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Weed Science, 45:791-797. 1997 
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In laboratory experiments, we studied barnyardgrass, common lambsquarters, and 
redroot pigweed seed dormancy release by alternating temperatures under different 
soil water regimes, to determine whether that response serves as a mechanism for 
assuring seedling establishment. Alternating temperatures were important in breaking 
seed dormancy in the three weeds, but the species' response to alternating temper- 
atures differed with soil water content. For redroot pigweed and newly dispersed 
seeds of barnyardgrass, dormancy breaking by alternating temperatures occurred only 
when soil water content was high enough for germination. Moreover, adverse in- 
cubation conditions (constant temperature and low water content) induced second- 
ary dormancy in these seeds. Seventy percent of seeds incubated in open boxes 
emerged before the soil reached wilting point, when seeds were incubated at tem- 
peratures high enough for a high germination rate. A dormancy breaking mechanism 
that triggers a high rate of germination may be important in assuring success of 
seedling establishment where rainfall patterns result in wetting and drying cycles of 
the soil, especially in soil types that lose water rapidly from the surface layers. 

Nomendature: Barnyardgrass, Echinochloa crus-galli L. Beauv.; common lambs- 
quarters, Chenopodium album L.; redroot pigweed, Amaranthus retroflexus L. 

Key words: Soil seedbank, seedlings, ECHCG, CHEAL, AMARE. 

Dormancy is a seed characteristic that, in its interaction 
with the factors of the environment that alleviate or rein- 
force it, constitutes an effective mechanism to optimize seed- 
ling emergence in time and space. Environmental factors 
such as light quality, fluctuating temperatures, low or high 
temperatures, and nitrates have long been regarded as af- 
fecting dormancy removal or induction (Bewley and Black 
1994). For summer annuals, low winter temperatures are 
known to stimulate loss of primary dormancy, whereas high 
summer temperatures are believed to induce secondary dor- 
mancy (Totterdell and Roberts 1979). Clearly, this is a 
means for limiting the germination of the species to a period 
of the year when conditions are most suitable for completion 
of the plant life cycle. However, after the effects of low 
winter temperatures have been exerted, dormancy of most 
summer annuals is not lost unless their seeds are exposed to 
temperature fluctuations (Benech-Arnold et al. 1990), light 
with large red/far red ratios (Aldrich 1989; Insausti et al. 
1995; Scopel et al. 1991), or a sufficiently high nitrate con- 
centration (Pons 1989). This is a means for optimizing ger- 
mination in space rather than in time. Sensitivity to fluc- 
tuating temperatures, light quality, and nitrate concentration 
are regarded as gap or soil depth sensing mechanisms by 
which seeds avoid germinating under conditions that rep- 
resent serious constraints for successful establishment of 
seedlings (Benech-Arnold et al. 1988; Ghersa et al. 1992; 
Pons 1983, 1989). 

It has been argued that the only environmental factor 
that removes or induces dormancy is temperature, whereas 
light, fluctuating temperatures, and nitrates stimulate ger- 
mination (Vleeshouwers et al. 1995). The basis for this po- 
sition is that exposure to light with the appropriate red/far 
red ratio, temperature fluctuation, or nitrate is invariably 
followed by germination in sensitive seeds. However, low 

temperatures stimulate loss of dormancy under thermal con- 
ditions that, in themselves, limit germination. In other 
words, seeds will not germinate at temperatures that pro- 
mote loss of dormancy (Benech-Arnold and Sanchez 1994). 

Diurnal temperature fluctuation and soil moisture are key 
environmental parameters that open and close opportunities 
for germination of many weeds (Benech-Arnold et al. 1990; 
Ghersa et al. 1992; Hadas 1982; Roberts and Potter 1980). 
In a cropped field, the soil surface may remain bare during 
tillage and sowing operations, when most seed germination 
and early growth of seedlings occur. During this period, 
evaporation may dramatically diminish moisture in the up- 
per centimeters of the soil, and water potential can frequent- 
ly determine the timing of seedling emergence (Benech-Ar- 
nold and Sanchez 1994). Under reduced water potential, 
germination of nondormant seeds is delayed or prevented 
depending on the magnitude of the deficit (Bewley and 
Black 1982). However, few attempts have been made to 
evaluate the combined effect of soil moisture and fluctuating 
temperatures on the loss of weed seed dormancy. 

In this paper, we report results from laboratory experi- 
ments designed to study release of weed seed dormancy by 
alternating temperatures under different soil water contents. 
Particularly, we asked what level of soil moisture is required 
for seeds of three important weeds to respond to fluctuating 
temperatures, and whether seeds "remember" this stimulus 
when fully hydrated at constant temperatures. 

