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a b s t r a c t
From a life-cycle perspective seed dispersal is a key factor for population dynamics. However, little is
known on seed dispersal mechanisms in riparian hydrochorous and anemochorous canopy tree species.
We studied Ulmus laevis Pallas reproductive biology in a human transformed population with lack of
recruitment, during three consecutive years, in order to evaluate the species’ recovery capabilities. We
investigated fruit release timing and rates, and how these are affected by meteorological variables with
generalized linear models. Seed production, dispersal distances, dispersal patterns and predation rates
were evaluated with inverse modeling. Results show that the stand did not suffer from source limitation,
in the fecundity sense. Despite samaras being winged nuts, wind did not disperse these long distances, as
95% of full samaras land at less than 30 m from the mother tree. We did not observe secondary dispersal
in this stand. Therefore, we hypothesize that for this species water may be responsible for long distance
dispersal, and wind would be effective in short distance dispersal. This coupled system would increase
efﬁciency in seed arrival at appropriate habitats for colonization, at both short and long distance scale.
Empty samara production and the proportion of these in relation to full samaras are important for diminishing pre- and post-dispersal predation rates. Our results also shed light on how human-induced
changes in water-table and river regulation may affect seed dispersal and recruitment in riparian forests.
Finally, U. laevis short-term conservation measures are discussed, while long term conservation requires
natural hydrological regimes restoration so as to facilitate seed transport and deposition in adequate
microsites.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
In the Mediterranean regions human-induced changes have
deeply altered riparian forests (Hooke, 2006; Valbuena-Carabaña
et al., 2010). Firstly, the increasing demand for arable land and pastures caused the destruction of many of these forests. Secondly,
hydrological control of rivers and water extraction for irrigation affected the remaining forests, due to changes in water availability
and processes involved in recruitment (Bejarano et al., 2012;
Gallego-Fernández et al., 1999). Damming, ﬂow regulation, water
diversion, and channelization present major impacts to hydrological processes, all of which may have landscape-scale effects on
hydrochory (Nilsson et al., 2010).
The European white elm (Ulmus laevis Pallas) is a riparian deciduous canopy tree that grows in river banks, lake shores, and other
moist sites (Collin et al., 2000). Little is known of its ecology,
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despite this species occupying a large distribution range (Western,
Central and Eastern Europe). One of U. laevis glacial refuges was the
Iberian Peninsula, where nowadays its populations are rare, small,
fragmented and endangered (Fuentes-Utrilla et al., 2013; Venturas
et al., 2013a). Surprisingly, one of these remaining populations is
located next to a large city, Madrid, within a highly transformed
landscape. Even though this population has persisted, it is not
expanding itself and does not have enough recruitment. The analysis of the reproductive ecology of this population may help in
understanding the impact of human changes on U. laevis survival,
and the populations’ possibilities to recover from population-size
reductions.
Recruitment may be limited due to source limitations (lack of
seed production, or seed mortality due to disease and predation),
seed dispersal limitations (dispersal distance), and seedling and
sapling mortality (Clark et al., 1999a). These limitations could be
inherent to the species or due to habitat transformation. Phenology
of seed release, the mechanisms involved in this process, and timing in relation to peak ﬂows are also important issues for hydrochorous plants’ seedlings establishment (Nilsson et al., 2010).
U. laevis is an anemophilous species. Its fruits are samaras, single winged nuts with ciliated margins, which are dispersed by
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wind (anemochory) and water (hydrochory) (Collin, 2003). However, as for many other riparian trees, it remains to be determined
whether the morphological adaptations of the samaras are specialized to one of the dispersal modes or both (Seiwa et al., 2008). The
wings and hairs of many fruits increase their ability to remain on
the water by surface tension, allowing hydrochorous long-distance
dispersal (Nilsson et al., 2010). U. laevis also grows in small stagnant freshwater basins, which are often isolated in the landscape,
thus wind might be a more important dispersal vector than water
(Nilsson et al., 2010).
In relation to seed production, two selective factors often favor
the evolution of masting: increased pollination efﬁciency in wind
pollinated species, and satiation of seed predators (Kelly and Sork,
2002). To support the pollination efﬁciency hypothesis, one must
show that the percentage of set fruit is higher when ﬂower density
is higher. The simplest evidence to support the predator satiation
hypothesis is lower seed predation proportion in mast years (Kelly
and Sork, 2002). However, there are also non-evolutionary causes
related to environmental changes responsible for seed production
inter-year variation, such as climatic conditions, variation in
resources, storage and use of reserves in the tree. On the other
hand, elms fruits are of very light weight and low cost of production, where parthenocarpy and empty fruit formation is common
(López-Almansa and Gil, 2003; López-Almansa et al., 2004). The
production of empty samaras is a mechanism that enhances ﬁtness
by reducing pre- and post-dispersal seed predation by granivorous
fauna (Ghazoul and Satake, 2009; Perea et al., 2013). Empty samaras are decoys that both cover and complicate full samara location
by predators, both in the tree and on the ground. However, empty
samara dispersal has not been studied yet. Therefore, it would be
interesting to analyze the post-dispersal patterns of full, empty
and predated samaras in order to better understand seed survival
processes. When granivorous fauna consume U. laevis samaras they
only eat the seed and leave the wing. This allows for easy classiﬁcation and calculation of the number of seeds predated (Perea
et al., 2013).
We have conducted this study in order to: (i) evaluate samara
production and seed dispersal distances and patterns in U. laevis;
(ii) investigate the timing and meteorological variables that affect
samara dispersal; and (iii) analyze human-induced habitat transformation on U. laevis recruitment.

