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Summary

1. The degradation of the Andean cloud forest raises strong biological conservation issues
and threatens the sustainability of a crucial water resource. The idea that nurse-based restora-
tion can accelerate the recovery of these forests is underexplored, despite its promise as a
restoration technique. Recent conceptual models predict that facilitation among plants may
be an important mechanism, but there is a lack of strong empirical support. We gathered
experimental data to test this prediction and explore the relevance of using nurse-based forest
restoration in these environments.

2. A 20-month factorial experimental design in the Andean tropical cloud forest was estab-
lished. We measured the survival and estimated the biomass production of transplanted seed-
lings of a keystone canopy forest species, Ceroxylon echinulatum (Arecaceae), in a deforested
area in the presence/absence of herbivory, a potential nurse plant (the tussock grass Setaria
sphacelata, Poaceae) and artificial shade.

3. The joint effects of deforestation and herbivory led to the death of all seedlings, whereas
most seedlings survived in the adjacent forest, which was used as the control. The presence of
nurse plants led to significantly higher survival and growth of Ceroxylon seedlings throughout
the experiment, regardless of herbivore presence.

4. The nurse effects were explained by a reduction of the relative abiotic stress experienced
by the seedlings outside the forest, that is, the consistently decreasing maximum vapour
pressure deficit. Furthermore, nurse tussocks delayed and reduced the effects of herbivory by
offering physical protection and a refuge for seedlings against detection by herbivores.
However, the effects of herbivory and abiotic stress on facilitation were not additive.

5. Synthesis and applications. Facilitation in degraded cloud forest can be intense as soon as
the beneficiary plants are driven away from their physiological optimum (relative abiotic
stress) and/or are confronted by herbivory. Using pre-established exotic tussock grasses as a
nurse-based restoration technique in degraded cloud forest is a low-cost, non-detrimental (to
biodiversity) option, especially in the absence of nurse trees and shrubs. The success of this
method requires transplanting seedlings at the base of tussocks.

Key-words: Ceroxylon echinulatum, competition, deforestation, facilitation, herbivory, plant—
plant interactions, rehabilitation, Setaria sphacelata, stress-gradient hypothesis, tussock grass

Introduction

At a time when the pace of deforestation is accelerating in
tropical forests (Hansen ez al. 2013), identifying feasible

techniques to restore degraded forests is more topical than
ever. In comparison with lowland tropical forest, restora-
tion techniques in tropical montane cloud forest (TMCF)
have been largely overlooked thus far, although secondary
successions after deforestation are expected to be very dis-
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This raises strong conservation issues because TMCFs,
which form 14-2% of tropical forests world-wide in their
broader sense (Mulligan 2010), (i) provide a crucial water
resource by capturing water via condensation from clouds
and fog and (ii) are a remarkable biodiversity hotspot
(Bubb et al. 2004).

TMCFs are becoming increasingly degraded, and at
one of the highest rates of deforestation world-wide
(Mosandl et al. 2008). In the majority of cases, this is tak-
ing place for the conversion of TMCF to agricultural and
pastoral land (Bubb ez al. 2004). As a flagship example,
each of the five tropical Andean countries (from Venezu-
ela to Bolivia) have lost at least 50 000 km? of their initial
TMCEF cover, largely because of human activities (Mulli-
gan 2010). In the Andes, the pastures generated from the
clearance of TMCF are dominated by three planted
African tussock grasses (Poaceae) — Setaria sphacelata,
Pennisetum clandestinum and Melinis minutiflora — which
hinder secondary succession (Sarmiento 1997; Bubb et al.
2004; Aide, Ruiz-Jaen & Grau 2010). Faced with this
global threat on water resources and biodiversity, and
despite the fact that some researchers consider their
removal a prerequisite ahead of a possible succession
towards forest (Sarmiento 1997), we suggest that using
these tussock grasses as nurse plants to restore degraded
Andean TMCF could be a promising method. Indeed,
tussocks have already been reported as nurse plants in
other stressed and grazed regions (e.g. Callaway, Kikvidze
& Kikodze 2000; Milchunas & Noy-Meir 2002). Also,
nurse-based restoration has recently been shown to be
successful in a number of degraded ecosystems, thus
enriching forest restoration options rather than focusing
solely on removal techniques (Padilla & Pugnaire 2006;
Goémez-Aparicio 2009; Prévosto et al. 2012).

