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a  b  s  t  r  a  c  t   
 
Oxalis  pes-caprae is an  invasive pseudoannual plant that reproduces exclusively via  offspring bulbs in the 
introduced range. It is most abundant in disturbed, fertile sites such as agricultural fields, but it is also  found 
in  undisturbed shrublands and shadier forest habitats. Oxalis  infestation depends on  long distance bulb 
dispersal (mainly anthropogenic) and on  the ability of bulbs to grow and reproduce successfully. We  con- 
ducted a  greenhouse experiment to test the effects of  parent bulb size  on  Oxalis  growth and offspring 
production as a function of light availability (ambient and shade), planting depth (surface vs. 9 cm  deep), 
and soil volume (full pots and pots with reduced soil volume). Oxalis grew and reproduced prolifically in all 
treatments. However, plant development and final offspring bulb production were sensitive to environ- 
mental conditions. Shading and reduced soil  volume reduced maximum plant biomass relative to control 
and planting depth treatments, which produced either higher number of offspring bulbs (control) or larger 
offspring bulbs and higher total offspring bulb biomass (planting depth). Parent bulb size  and vegetative 
reproductive organs had little effect on  plant growth and offspring production. Our  results are consistent 
with the lower abundance of Oxalis in undisturbed soils and shadier habitats in the field but indicate that 
even in these marginal habitats Oxalis can  reproduce prolifically and contribute to further spread. 

. 
 
 
 
 

1.  Introduction 
 

Rapid  and prolific reproduction is an  important trait in many 
invasive plants (Mart’ınez-Ghersa  and Ghersa, 2006; Sharma  et al., 
2005). Some species with sexual and clonal growth in  their native 
range have shifted to almost obligate clonal reproduction in  their 
introduced range (Barrett et al., 2008). This shift has been attributed to 
the reproductive advantage of asexual reproduction during the initial 
stages of invasion when founding populations are small (Barrett et al., 
2008). However, in clonal plants long  distance spread is possible only 
if there is a dispersal vector and if phenotypic plasticity overcomes the 
lack  of genetic variability thereby allowing establishment in  a wide 
range of environmental conditions (Baker, 1965; Parker et al., 2003). 

Oxalis pes-caprae (Oxalidaceae, Bermuda butter-cup or soursob; 
hereafter Oxalis)  is  a  pseudoannual geophyte native to  southern 
Africa that has  become invasive in many Mediterranean, temperate 
and sub-tropical regions of  the world since the beginning of  the 
twentieth century (Pierce, 1997). It is considered a noxious weed 
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with important economic costs due to  the production of oxalates 
which reduce crop and forage value (Marshall, 1987; Pierce, 1997; 
Parsons and Cuthbertson, 2001). Although in the native range Oxalis 
exhibits sexual and clonal reproduction  via  bulbs, reproduction 
is  almost exclusively clonal in  the introduced range (Galil,  1968; 
Ornduff, 1987; Castro et al., 2007). Offspring bulbs are  deposited 
near parent plants, and long  distance movement is mostly due to 
anthropogenic factors, although floods and wind may occasionally 
facilitate movement, and birds may act as possible dispersal vectors 
(Parsons and Cuthbertson, 2001). Throughout its  invasive range, 
Oxalis is most abundant in ruderal habitats with disturbed and well- 
drained fertile soils  (e.g. old  fields, pastures, tree groves, and road 
margins) although it  is  also  found in  less  disturbed and shaded 
habitats such as shrublands and forests (Gimeno et al., 2006). 

Habitat characteristics and growing conditions are  known to 
affect Oxalis performance. For instance, experimental field tests have 
shown that Oxalis establishment rates are  higher in old  fields than 
shrublands (VilaP  et al.,  2008). Similarly, increased nutrient avail- 
ability has  a strong positive effect on  Oxalis  growth and offspring 
production, while the reverse is true with increasing inter-, and to 
a  lower extent,  intra-specific competition (Lane,  1984; VilaP  et al., 
2006; Sala  et al.,  2007). Competitive effects have been partially 

 

mailto:dolors.verdaguer@udg.edu


  
 
 
 
