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Abstract

More than 60% of the flora of the Galapagos Islands is introduced and some of these spe-
cies have become invasive, severely altering ecosystems. An example of an affected eco-
system is the Scalesia forest, originally dominated by the endemic giant daisy tree Scalesia
pedunculata (Asteraceae). The remnant patches of this unique forest are increasingly being
invaded by introduced plants, mainly by Rubus niveus (blackberry, Rosaceae). To help
large-scale restoration of this ecologically important forest, we seek to better understand the
natural regeneration of S. pedunculata after invasive plant control. We monitored naturally
recruited S. pedunculata saplings and young trees over five years in an area where invasive
plant species are continuously being removed by manual means. We measured survival,
height and growth of S. pedunculata saplings and young trees along permanent transects.
Percent cover of surrounding plant species and of canopy shade directly above each S. ped-
unculataindividual were determined, as well as distance to the next mature S. pedunculata
tree. We identified potential factors influencing initial sapling survival and growth by applying
generalized linear models. Results showed a rapid growth of saplings and young trees of up
to 0.45 cm per day and a high mortality rate, as is typical for pioneer species like S. peduncu-
lata. Sapling survival, growth and mortality seemed to be influenced by light availability, sur-
rounding vegetation and distance to the next adult S. pedunculata tree. We concluded that
natural regeneration of S. pedunculata was high only five months after the last herbicide
application but that 95% of these recruits had died over the 5-year period. Further studies
are needed to corroborate whether the number of surviving trees is sufficient to replace the
aging adult trees and this way maintain remnants of the Scalesia forest. Urgent action is
needed to help improve future restoration strategies to prevent further degradation of this
rapidly shrinking threatened forest ecosystem.
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Introduction

As a direct consequence of human activity, island ecosystems worldwide are being trans-
formed by invasive plant and animal species [1]. Many efforts are underway to control and
eradicate invasives and restore island ecosystems, intending to conserve native and endemic
species diversity [2]. Evaluating the success of these restoration projects is often constrained by
a paucity of long-term ecological monitoring data [3, 4]. For example, the rate at which tropi-
cal forests recover from disturbance (e.g., deforestation, control of invasive species) can vary
strongly, and understanding the factors driving the rate of recovery is critical to developing
effective restoration measures [5]. Long-term observations of biotic and abiotic conditions
within the area under restoration are indispensable to assessing project success [6, 7]. Several
long-term restoration projects have been undertaken in the Galapagos Islands (e.g., mammal
eradication [8]; plant eradication [9]), demonstrating that even in archipelagoes with compara-
tively late onset of human settlement like Galapagos [10], active ecological restoration is neces-
sary to protect native ecosystems and conserve biodiversity.

There are about 810 introduced plant species in Galapagos [11] and some of these have
become invasive, severely affecting the composition of plant communities [12]. A unique eco-
system under threat is the Scalesia forest, originally dominated by the endemic daisy tree Scale-
sia pedunculata (henceforth S. pedunculata) that occurs on four islands within the archipelago
[13]. On Santa Cruz, the forest suffered massive reductions due to a history of deforestation by
land use change and grazing and browsing by goats, pigs and donkeys [14, 15]. As a conse-
quence, the remnant forest patches now comprise only 1% of the former distribution [16]. Spe-
cies composition and population structure of S. pedunculata in these patches have been
severely transformed by invasive plants, especially by Rubus niveus (Rosaceae) and Cestrum
auriculatum (Solanaceae) [17, 18]. The high percent of R. niveus cover suppresses regeneration
of S. pedunculata [18] and reduces the native species richness in the invaded areas [17]. On
Santa Cruz, the remnant forest is considered a key ecosystem for many endemic bird and
insect species, like the Darwin’s finches that forage and breed in the Scalesia forest [19, 20].

Scalesia pedunculata is a pioneer species that exhibits soft wood [21], fast growth and a short
life cycle of 15-20 years [13, 14, 17, 21]. It used to dominate in a succession of life stages, with
few trees of other species associated [14]. However, with shade-casting thickets of R. niveus in the
understory, there is almost no germination of S. pedunculata, resulting in an extremely low natu-
ral regeneration of S. pedunculata [18]. This, combined with the high mortality rate of recruits,
has led to a dramatic decline of the S. pedunculata population over the last decade [17, 18].