However, applying nurse-based restoration in such a
productive environment is challenging, since facilitation
among plants is primarily expected to be high in environ-
ments limited by resources for plants (stress-gradient
hypothesis: Bertness & Callaway 1994), while the direction
of interactions in productive environments is more obscure,
with fewer data available (Smit, Rietkerk & Wassen 2009;
Holmgren ez al. 2012; Shoo & Catterall 2013). Accord-
ingly, connecting theory on plant-plant interactions with
nurse-based restoration is a necessary step before propos-
ing generalized techniques in tropical, productive environ-
ments.

In the last 20 years, a number of conceptual attempts
have been made to evaluate the importance of facilitation
in productive, grazed environments. Among them, Bert-
ness & Callaway (1994) proposed that facilitation may
increase with herbivory, at least up to a certain threshold
of herbivory intensity (Smit er al. 2007). A more recent
conceptual model hypothesized that facilitation in produc-
tive environments may be high as soon as beneficiary
species deviate from their physiological optimum
(Holmgren & Scheffer 2010). From this viewpoint, facili-
tation would be modulated by the relative abiotic stress
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exerted on beneficiary plants (Liancourt, Callaway &
Michalet 2005; Smit, Rietkerk & Wassen 2009; Gross
et al. 2010). These conceptual advances suggest that both
herbivory and relative abiotic stress may generate patterns
of intense facilitation in productive environments affected
by abrupt environmental changes. They require robust
empirical data, which might open up interesting manage-
ment perspectives for the ecological restoration of
degraded TMCF (Shoo & Catterall 2013).

By examining patterns and mechanisms of interactions
between a dominant, exotic tussock grass, S. sphacelata
Stapf & C.E. Hubb (Poaceae), and seedlings of a keystone
palm tree in an Andean TMCF (Ceroxylon echinulatum
Galeano, Arecaceae), our objective was to test the poten-
tial use of facilitative interactions as an efficient technique
for the restoration of degraded forests in tropical, produc-
tive environments. To achieve this, we first aimed to
quantify the impacts of deforestation and herbivory on
the performance of palm seedlings, within which our first
underlying hypothesis was that both of these stressors
may take seedlings away from their physiological limits.
We then aimed to examine patterns and related mecha-
nisms of plant—plant interactions after deforestation.
Thus, our second hypothesis was that tussock grasses may
act both as grazing refuges and microclimatic refuges for
palm seedlings.

Materials and methods

STUDY AREA

The study was located in the private Inti-Llacta Nature Reserve,
on the western flanks of the Ecuadorian Andes (00°02'N,
78°43'W). The area lies at 1860 m a.s.l. and regular precipitation
averages 3200 mm annually (Anthelme e a/. 2011). The Reserve
is representative of fragmented Andean cloud forest, with as
much as 41% of its forests having been clear-cut between 1966
and 1990. Forested patches are dominated by secondary forest
elements such as the trees Cecropia spp. (Cecropiaceae) and Alnus
acuminata (Betulaceae), the understorey palm Chamadorea
pinnatifrons and the mid-storey palm Prestoea acuminata (Areca-
ceae). A small number of deforested areas in the Reserve remain
grazed by large, domestic herbivores (cows and horses). This is
because the objective to protect the natural environment must be
counterbalanced by the needs of the local people to maintain
agricultural activities for subsistence. In terms of their vegetation,
they are dominated by spotted patterns of the exotic tussock
grass S. sphacelata (Poaceae), surrounded by short herbaceous
vegetation; shrubs and juvenile trees are almost absent, probably
because they are inhibited by the presence of the tussock grasses
[F. Anthelme & R. Montufar, pers. obs.; see Sarmiento (1997)
for patterns at the regional scale].

INTERACTING SPECIES

The genus Ceroxylon comprises 12 species, all generally restricted
to the Andean TMCFs (Mulligan 2010; Sanin & Galeano 2011).
Ceroxylon echinulatum is endemic to the cloud forests of Ecuador
and northwest Peru, and its distribution is patchy and highly
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fragmented. It is a slow-growing, dioecious palm tree that fre-
quently reaches or grows through the canopy, can form dense
populations, and shows little resilience to deforestation (Mon-
tafar e al. 2011; Sanin ef al. 2013). Similar to other species that
have been selected for restoration purposes (e.g. Psidium guajaba;
Sarmiento 1997), C. echinulatum is a keystone species of the
cloud forest, in particular because of its large production of
fleshy fruits consumed by efficient seed dispersers (Sanin &
Galeano 2011). Thus, the species is an interesting phytometer to
determine to what extent nurse plants can facilitate the recovery
of TMCF (Anthelme et al. 2011). Recent observations in defor-
ested areas of the Andean cloud forest showed that, despite the
presence of some spared adult palms with fruits and young seed-
lings (only beneath female adult palms), populations of Ceroxylon
spp. are unable to regenerate in the long term (Anthelme ez al.
2011; Sanin et al. 2013).

