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Abstract

Understanding the responses of different ontogenetic stages to environmental and human
disturbance factors is essential for developing efficient conservation strategies for endan-
gered plant species. We examined how three ontogenetic stages of a locally endangered
tree species, Olea europaea subsp. cuspidata, responded to environmental factors and
human disturbance in Hugumburda dry Afromontane forest in Ethiopia. We counted individ-
ual seedlings, saplings and adults of O. europaeain 70 20 x 20 m quadrats over ca. 2.8 ha,
and measured biotic (woody species richness, canopy cover, aboveground tree biomass,
herbaceous cover), abiotic (soil and topographic variables), and human disturbance factors
(logging and tracks). To detect ontogenetic niche shifts, we compared observed vs. simu-
lated locations of trees in the three life stages and how they related to the environmental and
human disturbance factors. We found that the population structure of O. europaea showed
generally low recruitment, with few seedlings per hectare compared with the abundance of
saplings and adults. The probability of finding O. europaea individuals was influenced by
biotic (woody species richness) and abiotic (soil depth, slope) environmental conditions and
human disturbance (logging intensity), but the direction, strength and shape of the relation-
ships differed between seedling, sapling and adult life stages, indicating ontogenetic niche
shifts. All life stages showed a positive relationship with elevation. The observed environ-
mental niches of the different lifestages of O. europaea, and their association with human
disturbance levels, should be considered when conservation strategies are developed for
this species. Human disturbance in terms of logging decreases the abundance of saplings,
but may facilitate emerging seedlings through creation of gaps with improved light condi-
tions. Recruitment is, however, very low in the study area, and seedlings should be pro-
tected from browsing to enhance survival. Woody species richness in general should be
conserved to optimize conditions also for O. europaea saplings.
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Introduction

Niche requirements of plants may change through their different life stages [1, 2]. This can be
due to differences in micro-site suitability, for instance, the requirements of seedlings (i.e. the
regeneration niche) can differ from that of later life stages, even within the same population [3,
4]. Such ontogenetic shifts start with niche differentiation taking place early in a plant’s life [5].
Different life stages may also respond differently to interactions with neighbour vegetation, as
early life stages may be more prone to biotic interactions, such as competition, than later life
stages [6]. Regeneration of the plant population depends on the availability of viable seeds, and
how the germination success and survival of seedlings are related to local environmental fac-
tors, such as light reaching the ground, soil moisture and nutrient content, and human and
animal disturbance [3, 6, 7-9]. In contrast, according to the unified neutral theory [10], niche
shifts in plants are less relevant, because plants, unlike animals, commonly share similar
resources from the environment [11]. Thus, the concept of ontogenetic niche shifts has been
less studied in plant ecology [but see 1, 2, 8, 12]. In contrast, niche shifts between consecutive
stages is common and well-studied in animals [13, 14]. The reasons are complex but perhaps
reflect the difference that unlike many animals, which are mobile and can move to environ-
ments that suit their needs at different developmental stages, plants are sessile and must adjust
at each stage to the environment in which they find themselves. Ontogenetic niche shifts in
plants therefore reflect the intersection of changes in environments over time; developmental
changes in the plants as they mature, and whether these expand or contract a species’ niche
space; and any resulting differentials among individuals in growth rates and survival. Also, the
effect an individual plant may have on the environment may change over time [15].

Examining the responses of different ontogenetic stages to abiotic and biotic environmental
and disturbance factors may give insights into how niche shifts can occur between different
life stages of the same plant species [16, 17]. For instance, in an ontogenetic niche shift experi-
ment on three Vaccinium shrub species in a boreal forest, the niche requirements of juvenile
Vaccinium vitis-idaea were different from those of adults [18]. Studies that include sequential
life stages are therefore important for understanding plant population dynamics and applying
this knowledge to conservation measures [8]. In addition, environmental factors play a signifi-
cant role in ontogenetic niche shifts and are further important in understanding plant distribu-
tion and abundance [19, 20]. For instance, in a study of 12 montane-forest tree species in
Slovakia, the abundance of seedlings varied significantly from those of saplings and adults in
response to elevation, temperature, and precipitation [21]. Environmental factors can also
limit niche shifts in exotic plant invasions and distribution [22]. Thus, to be able to both pro-
tect endangered species and to decrease the abundance of invasive species, understanding how
ontogenetic shifts are related to environmental factors and human disturbance is vital for
developing effective conservation strategies [8].

Most previous studies of ontogenetic niche shifts in plants have used analysis of variance or
generalized linear (mixed) model approaches [8, 12, 17, 18, 23]. In contrast, canonical corre-
spondence analysis have been used to analyze whether various ontogenetic stages differed in
their response to environmental conditions [9, 24]. Comparing observed abundances among
life stages is not straightforward because the sizes of individuals differ substantially as they
mature. To overcome this problem, we applied a novel analytic approach, using both empirical
and simulated observations (random relocations of the observed data) as inputs.