 

attributed to the negative effects of shading on  plant growth and 
offspring production (Galil, 1968; Lane, 1984). The  depth at  which 
bulbs reside in the soil  also  influences Oxalis growth and develop- 
ment (Galil, 1968) with delayed emergence from deeper bulbs, 
particularly if  these are   small (Lane,  1984).  Larger   Oxalis  bulbs 
generally (but not always) produce larger plants and more offspring 
(Lane,  1984; Sala  et al., 2007). Overall, these studies suggest that 
the lower Oxalis abundance in shrublands and forests is due in part 
to decreased soil  fertility and shade.  In  addition, size-dependent 
propagule  dispersal  (e.g.   if  smaller  bulbs  are   dispersed  farther 
by  wind or  rain to marginal habitats) and shallower,  undisturbed 
soils  in  these habitats may also  limit Oxalis  performance. To date, 
however,  the extent to which Oxalis  offspring production is influ- 
enced by the soil  depth at  which parent bulbs reside and whether 
this effect is  size-dependent is  not known.  It  is  also  not known 
whether responses to shade depend on parent bulb size. 

The  effect of  parent bulb size  on  growth and development is 
likely  mediated through stored reserves (Zimmerman and Whig- 
ham, 1992; Ruiters and McKenzie, 1994; Wyka, 1999; Werger and 
Huber,  2006;  Ranwala and  Miller, 2008). In  non-bulbous species 
with vegetative reproduction, however, studies to date do not show 
consistent effects of  propagule size  on  subsequent plant growth 
and offspring production (Verburg et al., 1996; Dushyantha and 
Whigham, 1997; Santamar’ıa and Rodr’ıguez-Girone’s, 2002; Werger 
and Huber, 2006). Further, environmental stress has  been shown to 
result in  larger offspring propagules (Dong et al., 1997; Pujalon 
et al., 2008), likely  reflecting tradeoffs between offspring number 
and size  (Dong et al.,  1997). Santamar’ıa  and Rodr’ıguez-Girone’s 
(2002) also  found larger offspring propagules from mother prop- 
agules located at  deeper relative to  shallower soil  layers. Overall 
these studies show that patterns of offspring production are 
influenced  by  many  interacting  factors and  that  they  may be 
species-dependent. 

In bulbous species, the effect of bulb size  and growing condi- 
tions  on   plant  growth  and  offspring production  has   received 
little attention. Further, available data are mostly restricted to a few 
ornamentals (e.g. tulips, peonies, lilies)  or edible crop species (e.g. 
onion, garlic, shallot and leek) where research is  focused on  the 
yield  of the consumed plant organ (Nojiri et al., 1992; De Hertogh 
and  Le  Nard,   1993;  Ravnikar et  al.,  1993;  Kamenetsky,  1994; 
Kamenetsky and Japarova, 1997; Yamazaki et al., 1998, 2000; Guen- 
Le  Saos  et al.,  2002). In  contrast, information for  wild bulbous 
species is  very limited, particularly for  invasive bulbous species 
with no  sexual reproduction (as  in  Oxalis).  In  these species such 
information may provide important insight on the spread potential 
in different habitats. 

Here we  expand on  previous work and report on  the effects of 
parent  bulb size   on  Oxalis  growth and offspring production as 
a function of light availability (ambient and shade), depth of soil at 
which parent bulbs are  deposited (surface vs. 9 cm  deep), and soil 
volume (full pots and pots with reduced soil volume). The effects of 
soil volume were tested to assess the extent to which Oxalis growth 
and reproduction is limited in  confined spaces (e.g.  thin soils  on 
rocky substrates;  cracks on  walls), where small, soil  patches may 
limit the expansion of underground organs and subsequent 
offspring production (Galil, 1968). We also examined the ontogenic 
traits that underlie bulb development and their responsiveness 
to  growing conditions. Specifically, we  asked: a) Does  parent bulb 
mass influence plant development and offspring bulb production?, 
if so,  b)  is this effect sensitive to  growing conditions (light avail- 
ability, planting depth and volume of soil); alternatively, c) is 
offspring production mainly determined by environmental effects 
on  plant growth, regardless of parent bulb size?; d)  is the devel- 
opment of organs leading to  offspring production sensitive to 
growing conditions? 

