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Abstract. Ecosystem-level estimates of the effect of lianas quence, can be detrimental for host trees by enhancing their
on tree growth in mature tropical forests are needed to evalmortality risk (Putz, 1984; Phillips et al., 2005) and reducing
uate the functional impact of lianas and their potential to af-their fecundity (Stevens, 1987; Kainer et al., 2006). Addi-
fect the ability of tropical forests to sequester carbon, buttionally, there is also considerable evidence that lianas sup-
these are currently lacking. Using data collected on treepress individual-tree growth (Putz, 1984; Clark and Clark,
growth rates, local growing conditions and liana competi- 1990). Several studies showed an effect of lianas on tree
tion in five permanent sampling plots in Amazonian Peru, growth by experimental removal of lianas (Whigham, 1984;
we present the first ecosystem-level estimates of the effect oPerez-Salicrup and Barker, 2000; Gerwing, 2001; Grauel and
lianas on above-ground productivity of trees. By first con- Putz, 2004; Campanello et al., 2007), whilst others compared
structing a multi-level linear mixed effect model to predict growth rates of juvenile trees in the presence and absence of
individual-tree diameter growth model using individual-tree lianas (Dillenburg et al., 1993a, b; 1995; Schnitzer et al.,
growth conditions, we were able to then estimate stand-leveR005).

above-ground biomass (AGB) increment in the absence of Lianas are apparently effective above-ground competitors
lianas. We show that lianas, mainly by competing above-(Stevens, 1987; Campbell and Newbery, 1993), as they can
ground with trees, reduce tree annual above-ground standseverely affect the light availability by forming a monolayer
level biomass increment by 10%, equivalent to 0.51 Mg of leaves over the tree crown (Avalos et al., 1999). How-
dry weight halyr—1 or 0.25Mg C halyr—1. AGB incre-  ever, with their well developed root (Restom and Nepstad,
ment of lianas themselves was estimated to be 0.15 Mg dr2004; Cai et al., 2007) and efficient vascular systems (Ew-
weight halyr—1 or 0.07 Mg C halyr~1, thus only com-  ers and Fisher, 1989; Fisher and Ewers, 1995), and high root
pensating~29% of the liana-induced reduction in ecosys- extension rate, enabling rapid colonisation of resource-rich
tem AGB increment. Increasing liana pressure on tropicalpatches of soil (Putz, 1991), it has been suggested that lianas
forests will therefore not only tend to reduce their carbonmay also be successful below-ground competitors. Only few
storage capacity, by indirectly promoting tree species withstudies have attempted to disentangle the effects of above-
low-density wood, but also their rate of carbon uptake, withand below-ground liana competition. These generally in-
potential consequences for the rate of increase in atmosphericate that below-ground competition for water and nutri-
carbon dioxide. ents is the dominant mechanism by which lianas affect tree
growth (Dillenburg et al., 1993a, b, 1995¢g@z-Salicrup
and Barker, 2000; Schnitzer et al., 2005; Toledo-Aceves and
Swaine, 2008), and this forms bans for a theory on liana suc-
cess (Schnitzer, 2005). However, most of these studies have

Lianas are woody climbers that are important and character‘focusseOI on juvenile trees; adult trees may respond differ-

istic components of tropical forests (Gentry, 1991). Lianaserltly (Barker and erez-Salicrup, 2000). To date, no attempt

rely mainly on trees to support their biomass and, as a conséjas been made to geparate the-r.elatlve importance of above-
and below-ground liana competition on tree growth for trees