2. Material and methods
2.1. Study site
The study was conducted in an U. laevis grove (3 ha) that grows
along 325 m of a small stream within Valdelatas public domain
forest (Madrid, 40°320 N, 3°400 W, 700 m above sea level). The riparian forest is also composed of a few ashes (Fraxinus angustifolia
Vahl.) and willows (Salix salviifolia Brot. and S. atrocinerea Brot.),
and the understory is a mosaic of evergreen shrubs (mainly Rubus
ulmifolius Schott.), megaforbs and grasses (Génova, 1989). No other
U. laevis trees are found within several kilometers of the grove, and
the surrounding forest is mainly composed of natural holm oaks
(Quercus ilex L.) and pines from reforestation (Pinus pinea L. and
Pinus pinaster Ait.). All elms were mapped with a total
(topographic) station (GPT-3005N, Topcon Positioning Systems,
USA). Their diameter at breast height (DBH) were measured with
a digital caliper (Mantax Digitech, Haglöf, Sweden), and their
height with a hypsometer (Vertex III, Haglöf, Sweden). The elm
stand is formed by 51 mature trees (DBH > 10 cm) and 104 regeneration saplings (0.1 cm < DBH < 10 cm) (Fig. 1). Average height of
mature trees was 13.0 ± 3.7 m (mean ± standard deviation (SD)).
The mean basal area (BA) was 0.081 ± 0.116 m2 (±SD), and the total
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Fig. 1. Location of the elm stand in Valdelatas forest and a detailed map of the elm
grove. Within the large scale map: buildings, dotted shapes; sewage treatment
plant (STP), black rectangle; nursery ploughed land, grey shaded area; elms, grey
circles; contour lines in meters. Within the detailed map: distribution of mature
elms and their diameter at breast height (DBH), circles; regeneration saplings,
triangles; seed traps, squares; and the stream, line. All 204 seed traps were used for
2009 models (black, grey and white squares), while 2010 and 2011 models were
ﬁtted with 20 seed traps (black squares). For studying wind effect on dispersal
distance 114 traps were used in 2010 (black and grey squares).

BA was 4.127 m2. Mature elms mean and maximum distance to the
stream were 3.8 and 10.0 m, respectively. Saplings’ mean and maximum distances to the stream were 12.5 and 24.9 m, correspondingly.
2.2. Pollen release
During the ﬂowering period (from mid-February to mid-April),
ﬂower phenology was evaluated for each of the 51 mature trees
in 2009–2011. We recorded once or twice per week if each tree
was releasing pollen, and established the percentage of trees
releasing pollen for each observation date.
2.3. Seed rain sampling
In March 2009, we placed 204 seed traps on the nodes of a pseudo-regular grid, 5  5 m on the eastern side and 10  10 m on the
western side, covering the full area of the experimental plot
(Fig. 1). A larger grid was used in the western side because the area
that had to be covered was larger as trees were less densely distributed. Square (1 m side) seed traps were constructed with an external frame (1 cm thick wood beams) to which a geotextile was
attached (Appendix A). These traps retained seeds that fell in them
even when there was wind, but did not have any mechanism to
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avoid seed predation or removal by granivorous fauna. Samaras
were collected every 2–3 days during seed dispersal season
(April–June) from 2009 to 2011. Samaras were placed in paper
bags and transported to the laboratory, where they were classiﬁed
over a light table as full samaras (FS, those containing a seed),
empty samaras (ES, those that did not contain a seed) or predated
samaras (PS, those that had contained a seed but it had been eaten;
note that only FS are eaten) as in Perea et al. (2013), and counted.
When in a single collection over 1000 samaras were captured in a
trap, four random groups of 100 samaras were selected. Samaras
within each group were classiﬁed as FS, ES and PS, counted and
weighed separately. Then the total number of each class for the
trap was calculated by average weight percentages. While in
2009 we used all 204 traps, in 2010 and 2011 seasons 20 seed traps
were selected and counted for ﬁtting the annual seed shadow models due to the higher crops (Fig. 1). This study analyzes the data of
the seed traps (a subset of these were studied in Perea et al., 2013)
taking into consideration their spatial distribution.

