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Abstract 
Experiments to investigate the minimum aeration requirement of 

tulip roots were performed in cylindrical vesse ls . Aeration was regu
lated by al tering the composition of the gasmixture above the soil. 
Oxygen supply at different depths in the soil column was checked by 
oxygen diffusion r a te (O. D. R. ) measurements . Tulip roots were found 
neither to require an extra high aeration level nor to be especially sen
sitive to a short period of anaerobiosis. Depth of root penetration 
downwards was affected both by O. D. R. - level and soil density. 

Introduction 
In recent yea rs tulip cultivation has been moving into new a reas . Spe

cial difficulties may be encountered on sandy clay soils, the most s e r i 
ous being incomplete emergence in spring and also re tarded growth 
la ter in the season. Taking into account that many of these soils a re 
subject to s t ructura l deterioration and slaking during the wet winter 
months, lack of aeration seems to be one of the main detr imental fac
tors . Quite often, t emporary pools of water can be observed on fields 
which la ter show poor emergence. Our purpose was to investigate the 
aerat ion requirements of tulip roots in detail. Certain observations 
were made in the field, but more attention was directed to experiments 
with controlled aeration in the glasshouse. An attempt was made to de 
fine the minimum aeration requirements of tulip roots on the bas is of 
O. D. R. measurements . 

Experimental method 
To charac ter ize the aeration, measurement of the oxygen diffusion 

ra te (Lemon and Erickson, 1955) was chosen, s ince this p a ramete r s im • 
ulates the conditions under which the root functions. In view of the field 
work, a very rugged probe was required. The platinum-wire electrode 
was therefore replaced by a conical tip of dent is t ' s gold, 6 mm long, 
and 4 mm in d iameter at the base. This method provides useful compar
ative values. Values obtained in different fields and especially in differ
ent soils cannot, however, be compared, because a number of soil fac
to rs may affect the general level of the cur rents measured. 

For the glasshouse a set-up was designed to permit the study of the 
influence of different levels of oxygen on tulip root development with as 
l ittle interference from other soil p ropert ies as possible. The basic 
idea is that aeration is varied by changes in the oxygen content of the 
a tmosphere and that a natural gradient occurs in the soil (Stolzy and 
Letey, 1964). 

Fo r the experiments a number of plastic cylinders were placed in 
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t rays filled with water (figure 1). The cylinders were carefully filled 
with the soil under study, which was tamped down to predetermined den
si t ies . The l ids of the plastic vesse ls were provided with a smal l tube 
extending down to the soil surface to accommodate the emerging stem. 
This a rrangement left a closed space under the lid that could be flushed 
with the required gas-mixture . A number of stoppered holes in the side 
of the cylinder made it possible to inser t the 02-probe at different 
depths. Three oxygen levels were routinely applied: 20% (air), 5% or 
2^% 02. The flow ra te of the mixtures was 1 to 2 l i t res per hour through 
the gas chamber of each vessel . 

Results 
The experiments were performed during the winter season, s tar t ing 

in 1966. The main experimental par t iculars a re shown in table 1. The 
tulips were always planted at 5 cm depth, ei ther late in November or in 
December. The basic t rea tment was devised to obtain information on 
the root depths attained under constant levels of aeration. The O. D. R. 
values, possibly limiting further root growth, could a lso be established 
in these t r ia l s . Auxilliary experiments ware performed to t es t the sen
sitivity of an established root system at different ages to a sudden 
lowering of the oxygen supply or to a r i s e in the carbon dioxide concen
tration. The O. D. R. r esul ts c learly show that the imposed t rea tments 
indeed resulted in rea l differences in oxygen supply at different levels 
(table 2). 

Constant-level t rea tments 
Root growth was influenced by differences in aeration. Application of 

the a i r-ni t rogen mixtures containing less oxygen generally resulted in a 
cer ta in res t r ic t ion of root length (figures 2 and 3). However, the expec
tation that downward penetration of the roots would pe r s i s t until a more 
o r l ess fixed low O. D. R. value was reached, was not fulfilled. The 
lowest O. D. R. values recorded at the level of the root t ips showed r a th 
e r large fluctuations: 6JiAmp in experiment B, 14^Amp in experiment 
A, and 23^/iAmp in experiment C, and considerably higher values were 
often found. This variabili ty in level between the experiments can be 
related to differences in soil type, soil density, and soil t empera tures 
during the experiments. 

In experiment B (table 1) the soil medium had a very low impedance 
as compared to that in the other t r i a l s . Also, soil t empera tures were 
appreciably higher, often about 10 C in January. Under these condi
tions the very long roots penetrated so far downward that their tip usu
ally just reached into the reduced - blueish - capillary fringe above the 
ground water table. The sandy soil used in experiments C and D had 
the highest soil impedance value, as measured with a penetrometer . In 
these t r i a l s rooting was r a ther shallow. 

In experiment C it was also evident that a difference in soil density 
effects root growth (figure 3). Here the root depths attained in the soil 
at a density of 1. 30 g /ml were less at all aeration levels. The number 
of roots developed does not seem to be influenced by the aeration levels 
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applied. Experiment C provided an indication that root dry weight de 
c reases under decreased aeration, while denser soil seemed to lead to 
a slightly higher dry weight. 

Analysis of the mineral constituents of th ree plants of each t reatment 
in experiment B showed no differences in N, P, K, or Ca content. In 
experiment C the N and P levels were again insensitive to a lower oxy
gen-supply but the K content decreased with lower oxygen-supply and Ca 
tended to do the same. 