Setaria sphacelata is a tall C,4 tussock grass that was introduced
in Ecuador around 1980 and has become the dominant grass in
pastures created following the deforestation of TMCF (Brenner
et al. 2012). The species has a relatively low nutrition value for
large herbivores because of the low nutrient content of its leaves,
particularly the older ones located at the tussock base (Hacker
1987). Spatial patterns observed in the field show common posi-
tive spatial associations between seedlings of C. echinulatum and
mature tussocks of S. sphacelata, but only at the foot of female
trees of C. echinulatum (F. Anthelme & R. Montufar, pers. obs.).
Therefore, S. sphacelata was hypothesized to be a biotic refuge
for other plants, especially the lower, older segments of tussocks
[shared defense mechanism sensu Callaway (2007)].

IN SITU MANIPULATION EXPERIMENT

An in situ experiment was implemented in a deforested area of c.
1 ha, dominated by an assemblage of short native/exotic grasses
and S. sphacelata (c. 25% cover at the soil surface), and in the
adjacent forest. The deforested area was regularly grazed by five
or six cows and two horses. In March 2009, 600 natural seedlings
of C. echinulatum were collected under 20 mother trees in the
forest and grown together in a greenhouse at the site under study.
After 3 months, 210 of these seedlings were transplanted to the
deforested area and in the adjacent forest for the experiment. We
selected ‘seedling’ (individuals with two or three undivided leaves;
Anthelme, Montufar Galdrraga & Pintaud 2010) as our target life
stage because of the expectation of greater sensitivity to interac-
tions with neighbouring plants than older life stages (e.g. Venn,
Morgan & Green 2009).

We used a randomized block design (30 blocks) that manipu-
lated the biotic stress (herbivory) and abiotic stress applied to
transplanted seedlings in the deforested area (Fig. 1). Seedlings
were transplanted in each block within a 3 x 2 factorial design,
with three levels of neighbours (oPEN: microsites occupied by
short, herbaceous vegetation; NURSE: presence of S. sphacelata;
SHADE: presence of artificial shade retaining ¢. 50% of light inten-
sity; Fig. 1) and two levels of herbivory (presence/absence,
achieved using metal exclusion fences). To this design, we added
an additional treatment in the adjacent secondary forest, where
domestic herbivores were absent (FOrResT; 30 transplanted seed-
lings; Fig. 1). One seedling was transplanted for each replication
of each treatment (total: 210). Comparing FOREST and OPEN treat-
ments allowed the effects on seedlings of abiotic stress as a result
deforestation to be measured. In the deforested area, possible
amelioration of the abiotic microenvironment by artificial shade

Fig. 1. One of the 30 experimental blocks for transplanted seed-
lings of Ceroxylon echinulatum in the deforested area. Each treat-
ment is annotated in the figure and surrounded with a white
circle. Tussocks in the background belong to the species Setaria
sphacelata. An additional treatment was conducted in the adja-
cent forest (bottom right-hand corner).

or the presence of nurse plants was assessed by comparing the
performance of seedlings in the oPEN vs. the NURSE and SHADE
treatments, respectively. The level of light interception by artifi-
cial shade was equivalent to the shading effects provided by
S. sphacelata on palm seedlings. To test for the effects of herbiv-
ory in the three neighbouring treatments in the deforested area,
we replicated them outside metal fences in each of the 30 blocks
(treatments OPENy,, NURSE,; and SHADE,, respectively; Fig. 1).

The performance of transplanted seedlings was monitored
every 2 months between March 2009 and March 2010, as well as
in November 2010. For each seedling of C. echinulatum, we mea-
sured two performance variables to obtain a clear picture of the
effects of S. sphacelata: survival, and the green area of leaves
(cm?). The green area (GA) of each surviving individual reflected
the photosynthetic potential of each individual. Leaves were
extrapolated to be diamond-shaped and showing little morpho-
logical variation (Sanin & Galeano 2011; pers. obs.). Accordingly,
their GA was calculated as:

GA(one leaf) =L x0-5/x X x Y,

where L is the length of the leaf, / is its width, X is the portion of
leaf material removed by herbivores (ratio of leaves grazed, esti-
mated visually in each leaf and taken separately as the index of
leaf predation), and Y is the portion of the leaf that was not
green. Variables X and Y were estimated visually and systemati-
cally for every single leaf of each individual. The GAs of all
leaves of each individual were summed to provide the GA at the
individual level.