To address the increasing threat posed by R. niveus, the Galapagos National Park Director-
ate (GNPD) has been controlling this invasive species for over 20 years in different areas of the
Galapagos National Park. A study by the authors carried out between 2014 and 2016 docu-
mented natural regeneration of S. pedunculata after invasive species control, but only over a
short time period [18]. Therefore, in this study, we measured biotic parameters in 2015 and
survival and growth of S. pedunculata saplings and trees from 2015 to 2020 in an experimental
trial area of 6 ha in the Scalesia forest on Santa Cruz. By doing so, we sought to increase our
understanding of the factors influencing regeneration and recruitment of S. pedunculata, fol-
lowing the removal of invasive plant species.

We hypothesized, that (1) the initial growth and mortality rates of S. pedunculata saplings
and young trees in the remnant forest under restoration would be high, (2) the shading by the
canopy would lead to higher sapling and young tree mortality and reduced growth rates, (3)
sapling and young tree survival and growth rates would increase with distance from the next
mature S. pedunculata tree, and (4) sapling and young tree survival and growth would decrease
with higher cover of surrounding vegetation.
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Methods
Study site

The study was carried out in the Scalesia forest remnant in the highlands of Santa Cruz (Gala-
pagos) at an altitude of about 400-550 m a.s.l. [13], near the twin volcanic sinkholes “Los
Gemelos” (Fig 1). Mean annual precipitation during the five-year study period ranged from
736 mm in 2019 to 1244 mm in 2017, but the mean for all study years was lower than the long-
term yearly average of 1380 mm (based on data from 1987 to 2019) (S1 Fig). Average daily
temperature in the study area was 22.2°C [22]. The forest was composed of the endemic tree
Scalesia pedunculata (Asteraceae, about 33% cover), accompanied by the shrubs Tournefortia
rufo-sericea (Boraginaceae, endemic, about 6% cover), Chiococca alba (Rubiaceae, native,
about 8% cover), Psychotria rufipes (Rubiaceae, endemic, about 3% cover) and Zanthoxylum
fagara (Rutaceae, native, about 5% cover) [23, percent cover data Jéger, unpubl. data]. Invasive
R. niveus formed dense thickets in the forest’s understory (about 64% cover) and other intro-
duced and invasive shrubs, like C. auriculatum (about 18% cover) and Psidium guajava (Myr-
taceae, 2% cover) co-occurred [17, 18]. These species, as well as the introduced and invasive
herb Tradescantia fluminensis (Commelinaceae, about 36% cover), had been controlled by the
GNPD in an experimental trial area of 6 ha since 2014. Initial control consisted of cutting the
R. niveus and C. auriculatum bush to about 5 cm off the ground with a machete and spraying
the regrowth with a combination of the herbicides Combo® and glyphosate after a month.
This was repeated monthly two more times, with the last herbicide application occurring five
months before the onset of our study in April 2015. Over the following five years, only manual
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Fig 1. Location of the study site. (a) South America and the Galapagos Islands (red square). (b) Galapagos Islands with Santa Cruz
(red square). (c) Santa Cruz with study site indicated in red and sketch of the sampling design. Projection: WGS 84 EPSG 4326.

https://doi.org/10.1371/journal.pone.0258467.9001
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control was carried out every three months (machete, weed trimmer, and hand-pulling) to pre-
vent regrowth of invasive species, mainly of R. niveus.

