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TRATAMIENTO OTOÑO INVIERNO PRIMAVERA VERANO 

Reducción 30% -30% 
9 bandas 
de 11cm 

-30% 
9 bandas de 

11cm 
-30% 

9 bandas 
de 11cm 

-30% 
9 bandas 
de 11cm 

reducción 15% en 
otoño y primavera e 
incremento 30%  en 
invierno 

-15% 
5 bandas 
de 10 cm 

130% 

Motor parado 
(interruptor 

off) + 
refuerzo con 
microtubos 

-15% 
5 bandas 
de 10 cm 

100% 

Motor 
parado 

(interruptor 
off) 

combinación dos 
anteriores 

-40% 
9 bandas 
de 14 cm 

-10% 
5 bandas de 

6,6 cm 
-40% 

9 bandas 
de 14 cm 

-30% 
7 bandas 
de 14 cm 

control                             100% Nada 100% Nada 100% Nada 100% Nada 

�

�
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��)/�% ��	��������"�������������������������	�������
���������������	����������������������%������
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�� �������������������� ������������		����������� ���������
����������*�������FMG�����
����*
������
�(3N���������	�����������������!��
�����	�����
�

� 8�	�� �!��
�	� ���� ���������� �	���	������� ��� �	������������ ��������� ��� ���� ��
�	������

��������������"����������	��������� ��	���������������������	������������������������.������

,� �� /� ������0� �� ��� ����
	�� ��� ���� ������� .��� '� �� �'� ��0� ���������� ��������*���
���� ���
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SHELTER AREA

QUANTITY

FREQUENCY

SHELTER AREA

QUANTITY

FREQUENCY

Quantity: 50% 

AREA: Cabo de Gata 

AREA: PSA 

AREA: Cautivo 

Frequency: Every Month 

Quantity: 100% 

Quantity: 75% 

Quantity: 50% 

Frequency: Every Week 

Frquency: Every Other Week 

Frequency: Every Month 
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CAPÍTULO 3 

RESPONSE OF A MEDITERRANEAN ANNUAL SEED BANK TO CHANGING 

PATTERNS OF WATER SUPPLY  

Abstract

Climate change may produce deep effects on terrestrial ecosystems, however, changes 

of rainfall patterns is an important element of climate change almost unexplored, which may 

have large consequences on a wide range of biological processes such as seed germination, 

seedling establishment, plant growth, community composition and population and community 

dynamics. Climate change models forecast a reduction in annual precipitation and more extreme 

events (less rainy days and longer drought periods between rainfall events), together with 

seasonal changes. We experimentally addressed the response of the soil seed bank of a semiarid 

Mediterranean community to higher aridity and changes in seasonal rainfall patterns in two 

glasshouse experiments by modifying water supply both in amount and frequency. With 

different watering treatments we 1) simulated a delay in the onset of autumn rainfalls (i.e., a 

longer summer drought period) and 2) decreased watering amount and frequency as predicted 

by climate change models, changing also the seasonality of water supply. We found that 

delayed watering patterns led to delays in flowering time and decreases in productivity of the 

annual plant community. On the other hand, decreased watering amount and frequency, and 

altered seasonality, produced also a reduction in biomass and individuals recruited, but no 

changes was detected in flower phenology. Species diversity was not affected by watering 

delay; however it was reduced by changes in frequency, amount and seasonality. These data 

underline the need to consider rainfall patterns as another element that might alter seed bank 

dynamics and thus ecosystem structure and functioning. Therefore, the analysis of climate 
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change consequences must not depend on climatic means-based scenarios only, but it must take 

into account seasonal changes on rainfall quantity and event frequency that are expected. 

Resumen

El cambio climático puede tener profundos efectos en los ecosistemas terrestres, sin 

embargo, los cambios de los patrones de precipitación son un elemento importante del cambio 

casi inexplorado, que puede tener una gran cantidad de consecuencias sobre un amplio número 

de procesos biológicos como la germinación de semillas, el establecimiento de plántulas, el 

crecimiento de plantas, la composición de la comunidad y la dinámica de comunidades y 

poblaciones. Los modelos de cambio climático predicen un reducción anual de la precipitación 

y más eventos extremos (menos día de lluvia y períodos de sequía entre eventos más largos), 

junto a cambios estacionales. Nosotros hemos estudiado experimentalmente la respuesta del 

banco de semillas de una comunidad mediterránea semiárida a una mayor aridez y cambios en 

la distribución estacional de los patrones de lluvia en dos experimentos de invernadero mediante 

la modificación del suministro hídrico tanto en cantidad como frecuencia. Con diferentes 

tratamientos de riego nosotros 1) hemos simulado un retraso en el comienzo de las lluvias 

otoñales (i.e., un periodo sequía más largo) y 2) hemos disminuido la cantidad de agua en el 

riego y la frecuencia de los mismos imitando las predicciones hechas por los modelos 

climáticos, además de cambiar también la estacionalidad del suministro de agua. Hemos 

encontrado que el retraso de los riegos conduce a retrasos de la floración y disminuciones de 

productividad de la comunidad anual. Por otro lado, la disminución de la cantidad y frecuencia, 

y una estacionalidad alterada, producen también una reducción de la biomasa y del número de 

individuos, pero ningún cambio en la fenología. La diversidad de especie no fue afectada por el 

retraso de los riegos,  pero, sin embargo, se vio reducida por cambios en la frecuencia, cantidad 

y estacionalidad de las precipitaciones. Estos datos subrayan la necesidad de considerar los 

patrones de lluvia como otro elemento que podría alterar la dinámica del banco de semillas y 

por tanto la estructura y funcionamiento de los ecosistemas. Por tanto, el análisis de las 

consecuencias del cambio climático no debe depender únicamente de escenarios basados en 
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cambios de la media, sino que debe tener en cuenta los cambios estacionales, de cantidad y 

frecuencia esperados. 

Introduction

The soil seed bank has a strong influence on plant communities, affecting their 

structure, dynamics and functioning (Fenner 1985; Brown et al. 1979; Kemp 1989). There is 

wide evidence of its importance in arid ecosystems (Caballero et al. 2003) where many aspects 

have been studied, including its composition and density (Parmenter & MacMahon 1983; 

Pugnaire & Lázaro 2000), spatial variability (Aguiar & Sala 1997; Moro et al. 1997; Marone et 

al. 1998), temporal changes (Price & Joyner 1997; Mayor  et al. 1999), age structure (Moriuchi 

et al. 2000), dispersal and post-dispersal flows (Harrington & Driver 1995; Marone et al. 1998), 

control of seed predation (Gutiérrez et al. 1997; Mandujano et al. 1997; Anderson & 

MacMahon 2001), as well as the links between soil seed bank and seedling emergence and 

recruitment (Inouye 1980; Cabin & Marshall 2000). Some attempts have evaluated the evolutive 

role of soil seed banks in population dynamics and viability (Cabin 1996; Cabin et al. 1998; 

Turelli et al. 2001). Surprisingly, however, the ecology and structure of soil seed banks of 

annual species in arid environments are not well understood, despite the large number of studies 

carried out and its importance for ecosystems biodiversity and function (Facelli et al. 2005). 

