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Background and aims — The Congo Basin lowland forest represents one of the largest tropical forest
blocks in the world, but its liana assemblage has never been characterized. We evaluate liana floristics,
diversity, and structure in the Ituri Forest, and determine the effects of forest structure and edaphic variation
on liana species composition.

Methods — Two permanent 10-ha plots (200 x 500 m), 500 m apart, were established in mixed forest. All
liana individuals > 2 cm dbh were identified, measured, mapped, and marked. For 20 x 20 m subplots we
distinguished terra firme and swamp, and we estimated canopy openness.

Key results — The combined 20-ha area contains 15,008 lianas (dbh > 2 cm) representing 195 species, 83
genera, and 34 families. Per hectare, species number averaged 64, mean basal area was 0.71 m? and mean
Fisher’s alpha, Shannon index, and Simpson diversity index values were 17.9, 3.1 and 11.4, respectively.
Ten dominant plant families represented 69% of total species richness, 92% of liana abundance and 92%
of basal area, while ten dominant species accounted for 63% of abundance and 59% of basal area. A
single species, Manniophyton fulvum, dominated the liana community (22% of all individuals). Forty-one
species (21%) had one individual only. Twiners, zoochorous, light-demanding, and meso- or microphyllous
species dominated. Liana abundance increased with abundance of medium-sized and large trees but was,
surprisingly, independent of small-tree abundance. Canopy openness, habitat type, and tree size were the
most important factors influencing abundance and distribution of liana individuals.

Conclusions — The Ituri liana assemblage stands out by showing an extreme one-species dominance.
Species floristic composition is, however, generally similar to that in other tropical African forests.

Key words — Africa, Congo Basin, forest structure, floristic composition, functional traits, Ituri Forest
Dynamics Plots, lianas, rain forest, species diversity.

INTRODUCTION

Lianas (woody climbers) are notoriously abundant in the
tropics, contributing up to 25% of the woody stem density
(Gentry 1991a, Schnitzer & Bongers 2002) and 12-40% of
the overall species diversity of tropical forests (Smith 1970,
Hall & Swaine 1981, Gentry 1991a, Schnitzer & Bongers
2002, Bongers et al. 2005). Apart from their direct contri-
bution to diversity, lianas help maintaining diversity through
their effects on forest structure and dynamics (Putz 1984,
Schnitzer & Bongers 2002, Schnitzer et al. 2012) and thus on
species composition of both plants and animals.

A number of studies have documented the functional as-
pects of lianas in tropical forests. First, lianas substantially
contribute to canopy closure after tree fall, stabilizing the mi-
croclimate underneath, and contributing to whole-forest tran-
spiration (Schnitzer & Bongers 2002, Andrade et al. 2005).
Second, lianas contribute to the carbon budget of tropical
forests (Lewis et al. 2009), representing as much as 10% of
the fresh above-ground biomass (Putz 1984, Phillips et al.
2002, Gehring et al. 2004) and accounting for up to 40% of
the leaf productivity (Hegarty & Caballé 1991, Gerwing &
Farias 2000, Wright et al. 2004). Finally, by colonizing trees,
lianas create structural stress on their hosts, compete for
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light, water and soil nutrients, generally reducing tree growth
(Whigham 1984, Schnitzer et al. 2005, Pefia-Claros et al.
2008, Villegas et al. 2009, Ingwell et al. 2010, Dalling et al.
2012) and reproduction (Stevens 1987, Kainer et al. 2006,
Nabe-Nielsen et al. 2009), while increasing rates of tree fall
and limb breakage (Lowe & Walker 1977, Putz 1984).

The varying species composition of lianas in different
forest types demonstrates that there are large ecological and
functional differences across species. Although lianas have
a similar growth form and are generally thought to be light
demanding (Gilbert et al. 2006, Putz 1984), species do dif-
fer in for example climbing mechanisms (Putz 1984, Putz &
Holbrook 1991) and light requirements (Baars et al. 1998,
Gianoli et al. 2010, Gilbert et al. 2006, Putz 1984). Further-
more, flower size and diaspore type vary markedly across
liana species (Bullock 1995, Cai et al. 2009, Gentry 1991b)
and are correlated with a wide range of pollinators and prop-
agule distributers. All this enables lianas to occupy a wide
range of habitat types (Darwin 1867, Balfour & Bond 1993,
Nabe-Nielsen 2001).

The abundance, species diversity, and distribution of lia-
nas depends on several abiotic factors, including total rain-
fall, seasonality (DeWalt et al. 2010), soil fertility (Poulsen
et al. 2005, Toledo 2010), landscape topography (Dalling et
al. 2012), canopy structure (Ibarra-Manriquez & Martinez-
Ramos 2002), disturbance regimes and successional stage
(DeWalt et al. 2000, 2006, Schnitzer & Bongers 2002,
Schnitzer et al. 2005). Putz (1984) and Balfour & Bond
(1993) showed that trellis availability and canopy structure
(i.e. canopy openness and tree architecture) together influ-
ence the distribution and abundance of lianas in different for-
est types. Spatial variation in water availability, often driven
by topography, may also play an important role in these pat-
terns (Nabe-Nielsen & Hall 2002, Kusumoto et al. 2008),
while lianas always depend on other plants for support after
the initial, self-supporting stages (Homeier et al. 2010, Nabe-
Nielsen & Hall 2002).