In this paper, we report the population structure and ontogenetic shifts of a locally endan-
gered tree species, Olea europaea subsp. cuspidata (hereafter O. europaea). This species is par-
ticularly interesting regarding ontogenetic niche shifts because of its ability to grow in both
dry and moist environments [25]. It is locally endangered because of overexploitation for

PLOS ONE | https://doi.org/10.1371/journal.pone.0256843 September 30, 2021 2/13


https://doi.org/10.1371/journal.pone.0256843

PLOS ONE

Ontogenetic niche shifts and implications for conservation

wood for multiple purposes [26-28], and there is a need for more research to understand it’s
population status, and to understand how it can be best conserved [29]. We asked the follow-
ing questions: (i) What is the current population structure of O. europaea in the studied forest?
(ii) How are the various life stages of O. europaea related to selected biotic and abiotic environ-
mental and human disturbance factors? (iii) Can the distribution of adult O. europea be pre-
dicted by the same environmental and human disturbance variables as those for saplings and
seedlings? As O. europaea is commonly harvested for wood, we predict that the number of
reproductive adult trees, and thus seeds emerging to seedlings, can be the bottleneck for this
locally endangered species. Seedlings and saplings are likely more dependent on abiotic condi-
tions providing good conditions for seedling emergence and establishment, such as soil mois-
ture and soil depth, and more vulnerable to biotic interactions, such as competition for light
from the vegetation canopy, and animal disturbance. Adults, on the other hand, are likely
more prone to logging, and therefore expected to be more likely to occur in less accessible
areas and steeper slopes [30]. Thus, different environmental and disturbance variables are
likely needed to predict the distribution of adults vs. younger life stages of O. europaea.

To test these hypotheses, we performed and extensive field sampling of three life stages of
O. europaea in 70 plots differing in environmental and disturbance factors in the dry Afro-
montane Hugumburda forest in Northern Ethiopia.

Materials and methods

Study species and area

In Ethiopia, Olea europaea subsp. cuspidata occurs mostly in dryland areas, and it is a charac-
teristic species of dry Afromontane forests, with an elevational range of 1250 to 3100 m a.s.l.
The height of adult trees rarely reaches 25 m [31, 32]. Once established, the tree grows well in
both warm and cold climate conditions [33]. Olea europaea wood is commonly used for fenc-
ing, fuelwood and making charcoal, and for manufacturing farm implements and home furni-
ture. Because of its multipurpose use, the species has become locally endangered in Ethiopia
[25, 27, 28, 34, 35].

The study area is in Hugumburda dry Afromontane forest (12° 22’-12° 42’ N, 39° 28-39°
40’ E), which is one of the National Forest Priority Areas, located in the Tigray Province in the
northern part of Ethiopia (S1 Fig). The topography is rugged and mountainous, with elevation
ranges from 1796-2772 m a. s. 1. The soil depth is shallow, and mostly consists of leptosoil and
regosol soils [36]. Mean annual temperature is 15.4°C with a daily temperature range from
14.6 to 22.4°C. With a mean minimum temperature of 10.7°C, October is the coldest month.
June is the hottest, with a mean maximum of 34.3°C [37]. Mean annual rainfall is 705-986
mm [38]. Hugumburda is a secondary forest [36] and includes some residential areas and agri-
cultural fields along the borders. Previous land use (1950s) was commercial timber production,
but the forest has now been protected since 1993. There is wood collection and livestock (cattle
and goats) grazing in the area [27].

Our study area covered ca. 2.8 ha of the forest, comprising high-elevation natural forest and
plantations. The structure of the forest mainly comprises trees, bushes, lianas, and herbs. Dom-
inant woody species are Juniperus procera, O. europaea subsp. cuspidata, Nuxia congesta, Rhus
glutinosa, R. natalensis, and Olinia rochetiana [37].

Field data collection

In 2015, seventy 20 x 20 m plots were distributed along twelve elevational transects perpendicu-
lar to three local terrain ridges covering forested slopes from 2233 to 2503 m a.s.l. (S1 Fig). The
distance (geographical) between neighboring transects was ca. 150 m and between plots ca. 100
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m. In each 20 x 20 m main plot, we measured stem diameter at breast height (DBH) and the
heights of all adult O. europaea individuals [39]. We also counted and measured the diameter of
all O. europaea stumps as a measure of logging activity. The abundance, height and diameter of
O. europaea saplings were recorded in 5 x 5 m sub-plots, placed in the center of each main plot.
The number and heights of O. europaea seedlings were recorded in five small 1 x 1 m plots, one
placed in the center of each main plot and four at the corners of the 5 x 5 m sub-plots. To clas-
sify life stages of O. europaea into adult, sapling or seedling we used the following criteria: adults
(DBH > 2 cm, height > 1.3); saplings (DBH < 2 c¢m, height > 0.3 < 1.3 m) and seedlings
(DBH < 2 cm, height < 0.3 m). See [27, 30] for more details on the sampling design).

We sampled biotic, abiotic and human-disturbance variables in the same plots as the O.
europaea data. For biotic factors, we recorded woody species richness by counting the number
of all woody shrub, tree and climber species other than O. europaea (in total 39 species, see S1
Table). Local botanists assisted in identifying the species in the field. We recorded the height
and DBH of all the woody species, from which we calculated aboveground biomass (hereafter
biomass). We estimated tree canopy cover by eye as percentage cover to the nearest 1%. We
also visually estimated the percentage cover of herbaceous species in each 1 x 1 m plot.

Slope and elevation were measured in the center of each main plot with a clinometer and a
handheld GPS (Garmin eTrex Euro with accuracy 5-10 m), respectively. For each of the 70 main
plots, a soil core sampler was used to collect two separate, 0-15 cm depth, soil samples: one for
measuring soil moisture content; the other for chemical analysis. For the soil chemical analyses,
we used a composite of five samples collected at the center of each 1 x 1 m plot. The soil samples
were sealed in a double plastic bag to preserve the moisture. All soil samples were transported to
Mekelle Agricultural Research Center laboratory in Mekelle. Soil moisture was measured gravi-
metrically [40] (Gardner, 1965). The composite soil samples were air-dried at room temperature
and sieved through a 2 mm mesh. Soil pH (a 1:2.5 soil:H,O mixture) and soil organic matter
(Walkley-Black method) were measured using standard techniques [41]. Soil depth was mea-
sured in the field by digging a pit at the center of the main plot down to bedrock [see also 30].