>10 cm diameter, which contribute90% of forest biomass
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Lianas have been increasing in density, basal area, meafiambopata Nature Reserve, Madre de Dios, Peru, in western
size, leaf productivity and fecundity in neotropical forests Amazonia (1248 S, 6943 W). The plots receive a mean
over the past few decades (Phillips et al., 2002; Wright etannual rainfall of 2248 mm, with three months averaging be-
al., 2004; Wright and Calderon, 2006), as a result of changiow 100 mm (Clinebell et al., 1995), and are located mainly
ing atmospheric conditions (e.g. Granados aidier, 2002;  on clay and sandy-clay ultisols and inceptisols, at approxi-
Malhi and Wright, 2004; Phillips et al., 2004) and/or in mately 260 m above sea level (for more details see Phillips
response to other human influences upon tropical forestgt al., 2004). Most of the plots were established in 1983,
(Wright et al., 2007). As lianas become more dominant, theirand have 140-180 species of tred0cm diameter (Gen-
impacts on tree growth and mortality may decrease the abilitytry, 1988). All trees and lianas 10 cm diameter in the plots
of tropical forests to store and sequester carbon. To be able tare tagged and remeasured every three to five years, with
better predict the response of tropical forests to environmenthe most recent measurements between November 2005 and
tal change and anthropogenic disturbance, stand-level estiApril 2006 (for details on census methodology see e.g. Baker
mates of the effect of lianas on above-ground biomass increet al., 2004a).
ment of tropical forests are needed. However, whilst the neg-
ative effect of lianas on tree growth is generally accepted, the2.2 Tree growth rates
carbon dynamics of lianas themselves have largely been ig-
nored. We therefore do not know the extent to which growthInventory data were available for an approximately three year
of lianas may have compensated for a reduction in growthcensus period (2003—2006) for all five plots, with diameter
in tree biomass, although the relatively small investment bymeasured for each treed.0 cm at 1.30 m or above buttresses
lianas in woody support tissue (Putz, 1983; Gehring et al.(dbh). Diameter growth rates (mnyr) were determined
2004; Cai et al., 2007; Selaya et al., 2007) might suggestrithmetically by dividing the difference in diameter between
that such compensation will also be small. Moreover, mostthe first and the second census by the exact census interval
studies have focussed on only one or a few tree species (e.n years. Following Sheil (1995), we considered diameter
Putz, 1984; Barker anddPez-Salicrup, 2000;&ez-Salicrup  changes between2 and 40 mmyr?! as acceptable and ex-
and Barker, 2000; Grauel and Putz, 2004; Campanello et algluded trees with diameter growth rates outside this range.
2007), complicating ecosystem generalisations. Stand-levelVe also omitted all palms, as they lack diameter growth af-
estimates of the effect of lianas on tree growth in mature trop+er the initial establishment period because of their limited
ical forest ecosystems are currently completely lacking. capacity for secondary growth (Tomlinson, 1979).

To this end, we made liana-infestation assessments in an
intensely-studied forest site in Amazonian Peru for which2.3 Liana competition
long-term records of growth and species composition for
trees and lianas-10 cm diameter are available. We com- The liana census took place between September 2005 and
bined growth records with individual tree growth conditions January 2006, approximately three months before the latest
and liana dominance, in order to assess the effect of liana8/ll tree census. For each treel0 cm dbh, we recorded all
on tree growth whilst also accounting for light availability, lianas>1cm diameter entering and leaving the tree crown,
below-ground competition with neighbours and wood den-and all lianas rooting within one metre from the tree trunk.
sity (e.g. Casper and Jackson, 1997; Muller-Landau, 2004The diameter of liana stems was measured at 1.30 m from the
King et al., 2005; Coomes and Allen, 2007). This study last rooting point with a calliper or with a diameter tape for
presents the first attempt to: (1) predict the effect of lianas orstems thicker than 10 cm diameter (cf. Gerwing et al., 2006).
individual tree diameter growth using a multi-species model;For lianas with irregular stems, the diameter was measured
(2) disentangle above-ground from below-ground competi-in two perpendicular dimensions and the geometric mean
tion with lianas; (3) estimate the effect of liana competition used (Gerwing et al., 2006). For lianas which infested the
on stand-level tree above-ground biomass increment;4nd ( tree crown, but for which the rooting point could not be de-

estimate to what extent growth of lianas compensates for thi¢ermined, and for lianas leaving the tree crown, the diame-
effect. ter was estimated using 1 cm size-classes at the point where

they entered or left the tree crown and we used the mid-
point of the size-class as a diameter estimate in further analy-

