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e Premise of the study: Water-limited hot environments are good examples of hyper-aridity. Trees are scarce in these environ-

ments but some manage to survive, such as the tree Moringa peregrina. Understanding how trees maintain viable populations
in extremely arid environments may provide insight into the adaptive mechanisms by which trees cope with extremely arid
weather conditions. This understanding is relevant to the current increasing aridity in several regions of the world.

e Methods: Seed germination experiments were conducted to assess variation in seed mass, seed germination, and seedling traits

of Moringa peregrina plants and the correlations among these traits. A seed burial experiment was also designed to study the
fate of M. peregrina seeds buried at two depths in the soil for two time periods.

e Key results: On average, seeds germinated in three days and seedling shoots grew 0.7 cm per day over three weeks. Larger

seeds decreased germination time and increased seedling growth rates relative to smaller seeds. Seeds remained quiescent in
the soil and germination was very high at both depths and burial times.

e Conclusions: The after-ripening time of Moringa peregrina seeds is short and seeds germinate quickly after imbibition. Plants

of M. peregrina may increase in hyper-arid environments from seeds with larger mass, shorter germination times, and faster
seedling growth rates. The results also illustrate the adjustment in allocation to seed biomass and correlations among seed and
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seedling traits that allows M. peregrina to be successful in coping with aridity in its environment.
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Water availability and temperature are two of the main fac-
tors that determine the distribution of plants on the land surface
(Grace, 1997). Extreme values for these factors pose serious
challenges to plants, and can act as powerful selective forces.
Hyper-arid areas, characterized by low water availability and
high temperatures, are examples of extreme abiotic environ-
ments. Rains in hyper-arid environments are infrequent, irregu-
lar, and rarely exceed 100 mm. Maximum temperatures can
approach 45°C during the hot dry season (FAO Forest Re-
sources Division, 1989). Arid environments occupy almost a
third of the total land area of the world and zones classified as
hyper-arid cover about 4% of that total (FAO Forest Resources
Division, 1989). Recent climatic models predict that aridity
will increase in several areas of the world during the 21% cen-
tury in association with global warming (Seager et al., 2007;
Gao and Giorgi, 2008; Solomon et al., 2009). However, study
on the processes affecting performance and dynamics of plant
populations in hyper-arid environments have received relatively
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little attention (but see BenDavid-Novak and Schick, 1997,
Bruelheide et al., 2003; Andersen and Krzywinski, 2007;
Anthelme et al., 2008; Hegazy et al., 2008; Anthelme and
Michalet, 2009). Hence, improving our knowledge of the popu-
lation biology of plants adapted to extremely arid environments
is a matter of utmost importance to better understand and to
predict patterns of vegetation change in areas likely to be
affected by increasing aridity in the coming decades.

Vegetation in hyper-arid environments is scarce. It tends to
be dominated by ephemeral annuals and some perennials,
mainly shrubs but also some trees. In hyper-arid regions, trees
have important ecological and cultural functions because they
represent an element of the landscape that is key to the tradi-
tional lifestyle of local human populations (Miinzbergova and
Ward, 2002; Andersen and Krzywinski, 2007; Abdelrahman
and Krzywinski, 2008; Anthelme et al., 2008; Hegazy et al.,
2008). There are several traits characteristic of plants in arid
environments. For example, trees in such environments strongly
depend on groundwater to persist, thus they generally have
roots that extend several tens of meters below the surface
(Miller et al., 2001; Lubczynski, 2009; Sher et al., 2010). These
plants also show physiological adaptations to hyper-arid envi-
ronments such as increased variability in transpiration and
water-use efficiency (Lubczynski, 2009 and references therein).
As a result, trees can cope with variation in groundwater avail-
ability due to inherent recharge/discharge dynamics that char-
acterize groundwater reserves in such extreme environments
(Lubczynski, 2009).