2.  Material and methods 
 
2.1.  Study  species 
 

In Mediterranean ecosystems Oxalis bulbs remain dormant in the 
summer and sprout in the autumn (VilPa et al., 2006). Upon sprouting, 
a short vertical underground shoot with lateral fine roots elongates 
from the parent bulb from which the rosette of leaves arise (Fig. 1). 
At  the base of  the parent bulb a  fleshy contractile root starts to 
develop after some leaves have emerged, which later in the season 
serves as storage root tuber (Fig. 1). Later, the contraction of the tuber 
 

 

 
 
Fig. 1.  Oxalis  pes-caprae organs at its  stage of maximum aboveground biomass. Some 
flowers (FL) are shown. At the base of the rosette of leaves the two parts of the under- 
ground shoot are viewed. The upper thicker and rootless part named the shoot (SH), and 
the thinner bearing root lower part the thread (TH). The  shoot and the threat present 
several nodes. Along the shoot and the thread some offspring bulbs (DB) are in  devel- 
opment. At the shoot level a sprout (SP) provides more leaves to the rosette. Below the 
thread, the tuber is observed. The arrow indicates the position of the parent bulb before 
the contraction of the tuber and the elongation of the thread. Abbreviations: DB, offspring 
bulb; FL, flower; L, leaves; R, roots; SH, shoot; SP, sprout; TH, thread; TU, tuber. 
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elongated the ‘thread’ (the thin, rootless basal section of the shoot) to 
deeper soil horizons, which is thought to carry most new offspring 
bulbs (Chawdhry and Sagar, 1973; Pu€tz, 1994; Fig. 1). Offspring bulbs 
may also  arise from the shoot. Mature plants develop peduncles 
bearing flowers (Fig. 1), although no viable seeds are produced in the 
invasive range. Peak vegetative growth followed by flowering occurs 
in winter, and plants completely senesce in spring (VilaP et al., 2006). 
At the time of plant senescence, the tuber reserves are  exhausted as 
offspring bulbs develop to final size.  A more detailed graphical 
description of plant development can  be found in Pu€tz (1994). 

 
2.2.  Greenhouse experiment 

 
Total  offspring bulb production and mean bulb size  varies 

substantially among plants and populations (VilaP and Gimeno, 2006). 
To prevent bias  due to this variation, we  collected bulbs in Menorca 
(Balearic Islands, Spain) from distinct populations and grew them in 
a greenhouse at the University of Barcelona (Spain) for two generations 
to remove potential maternal effects. At the end of the second gener- 
ation, all bulbs from 20 randomly selected plants were pooled in a bag 
and sorted in 10 size classes (from an average of 0.08 g in the smallest 
size class  to 0.8 g in the largest size class).  Eight  sets of 10 bulbs with 
a bulb from each size class (i. e. average 0.08 g in the smallest size class 
to 0.8 g in the largest size class) were selected. Two sets of bulbs were 
assigned to one of the following four  treatments: a) bulbs planted at 
the pot soil  surface (i.e., 1 cm  deep) under natural greenhouse light 
conditions as the control treatment (C ¼ Control); b) bulbs planted at 
the pot surface under natural greenhouse light conditions but with soil 
volume reduced to half (V ¼ Reduced Volume); c) bulbs planted at the 
pot surface under low  PAR (LL ¼ Low Light) and d) bulbs planted at 
9 cm  depth under natural greenhouse light conditions (D ¼ Depth). 
Although parent  bulbs are  able  to grow and produce offspring at 
substantially deeper  soil  layers (Galil,  1968), planting depth  was 
limited to 9 cm for logistical reasons. One of the two sets per treatment 
was assigned to a first harvest at the time of maximum aboveground 
biomass and flowering, and the other to the final harvest when plants 
had completely senesced and offspring bulbs were mature. 

In  total 80  bulbs were planted.  Before planting,  each bulb was 
weighted to verify that mean bulb weight was the same for each set 
(average ± SE, 0.36  g ± 0.07).  Bulbs  were sown into 2 L plastic pots 
(11.5  cm  in  diameter x 21  cm  in  depth) filled with silica  sand on 
October 22, 2003. Reduction of soil volume in the V treatment was 
accomplished by placing a piece of cloth impermeable to roots but 
not to water at 7 cm below the soil surface with the cloth surrounding 
the pot walls to the top of the pot to prevent root penetration to the 
lower soil.  Light  reduction was implemented at  the time of emer- 
gence, when LL pots were separated from the rest and placed under 
a neutral mesh that reduced the PAR ca. 70% for the remaining of the 
experiment (average PAR inside the greenhouse on  clear days was 
800  mmol m—2 s—1). 