Data sampling and analysis

Field work in the Scalesia forest was conducted under permits issued by the Galapagos
National Park Directorate (PC-19-15, PC-50-16, PC-42-17, PC-50-18, PC-55-19 and PC-26-
20). Natural regeneration of S. pedunculata was determined by establishing 20 parallel perma-
nent transects of 300 m, 10 m apart, in a S-SE to N-NW direction within the study area (Fig
1c). All S. pedunculata saplings of a height up to 100 cm (assuming that these had emerged
after the last herbicide application 5 months prior to the onset of this study), growing within 1
m to both sides of these transects, were marked with aluminum tags and the exact location was
measured with a handheld GPS device (Garmin GPSMAP 65 Series). Measurements were first
recorded in April 2015 and then repeated seven times over the course of five years, according
to time availability: in June 2015, February 2016, August 2016, March 2017, January 2018,
April 2019 and March 2020. At each monitoring event, we documented survival of the marked
individuals and calculated mortality rates. Saplings were determined as dead if they were
entirely brown and mostly detached from the ground or partly decomposed. We also mea-
sured the height of saplings and young trees and calculated mean and maximum growth
(defined as the change in height). Daily growth was calculated at the end of the study period by
dividing total growth over the five years by the number of days between the first and last moni-
toring event. Data were processed and descriptive and inferential statistics applied in R Ver-
sion 4.0.0 [24].

Percent shading by canopy, distance to the next mature S. pedunculata tree and percent sur-
rounding vegetation were only measured once at project start in April 2015 and were not
repeated over the study period due to time constraints. For this, a photo of the forest canopy
parallel to the ground over the top of each S. pedunculata individual, with a Nikon D3200 cam-
era (Settings: 300 dpi; aperture value F/7.1; shutter speed 1/2000 sec.). The photos were con-
verted into black and white images by maximizing the contrast in GIMP 2.8.22 [25]. Percent
canopy cover (= shade) was calculated for each S. pedunculata sapling as the ratio between
black and white pixels. Mean percent canopy shade and standard deviation were calculated for
the total of all surviving and dead saplings. Distance of each sapling to the nearest mature S.
pedunculata tree was measured in m. To determine percent cover of individual ground-cover-
ing plant species, the area of the saplings’ crown was projected onto the ground and defined as
100% cover, and cover of each species within this area was estimated as a fraction. For model
building, the surrounding vegetation ground cover underneath each S. pedunculata sapling
was calculated as the sum of the cover of all species. To determine factors influencing S. pedun-
culata sapling survival and growth during the first year, we implemented general linearized
models (GLM) with binomial distribution and logit link function (for survival) and Gaussian
distribution (for growth), with fitted curves at a 95% confidence interval. We conducted a cor-
relation analysis of all biotic parameters (S2 Fig) with the package “corrplot” [26], using Pear-
son’s correlation coefficient. The GLMs for S. pedunculata sapling survival and growth were
built considering the total percent surrounding vegetation cover.

Results
Survival

Five months after the last herbicide application, there was an abundant regeneration of Scalesia
pedunculata in the study area of the Scalesia forest, but only very few were still alive towards
the end of the study period (Fig 2).
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Fig 2. Mature Scalesia pedunculata trees in 2019 with saplings and young trees in the understory in a 6 ha study
area in which invasive plant species, especially Rubus niveus, had continuously been removed by the Galapagos
National Park Directory since 2014. The plant cover on the forest floor mainly consisted of the invasive carpet-
forming Tradescantia fluminensis.

https://doi.org/10.1371/journal.pone.0258467.9002

Of the initial 259 saplings recorded in April 2015, only 13 individuals (5%) were found alive
in 2020 (Fig 3a). The largest loss of individuals was recorded after the first year, with only 66
saplings still alive (21%, taking only those individuals into account that could be relocated) in
February 2016. In another study in the same area, a similar high mortality rate of S. peduncu-
lata recruits was observed (Jager, unpubl. data). A total of 55 individuals could not be re-
located, despite the fact that they were marked with an aluminum tag and their GPS location
was known. These had most likely died or were trampled by the ongoing manual invasive
plant control actions. Due to the rapid turn-over of organic material in the study area, alumi-
num tags were probably covered by this and therefore could not be found.

Percent canopy shade had the highest explanatory power for sapling survival (p < 0.001)
based on GLMs (Table 1 and Fig 4a). Saplings that were dead after the first year had been
exposed to a higher percent total canopy shade than the ones that survived (72.2% + 13 vs.
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Fig 3. (a) Number (within bars) and percent (top row) of surviving S. pedunculata saplings and young trees over 5
years. The mortality rate over five years was 95%. (b) Height of the S. pedunculata saplings and young trees over time.
The boxplots display the median and the interquartile range (25 to 75 percentile), whiskers indicate the variability
outside upper and lower quartiles and outliers are displayed. Mean height is given on top of the boxplots.