Despite these adaptations, growing in water-limited hot envi-
ronments has an important demographic drawback, i.e., plants
exhibit low fecundity and populations are characterized by very
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low recruitment. This can seriously jeopardize long-term popu-
lation persistence as shown for the trees Acacia tortilis (Forrsk.)
Hayne [Fabaceae] (Andersen and Krzywinski, 2007; Anthelme
and Michalet, 2009), Balanites aegyptiaca (L.) Delile [Balani-
taceae or Zygophyllaceae] (Andersen and Krzywinski, 2007)
or Moringa peregrina (Forssk.) Fiori [Moringaceae] (Hegazy
et al., 2008) in hyper-arid areas of Niger and Egypt. The demo-
graphic stability of long-lived plant populations strictly depends
on the survivorship of adult reproductive individuals (Garcia
et al., 2008), but no population is viable without effective recruit-
ment of new individuals into the population. For this reason,
understanding how trees in hyper-arid areas reproduce and re-
cruit new individuals into the population becomes necessary to
evaluate the viability of tree population as a whole.

Recruitment is a demographic process that depends on sev-
eral factors. One of the most important is seed quality. Seed
mass, which is a surrogate of seed quality, strongly influences
seedling establishment (Susko and Lovett-Doust, 2000), and
variation in seed mass can be affected by developmental con-
straints, resource limitation, and/or inbreeding depression
(Vaughton and Ramsey, 1997 and references therein). Given
the generally low fecundity rates observed in trees growing in
hyper-arid environments, the quality of the small number of
seeds produced can be of paramount importance for recruitment
success. In addition, after dispersal seeds need to germinate at
the right time to increase the probability of establishment in the
population. In hyper-arid areas, where favorable environmental
conditions for germination and/or establishment are infrequent
and highly unpredictable, accumulating a persistent seed bank
may represent a good strategy for buffering the negative impact
of a harsh environment on recruitment.

Our study aims to investigate the main biological processes,
including seed quality, seedling performance, and seed bank
dynamics, all of which may have important implications for re-
cruitment in extremely water-limited hot environments. To this
end, we selected the tree Moringa peregrina, which occurs in
the mountain ranges of the Red Sea region of Egypt, an area of
hyper-arid environmental conditions. A earlier field study had
indicated that M. peregrina exhibits very low fecundity values
and extremely low recruitment (Hegazy et al., 2008). Because
M. peregrina seeds have important economic and medicinal
values (Hegazy et al., 2008), increasing our understanding of
the species’ recruitment patterns is also of interest for the con-
servation of M. peregrina populations. In this study we experi-
mentally evaluate (1) the extent of among- and within-population
variation in M. peregrina seed mass, (2) the effects of seed
mass variation on M. peregrina seedling traits including growth
and biomass allocation of above- and belowground seedling
parts, and (3) the viability of M. peregrina seeds buried at vari-
ous depths in the soil over different time periods. The results
are discussed on the basis of their implications to better under-
stand the population dynamics of trees in hyper-arid areas and
the adaptive mechanisms by which M. peregrina increases re-
cruitment probabilities.

MATERIALS AND METHODS

Plant species and study sites—Moringa peregrina is a desert tree (3—10 m
height; Fig. 1). This tree has a tuberous rootstock that starts to develop at the
seedling stage (Munyanziza and Yongabi, 2007) and exhibits some basal re-
sprouting ability (N. H. Gomaa, personal observation). The leaves have several
tiny leaflets that drop when the leaf matures but the naked leaf axes remain. The
flowering season spans two months from March to April and the fruiting period
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lasts for up to three months (Hegazy et al., 2008). Flowers (1015 mm long) are
generally pinkish white or pale yellow, hermaphroditic, and exhibit insect-
pollination syndromes, e.g., large, showy, slightly scented, and zygomorphic.
Fruits (10-25 x 1-1.5 cm) are pendulous capsules containing 5—15 ovoid, trigo-
nous, hard-coated seeds (10-19 x 8-12 mm). A trait that characterizes M. per-
egrina populations is reduced fecundity, i.e., the flowering bud withering rate
ranges between 40 and 50% and fruit set is extremely low ranging from a low
of 0.05 to a high of 0.07% (Hegazy et al., 2008). Large M. peregrina trees can
produce thousands of flowers but the eventual number of seeds is very low.
Resource limitation due to low water availability is assumed to account for this
low fecundity (Hegazy et al., 2008).