All pots were initially watered  to field capacity and, with the 
exception of pots placed under shade, treatments were completely 
randomized. During the first three weeks,  pots were subjected to 
a 1 min surface misting three times a day  to maintain surface soil 
moisture. After two weeks (November 6th) 78% of bulbs had emerged; 
and after 3 weeks emergence was 100%. Pots were watered periodi- 
cally every 6 (initially) to 3 days with 200  ml (about field capacity) of 
½ strength Hoagland solution. All pots were rotated every two weeks 
to avoid any  position effect. 

On March 2004, five months after initial sowing, when plants had 
reached maximum aboveground development and were flowering, 
plants from one  set from each treatment were harvested and 
morphological measurements  were taken. Each  plant was divided 
into six fractions: flowers, leaves, tuber, fine roots, shoot and thread 
(Fig. 1). We refer to the shoot as the robust stem between the rosette of 

leaves and the parent bulb, and to the thread as the rootless, thin stem 
between the shoot and the tuber (Galil,  1968). Shoot and  thread 
comprise the vegetative reproduction organ (hereafter VRO). There- 
fore, belowground  biomass  is  the sum of  roots,  tuber and VRO. 
The  following measurements  were taken in  the VRO:  length and 
number of nodes of the shoot and thread, and the number of offspring 
bulbs originated from the shoot and thread nodes. All plant parts were 
washed with tap  water to remove all  sand particles, and dried in 
a ventilated oven at 65 o C to constant weight. 

On July 2004 when plants were nine months old  and the above- 
ground biomass had completely senesced (senescent state), the 
remaining pots were harvested for bulb production. Two categories of 
bulbs were distinguished: hypogeous bulbs, originated from the shoot 
and thread and epigeous bulbs, which are leaf axillary buds originated 
from meristematic tissues at the base of the rosette of leaves. 
 
2.3.  Statistical analysis 
 

One-way analysis of covariance (ANCOVA) was performed to 
determine the effect of treatment (fixed factor) and the parent bulb 
mass (covariate) on  the following Oxalis  parameters: aboveground 
biomass (leaves and flowers), belowground biomass (root, tuber, and 
VRO), biomass allocation leaf weight ratio (LWR, leaf dry weight/total 
plant dry weight),  root weight ratio (RWR,  root dry weight/total 
plant dry weight) and VRO weight ratio (VROWR, VRO dry weight/ 
total plant dry  weight), length and number of nodes in the shoot and 
thread, number of offspring bulbs at  the first harvest; number and 
biomass of offspring bulbs, as well  as average bulb size  (biomass) at 
the end of the experiment. Pair-wise differences among treatments 
were compared by  Bonferroni post-hoc test (p  < 0.05).  When the 
treatment x covariate interaction was statistically significant, ANCO- 
VAs were performed between the dependent variable and the parent 
bulb mass for each treatment. One-way analysis of covariance was also 
performed to determine the effect of shoot length on node develop- 
ment. Assumptions of normality and homoscedasticity were tested by 
the KolmogoroveSmirnov test and Levene's test, respectively. In order 
to normalise error variances and heteroscedasticity, length of shoot 
and thread and number of nodes and offspring bulbs were square-root 
transformed, biomass was log-transformed and ratios were arcsin- 
square root-transformed prior to analysis. Statistical significance was 
set  at p < 0.05  unless otherwise specified. All statistical analyses and 
figures were conducted using the software SPSS for Windows 
(Versions 13.0,  SPSS Inc., Chicago IL., USA). 
 