https://doi.org/10.1371/journal.pone.0258467.9003

56.7% + 21). The most dominant species in the canopy shade for both groups was S. peduncu-
lata, followed by C. auriculatum. The distance of saplings to the next mature S. pedunculata
was significantly larger for surviving saplings compared to dead saplings (p = 0.05, 2.13

m * 1.05 vs 1.58 m, + 0.81). Percent cover of the surrounding vegetation was higher for surviv-
ing saplings compared to dead saplings after the first year (52.8%, + 35 vs. 41.7%, * 29), but
not significantly so (p = 0.09). This vegetation consisted mainly of R. niveus (5%) and T. flumi-
nensis (25.9%). About 28.9% of the surviving saplings were shaded by C. auriculatum (pres-
ence/absence, not cover) at first monitoring in April 2015. Percent cover of all species is
shown in S1 Table.

Table 1. Scalesia pedunculata sapling and young tree mortality was significantly correlated with percent canopy
shade and distance to the next S. pedunculata tree, while percent cover of surrounding vegetation did not have a
significant explanatory power.

Dependent: Sapling survival Surviving saplings Dead saplings p
Canopy shade (%) 56.7 (21) 71.2 (13) < 0.001
Distance to next S. pedunculata tree (m) 2.13 (1.05) 1.58 (0.81) 0.05
Cover of surrounding vegetation (%) 52.8 (35) 41.7 (29) n.s.

Means are given for alive and dead saplings after the first year (standard deviation in parenthesis). P-values are based
on a GLM (binomial distribution, logit function) with the three parameters ‘canopy shade’, ‘distance to the next S.

pedunculata’ and ‘cover of surrounding vegetation’ included as explanatory variables.

https://doi.org/10.1371/journal.pone.0258467.t001
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Fig 4. Percent canopy shade was significant in explaining S. pedunculata saplings mortality (a, GLM with binomial distribution
and logit link function) and growth (b, GLM with a Gaussian distribution) after the first year. Boxplots (a) display the median,
interquartile range (25" to 75™ percentile), variability outside upper and lower quartiles (whiskers) and outliers. Significance levels
are reported as: [*] p < 0.05; [***] p < 0.001.
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Height and growth

Average sapling height increased from 62 cm (+23) in 2015 to an average tree height of 538 cm
(£170) in 2020 (Fig 3b), which amounts to a yearly average growth of 95 cm, with growth rates
differing between years and individuals (S2 Table). Average daily growth over five years was
0.25 cm, but we also measured an average of 0.45 cm a day for the largest plant that reached a
height of 820 cm in 2020.

Percent canopy shade was significantly negatively correlated with sapling growth
(p < 0.05). Distance to the next mature S. pedunculata tree and percent surrounding vegeta-
tion cover were not correlated with sapling height (p < 0.05).

Discussion

Our results showed that while control of Rubus niveus in the Scalesia forest on Santa Cruz
facilitated an abundant natural regeneration of Scalesia pedunculata, only 5% of these new
plants survived the 5-year study period (13 out of 259 individuals). A previous publication
from the same study area reported a spectacular regeneration of S. pedunculata in 2016, but
this was about 14 months after the last herbicide application, and no follow-up survey of the
population was included [18]. The observed mortality rate of S. pedunculata saplings in our
study might have been influenced by the last glyphosate application five months prior to the
onset of the study, but it is not clear whether glyphosate residuals in the soil affect emerging
seedlings [27]. Independently of this, high mortality rates had been observed in other studies
addressing the life cycle of S. pedunculata and is typical for a pioneer species like S. peduncu-
lata [13, 16, 21, 28]. Self-thinning could be a potential explanation since dead stems of S. ped-
unculata were found to be smaller than those of live individuals [29]. Although survival rates
of S. pedunculata were low, it should be consider that this study followed only one cohort of
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trees that had emerged after the initial invasive plant species control. Recruits from the seed
bank from subsequent years could have substituted those individuals from the first cohort
monitored that had died off, as was observed by a study in the same area (Jager, unpubl. data).