The distribution of Moringa peregrina includes semiarid, arid, and hyper-
arid regions of NE Africa (Somalia, Ethiopia, Eritrea, Djibouti, Sudan, and
Egypt) and S Middle East (Saudi Arabia, Yemen, and Oman) (Boulos, 1999). In
Egypt, M. peregrina is restricted to the mountains of the Red Sea region and S
Sinai Peninsula. This study was conducted in the mountain ranges of the Red
Sea (26°50°'N-27°25°N, 33°10’E-33°40’E; approximately 50 km from the Red
Sea). The three M. peregrina populations in this study are located at similar alti-
tudes (650-700 m a.s.l.) at the base of three different mountains: Gattar, Shayeb
El-Banat , and Abu Dukhan. The highest elevations of these mountains are 1963
(Gattar), 2187 (Shayeb El-Banat), and 1705 m (Abu Dukhan). Each population
occupies an area of approximately 1500 m? and the distance between population
pairs ranges from 10 to 25 km. These mountain ranges are traversed by a wadi
or gully drainage system, i.e., streambeds that are dry except after a rain. Wadis
may receive additional runoff water from the neighboring uplands of their water-
sheds. This allows for the establishment of plant communities that may receive
more water than that given by actual rainfall (Kassas, 1953; Millington and Pye,
1994), although that is difficult to quantify.

The region where the populations are located is typically characterized by a
hyper-arid climate. Based on Egyptian meteorological records (Ministry of
Civil Aviation, 1975), the annual rainfall in the study area is ca. 4 mm with the
rainy season from October to May (on average 0.45 mm rainfall per month).
The mean monthly air temperature ranges from 15.7°C in January to 30.0°C in
August with a mean annual temperature of 23.2°C. The mean monthly relative
humidity varies from a low of 43% in June to a high of 55% in October with a
mean annual relative humidity of 49.3%. In the region of study, Moringa per-
egrina is found primarily on rocky slopes of wadis (Fig. 1). Codominant shrubs
are Launaea spinosa (Forssk.) Sch.Bip. ex Kuntze [Asteraceae], Zilla spinosa
(L.) Prantl [Brassicaceae], and Zygophyllum coccineum L. [Zygophyllaceae].
Other representative shrub species of the plant community include Aerva ja-
vanica (Burm. f.) Juss. ex Schult. [Amaranthaceae], Capparis spinosa L. [Cap-
paridaceae], Artemisia judaica L. [Asteraceae], Fagonia mollis Delile
[Zygophyllaceae], and Cleome droserifolia (Forssk.) Delile [Capparidaceae].

Population sampling and experimental design—In late July 2008, a total
of 15 adult Moringa peregrina trees were randomly chosen in each study popu-
lation. Target trees within each population were separated 8—15 m from each other.
Tree size was determined as the volume of an inverted cone as V = X r? X h/3,
where r is the crown radius and / is tree height. Total seed production of an
individual tree was estimated as the number of fruits multiplied by the average
number of seeds per fruit.

For each tree we collected 4-20 fruits depending on total fruit availability.
Seeds were pooled and sets of 40 seeds per individual were used to conduct a
germination experiment in a garden at Beni-Suef city (29°5'N, 31°6’E; 30 m
a.s.l.; approximately 400 km away from the study sites; mean monthly air tem-
perature of 12.2°C in January and 28.9°C in August; and total annual rainfall of
7.8 mm). In August 2008 soon after harvesting, seeds were individually identi-
fied and weighed to the nearest 0.1 mg with a BL-410-S digital balance (Setra
Systems, Boxborough, Massachusetts, USA). To test germination, seeds were
individually sown in pots (10 X 10 cm) filled with soil collected at the respec-
tive study sites (N = 1800 seeds; 3 populations X 15 trees per population x 40
seeds per tree). Pots were randomly set out in the open air but sheltered from
direct sun. Pots were given 250 mm water after sowing followed by 100 mm
added every two days throughout the duration of the experiment. This amount
is by far much more water than a seed would receive under field conditions, but
we attempted to avoid the effects of water limitation on seed germination, seed-
ling survival, and growth. We also assumed that lower amounts of water may
alter the results, but the goal of this experiment was to assess potential for seeds
to germinate and the potential seedling performance of Moringa peregrina
while minimizing seed and seedling mortality due to undesired external factors.
Germination, recorded as the time of emergence of the radicle, was monitored
daily for three weeks, so for each seed we obtained the number of days to ger-
mination. At the end of the experiment seedlings were carefully unearthed and
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Fig. 1.

washed, shoot and root length were measured for all seedlings, and shoot dry
weight and root dry weight were measured after drying at 70°C for two days.
For each seedling, the root: shoot ratio, i.e., root dry weight / shoot dry weight,
was also calculated.