In order to explore the mechanisms underlying the patterns of
interactions found, we measured atmospheric water stress, light
intensity and soil temperature for each treatment without herbi-
vores, every 30 min over 12 days in a relatively dry period (March
2009). Water stress was estimated at 15 cm above the soil surface
(approximately the height of seedling leaves) via the vapour pres-
sure deficit (VPD) (kPa), which was calculated with atmospheric
temperature and relative humidity (Anthelme, Michalet & Saadou
2007). Atmospheric temperature and relative humidity were mea-
sured with HOBO-Pro RH/Temp data loggers (Onset, Bourne,
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MA, USA), with at least four simultaneous measurements assigned
randomly in each treatment. Light intensity (lux) was measured
using UA-002 data loggers (Onset), with eight simultaneous mea-
surements for each treatment. Data loggers in the NURSE treatment
were placed directly under the peripheral cover of S. sphacelata
stems. Temperature in the soil at a depth of 5 cm was measured
with U23-01 data loggers (Onset), as the average value of three
simultaneous measurements in each treatment.

DATA ANALYSES

In the deforested area, the effects of herbivory (yes/no) and
neighbourhood (OPEN/SHADE/NURSE) on seedling survival were
analysed using the mixed-effects Cox model (Therneau &
Grambsch 2000), which is a modification (by allowing the inclu-
sion of random covariates, i.e. the ‘blocks’ in this study) of the
commonly used Cox’s Proportional Hazards model. To test the
significance of each fixed variable, we performed a likelihood
ratio test (LRT) by comparing the deviances of a pair of nested
models: a null model including only the random variable, and an
alternative model including the random variable plus each fixed
factor. The interaction between the fixed factors was included
only if the LRT of the model indicated significant difference with
both the simpler models. The effects of herbivory and neighbour-
hood on GA were analysed using a randomized-block linear
model (fixed effects) with comparisons between pairs of treat-
ments within blocks provided by simultaneous post hoc Tukey
tests. This latter analysis was conducted using data from July
2009, after which the mortality of seedlings did not permit the
performance of further statistical tests.

The block structure of our design in the deforested area allowed

us to make paired comparisons among treatments (see Fig. 1).
We calculated the intensity of the facilitative effects on Ceroxylon
seedlings generated by (i) S. sphacelata and (ii) artificial shade, by
comparing seedling performance in these treatments with that in
the opeN,, and oPeN treatments. Additionally, we compared each
above treatment with FOREST in order to determine to what extent
the performance of seedlings under conditions of shade or the
presence of nurse plants can challenge the performance of seed-
lings in their natural habitat (with random assignment of forest
replicates to each of the 30 blocks). These paired comparisons
were made with the Relative Interaction Index (RII; Armas,
Ordiales & Pugnaire 2004). RII was calculated with the survival
and GA performance variables as:
RII = (Bw — Bo)/(Bw + Bo),
where Bw and Bo represent the performance of potential benefi-
ciary species within and outside the nurse/artificial shade areas,
respectively. RII values <0 reflect competitive interactions, while
RII values >0 reflect facilitative interactions. As seedlings in the
forest were not allocated to a specific block, we assigned them
randomly to each block and calculated additional RII values with
the FOREST treatment taken as a control (absence of deforestation
and herbivory).

Variation in the ratio of leaves grazed throughout the experi-
ment was analysed with two-sample #-tests (and one-sample
t-tests when all values of one treatment reached the maximum
value of 100%). Variation of each of the abiotic parameters
among the OPEN, NURSE and FOREST treatments were analysed with
ANovA and two-sample t-tests for average and maximal values.
Correlations between abiotic parameters were tested with linear
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regressions. All analyses were made using MINITAB 15 and Rr
2.14.1 software (R Development Core Team 2011).