To quantify human disturbance in each main plot, we measured the total length (m) of
tracks with a measuring tape, and estimated logging intensity by counting the number of cut
O. europaea stumps (hereafter logging). We used these variables as indicators of human distur-
bance. Permission to perform field sampling was given by the Forest Managing Authority of
Hugumburda forest.

Data analysis

To assess O. europaea population structure, we sorted all the individuals into 14 diameter and
12 height classes. The diameter classes increased by 1.2 cm increments between classes from
class 1 (< 0.8 cm) to 14 (> 16.3 cm). The height classes increased by 0.9 m increments between
classes from class 1 (< 0.3 m) to 12 (> 10.3 m). The number of individuals in each class was
calculated and the diameter and height distributions presented as frequency histograms.

We calculated the above-ground biomass of all adult tree species other than O. europaea
recorded in the main plots by applying DBH, height (H) and wood density (WD) to the follow-
ing allometric equation developed for tropical trees [42]:

Above ground biomass = 0.0673 % (WD % DBH? % H)"*™

Average wood density (0.612 g/cm?) for all tree species was obtained from the global wood
density database [43].

We used Non-metric Multidimensional Scaling (NMDS) to investigate the associations
between life stage (seedlings, saplings and adults), and the environmental and disturbance

PLOS ONE | https://doi.org/10.1371/journal.pone.0256843 September 30, 2021 4/13


https://doi.org/10.1371/journal.pone.0256843

PLOS ONE

Ontogenetic niche shifts and implications for conservation

factors. All environmental variables and the abundance of individuals in each life stage were
standardized to make them comparable. The Bray Curtis dissimilarity index was used to define
an appropriate number of dimensions (k) in the NMDS analyses. We performed ordinations
of progressively higher dimensions (k = 2-4), which produced stress values of 0.215, 0.151 and
0.110, respectively. The NMDS analyses were performed through the metaMDS function in
the vegan package in R [44], with 1000 random starting points. The importance of each envi-
ronmental variable was assessed from the squared correlation coefficient (R?) between the
environmental variable and the ordination axes. Statistical significance (p-value) of both vector
and factor variables was based on random permutations of the data. To assess which life stages
of O. europaea abundance were associated with specific environmental factors (biotic, abiotic
and human disturbance), we used the envfit command to place the vectors (i.e. the abundance
of life stages) of environmental gradients onto the NMDS ordination. To reduce complexity,
we limited our data presentation to three dimensions (linear fit: R%=0.84).

NMDS, like other ordination techniques, indicates differences among seedlings, saplings
and adults in their relationships with the various environmental factors, but it does not provide
a rigorous statistical test of the strength of these associations. Therefore, we compared our
empirical data with a simulated dataset consisting of random relocations of the sampled seed-
ling, saplings and adult individuals from the 70 plots.

To examine if the abundance of seedlings, saplings and adults were influenced by the same
environmental and disturbance variables, we fitted a generalized linear model (GLM) with a
binary response in which Y = 0 for simulated observations, and Y = 1 for empirical observa-
tions. We assumed a binomial distribution of errors and used a logit link function (logistic
regression). The model estimated the likelihood of an empirical observation responding to the
explanatory variables. Hereafter, we refer to the response variable as the probability of finding
O. europaea. To reduce model complexity, we pre-selected variables by fitting single variable
models of the relationship between the response variable and each of the candidate explanatory
variables, for each ontogenetic stage. Candidate explanatory variables included both biotic
(woody species richness, total aboveground biomass of all tree species except O. europaea, can-
opy cover and cover of herbaceous plants), abiotic (soil depth, soil pH, soil organic matter, soil
moisture, slope, elevation) and human disturbance variables (tracks and logging). We fitted a
full model with those explanatory variables that were significantly related (p < 0.05) to the
response variable for at least one of the ontogenetic stages, using the two-way interactions
between each of these variables and ontogenetic stage as explanatory terms. A significant inter-
action (p < 0.05) between an ontogenetic stage and an environmental variable was interpreted
as indicating a difference among the ontogenetic stages in their response to the environmental
variable, i.e., an ontogenetic niche shift.

We carried out model selection by an information criterion based approach, selecting the
model with the smallest Akaike’s information criterion (AIC) value as our final model. The gen-
eral variance inflation factor (GVIF) values were < 5 for all combinations of the explanatory var-
iables in the final models. The model was fitted using the MASS package in R 3.2.5 software [45].

Results

The abundance of O. europaea seedlings (7 + 5 individuals ha™) was much less than either the
sapling (79 + 25 individuals ha™) or adult stages (219 + 39 individuals ha™). The diameter dis-
tribution of the population also indicated that the number of seedlings was low compared with
the older sapling and adult stages. Most individuals were found in diameter classes 2-9 (Fig 1)
and in height classes 2-7 (Fig 2). There was a sharp decline in number of individuals higher
than 5.3 m (height classes 7 and above, Fig 2).
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Fig 1. Diameter class distribution of O. europaea subsp. cuspidata in Hugumburda dry Afromontane forest in northern Ethiopia (1 = <
0.8;2=0.8-2.0; 3 =2.1-3.3; 4 = 3.4-4.6; 5 = 4.7-5.9; 6 = 6-7.2; 7 = 7.3-8.5; 8 = 8.6-9.8; 9 = 9.9-11.1; 10 = 11.2-12.4; 11 = 12.5-13.7;
12 =13.8-15.0; 13 = 15.1-16.3 and 14 >16.3 cm). Seedlings, light grey bar; saplings, dark grey bar; and adult trees, black bars.

