durchmesser nicht in Brusthshe durchgefiihre.
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cies of only LEG, HWD or LWD, any combination of two functional groups with four or
five species per group, or all three functional groups with three species per group. These
seven combinations of functional groups were planted in a total of 56 plots. Originally,
cach combination should have been planted with eight replicates but due to tree mortality
and species not available at the time of planting, the number of replicates is variable. Trees
that had died in the first two years were replanted with the same species as far as possible,
or another species from the same group if the same species was not available or had a high
mortality rate and was therefore considered unsuitable for the local conditions. Trees that
died later or where the replacement also died were not replaced again.

Trees in plots were measured at or soon after planting and again in 2013, 2015, 2016, 2017
and 2018 (Fig. 2). Due to time constraints, ten of the younger plots could not be re-meas-
ured in 2017, as goes for nine plots in 2018. Tree diameter was generally measured at breast
height (1.3 m above soil surface), except when trees were branching below that height or
when they were very irregular at 1.3 m, in which case the diameter was mostly measured
below the lower branches and where the stem was terete. Tree height was measured with
a marked pole to a height of approximately 4 m and with a laser rangefinder (Vertex IV,
Haglof, Sweden or TruPulse 350R, Laser Technology, Centennial CO) for taller trees.

Biomass allometric models

Biomass was estimated using published allometric models. CHAVE et al. (CHAVE et al.
2014) present global models based on 4004 tropical trees from old-growth or secondary
forests whose biomass was measured (usually by measuring the volume or fresh weight and
drying subsamples of the tree) and related to height, diameter at breast height and wood
specific gravity of individual trees. Their best pantropical model is:

Equ. 1: AGBy, = 0.0673 x (p D*H)*7*

with p: wood specific gravity, D: diameter at breast height (dbh, in cm) and H: tree height
(in m).

When tree height is not available, which is challenging to measure in closed tall forests, an
alternative model uses dbh and a factor scaling for height, which depends on the climate:

Equ. 2: AGB, = exp (-1.803-0.976"E + 0.976*log(p) + 2.673*log(D) — 0.0299*(log(D))?)
For the climate in La Gamba, E = —0.0959.

This global dataset from 58 sites spans from trees > 5 cm dbh to large forest trees but is
certainly biased towards smaller size classes. This likely makes biomass estimates for large
trees less reliable, but the trees we studied were comfortably within the range covered by
the dataset.

Allometric models for 26 species in a Panamanian reforestation project were presented by
VAN BREUGEL et al. 2011b. Given that the trees were also growing in an open reforestation
site (in contrast to trees from the CHAVE ez a/. dataset) and included some of our species or
genera, the allometric model derived from the Panama data may be more appropriate for
the trees in La Gamba. The sampled trees of these 26 species had a maximum dbh between
3.8 and 26.5 cm, whereas the largest tree in the plots sampled in La Gamba measured 53
cm dbh and 78 trees (3 % of stems but 23 % of basal area) had reached a dbh > 26 cm in
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2018 (Fig. 3). Species-specific models differ substantially among species (Fig. 4). However,
hardly any of their species-specific models can be used for our species, and we therefore
used the overall model from van BREUGEL ez /. 2011b.

Equ. 3: AGB,; = exp(-1.13 + 2.267*log(dbh) + 1.186*1og(WSG))

and compared it to models Equ. 1 and 2. The van BREUGEL model does not include tree
height and all models include wood density, which scales nearly linearly with biomass.

To compare the effect of using different models, we calculated biomass for each tree using
the CHAVE models with and without height (Equ. 1 and 2) and the van BREUGEL model
(Equ. 3).

For trees with buttresses or a broader lower stem, diameter for growth or biomass models
is generally measured above the buttresses. The young trees we measured never had bue
tresses above 1.3 m, but branching at lower heights or irregular stems at 1.3 m was com-
mon, which forced a diameter measurement below 1.3 m (Fig. 2). This was frequently the
case in Inga spp., Zygia longifolia, Croton schiedeanus, and Vitex cooperi. Given that the di-
ameter will be somewhat greater than if measured at 1.3 m in a regular stem, this might
result in an over-estimate of the biomass. Since /nga spp. were planted very often in the re-
forestation and have high biomass, we explored the potential implication of non-standard
diameter measurements on biomass estimates. Stem taper, the gradual decrease of stem
diameter with height above ground, has been measured in many trees and follows a rather
uniform pattern (BurRkHART & ToMmE 2012), but for measurements below 1.3 m, where
stems can broaden substantially more than described by standard taper functions, this is
not feasible without specific measurements.

AGB of the trees within individual plots was scaled to 1 ha by dividing by 36 (6x 6 trees)
and multiplying by the number of trees per ha using the spacing between trees (10,000 m?
/(3.5 m * 4 m) = 714). Biomass was converted to CO, absorbed using a carbon content in
biomass of 0.48, typical for tropical wood (MaRTIN & THOMAS 2011), and the carbon to
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Fig. 3: Breast height diameter distributions in years 2015-2018 of trees on Finca Amable planted
between 2012 and 2015. — Abb. 3: Verteilung der Brusthéhendurchmesser der auf der Finca Amable
gepflanzten Bidume in den Jahren 2015-2018.
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Fig. 4: General allometric models of CHAVE et al. (2014, Equ. 2) and the mixed-species models by
VAN BREUGEL et al. (2011b). The other lines are allometric regressions for individual species (green
for two Inga spp.) by van BREUGEL. Black lines show the diameter range of the data covered by
VAN BREUGEL and thin grey lines extend the regressions beyond the data. — Abb. 4: Allgemeines allo-
metrisches Modell nach CHAVE et al. (2014, Equ. 2) und das Modell von vaN BREUGEL et al. (2011b).
Die anderen Linien entsprechen allometrischen Regressionen einzelner Arten (griin fiir zwei /nga
spp.) nach vaN BREUGEL. Schwarze Linien entsprechen den Regression im Datenbereich, der von
VAN BREUGEL abgedeckt wird, graue Linen gehen iiber diesen Datensatz hinaus.

CO, conversion factor of 3.66. One ton of biomass thus equates to 1.76 t CO, absorbed.
Change in root biomass and soil carbon is difficult to measure and was ignored here. The
age of the plot was the average time since the individual trees comprising each plot were

planted.

To test if plot type (i.e. the composition of various functional groups) had an effect on AGB
growth, we calculated a mixed effect model (LME) with AGB as the predicted variable,
plot type and age as fixed factors, and age nested within plot-ID as random factor. Age
and AGB were scaled by dividing by the root mean square because variables strongly dif-
fering in magnitude can bias LMEs. The LME was calculated using the R-function Imer
and has the form: AGB - plot-type * age.s + (1 + age |plot-ID).