2 Methods ses. Hemi-epiphytes and climbing monocots (Poaceae, Are-
caceae, Araceae and Cyclanthaceae) were excluded. Further-
2.1 Study site more, woody climbers were not separated from non-woody

climbers, because of the difficulties in distinguishing juvenile
This study was conducted in five 1-ha (20000 m) perma- lianas from herbaceous climbers.
nent sample plots of the RAINFOR project (Red Arbaca The leaf area of lianas present in the tree crown can be
de Inventarios Forestales; Amazon Forest Inventory Netused as a measure of above-ground competition with lianas.
work; http://www.rainfor.org which are spread across the Liana size is directly related to liana leaf area and biomass
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(Putz, 1983; Gerwing and Farias, 2000; Gehring et al., 2004)petition with neighbouring trees (BG cm?cm—2) grow-
However, as liana stems often grow from tree crown to treeing within a 10 m radius from the subject tree (cf. Lorimer,
crown (e.g. Putz, 1984b), their leaf area and biomass may983):

be spread over more than one tree. Simply using the basal

area of lianas entering the tree crown would therefore overBCr = Z (baj/dij) /bai @)
estimate the liana presence in a tree crown. We corrected f

this by subtracting the basal area of lianas growing out of theDouring tree, respectively, ant; is the distance from the
tree crown baou, C; on average of 7.4%H0.5S.E.) of neighbouring tree to the subject tree. To avoid edge effects,

liana basal area entering the tree crown) from that of IianaWe included trees growing within a 10 m buffer zone sur-

growing mto_the tree grownban, sz?; providing a more . rounding the plot, for which diameter and location was also
accurate estimate of liana leaf area in the crown than using. o lected

lianas growing into the tree crown only.

No information is available about below-ground compe-2 4.3 Wood density
tition between adult lianas and trees, we therefore assumed
that lianas rooted within a radius of one metre from the treewood density is a heritable characteristic and an intrinsic
were competing below-ground with the tree and used the sunmeasure of species-specific growth rate; tree species with
of the basal area of these lianas as a measure for belowew-density wood grow faster and those with high wood den-
ground competition (bg,, cn?). As tree size, at least par- sity wood grow slower (Enquist et al., 1999; Muller-Landau,
tially, reflects the competitive ability of a tree (Schwinning 2004; King et al., 2005; Chave et al., 2006). Species-specific
and Weiner, 1998), we have adjusted the liana basal are@ood density valuesy g cn3) were obtained from Chave
per tree for tree basal arebg in cn?) to obtain a liana et al. (2006). When unavailable, genus- or family-level mean
competition measure for above-ground competition (AC values were used, following convention (e.g. Baker et al.,
cm? cm~2) or below-ground competition (BG cn?em™2)  2004b). For the 13 individual trees (0.59%) with no family-

%herebai andba; are the basal area of the subject neigh-

which is independent of tree size: level wood density data, we applied the overall species mean
for Tambopata of 0.64 g cn¥.

AC, = 3 (bain — baow /ba; (1) P J
2.5 Liana above-ground biomass increment

BCL =) (bain) /ba; 2

As part of the plot recensus protocol, the diameter of all
2.4 Measures of growth conditions liana stems>10cm are measured at 1.30 mid) above

the ground and at the widest point within 2.5m above the
ground @max). To be able to estimate the contribution of
liana growth to the total AGB increment, we have focussed
here on lianas>10dmax present in both the 2003 and 2006

2.4.1 Light environment

For each tree=10 cm dbh, the quantity of solar radiation re-

ceived by the tree crown was estimated using the Crown II- .
o . recensus only. For each liapa 0 cmdmax, We converted the
lumination Index (ClI) (Clark and Clark, 1992), recorded in- : .
) . _dvert into the diameter 1.3 m along the sterl(3) for each
dependently by two observers. The Cll consists of an ordina S )
census and used this diameter to calculate the liana above-

scale of 1 to 5, with high ClI va_lues |r_1d|cat|ng high light lev- eqround biomass (LAGB, Mg) (Schnitzer et al., 2006):
els. Canopy openness and direct site factors are closely re=

lated to the CIl, which makes it a rapid and reliable method o413 — 0.070+ 1.02 % dyer (4)
estimate the light environment of tree crowns (Davies et al.,
1998; Keeling and Phillips, 2007). The two observers’ esti- LAGB = exp~14842682d13) ;1000 (5)

mates of the CIl were highly correlated and did not differ sig-
nificantly (Kendall's index of concordance=0.92<0.001).  Based on the LAGB values, the liana above-ground produc-
For subsequent analyses, where they differed, the lower Cltivity per plot (Mg ha ! yr—1) was computed. A recent study

estimate was used to be more conservative. in TAM-05 indicated that the AGB of lianas 10 cmdmax
contributed to 57% of the total AGB of lianasl cmdyert
2.4.2 Below-ground competition with neighbouring per ha (Phillips et al., 2005). We used this percentage to ob-
trees tain an estimate of liana AGB and above-ground productivity