2

2.4.1. Modeling samara dispersal and fecundity
Samara dispersal was studied with a seed shadow model (SSM)
that consists of two elements: (1) an estimate of fecundity (S, seeds
year1), and (2) a dispersal kernel (f(r), m2), or probability density
function, which describes the scatter of seeds around the parent
tree (Clark et al., 1999b). The SSM is the product of these two
elements:

SSM ¼ S  f ðrÞ
The selected SSM assumes that the fecundity of tree i (Si) is proportional to its basal area (BAi):

Si ¼ b  BAi ;
where b (seeds m2 of BA) is the parameter to be estimated. In addition, we used the 2Dt kernel described by Clark et al. (1999b):

p

pþ1
pu 1 þ ru2

r > 0;

being f(r) the dispersal density for distance r, and p and u the unknown kernel’s shape parameters. Therefore, the seed density
(seeds m2) at each x spatial location within the grove is calculated
as:

SSMx ¼

i¼n
X
i¼1

b  BAi 

2.4.2. Modeling effective dispersal
Inverse modeling was further used to model the dispersal
distance distribution for the saplings found within the stand. We
used an analogous model to SSM. We divided the elm stand in
2847 2  2 m quadrants and counted the number of saplings
(0.1 cm < DBH < 10 cm) in each one. U. laevis can produce root
suckers or resprout from the stump when cut (Collin, 2003).
Nevertheless, we considered all saplings coming from sexual
reproduction as a genetic study showed no clonal reproduction
in this stand (Venturas et al., 2013a), and because we did not
observe any evidence (such as a stump) in the 104 regeneration
saplings that suggested that they were resprouts. Contrary to
SSM, in the case of effective dispersal we used the Log-normal kernel (convergence was not reached when the 2Dt model was used
instead):

1
ðln r  lÞ
f ðrÞ ¼ pﬃﬃﬃﬃﬃﬃﬃ exp 
2r2
r r 2p

2.4. Data analysis

f ðrÞ ¼

of samaras land (D95) was calculated as the distance at which the
integral’s value between 0 and D95 is 0.95.

p

pþ1
r2
pu 1 þ uxi

being i each one of the elms that constitute the grove, and the
rxi distance between elm i and location x.
We used inverse modeling for ﬁtting the SSM to the observed
data (samaras collected in a trap) (Ribbens et al., 1994). We
adjusted a SSM to each one of the three kinds of samaras (full,
empty and predated) for each year. The parameters (b, p, and u)
for each model were obtained via maximum likelihood assuming
a Poisson distribution for the number of samaras of each kind collected in each trap over a year.
The annual FS, ES and PS production per m2 of BA is therefore
obtained from the b parameter of the ﬁtted models. The resulting
full samara density and the proportion of full samaras in relation
to the total number of samaras (i.e. full plus empty and predated)
per year were plotted with the adjusted parameters. The median
dispersal distance (Dm) for each kind of samara was calculated
as the distance at which the 0.5 is the value of the integral between
0 and Dm of the dispersal kernel f(r). The distance under which 95%

!
r > 0;

being r the distance separating the offspring from the mother tree
and l and r the mean and the standard deviation of the logdistance. Median distance (Dm) and distance under which 95% of
saplings (D95) are establish were calculated following the same
procedure as for samaras dispersal distances.
2.4.3. Meteorological effects on samara release rates
We studied the effect of the meteorological conditions on the
observed seed release rates using a generalized linear model
(GLM). We suppressed the spatial variability (i.e., trap-to-trap variation) by summing up the seed count data over the 20 traps (the
ones used all 3 years) for every seed collection date. Samara release
rate (SRR) was established as the number of seeds counted in the
seed traps (FS + ES + PS) divided by the number of days passed
since the previous collection (samaras day1). In order to take into
consideration the effect of seed crop size on SRR (i.e. the number of
samaras left in the tree) and samara maturity, the dependent variable studied was transformed according to the following equation:

Y SRR B logðSRR þ 1Þ  logðMASRR þ 1Þ
being MASRR the moving average of ﬁve SRR.
This variable was approximately Gaussian (normality was
judged via Q-Q plots). Meteorological data was obtained from a
weather station (Davis Vantage Pro 2) located 9.4 km away from
the study site in Puerta de Hierro nursery (40°270 N, 3°450 W,
630 m above sea level). This station registers meteorological variables every half hour. Samaras were collected in the morning, generally ﬁnishing at midday; therefore, we calculated the
meteorological variables from midday of the previous collection
date to midday of the considered samara collection date. The candidate variables were temperature (mean, minimum and maximum), precipitation (Pp), wind speed (mean, minimum and
maximum) and relative humidity (mean, minimum and maximum). The model was ﬁtted to data via restricted maximum likelihood (REML) using the function glm of (R Core Team, 2012).
In 2010, in order to evaluate wind effect on dispersal distance
we counted the full samaras of 114 traps (Fig. 1) from April 27th
to May 21st (12 collection campaigns). By inverse modeling we
ﬁtted a SSM for each date. From the obtained kernels we calculated
Dm and D95 for each date, as described above. We then ran a
correlation analysis among these distances and the mean and
maximum wind velocities between two successive collection
campaigns.
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3. Results
3.1. Pollen release
There were differences in ﬂower phenology during the three
studied years. Pollen release was highly synchronized in 2010. As
a result 73.5% of elms released their pollen the same week, and pollen dispersal period was just over 2 weeks (Fig. 2). Meanwhile, in
2009 this period lasted nearly one and a half months, and in
2011 just over 1 month. In 2009 and 2011 the maximum percentages of trees releasing pollen at the same time were 32.9 and 33.3,
correspondently. All 3 years it rained during pollen release period
(Fig. 2).
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(17,579,034 samaras) (Table 1). In 2009, the year with lowest seed
production, the maximum full samara density was just 7.6 seeds
m2; while in 2010, the mast year, the value reached 9020.8 seeds
m2 (Fig. 4). Differences in proportions of the three types of samaras (FS, ES, PS) and in dispersal kernels resulted in heterogeneous
full samara patterns on the ground (Fig. 4).
Surprisingly large predation rates were observed in 2009, with
the seed crop being predated at a percentage of 98.3. In successive
years the same proportion decreased to 43.2% and 87.6%. Besides
heavy seed predation, the number of seeds produced was so high
that even in the worst year (in terms of seed predation) some seeds
escaped predation (15,068 seeds in 2009). Notably, the percentage
of predated seeds exhibited a clear decreasing trend with the percentage of empty samaras produced (Fig. 5).

3.2. Modeling seed dispersal and fecundity
Full samara median dispersal distance estimated via the 2Dt
model was higher in 2011 (13.3 m) compared to years 2009
and 2010 (9.2 m and 10.4 m, respectively). Over the 3 year study
period 95% percent of full samaras were dispersed less than 30 m,
approximately, from the mother tree (Table 1). Full samara kernels were the most homogeneous over the 3 years (Fig. 3), whilst
empty samaras were the most variable in dispersal distance
(Fig. 3, Table 1).
The median effective dispersal distance (Fig. 3) was 21.0 m
(only 7 m larger than the FS dispersal distance recorded in 2011),
and the distance within which 95% of the saplings are established
(D95) was 42.2 m.
Total samara production the mast year 2010 (70,674,239 samaras for the whole elm stand) was 24 times higher than 2009 crop
(with 2,975,513 samaras) and 4 times higher than 2011 crop

3.3. Samara release rates and meteorological effects
We observed maximum SRR during the ﬁrst half of May 2009
and 2011, and in the second half of May 2010 (Fig. 6). The SRR temporal sequence indicates that samara abscission is mainly dependent on the maturity (phenology) of the fruit, but is also affected
by average wind velocity (Vmean, Fig. 6). This was statistically
conﬁrmed with the GLM: the only meteorological variable that
affected YSRR was Vmean (positively correlated, P = 0.042), all the
other variables were not signiﬁcant (P > 0.05). Therefore, the
resulting model that explains SRR is:

logðSRR þ 1Þ  logðMASRR þ 1Þ ¼ 1 þ 0:214  V mean
The residuals of this model followed a normal distribution and
were not correlated to the predicted values.

