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Abstract: Zygophyllum xanthoxylum, which belongs to Sarcozygium of Zygophyllaceae, is one of the ecologically 
important species in Northwest China. In order to understand the pollination system of Z. xanthoxylum, we investi-
gated the following characteristics of this species in the Urat Desert-grassland Research Station in western Inner 
Mongolia of China: flowering dynamics, pollen viability, pollen limitation, floral visitors and breeding system. The 
results showed that the flowering period and flowering peak were different between the wild and managed popula-
tions, being longer in the managed population. Z. xanthoxylum was pollen-limited, and pollen limitation was more 
intense in the wild population than in the managed population. Chalicodoma deserticola (Hymenoptera) was found 
to be the most frequent pollinator in the wild population, while Anthophora fulvitarsis (Hymenoptera) was the most 
frequent and effective visitor in the managed population. Out-crossing was dominant in the breeding system and 
self-pollination just played an assistant role to assure the reproduction of Z. xanthoxylum. 
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Pollination is a key process in terrestrial communities, 
being the first stage in sexual reproduction of plants, 
and an essential prerequisite for the development of 
fruits and seeds (Kevan et al., 1990). Therefore, polli-
nation affects the variety of ecological and evolutional 
processes of many plant species, such as floral attrac-
tion, plant mating system and population persistence 
(Bond, 1994; Kearns et al., 1998; Ashman et al., 2004; 
Ashman and Morgan, 2004). Pollination traits have an 
important influence on the growth, development and 
reproduction of plants. Like other living things, plants 
can’t be separated from environmental factors and exist 
alone. On the one hand, the temperature, moisture, air, 
animal, soil and other factors play important ecological 
roles in the growth and development of plants. On the 
other hand, plants have adaptability and different re-
sponses to the changes of environmental factors 

through pollination traits. Studying pollination traits is 
helpful to understand the reproductive success of plants, 
as well as environmental factors influencing the dy-
namics of populations (Arias-Cóyotl et al., 2006). 

For flowering plants, successful pollination is a pre-
requisite for sexual reproduction. However, plants un-
der natural pollination conditions often suffer from 
pollen limitation (Ashman et al., 2004; Knight et al., 
2006). For example, the small populations only could 
attract fewer pollinators, resulting in the reduced stigma 
pollen load and decreased fruit set. Pollen limitation 
happens when plant reproduction is limited by the 
quantity or quality of pollen-received, meanwhile pol-
linators are low in abundance or pollinator services are 
unreliable in environments (Byers, 1995; Ashman et al., 
2004; Aizen and Harder, 2007). In arid environments, 
pollinator service is more unreliable and persistently 
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low. Xerophilous plants that depend on pollinator ser-
vices are most likely to be pollen-limited because in-
sect pollinators are lower in diversity and abundance 
in arid regions. Additionally, the climate in arid habi-
tats is typically windy, curtailing flying insect forag-
ing time. Sexual selection theory once optimistically 
predicted that plant reproduction should not be limited 
by pollen receive (Janzen, 1977; Wilson et al., 1994). 
However, recent studies indicated that pollen limita-
tion is widespread in plants (Burd, 1994; Larson and 
Barrett, 2000; Knight et al., 2006). The potential con-
sequences of pollen limitation for plant populations 
have been extensively studied over the last decades 
(Burd, 1994; Larson and Barrett, 2000; Knight et al., 
2006). To access pollen limitation, most studies have 
added extra pollen to flowers of some plants and 
compared the fruit or seed sets from these plants with 
those from control plants subjected to natural pollina-
tion (e.g. Ashman et al., 2004).  

The management of vegetation clearance involves 
artificial selection of targeted morphological types for 
use. For instance, plant species which can produce 
more fruits were generally preferred, and this selection 
has caused changes in phenotype frequencies between 
the wild and managed populations (Casas et al., 2007). 
Likewise, some studies have documented differences 
in reproductive traits between the wild and managed 
plant populations, which indicated that vegetation 
clearance and hand pollination caused the processes of 
domestication (Brenda et al., 2006; Ortíz et al., 2010). 

Zygophyllum xanthoxylum is an ecologically im-
portant species and widely distributed in arid regions 
of Northwest China. It plays an important role in arid 
environments because its root system is very efficient 
in absorbing water, making it resists drought and salt. 
Z. xanthoxylum often forms stable community, and its 
community has significant role in sand fixation and 
has high vegetation productivity. Its flowers and roots 
can be used as medicine (Li and Teng, 1990). Howev-
er, Z. xanthoxylum community was severely degraded 
due to drought and over-grazing in the past 30 years 
(Liu, 1987). So, Z. xanthoxylum needs to be protected 
in China. 