In early August 2008, we conducted seed burial experiments to study perfor-
mance of seeds buried in the soil in field conditions. The seed burial experi-
ments included two depth treatments and two time treatments to characterize
the spatial and temporal components of seed banks. Normally, seeds easily fall
into cracks in the soil so seed density can vary with depth, and seed cohorts
become depleted over time due to germination and seed mortality. For each
population, we collected 100 seeds from 10 individuals from each population
(N =3000 seeds; 3 populations X 10 trees per population X 100 seeds per tree).
For each individual, four groups of 25 seeds each were placed in nylon mesh
bags. Two bags were buried at 5 cm and the other two at a 20 cm depth, follow-
ing the range of depths normally found in the literature. Previous field observa-
tions also indicated that up to 90% of Moringa peregrina seeds can be found at
about the first five cm of the soil layer, whereas the remaining 10% are present
between 5 and 20 cm depth (N. H. Gomaa, personal observation). Each group
of four bags corresponding to each individual was buried with even spacing of
1 m between them. We retrieved one bag per individual and depth combination
after 6 and 12 mo after burial in each population of study. These two time
periods were selected to monitor seed viability and germination within the first
year after seed dispersal and we assume that M. peregrina seed viability and
germination decreases over time, although M. peregrina seeds can be viable up
to several years (N. H. Gomaa, personal observation). After retrieval, seeds
were immediately placed in plastic bags and brought to the laboratory for the
germination assays. Seeds were then placed in moist petri dishes and trans-
ferred to an NO: G150 incubator (Biotech Co. for Medical & Laboratory Equip-
ment, Cairo, Egypt) in the Department of Botany at the Faculty of Science at
Beni-Suef University. The experiment was conducted in total darkness to simu-
late the response of buried seeds to a rain episode. Germination was conducted
under the optimal range of temperatures for germination observed in this spe-
cies (30°C: 16 h: day; 20°C: 8 h: night). Germination was recorded every day
for 10 days.

Statistical analyses—For each population the relationships among tree size,
total seed production, and mean seed mass were analyzed with linear regression
models. The random effect of population and the random effect of individuals
nested within population on days to germination, shoot length, root length,
shoot dry weight, root dry weight, and root: shoot ratio were analyzed with
general linear models. Individual seed mass was included as a covariate in these

Photograph of a Moringa peregrina population in a mountain wadi from the Egyptian Red Sea region.

analyses. Population was considered as random because it represents a random
subsample of all Moringa peregrina populations available in the area. Pear-
son’s correlation coefficients between pairs of seedling traits were computed
using individual mean values for each population of study. The effects of time,
population, and depth on the proportion of germinating seeds were analyzed
with a three-way repeated measures general linear model in which time was the
repeated measure factor with values of 6 and 12 mo. When necessary, variables
were transformed for normality, homoscedasticity, and linearity, using arcsine
transformation for proportions and log transformation for all other values. Sta-
tistical analyses were performed using SPSS v.13 statistical software (SPSS,
Chicago, Illinois, USA).

RESULTS

In the study area, the height of Moringa peregrina trees
ranged from 2.5 to 10 m, whereas their crown radius ranged
from 1.25 to 4.5 m. In the study populations, the fruits per tree
varied between 1 and 100 fruits and the estimated number of
seeds produced per tree varied between 8 and 1000 seeds. Tree
size was significantly positively correlated with seed produc-
tion (N= 15, r>0.64, P <0.001 in all populations). In contrast,
neither tree size nor seed production were significantly corre-
lated with mean seed mass (P > 0.05 in all populations). Seed
mass significantly differed among populations (F, 4, =3.40, P =
0.043) and among individuals within populations (F; ;705 =
8.88, P = <0.0001). On average, mean *+ SE seed mass ranged
between 0.56 = 0.01 (Gattar population) and 0.62 + 0.01 g
(Shayeb El-Banat population).