Results

We first tested the differences between the global biomass model (CHAVE et al. 2014)
with or without using tree height, and the local model for a young reforestation site
(vAN BREUGEL et al. 2011b). Given that /nga spp. had become large trees that contrib-
ute substantially to biomass and have distinctly non-linear diameter: height relation-
ships, we also visualized if the biomass estimates in /nga are more affected by includ-
ing height or not. Over most of the size-range of the trees measured, the global biomass
model without height yielded higher biomass estimates than the model including height
(grey dots are above the 1:1 line in Fig. 5, note that the axes are on log-scales, so a rela-
tively small deviation from the 1:1 line translates into substantial differences in biomass
estimates as shown in the insert of Fig. 5). Inga spp. did not differ from the other trees
in this respect. The global model based on dbh accounts for the variation in the height:
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diameter relationship by using a factor related to the local climate. The comparison
with the model including height suggests that this factor is not perfectly suited for our
dataset, i.e. would overestimate tree height. This is plausible because trees in the young
reforestation site likely invested less in height growth than trees in closed forests, which
were mostly used for the global biomass model. The van BREUGEL model gave higher
biomass estimates for small trees than the global model with height, while for larger
trees the estimates were quite similar (along the 1:1 line). The van BREUGEL allometries
are based on smaller trees (mostly < 20 cm dbh, Fig. 4), and extrapolating biomass es-
timates beyond the data range of the model is problematic. Although only a small pro-
portion of trees we measured were > 20 cm dbh, these do account for a substantial pro-
portion of biomass. For these reasons we use the global model with height to assess
biomass accumulation per plot.
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®van Breugel (Equ. 3)
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Fig. 5: Comparison between above-ground biomass (AGB) estimates based on diameter, wood spe-
cific gravity (WSG) and height (Equ. 1) against estimates based on diameter and WSG only (Equ.
2; grey symbols). Blue symbols compare the Equ. 1 with the van BREUGEL model for all trees (Equ.
3) and red symbols represent Equ. 2 for /nga spp. only. The insert shows the same data on a linear
scale to highlight potential absolute errors. — Abb. 5: Oberirdischen Biomasse (AGB) berechnet aus
Durchmesser, spezifischer Holzdichte (WSG) und Baumhéhe (Equ. 1) im Vergleich zur Berech-
nung, die nur auf Durchmesser und WSG basiert (Equ. 2, graue Symbole). Blaue Symbole verglei-
chen Equ. 1 mit dem vaN BREUGEL Modell fiir alle Biume (Equ. 3), rote Symbole entsprechen Equ.
2 fiir Inga spp. Das Insert zeigt die gleichen Daten auf einer linearen Skala, um die absolute Grof3e
der Fehler darzustellen.
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Trees of some species tend to branch at low height (Fig. 2) so they were measured below
1.3 m, where the diameter is larger. To correct for this bias, we first compared the diam-
eter: height correlation of trees measured at 1.3 m with the correlation of trees measured
below 1.3 m. As expected, the diameter < 1.3 m was higher for a tree of the same height
than the dbh (Fig. 6). We therefore corrected the diameter for trees not measured at 1.3 m
by assuming that the diameter linearly decreased from ground level (0 m) to breast height
(1.3 m) by 40 %. This is the best estimate so that the relationship between height and the
estimated diameter is similar to the one between height and diameter measured at breast
height (Fig. 6), which is the basis for all biomass calculations. This is not a perfect solu-
tion, but appears to be a viable way around the difficulty of measuring diameter in these
trees, at least with the data available.

In April 2018, the average time since planting of the trees of each plot was between 3 and
5.5 years (Fig. 7). Biomass accumulation was low in the first two years, but afterwards in-
creased substantially. Plots that were between 4.5 and 5.5 years old had reached an AGB
of 12.5-52.2 ¢ / ha (mean 35.7). The variation in biomass accumulation within any plot
type (composition of functional types) was substantial and appeared to be greater than the
variation between plot types. Indeed, in the mixed effect model, plot type (i.e., the func-
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Fig. 6: Diameter: height relationships of /nga trees at the Finca Amable reforestation trial, measured
20162018, to illustrate the dbh-estimate for trees where the diameter was not measured at 1.3 m.
Blue symbols and regression line show the diameter : height correlation for trees that were measured
at 1.3 m; green symbols are diameter : height for trees measured below 1.3 m and red symbols are
the same trees with corrected diameters (see text for details). — Abb. 6: Durchmesser: Hohen-Ver-
hiltnis fir /nga auf der Finca Amable, gemessen 2016-2018, zur Illustration der Abschitzung des
Brusthéhendurchmessers fiir die Biume, deren Durchmesser nicht in 1.3 m gemessen wurde. Blaue
Symbole und Regressionslinie: Biume, die in 1.3 m gemessen wurden, griine Symbole: Durchmes-
ser : Hohen-Verhiltnis fiir Biume, die unter 1.3 m gemessen wurden, und rote Symbole entsprechen
den selben Baumen mit korrigiertem Durchmesser (Details im Text).
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tional composition of trees) did not affect biomass accumulation (p > 0.4). Surprisingly,
plots with low wood density (LWD) species and with LWD plus legumes were increasing
biomass particularly slowly, but only two plots of each variant had been planted success-
fully, these were rather young because they were planted somewhat later and their biomass
also lay within the large biomass variation of the other plot types (Fig. 7). In plots where
Inga was planted, these trees accounted for a large part of total AGB (compare to small
symbols in Fig 7 for biomass without /nga), although the biomass of some plots without
legumes was similar.

Remarkably, biomass in a few of the plots with high biomass in 2017 decreased somewhat
or had not increased in 2018. Inspection of the original data showed that a few very large
trees, mainly /nga, had decreased in estimated height and biomass. Although their diam-
eter continued to increase, the height was substantially reduced in 2018 because, as noted
in the field, large parts of the crown had broken off. This would not have been seen by us-
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Fig. 7: Biomass accumulation over the first five years after planting in plots with different combi-
nations of three functional groups (HWD: high wood density, L\WD: low wood density, LEG: le-
gumes). Individual plots within the panels are distinguished by symbol color and connecting lines.
Small opaque symbols represent biomass excluding /nga spp. — Abb. 7: Biomasseakkumulation wih-
rend ersten fiinf Jahre nach der Pflanzung auf Versuchsflichen mit unterschiedlichen Kombinatio-
nen von drei funktionellen Gruppen von Biumen (HWD: hohe Holzdichte, LW D: niedrige Holz-
dichte, LEG: Leguminosen). Die einzelnen Versuchsflichen innerhalb einer Teilgrafik sind durch
unterschiedliche Farben und durchgezogene Linien gekennzeichnet. Kleine, semi-transparente Sym-
bole entsprechen der Biomasse ohne /nga spp.
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ing the diameter measurements alone. Similarly, a number of larger trees had broken off
or been uprooted and had re-sprouted by 2018. In these cases, diameter and / or height
were not useful to estimate their (remaining) biomass and these individuals were omitted
from biomass estimates (i.e. treated as completely dead trees). Future surveys will show if
and how damaged trees recover.