Fig. 2. Pollen release during 2009–2011. The graph represents daily rain fall, the maximum, mean and minimum temperatures, and the percentage of elms releasing pollen.
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Table 1
Inter-annual variation in seed fecundity parameters and dispersal distances estimates by inverse modeling using Clark’s kernel.
Samaras

Full
Empty
Predated
Total

2009

2010

2011

b

%

Dm

D95

b

%

Dm

D95

b

%

Dm

D95

3651
510,662
206,674
720,987

0.5
70.8
28.7

9.2
10.3
10.1

19.2
21.4
26.6

5,374,883
7,660,796
4,089,167
17,124,846

31.4
44.7
23.9

10.4
8.7
7.0

21.6
18.0
24.3

67,422
3,714,244
477,853
4,259,519

1.6
87.2
11.2

13.3
20.0
12.7

27.9
41.7
26.3

Parameters: b, samaras produced per square meter of basal área (samaras m2 BA); %, percentage of each kind of samara in relation to the annual crop; Dm, median distance
at which samaras are dispersed (m); D95, distance from the tree under which 95% of samaras fall (m).

average (Vmean; r = 0.03, P = 0.93) or maximum (Vmax; r = 0.03,
P = 0.94) wind speed.

4. Discussion
4.1. Seed production and predation in U. laevis

Fig. 3. Estimated 2009–2011 dispersal kernels for full, empty and predated
samaras, and the effective dispersal kernel (regeneration saplings).

As regards within-year variation in seed dispersal we found
non-signiﬁcant correlation between median dispersal distance
(Dm) and wind speed variables (Vmean; n = 12, r = 0.05, P = 0.87;
Vmax; n = 12, r = 0.17, P = 0.59) for the 12 dates analyzed in 2010.
Neither was there a correlation between full samaras’ D95 and

The percentages of each kind of samaras produced per year estimated by Perea et al. (2013) are similar to those calculated in this
study (Table 1). However, the larger dataset and the inclusion of
spatial information in this study have allowed estimating total
samara production and seed ﬂux distribution. Using inverse
modeling we determined that 2010 samara production was 24-fold
higher than 2009, larger than the 10-fold difference previously
estimated (Perea et al., 2013). Meanwhile, 2011 production was
4-fold smaller than 2010s, and not 10-fold smaller as previously
estimated.
The main pre-dispersal seed predators are serins (Serinus serinus
L.), goldﬁnches (Carduelis carduelis L.), chafﬁnches (Fingilla coelebs
L.), greenﬁnches (Carduelis chloris L.), hawﬁnches (Coccothraustes
coccothraustes L.), pigeons (Columba palumbus L.) and linnets
(Carduelis cannabina L.) (Perea et al., 2013). Predated seeds
collected in the seed traps were in their vast majority originated
from avian predation in the tree crown, so it can be regarded as
pre-dispersal loss of the seed-crop. This study shows that the
proportion of full seeds predated pre-dispersal during the 3 years
varied from the huge 98% in 2009 to 43% in the mast year 2010
(in 2011 88% of full seeds were predated). These high and variable
pre-dispersal predation rates are similar to those previously published for other species (Kolb et al., 2007; Moles and Westoby,
2003). In addition, seed predation rates are in close relationship
to the number of empty seeds produced (Fig. 5), being smaller in
years with higher numbers of empty seeds. Should this pattern repeat itself across multiple years, it would conﬁrm the idea that
empty samaras act as an efﬁcient method for preventing seed predation. Years when large numbers of empty seeds produced are
more efﬁcient in terms of predation avoidance, and seem to be
the ones that guarantee species regeneration. Naturally, the number of seeds escaping predation will also be affected by predator
populations, which are certainly not controlled by this small U. laevis population consisting of 51 adults. Especially considering that
birds are highly mobile and can go to places with larger food
resources. As a result, the mast year attracted large numbers of
granivorous birds, and the non-mast year very few birds were
observed in the elm grove (Perea et al., 2013). From a life-cycle perspective, U. laevis has never been a species with a large spatial
distribution, for which we may exclude masting as being a predation-satiation mechanism, even though during the mast year
predation rates were lowest (43%). The total number of samaras
produced depends of ﬂower production. As U. laevis can produce
fruits by parthenocarpy (without pollination), the percentage of
set seeds (100  (FS + PS)/(FS + PS + ES)) depends on pollination
efﬁciency. Therefore, masting is probably a mechanism to enhance
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Fig. 4. Full samara shadows for 2009–2011 (full seeds m2), circles represent mature elms and triangles regeneration saplings.