Recent studies on Z. xanthoxylum were mainly fo-
cused on its geographical distribution, biological 
characteristics, physiological stress and molecular 

biology (Wu et al., 2011a, b; Hu et al., 2012; Ma et al., 
2012; Yue et al., 2012; Li et al., 2013). Based on the 
understanding of the above researches and practical 
concern, as well as the lack of studies on pollination, 
pollen limitation and breeding system of Z. xanthoxy-
lum, we raised three theoretical questions and one 
practical question. The theoretical question is what are 
the differences of pollination and the limitation factors 
between the wild and managed populations of Z. xan-
thoxylum, and which environmental factors plays a 
main role in the pollination process. The practical 
question is that is it possible to protect the degraded Z. 
xanthoxylum population and/or community to be re-
stored by manipulation to pollination process. This 
study thus aimed to compare the pollination traits of Z. 
xanthoxylum in the wild and managed populations 
through testing the management influence on flower 
production and pollen limitation intensity in the two 
populations, the floral visitor and activity in-between 
the two populations, and the co-effect of out-crossing 
and self-pollination. 

1  Materials and methods 

1.1  Study area and plant species 

The investigation was carried out in the Urat De-
sert-grassland Research Station in western Inner 
Mongolia of China (41°06'–41°25'N, 106°59'–107°05'E; 
1,020–1,050 m asl; Fig. 1). From 2013 to 2014, the 
annual precipitation is about 96.0–105.9 mm, and the 
annual average temperature is 3.8°C with the extreme 
maximum of 36°C and the extreme minimum of 
–29°C in the study area. 

Z. xanthoxylum, a drought-resistant shrub with 
about 90-cm height, is mainly distributed in western 
Inner Mongolia, northwestern Ningxia and western 
Gansu. It is one of the dominant species in the study 
region. The leaf of Z. xanthoxylum is linear with the 
lengths of 8–24 mm. Z. xanthoxylum has yellowish 
bisexual flowers with four petals and eight stamens. 
The stigma is usually of two splits (Fig. 2).  

In this study, we selected the wild population of Z. 
xanthoxylum in the region where its flowering time 
does not overlap with other plant species. Three plots 
were set up (each plot had an area of 150 m2) and sep-
arated by 300–500 m away from each other in this  
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Fig. 1  The location of the study area in Inner Mongolia autonomous region, China 

 

 
 

Fig. 2  Flower of Zygophyllum xanthoxylum in the flowering 
period of the study area 

 

region. The average density of Z. xanthoxylum was 10 
individuals per 100 m2. The managed population of Z. 
xanthoxylum was nearly 6 km away from the wild 
population and the two habits possessed the similar 
landform and plant communities. This is to avoid mu-
tual interference of different pollinators in different 
populations. In the managed population, other plant 
species (e.g. Caragana microphylla and Reaumuria 
songarica) but Z. xanthoxylum were repeatedly 
cleared. Three plots were set up in the interval of 

100–300 m, and each plot had an area of 150 m2. The 
average density of Z. xanthoxylum was 16 individuals 
per 100 m2. All the studied plots were managed by the 
local researchers. 

1.2  Phenological observation 

The phenological characters of Z. xanthoxylum were 
observed following the method of Ortíz et al. (2010). 
A total of 40 plants (20 from the wild population and 
20 from the managed population) were selected to 
observe the phenological process of this species. For 
each individual plant, the flower buds, flowers in an-
thesis and fruits of each branch were counted at an 
interval of 6 days in the entire reproductive season 
(April 2012 to October 2013). The total number of 
flower buds, flowers in anthesis and mature fruits 
were recorded.  

1.3  Floral trait 

The targeted shrubs were observed every day and the 
changes of flowering period and anther dehiscence 
were recorded following the methods of Spira et al. 
(1992) and Kudo (1993). Measurements also included 
the flower length (from petal tip to flower base), ex-
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ternal diameter of the corolla apex and stamen, and 
flower diameter. Video filming was conducted con-
tinually throughout anthesis in 3–5 flowers from two 
individual plants per population. The timing of the 
following events was recorded, i.e. anthesis begins, 
flowers completely open, pollen release, flower clos-
ing starts and flowers completely close. These obser-
vations were supplemented with more precise contin-
uous filming of anthesis.  

1.4  Pollen viability 

Pollen viability was measured using the in vitro ger-
mination method (Chen, 2009). Pollen grains isolated 
from flowers were immediately incubated in a cul-
ture medium containing 5% (w/v) sucrose, 0.01% 
(w/v) CaCl2, 0.01% (w/v) H3BO3 and 0.01% (w/v) 
KH2PO4 at 30°C (pH 7.0). The pollen grains were 
counted for a 24-h period using a stereozoom micro-
scope. These pollen grains were considered as ger-
minated when the length of the pollen tubes was 
longer than the diameter of the pollen grain. For each 
glass slide, five fields were analyzed and 100 pollen 
grains were counted. 