Close inspection of the roots showed that r es t r ic ted aerat ion impaired 
root condition to some extent: the high aeration t rea tments led to whit
ish coloured roots , the intermediate t rea tment to yellowish roots , and 
under low aerat ion root t ips were brown. 

Resistance to t emporary oxygen deficiency 
To investigate the tolerance of tulip roots for flooding, the ground 

water table was ra ised to 20 cm above the bottom of some of the cylin
ders in the f i rs t days of March. This t rea tment lasted 11 days, and 
resulted in an upward extension of the reduced zone of soil leading to 
severely damaged roots. The damage consisted of dead root t ips in the 
mater ia l t reated with 20 and 10% oxygen and half-dead or dead roots in 
the 5 and 2. 5% t rea tments , respectively. A flooding t rea tment lasting 
7 days hardly affected the roots. Apparently, roots a r e killed only if 
anaerobic conditions in the i r medium pe r s i s t for more than a week at 
t empera tures between 10 and 15 C. 

In experiment C a 7-day period of extremely poor aerat ion applied at 
different ages had no effect on the existing root sys tems. Real root dam
age was only observed after a ve ry low oxygen t rea tment lasting 17 days 
and applied on the 70th day after planting. These r esu l t s do not indicate 
any sensitive period of the root system proper. In experiment D the 
roots did exhibit some response to the anaerobic or C02 t rea tments last -
ing two weeks. 'Rose Copland' seemed to be slightly more sensitive than 
cv. 'Apeldoorn'. Treatment in the third and fourth week of growth had a 
slightly more effect as compared with other periods. In no instance the 
root system was killed. The damage consisted of a brownish d iscolora
tion of the root t ips or of a l ess healthy appearance of the roots . When 
the lifted plants were placed on water , the roots of the t rea ted plants 
showed signs of leaching losses , possibly indicating increased p e rmea 1 

bility. The bulbs themselves showed no evidence of d i rect damage. 

Field observations 
A number of aerat ion measurements were car r ied out to facilitate the 

interpretation of some field experiments. In all these experiments 
readings lower than 15>*Amp were hardly ever recorded at less than 40 
cm depth. Since in our two experiments with sandy clay soils live tulip 
roots were observed at soil levels with O. D. R. values of 15 to 20^Amp 
or even l e ss , the above-mentioned value would suggest sufficient a e r a 
tion. The low t empera tu res in winter must a lso be taken into account. 
This is corroborated by the fact that l a ter in the spr ing these plots never 
showed abnormal losses in emergence. 
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Low percentages of emergence obtained by other authors in numerous 
field t r i a l s were always correlated with soil water levels r i s ing to bulb 
height for some t ime. Severe soil slaking and very low percentages of 
air-filled pore space also contributed to winter damage (personal com
munications). 

Discussion 
The resul ts indicate that tulip roots will grow under conditions yield

ing O. D. R. values of about 15 to 20j4Amp on sandy clay or silt loam 
soils. In sandy soils, where mechanical r es is tance is higher, a s ome
what higher value might be required. 

When compared with data obtained for other crops in the same type of 
experiment (potatoes about 15, tomatoes about 20, onions about 30, and 
peas about 15 AtAmp), this is not exceptional. In view of the resul ts ob
tained under short periods of anaerobic conditions, too, tulip roots can
not be considered especially sensitive to lack of aeration. The bulb i t 
self seems more easily affected. 

It is c lear , however, that a low aeration level influences root growth 
and possibly performance. The ra te of root growth and penetration of 
denser soils will be impeded. Restricted root growth will impair the up
take of nutrients and lower the supply of available soil moisture, thus 
res t r ic t ing crop yield. Per iods of anaerobic conditions lasting about a 
week a re not lethal, but root condition is impaired to some degree. In 
general, our observations supplement those on the requirements for a i r -
filled pore space given by Boekel (1965; 1971). 

Conclusions 
Tulip root growth r eac ts to both the level of aeration and soil r e s i s t 

ance. The longest roots a r e obtained in loose, well-aerated, moist soil. 
The oxygen requirements of tulip roots a re about the same as for many 
other crops. The tolerance of the roots to a short period of oxygen defi
ciency is reasonably good. 

A low percentage of emergence in spring seems to be mainly due to 
d irect suffocation of the bulb itself, par t ic lar ly when immersed by high 
levels of ground-water. 
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Table 2 - Average O. D. R. recordings (üiytiApm), air-filled pore space, 
and soil density of some constant-level t rea tments . 

T r e a t m e n t 

A 20% 0 2 

5 % 0 2 

B 20% 0 9 

10% o , 
5% CE 

2. 5% 0tg 

B 

B 

Depth be low so i l l eve l in c m 

5 

48 
36 

10 

39 
32 
28 
30 

15 

32 
24 

20 

21 
19 
18 
16 

25 

24 
19 

30 

16 
13 
12 
11 

35 

19 
16 

40 

14 
11 
10 

9 

45 

15 
13 

50 

6 . 4 
6. 3 
6. 5 
6. 3 

55 

10 
10 

65 

10 
10 

% a i r in so i l 

23 19 14 8 7 

Soil d en s i t y in g / m l 

1. 22 1. 22 1. 22 1. 30 1. 30 
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75 cm 

~ 8 

Figure 1 - Schematic representation of the experimental set-up used 
to investigate the oxygen requirements of roots. 

A = gas chamber (regulated atmosphere) 
B = dish containing water 
C = port holes for insertion of electrode 
D = tube 

R o o t d e p t h a n d O.D.R. v a l u e s 1966-1967 
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Figure 2 - Results obtained under constant-level treatment in 
experiment A. 
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