https://doi.org/10.1371/journal.pone.0256843.g001

The NMDS ordination plots show how the seedling, sapling and adult stages of O. europaea
are associated with the environmental and disturbance factors. Olea europaea seedlings were
not significantly associated with any of the NMDS axes. In contrast, saplings and adults were,
but in different ways. Saplings were evidently related to the second and third NMDS axes (pos-
itively associated with elevation and herbaceous cover on NMDS 2, and with soil organic mat-
ter on NMDS 3, and negatively associated with logging, slope and tracks on both axes (Table 1
and Fig 3). Conversely, adults seemed to be positively associated with slope, slightly less posi-
tively linked with herbaceous cover and logging, and negatively associated with tracks and pH,
all on NMDS 3 (Table 1 and Fig 3).
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Fig 2. Height class distribution of O. europaea subsp. cuspidata in Hugumburda dry Afromontane forest in northern Ethiopia (1 < 0.3;
2=0.3-1.3;3=1.4-2.3;4=2.4-3.3;5=3.4-4.3; 6 = 4.4-5.3; 7 = 5.4-6.3; 8 = 6.4-7.3; 9 = 7.4-8.3; 10 = 8.4-9.3; 11 = 9.4-10.3; 12 = > 10.3 m).
Seedlings, light grey bar; saplings, dark grey bar; and adult trees, black bars.

https://doi.org/10.1371/journal.pone.0256843.g002
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Table 1. Squared correlation coefficients and associated p-values from permutation tests of the associations between O. europaea life-stage abundances and NMDS

axes.
Environmental Variables NMDS 1 vs NMDS 2 NMDS 1 vs NMDS 3

r? p r? P
Seedlings 0.0152 0.659 0.0122 0.694
Saplings 0.1997 0.005 0.1180 0.023
Adult 0.0557 0.205 0.1778 0.007

Figures in bold are statistically significant at p < 0.05.

https://doi.org/10.1371/journal.pone.0256843.t001

The probability of finding O. europaea in at least one of its ontogenetic stages was significantly
associated (p < 0.05) with the environmental factors woody species richness, soil depth, soil
moisture, elevation, slope, and the human disturbance factor logging (Table 2). The significant
interactions ontogenetic stage and environmental variables, revealed by the GLMs, indicated
ontogenetic niche shifts (Table 2). Woody species richness was positively related to adults and
saplings, but negatively related to seedlings (Fig 4A). Opposite trends were found for soil depth,
which was positively related to seedlings and negatively related to saplings, and had no clear
impact on adults (Fig 4B). Both slope and logging intensity were also positively related to seed-
lings and negatively related to saplings, and also positively related to adults (Fig 4C and 4D).

Overall, the interpretation of the NMDS ordination outputs and the results from the GLMs
appeared to show similar trends with respect to the influence of the environmental variables
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Fig 3. Nonmetric multidimensional scaling (NMDS) ordination of O. europaea life stages versus environmental conditions and human disturbance
factors in Hugumburda dry Afromontane forest in northern Ethiopia. O. europaea. Life stages are shown in red, topographic factors are shown in dark grey,

04 06

soil factors in brown, biotic factors in dark green and disturbance factors in dark blue. O. europaea adult (OleaAdul), O. europaea sapling (OleaSapl), organic matter
(OM), canopy cover (Ccov), richness (Rich), track length (Tracks), elevation (Elevation), slope (Slope), number of O. europaea stumps (Logging), herbaceous cover
(Hcov), aboveground biomass of all trees except O. europaea (AGBeQl), soil moisture (SoilM), soil depth (SoilDep) and human footpaths (Tracks).

https://doi.org/10.1371/journal.pone.0256843.g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0256843 September 30, 2021 7/13


https://doi.org/10.1371/journal.pone.0256843.t001
https://doi.org/10.1371/journal.pone.0256843.g003
https://doi.org/10.1371/journal.pone.0256843

PLOS ONE

Ontogenetic niche shifts and implications for conservation

Table 2. Results of a logistic regression model, estimating how the probability of finding O. europaea depends on ontogenetic stage (adults [reference level], sapling,
seedling) and environmental conditions and human disturbance (logging intensity) in Hugumburda dry Afromontane forest in northern Ethiopia.

Intercept (Adult)

Sapling

Seedling

Woody species richness

Soil depth

Elevation

Slope

Logging intensity

Seedling x Woody species richness
Sapling x Woody species richness
Seedling x Soil depth

Sapling x Soil depth

Seedling x Slope

Sapling x Slope

Seedling x Logging intensity
Sapling x Logging intensity

Estimate SE Z P
-0.136 0.07 -2.1 0.037
-0.139 0.12 -1.0 0.317

0.275 0.45 0.6 0.542
0.269 0.08 32 0.001
-0.051 0.09 -0.6 0.554
0.213 0.07 3.1 0.002
0.217 0.07 32 0.001
0.253 0.08 3.3 0.001
-0.958 0.61 -1.6 0.114
0.467 0.17 2.8 0.006
1.207 0.57 2.1 0.035
-0.646 0.17 -3.8 <0.001
0.580 0.45 1.3 0.201
-0.324 0.13 -2.4 0.014
0.321 0.56 0.6 0.566
-0.687 0.19 -3.6 <0.001

The table shows parameter estimates and associated standard errors for a binary generalized linear model, where the response had two possible outcomes Y (empirical

observation) = 1 and Y (simulated observation) = 0. Simulated observations were generated by random relocations of the empirical observations of O. europaea in 70

sample plots. Figures in bold are statistically significant at P < 0.05.

https://doi.org/10.1371/journal.pone.0256843.t002

slope, logging, woody species richness and soil depth on the probability of finding saplings and
adults (Tables 1 and 2 and Figs 3 and 4).