In arid and semiarid ecosystems a high spatial and temporal variability is one of the 

most important characteristics of seed banks (Thompson 1987; Rundel & Gibson 1996), which 

is chiefly a consequence of, and response to, unpredictable precipitation patterns (Cohen 1966; 

Philippi 1993). The soil seed bank preserves the genetic variability of local populations trough 

unfavourable periods (Harper 1977; Baskin & Baskin 1978; Grime 1979; Templeton & Levin 

1979) while in favourable periods it supports population growth, enhancing species coexistence 

(Chesson 2000). This “storage effect” (Chesson 1994) is important for short-lived species and 

particularly for annual species. In arid regions with harsh, unpredictable environmental 

conditions this storage effect is assumed to be beneficial (Venable & Brown 1988; Bonis et al.

1995) as it has been widely confirmed in annual plant communities of Mediterranean-type 
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ecosystems (Inouye et al. 1980; Kemp 1989; Levassor et al. 1990; Russi et al. 1992). In fact, 

seed bank diversity and density in habitats characterized by a strong summer drought is among 

the highest in the world (Leck et al. 1989). 

Scant and irregular rainfalls are the main constraints on plant productivity in arid 

ecosystems (Fischer & Turner 1978), where seeds of both perennial and annual species 

accumulate in the soil. The distinction between permanent and transient seed banks in these 

environments is weak, as germination rate depends on rainfall (Pugnaire & Lázaro 2000). Since 

the soil moisture threshold for germination varies among species (Pake & Venables 1996, 

Pugnaire et al. 2006), variability in rainfall amount and frequency should strongly influence 

community composition (Knapp et al. 2002). Seasonal changes in rainfall could have important 

consequences on plant communities and productivity (Yahdjian & Sala 2006), and the structure 

and functioning of terrestrial ecosystems could be vulnerable to temporal hydrological changes, 

even if changes in annual precipitation do not take place (Mearns et al. 1997; Knapp et al. 2002, 

Pugnaire et al. 2006). Moreover, despite most climate models forecast a tendency to increased 

aridity along with higher rainfall variability in the Mediterranean basin (IPPC 2001), the effects 

of changes in seasonal rainfall patterns have largely been unexplored (Fay et al. 2000). Climate 

change may thus have deep effects on terrestrial ecosystems since models forecast a reduction 

of annual precipitation, more extreme events (i.e., less rainy days and longer drought periods 

between events) and seasonal rainfall changes 

 We experimentally addressed the response of the soil seed bank of a semiarid 

Mediterranean community to higher aridity and changes in seasonal rainfall patterns by 

modifying watering supply. With different watering treatments we 1) simulated a delay in the 

onset of autumn rainfall (i.e., a longer summer drought periods) and 2) decreased watering 

quantity and frequency as predicted by climate change models, changing the seasonal 

availability of water. The beginning of autumn rains is a pivotal point since it determines the 

length of the summer and the end of the drought season (usually June-September). In 

Mediterranean ecosystems the only certainty is a summer drought, which defines strong annual 

cycles (Lázaro et al. 2001), and therefore the onset of the wet period launches many biological 
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processes after a period that could be lethal for some species (Padilla & Pugnaire 2007). We 

hypothesized that modified water supply patterns would affect plant diversity, biomass and 

phenology of the recruiting species. 

Material and Methods 

Two greenhouse experiments were carried out from October 2004 to July 2005 using 

soils from a semiarid Mediterranean plant community from the Tabernas desert (Almería, 

Spain, 37º5´ N, 2º21´ W, 500 m.a.s.l.) dominated by small shrubs such as Artemisa barrelieri, 

A. hispanica and Phagnalon saxatile, and annual species like Bromus rubens, Reichardia 

tingitana and Stipa capensis. Climate in this area is characterised by a mean annual precipitation 

of 242 mm and a drought period without rains from June to September. Mean annual 

temperature is 17.9 ºC, with a mean maximum temperature of 10.7 ºC in January and 34.7 ºC in 

August; frosts, although possible in winter are not common (Lázaro et al. 2001). Sandy soils 

from mica-schists and quartzites are most common.  

The soil seed bank of this community was collected in mid-October by randomly 

sampling within a 0.5 Ha area the first 3 centimetres of soil surface in 30 quadrats 20 x 20 cm, 

as in arid systems the soil seed bank is mainly found in the first 2 cm of soil (Childs & Goodall 

1973). Samples were brought to the laboratory, thoroughly homogenized, sieved through a 2 

mm mesh, and air-dried at room temperature for 36 h. 

Delay in autumn water supply  

Forty-five aluminium trays (29 cm long, 19 cm wide, and 4.5 cm deep) with their bases 

perforated to allow water drainage were filled up with a mixture 1:1 (volume) of perlite (Otavi 

Ibérica SLu; El Ejido, Almería, Spain) and type 2-3 vermiculite (Verlite®; Vermiculita y 

Derivados S.L., Gijón, Spain), and placed in a glasshouse under natural conditions of light and 

temperature. On 22 October, 60 cm3 of soil was spread on each tray forming a thin film. 

Afterwards each tray was assigned randomly to one of 5 treatments established according to the 

beginning of watering (M), M0 on 22/10/2004, M1 on 16/11/2004, M2 on 16/12/2004, M3 on 
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17/01/2005 and M4 on 25/02/2005, with 9 replicates per treatment. Trays were watered twice a 

week to saturation. Fertilization was supplied weekly by adding 175 ml of water containing 

0.275 ml of fertilizer (7%N, 5%P2O5 , 6%K2O, COMPO, BASF Española S.A., Spain). 

Altered patterns of water supply 

Seventy-two PVC pots (14.5 cm in diameter, 21 cm high) were filled up with the same 

mixture as above. On 22 October, 18 cm3 of soil were spread on each pot. Three factors with 

two levels each were combined, including watering amount (100% and a reduction of 30%), 

number of watering events (normal and half the number), and seasonal distribution of watering 

(normal and altered). The altered seasonal pattern consisted of a reduction of 15% during spring 

and autumn, and an increase of 30% during winter. These reductions concurred with climate 

change forecasts (Rodrigo 2002). Thus, there were 8 treatments with 9 replicates per treatment. 

We used rainfall data from the Tabernas weather station (Confederación Hidrográfica del Sur, 

Ministerio de Medio Ambiente, Spain) as a reference of watering levels. Average values and 

mean number of rain events per month were calculated. At the beginning of the experiment 0.5 

g of a slow-liberalization fertilizer (12-10-18, NPK, Ikebana, Quimunsa, Spain) were added to 

each pot. Plants grew in the same glasshouse for 36 weeks and fertilization was supplied 

monthly by adding 0.35 g of fertilizer. 