) of lianas>1 cmdye(t in each of the plots.
Tree growth may also be influenced by the extent of below-

ground competition. Competition between neighbouring2.6 Data analysis

trees is proportional to the size of the tree and decreases with

increasing distance from the target tree (Casper and Jackso@ur dataset exhibited a hierarchical structure with multiple
1997). We therefore used a simple basal area-distance contevels — individual trees, which are grouped in plots, but also
petition index to describe the extent of below-ground com-in species which are nested within genera which are nested
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within families — which can contravene assumptions of inde-for all trees. Subsequently, for each model, we converted
pendence of a general linear model (Gelman and Hill, 2007)the predicted growth rates into tree diameter at breast height
To take account of these correlated measures, we construct¢d, cm) at the time of the second census. These diameters
a multi-level Linear Mixed Effect (LME) model to predict and those from the 2003 census were used to calculated tree
individual tree growth rategf, mmyr-1). Multilevel mod- ~ AGB (Mg dry weight) for each census and AGB increment
els include covariates (the fixed effects) for the individual (Mg dry weight halyr—1) using the equation by Chave et
level and the group levels and random effects to represendl. (2005) for moist forests:

both the unexplained variation within levels and unexplained

variation between levels. They contain two types of models:AGB = 0.0509<pD2h) /1000 ©)

1) a model in which coefficients are based upon all the data

combined, similar to a normal multivariate regression modelwherer is tree height (m), which was calculated using a lo-
(the fixed effect model), and 2) a separate submodel for eachally derived diameter-height equation (Baker et al., 2007):
level (Gelman and Hill, 2007; Goldstein, 2003). By includ-

ing phylogeny and plot as random effects in the regressiorft = 8-27 In(D) — 8.85 ®)
models, we thus account for the impact of variation in thes
properties on individual-tree growth rates.

In our multi-level LME model, we included initial tree
diameter 0;,, mm), ClII, wood density £), below-ground
competition with neighbouring trees (B¢and liana above-
ground (AG,) and below-ground (B&) competition as fixed
effects and phylogeny — as a nested design of fanaily) (
genera within families o), and species within genera
within families (g ) —and plot &piot) as random effects:

“We then compared AGB increment of the model predicting
the current situation with that of the model predicting a situa-
tion where lianas are absent using paired t-tests for each plot
separately and for all plots combined.

Trees with incomplete species identification (11% of to-
tal number of trees) were initially excluded from both model
runs. We estimated their growth rate afterwards using the
fixed effect models, unless family and/or genus-level infor-
mation was available, in which case the relevant random ef-

In(gr +2); = u+ B1In (ACL, + 0.01); fects were also included.
+B21In (BCy + 0.01); + B3In (D;o); All statistical analyses were carried out using R 2.8.0 (R
+B4p;i + Bs5In (BCr); (6) Development Core Team, 2008).
+BeC 11 + o pii) + Qgrpiy + Asgr i)
+oploti] + €
3 Results

whereu indicates the intercept andrepresent the residual
variance and all random effectg’¢) have mean 0 and vari-
ances?. To meet the normality and linearity assumptions,

ar, Dio, AC, BC, and BG were all transformed using oOf the 2159 trees inventoried, 50.9% were competing with
the natural log. The model parameters were estimated usinfanas: 5.0% only below-ground, 25.8% only above-ground
Restricted Maximum Likelihood (REML) (McCulloch and  and 20.5% above- and below-ground. Liana basal area in the
Searle, 2001). tree crown ranged from 0 to 658 émper tree and from 0
The contribution of each fixed and random effect was as-to 0.54 Cn% Cm_z when corrected for tree basal area, averag-
sessed by deleting variables one at a time from the full modelng 30.2 (£1.81 S.E) cri and 0.056 £0.002 S.E) cricm 2
and companng the depleted models with the full model usingfor trees competing with lianas, and 13:21(81 S.E) crf
an x2-test based on the log-likelihood ratios (Pinheiro and gnd 0.026 £0.001 S.E) crAicm2 for all trees. For basal
Bates, 2000) and the Akaike Information Criterion (AIC), area of lianas rooted within 1 m from the tree trunk these
favouring models with low AIC (Burnham and Anderson, yg|yes ranged from 0-578 évand 0-0.72crhcm=2 per
2002). Inclusion of interaction or polynomial terms did not tree, with on average of 30.9tQ.48S.E)cr and 0.068
significantly improve the model nor did it result in a reduc- (10.004 S.E) crhcm2 for trees competing with lianas and

tion of the AIC. Model fit was assessed by evaluating residual7 7 (+0.68 S.E) crd and 0.017 £0.004 S.E) crhicm~2 for
plots and by testing for presence of spatial autocorrelation irg|| trees.