Discussion

This study reveals ontogenetic niche shifts in Olea europaea. The probabilities of finding the
various life-stages related differently to the suites of biotic and abiotic environmental factors
that we studied. This suggests that each ontogenetic stage has a different tolerance to various
ecological factors, suggesting niche differentiations in O. europaea, as has been found in
another threatened tree species, Acer opalus subsp. granatense [8]. We also show that seedlings,
saplings and adults of O. europaea are subject to different human pressures in the study area.

The higher probability of finding O. europaea seedlings with increasing soil depth is in line
with our hypothesis, and suggests that deeper soil is important for seedlings to establish, likely
because deeper soils retain more moisture. Soil depth has been shown to be an important fac-
tor for the establishment of seedlings, as for example in recently abandoned pastures and sec-
ondary forest in Costa Rica [46]. Moreover, in a seed dispersal and establishment experiment
on O. europaea in Spain, soil moisture was the primary determinant of seedling establishment
among several abiotic factors studied [47]. Also another study on regeneration in a dry Afro-
montane forest [48], recorded a higher recruitment rate of O. europaea seedlings during the
wet season than in the long dry season, emphasising the importance of soil moisture.

In contrast to our hypothesis, we observed that the probability of finding O. europaea sap-
lings decreased as soil depth increased. Because harvesting takes place predominantly at lower
elevations, the abundance of both saplings and adults is greater at higher elevations, where the
soil is also shallower [30]. The higher probability of finding O. europaea adults with increasing
slope also suggest that it is more difficult to harvest Olea on steeper slopes [30]. Thus, the
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Fig 4. Estimated relationships between the probability of finding O. europaea and woody species richness, soil depth, slope
and logging, for different ontogenetic stages (adult, sapling, seedling; see Table 2) in Hugumburda dry Afromontane forest in
northern Ethiopia. Note that the explanatory variables were standardized before analysis and plotting. Observed values ranged
from 6 to 24 species for woody species richness, from 0.01 to 1.20 meters for soil depth, from 0.03 to 0.94 degrees for slopes, and
logging intensity from 0 to 13 for number of stumps per 20 x 20 m observation plots for logging.

https://doi.org/10.1371/journal.pone.0256843.9004

current abundance of saplings and adults in this forest may be determined more by human
disturbance than their preferred ecological niches. This is also in line with the positive relation-
ship between the probability of finding Olea adults and logging, suggesting that logging occurs
primarily in forest areas were O. europaea is abundant [30]. The sharp decline in the larger
diameter classes can be due to selective logging of big trees in the forest, partly supporting our
hypothesis that the number of reproductive adult trees may be low. A similar trend in other
montane tree species was observed in Harenna forest, southeastern Ethiopia [49].

However, the probability of finding sapling and adult O. europaea also increased with
increasing woody species richness. One reason can be that a high diversity of other woody
plants may create more favourable environmental conditions, thereby enhancing the survival
of saplings that can grow and establish as adults [30, 50]. Such facilitation by woody species
has previously been found in dry Afromontane forest, where the establishment and survival of
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O. europaea seedlings has been enhanced under shrubs serving as nurse plants [51, 52], and
for long-time survival of the endangered tree Acer opalus subsp. Granatense in the Iberian Pen-
insula [53]. In our study, however, the probability of finding O. europaea seedlings at sites with
higher woody species richness was substantially less than that of saplings and adults. This is
partly in line with our hypothesis, as seedlings may be more vulnerable than saplings and
adults to competition for light from established woody plants. This was supported by the
increase in seedling abundance with logging, suggesting that logging may create gaps in the
canopy letting through light for the seedlings to emerge [54].

The present population structure of O. europaea in Hugumburda reveals a much lower den-
sity of seedlings than of saplings and adults, partly in contrast to our predictions. This points
to low regeneration of O. europaea compared with other Afromontane forests in the region.
For instance, O. europaea seedling density in protected parts of the Dessea forest was
3113 + 19 individuals ha™* [55], which is much greater than our observations in Hugumburda
(7 £ 5 individuals ha™). The reason for this low regeneration could be lack of reproductive
adults due to logging. Another explanation can be browsing of seedlings by livestock in the
Hugumburda forest. Goats (Capra hircus) are the main browsers of O. europaea seedlings in
the dry forests in Ethiopia [51], and we often observed them browsing in the forest during our
fieldwork (Personal observations).

Conclusions

Our approach of testing for ontogenetic niche shifts by comparing empirical data with simu-
lated data can advance the study of ontogenetic niche shift in plant populations. Our findings
suggest that there are ontogenetic niche shifts in O. europaea in the Hugumburda forest,
because seedlings, saplings and adults are differently related to the measured environmental
variables. However, in addition to ecological conditions, disturbance, such as livestock brows-
ing and logging, appear to be important determinants of seedling and adult abundances. Thus,
special attention should be given to protect seedlings from browsing, and at the same time
limit logging of reproductive adult trees, to secure regeneration in the effort to conserve the
declining population of O. europaea in Hugumburda.

Supporting information

S1 Fig. Map of study area. Location of the study area in northern Ethiopia, and locations of
the 70 study plots sampled in 2015 at different elevations in the Hugumburda dry Afromon-
tane forest, Northern Ethiopia.

(DOCX)

S1 Table. Species list. List of woody species recorded as shrubs, trees or climbers in the study
area in Hugumburda dry Afromontane forest in northern Ethiopia in 2015.
(DOCX)

Acknowledgments

We thank the Hugumburda forest guards for site access and support during fieldwork, and
Peter Frost for proof reading a previous version of the manuscript.

Author Contributions
Conceptualization: Orjan Totland.