1.5  Pollen limitation 

Pollen limitation was examined according to the 
method of Ashman et al. (2004). Ashman et al. (2004) 
examined the effects of pollen limitation at the whole 
plant level but did not include the potentially con-
founded effects of resource reallocation. In this study, 
we used two complementary controls (one from ma-
nipulated plants and the other from non-manipulated 
ones) as the procedural control. We set up three polli-
nation treatments to estimate the relative impact of 
wind and insect pollination on fruit set. The three 
treatments were control (C), procedural control (CC) 
and pollen added (PA).  

We also conducted a pollen-supplementation ex-
periment in six focal plots to estimate pollen limita-
tion. In each plot, we randomly labelled twelve 
healthy plants at the same flowering stage. One inflo-
rescence was sampled from all targeted plants with 
similar size. Eight flowers were labelled from the cen-
tral part of the flowering stalk of eight randomly la-
belled plants, adding outcross pollen in the upper four 
flowers as the PA treatment and leaving the lower four 
flowers as the C treatment. Four flowers were also 

labelled from the central part of the remained four 
plants and regarded as the CC treatment. Finally, a 
total of 576 flowers (six plots, twelve plants per plot, 
one inflorescence per plant, eight flowers in each in-
florescence) were tagged. All the flowers were freely 
exposed to insect pollinators after they had been 
opened manually. 

Flowers in PA and C treatments were chosen from 
the same part of the stalks to avoid the effects of 
flower position on reproduction and pollen limitation 
(Casper and Niesenbaum, 1993; Wesselingh, 2007; 
Gómez et al., 2010). We randomly selected four 
flowers in PA treatment and four flowers in C treat-
ment and applied the treatments in the inflorescence. 
Flowers in CC treatment were used to detect the pos-
sible effects of pollen supplementation on 
re-allocation of resources from flowers in C treatment 
(Wesselingh, 2007; Gómez et al., 2010). The PA 
treatment was carried out when the flowers were 
opened and the plants were hand-pollinated by satu-
rating the stigma with fresh pollen obtained from an-
other plant which was at least 15 m away. The newly 
receptive flowers were pollinated from 07:00–19:00 
for seven days. By the end of the reproductive season, 
we counted the number of experimental flowers that 
had produced fruits. 

In this study, we used the proportion of flowers set-
ting fruit to estimate the pollen limitation. The pollen 
limitation indices for C and CC treatments were cal-
culated according to Eq. 1 and Eq. 2, respectively 
(Larson and Barrett, 2010).  

PLC=1–(RSC/RSPA),          (1) 
PLCC=1–(RSCC/RSPA).         (2) 

Where, PLC is the pollen limitation under C treatment, 
PLCC is the pollen limitation under CC treatment, RSC 
is the fruit set under C treatment, RSPA is the fruit set 
under PA treatment, and RSCC is the fruit set under CC 
treatment. The value of pollen limitation index ranges 
from 0 to 1, and 0 means no pollen limitation and 1 
means the highest pollen limitation (Larson and Bar-
rett, 2000). 

1.6  Flower visitors  

In the field, pollination process was observed and rec-
orded, and pollinators were captured with hand net, 
which whether any pollen grains were attached to their 
bodies was determined. There were a total of 15 ob-
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servation periods from April to May, and each period 
was eight days from 07:00 to 19:00. Visitors were 
tracked visually for as long as possible until they left 
the focal population, and their foraging sequence 
within and between plants was recorded during each 
observation period. A pollinator foraging in one flow-
er was considered as one visit. Pollen was collected by 
using a cube of fuchsin-stained jelly to rub the insect 
body following the Beattie’s method (Beattie, 1971). 
Visitation frequency of insects to flowers and the for-
aging time for different insects were observed every 
hour.  

1.7  Breeding system 

The breeding system of Z. xanthoxylum was studied 
by controlling crossings on flowers bagged in the 
pre-anthesis. A total of six treatments were designed 
before flower opening: (1) control, inflorescences 
with floral buds were marked at random and main-
tained under natural conditions (i.e. flowers free to 
visitors; Dafni, 1992); (2) manual cross-pollination, 
pollen from 20 individual plants was collected and 
used to pollinate flowers of other individual plants 
whose stamens were previously removed; (3) 
non-manipulated self-pollination, flowers were cov-
ered with exclusion bags and maintained in this con-
dition until fruits maturing; (4) manual 
self-pollination, flowers were pollinated with their 
own pollen and then re-bagged; (5) emasculated and 
netting, emasculation was performed before the flow-
ers opened and nylon nets with 1-mm2 mesh size were 
used to cover flowers and prevent insects from visit-
ing the flowers; and (6) emasculated without bags. 
The ideal sample designed for each treatment was 60 
flowers. However, some treatments have different 
sample sizes due to limitations in the field (e.g. loss 
of treated flowers by rain or herbivores). The experi-
ment was conducted in early May. Except the control 
group, the emasculated and netting group, and the 
emasculated without bags group, all sample flowers 
in the other three treatments were covered with ex-
clusion bags. After the treatments of non-manipulated 
self-pollination, manual cross-pollination and 
self-pollination were applied, flowers from the three 
groups were covered again with exclusion bags. In 
September, all seeds harvested from the bagging ex-