3.  Results 
 
3.1.  Biomass  of non-reproductive components 
 

Parent bulb mass had a weak significant positive effect on  total 
plant biomass at the first harvest (F1,35  ¼ 5.12, p ¼ 0.032, r2  ¼ 0.822), 
although this effect was only  due to a slight, but significant, positive 
effect on root biomass (F1,40  ¼ 4.23,  p ¼ 0.048, r2  ¼ 0.498). Further, 
there was a nearly significant parent bulb mass x treatment inter- 
action (F1,35  ¼ 2.924, p ¼ 0.052) and analyses by treatment indicated 
that parent bulb mass influenced total plant biomass only  in the low 
light treatment (F1, 9 ¼ 17.653, p ¼ 0.004, r2 ¼ 0.722). Neither leaf nor 
tuber biomass were affected by parent bulb mass. While LWR was 
significantly and positively related to parent bulb mass (F1,35  ¼ 7.09, 
p ¼ 0.012; Table  1), RWR was not (F1,35  ¼ 0.39,  p ¼ 0.534; Table  1). 
Parent bulb mass was positively related to flower mass, but only  in 
the low light treatment where larger parent bulbs resulted in higher 
the flower mass (F1,10   ¼ 29.11,  p ¼ 0.001,  r2  ¼ 0.784; parent bulb 
mass x treatment interaction: F1,40  ¼ 3.82,  p ¼ 0.019; Fig. 2). 

Total  plant biomass was similar in control plants (grown under 
natural light and high soil  volume) relative to  plants from bulbs 
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Table  1 
Biomass allocation and vegetative reproduction organ traits for Oxalis from the first harvest at the time of maximum plant growth. Values are mean (±standard error). Values of 
n (sample size), F for  the fixed factor (treatment) and the significance p for  the factor and the covariate (parent bulb mass) derived from the analysis of ANCOVA are included. 
Within a variable the A letter capital or lower case indicate significant differences. Abbreviations: cov,  covariate; ns, not statistically significant; LWR, leaf weight ratio; RWR, 
root weight ratio; VRO, vegetative reproduction organ; VROWR,  vegetative reproduction organ weight ratio. 

 
Biomass allocation and vegetative reproduction organ traits (VRO) 

 

 Surface  Depth  Soil  volume  Low  PAR  n F p (factor) p (cov) 
LWR (g/g) 0.430 ± 0.013 A 0.465 ± 0.016 A 0.426 ± 0.014 A 0.607 ± 0.030 a 35 20.981 0.000 0.012 
RWR  (g/g) 0.063 ± 0.007 A 0.064 ± 0.005 A 0.106 ± 0.010 a 0.062 ± 0.006 A 35 8.260 0.000 ns 
VRO dw (g) 0.098 ± 0.010 A 0.203 ± 0.015 a 0.098 ± 0.033 A 0.087 ± 0.024 A 36 6262 0.002 ns 
VROWR  (g/g) 0.017 ± 0.002 A 0.034 ± 0.002 A 0.029 ± 0.011 A 0.029 ± 0.008 A 35 2100 ns ns 
Shoot             

Length (cm) 2.720 ± 0.671 A 10.240 ± 0.459 a 2.790 ± 0.542 A 3.160 ± 0.579 A 40 43,995 0.000 0.002 
no  nodes 3.100 ± 0.433 A 7.400 ± 0.400 a 2.400 ± 0.371 A 3.400 ± 0.427 A 40 26,557 0.000 ns 
dw (g) 0.056 ± 0.008 A 0.147 ± 0.012 a 0.043 ± 0.006 A 0.061 ± 0.024 A 36 11,141 0.000 ns 

Thread             
Length (cm) 1.874 ± 0.273 A 5.920 ± 0.172 a 2.280 ± 0.489 A 1.990 ± 0.219 A 40 36,893 0.000 ns 
no  nodes 3.500 ± 0.167 A 3.800 ± 0.200 A 3.300 ± 0.153 A 3.500 ± 0.167 A 40 1449 ns ns 
dw (g) 0.043 ± 0.004 A 0.056 ± 0.007 A 0.055 ± 0.029 A 0.026 ± 0.005 A 36 0.858 ns ns 

Offspring bulbs (no ) 
Shoot 0.200 ± 0.133 A 4.800 ± 0.646 a 0.400 ± 0.221 A 0.000 ± 0.000 A 40 32,486 0.000 ns 
Thread 13.900 ± 1.410 A 11.200 ± 0.593 A 12.100 ± 0.912 A 11.900 ± 0.526 A 40 1400 ns ns 

 
 

planted at depth. However, it was about 1.5 times larger relative to 
plants from bulbs subjected to reduced soil volume or to low  light 
(Fig. 3A). Total  belowground biomass was highest in control plants 
and lowest in  shaded plants, with intermediate values in  the soil 
depth and reduced soil  volume treatments (Fig. 3B). Tuber mass 
was also largest in the control treatment with reductions from 45 to 
65% in  the remaining treatments (Fig. 3B), which were not statis- 
tically different among each other. Root biomass was similar among 
the control, soil depth and low soil volume treatments, with ca. 60% 
higher values relative to the low   light (Fig.  3B).  Shaded plants 
allocated a  higher proportion of  biomass to  leaves whereas low 
volume soil plants allocated a higher proportion to roots (Table  1). 