Discussion

A biomass of 35.7 t ha™' corresponds to a sequestration of 61.8 t CO, ha™'. In 2018, all
planted and surviving trees in approximately 2/3 of the total area were measured (3834
trees), which includes trees in the plots as well as trees between plots. Their combined bio-
mass was estimated at 194.8 t, which corresponds to a CO, sequestration of 342.2 t. This
does not include trees < 1.3 m and all spontaneously regenerating vegetation. The small
trees would contribute very little to biomass and in 2018 the spontancous regeneration in-
cluded very few larger trees, so the underestimate in the above-ground biomass would be
very minor. Also not accounted for is below-ground biomass, which is likely to contribute
more but is hard to measure and mostly not included in biomass or carbon sink estimates.
If we apply the average root: shoot ratio of 0.2 recorded in four young tropical moist for-
est plantations (Mokany et al. 2006), the biomass and C sequestration would increase
by 209%. This is likely a conservative estimate and other compilations report higher root:
shoot ratios for tropical trees (WARING & PowERrs 2017). The few studies looking at be-
low-ground biomass during secondary succession of tropical forests show that it increases
similarly to above-ground biomass and may reach 50 % of mature forests after 30—40 years
(MARTIN et al. 2012). By contrast, soil carbon is affected by forest disturbance much less
than AGB and hardly changes during succession (MARTIN et al. 2012).

How does the AGB accumulation of the active reforestation
compare to natural succession and tree monocultures?

A large compilation of AGB in tropical secondary forests found a rapid accumulation of
biomass, particularly during the first 40 years, after which forests had recovered more than
50 % of the biomass of old-growth forests (PooRTER et al. 2016, using Equ. 2). This dataset
includes a number of very young plots that can be compared to the age of trees and plots
we measured. Average AGB of forests reported to be 5 yrs old was 46.6 t / ha, somewhat
larger than Finca Amable plots of the same age. However, the POORTER et al. data includes
sites where large remnant trees were likely present at age 0 (L. POORTER, pers. comm.) and
thus show an unrealistically high biomass at a very young age. Two local secondary forest
plots around La Gamba of 56 years and 12 years had estimated AGB of 16 and 41 t/ ha,
respectively, which is low compared to the reforested plots, though the age estimate may
also not be very accurate (OBERLEITNER 2016, using Equ. 2). From the rather few compa-
rable data of secondary forests of the same age as Finca Amable plots, it thus appears that
growth is greater than or at least in the upper range of natural regeneration. If the plots
are re-measured in a few years, it should become clearer if and how the biomass growth
compares to secondary forests in the region and elsewhere.

Monocultures of fast-growing species might increase biomass faster than mixed-species
plantations that focus on biodiversity. Trial plantations with monocultures of six tree spe-
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cies close to Buenos Aires (province Puntarenas, Costa Rica) had produced AGB up to
1473 t / ha (Ar1as et al. 2011) after six years. While monocultures of the two exotic spe-
cies tested (Gmelina arborea with 147.3 t and Pinus caribea with 85.7 t) clearly grow faster
than the multi-species reforestation plots we studied, biomass growth of the other (native)
species (31.8—76 t after six years) was comparable to several species combinations in Finca
Amable (up to 60 t after five years, Fig. 7). To achieve the goal of high carbon sequestra-
tion it is thus not necessary to use monocultures when a more diverse tree community can
sequester as much. Of course, differences between tree growth in the reforestation at Finca
Amable and other tree plantations or also natural regeneration sites will also be due to dif-
ferences in soil, local climate, or management of the plantation and not only the selection
of tree species. To analyze these factors requires comparing multiple sites, which should
be done in the future but was beyond the scope of our work.

Improving biomass estimates

Tree biomass estimates strongly depend on the allometric model (LETcHER & CHAZDON
2009; vAN BREUGEL et al. 2011b), thus the potential error in plot-level AGB propagated
via the choice of the model is substantial. Establishing species-wise models for each region
is not feasible and nearly all forest biomass estimates in diverse tropical forests therefore
rely on general models. Using the same model for different stands to be compared at least
reduces the bias when comparing plots, even if the absolute values may be biased. Short
of cutting and weighing trees, the models we used may be improved somewhat by more
detailed measurements of individual trees. Diameter is the minimum measure taken and
wood density data are available for many species and are also rather easy to measure. In
light of the large discrepancy between the CravE 2014 model with and without tree height
(Fig. 5), it may be worthwhile to adjust the model to be more suitable for trees growing
in open sites or to use models based on biomass measurements of such trees, particularly
when height measurements are not available. Tree height is the next most common pa-
rameter to measure and will improve the accuracy of our estimates. More detailed meas-
urements of tree allometries, including crown radius or stem taper, might improve models
still more. Since the stem and crown shape of /nga differs from most other species planted
and since these are large and common trees, such detailed but also time-consuming meas-
urements should start with this genus. Airborne or terrestrial laser scanning might fur-
ther improve the accuracy of data on forest structure and tree allometries substantially in
a very time-efficient way and, if available, could greatly improve the accuracy of biomass
estimates in the future (TAYLOR et al. 2015; PALACE et al. 2016).

Dead trees on Finca Amable are no longer replaced and more will eventually die. Con-
currently, spontaneous regeneration adds species and biomass. In the young reforestation
site, the contribution of spontaneous regeneration is rather insignificant, at least for bio-
mass. With time, the contribution of these plants will increase and spontaneous regrowth
should be monitored in addition to the planted trees to characterize the effect of reforesta-
tion management on ecosystem recovery.

This first evaluation of the development of the young forest has been looking at forest bio-
mass only. Carbon sequestration is one, but not the main aim of the reforestation project
COBIGA, whose focus is mainly the protection of biodiversity. By planting more than
100 different tree species, the tree diversity is certainly much higher than in secondary
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forests of similar ages and comparable to that of old-growth forests. To understand the ef-
fect of high tree diversity on the diversity of non-arboreal vegetation and fauna, it would
be worthwhile to monitor the change in these groups with time and in comparison with
natural succession and old-growth forests.
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The importance of reforested and naturally regenerating
young forest patches as secondary habitats for forest birds
in the Biological Corridor La Gamba, Costa Rica

Christian H. ScHuLzE, Paulus LEIDINGER,
Bernhard Paces & Andrés F. REves PAEz

Although the protection of tropical primary forests is of primary importance for con-
servation, secondary forests may help to reduce increasing forest fragmentation and
related biodiversity loss. This study from the Pacific lowlands of Costa Rica evaluates
the potential of secondary forests to provide additional habitat and to act as stepping
stones for dispersal movements of forest species. Forest understory bird assemblages
were assessed at five mature and five young forest sites using mist-netting. To identify
important vegetation structures for forest birds utilizing disturbed habitats (includ-
ing secondary forests), point counts were used to survey birds across a habitat gradient
ranging from pastures to secondary forest of different successional stages. Furthermore,
bird surveys were conducted at one reforestation site to document the colonization by
forest birds over a short time span of five years after the implementation of the reforesta-
tion measures. Species composition differed significantly between mist-netting sites in
mature and young secondary forest, nevertheless 66.1 % of the more abundant species
could be recorded in both forest types. Richness of forest specialists assessed along the
gradient of habitat disturbance increased significantly with increasing number of large
trees, while other habitat variables were of no or only minor importance. At our stud-
ied reforestation site, species composition changed almost continuously with progress-
ing forest succession over the period of five years, related to an increase of the relative
richness of forest birds, while the total number of species per survey remained similar.
Besides potentially representing important stepping stones for forest birds by facilitat-
ing crossings of open areas, our results indicate that secondary forest patches embedded
with the human-modified landscape can represent important secondary habitats for a
substantial proportion of forest birds. Considering the close relationship between the
number of large trees and the richness of forest specialists, further research has to evalu-
ate the potential of using fast-growing trees to more rapidly increase the conservation
value of actively restored secondary forests for the recovery of forest birds.