Results

THE EFFECTS OF DEFORESTATION AND HERBIVORES
ON SEEDLINGS

Throughout the experiment, the seedlings in FOREST dis-
played higher survival than the seedlings in oPEN, (two-
sample r-tests: P < 0-001 at each date; Fig. 2a). They were
almost unaffected by mortality (survival ratio after
20 months: 0-86 4+ 0-06 SE), whereas in OPEN, most of
the seedlings died at the very beginning of the experiment
(survival after 2 months: 0-07 4+ 0-05) and all individuals
died after 10 months (Fig. 2a; for other treatments see
Fig. S1, Supporting information). Cumulative variation in
the area of leaves was also significantly different between
the two treatments (two-sample f-tests: P < 0-001 at each
date; Fig. 2b). Whereas GA regularly increased in FOREST,
(+70-90 cm? + 0-13 after 20 months), it reached its mini-
mum value after 4 months in oPEN, and maintained it up
until the end of the experiment (—51-92 cm?).

FOREST

0751

0-50 1

0-25|

Ratio of surviving seedlings

0-00 [

—
O
-

60 [

301

Variation in green area (cm?)

0 2 4 6 8 10 12 20
Time (month)

Fig. 2. Performance of transplanted seedlings throughout the
20-month experiment in the FOREST and in OPEN, treatments: (a)
survival; (b) cumulative variation in green area. The bars for each
data point show the 95% confidence interval. Different letters
indicate significant variation between treatments on each date.
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EFFECTS OF SHADE AND NURSE PLANTS WITH AND
WITHOUT HERBIVORY

The presence of a neighbourhood had a significant posi-
tive effect on the survival, as well as the GA, of seedlings;
whereas, the presence of herbivores impacted negatively
upon the performance of seedlings (Pgsyrvivar < 0-001 and
Pga <0:01 in both cases; Table 1). The interaction
between the neighbourhood and herbivory variables
was significant only for GA (Psyrival = 0-099 and
Pga = 0-032, respectively). The net effects of NURSE vs.
OPEN (and NURSE, VS. OPEN,) on the survival and the GA
of seedlings were significantly positive throughout the
experiment (e.g. survival after 20 months of experiment:
RIlnurse = 0-60; RIlnursen = 0-20; GA after 4 months:
RIlnyurse = 0-40; one-sample t-tests ‘not superior than
zero’: P < 0-01; Fig. 3a,c.e). Meanwhile, the effect of
SHADE VS. OPEN was significantly positive throughout the
experiment when considering survival, reaching a plateau
from 10 months (RIgyapg: 0-37 £ 0-11; Fig. 3b), but
was significantly lower than the effect of NURSE vs. OPEN,
except after 12 months (simultaneous post hoc Tukey
tests: P < 0-05). The sHADE, treatment did not influence
survival (Fig. 3d). The effect of sHADE on the GA of seed-
lings was increasingly positive up until between 2 and
10 months of the experiment, after which the low number
of surviving seedlings yielded insufficient repetitions for
interpretation (RII after 10 months: 0-46 + 0-14; Fig. 3f).

The NURSE treatment took the survival of seedlings to a
similar level as FOREST (after 20 months: RIINURSE vs. FOR-
est = 0-20, one-sample r-test: P > 0-05; Fig. 3a); however,
the GA was increasingly lower in the former throughout
the experiment (after 20 months: RIINyrRsE vs. FOR-
st = —0:47; Fig. 3e). In contrast, in the presence of her-
bivory, the effect of S. sphacelata (NURSE,) was highly
negative when compared to FOREST, from the very begin-
ning of the experiment (RIl, onms: —0-93 £ 0-05; Fig. 3c¢).
RIIga was not calculable for treatments with herbivory
because of too few data being available.

ABIOTIC CHARACTERIZATION OF EXPERIMENTAL
TREATMENTS

Light intensity reached an average value of 1331 £ 90 lux
in the FOREST treatment, which was 9 times lower than in

oPEN and 3-7 times lower than in NURSE (Fig. 4). The
VPD in oPeN was significantly higher than that in FOREST
during all periods of the day (Fig. 4a—c; two-sample
t-tests at each time: P < 0-05). These differences peaked at
12:00 when average VPD in the oPEN treatment reached
0-59 + 0-11 kPa, compared to 0-01 4+ 0-00 kPa in FOREST.
The NURSE treatment reduced the average VPD by more
than half (two-sample ¢-test: P < 0-001), and buffered the
maximum VPD to 0-29 £ 0-07 kPa at 12:00. In opeN, the
light intensity was a major driver of VPD variation, with
or without the presence of S. sphacelata (R* = 0-22 and
0-30, respectively; see Fig. S2, Supporting information). In
FOREST, variation in VPD was barely influenced by light
intensity (R? = 0-01). The average soil temperature was
higher in opEN than in FOREST, while NURSE provided
intermediate values (ANova: P < 0-001).