Measured variables and data analysis 

Every week all trays and pots were checked to identify individuals and species that set 

flowers. Every individual that bloomed was harvested. We recorded the flowering date and the 

aboveground mass of individuals after drying samples at 72 ºC for 48 h. To the extent that it 

was possible, we identified, harvested, dried and weighted the individuals that died before 

flowering. The last plants were harvested on 4 July 2005.  

During and at the end of both experiments we recorded mass and number of individuals 

of each species. At the end of the experiments we calculated species richness and Simpson (�) 

and Shannon-Wienner (H´) diversity indices. After harvest, each tray from the first experiment 
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was photographed and bryophyte cover was calculated using maximum likelihood supervised 

classification utility from ENVI (ITT Visual Information Solutions, Boulder, CO, USA). A 

system to hold the camera was built in order to guarantee that all pictures were taken at the same 

distance and position.  

Significance of temporal differences in total biomass, number of individuals, and 

individual mass were tested by ANCOVA using sample date as covariate. A factor was 

considered significant when the interaction between this factor and the date was significant 

(following García-Serrano et al. 2005). Analyses were followed by pair’s comparisons using 

Sidak adjustment for multiple comparisons. Differences at the end of the experiment due to 

watering manipulations on number of species, total mass, number of individuals, mean 

individual mass, and Simpson’s (�) and Shannon-Wienner’s (H´) biodiversity indices were 

tested by ANOVA. In the experiment on delayed watering, total mass, number of individuals, 

and individual mass of the most common species in the community, Lophochloa pumilla, 

Phagnalon saxatile, Silene decipiens, and Stipa capensis, were analysed separately using one-

way ANOVA followed by honestly significant difference tests. In the experiment on altered 

patterns of water supply, total mass and number of individuals of the mentioned species, plus 

Crassula tillaea and Loeflingia hispanica were analysed similarly through factorial ANOVA. 

For these species, a Kaplan-Meier analysis was carried out to test whether the flowering date 

had been affected by rainfall manipulations. These analyses were followed by post-hoc paired 

comparisons using Cox´s F test. Significance of Cox´s F values were corrected by Bonferroni 

after adjusted by Legendre & Legendre (1998), which includes Hochberg's (1988) variation on 

Holm's (1979) method. In the first experiment, we repeated the Kaplan-Meier analysis using the 

number of days to flower from the first watering supplied. These analyses were repeated to 

check also if the delay of watering had any effects on the number of “wet days” needed for 

flowering. One-way ANOVA was used to check if there were significant differences on 

bryophytes cover due to delayed watering. Variables were normalized when required to avoid 

heteroscedasticity. All analyses were carried out with Statistica (v. 6.0; StatSoft, Tulsa, Okla.) 

and SPSS (v. 13.0.1, SPSS Inc., Chicago, IL, USA) statistical packages. 
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Figure 1.- Bryophyte cover (expressed as %) for each delay of watering. Bars are mean values ± 1SE, n = 
9. Different letters show significant differences between treatments at p<0.01 after Scheffé post-hoc tests. 

Results 

Effects of delayed autumn watering 

Bryophyte cover was clearly affected by the delay in the beginning of watering 

(ANOVA F4, 40=62.0081, p <0.001, Figure 1). Cover varied from 44%, corresponding to no 

delay (M0), to 0% corresponding to the beginning of watering in January (M3) and February 

(M4). The delay of watering did also affect markedly the pattern of biomass gain with time 

(ANCOVA F4, 800 = 21.153; p <0.001, Figure 2) and the recruitment of individuals (ANCOVA 

F4, 800 = 7.938; p = 0.000, Figure 2). At harvest, we recorded more than 3 times higher biomass 

in trays not subjected to delay (ANOVA F4,40= 5.4209, p<0.001, Figure 2), and the total number 

of individuals recorded in the most-delayed treatment (M4) was half the individuals registered 

in the rest of manipulations (ANOVA F4,40= 2.6577 p<0.05, Figure 2). Mean individual mass in 

trays subjected to no delay (M0) more than doubled that of the other treatments (ANOVA F4, 40 

= 3.5427; p <0.05). However, the delay of watering did not produce any significant effect on the 

number of species and biodiversity indices (ANOVA F4, 40< 0.900; p>0.5).  
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Figure 2.- Accumulated biomass and accumulated number of individuals for each delay of watering. 
Symbols represent average value ± 1SE for each date and treatment, n= 9. Different letters show 
significant differences (p<0.05) between treatments (ANCOVA, Sidak adjustment for multiple 
comparisons). 
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Figure 3.- Cumulative % flowers/ears for each species and delay of watering. X-axis represents flowering 
date. Different letters show significant differences between treatments for each species (Kaplan-Meier 
analysis; Cox´s F test, p< 0.05). 
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Lophochloa, Silene, Stipa and Phagnalon (ANOVA, p>0.150). On the contrary, we detected 

slight differences when the mean individual biomass of these species was analysed. The lowest 

values were observed in the trays subjected to M3 and M4 treatment; and there were no 

differences between M0, M1 and M2 (Tukey HSD test p< 0.05). 
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Figure 4.- Cumulative % flowers/ears for each species and delay of watering. X-axis represents the 
number of wet days required to flower from the beginning of the treatment. Different letters show 
significant differences between treatments for each species (Kaplan-Meier analysis; Cox´s F test, p< 
0.05). 

Phenology data showed that the higher the delay in watering, the higher the delay in 

flowering of the studied species, but when data were analysed compared to the number of days 

elapsed from the beginning of watering (or number of “wet days”), we found that fewer 

watering days were needed when prolonged delays were applied. Kaplan-Meier analyses 

showed that there were differences not only in blooming time but also on the course of the 

experiment (Figures 3 and 4). We also found significant differences (one-way ANOVA) when 
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analyzing mean number of days needed for flowering from the beginning of watering (Table1 

and Figure 4). 

Lophochloa pumilla Silene decipiens Phagnalon saxatile Stipa capensis 

F4, 91= 89.202*** F4,105= 59.984*** F4,26= 44.013*** F4,70= 83.955*** 
M0 138.53± 2.49 a 141.33± 2.86 a 200.40± 5.75 a 181.82±1.75 a 

M1 115.18± 2.15 b 131.67± 13.06 a 181.00± 9.90 a 163.15± 2.11 b 

M2 96.73± 1.40 c 127.67± 2.86 b 158± 5.05 ab 138.65± 1.70 c 

M3 71.53± 1.66 d 90.63± 3.49 c 136.89± 4.12 b 122.11± 1.05 d 

M4 57.25± 3.72 d 73± 0.01 d 107.22± 4.54 c 104.93± 7.61 e 

Table 1.- Mean number of wet days (± S.E.) needed for flowering from the beginning of watering  for 
each of the commonest species and delay treatment (M). F values from the specific ANOVA are shown: 
*, ** and *** for p<0.05, p<0.01 y p<0.001 respectively; ns =not significant. Different letters within a 
specie show significant differences (p< 0.05) between treatments after Scheffé post-hoc test. 