Scaurze C.H., LEIDINGER P., Paces B. & Reves Piez A.F., 2019: Die Bedeutung
von wiederbewaldeten und natiirlich regenerierenden jungen Waldflichen als Se-
kundirhabitat fiir Waldvégel im Biologischen Korridor La Gamba, Costa Rica.

Obwohl der Schutz tropischer Primirwilder nach wie vor das naturschutzfachliche
Hauptanliegen sein muss, kdnnen Sekundirwilder dazu beitragen, der zunchmen-
den Fragmentierung von Wildern und den damit verbundenen Verlust an biologi-
scher Vielfalt entgegenzuwirken. Diese Studie aus dem pazifischen Tiefland Costa
Ricas untersuchte das Potenzial von Sekundirwildern, als zusitzliche Lebensriume
und als Trittsteine fiir die Ausbreitung von Waldarten zu fungieren. An jeweils fiinf
Standorten in weitgehend ungestdrten Wildern und jungen Sekundirwildern wur-
den mittels Japannetzen Unterwuchsvigel erfasst. Um fiir Waldvégel wichtige Ve-
getationsstrukturen in gestorten Lebensraumen (einschliefllich Sekundirwildern) zu
identifizieren, erfolgten Punktzihlungen entlang eines Habitatgradienten von Weiden
bis hin zu Sekundirwildern verschiedener Sukzessionsstadien. Dariiber hinaus wur-
den auf einer Wiederbewaldungsfliche Vogelerhebungen iiber einen kurzen Zeitraum
von fiinf Jahren durchgefiihrt, um die Besiedlung durch Waldvégel nach Umsetzung
der Wiederbewaldungsmafinahmen zu dokumentieren. Die Artenzusammensetzung
unterschied sich deutlich zwischen den Netznetzstandorten in alten Wildern und jun-
gen Sekundirwildern. Dennoch konnten 66,1 % der hiufigeren Arten in beiden Wald-
typen nachgewiesen werden. Der entlang des Habitatstorungsgradienten erfasste Ar-
tenreichtum an Waldvogeln nahm mit zunehmender Anzahl grofler Biume signifikant
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zu, wihrend anderen Habitatvariablen keine oder eine nur geringe Bedeutung zukam.
Auf der untersuchten Wiederbewaldungsfliche inderte sich die Artenzusammenset-
zung iiber den Zeitraum von fiinf Jahren mit fortschreitender Sukzession mehr oder
weniger kontinuierlich, einhergehend mit einer Zunahme des relativen Artenreichtums
an Waldvdgeln, wohingegen die Gesamtartenzahl pro Erhebung dhnlich blieb. Unsere
Ergebnisse zeigen, dass die in der anthropogen stark verinderten Landschaft eingebet-
teten Sekundirwilder wichtige Sekundirlebensriume fiir einen erheblichen Teil der
Waldvégel darstellen kénnen. In Anbetracht des engen Zusammenhangs zwischen der
Anzahl grofler Biume und dem Reichtum an Waldvogelarten sollte in weiteren Unter-
suchungen gepriift werden, inwieweit schnell wachsende Biume den Wert von Wieder-
bewaldungsflichen fiir Waldvogel positiv beeinflussen kénnen.

Keywords: secondary forest, reforestation, large trees, species composition, forest birds.

Introduction

Deforestation and land use have been identified as the main drivers for reducing the pri-
mary forest areas in the world’s tropical regions (TURNER 1996, Lams 1998, LAURANCE
1999, Desinsk1 & Horr 2000, FAO 2010). The resulting fragmentation of tropical for-
ests negatively affects population dynamics of forest species and contributes to the ongo-
ing biodiversity loss (Rosero-BixBy & PALLONI 1998, SaLa et al. 2000, SopHI & SMITH
2007, HARVEY et al. 2008, Sopui et al. 2008).

Remaining old-growth forests proved to be of prime importance especially for species
with specific habitat dependencies, restricted geographical ranges and little or no toler-
ance to habitat fragmentation and landscape change (Stotz et al. 1996, Sow et al. 2000).
This has been especially well documented for some tropical bird species (Korron &
CHAPMAN 1995, EsTRADA et al. 1997, FJELDSA 1999, BLAkE & LorseLLE 2001, Naipoo
2004, WALTERT et al. 2004, SopHi et al. 2005, ARR1AGA-WEISS et al. 2008, SopHI et al.
2008, Maas et al. 2009). Although the conservation of tropical primary forests is still the
main concern, due to their irreplaceable characteristics and high value for many tropical
species (D1rzo & RaveN 2003), secondary forests may help to reduce increasing forest
fragmentation and related biodiversity loss (CHAZDON et al. 2009, SEAMAN & SCHULZE
2010, FAHRIG et al. 2011).

Nowadays, it is almost impossible to find pristine, undisturbed forests (WiLLis et al. 2004),
and the small remaining forest areas are still in the focus of commercial or illegal logging
activities (BAwa & DAYANANDAN 1997, ViToUSEK et al. 1997). Thus, in an attempt to com-
pensate this loss, forest restoration and renaturation measures are implemented on degrad-
ed land (LamB 1998, Rey BEnayas 2000, PETrT & MONTAGNINI 20006). Despite efforts to
mitigate the damage to nature, there are many limitations, especially of a monetary nature,
which is why most forest regeneration takes place by passive restoration (natural regenera-
tion) (REY BENaYas 2000), resulting in various types of secondary forests (AIDE et al. 2000,
WriGHT 2005, GUERRERO & DA RocHa 2010). Problems for natural regeneration can
be a lack of a remaining seed bank or seed dispersal (REID et al. 2008, REID et al. 2012).