Data curation: Mekdes Ourge Wegasie, Qrjan Totland.

PLOS ONE | https://doi.org/10.1371/journal.pone.0256843 September 30, 2021 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256843.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256843.s002
https://doi.org/10.1371/journal.pone.0256843

PLOS ONE

Ontogenetic niche shifts and implications for conservation

Formal analysis: Mekdes Ourge Wegasie, Katrine Eldegard.

Investigation: Mekdes Ourge Wegasie, @rjan Totland.

Methodology: Mekdes Ourge Wegasie, Orjan Totland, Katrine Eldegard.

Supervision: Kari Klanderud, Orjan Totland, Katrine Eldegard.
Validation: Orjan Totland.

Visualization: Mekdes Ourge Wegasie, Katrine Eldegard.

Writing - original draft: Mekdes Ourge Wegasie.

Writing - review & editing: Kari Klanderud, Katrine Eldegard.

References

1.

10.

11.
12

13.

14.

15.

16.

17.

Parish J., & Bazzaz F. (1985). Ontogenetic niche shifts in old-field annuals. Ecology, 66(4), 1296—
1302.

Miriti M. N. (2006). Ontogenetic shift from facilitation to competition in a desert shrub. Journal of Ecol-
ogy, 94(5), 973-979.

Grubb P. J. (1977). The maintenance of species-richness in plant communities: the importance of the
regeneration niche. Biological Reviews, 52(1), 107—145.

Poorter L. (2007). Are species adapted to their regeneration niche, adult niche, or both? The American
Naturalist, 169(4), 433—442. https://doi.org/10.1086/512045 PMID: 17427120

Weng C-Y., Yang K-C., Hsieh C-F., Hsieh C-h., & Su M-H. (2017). Local neighborhood communities in
the understory play a critical role by affecting regeneration niches and subsequent community assembly
in a montane cloud forest. Ecological Research, 32(6), 821-833.

Klanderud K., Meineri E., Goldberg D.E., Michel M., Berge A., Guittar J.L., et al. (2021). Vital rates in
early life-history underlie shifts in biotic interactions along bioclimatic gradients: an experimental test of
the Stress Gradient Hypothesis. Journal of Vegetation Science. https://doi.org/10.1111/jvs.13006

Silvertown J. (2004). Plant coexistence and the niche. Trends in Ecology & Evolution, 19(11), 605-611.

Quero J. L., Gémez-Aparicio L., Zamora R., & Maestre F. T. (2008). Shifts in the regeneration niche of
an endangered tree (Acer opalus ssp. granatense) during ontogeny: using an ecological concept for
application. Basic and Applied Ecology, 9(6), 635—-644.

Larpkern, P. (2010). Woody species regeneration and diversity in a seasonally dry forest in northeast-
ern Thailand. PhD thesis, Department of Ecology and Natural Resource Management, Norwegian Uni-
versity of Life Sciences, As, Norway.

Rosindell J., Hubbell S. P., & Etienne R. S. (2011). The Unified Neutral Theory of Biodiversity and Bio-
geography at age ten. Trends in Ecology & Evolution, 26(7), 340-348. https://doi.org/10.1016/j.tree.
2011.03.024 PMID: 21561679

Chave J. (2004). Neutral theory and community ecology. Ecology letters, 7(3), 241-253.

Lucas-Borja M., Fonseca T., Linares J., Morote F. G., & Serrano F. L. (2012). Does the recruitment pat-
tern of Spanish black pine (Pinus nigra Arn ssp. salzmannii) change the regeneration niche over the
early life cycle of individuals? Forest Ecology and Management, 284, 93—99.

Valeix M., Chamaillé-Jammes S., & Fritz H. (2007). Interference competition and temporal niche shifts:
elephants and herbivore communities at waterholes. Oecologia, 153(3), 739-748. https://doi.org/10.
1007/s00442-007-0764-5 PMID: 17566783

Subalusky A. L., Fitzgerald L. A., & Smith L. L. (2009). Ontogenetic niche shifts in the American alligator
establish functional connectivity between aquatic systems. Biological Conservation, 142(7), 1507—
1514, https://doi.org/10.1016/j.biocon.2009.02.019

Chesson P. (2000). Mechanisms of Maintenance of Species Diversity. Annual Review of Ecology and
Systematics, 31, 343-366 https://doi.org/10.1146/annurev.ecolsys.31.1.343

Mikkelson G. M. (2005). Niche-based vs. neutral models of ecological communities. Biology and Philos-
ophy, 20(2), 557-566.

Wendelberger K. S., & Maschinski J. (2016). Assessing microsite and regeneration niche preferences
through experimental reintroduction of the rare plant Tephrosia angustissima var. corallicola. Plant Ecol-
ogy, 217(2), 155-167.

PLOS ONE | https://doi.org/10.1371/journal.pone.0256843 September 30, 2021 11/13


https://doi.org/10.1086/512045
http://www.ncbi.nlm.nih.gov/pubmed/17427120
https://doi.org/10.1111/jvs.13006
https://doi.org/10.1016/j.tree.2011.03.024
https://doi.org/10.1016/j.tree.2011.03.024
http://www.ncbi.nlm.nih.gov/pubmed/21561679
https://doi.org/10.1007/s00442-007-0764-5
https://doi.org/10.1007/s00442-007-0764-5
http://www.ncbi.nlm.nih.gov/pubmed/17566783
https://doi.org/10.1016/j.biocon.2009.02.019
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1371/journal.pone.0256843

PLOS ONE

Ontogenetic niche shifts and implications for conservation

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Eriksson O. (2002). Ontogenetic niche shifts and their implications for recruitment in three clonal Vacci-
nium shrubs: Vaccinium myrtillus, Vaccinium vitis-idaea, and Vaccinium oxycoccos. Canadian Journal
of Botany, 80(6), 635—641.