periments were put into subsequent germination tests 
in the laboratory.  

The self-compatibility index (SCI) was also calcu-
lated. SCI was calculated by the average seed set of 
manual self-pollination divided by the average seed 
set of manual cross-pollination (Zapata and Arroyo, 
1978; Lloyd and Schoen, 1992). SCI value ≤0.2 indi-
cates self-incompatibility, whereas the value >0.2 in-
dicates self-compatibility (Zapata and Arroyo, 1978; 
Lloyd and Schoen, 1992). 

1.8  Statistical analysis 

The data were transformed using the arcsine square- 
root function for the whole sample of 40 plants for 
comparing the production of reproductive structures 
(i.e. flower buds, flowers in anthesis and mature fruits) 
between the two populations. We used the generalized 
linear models (Ortíz et al., 2010) with plant as the re-
peat factor to determine whether habitat condition af-
fects flower buds, flowers in anthesis and fruit produc-
tion. In this model, the habitat condition, date and the 
interaction between the habitat condition and date were 
used as the categorical independent variables. 

To compare fruit set between the treatments of PA 
and C, PA and CC, and C and CC, we performed re-
peated-measures using treatment as the within subject 
factor. The quantitative floral characters were com-
pared using one-way ANOVA. The Chi-square test 
was used to compare seed set between the three polli-
nation treatments. All analyses were performed using 
the statistical software package SPSS 18.0 for Win-
dows (SPSS Inc., Chicago, IL, USA). 

2  Results 

2.1  Phenological process of Z. xanthoxylum  

The reproductive season of Z. xanthoxylum started in 
early April and ended in late August. Flower buds 
were produced throughout the reproductive season, 
especially abundant in the last week of April.  

Significant differences of flowers in anthesis be-
tween the wild population and the managed popula-
tion were identified in the first week of May (df=10, 
F=273.6, P<0.05), and many more flowers were rec-
orded in the managed population (Fig. 3). In the pop-
ulations studied, the first flower was observed in April 
and the last one by the end of June. The flower pro-
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duction period and flowering peak were different be-
tween the wild and managed populations (Fig. 3).  

Fruiting started from the first week of May and 
ended by the end of September (Fig. 4). The fruit 
production reached the peak at the second week of 
August in the wild population, while it reached the 
peak at the end of July in the managed population  
The fruit production patterns were significantly dif-
ferent between the wild and managed populations 
(df=8, F=153.1, P<0.05). 

2.2  Changes of floral trait and pollen viability 

In this study, the flowering times of individuals of Z. 

xanthoxylum from April to October 2012 and 2013 

were recorded. In the managed population, the flowers 

began to open around 07:00 and opened completely 

about 11:00 (Table 1). The flowering time of each 

flower lasted a single day. The flower began to close 

about 13:30 and was completely closed at 19:00. 

Flowers in the wild population began to open around 

07:30 and started to close about 12:00 (Table 1). The 

number of flowers produced per individual per day 

was similar in both populations, but the average den-

sity of flowers for each individual plant in the man-

aged population (32.7±2.9) was significantly higher 

than that in the wild population (21.6±1.8; df=1, 

P<0.05). Consequently, the total flowers produced per 

day in the managed population was significantly 

higher than that in the wild population (df=1, P<0.05). 

 

 
 

Fig. 3  Proportion of opening flowers to the total flowers in anthesis of the wild and managed populations of Z. xanthoxylum. Bars indi-
cate mean±SE of flower in anthesis per individual of Z. xanthoxylum throughout the reproductive season in the plots (n=20 plants/plot). 