Effects of altered patterns of water supply

 The analysis of biomass gain with time showed that a reduction of water amount, higher 

torrentiality, and changes in seasonality significantly decreased aboveground biomass (Table 2 

and Figure 5).  

Figure 5.- Accumulated biomass (g) and accumulated number of individuals for each rainfall 
manipulations. Bars are mean values ±1SE. Different letters show significant differences (p<0.05) 
between the two levels of each single factor of our experimental design (ANCOVA F1, 1359>11 and F1, 

1359>15, respectively; Sidak´s adjustment for multiple comparisons).  
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However, these factors significantly interacted, particularly “amount x seasonality” and 

“number of events x seasonality” (Table 2). Altered seasonality together with fewer watering 

events produced a decrease of up to 30% in biomass at harvest (Figure 6a). On the other hand, 

altered seasonality with no changes in the number of events increased aboveground biomass 

(Figure 6a). We detected similar results with the “amount x seasonality” interaction except that 

differences created by an altered seasonality on its own were smaller and not significant (Figure 

6b). Altered watering patterns also reduced total number of individuals by 19% (amount factor) 

32% (torrentiality) and 12 % (seasonality; Table 2 and Figure 5), but there were some two-term 

significant interactions, “amount x torrentiality” and “torrentiality x seasonality” (Table 2). In 

the first one, altered torrentiality decreased the number of individuals, but decreases were higher 

(from 37.1 to 47.5%) if the number of events was reduced simultaneously with amount (Figure 

7a). In the “torrentiality x seasonality” interaction, altered number of events did not produce 

changes in total number of individuals unless alteration of seasonality was applied at the same 

time, and altered frequency and seasonality together reduced the number of total individuals by 

50% (Figure 7b). 

MODEL Amount (A) Events (E) Seasonality (S) A*E A*S E*S A*E*S

        
Accumulated biomass (g) 69.491*** 102.452*** 11.068*** 0.261ns 15.174*** 104.727*** 0.012ns 

Accum. Individuals 51.284*** 150.371*** 26.434*** 36.439*** 0.650ns 126.420*** 1.975ns 

Ratio 5.862* 3.309ns 4.746* 4.243* 15.228*** 5.789* 3.425ns 

Table 2.- F values for ANCOVA on accumulated biomass, accumulated number of individuals and their 
ratio s. *, ** and *** for p<0.05, p<0.01 y p<0.001 respectively; ns =not significant. 

Both amount and seasonality reduced mean individual mass (13 and 15% respectively, 

Table 2), and we detected two-term significant interactions (Table 2). In the “amount x number 

of events” interaction the value reached whith no reduction of quantity and number of events 

was around 20% higher than in other combinations. However, the “amount x seasonality” 

interaction increased around 30% this variable when seasonality was altered with no amount 

reduction. We found similar results in the interaction “number of events x seasonality”, the 
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maximum value was reached when seasonality was altered with reduced torrentiality; this value 

being at least 20% higher than the rest of combinations. 

MODEL Amount(A) Events(E) Seasonality(S) A*E A*S E*S A*E*S 

        
Simpson Index 6.2569* 6.2829* 6.8373* 6.0972* 2.8936ns 0.1621ns 3.7480ns 

Shannon-Wienner Index 6.792* 7.996** 5.344* 4.846* 2.225ns 0.007ns 1.737ns 

Number of species 8.5156** 13.3056*** 3.3264ns 4.0249* 0.8316ns 0.0333ns 0.1331ns 

Table 3.- F values for ANOVA (F1,64) on biodiversity indices and number of species. *, ** and *** for 
p<0.05, p<0.01 y p<0.001 respectively; ns =not significant. Significant differences are shown with bold 
letters. 

Altered watering had a significant effect on diversity and species composition (Table 3). 

Reduced amount and increased torrentiality decreased diversity. However, a reduction of 

species was also found with amount and number of events reduced (Table 3). Altered 

seasonality did also reduce diversity, but not in all studied variables. 
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Figure 6.- Accumulated biomass (g) for each rainfall manipulations. Bars are mean values ±1SE. 
Different letters show significant differences between the 4 levels of the “Number of Events x 
Seasonality” interaction (7.a) and the “Quantity x Seasonality” interaction (7.b) (ANCOVA, Sidak´s 
adjustment for multiple comparisons p<0.05). 

No significant differences in the number of individuals, biomass or mean individual 

mass were detected in the species Crassula tillaea, Loeflingia hispanica, Lophochloa pumilla, 

Phagnalon saxatile, Silene decipiens, and Stipa capensis. We observed only a significant 
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decrease in Stipa capensis, in which a reduction of 30% in watering amount diminished total 

biomass by around 55%, and individual biomass by 61%. 

No phenological differences were observed in response to changes in amount, number 

of events and watering seasonality (Kaplan-Meier analysis, p<<0.05). 
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Figure 7.- Accumulated number of individuals for each rainfall manipulations. Bars are mean values 
±1SE. Different letters show significant differences between the 4 levels of the “Quantity x Number of 
Events” interaction (9.a) and the “Number of Events x Seasonality” interaction (9.b) (ANCOVA, Sidak´s 
adjustment for multiple comparisons p<0.05). 

Discussion 

Effects of delayed autumn watering  

Our results showed that a delay in the beginning of watering decreased aboveground 

productivity, number of individuals and mean individual mass. These data suggest that a delay 

in the beginning of autumn precipitation i.e., a longer summer drought period, could have a 

great impact in semiarid plant communities. In our study area a recurrent summer drought 

marks strong annual cycles (Lázaro et al. 2001), and a delay in the starting of new rains seems 

is decisive to trigger germination of annual species.  

Research has reported temperature as a factor responsible for phenological changes such 

as flowering, fruit ripening, and leaf unfolding and shedding in plant species (Schwartz et al.

2006; Menzel 2005; Menzel et al. 2006; Peñuelas & Filella 2001). However, here showed that a 

delay in water supply is also of great importance for flowering. The higher the delay of 

watering, the higher the delay of flowering, which entails that more prolonged summer droughts 
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would delay phenology under climate change scenarios. These data are in agreement with 

research conducted in more mesic Mediterranean environments (Peñuelas et al. 2002; Gordo y 

Sanz 2005), which reported significant correlations between precipitation and life cycles. 