the residuals using the Morankfor each plot separately
(Moran’s 1 <0.015 for all plots) (Pinheiro and Bates, 2000; 3.2 Multi-level LME model of tree diameter growth rate
Gelman and Hill, 2007).

The resulting “best” model was subsequently used toOf all variables included in the model, only below-ground
assess the impact of lianas on ecosystem above-grouncbmpetition with lianas did not significantly contribute to ex-
biomass (AGB) increment of trees10 cm dbh. We used the plaining variance in tree diameter growth?1.1, P=0.29)
“best” model to predict tree diameter growth rates for a situ-nor did inclusion improve the AIC (3477 vs. 3477). The mea-
ation in which none of the trees were competing with lianas,sure for below-ground competition with lianas was therefore
i.e. by setting the liana competition part in the model to zeroexcluded from the model.

3.1 Liana competition

Biogeosciences, 6, 2217226 2009 www.biogeosciences.net/6/2217/2009/
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Table 1. Observed and median predicted above-ground biomass (AGB) increment (Mg dry weidhtrhid) for current situation, for a
scenario in which lianas are absent, and the average difference in AGB increment between the two scenarios. The 95% prediction interval is
shown between brackets. Only dicot trees measured in the 2003 census that survived until the 2006 census are included.

Above-ground biomass increment (Mg dry weight hgr—1)

Plot observed Predicted current situation  Predicted in absence of lianas Difference
TAM-01 3.68 2.73 (1.51-4.41) 3.06 (1.75-4.85)
TAM-02 3.67 2.34 (2.17-3.94) 2.73 (1.47-4.46)
TAM-05 4.88 3.10 (1.65-5.11) 3.55 (1.99-5.72)
TAM-06 4.61 2.89 (1.61-4.64) 3.20 (1.84-5.06)
TAM-07 5.44 3.44 (1.97-5.45) 3.85 (2.28-6.00)
mean 453 2.92 (1.59-4.75) 3.30 (1.88-5.26) 0.38 (0.29-0.51)
40 05 0.0 0.5 1.0 3.0 35 40 45
| | ! 1 | L 1 | |
Intercept i i
In (AC[L]+0.01) -
In (dbhita]) e
wood density o a— i
In (BC[T]) .
cli15 .
cl2 ——
cl2s b e
cla ——
clia i ——
cls ——
[ | i I | [ | | 1
1.0 0.5 0.0 0.5 1.0 3.0 35 40 45

parameter estimates

Fig. 1. Parameter estimates of the random effects of the multi-level Linear Mixed Effect (LME) model explaining tree diameter growth
rate (mmyr1). Bold lines and error bars indicate 50% and 95% confidence interval of the parameter estimates, respectively. None of the
confidence interval overlaps zero (dashed line), indicating all contribute significantly to explaining tree diameter growth. AC[L]=above-
ground competition with lianas, dbh[tO] =initial tree diameter, BC[T]=below-ground competition with neighbouring trees, Cll =crown
illumination index.

The final model (Eqg. 6 excluding BJ shows that above- ited, inclusion of the random effects considerably decreased
ground competition with lianas, wood density, initial tree the AIC (AIC=3477) compared to a model without these ef-
diameter and below-ground competition with neighbouring fects (AIC=3583). The model generally fitted the observed
trees all significantly decrease tree growth, whilst tree growthdata well, but has the tendency to under-predict tree growth
was promoted for trees growing in higher light environmentsrates greater than 10 mnyr— mostly experienced by larger
(Fig. 1a). Phylogeny and plot, included as random effects intrees growing in high light environments (Fig. 2). While this
the model, only attributed to 10.5% of the variation, with results in conservative estimates of median stand-level AGB
9.4% explained by phylogeny (4.1% by species, 0.1% byincrement, observed values fall within the 95% prediction
genera and 5.2% by families) and 1.1% by plot, indicatinginterval of the model (Table 1). As the observed AGB incre-
that 89.5% of the variation in tree growth rate is explained ment was closer to the upper limit of the prediction interval
by differences between individual trees not related to thesehan the median, we focus here on the predictions of the for-
random effects. However, although their contribution to ex- mer.
plaining the variation in tree diameter growth rate was lim-

www.biogeosciences.net/6/2217/2009/ Biogeosciences, 6, 22282009
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3