Regenerated secondary forests are classified as being suitable to support a certain fraction
of biodiversity (SopHI et al. 2004) with a positive species recovery over time (GRAU et al.
2003, Dunn 2004). They maintain more forest-dependent species of higher conservation
concern than extensive plantations (PEH et al. 2006, EpwaRrDs et al. 2010, 2011). Like-
wise, some studies suggested that forests with secondary growth are potential reservoirs
of biodiversity (CHAZDON 1998, 2008, BrOOK et al. 2006, WRIGHT & MULLER-LANDAU
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2006a, 2006b, BARLOW et al. 2007a, 2007b), and could also serve as temporal refuges, for-
aging areas and — most importantly — as landscape structures connecting remaining forest
fragments (MyERs 1997, BLake & LoiseLLe 2001, CHAZDON 2003, FiscHER et al. 2006,
HoBINGER et al. 2012). Therefore, even though they differ in structural and floristic com-
position from primary forests, they can contribute to the creation of biological corridors for
forest species. Also, due to their relatively high productivity, these areas should be incor-
porated into agroecosystems, which consequently may benefit from indirect services (e.g.
pollination and pest control) provided by forest species interacting with the surrounding
human-dominated landscape matrix (FINeGAN 1992, CHAZDON 2008).

Secondary forests are rapidly expanding in the tropics (WriGHT 2005). They are espe-
cially emerging in abandoned areas which are not further used for agricultural purposes
(THOMLINSON et al. 1996). Hence, they should be considered in approaches improving
biodiversity conservation on a landscape scale.

In this study from the Pacific lowlands of Costa Rica, birds were used to study the capa-
bility of secondary forests to facilitate forest species at the margin of protected rainforest
areas. We were particularly interested in the potential of these secondary forests to increase
landscape permeability and to act as corridor habitats for forest birds. In particular, the
following hypotheses were tested: (1) Although secondary forests can support a relatively
high bird species richness, they are characterized by a distinct species composition. (2) Spe-
cies richness and composition of forest species assemblages in disturbed habitats depend on
larger trees representing a key habitat structure for forest species. (3) Species composition
of secondary forests changes with progressing vegetation succession, (4) due to an increas-
ing richness and abundance of forest-dependent species with progressing forest succession
age. To test these hypotheses, we conducted mise-netting in order to compare understory
bird assemblages of old-growth forests and young secondary forests created by reforestation
measures. We further conducted bird surveys in a variety of habitats mimicking a forest
succession sequence, and monitored changes of the bird assemblage of a young second-
ary forest over a time period of six years after reforestation measures were implemented.

Methods

Study area

The study area is located in the “Golfo Dulce” region of southwestern Costa Rica, between
the “Piedras Blancas” National Park (including “Esquinas” Forest, Valley “Rio Esquinas”
and Valley “Rio Bonito”) and the “Fila Gamba”. The Golfo Dulce region is classified as
an important Endemic Bird Area (EBA 021: South Central American Pacific slope) host-
ing several range-restricted bird species (STATTERSFIELD et al. 1998, Birdlife International
2012) and belonging to one of the most diverse regions in terms of faunistic and floristic
richness within the tropical region of Central and South America (HamMMEL et al. 2004,
LoBo SEGURA & Boraros 2005). So far, more than 300 bird species (including several
range-restricted species and subspecies of high conservation value) (TEsB 2008) have been
recorded in our study area in the vicinity of the Tropical Research Station La Gamba (N
08°42.063', W 083°12.102").

The study area has an annual precipitation of 6,000 mm with a rainfall peak between
August and November and lowest precipitation between January and March; the annual
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mean temperature is 28.5°C (WEIssENHOFER & HuUBER 2008). The natural vegetation is
mainly represented by tropical lowland wet forest (WEISSENHOFER et al. 2008a). The sur-
roundings of the village “La Gamba”, which is located in the center of our study area, are
characterized by pastures with small and elongated forest patches, strips of gallery forests,
few big plantations (e.g. oil palm), old (and mostly abandoned) agroforests (cacao) and an-
nual cultures (e.g. rice) (SEAMAN & ScHULZE 2010, HOBINGER et al. 2012).

Assessing understory bird assemblages in old-growth forest
and secondary forest

To assess the understory bird assemblages of old-growth forest and young secondary for-
ests, birds were mist-netted at five replicate sites in each forest type (Fig. 1). A one-way
ANOSIM was used to test for differences in spatial distances between mist-netting sites be-
longing to the same habitat type. It did not indicate that sites belonging to the same habitat
type were closer situated to each other than sites belonging to different forest types (Global
R=10.002, p = 0.357). Hence, we do not expect spatial autocorrelation to affect our analy-
ses. At each site, six 12 m mist nests (2 with 16 mm mesh size, 2 with 30 mm mesh size,
2 with 45 mm mesh size) were used to trap birds during four mist-netting events. During
each mist-netting event it was aimed to trap birds for a total of 15 hours, between 5:30—
15:00 on the first day and between 5:30—11:00 on the second day. Hence, the total mist-
netting effort per site should have been 60 hours. However, due to bad weather conditions
(mist-nets were not operated during strong rain), the total mist-netting duration per site

Mist-netting sites

‘,} Tropical Research Station

Forest type
@ Old-growth forest
@ Secondary forest

Fig. 1: Map indicating the mist-netting sites used to assess the composition of understory bird as-
semblages in young secondary forests and old-growth forests. — Abb. 1: Karte der Netzstandorte fiir
die Untersuchung der Artenzusammensetzung von Unterwuchsvogelgemeinschaften in jungen Se-
kundirwildern und alten Wildern.
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(+ SD) was only 59.70 (£ 0.67) and 59.75 (+ 0.35) hours in old-growth and secondary forest,
respectively. As the difference was extremely small, we assume that understory birds were
sampled with an identical sampling effort in both forest types. As the focus was on diurnal
understory forest birds, waterbirds (American Pygmy Kingfisher: 1 bird mist-netted) and
nocturnal birds (Common Pauraque: 2 birds mist-netted) were excluded from all analyses.

Assessing bird assemblages across a gradient of vegetation succession

To study how forest bird assemblages change with progressing vegetation succession, birds
were assessed using point counts at study sites representing a chronosequence of forest
succession. Hence, five different habitat types were sampled, ranging from pastures with
scattered shrubs and small trees, to planted young secondary forests, naturally regener-
ated young secondary forests, old cacao agroforestry systems and naturally regenerated
old secondary forests (Fig. 2). Four replicate sites were selected per habitat type. Sites were
located between N 08°41.112°— N 08°43.308” and W 083°11.828' -\ 083°12.277 at alti-
tudes between 67-146 m a.s.l. The size of each surveyed habitat patch was >1.5 ha with
homogeneous vegetation and similar biotic characteristics among the habitat categories.
The minimum distance between studied sites was 200 m, which is reported to make sur-
vey points statistically independent (GuTzwILLER 1991, WHITMAN et al. 1998, BarLOW
etal. 2007a, 2007b, EpwaRDs et al. 2011). All census points were located on private farm
areas; some of these areas are part of a forest restoration project developed by the Tropi-
cal Research Station “La Gamba” in collaboration with the local community. Other sites
were situated on abandoned land once used for agricultural purposes. All sites had a simi-
lar distance to areas of old-growth forest (<300 m to forest margin). A one-way ANOSIM
testing for differences in spatial distances between census points belonging to the same
habitat type did not indicate a significant effect, thus indicating that spatial autocorrela-
tion should not weaken our results (Global R = 0.005, p = 0.439).