Importantly enough, changes in flowering date could lead to a reduction in the number of fruits, 

number of seeds and seedling recruitment (Peñuelas et al. 2004), affecting plant communities at 

a long-term scale (Peñuelas et al. 2002). Indeed, productivity in arid environments is water 

limited (Fischer & Turner 1978), and the reductions in size and number of seeds produced due 

to changes in rainfall patterns could imply a reduction in the genetic variability of these 

communities, turning them into communities that are more sensitive to unfavourable conditions 

(Harper 1977; Baskin & Baskin 1978; Grime 1979; Templeton & Levin 1979). Also, this likely 

seed size reduction relates to seedling performance and establishment and survival (Bonfil 

1998; Leishman & Westoby 1994; Benard & Toft 2007). The time at which a seedling emerges 

can determine its fate; early emergence increasing seedling survival and growth (Castro 2006) 

even if survival due to early emergence is greater in perennial than in annual species (Verdu & 

Traveset 2005). It is also possible that phenology changes might be accompanied by decoupling 

of species interactions, such the interaction between plants and their pollinators, or between 

birds and their plant and insect food supply (Peñuelas et al. 2002), as described for climate 

warming (Peñuelas & Filella 2001).  

No effect of delayed watering was detected in community diversity (measured by 

species number and biodiversity indices) likely due to a change in the number of species 

recruited. However, we reported a clear impact on bryophytes, disappearing with marked 

delays, probably because they need colder temperatures to thrive. 

Some of the effects reported here for delayed watering (i.e., on mass and delayed 

flowering) could be due to light and temperature changes. Thus, later flowering in treatments 

subjected to later watering, and the necessity of fewer “wet days” for flowering was probably 

due to an increase of temperatures and light along the course of the experiment. However, the 

delay in the beginning of autumn rains in the field would also be coupled with changes in light 
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and temperature, and since we followed species life cycle and did not change light and 

temperature patterns, our experiment coarsely recreated field light and temperature dynamics. 

Effects of altered patterns of water supply

Our data show that altered watering patterns produce changes beyond productivity. 

These alterations are quite complex, as reflected by the significant interactions found in all 

statistical analyses, and mean that changes in amount, number of events, and seasonal 

distribution of watering have, in a single or combined way, negative effects on productivity. 

This statement agrees with other reports where ecosystem productivity was determined by both 

rainfall amount and its temporal distribution (Knapp et al. 2001; Fay et al. 2003). 

Surprisingly, we found that altered seasonality with no changes in the number of events 

increased aboveground biomass. Similarly, we obtained an increase of around 30% in the mean 

individual mass when seasonality was altered with no water reduction, and similar results with 

the “number of events x seasonality” interaction, getting the highest value when seasonality was 

altered along with reduced torrentiality. These effects on biomass and number of individuals 

when seasonality interacted with any of the other factors might be an experimental artefact. 

With only a change in seasonal rainfall distribution, productivity increased markedly probably 

due to the existence at the same time of more water and milder temperatures inside the 

glasshouse in winter. This increase, however, could be significant if we think on climatic 

models that forecasts concurrent changes of rainfall patterns and increased temperatures (IPPC 

2001; Jones et al. 1999). 

Changes in species composition and diversity indexes are easier to analyze, since there 

is only one significant interaction (quantity x number of events). Reduced amount and increased 

torrentiality decreased diversity in our experiment. However, seasonal rain distribution had less 

importance. There are reports of similar changes in plant community composition (Knapp et al.

2002; Lloret et al. 2004). These changes could compromise the response and functioning of 

ecosystems, since its species composition and structure affect ecosystem stability and resilience 

(Chapin et al. 1997; Chapin & Shaver 1985; Cramer et al. 1999; Lauenroth et al. 1978) and 
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damp the effects of extreme events (Lawton & Brown 1993; McNaughton 1993; Tilman & 

Downing 1994; Walker 1992). 

Except for Stipa capensis, which reduced its mass and mean individual weight in 

response to a 30% decrease of rainfall, no other changes were detected in response to changes in 

amount, torrentiality, or rainfall seasonality. Similar results were found by Williams et al. 

(1998) in a Serengeti grassland, although annual net primary production, plant physiology and 

diversity were affected by both mean annual quantity and rainfall variability in a more mesic 

grassland (Knapp et al. 2002; Fay et al. 2003). These changes, however, did not affect dominant 

or subdominant species in the same way, being dominant species unaffected because of their 

greater tolerance to rainfall variability (Fay et al. 2003; Williams et al. 1998). Our results agree 

with such reports since we did not find differences due to watering manipulations in the most 

common species.  

Some authors have proposed that species from arid and semiarid environments are 

adapted to respond quickly to rainfall events, taking advantage of different portions of water, 

and therefore influencing their persistence in these regions (Sala & Lauenroth 1982). Generally 

annual plants from arid and semiarid ecosystems respond fast to rain pulses, germinating, 

growing and producing a high number of seeds in a short period of time (Holmgren et al. 2006). 

In this sense, some species from these environments are opportunistic “water spenders”, 

maximizing water uptake when it is abundant (Pugnaire et al. 1996, Williams et al. 1998), and 

are able to adjust their growth rate to water supply, which could provide a competitive 

advantage in environments where rain is scarce. 

Rainfall is known to affect leaf and flower phenology even in regions with plenty water 

supply (Wielgolaski 2001), although it is more determinant in dry regions. It stimulates greenup 

onset and determines the duration of growth and flowering in desert plants (Fox 1990; Abd El-

Ghani 1997; Ghazanfar 1997). It has also been shown to affect leafing and flowering phenology 

in Mediterranean species (Peñuelas et al. 2002) and of trees in tropical dry forests (Borchert 

1994). However, there are other studies that report non-significant effects of soil moisture on 

phenology (Dunne et al. 2003; Peñuelas et al. 2002), and our data are consistent with them 
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probably because our species show a more drought-tolerant behaviour. In this way, there are 

reports of small phenological responses to rainfall patterns in more drought-tolerant species 

(Peñuelas et al. 2004; Peñuelas et al. 2002). 

In conclusion, we found that altered watering patterns could lead to changes in 

flowering and productivity in a semiarid annual plant community. Delayed watering patterns led 

to delays in flowering and reduced productivity. Furthermore, decreased water amount and 

frequency, and altered seasonality produced a reduction in plant size and number of individuals 

recruited, but no changes in flowering phenology. Species diversity was not affected by 

watering delay, but it did by changes in frequency, water amount and seasonality. These 

alterations are quite complex, as reflected by the significant interactions found in all statistical 

analyses, and mean that changes in amount, number of events, and seasonal distribution of 

watering have, individually or combined, negative effects on productivity and species diversity. 