Although the importance of lianas is broadly recognized,
very few liana studies have been performed in the Congo Ba-
sin (Lebrun 1937, Makana et al. 1998). In this study we eval-
uate the community structure of the liana assemblage of the
mixed lowland Ituri Forest, north-eastern Democratic Re-
public of Congo. Using data from two 10-ha forest plots we
(1) describe the floristics, diversity and structure of the liana
assemblage in this forest, (2) characterize liana functional
traits (climbing mechanisms, regeneration guilds, leaf sizes,
flower types and dispersal syndromes); and (3) determine the
effect of forest structure on liana species abundance.

We tested the hypotheses that (1) the liana assemblage
in the Ituri Forest accords in diversity and structure with
lowland rain forests elsewhere, but floristically most closely
resembles other such assemblages in central Africa, (2) the
liana species abundance and species richness are related to
local environmental parameters of canopy openness and soil
drainage (Balfour & Bond 1993), while overall liana density
is correlated with the number of available host trees.
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MATERIALS AND METHODS

Study site

The study was carried out in the Okapi Faunal Reserve (Ré-
serve de Faune a Okapis (RFO), 1°25°N 28°35’E; fig. 1) in
the central part of the Ituri Forest, north-eastern D.R. Con-
go. Two 10-ha permanent forest plots were established near
the Edoro Field Research area of the Centre de Formation
et de Recherche en Conservation Foresti¢re and the Wildlife
Conservation Society (hereafter referred to as CEFRECOF/
WCS). The Ituri Forest Dynamics Plots are part of the world-
wide tropical forest network of the Center for Tropical For-
est Science (CTFS; Condit 1998, Losos & Leigh 2004). The
Edoro research area covers about 52 km? of primary mixed
tropical forest at an altitude of 700-850 m a.s.1.

The climate of the region is Kdppen’s Am (Gerard 1960,
Peel et al. 2007), i.e. tropical megathermal with a pronounced
dry season. Mean annual precipitation is 1785 mm, with a
bimodal seasonal distribution, with two wet seasons from
March to June and August to November. In the dry season,
December through February, monthly rainfall is less than
100 mm and the two driest months, January and February,
have less than 50 mm. Mean annual temperature is between
17.9°C and 25.5°C (Hart & Carrick 1996, fig. 1). The soils
consist mainly of highly weathered tropical oxisols, with
texture ranging from sandy clay loam to sandy clay (Hart et
al. 1989). Topography in each plot is gentle with only small
internal differences in elevation: less than 20 m (Makana et
al. 2004a, 2004b). The vegetation in the study area is mixed
tropical lowland forest (sensu White 1983). In the two 10-ha
plots three tree species, Cynometra alexandri, Julbernardia
seretii (both Leguminosae), and Cleistanthus michelsonii
(Phyllanthaceae), account for up to 30% of the basal area and
density of stems > 10 cm dbh (Hart 1985). The canopy is het-
erogeneous, 30-40 m in height, with frequent emergent trees.
For a more detailed description of the study area, soils, and
climate, see Hart (1985), Conway (1992) and Hart & Carrick
(1996).

Data collecting

In December 1994, two permanent plots of 10 ha (200 x
500 m), 500 m apart, called Edoro-1 and Edoro-2 (fig. 1),
were established in mixed forest. They had no large-scale re-
cent disturbances, and each included about 1 ha of swampy
area. Botanical and topographic data were collected follow-
ing the plot standards of the CTFS network (Condit 1998). In
each 10-ha plot, a grid of 250 contiguous 20 x 20 m quadrats
was demarcated with 286 cement stakes and each quadrat
was subdivided into 16 sub-quadrats of 5 x 5 m. All liana
individuals > 2 cm dbh were identified, measured, mapped
and marked with a pre-numbered aluminum tag. Liana dbh
was measured at 1.3 m distance along the stem from their
rooting point. To facilitate comparison with other liana stud-
ies, we only included true liana species: woody climbing
plants that germinate on the ground but lose their ability to
support themselves as they grow, so they have to rely on ex-
ternal physical support to ascend to the canopy (Gerwing et
al. 2006). We distinguished genets from ramets for each indi-
vidual liana, based on rooting location and underground stem
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Figure 1 — Location of the two Edoro mixed forest dynamics plots in the Ituri Forest, eastern D.R. Congo. The grey areas crossing the Edoro
plots is swamp forest. The climate diagram is from the Epulu site (Okapi Wildlife Reserve) with mean monthly temperatures (lower line)
and mean monthly rainfall (grey and black surfaces) showing two wetter and two dryer periods. Weather records collected from 1986-2007.

connections (Parren et al. 2005). This was verified by remov-
ing litter. All multiple and non-rooted interconnected stems
were assumed to belong to the rooted individual and were
counted as an individual clone group. However, in some cas-
es we could not reject with total certainty the possibility of
below-ground connections and we adopted as a general rule
that stems were treated as genets unless it was evident that
they had connections with other stems.

Major habitat types were defined using visual evaluation
of superficial soil water availability. Terra firme forest (TF)
was defined as non-inundated terrain with sandy to loamy
soils and a thin layer of organic matter, while swamp forest
(SF) was defined as terrain with hydromorphic and alluvial
soils, regularly flooded during rainy periods. At the study
site, the canopy of SF is much lower, more open, and less
homogeneous than that of TF. For each 5 x 5 m subquadrat
we estimated canopy cover using a three-class semi-quantita-
tive scale (0: cover = < 25%, 1: cover = 25-50%, 2: cover =
50-100%). Data were converted to their midpoint values and
mean canopy openness (1 - %cover; see Jennings et al. 1999)
was used for further analysis.