Materials and Methods 

Soil from the top 5 cm of various plots infested with 
barnyardgrass, common lambsquarters, and redroot pigweed 
was collected on two dates, at Hyslop experimental station, 
Oregon State University, Corvallis. The first collection was 
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TABLE 1. Incubation conditions for soil containing seeds (Experi- 
ments 1 and 2).a 

Water content and temperature (C) 

Treatment Days 0-7 Days 8-14 Days 15-21 

1 FC 20-30 FC 20 FC 20-30 
2 1/2 FC 20-30 FC 20 FC 20-30 
3 1/4 FC 20-30 FC 20 FC 20-30 
4 1/8 FC 20-30 FC 20 FC 20-30 
5 (control) FC 20 FC 20 FC 20-30 
6 FC 20 FC 20-30 
7 1? FC 20 FC 20-30 
8 1/4 FC 20 FC 20-30 
9 1/8 FC 20 FC 20-30 

a Treatments 1 to 5 were included in Experiment 1 and treatments 1 to 
4 and 6 to 9 were included in Experiment 2 (see text for details). FC, field 
capacity. 

made in August 1990, after seed shedding, and the second 
one 3 mo later. The soil samples were mixed and allowed 
to air dry in the laboratory at 20 to 25 C for 3 mo. The 
soil was an Amity silt loam with pH 5.2 and 2.65% organic 
matter. 

To determine soil field capacity for water storage (FC), 
three 200-g samples were taken from the air-dried soil, sat- 
urated with water, and allowed to drain for 5 d in a closed 
plastic box, after which the samples were weighed. The dif- 
ference between the weight of the wet soil and the dry soil 
was considered the weight of water needed to take the soil 
to field water capacity (186 g H20 kg-1 soil). 

Experiment 1 

The soil containing seeds collected in August 1990 was 
introduced into 7-cm-tall plastic boxes (200 g soil/box). The 
boxes were assigned to four water status treatments in a 
completely randomized design with four replicates: (1) FC, 
(2) 1/2 FC, (3) 1/4 FC, and (4) 1/8 FC. Water status was ob- 
tained by irrigating the boxes with the appropriate amount 
of water and sealing them immediately afterwards to prevent 
water loss. Boxes were shaken to ensure uniform water dis- 
tribution. All the boxes were incubated at 20 C (15 h) to 
30 C (9 h) alternating temperatures for 7 d. Then, all boxes 
were opened, irrigated to field capacity, and incubated dur- 
ing the second week at constant 20 C and the third week 
at alternating 20 to 30 C. We speculated that if the fluc- 
tuating temperature of the first week of incubation released 
seeds from dormancy without producing seedlings, seed ger- 
mination would occur under constant 20 C during the fol- 
lowing week. The third week of incubation under alternat- 
ing 20 to 30 C was designed to stimulate germination of 
all inducible seeds that did not germinate because of either 
water restrictions during the first week or temperature re- 
strictions during the second. 

A control set of boxes was kept at field capacity and 
incubated at 20 C for the first 2 wk and moved to 20 to 
30 C during the third week (Table 1). In this way, we could 
evaluate the behavior of the seeds under a set of changing 
environmental patterns. Boxes were discarded after record- 
ing the number of emerged seedlings at the end of each 
week, so we had a set of boxes for each treatment to be 
opened each week. 

Emerged seedlings of redroot pigweed and barnyardgrass 

were counted. They were chosen considering that one is a 
broadleaf weed and the other a grass weed and that both 
are summer annuals having C4 metabolism (Downtown 
1975; Waller and Lewis 1979). 

Experiment 2 

The first experiment was repeated using soil obtained 
during the second sampling in November 1990. A control 
set of boxes was incubated under an inverted temperature 
cycle: 20 C the first week and alternating 20 to 30 C the 
second week (Table 1). In this experiment, common lambs- 
quarters seedling production was also recorded, in order to 
analyze another annual weed, adapted to cooler environ- 
ments than the other two species and with a different pho- 
tosynthetic pathway (C3) (Waller and Lewis 1979). The rate 
of dormancy breaking at various soil water conditions was 
estimated as the ratio between number of seeds germinated 
under each water content treatment after the second week 
of incubation of Experiments 1 and 2, and that recorded 
under FC in each experiment. 

Experiment 3 

The relation between water loss from the soil and seed- 
ling emergence was assessed by incubating soil from the sec- 
ond sampling, in boxes similar to those already described, 
during 2 wk: at 20 to 30 C the first week and at 20 C the 
second week. Boxes were kept open, and at the beginning 
of each week, water was added to bring the soil to field 
capacity. Boxes were weighed daily to evaluate water loss, 
and seedlings were counted and removed. A control set of 
boxes was incubated at 20 C and field capacity. 