 
 

 
 

Fig. 2.  Relationship  between parent bulb mass and flower mass at the first harvest 
(maximum plant biomass) in  the different treatments. A significant linear regression 
was only found for the low light treatment. Abbreviations: C, control; D, depth; V, low 
volume soil; LL, low light treatments. 

3.2.  Vegetative reproductive organ and  bulb  development 
 

Parent  bulb biomass did   not affect the  development of  the 
vegetative reproduction organ (VRO), with the exception of  the 
shoot length (Table  1): larger parent bulbs produced longer shoots 
(F1,40   ¼ 10.428, p  ¼ 0.003) (Fig.  4A)  consisting of  more nodes 
(Fig. 4B). While the proportion of biomass allocation to the VRO was 
similar among all  treatments (Table  1),  growing conditions influ- 
enced its  total biomass: bulbs planted at  depth produced a  VRO 
approximately two-fold heavier than that of plants from the other 
treatments (Table  1). This increase was largely due to a ca. five-fold 
longer and two-fold heavier shoot, bearing the highest number of 
nodes (ca. 8) (Table  1; Fig. 4A). Plants from bulbs planted at depth 
had a  significantly longer thread, although no  differences in  the 
thread dry  mass were detected. The  number of thread nodes was 
3 or 4 in all bulbs (Table  1). 

Offspring bulbs developed from axillary buds at the shoot and 
thread nodes. Bulbs in different developmental stages were observed 
at a single node indicating that bulb development was not synchro- 
nous. The  initiation of bulb development followed an  acropetal 
ontogenic sequence: it started first from nodes of the thread (below 
the shoot, and closer to the tuber) and then from nodes of the shoot. 
Therefore, at the maximum biomass stage (i.e., the first harvest) there 
were few  activated axillary buds at  the shoot in  some treatments 
(Table  1). For instance,  no  initiated offspring bulbs were observed in 
the shoot in the shading treatment (Table  1). In contrast, bulbs from 
the soil depth treatment had the highest number of initiated offspring 
bulbs from the shoot (Table  1). The number of offspring bulbs in the 
thread was similar among treatments (Table  1). 
 
 
3.3.  Bulb production 
 

Overall, number  of  offspring bulbs varied over a  5-fold range 
(18e99), individual bulb mass over a 15-fold range (0.045e0.751 g) 
and total offspring biomass over a  25-fold range (1.16e30.04  g). 
Parent bulb mass did  not influence the total number and biomass of 
offspring bulbs and the size of individual bulbs. However, treatments 
greatly influenced bulb production and size  (Fig. 5):  while control 
plants produced about 1.5  times more bulbs than plants from any 
other treatment (Fig. 5A), total offspring bulb biomass and size (mass) 
of individual bulbs was much higher in plants from bulbs planted at 
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Fig.  3.  Biomass of  Oxalis  organs at the first harvest (maximum plant biomass) as 
a function of treatment. Values are means (±standard error) for (A) leaves (shaded bars), 
flowers (hatched bars) and total plant (open bars); (B) roots (shaded bars), tuber (hatched 
bars) and belowground (open bars).  Within a given biomass fraction, different letters 
denote significant differences among treatments (p  < 0.05). Abbreviations: C: control; 
D, depth; V, reduced soil  volume and LL, reduced low light treatments. 

 
 

depth (Fig. 5B and C). Differences in bulb number and biomass were 
mainly accounted for by hypogeous bulbs, which were much larger 
(12x) than epigeous bulbs. Although epigeous bulbs contributed to 
a very  small fraction of total bulb biomass, they represented about 
40%  of  the total number produced.  Number and total biomass of 
epigeous bulbs were similar for all treatments (Fig. 5A and B). 