If possible, we identified lianas to species in the field. All
botanical identifications were based on both reproductive
(flowers or fruits) and vegetative (leaves, bark and trunk)
characteristics of specimens collected or observed in the

field. In most cases, either fertile or sterile material was col-
lected for identification at the reference Herbarium of CE-
FRECOF at Epulu. Collected material was later compared
with identified collections at international herbaria, notably
the National Herbarium of the Netherlands - Wageningen
branch (WAG), the Botanic Garden Meise (BR) in Belgium
and Missouri Botanical Garden (MO) in St. Louis. In each
herbarium a set of voucher specimens was deposited. Fam-
ily nomenclature follows the Angiosperm Phylogeny Group
(APG, Stevens 2001); that of the species follows Lebrun &
Stork (1991-1997).

Data analysis

We characterized liana floristic and structural components
at three scales: fine (20 X 20 m quadrat), plot (10 ha) and
community (20 ha). We used a conservative approach in cal-
culating species numbers. Only morphospecies that clearly
represented a distinct species were considered. When we
were unsure of the species, but had no doubt about genus
or family, we lumped all individuals into a morphogroup
genus or family, respectively. Electronic appendix gives an
overview of all species, morphospecies, and morphogroups.
All analyses are based on identifications at three taxonomic
ranks: species (all subspecific taxa lumped under the parent
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Table 1 — The ten most abundant species, genera and families of lianas in Edoro mixed rain forest in Ituri, D.R. Congo.
Abundance, basal area and importance value in 20 ha of forest. Values between parentheses are percentages of abundances and basal area,
and exponent values provide the rank order of taxa with decreasing abundance.

Scientific name Family Stem abundance Basal area (m*>) Importance value (%)
Manniophyton fulvum Euphorbiaceae 3299 (21.9)! 2.2(13.6)! 14.3!
Rourea thomsonii Connaraceae 922 (6.1)? 0.9 (5.6)° 5.7
Dichapetalum staudtii Dichapetalaceae 854 (5.7) 0.9 (5.3)* 5.33
Agelaea pentagyna Connaraceae 767 (5.1)* 1.2 (6.3) 5.44
Combretum racemosum Combretaceae 685 (4.6)° 0.5 3.2y 3.3°
Dichapetalum heudelotii Dichapetalaceae 638 (4.3)° 0.7 (4.2) 3.8°
Agelaea paradoxa Connaraceae 636 (4.2) 0.5 (3.1)° 3.9
E Agelaea rubiginosa Connaraceae 454 (3.0)® 0.6 (3.7)¢ 3.38
é« Combretum marginatum Combretaceae 421 2.8y 0.8 (4.9)¢ 3.71°
Millettia psilopetala Leguminosae 390 (2.6)° 0.9 (5.6)° 3.7
10 most abundant 9066 (63.2) 9.0 (59.2) 55.8
All other 5942 (36.8) 7.2 (40.8) 442
Total for identified species 13534 (90.2) 14.4 (89) 88.2
Total for non-identified morphogroups 1474 (9.8) 1.8 (11) 11.2
Total (20 ha) 15008 (100) 16.2 (100) 100
Number of identified species 195
Genus # species
Manniophyton 1 3299 (21.9)! 2.2 (13.6)* 14.8!
Agelaea 3 2117 (14.1)? 2.5(15.3)! 12.9?
Dichapetalum 7 1821 (12.1)* 1.9 (11.6)° 10.83
Combretum 7 1506 (10.0)* 1.8 (11.2)* 9.3*
Rourea 2 971 (6.5) 1.0 (6.1)¢ 6.5°
Millettia 1 583 (3.9)° 1.4 (8.5) 5.66
£ Salacia 3 490 (3.3’ 0.7 (4.5) 4.7
(@) Strychnos 14 480 (3.2)* 0.4 (2.7 3.48
Landolphia 13 303 (2.0° 0.5 (2.9) 2.9°
Cnestis 2 212 (1.4)'° 0.2 (1.0)' 1.6'
10 most abundant 40 (21) 11782 (78.5) 12.5 (77.5) 722
All other identified 155 (79) 3226 (21.5) 3.7(22.5) 27.8
Total for identified genera 195 (100) 14217 (94.7) 15.2 (93.8) 93.1
Total for non-identified genera 791 (5.3) 1.0 (6.2) 6.9
Total (20 ha) 15008 (100) 16.2 (100) 100
Family # species
Connaraceae 13 3482 (23.2)! 3.8 (23.5)! 19.7!
Euphorbiaceae 4 3420 (22.8)° 2.34 (14.6)* 16.3?
Dichapetalaceae 7 1821 (12.1)* 1.9 (11.6)° 11.6°
Combretaceae 7 1506 (10.0)* 1.8 (11.2)* 10.34
Celastraceae 22 1001 (6.7)° 1.5 (8.9)° 8.1¢
" Leguminosae 15 820 (5.5)° 1.8 (11.1)° 8.1°
}l:) Apocynaceae 30 654 (4.4) 0.7 (4.6)7 5.27
§ Loganiaceae 14 480 (3.2)® 0.4 (2.7)¢ 4.18
Annonaceae 18 424 (2.8 0.3 (1.8y 3.4
Malvaceae 5 245 (1.6)'° 0.2 (1.5)"° 2.110
10 most abundant 135 13853 (92.3) 14.9 (91.6) 89.1
All other identified 60 1113 (7.7) 1.3(84) 10.9
Total for identified 195 14966 (99.7) 16.1 (99.4) 99.5
Total for non-identified 42 (0.3) 0.1 (0.6) 0.5
Total (20 ha) 15008 (100) 16.2 (100) 100
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species), genus, and family. Morphogroups not identified to
a named taxon (9.8% of all recorded stems) were excluded
from further analyses.