 

 
 

Fig. 4  Proportion of mature fruits to the total fruits in the wild and managed populations of Z. xanthoxylum. Bars indicate mean±SE of 
mature fruit per individual of Z. xanthoxylum throughout the reproductive season in the plots (n=20 plants/plot). 
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Table 1  Timing of flower anthesis in the wild and managed 
populations of Zygophyllum xanthoxylum  

Event    
Time 

Wild population Managed population

Anthesis begins 07:30–08:00 07:00–08:30 

Flowers completely open 08:30–10:00 08:30–11:00 

Pollen release 08:00–14:00 08:00–15:00 

Flower closing starts 12:00–13:00 13:30–14:00 

Flowers completely close 18:00–18:30 18:30–19:00 

 
The flowering period for each individual flower 

was four days in the managed population and two to 
three days in the wild population. The pollen viability 
was as high as 65.2% or more in the first flowering 
day in both populations. It peaked at 83.21%±7.27% 
(mean±SD; n=20 flowers) in the managed population 
and 77.60%±6.30% (n=20 flowers) in the wild popu-
lation. The stigma was receptive from the beginning 
of flowering until closed. In non-pollinated flowers, 
the stigma became dry about 12:30. For the two popu-
lations, the length of petals, sepals and stamens was 
9.12±0.86, 5.71±0.61 and 15.26±1.2 mm (mean±SD), 
respectively. 

2.3  Pollen limitation 

Pollen limitation was proportionally more intensive in 
the wild population (PLc=0.333±0.024) than in the 
managed one (PLc=0.232±0.021). In the managed 

population, the fruit set of flowers did not differ sig-
nificantly between the C and CC treatments, with 
62.5%±5.5% in C treatment and 61.2%±5.1% in CC 
treatment. The fruit set of flowers in PA treatment was 
81.5%±6.2%, showing a strong positive pollen limitation 
(Table 2). In the wild population, the fruit sets of flowers 
were 49.5%±4.3% in C treatment, 47.4%± 3.9% in CC 
treatment and 74.5%±4.6% in PA treatment. 

Pollen-supplementation did significantly increase 
the fruit set (P<0.05), according to the comparison of 
flowers between the PA and C treatments (Table 2). 
The results of pollen limitation indices also indicated 
that pollen limitation in the wild population was more 
severe than that in the managed population. 

2.4  Flower visitors and foraging time 

Flowers of Z. xanthoxylum were mainly visited by 
bees (Anthophora fulvitarsis), but Chalicodoma 
deserticola was also recorded in addition to Eristalis 
cerealis, Pieris rapae and Anthophora plumipes (Fig. 5). 
Five insect species were recorded, which were con-
sidered effective or occasional pollinators. Pollen was 
collected by the method of Beattie (1971). Almost all 
the bees were efficient pollinators because their large 
and hairy bodies could easily carry and deposit more 
pollen. These bees collected pollen and nectar, and 
transported the pollen from one flower to another. 
Bees also visited more flowers per minute than other 

 

Table 2  Effect of pollination treatments on reproductive output of Z. xanthoxylum 

Treatment 
Fruit set 

Wild population Managed population 

  df F P F P 

PA vs. C Treatment (T) 1 497.738 P<0.01 398.266 P<0.01 

 Plot (P) 5   1.132 0.370   3.946 0.009 

 T×P 5   3.785 0.011   2.586 0.052 

PA vs. CC Treatment (T) 1 402.065 P<0.01 308.862 P<0.01 

 Plot (P) 5   2.934 0.033   3.939 0.009 

 T×P 5   1.585 0.202   2.273 0.079 

C vs. CC Treatment (T) 1   2.545 0.124   1.495 0.233 

 Plot (P) 5   3.773 0.012   4.283 0.006 

 T×P 5   1.699 0.173   1.858 0.140 

 PLc index   0.333±0.024   0.232±0.021 

 PLcc index  0.364±0.031   0.251±0.027 

Note: PA, pollen added; C, control; CC, procedural control. PLC is the pollen limitation under C treatment, and PLCC is the pollen limitation under CC treatment.  
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Fig. 5  Average number of insect visits to flowers of Z. xanthoxylum in the wild and managed populations. Vertical bars denote 
standard error. 

 
pollinators. The highest and lowest visitation fre-
quency was 4.82±0.5 in the managed population and 
2.37±0.3 in the wild population, respectively. The 
differences of visitation frequency in the managed 
populations were significant higher than those in the 
wild populations (P<0.05; Fig. 6; Table 3). 

In the managed population, A. fulvitarsis was the 
most frequent and effective pollinator because their 

 

 
 

Fig. 6  Relationship between PLC index per plot and insect visit-
ation frequency. PLC is the pollen limitation under C treatment. 

bodies carried the large amount of pollen grains per 
visit. This species landed on the stamens with their 
heads turned toward the flower tube, from which 
they extracted the pollen with their bodies. They 
visited almost all of the flowers in anthesis that 
these pollinators even returned to the same flowers 
visited previously. The peak of visits was from 
10:00 to 16:00 (Fig. 7).  