 
4.  Discussion 

 
Consistent with its  invasive capacity,  Oxalis  was able  to  grow 

and to  reproduce prolifically in  all treatments. Total  offspring 
production per   plant exceeded in  all  cases 35  bulbs, of  which 
over 20 were hypogeous, larger bulbs and the rest epigeous, smaller 
bulbs. In  spite of  this,  development and final offspring bulb 
production were highly sensitive to environmental conditions: 
shading and reduced soil  volume produced much smaller plants 
than control and soil depth treatment indicating a negative effect of 
limiting light and soil  resources.  Differences in  maximum plant 
biomass translated to  either a  higher number of  offspring bulbs 

 
 
 
 
 
Fig. 4.  Relationship  between (A), parent bulb mass and shoot length, and (B)  shoot 
length and number of shoot nodes in  Oxalis  grown under different treatments at the 
first harvest (maximum plant biomass). Only  statistically significant linear regressions 
are shown. Abbreviations: C: control; D, depth; V, reduced soil volume and LL, reduced 
low light treatments. 
 
 
(control treatment) or a higher total bulb biomass (planting depth). 
In contrast, parent bulb mass and VRO traits did  not influence the 
number or  the total biomass of offspring bulbs. Our  results show 
that in spite of environmental constraints Oxalis reproductive 
capacity remains very high suggesting that even marginal habitats 
might be sources of propagules and contribute to further spread. 

 
4.1.  Effect of treatments and  parent bulb  mass  on Oxalis growth 
 

Overall we  found that parent bulb size had small effects on plant 
biomass and no  effect on  final offspring bulb production.  Under 
limiting resource availability Oxalis parent bulbs may initially provide 
resources to developing plants (Sala  et al.,  2007). However,  and 
consistent with Chawdhry and Sagar  (1973) vegetative growth 
apparently became independent of parent bulb once plants produced 
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Fig. 5.  Oxalis  offspring production at the final harvest (when all above ground organs 
had senesced) as  a  function of  treatment. (A)  Total number of  bulbs (shaded bars), 
number of hypogeous bulbs (hatched bars) and number of epigeous bulbs (open bars); 
(B) total biomass of all  bulbs (shaded bars), of hypogeous bulbs (hatched bars) and of 
epigeous bulbs (open bars); (C)  mass per bulb of  all  bulbs combined (shaded bars), 
hypogeous bulbs (hatched  bars) and  epigeous bulbs (open  bars). Within  a  given 
fraction, different letters denote significant differences among treatments (p  < 0.05). 
Abbreviations: C: control; D, depth; V, reduced soil  volume and LL, reduced low light 
treatments. 

 
leaves and started exporting carbohydrates to underground organs. 
Similar results in tuberous species were reported by Santamar’ıa and 
Rodr’ıguez-Girone’s (2002) and Werger and Huber (2006). 

Increases in biomass allocation towards organs that capture the 
most limiting resources (in this study, roots and leaves; Bloom et al., 
1985) and differences in nutrients or light availability are consistent 
with the lower performance of plants from the low soil volume and 
low  light treatments. Although plants under low  soil  volume allo- 
cated more biomass to  roots, it is likely  that the lower bulb 
production (number and biomass) was due to insufficient total soil 
resource pools with which to  supply the leaves. Similarly, shaded 
plants allocated more biomass to  leaves,  but light-limited carbon 
assimilation apparently limited carbon availability for  root devel- 
opment and subsequent bulb production. 

It is worth noting the significant flower biomass produced in all 
treatments. Such  investment in flowers may be mal-adaptive in 
invasive Oxalis where sexual reproduction has  been lost and where 
asexual reproduction is strongly dependent on resources. The rela- 
tionship between parent bulb size  and flower biomass in the shade 
treatment suggests a genetically controlled investment in  flowers. 
Such genetic constraint combined with reduced carbon assimilation 
in the shade may increase the dependency of flower production on 
bulb stored resources and parent bulb size.  Consistently, vegetative 
propagules have been shown to influence flower development in 
other  species with vegetative reproduction  (Verburg and Grava, 
1998; Orthen and Wehrmeyer, 2004). 
 