To describe the liana community structure we calculated
for each taxon the Importance Value Index (IVI), i.e. the av-
erage percentage of relative density, its occurrence frequency
(based on 20 % 20 m plots) and its basal area (Mueller-Dom-
bois & Ellenberg 1974). The total number of species, genera,
and families were tallied for each plot (10 ha) and for the
whole community (20 ha). We plotted each of these parame-
ters following the method of Preston (1948), by counting the
number of species within classes of abundance that doubled
in size from one class to the next. For size-related species
richness, stem abundance, and basal area we used diameter
size class intervals of 2 cm.

We used three indices: Fisher’s alpha, the Shannon index,
and Simpson diversity (1/D where D is the standard Simpson
Dominance) to calculate liana diversity in the 20-ha commu-
nity. These indices were selected based on their discriminant
ability, sensitivity to sample size, and popularity. Fisher’s al-
pha is less sensitive to sample size and thus facilitates com-
parisons of diversity among sites that differ in abundance (cf.
ter Steege et al. 2003, Parmentier et al. 2007). The Shannon
index emphasizes the contribution of rare species, while the
Simpson diversity index gives more weight to common spe-
cies in a sample (Magurran 2004). We used EstimateS 8.0
(Colwell 2006) to compute the abundance-based coverage
estimator (ACE) and Coleman non-parametric estimators of
species richness (Chazdon et al. 1998, Colwell & Coddington
1994). These estimators differently approximate total spe-
cies richness per plot. The Coleman estimator indicates site
heterogeneity, while ACE estimates total species richness by
considering singletons (species presented by one individual)
and doubletons (species represented by two individuals).

In each 20 x 20 m quadrat, trees were categorized as
small (1 cm < dbh > 10 cm), medium (> 10 cm dbh <30 cm)
and large (dbh > 30 c¢m), and the lianas as small (dbh <5 cm)
or large (dbh > 5 cm). The hypothesis that tree abundance (in
separate size classes) would affect the liana abundance (in
separate size classes) was tested using backward multiple re-
gression analysis (SPSS 15.0 for Windows; SPSS Inc., Chi-
cago, USA). Terra Firme and Swamp Forest subplots were
compared for canopy openness and for abundance of liana
stems using T-tests.

We assigned functional traits/ecological characteristics
(climbing mechanism, leaf size, regeneration light require-
ments, flower type, and primary dispersal syndrome) to each
species, either by direct field observations and/or using data
available in the primary literature (Evrard 1968, Gerard
1960, Flore d’Afirique centrale Various editors 1948—, etc.).
Climbing mechanisms for all liana species were categorized
as (1) stem twiner, (2) hook climber, (3) root climber, and (4)
tendril climber. Leaf size was classified following Raunkizer
(1934) as lepto- (< 0.2 cm?), nano- (0.2-2 cm?), micro- (2-20
cm?), meso- (20-200 c¢cm?), and macro-phyllous (200-2000
cm?). Regeneration light requirements were grouped into
four classes (Evrard 1968): light demanding, partially light-
demanding, partially shade-tolerant, and shade tolerant.
Flower types were classified as conspicuous (with generally
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bright coloured and large flowers [longer or wider than 1 cm]
or with smaller flowers but mass-flowering) and inconspicu-
ous (with whitish, pale, or green coloured and small flowers)
(Bawa et al. 1985, Gentry 1982, 1991b). Three primary dis-
persal syndrome classes were used: anemochory (wind-dis-
persed fruits or seeds with plumose appendages or scarious
wing-like appendages), zoochory (animal dispersed fruits
with soft and fleshy outer layers or seeds with arils), and
barochory (autochory or active seed dispersed by the plant
itself, usually by explosive dehiscence, such as explosive
pods). Dispersal by water does not seem to occur in our liana
species.

RESULTS

Floristic and taxonomic diversity

A total of 15,008 stems were recorded in the two 10-ha
plots. Of these stems 90.2% (13,534 stems) were identified
to species level and represented 195 species (see electronic
appendix for a complete list) in 83 genera and 34 families
(table 1). Edoro-2 (169 species, 76 genera and 33 families)
was slightly richer than Edoro-1 (137 species, 72 genera,
31 families). The ten most abundant species collectively
accounted for 63.2% (9,066 stems) of all stems and 59.2%
(9.0 m?) of all basal area. Manniophyton fulvum (Euphorbi-
aceae) had the highest Importance Value Index (14.3%): it
accounted for 21.9% of all liana stems and 13.6% of the to-
tal basal area, and was distributed in 88.4% of the quadrats.
The ten most important genera included 40 species (21%)
and contributed 78.5% of all stems and 77.5% to the basal
area. Manniophyton (Euphorbiaceae) was the most abundant
genus, but Agelaea (Connaraceae) had the highest basal area
(15.3%). Landolphia (13 species) was the most speciose ge-
nus but contributed only 2% to abundance and 2.9% to basal
area. Ten of 34 families contained 47 genera, and contrib-
uted 92.3% to the number of stems, 91.6% to basal area and
89.1% to total Importance Value Index. The most speciose
families were Apocynaceae (30 species), Celastraceae (22)
and Annonaceae (18). Laccosperma secundiflorum (Are-
caceae) was the only palm liana in the Ituri Forest liana as-
semblage.