To assess the bird assemblages, point counts were conducted between 22 November 2010
and 27 January 2011. Each census point was visited ten times between dawn and 10:00
a.m., which should allow for recording of a large proportion of the sites” bird species
(RarrH et al. 1995). Each point count lasted for 20 minutes. The order of surveyed cen-
sus points was random to avoid a sampling bias that can be caused by a reduction in bird
activity during the course of the day (BLAKE 1992, BLaKE & LoiseLLE 2001). Bird species
were recorded visually and acoustically within a radius of 30 m. Unfamiliar bird songs,
or songs from birds that could not be visually identified (PARKER 1991), were recorded us-
ing a Telinga Pro7 StereoDat-Microphone and a Foster FR-2 recorder. Bird identifications
were facilitated using GARRIGUES & DEAN (2007). Recorded bird songs were then iden-
tified with the help of Isabell Riepr (University of Vienna), who had two years of experi-
ence with bird identification in this region. Additionally, the xeno-canto online-database
(htep://www.xeno-canto.org/), CD recordings by Ross Jr. & WHITNEY (1995), Ross Jr.
(2000), and Boesman (2006) were used for identification.

Birds that were observed flying over the census-point, birds without obvious direct habitat
afhiliation (swifts, swallows), all freshwater birds (ducks, herons, kingfishers, waders etc.),
birds with a nocturnal life mode (nightjars, owls) and those bird species associated with
open land habitats were not considered in any statistical analysis (BORGES & STOUFFER
1999, Scuurze & Riepr 2008). Birds were classified according to their habitat affinicy
as forest specialists (restricted to old-growth forest), forest generalist and open country
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bird species (STiLes & SkuTcH 1989, ScHuLzE & RiepL 2008, Tess 2008, SEAMAN &
Scrurzg 2010). Nomenclature and taxonomy refer to GiLr & DonskEeRr (2012).

The vegetation structure of all study sites was characterized by measuring six variables
within a radius of 30 m around census points: density of large trees, density of small trees,
maximum tree height, canopy closure, understory density and herb cover. These variables
have been shown to be important in similar studies (e.g. THIOLLAY 1999, BARLOW et al.
2007b, ABRAHAMCZYK et al. 2008, REID et al. 2012). Large trees were defined as trees with
a diameter at breast height (DBH) greater than 10 cm. Small trees were defined as trees
with a height not larger than 10 m. These two measurements are important to quantify
the structural diversity of woody vegetation in secondary forests (GUARIGUATA et al. 1997,
GuariGuaTa & OsTERTAG 2001). Height of the tallest tree was measured with a range
finder (Nikon Laser 12008S). To quantify canopy closure, a photograph of the canopy was
taken directly above the census point. This was then digitalized and processed with a free
software photo editor Image] 1.44p (ABRAMOEF et al. 2004). The editing process involved
changing the photos to binary mode in which pixels will have values for black/white col-
ours. Then it is possible to analyze canopy closure in terms of percentage of pixels. Un-
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Fig. 2: Map indicating census points at which bird counts were conducted to assess bird assemblag-
es in five different habitat types ranging from pastures with scattered shrubs and small trees (PST),
to planted young secondary forests (YSFP), naturally regenerated young secondary forests (YSFN),
old cacao agroforestry systems (OAF) and naturally regenerated old secondary forests (OSFN). —
Abb. 2: Karte der Zihlpunkte, an denen Vogelzihlungen zur Ermittlung der Vogelgemeinschaften
in fiinf verschiedenen Habitattypen durchgefithrt wurden: Weide mit vereinzelten Biischen und
niedrigen Baumen (PST), gepflanztem jungen Sekundirwald (YSFP), natiirlich regeneriertem jun-
gen Sekundirwald (YSFN), altem Kakao Agroforstsystem (OAF), und natiirlich regeneriertem al-
ten Sekundirwald (OSEN).
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derstory density was determined by taking twenty different distance measurements to the
nearest tree stem or bush around the census point above 1.5 m height. The twenty meas-
urements were averaged into a single estimate value; this was done using a laser distance
measurement device (Leica DISTO" D2). Herb cover was estimated as percentage cover,
taking into account all herbaceous species, and some low woody plants less than 15 cm tall.

Assessing temporal succession of birds at Finca Amable

To assess changes in species richness and composition of bird assemblages at the reforesta-
tion site Finca Amable, a total of seven bird surveys were conducted between July 2013
and November 2018. Every survey unit consisted of two zig-zag transects covering the en-
tire area of the reforestation area (4 ha). The two surveys per unit were on average 13 days
apart (min.-max. = 5-19 days). Average survey time was 204 min (max.-min = 182-243
min). During each survey unit, all acoustically and visually detected birds were counted,
trying to avoid double counts.

Data analysis

Recorded species richness of bird assemblages recorded by mist-netting at the five old-
growth and the five secondary forest sites was compared using a t-test. We further calcu-
lated species accumulation curves for both groups of forest sites using the INEXT package
(Hsien et al. 2014). Similarity relationships of species assemblages assessed by mist-net-
ting at the 10 forest sites were assessed using Bray-Curtis similarities (based on square-root
transformed abundances, not considering recaptures). Subsequently, similarity relation-
ships between sites were visualized using a non-metric multidimensional scaling (NMDS)
ordination. The ordination was considered to reliably visualize similarity relationships
when the associated stress value was <0.2 (CLARKE 1993). A one-way ANOSIM was calcu-
lated to test for differences in species composition between the two forest types.

To identify relationships between the number of recorded species of forest generalist as
well as forest specialist birds and the habitat variables, Pearson correlations were calculated.
Afterwards, False Discovery Rate (FDR) transformations were applied to correct for bias
caused by multiple testing (P1xE 2011).

Changes in bird species composition between surveys over the time period 2013-2018 at
the reforestation site Finca Amable were quantified using Bray-Curtis similarities (using
square root transformed abundances) and visualized in a NMDS ordination. Since we ex-
pected species composition to change with progressing forest succession, extracted Dimen-
sion 1 and 2 values of the resulting NMDS ordination were correlated with the survey pe-
riod order using a Spearman rank correlation. A Spearman rank correlation was also used
to test if the total number of recorded bird species and in particular the relative richness
of forest bird species changed with progressing forest succession.