The experiment to analyze the patterns of among- and within-
population variation in days to germination and seedling traits
indicated that seed mass significantly affected all traits of study
except the root:shoot ratio (Table 1). In particular, seed mass
was significantly positively correlated with shoot length, root
length, shoot dry weight, and root dry weight (all individuals
pooled, N =45, r > 0.63, P < 0.0001 in all cases). In contrast,
seed mass was significantly negatively correlated with days to
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TaBLE 1. General linear model testing for the effects of population (Gattar, Shayeb El-Banat, and Abu Dukhan) and individuals nested within populations
(15 individuals per population) on days to germination, shoot length, root length, shoot dry weight, root dry weight, and root: shoot ratio of Moringa
peregrina. Individual seed mass was used as a covariate. F-values are indicated. Means £SE are also given for each population of study. Degrees of
freedom for all variables: Seed mass (SM), 1; Population (P), 2; Individual (I), 42; SM x P, 2; SM X I, 14; Error, 1689.

Days to germination  Shoot length (cm) Root length (cm) Shoot dry weight (mg)  Root dry weight (mg) Root : shoot ratio
Factor F F F F F F
Seed mass (SM) 306.2 *** 1149.6 #** 697.1 *** 737.8 #x* 556.2 ##* 2.3 ns
Population (P) 2.2 ns 2.0 ns 6.7 ** 6.1 ** 0.3 ns 36.4 #**
Individual (T) 1.0 ns 4.1 wH* 4.4 FH% 4.3 wH* 3.5 FFE 2.2 Fxk
SM x P 2.0 ns 6.5 ** 9.4 Hokk 3.9 % 5.7 #* 1.9 ns
SM x 1 1.7 ns 1.5 ns 2.1% 2.0%* 1.9 * 1.7 *
Population Mean = SE Mean = SE Mean = SE Mean = SE Mean = SE Mean £SE
Gattar 3.14£0.08 13.8+0.23 3.6+0.05 97.3+2.16 63.5+1.37 0.655 +0.003
Shayeb El-Banat 3.04£0.09 15.0+0.22 3.9+0.05 108.9 £2.93 613+ 1.74 0.565 £ 0.005
Abu Dukhan 3.01£0.05 14.0+0.20 3.8+0.04 99.7+1.97 63.1+1.60 0.635 +0.005
Notes: Significance: ***, P < 0.0001; **, P < 0.01; *, P < 0.05; ns, nonsignificant.
germination (N =45, r>—-0.74, P <0.0001). The effect of popula- DISCUSSION

tion was significant for root length, shoot dry weight and root : shoot
ratio (Table 1). The effect of individual was significant for all vari-
ables except for days to germination (Table 1). A total of 97.3%
of Moringa peregrina seeds germinated after three weeks. All
seeds germinated between days 2 and 9 (overall mean = SE=3.1*
0.04 d; Table 1). On average, shoot length after three weeks was
3.8 times larger than root length (Table 1) and shoot dry weight
was 1.7 times heavier than root dry weight (Table 1). On average
the root: shoot ratio was 0.62 + 0.006 (Table 1).

The effect of seed mass significantly differed among popula-
tions for all variables except for days to germination and the
root : shoot ratio (Table 1). This significant seed mass X popula-
tion interaction was explained by the nonsignificant relation-
ship between seed mass and some variables (P > 0.061; root
length, shoot dry weight, root: shoot ratio), or by a significant
relationship but with a smoother slope between seed mass and
some other variables (r < 0.55, P > 0.024; shoot length, root dry
weight) in the Shayeb El-Banat population. Finally, the effects
of seed mass on root length, root dry weight, shoot dry weight,
and the root: shoot ratio significantly differed among individu-
als (the seed mass X individual interaction; Table 1) due to the
lack of relationship between seed mass and these variables in
some individuals of each population (results not shown).

As expected, shoot length, root length, shoot dry weight, and
root dry weight were strongly positively correlated among each
other in all populations (> 0.88, P < 0.0001 in all cases). Days
to germination was significantly negatively correlated with
shoot length in all three populations (Table 2). The correlation
between days to germination and root length, shoot dry weight,
and root dry weight showed inconsistent patterns of variation
among populations (Table 2). The correlation between days to
germination and the root: shoot ratio was not significant in any
population of study (Table 2).