Species richness and diversity

An average of 63.9 species, 40.6 genera and 21.9 families
were recorded per hectare (table 2). Fisher’s a was 17.9
+ 1.3 ha'!, Shannon index was 3.1 £ 0.2 ha! and Simpson in-
dex was 11.4 = 1.9 ha!. In the whole community (20 ha), we
found that hectare-based species number estimates ranged
from Coleman = 62.8 to ACE = 100.3. At the smaller scale of
20 x 20 m quadrats, all values were considerably lower (ta-
ble 2). The estimated species number was up to twice as high
as the observed number. The species accumulation curves
(fig. 2A) did not attain an asymptote, even at the 20-ha sam-
pling area. Rare species, defined as those found as singletons
and doubletons remained numerous even in large samples.
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Table 2 — Liana community floristic and structural attributes of Edoro mixed rainforest, Ituri, D.R. Congo (mean + SD).

Site Edoro 1 Edoro 2 Edoro

. 20 x20m 1 ha 20 x20m 1 ha 20 x20m 1 ha
Attribute

N =250 N=10 N =250 N=10 N =500 N=20

Structural and taxonomic recorded characteristics
Abundance 24.1+13.7 603.6 +122.5 29.9+15.1 749.8 £ 123.6 27.1+0.7 676.7+141.3
Basal area (m?) 0.02+0.01 0.61+0.10 0.03£0.01 0.82+£0.10 0.03£0.01 0.71 £0.10
Number of species 9.1£3.5 548+7.38 11.6+3.5 73.1+£2.1 10.2+0.2 63.9+10.9
Number of genera 84+3.1 39.0+3.9 94+28 42.342.6 9.1+0.1 40.6 £3.7
Number of families 7.6+2.4 21.7+1.7 79+22 222+1.7 84+0.1 21.9+1.7
Species richness non-parametric estimators
ACE 19.8 +£11.7 78.6 £10.3 25.2+14.9 100.3+9.3 19.9 +£12.7 90.4+17.0
Coleman 134+£2.6 62.8+4.2 16.5+£2.9 85.9+47 153+29 80.1 £4.8
Species diversity
Fisher’s Alpha 6.2+2.1 15.1+£1.2 84+3.1 203+1.4 7.4+33 179+1.3
Shannon 1.9+04 29+0.1 2.1+0.3 32+0.1 1.9+04 3.1+£0.2
Simpson 69+ 3.5 10.0+ 1.6 87+3.8 12.1+1.7 84+48 114+19
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Figure 2 — A, species area curves for observed species richness (S
Obs) and species richness estimators ACE and Coleman for lianas
in the Edoro mixed forest of Ituri, D.R. Congo; B, rank-importance
curves for species, genera and families for lianas in 20 ha of mixed
rain forest in Ituri. Taxon importance is calculated as the percentage
of the total community Importance Value Index and is natural
log-transformed (IVI+1) for the graph. Y-axis shows the back-
transformed IVI percentages. See electronic appendix for species
IVI values.
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Based on the twenty 1-ha plots, mean stem density was
677 £ 141.3 stems ha'!, and mean basal area was 0.71
+ 0.10 m? ha'l. Dominance-diversity curves (fig. 2B) show
strong dominance of a few taxa and many taxa represented
by only a few individuals. Taxonomic abundances (fig. 3) at
the 20-ha level varied greatly. Forty-one species (21%) were
only known as a single individual, while 56.9% of all stems
were represented by species with less than eight liana stems
(fig. 3A). In contrast, genera and families exhibited lognor-
mal-like distributions (fig. 3B & C), indicating that taxa vary
markedly in their abundances. Most liana individuals were
small: nearly 79% were smaller than 4 cm in diameter, while
only 2% of stems had a dbh of more than 10 cm (fig. 3E).
On average, stems measured 3.4 cm in dbh. The largest stem
measured was 19.5 cm dbh (Landolphia owariensis, Apo-
cynaceae). Species richness (fig. 3D), abundance (fig. 3E),
and total basal area (fig. 3F) decreased with increasing stem
size. Large lianas (> 10 cm dbh) contributed 16.5% to the
total liana basal area, and included 33 species. Species stem
abundance, basal area, and frequency were positively cor-
related (abundance versus basal area, r = 0.95; abundance
versus frequency, r = 0.89; basal area versus distribution,
r=0.93;all N=195 and P <0.001).

Species richness and abundance of lianas were positively
correlated with richness and abundance of trees, although the
correlation was very low (r> = 0.02 and 0.01, P < 0.01 in both
cases). Especially large-sized trees correlate positively with
liana abundance in all size categories (table 3); medium-
sized trees also had a positive correlation, but, surprisingly,
small trees showed no correlation.