HERBIVORE DAMAGE TO PALM SEEDLINGS

In the deforested area with the presence of herbivores, the
leaf area removed by herbivores reached 100% within
only 6 months after transplantation, regardless of the
presence/absence of artificial shade (Fig. 5; oPENy vs.
SHADE,; P > 0-05 on all dates). In contrast, the impact of
herbivores was significantly attenuated and delayed by the
presence of S. sphacelata (NURSE,: 78 £ 8% of leaf area
grazed after 20 months; NURSE,, vs. OPEN,: P < 0-01 on all
dates), but it remained significantly higher than in FOREST
on all dates (FOREST: 17 £+ 6% of leaf area grazed after
20 months; P < 0-001).

Discussion

PALM SEEDLINGS BEYOND THEIR PHYSIOLOGICAL
LIMITS UNDER DEFORESTATION AND HERBIVORY

As is the case for most plants in TMCF, C. echinulatum is
a shade-tolerant species during its earlier life stages, with
seedlings particularly intolerant to drought and full light
intensity (Holmgren et al. 2012). These traits explain the
high mortality of palm seedlings observed in deforested,
non-grazed areas after 20 months of the experiment (93%:;
see Fig. S1, Supporting information). Their mortality is
likely the result of higher maximum levels of atmospheric
water stress, light intensity and soil temperature (our

Table 1. Summary of the models analysing the effects of herbivory (presence/absence), neighbourhood (OPEN/SHADE/NURSE), and their
interactions on the performance of Ceroxylon echinulatum seedlings in the deforested area. Survival curves were analysed using the
mixed-effects Cox model, while GA in July 2009 was analysed using a randomized-block linear model (fixed effects) and post hoc Tukey
tests (P < 0-05). d.f., degrees of freedom. Different letters mean significant variations among treatments

Variables xgum-val Psurvival Fga Pga d.f. Comparisons among treatments (P > 0-05)
Herbivory (yes/no) SI-15 0-000 8:35 0-006 1 Survival: no > yes
GA: no > yes
Neighbourhood (OPEN/SHADE/NURSE) 30-58 0-000 7-84 0-001 2 Survival: NURSE > SHADE > OPEN
GA: NURSE > SHADE = OPEN
Herbivory x Neighbourhood 461 0-099 3-68 0-032 2
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Fig. 3. Effects of NURSE, NURSE,, SHADE and SHADE, on the performance of transplanted seedlings in the deforested area throughout the
20-month experiment (RII, white dots). For comparison, RII was also calculated between these three treatments and FOResT (black dots).
(a, b) Survival in the absence of herbivory; (c, d) survival in the presence of herbivores; (e, f) green area of leaves in the absence of herbi-
vores. The grey shaded areas represent the 95% confidence interval, extrapolated from individual values on each date.

60000}
(a) OPEN 060 (b) OPEN 21 (e) OPEN
45000} 045 1
’>'<\ 8
B Z
2 g s
[}
2 30000 < 030 NURSE €
£ o g
z > L
i =
3 ®
15000 015 - FOREST
FOREST
0 000
. . . . . . . . . . . . 15 b . . . . .
0:00 4:00 800 12:00 16:00 20:00 0:00 400 800 12:00 16:00 20:00 0:00 4:00 800 12:00 16:00 20:00
Time (h) Time (h) Time (h)

Fig. 4. Mean variation in the abiotic microenvironment with time in the FOREST, NURSE and OPEN treatments: (a) light intensity; (b) VPD;
and (c) soil temperature at 5 cm below-ground. Time interval: 30 min.

data), as well as lower minimum levels of soil humidity for the absence of C. echinulatum regeneration in defor-
(Anthelme et al. 2011). The additional presence of herbi- ested areas. This interpretation is supported by a signifi-
vores in deforested areas eliminated all remaining palm cant loss in the GA of leaves observed in open, grazed
seedlings, thus corroborating our first hypothesis that the areas with time following the transplantation of seedlings.
combination of deforestation and herbivory is responsible In this situation, the loss of leaf area and exacerbated
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Fig. 5. Dynamics of herbivore damage on
transplanted  seedlings throughout the
20-month experiment in the FOREST, OPEN,,
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atmospheric water stress took palm seedlings away from
their physiological limits, making their survival and
growth dependent on habitat amelioration, especially by
the presence of nurse plants (Gross et al. 2010; Holmgren
et al. 2012). Similar to the case for seedlings of C. echinul-
atum, many other tree seedlings present in these cloud
forests may also not be able to withstand the stresses gen-
erated by deforestation and grazing. Therefore, facilita-
tion among plants must be considered a consistent option
for the restoration of TMCF.