The experiment to test germination rate of seeds buried at
two depths for 6 and 12 mo indicated that seed germination was

Previous studies indicated that populations of the tree Mor-
inga peregrina occurring in the wadis in the mountains of the
Red Sea region of Egypt exhibit reduced fecundity and sporadic
recruitment due to the severity of the environment (Hegazy
et al., 2008). In addition, the demographic effects of such natu-
rally low fecundity and recruitment rates are made worse by the
economic and medicinal importance of seeds that are overex-
ploited in the NW sector of the Red Sea area in Egypt (Hegazy
et al., 2008). Although M. peregrina has the ability to basally
resprout, the plant does not reproduce clonally and the long-
term persistence of populations totally depends on recruitment,
as shown for other long-lived nonclonal plant species exhibit-
ing low recruitment rates (Garcia et al., 1999; Castro et al.,
1999; Picé and Riba, 2002; Garcia et al., 2008). Hence, fecun-
dity and recruitment represent key life-cycle phases necessary
to maintain viable populations in a species with an estimated
generation time of approximately 50-70 yr (Hegazy et al.,
2008).

The results show that tree size in Moringa peregrina influ-
ences seed production, i.e., larger trees produce more seeds, but
does not affect mean seed mass. This result suggests that M.
peregrina appears to favor seed quality over seed number. The-
ory also predicts that in perennial plants resource investment
per offspring tends to be higher in harsh environments (Charles-
worth and Morgan, 1991). This seems to be the case for M.
peregrina, i.e., the severity of the hyper-arid environment is
considered the main factor accounting for the observed massive
flower abortion rate (Hegazy et al., 2008), so that available

TaBLE 2. Correlation coefficients between days to germination and
seedling traits of Moringa peregrina for each population of study.
Sample size is 15 individuals for each population and correlations
were based on individual mean values.

significantly affected by retrieval time, population, and depth ~ Scedling trait Gattar Shayeb El-Banat Abu Dukhan
(Table 3). None of the interactions were significant (Table 3). Shoot length _0.60 * _0.53 * _0.63 *
Seed germination was very high in all treatment combinations Root length -0.50 ns -0.48 ns -0.61 *
but significantly decreased over time (overall mean + SE=94.3+  Shoot dry weight —0.64 % —0.42 ns —0.50 ns
0.42 and 91.9 * 0.57% for 6 and 12 mo after burial, respec-  Rootdry weight =0.73 % —0.48 ns =0.50 ns
Root: shoot ratio —-0.32 ns —-0.24 ns -0.41 ns

tively; Fig. 2A). Seed germination was significantly higher at
20 than at 5 cm depth (overall mean + SE =90.8 £0.49 and 95.5 =
0.35% for 5 and 20 cm depth, respectively; Fig. 2B).

Notes: Significance: *** P < 0.0001; **, P < 0.01; *, P < 0.05; ns,
nonsignificant.
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TaBLE 3. Repeated measures general linear model testing for the effects
of time (6 and 12 mo after burial), population (Gattar, Shayeb El-
Banat, and Abu Dukhan) and depth (5 and 20 cm) on the proportion
of germinating seeds of Moringa peregrina buried in the soil. Degrees
of freedom (df) and F-values are given.

Factor df F
Time (T) 1 14.6 ***
Population (P) 2 43 %*
Depth (D) 1 46.3 ***
TxP 2 0.06 ns
TxD 1 0.80 ns
PxD 2 0.02 ns
TxPxD 2 0.20 ns
Error 48

Notes: Significance: ***, P < 0.0001; **, P < 0.01; *, P < 0.05; ns,
nonsignificant.

resources can be fully allocated to the seeds eventually pro-
duced. It must be emphasized that more than 97% of the seeds
collected for this study germinated under optimal conditions,
thus almost all seeds produced by M. peregrina trees are
viable.