In the wild population, C. deserticola entered the 
internal flowers through the spaces of tepals without 
making contact with anthers. The legitimate visit of C. 
deserticola to flowers was only 25 times on average 
and C. deserticola sometimes contacted both anthers 
and stigma of flowers. Observed results also showed 
low visitation frequency in anthers and stigma. Due to 
little contact with stigmas and the lower pollen load, 
we considered this insect species was less effective as 
a pollinator than A. fulvitarsis. C. deserticola played a 
minor role in the pollination of Z. xanthoxylum and 
the peak of visits was from 11:00 to 14:00. P. rapae 

 
Table 3  Flower number and insect visitation frequency to flowers of Z. xanthoxylum and estimates of pollen limitation for fruit set in the 
wild and managed populations 

No. Flower number Visitation frequency (visits/(flower•h)) PLC index 

Wild population 1 17 2.61±0.30b 0.35±0.04a 

Wild population 2 20 2.36±0.30b 0.37±0.03a 

Wild population 3 19 2.87±0.30b 0.31±0.04a 

Managed population 1 23 4.71±0.40a 0.17±0.02b 

Managed population 2 20 4.82±0.50a 0.15±0.02b 

Managed population 3 22 4.57±0.40a 0.21±0.02b 

Note: Different superscript letters indicate significant differences at P<0.05. 
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Fig. 7  Frequency of insect visits over time to flowers of Z. xanthoxylum in the wild and managed populations. Vertical bars denote 
standard error. 

 
landed in the lower portion of the corolla and then 
inserted the proboscis at its opening time. However, 
due to the position of reproductive structures of the Z. 
xanthoxylum flower, P. rapae only has small chance 
to contact pollen in visits. All of these pollinators 
showed high foraging in the morning and no bees 
were observed after 19:00. 

2.5  Breeding system 

Compared to the self-pollination treatment, the seed 
set was significantly higher in the manual 
cross-pollination treatment in the two populations 
(Chi-square test, P<0.05; Table 4). This indicated that 
out-crossing successfully promoted the pollination 
efficiency. 

 
Table 4  Seed set of Z. xanthoxylum in the wild and managed 
populations under different treatments (mean±SD) 

Treatment 
Seed set (%) 

Wild population Managed population

Control 41.9±3.7 52.6±4.7 

Manual cross-pollination 62.7±5.8 76.5±6.7 

Non-manipulated self-pollination  5.7±0.7  9.8±1.0 

Manual self-pollination 15.3±1.2 23.7±2.6 

Emasculated and netting  9.5±1.1 16.1±1.2 

Emasculated without bag 32.1±3.8 41.5±4.9 

  

Under the manual cross-pollination treatment, the 
seed set was 76.5%±6.7% (5.2±0.5 seeds per fruit; 
n=60) in the managed population and 62.7%±5.8% 

(n=60) in the wild population. Seed set of the managed 
population was significantly higher than that of the wild 
population (Chi-square test, P<0.05). The seed set of 
the manual self-pollination samples was 15.3% in the 
wild population. The SCI value for Z. xanthoxylum 
was 0.24, which indicated that this species was 
self-compatible. 

Under natural condition with netting experiment, 
we found that flowers of both populations only pro-
duced a small amount of seeds. However, the flowers 
were able to produce a lot of seeds in the emasculated 
treatment under natural condition, and the seeds num-
ber in the emasculated treatment was significantly 
higher than that in the netting treatment (Chi-square 
test, P<0.05). This indicated that the out-crossing sys-
tem included insect-pollination and wind-pollination, 
and the insect-pollination played a more important 
role in the breeding system. 

The self-pollination group had 9.8%±1.0% (n=60) 
seed set in the managed population and 5.7%±0.7% 
(n=60) seed set in the wild population. The difference 
in seed set between the wild and managed populations 
was significant (Chi-square test, P<0.05). 

3  Discussion  

Effects of environmental factors on plants are com-
prehensive. For a specific plant, only one or two fac-
tors play a decisive role in the development of plant 
and this decisive factor is often called the “dominant 
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factor”. For example, high temperature and drought is 
the dominant factor for the growth of Cactus in the 
tropical grassland while air humidity is the main sur-
vival-limited factor for the growth of Rhododendron 
in the low altitude ground. Recent studies found that 
insect activity is related to the pollination traits (Ka-
wakita, 2010; Camargo et al., 2011; Revel et al., 2012; 
Wiemer et al., 2012). Global climate change will se-
riously affect the flowering season and pollinator ac-
tivity (Saetersdal and Birks, 1997; McCarty, 2001). 
Insect faunas may be seriously affected by climatic 
shifts (Kuchlein and Ellis, 1997). Michael et al. (2003) 
found that some plant species relying on less effective 
pollinators may experience more serious declines in 
pollinator services if climate change affects the syn-
chrony of flowering and pollinator activity. Recently, 
researchers found that the local extinction of pollina-
tors is one threat to rare plant pollination mutualisms 
(e.g. Spira, 2001). 