T ) C11-2, below-ground competition = 10, wood density 0.5-0.69 favourable conditions (i.e. high light and low below-ground
competition with neighbouring trees) tended to be relatively
less affected by lianas compared to trees that were experienc-
1 { ing low light conditions and severe competition with neigh-
W bouring trees for below-ground resources (Fig. 2). Compared
55%

-1

tree diameter growth rate {mm yr )
i
——

to liana-free trees, the model indicates a reduction in tree di-
ameter growth rate between 40 and 65% for trees with wood
densities between 0.50 and 0.69 gchtompeting severely

- . . . . with lianas (0.50 crhcm—2) (Fig. 2). These percentages are
slightly reduced for trees with lighter wood (38-54%) and
amplified for trees with higher wood densities (43—-82%).

-

tree diameter growth rate (mm yr)

] b1 Cll 2.5-3, belove-ground competition 1-9.9, wood density 0.5-0.69 34 EffeCt Of |ianaS on Stand'level AG B increment

i On a stand-level, above-ground competition with lianas re-
1 E E e duced tree AGB increment by an average 0.51 Mg dry weight
E halyr—1 (Table 1). This is equivalent to a liana-induced re-
duction in relative tree AGB growth o£10%. As the frac-
tion of carbon in woody tissue of trees is approximately 0.5
o (cf. Clark et al., 2001), this implies that lianas reduce carbon
gain by tree growth in the forests of Tambopata by 0.25 Mg
Chalyri
The above-ground biomass increment of lianas
T crcl4-5, below-ground competition 0.1-0.99, wood density 0.5-0.69 Z]_O Cmdmax and |ianaszl Cmdvert was 0.09 and 0.15 Mg
dry weight halyr—1, respectively (Table 2). Assuming
o } } carbon content of lianas is comparable to that of trees, the

12

-1

tree diameter growth rate {rmm yr )
3
1

carbon gain of tropical forests by growth of lianas is 0.04 and
E 0.07 Mg C halyr~1 for large lianas and lianas1 cmdyert,
= 7 ¢ I.m, respectively. On average, liana growth of liapel) cmdmax
E compensated for17% and that of the population of lianas
>1cmdyert for ~29% of the liana-induced reduction in
T T T ' ' ! stand-level tree growth. This indicates that lianas decreased
0 0.01 0.02 0.05 0.2 0.5 .
fana basal ates par tree basal area (e i) pverall average annual ecosyst.em AGB increment of trop-
ical forests by 0.36 Mg dry weight hayr—1 and overall

Fig. 2. Effect of lianas competition on tree diameter growth rates ecosystem carbon gain by 0.18 Mg Cﬁg{r g

for trees with wood densities between 0.50-0.69 and growing under

different conditionga) low light and high below-ground competi-

tion with neighbouring tree¢b) medium light and medium below- 4 Discussion

ground competition, angt) high light and low below-ground com-

petition. Grey areas represent the 95% confidence interval of tre®©ur study provides the first stand-level estimate for the re-

diameter growth rates predicted by the fixed effects model usingduction in above-ground tree biomass increment caused by

median values of each fixed effect as an input variable of the modeljianas in mature tropical forests, and the first estimate for the

Closed cir_cles represent _the av_erage_observed tree diameter QFOWBhrtia| compensatory effect of liana growth on this reduction.

rates _for fl_ve classes pf intensity qf_ liana competition, located on As expected, competition with lianas reduced tree diame-

the midpoint of each liana competition class. Error bars represenEer growth. This reduction, however, was mainly attributed to

+1 S.E. Percentages in right margin indicate the reduction in growth ’ ’ 1 o

rate of trees severely competing with lianas0(50 cn? cm—2) _the effect of above-ground competition W|t.hll|ana.s. Inclu.d-

compared to trees not competing with lianas. ing our measure of below-ground competition did not sig-
nificantly improve the model for tree growth, indicating that
its effect was generally too small to detect. Several studies