The quality of the seeds produced has a very strong effect on
several important seedling traits of Moringa peregrina. In gen-
eral, larger seeds significantly reduce germination time and sig-
nificantly increase seedling size. This is a common result found
in plant biology (Kalisz, 1989; Montalvo, 1994; Helenurm and
Schaal, 1996; Galloway, 2001; Pic6 et al., 2003) highlighting
the fact that seed size, which represents one of the earliest traits
on which maternal effects are expressed (Roach and Wulff,
1987), may have important consequences for plant fitness as a
whole. Furthermore, days to germination and shoot length were
significantly negatively correlated in all populations of study,
indicating that seed mass, seed germination, and seedling
growth are tightly related in M. peregrina. The strong consis-
tency of these results among M. peregrina populations suggests
that germinating quickly, i.e., on average three days to germi-
nate, and growing fast, i.e., on average 0.7 cm of shoot elonga-
tion per day over three weeks, could increase the probability of
successful seedling/juvenile establishment. As a result, these
traits and their tight correlation might be under strong selection
in hyper-arid environments.

After three weeks of seedling growth, shoots were almost
four times longer on average than roots and twice as heavy. The
relationships between the above- and belowground parts of the
seedling were highly conserved among all Moringa peregrina
populations. The same pattern has also been observed in seed-
lings of other tree species occurring in arid or semiarid areas,
such as Acacia senegal (L.) Willd. [Fabaceae] in Sudan (Raddad
2007), Acacia tortilis (Forrsk.) Hayne [Fabaceae], or Faidher-
bia albida (Delile) A. Chev. [Fabaceae] in N Kenya (Stave et al.,
2005) in experiments in controlled conditions without water
limitation. It must be emphasized that all these experiments
may not reflect what happens under field conditions. Water
availability can modify the relationship between above- and be-
lowground biomass (see Stave et al., 2005). However, all these
experiments clearly show important consistent differences be-
tween root and shoot growth patterns for different tree species,
which might be the result of an adaptation to their arid environ-
ments. This hypothesis is supported by recent experimental re-
sults indicating that greater aboveground growth significantly
increases seedling and juvenile survival in Prosopis africana
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Fig.2. Percent germination obtained from the seed burial experiments
for each population (A) and depth (B) buried for 6 and 12 mo.

(Guill. & Perr.) Taub. [Fabaceae] in Niger (Weber et al., 2008).
Furthermore, the effects of aboveground growth on survival are
more important as the environments become drier, a result that
is also interpreted as an adaptation to arid conditions (Weber
et al., 2008).

Aboveground growth strongly depends on the effectiveness
of the root system to access soil moisture due to deeper root
development or the ability of roots to store water and nutrients
that can be used by the plant. In the case of Moringa peregrina,
it has been reported that the species can also grow on nearly
bare rock, which can be explained by the tuberous rootstock
that the plant develops (Munyanziza and Yongabi, 2007). We
hypothesize that the tuberous rootstock is a very important
structure for the establishment and development of young M.
peregrina plants. After securing establishment, roots might also
expand and elongate to access deeper water supplies that would
be necessary to maintain adult M. peregrina trees.

Other studies on seed germination requirements of woody
species exhibiting hard seed coats in arid areas indicated that
acid or mechanical scarification treatments improved germina-
tion, as in Acacia tortilis, A. senegal, A. seyal Delile [Fabaceae],
and Dichrostacys cinerea (L.) Wight & Arn. [Fabaceae] in
Ethiopia (but see Balanites aegyptiaca; Argaw et al., 1999).
This seems not to be the case for Moringa peregrina, as our
study reveals that M. peregrina seeds germinate very fast with-
out any damage to the seed coat. In addition, burial time and
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burial depth had only a small but significant effect on seed ger-
mination. M. peregrina seeds had significantly decreased ger-
mination rate over time and seeds buried at 5 cm exhibited
significant lower germination rates than those buried at 20 cm.
Possible explanations include: (1) seeds have reduced viability
over time; (2) higher temperatures at five cm could slightly in-
duce secondary seed dormancy; or (3) the reduced environmen-
tal fluctuations experienced at 20 cm could enhance seed
viability. In any case, M. peregrina seeds maintain very high
germination rates among populations, between depths and over
time. Overall, these results indicate that M. peregrina seeds can
remain quiescent in the soil until conditions are right for germi-
nation. Our data show that germination rates are high immedi-
ately after being dispersed and after one year buried in the soil.
In addition, seeds possess the means to react very quickly after
imbibition, so seed after-ripening in this species can be quite
short. As a matter of fact, the time elapsed between seed har-
vesting and the seed germination experiment was about a
month. The low mortality and high germination rate of seeds
buried in the soil might represent a mechanism to buffer the
demographic effects of reduced fecundity and recruitment
through the accumulation of sound seeds in the soil that remain
quiescent while environmental conditions are not conducive for
germination. Populations could experience punctual recruit-
ment peaks when environmental conditions turn favorable for
seed germination and seedling establishment. However, recent
demographic studies on M. peregrina in the study area indicate
that populations have a weak seed bank (range of estimated
seed density in the soil: 0.12-0.50 seeds/m?; Hegazy et al.,
2008) and are exhibiting an overall declining trend (intrinsic
rates of increase varying from a low of —0.081 to a high of
—-0.012; Hegazy et al., 2008). The important post dispersal seed
predation by wild and domestic animals and the collection of
seeds by local people for medicinal and commercial purposes
recorded in the study area seem to account for these results
(Hegazy et al., 2008).