Because of low pollinator abundance and unrelia-
bility of pollinator services in an unfavorable and sto-
chastic climate, plants that rely on pollinator services 
are considered to be extremely rare in arid habitats. 
Indeed, our previous data showed low insect visitation 
rates in the arid areas (Chen et al., 2012; Chen and 
Zhao, 2014). A high level of reproductive assurance 
was believed to dominate the plant mating systems of 
the arid floras and furthermore, was hypothesized to 
have evolved in response to the limited supply of pol-
linators (Lloyd, 1980).  

Our study indicated that out-crossing was dominant 
in the breeding system and insect-pollination played 
an important role in out-crossing. Pollinator behavior 
has pervasive effects on pollination success or failure. 
The wild and managed populations were pollinated by 
pollinators that these species collected and transported 
pollen, promoting out-crossing. In flower patches, 
pollinator visitation rates and pollen quality increased 
with the increases of floral density until a patch becomes 
saturated with pollinators (Rathcke, 1983). The flower of 
Z. xanthoxylum is characterized by yellowish corolla and 
diurnal anthesis. This reproductive structure was related 
to the enlargement of the visual stimulus to pollinators 
and accommodated anthers favoring the contact of bees 
with the stigma. A. fulvitarsis was the most effective pol-
linator through attaching pollen with their legs and ab-

domen. Some pollen was left on the upper part of the 
stigma when bees moved from one flower to the next. 
Bees also preferred to visit the managed population 
than the wild population because the former had the 
higher density of flower resources. Our results indicated 
that pollinators were dominant factors for the develop-
ment of Z. xanthoxylum, and could improve the pollina-
tion efficiency by their foraging activities. This was also 
likely the main cause explaining the different reproduc-
tive success between the wild and managed populations.  

Flower opening and pollen release of Z. xanthoxy-
lum occurred between 08:30 and 15:00, which was the 
most crucial time for pollination. This period coin-
cided with the time of most frequent activity of A. 
fulvitarsis and also partially with the activity of C. 
deserticola. When C. deserticola made contact with 
anthers, only a small amount of pollen was actually 
removed because of its small size. Impact of the activ-
ities of C. deserticola on the reproductive success of Z. 
xanthoxylum was not clear because the peak visits of 
C. deserticola presented in a later period than the peak 
visits of bees. Similar pattern of pollinator visitation 
frequency was also documented between the wild and 
managed populations of Escontria chiotilla (Cac-
taceae) and Myrtillocactus schenckii (Cactaceae) 
(Brenda et al., 2006; Ortíz et al., 2010). The density of 
flowers was significantly higher in the managed pop-
ulation than in the wild population. This demonstrated 
that A. fulvitarsis preferred to visit the areas with 
greater flower resource availability. 

Phenological results indicated that the anthesis of Z. 
xanthoxylum was different between the wild and 
managed populations. Single flowering period was 
two to three days in the wild population while four days 
in the managed population under natural condition. 
This difference suggested that both of the vegetation 
clearance and solar radiation influenced the period of 
flowering. Similar pattern of phenological variation 
between the wild and managed populations of Sten-
ocereus quevedonis was documented previously, and 
the solar radiation on the plants was identified as the 
dominate factor (Rodríguez-Oseguera et al., 2013).  

Pollen limitation also is thought to be an inadequate 
supply of pollen. Aside from pollen availability, soil 
nutrient resources, light, temperature and water can 
also affect plant reproduction, especially for xeroph-
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ilous plants (Haig and Westoby, 1988). Researchers 
have attempted to identify factors responsible for pol-
len quantity and quality. Understanding the causes of 
pollen limitation will improve the prediction of its 
consequences for plants in different habitats. Previous 
researches suggested that selection should drive floral 
traits (e.g. pollen viability and flowering time) to an 
equilibrium, in which the ability to mature fruit is 
equally constrained by pollen availability and the 
availability of other resources (Brenda et al., 2006; 
Blancas et al., 2009). The frequency of pollen limita-
tion has been suggested to stem from changes in the 
environment, such as habitat fragmentation (Aizen 
and Feinsinger, 1994). 

Pollen limitation was widely observed in different 
habitats (Aizen et al., 2002). Our study indicated that 
both the wild and managed populations of Z. xanthox-
ylum were pollen-limited since significant differences 
were found between the PA and C treatments across 
patches. Most reviews on pollen limitation have found 
that self-incompatible plants were more prone to being 
pollen-limited than self-compatible ones, because the 
latter can mitigate the effects of pollinator scarcity by 
autogamy (e.g. Galen and Newport, 1988; Larson and 
Barrett, 2000; Hill et al., 2008). However, the present 
research modified the study method of pollen limita-
tion and avoided the confounded effects of reallocate 
resources, which demonstrated that self-compatible 
plant was pollen-limited in the arid region.  