Empty samaras / m of basal area
Fig. 5. Relation between predation ratio [predated samaras/(predated + full samaras)] and empty samaras production per square meter of basal area for 2009–2011.

pollination efﬁciency as shown by the higher percentage of set
seeds observed in 2010 (55.2%) (Kelly and Sork, 2002). The more
synchronized 2010 ﬂower phenology (Fig. 2), which could also
have been favored by the lower temperatures during the second
week of March, also supports this idea. However, a longer study
should be carried out to conﬁrm these hypotheses, especially
taking into consideration that there are also non-evolutionary
causes that affect seed production.
The high number of empty samaras released by adults is also a
major factor controlling post-dispersal predation. In a recent study
carried out in the same site, it was found that when seed availability is high, post-dispersal predation ratio dropped from 0.8 for
depots with 100% full samaras to 0.6 and 0.5 for depots with 50%
and 90% empty samaras, respectively (Perea et al., 2013). The most
important post-dispersal elm seed predators are mice and voles,
and they are capable of causing local seed extinction (Hulme and
Borelli, 1999; Hulme and Hunt, 1999). The non-mast years (2009
and 2011) the maximum full seed ﬂux after pre-dispersal predation was very low, under 7.6 FS m2 (Fig. 4). Considering that there
will be ulterior seed losses due to post-dispersal predation, nonmast years very few full seeds will escape predation.
Conclusively, the seed predation ratio observed here resulted in
very few seeds escaping from predation in non-mast years. If we
consider further seed losses due to post-dispersal predation and
failures during ﬁrst life stages, we may conclude that non-masting
years provide no chance for the species to regenerate. Mast years,
however, have a special relevance for regeneration due to huge
number of seed escaping predation, and seeds collected in this
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Fig. 6. Seed fall rates and meteorological data during 2009–2011. Seed fall rate
(circles with solid line) is calculated as the number of seeds captured in the 20
reference traps (black squares in Fig. 1) divided by the number of days since the
previous recollection. The broken lines represent the average wind between two
recollections, and the bars represent the rain fallen since the previous recollection.

stand have high germination and establishment rates (Venturas
et al., 2013a). Thus should this pattern observed here repeat itself
across years, U. laevis may potentially be regenerated only in mast
years. From this 3 year study we cannot establish the period between mast events, but considering that U. laevis can live up till
200 years (Collin, 2003), this should enable enough recruitment
events at a population scale.
On the other hand, the huge amount of seeds produced even in
non-mast years (Table 1) constitute a valuable spring resource for
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granivorous avifauna, and the recovery of U. laevis populations
could be beneﬁcial to bird conservation. This would also favor
functional heterogeneity in plant-bird assemblages enhancing
resilience to habitat loss (García et al., 2013). Although none of
the species observed consuming samaras (Perea et al., 2013) are
endangered, this elm grove is located within Cuenca Alta del
Manzanares Regional Park, and is less than 2 km and 5 km from
two Special Protection Areas, with codes ES0000011 and
ES0000012, respectively, belonging to Natura 2000 Network
(Council Directive 2009/147/EC on the conservation of wild birds).
4.2. The importance of timing and the factors affecting seed release in
U. laevis
Timing and the mechanisms involved in seed dispersal are
important issues for successful seedling establishment, especially
for riparian tree species (Nilsson et al., 2010). U. laevis samara
abscission depends mainly on maturation (phenology), and occurs
between mid-April and the end of June. Seed release rates increase
with wind velocity, but dispersal distances do not increase with
wind. This indicates that wind facilitates samara release by shaking
tree branches, but does not transport samaras further away.
Rainfall is not correlated with SRR, but all 3 years it rained by the
end of the dispersal season (Fig. 6), which might help seed secondary hydrochorous dispersal. Intuitively wind would appear to be an
optimal dispersal agent for long-distance dispersal in U. laevis as
samaras are light winged-fruits (8.2 ± 0.1 mg seed1; Perea et al.,
2013). However, the dispersal distances recorded in this study
(Table 1) indicate that wind does not transport seeds long distances (47.6 m was the maximum dispersal distance observed for
a full seed). Nevertheless, our experimental design cannot rule
out the possibility of rare, episodic, long-distance dispersal of just
a few seeds by updraft of strong winds (Horn et al., 2001; Nathan
et al., 2002). These events are known to be disproportionately
important at both evolutionary and ecological scales of time and
space (Cain et al., 2000; Nathan and Muller-Landau, 2000). Short
wind dispersal distances have also been observed for other trees
with winged fruits (e.g. Acer opalus Mill. seeds were not found further than 13 m from the mother tree; Gómez-Aparicio et al., 2007).
The lack of correlation between wind velocity and dispersal distance observed in this study, and in genetic structure analyzes
(Nielsen and Kjær, 2010; Venturas et al., 2013a) also indicate that
seeds are not transported long distances by this means. This idea is
reinforced by the fact that U. laevis samara release occurs when the
foliage is totally developed, while long-distance wind dispersal is
favored by low leaf area index, i.e. when leaves are not totally
developed (Nathan and Katul, 2005).
4.3. Recruitment and secondary seed dispersal
A genetic analysis of the mature elms of Valdelatas, using the
Loiselle et al. (1995) kinship coefﬁcient, estimated the half mean
square parent-offspring distance to be between 18.8 and 41.3 m
(Venturas et al., 2013a). This distance accounts both for pollen
and seed movement. Therefore, these ﬁgures are consistent with
the median effective dispersal distance (that depends on seed
movement and sapling establishment) observed in this study
(Dm = 21.0 m), which is only a few meters higher than primary dispersal median distance (Table 1). Small differences among primary
and effective seed dispersal suggest that seedlings get established
close to parent trees where the majority of samaras land and that
secondary movement by water is absent. In other tree species the
average effective dispersal distance is an order of magnitude larger
than primary dispersal. For hydrochorous species – although we
lack sufﬁcient information on effective dispersal distances – it is
estimated that rivers can transport seeds for several kilometers