3.3 Effect of lianas on tree growth have shown the importance of below-ground liana compe-
tition on growth of juvenile trees (Dillenburg et al., 1993a,

Tree diameter growth rate decreased with increasing sevelb; Schnitzer et al., 2005; Toledo-Aceves and Swaine, 2007),

ity of above-ground liana competition (Fig. 2). The effect of but this effect seems to disappear over time as trees mature

the liana competition, however, was different for trees grow- (Dillenburg et al., 1995; Toledo-Aceves and Swaine, 2008),

ing under different growing conditions. Trees growing in indicating that the competitive effect of lianas may shift as
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Table 2. Above-ground liana biomass (AGB, Mg dry weighta for the census in 2003 and 2006 and liana AGB increment (Mg dry weight
ha~1yr—1) for the associated census interval for liape) cm maximum diametetifyax and lianas>1cm at 1.30 mdyery) (calculated by
assuming lianag 10 cmdmax represent 57% of the biomass of liaras cmdyert; Phillips et al., 2005). Calculations are based upon lianas
measured in the 2003 census that survived until the 2006 census.

Plot Above-ground biomass (Mg dry weighth  Above-ground biomass increment (Mg dry weight Agr—1)
Lianas>10 cmdmax Lianas>1 cmdyert Lianas>10 cmdmax Lianas>1 cmdyert
2003 2006 2003 2006

TAM-01  2.13 2.26 3.74 3.97 0.05 0.09

TAM-02  2.68 2.94 471 5.16 0.10 0.17

TAM-05  3.20 3.52 5.62 6.18 0.14 0.22

TAM-06 2.22 2.43 3.89 4.27 0.09 0.14

TAM-07  3.59 3.76 6.30 6.59 0.07 0.11

mean 2.97 3.01 8.19 5.28 0.09 0.15

a tree gets older. Rooting depths of lianas and trees becomiee a particular problem for trees already growing in low light
more pronounced with plant size and with lianas also gen-conditions. Increasing intensity of liana competition further
erally rooting deeper than trees (Holbrook and Putz, 1996yeduced tree diameter growth rate (Fig. 2), consistent with
Restom and Nepstad, 2004), the intensity of below-groundree-level findings in Central America (Putz, 1984; Grauel
competition should reduce. Likewise, larger lianas may in-and Putz, 2004; Finegan et al., 1999). The relative amount of
vest more of their resources in leaves (Putz, 1983; Gehrindiana basal area (liana basal area per tree basal area) that trees
et al., 2004; Cai et al., 2007; Selaya et al., 2007), increasingarried, however, did not seem to excee@ 50 cnf cm 2. A

the leaf area competition between lianas and trees and furthgrossible explanation for this result may reflect a biased sam-
making above-ground competition the dominant mechanisnple of the most heavily infested trees — over the three year
by which lianas reduce tree growth. census interval the most moribund trees may have simply

The lack of detectable below-ground competition betweendied' More data on liana-competition over time are required
lianas and trees may also be influenced by our methodolt© determine whether this is indeed the case, but we already

ogy, based upon the basal area of above-ground stems rogpave direct ewdenclg th_atklarge liana w;\festauo_n st;?ﬂ?w n
ing within one metre from the tree trunk. This distance may'creases tree mortality risk in western Amazonia (Phillips et

for example, not cover all below-ground liana-tree interac-al" 2005).

tions. Furthermore, the correlative approach taken in this On a stand-level, our model predictions suggest that in
study is not sufficient to draw firm conclusions about the lackthe tropical forests of Tambopata lianas reduced stand-level
of below-ground competition between lianas and trees. Antree biomass increment by 0.51 Mg dry weight hgr—1,
experimental approach would help to further explore the rel-equivalent to 0.25Mg C ha yr~1 (Table 1), indicating that
ative importance of the effect of above- and below-groundlianas reduce tree AGB increment and consequently car-
competition with lianas on adult tree growth. Especially asbon gain by approximately 10%. Although the fact that
so far the sparse number of experimental studies focussing olianas suppress tree growth is generally accepted (Putz, 1984;
the below-ground interactions between lianas and adult tree€lark and Clark, 1990; Gerwing, 2001; Grauel and Putz,
indicate that below-ground competition with lianas affects 2004; Schnitzer et al., 2005; Campanello et al., 2007), lit-
some tree species §rez-Salicrup and Barker, 2000), but tle research has focussed on quantifying this effect at the
may not be apparent in others (Barker arite2-Salicrup,  stand-level. Only Gerwing (2001) compared tree growth be-
2000). tween control stands and stands where lianas had been cut or
burned. This study was conducted in logged forest, so the
sults may not be applicable to undisturbed mature tropical
ests.