The exact combination of environmental conditions that a
seedling has to encounter to establish in the population are not
known, but the “windows of opportunity” (Eriksson and
Froborg, 1996) for recruitment of Moringa peregrina could be
as unpredictable and rare as the amount and duration of rain
episodes in the area. If aridity increases as predicted in many
areas of the world during the 21% century (Seager et al., 2007;
Gao and Giorgi, 2008; Solomon et al., 2009), several woody
plant species will have to face a harsher environment that is
likely to affect several plant features including the distribution,
the relative representation of species in the plant community,
and/or different plant fitness components. For instance, paleo-
ecological studies spanning the last 10000 yrs in S Iberian Pen-
insula indicate a replacement of tree species as a result of
temporal changes in temperature and moisture conditions in the
area (Carrioén et al., 2001). In addition, recent studies that ex-
perimentally manipulated the climate of a plant community
show that increasing drought and temperature induce discrep-
ancies between recruitment and the adult performance, which
can lead to shifts in community composition as a whole (Lloret
et al., 2009). Finally, aridity also seems to be an important fac-
tor in plant evolution that may accelerate evolutionary rates of
traits that enable plants to withstand periods of severe drought
(Stebbins, 1952; Axelrod, 1972).

The Moringa peregrina populations chosen in this study rep-
resented a random selection of populations located at the same
altitude to minimize the effects of altitude-mediated environ-
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mental variability on trees. However, we have detected a sig-
nificant population effect on many M. peregrina seed and
seedling parameters analyzed in this study. This suggests that
M. peregrina populations have some characteristics that make
them different from each other. Water availability in wadis is
the most important limiting factor for plant population perfor-
mance. Water sources include both episodic rain and runoff wa-
ter from neighboring uplands of the wadi watersheds. We
suggest that physical differences among watersheds influence
the total amount of water available for M. peregrina trees in
each population of study, which could account for the among-
population variation found in this study.

How can the results of this study based on the tree Moringa
peregrina growing in water-limited hot environments increase
our understanding of the effects of the predicted increasing arid-
ity on tree species in several areas of the world? It is clear that
aridity reduces overall fecundity and recruitment that in turn
represent key life-cycle phases for the long-term maintenance
of tree populations. Based on our present results in conjunction
with past research on M. peregrina, we conclude that the strat-
egy adopted by M. peregrina to survive in its hyper-arid envi-
ronment is the following: (1) adjustment of resource allocation
to the reduced number of seeds eventually produced to increase
seed quality; (2) reduction of germination time and increase of
seedling growth rates once water is available, which are all me-
diated by seed size. The tight correlation among these traits
found in this study can be interpreted as a mechanism to react
quickly to the unpredictable rains; and (3) accumulation of a
quiescent seed bank whose seeds are ready to germinate right
after imbibition. Although the patterns found in this study may
not be applicable to other tree species due to different reasons,
e.g., phylogenetic or developmental constraints, M. peregrina
represents a good example of successful adaptation to extremely
arid environments from which several lessons can be learned.
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