In this study, pollen-supplementation experiments 
have not been very informative because plants can 
reallocate resources. To avoid the confounded effects, 
we used the control from manipulated plants and the 
procedural control from non-manipulated ones. Then, 
we found that procedural control had lower reproduc-
tive output than the control, suggesting that pollen 
added to some flowers did not divert resources from 
the accompanying flowers (Wesselingh, 2007; Gómez 
et al., 2010). 

Recent studies found that pollen limitation is relat-
ed to the quality and quantity of pollinators (Knight et 
al., 2005, 2006). Pollinator abundance is a primary 
factor driving pollen limitation in many plant species 
(Cosacov et al., 2008). We found a negative relation-
ship across populations between pollinator visitation 
frequency and PLC index of Z. xanthoxylum. This re-

lationship suggested that increased pollinator visita-
tion frequency may decrease the intensity of pollen 
limitation for seed set between the wild and managed 
populations.  

This study showed that Z. xanthoxylum were 
self-compatible, yet it produced a small amount of 
seeds in the absence of pollinators. The pollination 
treatment demonstrated that Z. xanthoxylum was mostly 
dependent on pollinators for seed set. Self-pollination 
also played an important assistant role in the breeding 
system when conditions for out-crossing were unfa-
vorable (Jarne and Charlesworth, 1976). Thus, Z. xan-
thoxylum displayed a highly adaptive pollination sys-
tem.  

Results from the control treatment revealed that 
out-crossing is the more effective breeding system in 
terms of seed set. The high level of out-crossing is 
likely attributed to the dichogamy. Dichogamy greatly 
enhances out-crossing and reduces self-pollination, 
but still carries the limitation of relying on pollinator 
services (Harder et al., 2000). In addition, the floral 
morphological traits observed favored pollinators to 
touch stigmas before anthering, thus favoring 
out-crossing. This study found that the seed set of 
self-pollination was higher in the managed population 
than in the wild population. The relatively higher suc-
cess of self-pollination in the managed population was 
an advantage in the production of fruits and seeds 
even in the period of scarcity of pollinators, and 
self-pollination probably was a way for plants to pro-
duce more fruits and seeds for reproduction by artifi-
cial manipulation. A similar situation has been re-
ported for Myrtillocactus schenckii (Cactaceae) in the 
study of Ortíz et al. (2010), which pointed out that the 
managed population produced significantly more 
fruits and seeds per branch than the wild population. 
The coexistence of individual plants with different 
fruits and seed sets in the same area suggested that 
environmental condition was not the only determinant 
of plant reproductive success (Blancas et al., 2009). 
Indeed, the role of management or environmental fac-
tor in plant reproductive success is still unanswered. 
This study contributed, in a sense, to a better under-
standing of the delicate balance of factors regulating 
pollination success of plants. 

In addition, pollination system is an important source 
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of information for designing sustainable strategies of 
plant resources use. Therefore, documenting pollination 
change in the wild and managed populations and the 
consequences of such a change is a greater contribution 
to designing conservation and sustainable use strategies 
at population levels. 

4  Conclusions 

Z. xanthoxylum is an ecologically important species 
and widely distributed in arid regions of Northwest 
China. In this study, the pollination traits of Z. xan-
thoxylum in the wild and managed populations were 
compared. We found that the flowering period and 
flowering peak in the managed Z. xanthoxylum popu-
lation were significantly higher than those in the wild 
population. The reason is that all the other plant spe-
cies except for Z. xanthoxylum were cleared in the 
manage population, and thus Z. xanthoxylum could 
absorb more solar radiation to growth. In addition, the 
management of vegetation clearance (e.g. managed 
population) in our study may contribute to explain the 
differences in the processes of pollen limitation be-
tween the two populations.  

 Pollinators were dominant factors for the devel-
opment of Z. xanthoxylum and A. fulvitarsis was the 
most frequent and effective visitor to the flowers. 
Differences in flower-visitor frequency as well as 
plant pollination success could be associated with the 
higher density of flower resources in the managed 
population and related to the behavior of visitors.  

Out-crossing was dominant in the breeding system 
and self-pollination just played an assistant role to 
assure the reproduction of Z. xanthoxylum. The bal-
ance between the artificial management and pollina-
tion success is crucial to analyze the pollination pro-
cess and manipulation of Z. xanthoxylum for sustaina-
ble use of this species.  
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