Swamp Forest subplots had more liana stems (38.9
+ 21.7, n = 85) than Terra Firme subplots (mean 28.2 + 13.4
SD, n = 415), possibly partly because canopy openness was
higher in SF (52.9% + 18.7) than in TF (39.1% + 12.9) (T-
tests, p <0.001).



Liana characteristics

The functional and ecological characteristics are summa-
rized for the total species assemblage as well as for the 10
most important families separately (fig. 4). Most liana spe-
cies were stem twiners (69%), followed by tendril climbers
(16%) and hook climbers (14%). Liana species were pre-
dominantly mesophyllous (55%) or microphyllous (43%) in
leaf size. Most species were light demanding (82%); only a
few were either partially light-demanding or partially shade-
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tolerant. Just over half of the species had conspicuous flow-
ers (53% vs. 46% inconspicuous flowers). The seeds of most
species were animal dispersed (74%), followed by wind dis-
persed (22%). Only a few species were barochorous (4%).
With few exceptions, individual families generally exhibited
trends in functional characteristics similar to the complete
liana assemblage. Notable exceptions are as follows. Apo-
cynaceae are mostly tendril-climbers and Loganiaceae are
only hook climbers. Dichapetalaceae are only shade-tolerant.

100 — Species

D

Abundance

Frequently distribution

Basal area

Size classes (cm)

Figure 3 — Frequency distributions of: A, species (N = 195); B, genera (N = 83) and C, families (N = 34) in 20 ha of mixed rain forest in Ituri
by abundance classes; and percentage of: D, total species number; E, stem abundance; F, basal area of lianas of different size classes. The
abundance classes’ interval doubles with each increasing interval, while size class intervals are 2 cm each (X-axis).
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Table 3 — Pearson’s correlations of liana abundance with abundance of trees in different stem diameter at breast height size classes
in the Ituri mixed forest (N = 500 quadrats).

r is the Pearson coefficient of correlation, P is significance level (** P < 0.01, *** P <0.001, ns = not significant).

Stature category

Small trees (1-10 cm)

Medium trees (> 10-30 cm)

Large trees (> 30 cm)

r P r P r P
Small lianas (2-5 cm) 0.08 ns 0.15 ok 0.25 wkx
Large lianas (> 5 cm) 0.04 ns 0.11 *ok 0.09 ns
All size-class lianas 0.08 ns 0.16 ok 0.23 Hak
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Figure 4 — Proportion (%) of species with different: A, climbing mechanism; B, leaf size; C, life light requirement;D, flower type; E, primary
dispersal syndrome for all species (N = 195) and for the 10 most speciose families Apocynaceae (30 species), Celastraceae (22), Annonaceae
(18), Rubiaceae (19), Leguminosae (15), Loganiaceae (14), Connaraceae (13), Combretaceae (7), Dichapetalaceae (7), and Lamiaceae (7).
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Annonaceae, Connaraceae, Loganiaceae, Dichapetalaceae,
Lamiaceae, and Rubiaceae species are entirely dispersed by
animals, while all of our Combretaceae lianas are wind-dis-
persed.

DISCUSSION

Floristic composition

Nearly all individuals (98.2% of all stems) were identified
to family, genus, or species. This is on par with Schnitzer et
al. (2012) who identified 98.5% of all individuals in a 50-ha
plot in Panama, Burnham (2002) who identified 93% of all
stems to species or morphospecies in a census of twelve 1-ha
plots within Yasuni Forest (Ecuador), and Kuzee & Bongers
(2005) who identified 94% of their lianas in Ivory Coast, but
is generally well above the results reported in most other
studies.

The liana flora in our study plots was dominated by only
a few widespread and more generalist species, among them,
Manniophyton fulvum. Such dominance may be the result
of effective dispersal capacity, prolific vegetative sprouting,
lack of specific habitat requirements and low abundance of
seed predators, or combinations of these. Although this spe-
cies is generally thought to be light-demanding, we also ob-
served it in shady environments. Dispersal generally is ba-
rochorous, though not always clear (Jongkind & Hawthorne
2005) as the comparatively large seeds are reputedly eaten
by insects and birds (Jiofack Tafokou 2012), while no appar-
ent predator is known to attack its seeds.

Species composition and family dominance of lianas
in Ituri are largely the same as those found in most Central
African tropical forests (Cameroon: Parren 2003, Tchouto
2004; Uganda: Eilu 2001). The most abundant families of
Ituri (Connaraceae, Euphorbiaceae, Dichapetalaceae, Com-
bretaceae, Celastraceae, Leguminosae and Apocynaceac) are
widely distributed even in Upper Guinea (Addo-Fordjour et
al. 2008, Jongkind & Hawthorne 2005, Kuzee & Bongers
2005, Muoghalu & Okeesan 2005, Natta & Sinsin 2005,
Swaine et al. 2005), suggesting strong similarity among West
and Central African lowland forests. However, in the Neo-
tropics the assemblages show a distinctly different family
composition, being generally rich in species of Bignoniaceae
(Gentry 1991a), a family with only few liana representa-
tives in African forests. The speciose families Apocynaceae,
Euphorbiaceae, Leguminosae, and Rubiaceae (which also
include many non-lianas) and Connaraceae, Celastraceae,
Vitaceae (only including climbers) are important liana fami-
lies in both Old- and New World floras (Gentry 1991a). The
most common liana families in Asian forests are Annonace-
ae, Leguminosae, Loganiaceae, Rubiaceae, Dilleniaceae and
Connaraceae (Appanah et al. 1993, Appanah & Putz 1984)
suggesting a closer affinity to the Ituri Forest assemblage.
However, the Ituri Forest is poor in palm lianas compared to
the Neotropics and continental Asian forests.