The S. pedunculata saplings in our study quickly grew into young trees, reaching a maxi-
mum height of 820 cm after five years, growing an average 0.45 cm a day. This finding is con-
sistent with a study carried out in the 1970s, where trees reached 7-8 m in height after 3.5 to
5.5 years, but this was before invasive plants became a problem [28]. Percent shade and prox-
imity to the next mature S. pedunculata tree had the highest explanatory power for initial sap-
ling mortality and percent shade for a reduced sapling growth.

Besides the pioneer character and control actions, biotic factors influencing the initial mor
tality rate and growth of S. pedunculata saplings are important for Scalesia forest restoration.
As hypothesized, we found that survivorship and height of S. pedunculata saplings correlated
strongly with light availability. Overall, surviving saplings received less shade, which mainly

stemmed from mature S. pedunculata trees or the invasive shrub C. auriculatum. We, there-
fore, confirmed the results of previous studies that reported a high light dependency of S. ped-
unculata [13, 14, 21]. In our study, invasive plant removal caused higher light availability,
which in turn facilitated S. pedunculata regeneration. Previous studies reported massive die-
back of mature S. pedunculata trees after the extreme 1982/83 El Niflo event that created suit-
able conditions for natural S. pedunculata regeneration from seeds [13, 21]. In contrast to
these studies, mature S. pedunculata trees were still present in our study area and the proximity
to the nearest mature S. pedunculata tree was negatively associated with the survival of sap-
lings. As S. pedunculata is the dominant tree species within this forest type [13], canopy shad-
ing is logically reduced at greater distances from mature trees. This aligns with the Janzen
Connell hypothesis, which states that propagule survival is dependent on the distance to its
parent tree [30, 31]. The distribution and survival of S. pedunculata seedlings thus seem to be
partly the result of a trade-off between light availability, caused by distance to the shading can-
opy of the parent tree [32], and a short dispersal distance reported for this species [33].

Contrary to our hypothesis, higher vegetation cover surrounding S. pedunculata individuals
did not significantly affect survival and growth rates of saplings. About 25.9% of this surround-
ing vegetation was composed of the invasive ground-covering plant Tradescantia fluminensis,
and cover of this species increased significantly after control of R. niveus in the study area [18].
Tradescantia fluminensis is known to be a severe invader elsewhere [34] and has been shown
to alter nutrient availability in temperate forests and to hinder native forest regeneration [35,
36]. Our study was carried out during an exceptionally dry period [22], which could have
affected the natural S. pedunculata regeneration but our data do not allow us to determine
whether co-occurrence of T. fluminensis and S. pedunculata is due to favorable microclimate
or to facilitation or competition [37]. Thus, future research is needed to disentangle the influ-
ence of biotic factors from weather conditions on S. pedunculata regeneration over a longer
study period. With an anticipated increase in frequency of El Nifio (ENSO) events [38, 39],
regeneration of S. pedunculata might differ significantly between years. The twofold pressure
from unknown impacts caused by climate change (e.g., increasing temperatures, increasing
precipitation and weather extremes) and the anticipated increase of species’ invasions, should
be taken into account for future restoration actions in the Scalesia forest remnants [40].

In conclusion, invasive plant species have severely altered the Scalesia forest on Santa Cruz
to a high degree [18, 41]. In combination with its historically reduced range (only 1% of the
original forest distribution remains) [16], urgent restoration actions are needed. Our results
indicate that natural regeneration of S. pedunculata is facilitated by invasive plant species
removal. Due to the high mortality rate of recruited S. pedunculata saplings (95%), future res-
toration actions should include the planting of nursery-grown S. pedunculata seedlings and
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young trees, which has proven successful elsewhere [42]. The Scalesia forest is not only unique
due to the endemic S. pedunculata, it is also an important ecosystem for associated (and
endemic) invertebrate and bird species, like the Darwin’s finches [19, 20]. Although the R.
niveus control had a temporary negative effect on the microhabitat use and feeding behavior of
Certhidea olivacea (green warbler finch) and Camarhynchus parvulus (small tree finch), we

call for urgent actions to remove R. niveus at a large scale to preserve the last Scalesia forest
remnants on Santa Cruz [18, 20].

Supporting information

S1 Fig. Annual precipitation in the highlands of Santa Cruz Island before from 1989 to
2019 and during the study period indicated by black bars.
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