(Nilsson et al., 2010). The tail of the dispersal curve of hydrochory
in rivers (corresponding to maximum distances) is little studied;
and depends on seeds’ intrinsic factors (e.g. size, ﬂoating ability,
shape) and on extrinsic factors (e.g. channel size, hydraulic roughness, river morphology) (Nilsson et al., 2010). In U. thomasii Sarg.
seeds are generally carried by wind no more than 40–45 m from
the parent tree, but those that land on water are transported long
distances (several kilometers), and as a result, seeds are concentrated on the banks of streams and lakes (Crow, 1990). When seed
dispersal coincides with a great ﬂood, elm samaras can be transported downstream for many kilometers, and germinate upon
the return of ﬂoodwater to the main channels. The opportunities
for seed germination and seedling establishment are optimal in
this situation as mud has been deposited and competition removed
(López-Almansa, 2004). This enables long distance gene exchange
among populations and colonization of new sites (Nilsson et al.,
2010).
There are two complementary processes that could account for
these differences in dispersal and regeneration distance patterns in
U. laevis: density dependent propagule survival and habitat depletion by mother trees. The Janzen–Connell or density-dependent
hypothesis (Connell, 1971; Janzen, 1970) postulates that the
probabilities of successful establishment of a recruit increases
away from adult trees by escaping the attentions of pathogens,
herbivores, and seed predators. Birds preyed on full seeds in the
tree before dispersal, and after dispersal they foraged mainly at
the base of the elms (personal observation), where seed density
was greatest (Fig. 4). The production of empty samaras enhances
plant ﬁtness, increasing the survival probabilities of full samaras
(Ghazoul and Satake, 2009; Perea et al., 2013). Therefore, we
consider that the great spatial heterogeneity observed in
post-dispersal seed density and percentage of full seeds help increase seed survival (Fig. 4). As granivorous birds were attracted
to areas with denser seed fall, acting as predicted by Janzen–Connell, this could favor seed survival further away from the parent
tree. In their ﬁrst stages, seedlings can also suffer differential death
in relation to the distance to mother tree, increasing seed effective
dispersal distance (e.g. Bontemps et al., 2013). Microsite conditions
(light intensity, shrub cover, moisture, groundwater table, etc.) are
also of great importance to seed and seedling survival. Seeds that
are dispersed under shrub cover have very low probabilities to
survive because it is the preferred microhabitat of rodents, and
their seed consumption can cause local extinction of seed populations (Hulme and Hunt, 1999; Perea et al., 2013). Ulmus minor Mill.
seedling establishment is restricted to moist sites (Terwei et al.,
2013). Therefore, as U. laevis is more sensitive to drought-stress
than U. minor (Venturas et al., 2013b), seedling survival requires
high soil moisture. This could explain why recruitment saplings
are located in several clusters against Janzen–Connell predictions
(Fig. 1). Recruitment clustering due to microsite conditions has
been reported previously in other anemochorous tree species
(e.g. López de Heredia et al., 2010; Seiwa et al., 2008; Terwei
et al., 2013). The moisture gradient might determine ﬁnal sapling
survival, accounting for the lower distance of adult trees than
saplings to the stream.
Diplochory, which is seed dispersal by two or more phases
involving different dispersal agents, is beneﬁcial as it increases dispersal beneﬁts and decreases seed mortality probabilities (Vander
Wall and Longland, 2004). We suggest that U. laevis presents two
coupled systems: anemochory, for short-distance dispersal, and
hydrochory, for long-distance dispersal (although we lack sufﬁcient data for secondary seed dispersal by water). This coupled systems has been previously reported for riparian species (e.g., Seiwa
et al., 2008). Anemochory enables seeds reaching suitable microsites close to the mother tree, as discussed before, for example in
other times very common small closed basins known as ‘navas’
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in Spanish. Hydrochory permits colonization of new sites and long
distance gene exchange. Previous studies in Mediterranean