Diversity and community structure

Mean liana species richness in the Ituri Forest (64 species
ha') is within the ranges of values reported for other low-
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land forests in Africa and the Neotropics (Burnham 2002,
DeWalt et al. 2010, Parren 2003, Romero-Saltos et al. 2001).
It compares particularly well with Panama (65 species ha’,
>2 cm dbh, Putz 1984), Brazilian Amazonia (70 species ha'!,
Laurance et al. 2001), and Cameroon (68 species ha’!, Par-
ren 2003), but figures from for example the Barro Colorado
Island, Panama are slightly higher (75 species ha™', Schnitzer
et al. 2012).

Species richness (observed number of species, ACE;
fig. 2) and species diversity (Shannon index and Fisher o)
indices increased with sample sizes, as predicted.

The Ituri Forest contains a few highly abundant lianas.
Manniophyton fulvum accounts for 22% of all liana stems,
with 3299 individuals in 20 ha, and it is nearly threefold
more important than the next species (Rourea thomsonii).
This single species dominance is exceptional, although a
few other studies also reported hyperdominant liana species:
Moutabea aculeata (Polygalaceae) accounted for 17% of
stems at La Selva, Costa Rica (Mascaro et al. 2004); Stro-
phanthus barteri (Apocynaceae) for 12% of stems in Gha-
na (Addo-Fordjour et al. 2008), Machaerium cuspidatum
(Leguminosae) for 11% of stems in Yasuni National Park,
Ecuador (Burnham 2002, Nabe-Nielsen 2001), Maripa pa-
namensis (Convolvulaceae) for 11% of stems in both sec-
ondary and primary forests in Panama (DeWalt et al. 2000),
and Coccoloba excelsa (Polygonaceae) accounted for 9.1%
of all individuals in a 50-ha plot in Panama (Schnitzer et al.
2012). We speculate that the observed collapse of M. fulvum,
a light-demanding species, indicates it took advantage of
recent disturbances but is now declining due to gap closure
(Ewango 2010).

Family dominance, however, was in accord with other
studies in Africa (Bongers et al. 2005, Gentry 1991a), with
Connaraceae, Euphorbiaceae, Dichapetalaceac, Combreta-
ceae, Celastraceae and Leguminosae being the most impor-
tant families. The 10 most abundant liana species (of 195)
represent 63.2% of the stems, which may be characteristic of
the Ituri Forest, because the tree assemblage shows a strong
single-species dominance (Hart 1985).

Small lianas account for the highest species richness,
abundance, and basal area (fig. 3D-F) and, compared to
other tropical forests, the Ituri Forest is particularly poor in
large liana stems. Again, we speculate that this is the result
of disturbances in the recent past (Richards 1952, Whitmore
& Burslem 1998, Ewango 2010). Alternatively, its high
liana density may be related to the climate seasonality (cf.
Schnitzer 2005, DeWalt et al. 2010, van der Heijden & Phil-
lips 2009) under which large-diameter lianas are few (nutri-
ent-poor soils have fewer lianas: DeWalt et al. 2006, Gentry
1991a).

Within the Ituri Forest, liana density (677 £ 141.3 stems
ha'') is high compared to other African forests but not com-
pared to Neotropical forests (Parren 2003, DeWalt & Chave
2004, DeWalt et al. 2010). Some Bolivian Amazon forests
showed exceptionally high liana density (mean of 2471 lia-
nas ha'! > 2 cm dbh) and lianas accounted for as much as
44% of the total woody species (Pérez-Salicrup et al. 2001).
The lianas in our forest, despite their high abundance, have a
low biomass compared to other tropical rain forests (e.g. in
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Brazil, Klinge & Rodriguez 1973; Venezuela, Putz 1983; Bo-
livia, Pérez-Salicrup et al. 2001, West Africa, Parren 2003),
consistent with their relatively small size.

As predicted, liana abundance was influenced by forest
structure within the plots and positively correlated with that
of trees in the same quadrats (table 3), which suggests that
lianas are dependent on mechanical support (trellis), and
young lianas can only survive in areas with tree saplings.
These grow up when a canopy opening is created, but stop
growing once the canopy closes again (Whitmore 1984).
High liana abundance is therefore expected to be associated
with large densities of trees. Our weak but positive correla-
tion between liana abundance and species richness then may
be the direct result of the high abundance. Host tree identity
and availability (Ibarra-Manriquez & Martinez-Ramos 2002,
Phillips et al. 2005), forest disturbance (Hegarty & Caballé
1991), and seasonality (Gentry 1991a, Schnitzer 2005, De-
Walt et al. 2010) are factors most strongly controlling the
abundance, species richness, and distribution of lianas in
other forests. Abundance was higher in SF plots than in TF
plots. This may be related to the generally higher light levels
in the more open swamp plots. Openness of the canopy cre-
ates higher irradiance at the forest floor, which is generally
favourable for liana proliferation (Schnitzer & Carson 2001,
Schnitzer et al. 2004). This small-scale pattern parallels ob-
servations done at larger spatial scales; lianas tend to be most
abundant in drier forests with a seasonally open canopy (De-
Walt et al. 2010, Gentry 1991a, Schnitzer 2005).