Wasof S., Lenoir J., Gallet-Moron E., Jamoneau A., Brunet J., Cousins S. A. O., et al. (2013). Ecological
niche shifts of understorey plants along a latitudinal gradient of temperate forests in north-western
Europe. Global Ecology and Biogeography, 22(10), 1130-1140. https://doi.org/10.1111/geb.12073

Cornuault J., Khimoun A., Cuneo P., & Besnard G. (2015). Spatial segregation and realized niche shift
during the parallel invasion of twoolive subspecies in south-eastern Australia. Journal of Biogeography,
42(10), 1930-1941. https://doi.org/10.1111/jbi. 12538

Malis F., Kopecky M., Petrik P., Vladovic J., Merganic J., & Vida T. (2016). Life stage, not climate
change, explains observed tree range shifts. Global Change Biology, 22(5), 1904—1914. https://doi.org/
10.1111/gcb.13210 PMID: 26725258

Gabler C. A., & Siemann E. (2012). Environmental variability and ontogenetic niche nhifts in exotic
plants may govern reinvasion pressure in restorations of invaded ecosystems. Restoration Ecology, 20
(5), 545-550. https://doi.org/10.1111/j.1526-100X.2012.00901.x

Mdiller L. L. B., Albach D. C., & Zotz G. (2018). Growth responses to elevated temperatures and the
importance of ontogenetic niche shifts in Bromeliaceae. New Phytologist, 217(1), 127-139. https://doi.
org/10.1111/nph.14732 PMID: 28815610

Schurman J. S., & Baltzer J. L. (2012). Environmental correlates of tree species distributions vary
among age classes in a northern temperate forest. Plant Ecology, 213(10), 1621-1632.

Kassa A., Konrad H., & Geburek T. (2018). Mating pattern and pollen dispersal in the wild olive tree
(Olea europaea subsp. cuspidata). Tree Genetics & Genomes, 14(1), 11. https://doi.org/10.1007/
§11295-017-1215-z

Sileshi D., & Abraha B. (2014). Assessment of soil seedbank composition of woody species in Hgum-
birda National Forest Priority Area, Northeastern Ethiopia. Momona Ethiopian Journal of Science, 6(1),
25-44.

Wegasie M. O., Hofstad O., Klanderud K., Eldegard K. & Tewolde-Berhan S. (2018). lllegal Harvesting
of Locally Endangered Olea europaea Subsp. cuspidata (Wall. ex G. Don) Cif. and Its Causes in
Hugumburda Forest, Northern Ethiopia. Forests, 9, 498; https://doi.org/10.3390/f9080498

Kassa A., Konrad H., & Geburek T. (2017). Landscape genetic structure of Olea europaea subsp. cuspi-
data in Ethiopian highland forest fragments. Conservation Genetics, 18(6), 1463—1474. https://doi.org/
10.1007/s10592-017-0993-z

Magos B.J., Draper M. D. & Kell, S.P. 2011. Olea europaea (errata version published in 2016). The
IUCN Red List of Threatened Species 2011: T63005A102150835.

Wegasie M. O., Eldegard K., Klanderud K., Tewolde-Berhan S., Giday K., & Totland &. (2018). Locally
endangered tree species in a dry montane forest are enhanced by high woody species richness but
affected by human disturbance. Journal of Arid Environments, 158, 19-27.

Friis I. (1992). Forests and forest trees of northeast tropical Africa: their natural habitats and distribution
patterns in Ethiopia, Djibouti and Somalia: London (UK): Her Majestry’s Stationery Office, 1992.

Negash L. (2004). Stump sprouts as sources of cutting production for the vegetative propagation of the
threatened African wild olive (Olea europaea subsp. cuspidata). South African Journal of Botany, 70
(1), 24-30. https://doi.org/10.1016/s0254-6299(15)30264-7

Bekele-Tesemma, A., & Tengnas, B. (2007). Useful trees and shrubs for Ethiopia: identification, propa-
gation and management for 17 agroclimatic zones: RELMA in ICRAF Project, World Agroforestry Cen-
tre, Eastern Africa Region.

Viswanathan T.V. (1986). Endangered tree species in Northern Ethiopia. Environmental Conservation,
13(1), 71-72. https://doi.org/10.1017/s037689290003592x

Negash L. (2003). Vegetative propagation of the threatened African wild olive Olea europaea L. subsp.
cuspidata (Wall. ex DC.) Ciffieri. New Forests, 26(2), 137-146. https://doi.org/10.1023/
a:1024441428537

Ayenekulu, E. (2011). Forest diversity in fragmented landscapes of northern Ethiopia and implications
for conservation. PhD thesis, Rheinschen Friedrich-Wilhems Universitat, Bonn, Germany

Woldemichael L. K., Bekele T., & Nemomissa S. (2010). Vegetation composition in Hugumbirda-Grat-
khassu national forest priority area, South Tigray. Momona Ethiopian Journal of Science, 2(2), 27—48.

Kidane L., Nemomissa S., & Bekele T. (2018). Human-forest interfaces in Hugumburda-Gratkhassu
National Forest Priority Area, North-eastern Ethiopia. Journal of ethnobiology and ethnomedicine, 14
(1), 17. https://doi.org/10.1186/s13002-018-0218-7 PMID: 29471862

West, P. W. (2009). Tree height. In P.W. West, Tree and Forest Measurement (pp. 17—21). Berlin, Hei-
delberg: Springer Berlin Heidelberg.