Mean accumulated number of seedlings recorded at the 
end of each week in the different treatments of the three 
experiments were compared by analysis of variance (P < 
0.05). 

Results and Discussion 
Alternating temperatures were important in breaking seed 

dormancy of the three weeds (Figures 1 and 2). However, 
dormancy of redroot pigweed and newly dispersed seeds of 
barnyardgrass was broken by alternating temperature only 
when soil water content was enough to allow germination 
(Figures 1 and 2). 

During the first week of Experiment 1, germination of 
redroot pigweed and barnyardgrass under field capacity was 
higher at alternating 20 to 30 C than at 20 C (Figure 1). 
Soil water content curtailed germination at 20 to 30 C only 
in 1/4 FC and 1/8 FC treatments. During the second week, 
when all the treatments were brought to FC and incubated 
at 20 C, very few seeds germinated that had been incubated 
the first week at low soil water potential (Figure 1). The rate 
of dormancy breaking of seeds in Experiment 1 showed a 
hyperbolic response to soil water content during incubation 
(Figure 3a). 

During the last week of incubation in Experiment 1, at 
FC and 20 to 30 C, germination of both species increased 
for all treatments. However, germination of redroot pigweed 
seeds that were initially at ?/ and '/s FC remained below the 
number that germinated during the first week under FC 
treatment (Figure 1). Adverse incubation conditions might 
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FIGURE 1. Germination of freshly dispersed seeds of redroot pigweed and barnyardgrass incubated for 3 wk in controlled laboratory conditions and varying 
temperature schedules (d). The first week, seeds were incubated under field capacity (FC) , ?/2 FC ......... 1/4 FC ---, and 1/8 FC ---- soil water 
content. The subsequent 2 wk, all the seeds were incubated under FC. Control seeds ( ) were incubated at 20 C for the first 2 wk and at alternating 
20 to 30 C for the third week, always at FC. 

have induced secondary dormancy in pigweed seeds; oth- 
erwise, germination should have at least equalled the num- 
ber observed at the end of the first week of incubation under 
FC. 

In Experiment 2, seeds of the three species afterripened 
in soil collected in November showed similar behavior to 
that observed in Experiment 1, in that alternating temper- 
ature and high water content treatments produced the high- 
est germination (Figure 2). Nevertheless, many seeds of 
common lambsquarters and barnyardgrass from the low wa- 
ter content treatments germinated when water content was 
increased to FC during the second week under 20 C (Figure 
2). Therefore, in the second experiment, only redroot pig- 
weed followed a hyperbolic response to water content of the 
soil during incubation (Figure 3b). The other two species 
had high rates of dormancy breaking under alternating 20 
to 30 C regardless of the soil moisture status. This finding 
suggests that redroot pigweed was the only species for which 

both dormancy breaking and germination occurred simul- 
taneously throughout the experiment. 

When the sequence of temperature cycles was inverted 
(control boxes), two effects were observed in the seeds of 
redroot pigweed in Experiment 2: (1) germination at alter- 
nating 20 to 30 C after 1 wk at constant temperature was 
50% lower than germination of seeds that started the in- 
cubation sequence with alternating temperatures (Figures 2A 
and 2B), and (2) this reduction in seed germination in- 
creased with the decrease in soil water content during in- 
cubation at constant 20 C (Figure 2). This evidence further 
supports the induction of secondary dormancy in this spe- 
cies. Only freshly dispersed barnyardgrass seeds exhibited 
this behavior (Experiment 1). 

Previous studies showed that seed populations afterripen- 
ed in the soil for varying periods of time have different 
requirements for dormancy breaking, seed germination, and 
induction of secondary dormancy (Benech-Arnold and San- 
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FIGURE 2. Germination of seeds of redroot pigweed, barnyardgrass, and common lambsquarters afterripened in the soil 3 mo. Seeds incubated during 3 
wk under controlled laboratory conditions with a varying temperature schedule (A), and germination of the same species when the sequence of incubation 
cycles was inverted (control) (B). During the first week, seeds were incubated under field capacity (FC) , 1/2 FC ......... 1/4 FC -- -, and 1/8 FC 
soil water content. Afterwards, all the seeds were incubated at FC. 

chez 1994; Bewley and Black 1982; Totterdell and Roberts 
1979). The acquisition of secondary dormancy could be 
thought of as a demographic cost for the weed population, 
if the seeds die or if they are eaten while dormant. Never- 
theless, it could also be analyzed as an opportunity for cost 
comparing this seed cost with the losses of seedlings once 

germination has occurred under unfavorable conditions for 
plant growth. Induction of secondary dormancy assures that 
the whole process of dormancy breaking will begin only if 
seeds are exposed to a narrow range of favorable environ- 
mental conditions. Barnyardgrass has relatively large seeds 
and a less persistent seedbank than redroot pigweed (Vena- 
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FIGURE 3. Rate of dormancy release of the seeds of redroot pigweed (*), 
barnyardgrass (d), and common lambsquarters (*), under different water 
contents of the soil, soon after seed shedding (A) and after 3 mo in soil 
(B). Soil water status is expressed as proportion of field capacity (FC). See 
text for details of calculation. 