Results

Species richness and species composition in old-growth and secondary forests

Species assemblages assessed by mist-netting were very similar in terms of species richness
in both forest types, with a mean number of recorded species (+ Std.dev.) of 31.6 (+ 7.37)
and 32 (+ 7.81) species recorded per site in old-growth and secondary forest, respectively
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Fig. 3: Species accumulation curves with 95 % confidence intervals for the two forest types old-
growth and secondary forest. Additionally, the curve for all sites combined is provided. — Abb. 3:
Artenakkumulationskurven mit 95 % Konfidenzintervallen fiir alten Wald und Sekundirwald. Zu-
sitzlich wird die Kurve fiir die Gesamtheit aller Standorte gezeigt.
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Fig. 4: NMDS ordination based on Bray-Curtis similarities (with square root transformed abun-
dances) visualizing similarity relationships of understory bird assemblages assessed by mist-netting
at five secondary and five old-growth forest sites. Stress = 0.04. — Abb. 4: NMDS-Ordination ba-
sierend auf Bray-Curtis-Ahnlichkeiten (mit wurzeltransformierten Abundanzen). Visualisiert wer-
den die Ahnlichkeitsbeziehungen von Unterwuchsvogelartengemeinschaften, die an fiinf Sekun-
dirwaldstandorten und fiinf Standorten in altem Wald mittels Japannetzfang untersucht wurden.
Stress = 0,04.
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(ctest: £ = 0.08, p = 0.9357). Species accumulation curves calculated for both groups of
forest sites did indicate a slightly lower richness of old-growth understory birds (Fig. 3). In
contrast, species composition differed clearly between both forest types as indicated by the
NMDS ordination (Fig. 4) and by a calculated one-way ANOSIM (Global R = 0.456, p =
0.008). However, two of the secondary forest sites (LBO1 and LB03) were characterized by
species assemblages which closely resembled old-growth forest ones (Fig. 4).

Of the 95 mist-netted understory bird species, 42.5 % were recorded in both forest types,
while 23.4% and 34.0 % of the species were unique to old-growth and secondary forest,
respectively. When excluding species which were only mist-netted once or twice as they

Tab. 1: Results of Pearson correlations between habitat variables and species richness of forest spe-
cialists and forest generalists. Results printed in bold remained significant after calculating the False
Discovery Rate. — Tab. 1: Ergebnisse von Pearson-Korrelationen zwischen Habitatvariablen und
Artenreichtum von Waldvogelspezialisten und -generalisten. Fettgedruckte Ergebnisse waren auch
nach Berechnung der Falscherkennungsrate signifikant.

Forest specialists Forest generalists

Habitat variables FDR- FDR-
R adjusted p R adjusted p

Herb cover -0.55 0.023 -0.01 0.953
Maximal tree height 0.60 0.014 0.51 0.038
Large trees 0.85 <0.001 -0.02 0.953
Understory density -0.61 0.014 -0.09 0.787
Small trees 0.37 0.143 0.50 0.038
Canopy closure 0.59 0.014 0.30 0.252
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Fig. 5: Relationships between percentage of forest specialists at census points and the number of large
trees. Different symbol colours indicate the habitat types: PST — Pastures with scattered shrubs and
small trees, YSFP — planted young secondary forests, YSEN — naturally regenerated young second-
ary forests, OAF — old agroforestry systems and OSFN — naturally regenerated old secondary for-
ests. — Abb. 5: Zusammenhang zwischen Anteil an spezialisierten Waldvogeln an den Zahlpunkten
und der Zahl grofler Biume. Die Symbolfarben zeigen unterschiedliche Habitattypen: PST — Wei-
de mit vereinzelten Biischen und niedrigen Baumen, YSFP — gepflanztem jungen Sekundirwald,
YSEN — natiirlich regeneriertem jungen Sekundirwald, OAF — altem Agroforstsystem, und OSFN
— natiirlich regeneriertem alten Sekundirwald.
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are very rare or difficult to trap, figures change substantially. Of the remaining species, as
many as 66.1 % could be recorded in both forest types, while only 15.3 % were unique to
old-growth forest and 18.5 % were only mist-netted in secondary forest.

Species richness and species composition across a chronosequence
of vegetational succession

A total of 115 forest bird species were recorded during the point counts, including 61 spe-
cies classified as forest generalists and 54 classified as forest specialists. Richness of forest
specialists was most strongly related to the number of large trees in that the number of
specialist species increased significantly with the increasing number of large trees. Other
variables were only weakly (herb cover, maximum tree height, canopy closure, understory
density) or not significantly related to the richness of forest specialists. Variance in spe-
cies numbers of forest generalists was only weakly positively related to the maximum tree
height and the density of small trees (Tab. 1). While the total number of bird species re-
corded at census points was not related to the number of large trees (» = 0.036, p = 0.8793),
the percentage of forest specialists increased significantly (r = 0.702, p = 0.0006; Fig. 5).

Colonization of a reforested area by forest birds

Bird species composition of Finca Amable changed almost continuously with progressing
forest succession as Dimension 1 values of the resulting NMDS ordination (Fig. 6) are cor-
related with the survey period order (r, = 0.942, p = 0.0028). This change in species com-
position can be attributed to an increase of the relative richness of forest birds (r, = 0.893,

July 2013 November
2017
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March 2015 July/ .
August 2016

July 2014

November 2015

Dimension 2

November 2018

Dimension 1

Fig. 6: NMDS ordination based on Bray-Curtis similarities (with square root transformed abun-
dances) visualizing similarity relationships of understory bird assemblages surveyed at the refores-
tation area Finca Amable over a period of six years after the planting of the first trees. Stress = 0.01.
— Abb. 6: NMDS-Ordination basierend auf Bray-Curtis-Ahnlichkeiten (mit wurzeltransformierten
Abundanzen). Visualisiert werden die Ahnlichkeitsbeziehungen von Unterwuchsvogelartengemein-
schaften, die auf der Wiederbewaldungsfliche Finca Amable iiber einen Zeitraum von sechs Jahren
nach Beginn der Baumpflanzungen untersucht wurden. Stress = 0,01.
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p =0.007; Fig. 7), while the total number of recorded species per survey did not change
within the period of five years (r, = 0.206, p = 0.658).

Fig. 7: Change in the rela-
100 tive richness of forest bird
species surveys at the re-
forestation area Finca Am-
able over a period of six
years after the planting of
the first trees. — Abb. 7:
Verinderung der relativen
Artenvielfalt von Waldvo-
gelarten am Wiederbewal-
dungsstandort Finca Ama-
ble iiber einen Zeitraum
von sechs Jahren nach Be-
ginn der Baumpflanzun-
gen.
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Discussion