Competition with lianas affected inherently slow growing
trees (i.e. dense-wooded trees) more than it affected tree;,se
with fastest growth rate potential (trees with low wood den- or
sity). Furthermore, the relative effect of lianas was greater for By themselves contributing to the overall stand-level
trees growing in unfavourable conditions (Fig. 2). Lianas lo- AGB increment and carbon gain, lianas compensate par-
cate their leaves close to tree leaves, so intimately competingally for the liana-induced reduction in tree growth. For
for leaf space with the tree (Stevens, 1987; Clark and Clarkl]ianas >10cmdmnax and lianas>1cmdyerr, We estimate
1990). Moreover, the low light transmittance of liana leavesabove-ground biomass productivity of lianas to be 0.09
may severely reduce the light available to tree leaves locatednd 0.15Mg hatyr—1 (Table 2), respectively, compensat-
underneath the liana canopy (Avalos et al., 1999), which maying for ~17% and~29% of the liana-induced reduction in
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stand-level tree AGB productivity. However, there is likely search is needed to determine whether the effect of lianas on
to be some error in these estimates of above-ground produdree growth rate found in Tambopata is representative of the
tivity. Firstly, liana biomass estimates are based upon lianasvhole Amazon region, but based upon this apparent impact
>10 cmdmax only, which excludes a large proportion of the of lianas on tree growth there is a clear risk that increases in
liana stems as only few lianas reach the 1Q# gk cut-off liana dominance will have significant impacts on the ability
point. As the growth rate of smaller lianas may differ from of tropical forests to sequester carbon. Given this, and the hy-
growth of lianas>10 cmdmay, total liana growth may have pothesized benefit to lianas of hotter, drier climates (Swaine
been slightly over- or underestimated. Secondly, like treesand Grace, 2007; Schnitzer, 2005), it is perhaps unfortunate
lianas might invest more in photosynthetic material insteadthat no ecosystem vegetation model attempts to account for
of in woody tissue once they reach a certain size and as the alianas.
lometric equation used is only based upon a few large lianas
(Schnitzer et al., 2006), the liana biomass and biomass incre-
ment may be overestimated. And thirdly, no data is available5 Conclusion
yet on the carbon content in woody liana tissue. The abil-
ity of lianas to replace stems by cloning and the requirementlhis study provides the first stand-level estimates of the ef-
for flexible stems reduces the need for investment in ofterfect of lianas on stand-level above-ground biomass produc-
carbon—rich compounds (e.g. lignin) (Hegarty et al., 1991),tivity and carbon gain of trees10 cm diameter for a mature
which may result in a lower concentration of carbon com- tropical forest. We show that by competing mainly above-
pounds in their woody tissue. The carbon fraction of 0.5 weground with trees, lianas can reduce tree above-ground
used to estimate carbon gain by lianas may therefore be tobiomass growth rate by approximately 0.51 Mg dry weight
high. The compensatory effect of lianas may therefore beha tyr—1 or 0.25Mg C ha'yr-1. With an above-ground
smaller than estimated. We conclude that the liana-inducediomass increment of 0.15Mgh&yr—! and a carbon gain
reductions we report in combined tree and liana AGB pro-of 0.07Mg C halyr~!, liana growth only compensates
ductivity (0.36 Mg dry weight halyr—1) and carbon gain  partly for this reduction. An increase in liana dominance is
(0.18 Mg C halyr—1) are probably conservative estimates. €xpected to increase the relative competition with lianas and

The number of trees competing with lianas and the severincrease the number of trees affected by lianas, which will
ity of the competition may be expected to increase overlead to a further reduction of tree above-ground biomass in-
time due to the increasing liana pressure on neotropicatrement in the future. Increasing liana dominance is likely
forests (Phillips et al., 2002; Wright et al., 2004; Wright to be a factor reducing the rate of carbon uptake of tropical
and Calderon, 2006). The relative basal area of largeforests, with potential consequences for the rate of increase
lianas increased notably in many western Amazonian lo-of atmospheric carbon dioxide.
cations, including doubling over the previous 20 years
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