ble 1989). These characteristics of barnyardgrass may be re- 
lated to the rapid loss of the capability of its seed to enter 
secondary dormancy when afterripened. Matching seedling 
growth conditions to only favorable environments at the 
expense of exposing the seeds to mortality factors in the soil 
bank would not result in any demographic advantage to 
barnyardgrass. 

When redroot pigweed and barnyardgrass seeds were in- 
cubated in open boxes for 7 d at 20 to 30 C, more than 
70% of the seeds that eventually germinated did so on the 
fifth day of incubation (2 days before reaching wilting point) 
(Figure 4). However, the number of pigweed seedlings was 
lower than in boxes incubated under FC for the 7 d in 
Experiment 2. Germination stopped when the soil moisture 
level was less than 1? FC and probably dormancy was not 
broken. This is suggested by the fact that when seeds were 
rehydrated and incubated at 20 C, no new seedlings were 
produced. Seeds in control boxes incubated under constant 
20 C, as expected, had a lower germination rate. Fifty per- 
cent of total seedling emergence occurred between days 7 
and 8, when water content of the soil was reaching the 
wilting point. Total germination of redroot pigweed at 20 
C was only 50% of germination under 20 to 30 C. By 
contrast, barnyardgrass germination was similar under both 
temperature schedules, though more seeds germinated be- 
fore soil reached wilting point in the alternating temperature 

regime. The pattern of water loss was similar in boxes in- 
cubated under both temperature regimes. This is in accor- 
dance with soil evaporation models, under conditions of 
high atmospheric demand. After the first 24 to 48 h, water 
evaporation is more dependent on the hydraulic properties 
of the soil and less dependent on the available energy (Rit- 
chie and Johnson 1990). 

The mean temperature resulting from the temperature 
fluctuations actually breaking dormancy matches the average 
optimum temperature for the species maximum germination 
rate (Benech-Arnold et al. 1990; Biswas 1975). Hence, if 
dormancy release occurs under conditions with no restric- 
tions for germination (such as water supply), seeds of species 
requiring alternating temperature will germinate near opti- 
mum temperature and thus at high rate. Seeds not exhib- 
iting alternating temperature requirements will germinate at 
any rate, high or low, depending on mean soil temperature 
(Benech-Arnold et al. 1988). Dormancy breaking and ger- 
mination requirements exhibited in redroot pigweed ensure 
rapid seed germination. The chance that their seedling roots 
grow enough to reach deep moist layers of the soil is high, 
particularly when the layer of the soil where the seed is 
placed reaches the wilting point fast, increasing their prob- 
ability of survival (Spitters 1989). This assumption is based 
on the fact that in general, 90 to 95% of the water evapo- 
rated in a day comes from the top 5 to 10 cm of the soil 
(Ritchie and Johnson 1990). Coupling of dormancy break- 
ing and germination could give advantages to the weeds for 
successful seedling establishment. In Experiment 3, only 
when the seeds were incubated at temperatures high enough 
to allow for a high germination rate was a large proportion 
of seedlings (70%) established before soil reached the wilting 
point (Figure 4). Common lambsquarters showed differ- 
ences in the seed response to germination. Its seeds were 
released from dormancy independently of environmental 
manipulation (Figure 3) and were able to "remember" the 
stimulus by alternating temperatures, when fully hydrated. 
It can be predicted that this species should have low seed- 
ling/seed ratios in variable environments, unless its seedlings 
have adaptations to support stress. 

Our work was not aimed to conclude about the nature 
of seed dormancy in the studied weed species. Instead, we 
intended to increase knowledge of dormancy breaking 
mechanisms that depend on alternating temperatures. It has 
been demonstrated that alternating temperatures play an im- 
portant role in allowing germination when the soil surface 
is uncovered (Benech-Arnold et al. 1990) and when the 
seeds are placed in the top centimeters of soil (Ghersa et al. 
1992; Koller 1972). Our data suggest that this mechanism, 
triggering high germination, may also play an important role 
in assuring success of seedling establishment in areas with 
rainfall patterns that determine wetting and drying cycles of 
the soil, especially in soil types that rapidly lose water from 
surface layers. 

In our view, those weed species that couple complete exit 
of dormancy with germination will have higher ratios of 
established plants to germinated seeds because seedlings will 
be produced only when environmental conditions are opti- 
mum for their growth. 
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