Frangula alnus Miller (Hampe, 2004) have conﬁrmed that secondary seed movement by water ﬂow may produce high discordance
between primary and secondary dispersal patterns.
However, in this speciﬁc stand secondary dispersal is not an
important factor given that we did not detect recruits at distances
larger than 40 m away from adults. This particular stand’s expansion seems constricted, the reason being its situation in one of
Europe’s largest cities with several obstacles downstream (such
as channelization through the nursery and under Alcobendas city
further down) and also due to the water regime which is controlled
by the sewage treatment plants (a topic further discussed in the
next section).
4.4. Anthropogenic factors affecting regeneration in U. laevis
No source limitations (fecundity) have been detected for
Valdelatas stand. Therefore, we consider that constraints on this
stand’s expansion are due to microhabitat and dispersal limitations. Human groundwater over-exploitation has eliminated high
moisture and waterlogged areas in Valdelatas which were prone
to seedling establishment. However, the sewage treatment plants
have maintained a constant ﬂow in the stream that enables the
survival of mature trees and establishment of seedlings in its
proximity. Nevertheless, the altered hydrological regime does not
permit ﬂoods that eliminate competition and deposit mud for
seedling establishment (Nilsson and Bergren, 2000; Nakamura
and Inahara, 2007).
It is estimated that more than 60% of the wetlands have disappeared in Spain in the last 50 years, mainly due to land-use
changes, mechanization of agriculture and irrigation (Casado de
Otaola and Montes del Olmo, 1995; Gallego-Fernández et al.,
1999). Flow regulation of Mediterranean rivers also affects guilds
of late-successional woody vegetation negatively, mainly due to
the signiﬁcant decrease in recruitment of these species, resulting
from the decrease in discharge and maintenance of ﬂoods after
damming (Bejarano et al., 2012). Hydrochory is negatively affected
by dams and water diversions due to the changes in hydrologic
regime (timing, magnitude and duration of low ﬂows and high
ﬂows), streamside habitats (affecting seed deposition and seedling
establishment and survival), and seed movement (Nilsson et al.,
2010). All these factors have affected U. laevis in Spain, causing
local population extinction, fragmentation and size reduction,
and limiting their recovery. Ecological restoration of large areas altered by humans is often dispersal limited, and should focus on reestablishing ecological patterns and processes where they have
been destroyed by humans (Howe and Miriti, 2004). Therefore,
long-term restoration of U. laevis populations must not only
concentrate on increasing population sizes, but should restore
hydrological processes. Restoring water tables and ﬂood regimes
would permit long distance seed dispersal, and the formation of
adequate microsite conditions for seed deposition and seedling
establishment.
A possible restoration strategy for this species should assume a
legal protection initiative for this area and protection fencing to
avoid seedlings being destroyed by humans (trekking and other
athletic activities are taking place across the river). In addition, current water dynamics that seem to favor persistence of the adult
trees should be preserved (considering budget constraints). Other
restoration measures may include the facilitation of the already
established regeneration by selective cuttings of the competing
forest vegetation (consisting of adult Pinus pinea trees). Restoration
plantings across the river bands may help in recovering population
dynamics under the current ﬂow regime. Unlike other riparian species such as willows that can be easily planted by root cuttings and
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used in restoration programs (Radtke et al., 2012), asexual reproduction of U. laevis is difﬁcult to obtain (our laboratory managed
to obtain rooted cuttings only from cuttings of seedlings under
2 years-old). Finally, the river obstacles generated by human activities should be reconstructed to permit a constant water ﬂow along
the river as a measure that can facilitate secondary seed dispersal
by water.
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