These data allow us to stress the need of considering rainfall patterns as another element that 

might alter ecosystem structure and functioning. Thus, the analysis of climate change 

consequences must not depend on climatic mean-based scenarios (Katz y Brown 1992) but must 

take into account seasonal changes on rainfall quantity and frequency (Mearns et al. 1997).
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CAPÍTULO 4 

PHENOLOGICAL AND REPRODUCTIVE RESPONSES OF A SEMIARID WOODY 

SHRUB TO PULSED WATERING 

Abstract 

Climate change models forecast a reduction in annual precipitation and more extreme 

events, which may have deep effects on terrestrial ecosystems. Water availability is often the 

most limiting factor for plant activity in arid environments. In such environments, water 

availability is highly pulsed, and discrete rainfall events interspersed with drought periods are 

important components of the annual water supply. Vegetation not only responds to rainfall 

quantity, but also to variations in time, and relatively small changes in rainfall frequency (i.e. 

pulsed inputs) can have strong effects on vegetation. We tested the effects of fewer rain events 

on flower and fruit phenology, and reproductive success of a small shrub species from SE Spain 

on a glasshouse trial. We found that, by altering water supply we caused a strong alteration of 

pots drying dynamics, as well as a decrease in the water content at the end of watering cycles, 

producing some changes on Phagnalon saxatile. Flower and fruit phenology were not 

significantly affected by this. On a same way, no changes on the number of flowers, fruits and 

the fruit set were observed due to the different frequencies applied. However, plants growing 

under lower frequency produced heavier fruits and shoots. These heavier fruits resulted on 

higher number of seeds, seedlings and seed viability for plants growing under the half events 

treatment. Heavier shoots and no difference detected on root biomass, drove to a higher R:S 

ratio for plants watered 4 days a week. We also found plant-based differences on the studied 

variables, even when no treatment difference was detected. Higher reproductive success 

achieved by Phagnalon´s individuals submitted to low watering frequency may have important 
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consequences on community dynamics if the soil water content response to less but bigger rain 

events is an increase of water availability as in our pots. 

Resumen 

Los modelos de cambio climático predicen una reducción en la precipitación anual y un 

mayor número de eventos extremos, los cuales pueden tener profundos efectos en los 

ecosistemas terrestres. En ecosistemas áridos, la disponibilidad de agua es a menudo uno de los 

factores más limitantes para la actividad vegetal. En estos ambientes, el régimen de lluvias se 

produce en pulsos, y pequeños eventos de lluvia alternados con periodos de sequía más o menos 

largos son importantes características del régimen hídrico. La vegetación no solo responde a la 

cantidad de lluvia, sino que también lo hace a las variaciones en tiempo, y pequeños cambios en 

la frecuencia de los eventos de precipitación (i.e., pulsos) pueden tener fuertes efectos en la 

vegetación. Nosotros hemos evaluado los efectos de un número menor de eventos de lluvia en la 

fenología de flores y frutos y éxito reproductivo de una pequeña especie arbustiva del SE de 

España a través de un experimento de invernadero. Hemos encontrado que mediante la 

alteración del suministro hídrico provocamos una disminución del contenido hídrico al final del 

ciclo de riego, produciendo algunos cambios en Phagnalon saxatile. La fenología de flores y 

frutos no fue afectada significativamente por la alteración del número de riegos. De la misma 

manera no se detectaron cambios en el número de flores, frutos y número de flores que pasan a 

frutos debido a las diferentes frecuencias aplicadas. Sin embargo, las plantas que crecieron bajo 

una frecuencia de riegos menor  produjeron frutos y tallos más pesados. Estos frutos de mayor 

tamaño, contenían un mayor número de semillas, que además resultaron en una mayor tasa de 

germinación. Los tallos más pesados, y la ausencia de diferencia en el peso de las raíces, 

condujo a una mayor razón Raíz: tallo para las plantas regadas cuatro días a la semana. 

Diferencias debidas a la planta también se detectaron, incluso en ausencia de diferencias debidas 

a los tratamientos aplicados. El mayor éxito reproductivo alcanzado por los individuos de 

Phagnalon sometidos a una menor frecuencia de riego podría tener importantes consecuencias 
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en la dinámica de la comunidad si el contenido hídrico del suelo aumenta como respuesta a 

menos eventos pero de mayor tamaño como en nuestros envases. 

Introduction 

Research on plant phenology is important to understand the responses of plant 

communities to climate change. Studies based on long phenological series and/or supported by 

field surveys or remote sensing have reported temperature as a factor responsible of 

phenological changes such as flowering, fruit ripening, and leaf unfolding and shedding in plant 

species (Schwartz et al. 2006; Menzel 2005; Menzel et al. 2006; Peñuelas & Filella 2001; 

Gordo & Sanz 2005). Rainfall is also known to affect leaf and flower phenology even in regions 

with good water supply (Wielgolaski 2001), although it is more determinant in dry regions. 

Rainfall triggers greenup onset and determines the duration of growth and flowering of some 

desert plants (Fox 1990; Abd El-Ghani 1997; Ghazanfar 1997). It has also been shown to affect 

leafing and flowering phenology in Mediterranean species (Peñuelas et al. 2002) and of trees in 

tropical dry forests (Borchert 1994). However, there are some studies that report non-significant 

effects of soil moisture on phenology (Dunne et al. 2003; Peñuelas et al. 2002). 

Importantly, changes in flowering date could lead to a reduction in the number of fruits, 

number of seeds, and seedling recruitment (Peñuelas et al. 2004), affecting plant communities 

in the long term (Peñuelas et al. 2002). Indeed, productivity in arid environments is water-

limited (Fischer & Turner 1978), and reductions in size and number of seeds due to changes in 

rainfall patterns could imply a reduction of genetic variability in populations of these 

communities, turning them more sensitive to adverse conditions (Harper 1977; Baskin & Baskin 

1978; Grime 1979; Templeton & Levin 1979). Also, a smaller seed size could affect seedling 

performance, reducing establishment and survival (Bonfil 1998; Leishman & Westoby 1994; 

Benard & Toft 2007). Timing at which a seedling emerges can determine its fate, as early 

emergence increases seedling survival and growth (Castro 2006) especially in annual species 

(Verdu & Traveset 2005). It is also likely that phenological changes decouple species 
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interactions, such as those between plants and their pollinators, or between birds and their plant 

and insect food supply (Peñuelas et al. 2002; Peñuelas & Filella 2001).  

Climate change models forecast for SE Spain a reduced annual precipitation and more 

extreme rainfall events (meaning less rainy days and longer drought periods between events), 

which may have deep effects on terrestrial ecosystems. In arid environments water availability 

is highly pulsed, and discrete rainfall events interspersed with drought periods are important 

components of the annual water supply. Plant communities do not only respond to rainfall 

quantity (Noy-Meir 1985; Reynolds et al. 2004), but also to variations in time (Sala & 

Lauenroth 1982, Turner & Randall 1989, Lázaro et al. 2001; Knapp et al. 2002), so that 

relatively small changes in rainfall frequency (i.e., pulsed inputs) can have a strong effects on 

communities.  