Functional characteristics of the liana community

In Ituri, twining is the dominant climbing mode (70% of the
species, fig. 4A). Our findings corroborate with many other
studies in tropical forests (DeWalt et al. 2000 in Panama,
Addo-Fordjour et al. 2008 in Ghana, Cai et al. 2009 in China
and Laurance et al. 2001 in Brazil). Because of their ability
to ascend trees directly, twining species indiscriminately col-
onize a wide range of trees and species. By twining, lianas
may be sufficiently flexible to sway along with trees when
there is wind, and they avoid falling under the weight of the
whole liana tangle. In the understory, herbivory has been re-
ported as an ecological factor inducing twining in climbing
plants (Gianoli & Molina-Montenegro 2005). Families with
tough and heavy stems (= 5 cm dbh) tend to rely on safety.
There seems to be an association between stem mechanical
architecture and climbing mechanism; some families with
heavy stems are exclusively twining (e.g. Celastraceae, Con-
naraceae, Combretaceae, and Rubiaceae) or hook-climbing
(e.g. Loganiaceae), while other families that tend to have
flexible stems also rely on tendrils (e.g. Apocynaceae, like
some Ancyclobotrys, Clitandra, Dictyophleba and most
Landolphia species).

Herbaceous climbers are generally light-demanding,
since they establish and grow particularly well in large clear-
ings (Putz 1984). In contrast, woody lianas often occur in
very heterogeneous light habitats such as in old gaps, for-
est margins, and under irregular and broken forest canopies
(Gilbert et al. 2006, Hegarty & Caballé¢ 1991, Putz 1984).
Most of our lianas are found in both deep shade and full-
sun environments, and thus may possess broad intraspecific
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physiological plasticity which promotes survival, growth,
and competitive ability (Cai et al. 2008). Most liana spe-
cies can start their life as a seedling in the understorey, and
wait for a long time until they find support and get access to
the canopy. Liana abundance in old-growth forest is there-
fore not so much determined by light availability, but rather
by trellis availability (table 3, cf. Carter & Teramura 1988).
Eighteen per cent of the Ituri liana species were classified
as being (partially) shade tolerant. These species have the
ability to remain self-supporting for a longer period, and can
grow several meters tall before they have to rely on trees for
support. If they do not find support, they can flower and re-
produce as a self-supporting plant in the shaded understorey,
for instance Millettia psilopetala, Strychnos camptoneura, S.
icaja, Trichoscypha reygaertii, and Dichapetalum spp.

About half of the species featured conspicuous flow-
ers, while the other half featured inconspicuous flowers
(fig. 4D). Species with conspicuous flowers are likely to be
pollinated by birds, while less conspicuous flowers are likely
to be visited by insects such as bees and flies, or are pol-
linated by wind. The prevalence of zoochory and animal-
mediated pollination we observed (fig. 4) stresses the faunal
dependence of the majority of liana species, as is the case
for most other rain-forest plants (Bawa 1980, Bullock 1995),
and which accords with other liana studies (Addo-Fordjour
et al. 2008, Gentry 1991b, Senbeta et al. 2005). This is im-
portant for conservation: most lianas rely on animals for
their seed dispersal and/or pollination, whilst animals rely
on them for food and habitat (ddegaard 2000, Schnitzer &
Bongers 2002). Gentry (1991a) argued that animal dispersal
is a characteristic feature of tropical rain-forest plants, as in
such wind-still, closed-canopy forests seed dispersal is most
effectively done by animals. In contrast, in semi-evergreen
and dry evergreen forests, wind dispersal can be the domi-
nant dispersal mechanism, where up to 60% of the species
may be anemochorous (Cai et al. 2009, Muthuramkumar &
Parthasarathy 2000, Parthasarathy et al. 2004). This can be
explained by the fact that in dry forest with a seasonally open
canopy, wind can disperse seeds more effectively if they are
produced during the dry season.

CONCLUSIONS

We found that, in terms of structure and family composition,
the liana community in Ituri Forest is congruent with other
Guineo-Congolian forests, with prominent liana taxa being
Dichapetalaceae, Connaraceae, Leguminosae, Apocynaceae
and Loganiaceae. The most important taxa at Ituri Forest are
also important in other African forests, and we conclude that
the Ituri Forest liana composition accords with other tropical
forest elsewhere. However, the Ituri Forest differs from other
Guineo-Congolian forests because it has a high liana abun-
dance and species richness, especially in small size classes,
but a low basal area. In addition, the high dominance of a
single liana species (Manniophyton fulvum) is exceptional.
In the Ituri Forest the most important determinants of vari-
ations in liana abundance, species richness, and distribution
are forest structure and habitat. Soil drainage, and possibly
canopy openness play an important role since the more open



swamp forest had a higher liana abundance than the more
closed terra firme forest.

SUPPLEMENTARY DATA

Supplementary data are available in pdf at Plant Ecology and
Evolution, Supplementary Data Site (http://www.ingentacon-
nect.com/content/botbel/plecevo/supp-data), and consist of a
list of Tiana species (dbh > 2 cm) recorded in the 20 ha plots
in Ituri mixed forest.
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