4.2.  Effect of treatment in bulb  production 
 

Although  Oxalis   bulb initiation starts  very early after the 
contraction of the tuberous root (Chawdhry and Sagar, 1973), most 
buds initiate and develop to final size  after plants reach maximum 
aboveground growth and start to  senesce. This  explains why the 
number of developing buds at the first harvest (stage of maximum 
plant biomass) was not related to final offspring bulb number. For 
instance, the number of bulbs in the control treatment increased by 
ca. 70% from the first to the final harvest. 

Plants from bulbs planted at  depth produced higher total 
offspring bulb biomass and heavier bulbs. This  was related to 
substantially longer and heavier shoots but not to  heavier tubers, 
suggesting that the shoot may partially substitute for the role of the 
tuber as a supply of reserves for bulb enlargement (see  Galil, 1968). 
The mechanisms underlying increases in bulb size  with soil  depth 
could involve phytochrome responses (Sato-Nara et al., 2004) as 
demonstrated in onion (Yamazaki et al., 1998). 

Higher bulb number in  control plants but heavier bulbs in  the 
planting depth treatment are consistent with propagule size-number 
tradeoffs models suggesting that greater number of  offspring are 
advantageous in non-stressful environments, while larger offspring 
size  at the cost  of reduced number of offspring are  advantageous in 
stressful environments (Smith and Fretwell, 1974; Sadras, 2007). We 
found that emergence was not influenced by parent bulb size, likely 
because even the smallest bulbs (average of 0.08  g) provided suffi- 
cient resources to elongate 9 cm  up  to the soil  surface. In the field, 
however, larger bulbs may be required to supply reserves to emerge 
from greater soil depths (Lane, 1984). 
 
4.3.  Ontogeny of bulb  production 
 

The  presence of  contractile roots  in  most  species has   been 
related to the benefits of pulling down geophilic organs into soil 
layers where environmental conditions are  more stable (Jaffe and 
Leopold, 2007). In Oxalis, root contraction is critical to elongate the 
thread and to allow offspring bulb distribution along the soil profile 
(Galil,  1968; Pu€tz,  1994). Therefore, plastic responses  in  thread 
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development as a function of environment may influence offspring 
production and distribution along the soil  profile. In contrast, we 
found that the number of nodes in  the thread remained constant 
regardless of treatment. Instead, the number of nodes in the shoot 
increased in bulbs planted 9 cm below the soil surface, but this did 
not result in  more offspring bulbs. Overall, developmental  differ- 
ences of the vegetative reproduction organ (VRO) had no effect on 
Oxalis growth and development and final offspring production. For 
instance, all variables relating to the VRO in the reduced soil volume 
and reduced light treatments were similar to  those of the control 
treatment, which produced larger plants and more bulbs. 

 
4.4.  Implications for Oxalis invasion 

 
Consistent with greater Oxalis abundance in open, disturbed and 

fertile field sites (Gimeno et al., 2006), we  found that reduced light 
or soil  resources limited Oxalis  growth and offspring production. 
Importantly, however, Oxalis reproduced prolifically in all treatments 
with an  average of over 30  bulbs per plant,  a value similar to that 
reported by VilaP and Gimeno (2006) and VilaP et al. (2006) from similar 
Menorca populations grown under favorable conditions. If similar 
patterns persist in the field, even marginal habitats may significantly 
contribute to further spread. Our results also  suggest that ploughing 
may increase plant size  and bulb production, and those plastic 
responses such as  the production of larger offspring at  greater sol 
depths may facilitate Oxalis spread. The little influence of parent bulb 
size  on final bulb production (see  also  Sala et al., 2007) may explain 
the low success of efforts to eradicate Oxalis (VilaP and Gimeno, 2007). 
This  is because small bulbs are difficult to locate and remove, but 
they can  grow and reproduce prolifically. The  ability of Oxalis to 
produce both hypogeous and epigeous bulbs is likely  significant as 
well.  Although epigeous bulbs are very  small and comprise a very 
small fraction of  total offspring biomass,  their average size  in  the 
control and soil depth treatment was very close to or at the minimum 
parent bulb size  we  tested in our experiment. Evidently, even these 
small bulbs have the potential to grow and reproduce well,  particu- 
larly under favorable conditions. Therefore, their production may be 
a strategy to enhance spread at a very  small cost. 
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