We tested the effects of fewer rain events on flower and fruit phenology, fruit set and 

fitness of a small shrub species from SE Spain on a glasshouse experiment. We modified 

watering amount and frequency expecting delays on flowering and fruiting caused by lower 

watering frequency. A reduction on fruit mass, number of seeds, and seed viability was also 

expected in relation to a reduction in the number of rain events, since it may mean lower soil 

water content.  

Material and Methods 

A number of experiments were carried out on a glasshouse from March 2006 to October 

2007 using seeds of different species from a semiarid mediterranean plant community from the 

Tabernas Dessert (Almería, Spain, 37º5´ N, 2º21´ W, 500 m.a.s.l.) dominated by small shrubs 

like Artemisia barrelieri Bess., Artemisia hispanica Lam. and Phagnalon saxatile (L.) Cass., 

with annual species like Bromus rubens L. Reichardia tingitana (L.) Roth or, Stipa capensis

Thunb. Typical silicolous species such as Linaria nigricans Lange or Silene littorea Brot., as 

well as isolated individuals of Retama sphaerocarpa (L.) Boiss. and Stipa tenacísima L. are also 

found in this community. Local climate is Mediterranean, characterised by a mean annual 

precipitation of 242 mm and a drought period from June to September where rain is scarce most 
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years. Mean annual temperature is 17.9 ºC, with mean extremes of 10.7 ºC in January and 34.7 

ºC in August; frosts, possible from November to March, are not common (Lázaro et al. 2001).  

In May 2006 20 plastic pots (14.5 cm above diameter, 21 cm high), with their bases 

perforated to allow drainage, were filled with a mixture 1:1 (in volume) of expanded perlite 

(OTAVI IBÉRICA SL; El Ejido, Almería, Spain) and fine vermiculite (Verlite®; Vermiculita y 

Derivados S.L.; Gijón, Spain), and placed in a glasshouse at the Estación Experimental de 

Zonas Áridas (Almería, Spain) under natural conditions of light and temperature. On 3 May 

2006, 10 seedlings of Phagnalon saxatile were spread on each pot. Phagnalon saxatile 

(Asteraceae) is a small shrub that colonizes abandoned cereal crop fields and also can be found 

atop stonewalls and rocks. These seedlings had been grown for 3 weeks on a tray and were 

obtained from seeds collected manually in the study area at the end of May 2005. Each pot was 

watered several times a week until 31 July 2006 when seedlings were thinned to 2-3 per pot and 

two treatments were started: 

- Control, 4 x 50 ml events per week and pot (Monday, Tuesday, Thursday and Friday). 

- Half the events, 2 x 100 ml events per week and pot (Monday and Thursday). 

10 pots were randomly assigned to each treatment. 

From the beginning of the experiment, every two weeks 50 ml per pot of a standard 

fertilizer nutrient solution (7%N, 5%P2O5, 6%K2O, COMPO, BASF Española S.A., Spain) were 

added as part of the programmed watering.  

Measured variables and data analysis 

To estimate the effect of altered watering on substrate water content, pot weight before 

and after watering was recorded daily for a week. In order to standardize measurements, initial 

pot weight was subtracted from each measurement. Changes on water content were analyzed by 

ANCOVA using date and time of measurement as a covariate. 

Pots were checked every day, and each flower was labelled (the label included a code to 

identify plant and flower) and the flowering date was recorded. After that, when each flower set 

fruit, ripen fruits were collected and the date recorded: Fruits were weighted and stored. 
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Flowering started at the end of October 2006 and finished in May 2007. Fructification of this 

species spread from lasted from November 2006 to the end of May 2007. 

On 12 June 2007, 10 Phagnalon fruits per treatment were randomly selected and spread 

on 20 Petri dishes (one per fruit) and watered every day to check seed viability of plants 

subjected to different watering regimes. Seedling emergence was recorded every 1-2 days. 

When seed emergence stopped percent seed viability was calculated.  

In July 2007 plants were harvested and the above- and belowground plant fractions 

separated and dried at 72 ºC for 48 h. From these data the root-to-shoot mass ratio(R:S) of each 

plant was calculated. 

Flowering and fructification dates and the number of days elapsed from the beginning 

of the experiment, and the number of days from flowering to fructification, were analysed using 

a General Linear Model, treating water treatment as a fixed factor, and pot as random factor 

nested within the water treatment because of the high number of flowers and fruit was not 

balanced between treatments and pots, so the appearance of a flower or fruit could be influenced 

at first by the plant and then by the treatment. 

Fruit mass was also analysed using a nested design ANOVA, where pot (random factor) 

was nested within the treatment (fixed factor).    

  

Variable Treatment Pot(Treatment) 
Flowering Date F1,756= 0.000 n.s. F18,756= 5.000 *** 
Days for Flowering F1,756= 0.600 n.s. F18,756= 5.700 *** 
Fructification Date F1,756= 1.000 n.s. F18,756= 5.000 *** 
Days for Fructification F1,756= 0.800 n.s. F18,756= 5.800 *** 
Days for Fructification  after flowering F1,756= 0.000 n.s. F18,756= 4.520 *** 
Fruit Mass (g) F1,756= 9.785 ** F18,756= 6.287 *** 

Table 1.- F values of nested ANOVA on phenology data and fruit mass, where pot (random factor) was 
nested within the treatment (fixed factor). *, ** and *** for p<0.05, p<0.01 y p<0.001 respectively; ns 
=not significant. Significant differences are shown with bold letters. 

  Number of flowers and fruits, percent of flowers that set fruit, R:S ratio, above and 

belowground mass were tested by ANOVA. Number of seedlings, non-viable seeds, total 

number of seeds and seed viability (%) were also analyzed by a one-way ANOVA. 
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Variables were transformed and normalized when needed to avoid heteroscedastity. All 

analyses were carried out using the Statistica package (v.6.0; StatSoft, Tulsa, Okla, USA). 

Results 

Watering patterns caused significant differences on pot water content. Pots submitted to 

higher frequency of watering showed a mean reduction of 59% in water content compared with 

lower-frequency pots (ANCOVA, F1,67 = 15.375; p= 0.0002). 

  

Figure 1.- Number of days to flowering and fructification, and time elapsed from flowering to 
fructification for Phagnalon saxatile plants subjected to two watering frequency levels. Bars are mean 
values ± 1 SE (n=776). ANOVA results are shown as *, ** and *** for p<0.05, p<0.01 and p<0.001 
respectively; ns =not significant. 

There were no significant differences between treatments regarding flowering date or 

number of days elapsed from the beginning of the trial to bloom (Table 1; ANOVA F1, 763 = 0, 

p=0.492; and F1, 756 =0.600, p=0.452 respectively). Control plants flowered 7.68 days earlier 

than plants subjected to low-frequency watering (226.60±2.08 vs. 234.26±2.02; Figure 1). Plant 

significant differences were detected due to high variability in the data (Table 1). 
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Fruit phenology showed similar results; no significant differences due to watering 

frequency were detected on fructification date or number of days elapsed from the beginning of 

the trial to fructification (Table 1), but control plants set fruit around 7.38 days earlier (Figure 

1). Fruit phenology showed also high plant-based variability (Table 1). 