FACILITATION THROUGH REDUCTION OF ABIOTIC
STRESS AND HERBIVORY

The tussock grass S. sphacelata was shown to be an effi-
cient nurse plant for palm seedlings in deforested TMCF
without herbivory. The mechanisms involved are a
reduction of atmospheric water stress (by half; our
data), and the provision for soils of a similar humidity
as that observed in the adjacent forest during the driest
period of the day (Anthelme ef al. 2011). This direct
habitat amelioration effect explains the increasing posi-
tive effect of S. sphacelata observed on Ceroxylon seed-
lings with time, which is expected to persist in the long
term. Owing to the fact that the nurse-plant effects were
significantly more positive than those of artificial shade,
they were likely not only caused by the shading effects
of S. sphacelata, but also (i) by the dense aggregation of
tussock aerial stems, which maintains high atmospheric
humidity in its core (Anthelme, Michalet & Saadou
2007) and (ii) by the more humid and cooler soil

NURSE, and SHADE, treatments. The bars
for each data point show the 95% confi-
dence interval.

provided by tussock grasses, via specific mechanisms
such as hydraulic lift (Prieto, Armas & Pugnaire 2012).
Therefore, we provide for the first time experimental evi-
dence for strong facilitative interactions among plants
through (abiotic) habitat amelioration in a tropical, pro-
ductive environment. Our results support the conceptual
model of Holmgren & Scheffer (2010). They are also in
line with the stress-gradient hypothesis (more facilitation
with more abiotic stress) provided that the relative
abiotic stress endured by plants — not only the absolute
harshness defining an ecosystem — is taken into account
in the stress-interaction relationship (see also Smit,
Rietkerk & Wassen 2009; Bagousse-Pinguet et al. 2014).
In the presence of herbivores, the effects of S. sphacelata
on Ceroxylon seedlings remained positive throughout the
20-month experiment. The facilitative mechanisms involved
are therefore partly indirect, that is, encompassing a third
biotic component (herbivores). First, they are likely related
to ‘shared defense’ because the oldest leaves at the base of
Setaria tussocks are barely eaten by large herbivores
(Hacker 1987). A second indirect mechanism of facilitation
likely to occur is ‘external avoidance’ (sensu Milchunas &
Noy-Meir 2002) because seedlings are partially hidden from
herbivores by tussocks. These interpretations are supported
by the fact that artificial shade, which generated no hiding
or protective effects on seedlings, did not increase the
performance of seedlings in the presence of herbivores (see
Fig. 1; on the contrary, we observed that horses were
rather attracted to our ‘shade’ design, in such a way that
reduced facilitation might in part be indebted to the
methodology used). Consequently, facilitation by nurse
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tussocks can be explained by both a reduction in relative
abiotic stress [model of Holmgren & Scheffer (2010)] and
a reduction in the effects of herbivory, up to a certain
threshold [model of Smit ez al. (2007)]. This corroborated
our second hypothesis.

However, combining the effects of abiotic stress and
herbivory resulted in a reduction in the facilitative effects
exerted by the nurse tussocks, at least when considering
the GA of leaves (see the significant ‘Herbivory x Neigh-
bourhood’ effects in Table 1). This result is in line with
various studies showing that intense herbivory in an
already (abiotically) stressed habitat reduces facilitation
among plants (Graff & Aguiar 2011; Soliveres et al.
2011). Furthermore, it lends support to the conceptual
and mathematical models that predict the combined influ-
ence of stress and disturbance on facilitation among
plants to not simply be additive (Smit ez al. 2007; Malkin-
son & Tielborger 2010; Bagousse-Pinguet ef al. 2014).
More experimental data are required to fully understand
this complex relationship. We suggest that the level of
protection against herbivory provided by the nurse tus-
socks may decline at higher intensities of herbivory
because S. sphacelata, which is usually a low palatable
species, would switch to become a viable option as a
source of nutrition under such conditions.