The importance of secondary forest for forest birds

Although understory species assemblages assessed by mist-netting at old-growth forest and
young secondary forest sites showed a similar species richness, both forest types differed
clearly in species composition. However, a substantial proportion of old-growth forest spe-
cies could also be found in young secondary forest. It must also be emphasized that, in the
latter forest type, several forest species were also recorded which appear to prefer disturbed
forest, underlining that such secondary forest patches also contribute to the local forest
species richness. For example, the 21 individuals of Cherrie’s Tanager (Ramphocelus costari-
censis), an endemic of the Pacific slope of Costa Rica and Panama, were all mist-netted in
young secondary forests. Other common (>8 trapped individuals) resident breeding birds
exclusively trapped in secondary forests were Buff-throated Saltator (Saltator maximus)
with 10 individuals, Clay-colored Thrush (Zurdus grayi) with 22 individuals, Northern
Royal Flycatcher (Onychorbynchus mexicanus) with 9 individuals, Stripe-throated Hermit
(Phaethornis striigularis) with 10 individuals and White-tipped Dove (Leprotila verreauxi)
with 18 individuals. Only two of the more common resident birds were exclusively trapped
in old-growth forest, the Rufous Mourner (Rhytipterna holerythra) with 11 individuals and
the Sulphur-rumped Flycatcher (Myiobius sulphureipygius) with 12 individuals. Our re-
sults also underline the importance of secondary forest for northern migrants, as all of the
15 individuals of the Northern Waterthrush (Parkesia noveboracensis) were mist-netted in
young secondary forests. The importance of secondary forest for northern migrants was
already reported by other studies from the Neotropics (Karr 1976, MarTIN 1985, REID
etal. 2008). It was even assumed that several of the Nearctic migrants can play an impor-
tant role as seed dispersers and, hence, contribute substantially to the regeneration of young
secondary forests (BLakEe & LorseLLe 1992, REID et al. 2008).
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Secondary forests predominantly support generalists (BRook et al. 2003) and probably act
as reproductive “sinks” for some forest species (BaTTiN 2004, PEH et al. 2005, AUBRECHT
& Scuurze 2008). However, the total of 115 species of forest-depending birds (with 47 %
classified as forest specialists) recorded in secondary forests of our study area by point
counts underlines their substantial contribution to bird diversity on the landscape level.
That secondary forest may result in an increase of species richness at a regional level was
already emphasized by other studies (GRanamM & Brake 2001, HuGHES et al. 2002).

Furthermore, the conservation value of secondary forest sites is highlighted by our records
of several range-restricted forest species such as the Charming Hummingbird (Amazilia
decora), Baird’s Trogon (Trogon bairdii), Black-hooded Antshrike (7hamnophilus bridgesi),
Riverside Wren (Cantorchilus semibadius), Black-cheeked AntTanager (Habia arrimaxil-
laris) and Spot-crowned Euphonia (Euphonia imitans), and the near threatened forest spe-
cialist species, the Golden-winged Warbler (Vermivora chrysoptera).

Large trees as key habitat structure for forest birds

Across our census point sites representing a gradient of vegetational complexity, large trees
emerged as an important variable for the richness of forest-dependent species. Overstory
tree density also proved to be an important explanatory variable for differences in the spe-
cies richness of various functional groups of forest birds across a gradient from natural for-
est to secondary forest, agroforestry systems and annual cultures in Cameroon (WALTERT
et al. 2005). Some earlier studies highlighted canopy closure and structural complexity
(i.e. number of vegetation layers) of secondary vegetation as important determinants for
the species richness and the composition of tropical forest birds (BLake & LoiseLLe 2001,
GEORGE & Zack 2001, Dunn 2004, BarLow 2007b, Borges 2007). The number of large
trees contributing to the vertical complexity of secondary forests and the canopy closure
seemed to influence the species richness of specialist birds also at our study sites. However,
the effect of the number of large trees appeared to have a particularly important role for the
occurrence of forest specialist bird species (but not forest generalists). The value of large
trees as a key structural element for many forest birds, providing breeding niches and food
resources, has already been emphasized by other studies (SopHr et al. 2005, VAN BAEL et
al. 2007, ABRAHAMCZYK et al. 2008). However, the presence of large trees may only facili-
tate the colonization of young secondary forests by bird species that require living trees,
because such young forests are mostly still lacking larger dead trees (DEwALT et al. 2003).

Although early stages of forest succession may not be appropriate breeding habitat for
many forest specialists (MACARTHUR & MACARTHUR 1961, BOwWEN et al. 2007), at least
some of them may infrequently use various resources provided by this forest type, e.g.
when situated close to the margin of old-growth forest. For example, at one of our pas-
tures with scattered shrubs and small trees, eight forest specialist species were reported.
Most of these being omnivorous (i.e. Attila spadicens, Cyanocompsa cyanoides, Euphonia
imitans, Ornithion semiflavum and Ramphastos swainsonii), but also including one insecti-
vore (Pachyramphus aglaiae), one granivorous (Leptotila cassini) and one frugivore species
(Penelope purpurascens). The presence of such forest specialist bird species can be explained
by the presence of single larger remnant trees (GUEVARA et al. 1986). Such scattered large
trees are considered to be keystone structures in human-modified areas, offering benefits
to forest birds, not only at a landscape level (e.g. connectivity) but also locally (e.g. struc-
tural complexity, nesting) (MANNING et al. 2000).
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Importance of secondary habitats as corridors for the conservation
of forest birds

The relatively high number of forest-dependent species recorded in secondary forests in-
dicate that they may also have a high potential to improve connectivity between remain-
ing areas of old-growth forests in our study area. In fact, even smaller groups of trees em-
bedded in the human-dominated landscape can already be utilized by at least some forest
birds as stepping stones for dispersal movements between forest fragments (GiLLiEs and
Cassapy St. CLaIr 2010). In contrary to the assumption that the majority of tropical for-
est birds have a very limited dispersal capability, a recent study from southeastern Brazil
reported movements of forest birds between forest fragments across open areas of up to
650 m (MARiN1 2010). Although direct evidence (e.g. by recaptures of banded birds) is still
missing, we can thus expect that most of the secondary patches in our study area can act
as stepping stones for at least a certain proportion of forest birds, as the majority of them
is located well within a distance of less than 500 m to the margin of larger forest areas. Be-
sides their importance as stepping stones, secondary forests attached or adjacent to mature
forest may increase the habitat quality for forest species in the buffer zone around mature
forest, thus reducing negative edge effects (F1scHER et al. 20006).

Rapid colonization of secondary forest patches by forest birds

A recent meta-analysis documented that species richness of different vertebrate groups, in-
cluding birds, reached a level in secondary forests similar to that of mature reference for-
est sites within a couple of decades of natural succession. However, species compositional
similarity still differed even between old secondary forests and mature or old growth for-
est. In birds, the main reason may be the delayed recovery of forest specialists and func-
tional groups such as insectivorous birds (ACEVEDO-CHARRY & AIDE 2019). This is also
emphasized by our study on the recovery of forest species at the reforestation site Finca
Amable. Although the relative contribution of forest species, including forest generalists
able to utilize disturbed forests, dramatically increased from 30 to nearly 80 % during a
period of only six years after the start of the reforestation, true forest specialists common
in adjacent mature forest (e.g. Black-checked Ant-Tanager) are still missing. Another study
on birds comparing data from 44 tropical secondary forest patches with nearby primary
forest sites also indicated that the species richness of forest specialists increased continu-
ously with secondary succession but reached similar species richness of forest specialists
only after 100 years (SAYER et al. 2017).

Conclusions

Besides potentially representing important stepping stones for forest birds by facilitating
crossings of open areas, our results indicate that secondary forest patches embedded with
the human-modified landscape can represent important secondary habitats for a substan-
tial proportion of forest birds. Additionally, when attached to the forest margin they may
act as important buffer habitats at the border of protected forest areas. Hence, conserva-
tion efforts should aim to protect such emerging forest structures and additionally should
target to increase the density of such forest patches to enhance the permeability of the
human-modified landscape. Such measures will n