PLOS ONE | https://doi.org/10.1371/journal.pone.0256843 September 30, 2021 12/13


https://doi.org/10.1111/geb.12073
https://doi.org/10.1111/jbi.12538
https://doi.org/10.1111/gcb.13210
https://doi.org/10.1111/gcb.13210
http://www.ncbi.nlm.nih.gov/pubmed/26725258
https://doi.org/10.1111/j.1526-100X.2012.00901.x
https://doi.org/10.1111/nph.14732
https://doi.org/10.1111/nph.14732
http://www.ncbi.nlm.nih.gov/pubmed/28815610
https://doi.org/10.1007/s11295-017-1215-z
https://doi.org/10.1007/s11295-017-1215-z
https://doi.org/10.3390/f9080498
https://doi.org/10.1007/s10592-017-0993-z
https://doi.org/10.1007/s10592-017-0993-z
https://doi.org/10.1016/s0254-6299(15)30264-7
https://doi.org/10.1017/s037689290003592x
https://doi.org/10.1023/a:1024441428537
https://doi.org/10.1023/a:1024441428537
https://doi.org/10.1186/s13002-018-0218-7
http://www.ncbi.nlm.nih.gov/pubmed/29471862
https://doi.org/10.1371/journal.pone.0256843

PLOS ONE

Ontogenetic niche shifts and implications for conservation

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

Gardner, W.H., 1965. Water content. In Black, C.A. (Ed.), Methods of soils analysis. Part 1 Physical
and mineralogical properties, including statistics of measurement and sampling (pp. 82—127). Madison,
WI: American Society of Agronomy.

Nelson, D. W., & Sommers, L. E. (1996). Total carbon, organic carbon, and organic matter. In D.L.
Sparks, A.L. Page, P.A. Helmke, R.H. Loeppert, P.N. Soltanpour, M.A. Tabatabai, C.T. Johnston & M.
E. Sumner (Eds.) Methods of soil analysis Part 3 Chemical methods (pp. 961-1010). Madison, WI: Soil
Science Society of America.

Chave J., Réjou-Méchain M., Burquez A., Chidumayo E., Colgan M. S., Delitti W. B., et al. (2014).
Improved allometric models to estimate the aboveground biomass of tropical trees. Global Change Biol-
ogy, 20(10), 3177-3190. https://doi.org/10.1111/gcb.12629 PMID: 24817483

Zanne A., Lopez-Gonzalez G., Coomes D., llic J., Jansen S., Lewis S., et al. (2009). Global wood den-
sity database. Dryad. Available at: http:/hdl.handle.net/10255/dryad,235 (Accessed 14/08/2018)

Oksanen, J. F., Blanchet, G., Kindt, R., Legendre, P., Minchin, R.P., O’Hara, et al. (2013). vegan: Com-
munity Ecology Package Version: 2.0-7.

R Development Core Team. (2016). R: A Language and Environment for Statistical Computing. Vienna,
Austria: R Foundation for Statistical Computing.

Gerhardt K. (1993). Tree seedling development in tropical dry abandoned pasture and secondary forest
in Costa Rica. Journal of Vegetation Science, 4(1), 95-102.

Rey P. J., & Alcantara J. M. (2000). Recruitment dynamics of a fleshy-fruited plant (Olea europaea):
connecting patterns of seed dispersal to seedling establishment. Journal of Ecology, 88(4), 622—-633.

Bekele T. (2005). Recruitment, survival and growth of Olea europaea subsp. cuspidata seedlings and
juveniles in dry Afromontane forests of northern Ethiopia. Tropical Ecology, 46(1), 113—-126.

Tesfaye G., Teketay D., & Fetene M. (2002). Regeneration of fourteen tree species in Harenna forest,
southeastern Ethiopia. Flora-Morphology, Distribution, Functional Ecology of Plants, 197(6), 461-474.

Maestre F. T., Quero J. L., Gotelli N. J., Escudero A., Ochoa V., Delgado-Baquerizo M., et al. (2012).
Plant species richness and ecosystem multifunctionality in global drylands. Science, 335(6065), 214—
218. https://doi.org/10.1126/science.1215442 PMID: 22246775

Aerts R., Negussie A., Maes W., November E., Hermy M., & Muys B. (2007). Restoration of dry Afro-
montane forest using pioneer shrubs as nurse-plants for Olea europaea ssp. cuspidata. Restoration
Ecology, 15: 129—-138.

Abiyu A., Teketay D., Glatzel G., Aerts R., & Gratzer G. (2017). Restoration of degraded ecosystems in
the Afromontane highlands of Ethiopia: comparison of plantations and natural regeneration. Southern
Forests, 79: 103—108.

Gomez-Aparicio L., Zamora R., & Gomez J. M. (2005). The regeneration status of the endangered Acer
opalus subsp. granatense throughout its geographical distribution in the Iberian Peninsula. Biological
Conservation, 121(2), 195-206.

Mufioz M.M., Klanderud K., Sheil D. Canopy openess modifies tree seedling distributions along a tropi-
cal forest elevation gradient. In revision

Aynekulu E., Denich M., & Tsegaye D. (2009). Regeneration response of Juniperus procera and Olea
europaea subsp. cuspidata to exclosure in a dry Afromontane forest in Northern Ethiopia. Mountain
Research and Development, 29(2), 143—152.

PLOS ONE | https://doi.org/10.1371/journal.pone.0256843 September 30, 2021 13/13


https://doi.org/10.1111/gcb.12629
http://www.ncbi.nlm.nih.gov/pubmed/24817483
http://hdl.handle.net/10255/dryad,235
https://doi.org/10.1126/science.1215442
http://www.ncbi.nlm.nih.gov/pubmed/22246775
https://doi.org/10.1371/journal.pone.0256843