The facilitative effects generated by S. sphacelata on
C. echinulatum under herbivory gradually faded with time
during the experiment, in such a way that we can reason-
ably expect there to be no nurse-plant effects in the long
term. This trend might reduce the relevance of using facili-
tative interactions for long-term restoration projects (e.g.
Prévosto et al. 2012). However, while this uncertainty sur-
rounding facilitative effects may generally represent a
strong limitation when considering their use for restora-
tion, recent studies on the sister species Ceroxylon quindiu-
ense demonstrated that juvenile individuals of more than
2 m in height allocate the majority of their resources to
developing subterranean meristems. This strategy permits
them to be highly resilient to damage of their aerial meris-
tems (Sanin et al. 2013). Furthermore, leaves of tropical
forest plants, when ageing, develop more chemical and
physical defences to protect themselves from herbivory
(Coley & Barone 1996), and older palm leaves may be
more resilient to predation (Mendoza, Pinero & Sarukhan
1987). Therefore, we assume that the facilitative effects
provided by S. sphacelata on C. echinulatum should
ensure the long-term survival of these individuals by pro-
tecting them until they reach a life stage at which they are
more resistant to herbivory (at least at a height of 1 m,
which is the height almost all Sezaria tussocks reach).

FROM THEORY TO APPLICATION: IS RESTORATION OF
DEGRADED CLOUD FOREST ACHIEVABLE WITH
TUSSOCK GRASSES?

Recent reviews have evidenced the important role that
facilitative interactions can play in the restoration of
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degraded ecosystems, including in tropical (dry) regions
(Padilla & Pugnaire 2006; Goémez-Aparicio 2009). A
meta-analysis that took into account various degraded
ecosystems worldwide demonstrated that trees may be
predominantly facilitated by nurse shrubs or nurse trees
whereas herbs — in particular perennial grasses — may
have mostly a negative effect on the survival and growth
of trees (Goémez-Aparicio 2009). However, the combined
effects of deforestation and herbivory in TMCF generate
patterns of impoverished plant communities without trees
and shrubs and dominated by invasive tussocks at the
regional scale (Aide, Ruiz-Jaen & Grau 2010; Brenner
et al. 2012). Therefore, two options for forest nurse-based
restoration are possible: planting nurse trees/shrubs, or
using existing tussock grasses as potential nurse plants.

The first option should yield the most efficient results in
terms of restoration given the higher nurse potential of
these life-forms. One experiment using the native nitro-
gen-fixing tree A. acuminata (Betulaceae) for this purpose
in the Colombian cloud forest yielded positive results, but
did not consider the effects of herbivores, which were
absent from the study site (Murcia 1997). In comparison,
empirical data taking into account the effects of herbi-
vores on the regeneration of forest tree species show that
shrubs are better nurse plants than trees, especially
because of their multistemmed architecture and their
crown being located closer to the soil surface (Gomez-
Aparicio, Zamora & Goémez 2005). From this viewpoint,
and at similar cost, planting shrubs rather than trees may
yield better results in grazed deforested areas. However,
the expense of planting trees or shrubs reduces the
feasibility of each of these restoration techniques (Aide,
Ruiz-Jaen & Grau 2010).

An alternative nurse-based restoration option high-
lighted by our data is to consider existing tussock grasses
as potential nurse beds for forest restoration. Even though
tussock grasses have in general been found to be competi-
tive with other plants, by developing high densities of
roots and aerial stems (Maestre, Bautista & Cortina 2003;
Hooper, Legendre & Condit 2005), observed patterns in
the deforested cloud forest show positive spatial associa-
tions between S. sphacelata and young individuals of
C. echinulatum, but only at the base of mother palms
where palm seeds and seedlings were found aggregated,
probably because of a deficit in the number of animal dis-
persers (Anthelme ef al. 2011; pers. obs.). This demon-
strates that the success of restoration using nurse tussocks
requires transplanting palm seedlings under the cover of
tussocks, thus compensating the limited dispersal gener-
ally observed in degraded cloud forest (e.g. Sarmiento
1997). The level of investment needed is minor, with the
possibility of collecting seedlings directly in adjacent
forests, or at the foot of mother trees in deforested areas.
The fact that exotic tussock grasses may be detrimental to
the biodiversity of open areas in the tropics (e.g. Hooper,
Legendre & Condit 2005) is not relevant here as the tus-
socks are already established in the deforested areas at
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high levels of abundance. On the contrary, using pre-
established S. sphacelata as nurse plants for C. echinula-
tum may lead to a reduction of its abundance along with
succession.
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