No differences were detected in the number of elapsed days from flowering to 

fructification (Table 1; F1, 756 =0, p=0.9728). Genetic variability was again significant when this 

variable was analysed (Table 1). 
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Figure 2.- Mean fruit mass (g) produced by Phagnalon saxatile subjected to high and low 
watering frequencies. Bars are mean values ± 1 SE (n=776). ANOVA results are shown as *, ** and *** 
for p<0.05, p<0.01 and p<0.001 respectively; ns =not significant. 

No effect of frequency was detected regarding the number of flowers, the number of 

fruits or percent of flowers that became a fruit. Plants growing under control conditions 

produced 41.4±3.90 flowers, while plants growing under lower watering frequency produced 

36.9±4.67 flowers. The percentage of flowers that became fruits was 99.27%±0.55 for the 

control treatment and 99.79%±0.20 for the reduced number of events treatment. 

Fruits growing under half the rainfall events were heavier (by 0.003426 g or 7.56%) 

than control fruits (Figure 2). This difference resulted on significant differences due to the 

treatment and plant variability (Table 1).  
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Figure 3.- R:S ratio, above- and belowground plant mass (g) for each watering manipulation on 
individuals of Phagnalon saxatile. Bars are mean values ± 1 SE (n=20). ANOVA results are shown as *, 
** and *** for p<0.05, p<0.01 and p<0.001 respectively; ns =not significant. 

Plants subjected to lower watering frequency showed smaller R:S ratio (ANOVA F1,18= 

5.0464; p= 0.0374; Figure 3a) because they produced significantly heavier shoots than plants 

under control (ANOVA F1,18= 10.318; p= 0.0048; Figure 3b). However, no significant 

differences were detected for root mass (ANOVA F1,18= 0.226; p= 0.641; Figure 3c). 

Number of seedlings, non-viable seeds, total seed number and seed viability were 

significant affected by water pulses. Plants growing under lower frequency produced fruits with 

more seeds (ANOVA F1,18= 8.851; p= 0.008; Figure 4a), which had higher germination rate 



Phenological and reproductive responses of a semiarid woody shrub to pulsed watering Capítulo 4 

105

(ANOVA F1,18= 8.163; p= 0.014; Figure 4b). The number of seeds that did not emerge was 

higher in fruits produced by control plants (ANOVA F1,18= 5.964; p= 0.025; Figure 4a).  
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Figure 4.- Number of seedlings, non-viable seeds and total number of seeds (a), and germination rate (b) 
of Phagnalon saxatile produced under high and low watering frequency.  Bars are mean values ± 1 SE 
(n=10). ANOVA results are shown as *, ** and *** for p<0.05, p<0.01 and p<0.001 respectively; ns =not 
significant. 

Discussion 

We found that, by altering water supply, we modified growth dynamics of Phagnalon 

saxatile. Phenology was not significantly affected by water manipulations, but the species 

showed high genetic variability regarding flowering and fruiting (Figure 1). Similarly, no 

changes in the number of flowers, fruits or fruit set were observed due to the different 

frequencies applied. However, plants growing under lower frequency produced heavier fruits 

and shoots (Figure 2), which resulted in higher number of seeds with higher germination rate in 

plants growing under the half-events treatment (Figure 4). Heavier shoots with no difference in 

root biomass led to a higher R:S ratio in plants watered four days a week (Figure 3). We also 

found plant-based differences on the studied variables, even when no treatments differences 

were detected (Table1). 

 Since soil water content was higher on the half-events treatment (i.e., the contrary of 

what we expected), plants growing under lower frequency might get some advantages from their 

wetter substrate over control plants. That is why heavier shoots and fruits were found on the 

lower frequency treatment. 
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Water content was likely higher on the half-events treatment because of a higher 

evaporation in the control treatment. If a fraction of water is lost to evaporation every time, then 

plants in the high-frequency treatment received less water than the low-frequency treatment. 

That may be the reason by which results differ from our hypothesis.  

It has been suggested that an opportunistic response to water availability is the simplest 

explanation for flowering patterns in sites where water is seasonally limiting. It would be 

considered a safety strategy for the control of flowering (Friedel et al. 1993; Castro-Díez & 

Montserrat-Martí 1998; Corlett & Lafrankie 1998). Multiple flowering patterns have also been 

described for other species (Opler et al. 1976; Picó & Retana 2001) and considered and adaptive 

response to unpredictability of drought intensity and duration (Llorens & Peñuelas 2005). 

However, other studies report non-significant effects of soil moisture on phenology (Dunne et 

al. 2003; Peñuelas et al. 2002) or, as observed in other Mediterranean species, the effects were 

clearly species-specific and depended on the conditions in each year (Ogaya & Peñuelas 2004; 

Peñuelas et al. 2004; Llorens & Peñuelas 2005).  

Even in the absence of significant differences on flowering and fruiting phenology, the 

reduction in the number of seeds and of germination rate is significant, as it could affect 

communities on the long term (Peñuelas et al. 2002). A reduction in the number of seeds might 

be responsible for a reduction of the genetic variability of the population, turning it more 

vulnerable to adverse conditions (Harper 1977; Baskin & Baskin 1978; Grime 1979; Templeton 

& Levin 1979). Also, a reduced seed size could compromise seedling performance, reducing 

establishment and survival (Bonfil 1998; Leishman & Westoby 1994; Benard & Toft 2007).  

The increased reproductive output of Phagnalon growing under lower watering 

frequency (i.e., higher water availability) resulted from differences at different stages of 

reproduction. Plants in out two conditions produced similar number of flowers, set similar 

proportion into fruit, but produced heavier fruits with more seeds of higher quality in the low-

frequency treatment. Differences in flower and seed production are likely caused by limited 

maternal resources (Weiner 1988; Venable 1992).  
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 Some analysed variables had a plastic behaviour. Flower and fruit phenology responded 

with no plasticity to the alteration of water supply, probably because these variables are genetic 

fixed (Table 1). For fruit biomass we also found significant differences based on watering 

treatments, which means that this variable respond with higher plasticity than phenology, that 

were individually fixed.  

 In summary, we found higher reproductive success in Phagnalon individuals subjected 

to lower watering frequency, which may have important consequences on community dynamics. 

If soil water content responds to less but bigger rain events, an increase in water availability in 

winter may have important consequences. Genetic variability counter-balanced some changes, 

but could not compensate for seed-based changes, which depended on water availability and 

may lead to select individuals more resistant to rain unpredictability. 
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Ac

a= -6.48±2.89 
a

P50PLC= 1.79±0.49 
A

Li

a= -11.91±1.11 
c

P50PLC= 0.82±0.01 
A
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