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Bamboo based agroforestry systems in Kerala, India: 
performance of turmeric {Curcuma longa L.) 
in the snbcanopy of differentially spaced seven year-old 
bamboo stand
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A b s tra c t B am boo-based  agroforestry  is a prom ising 
option for sustainable land m anagem ent in India. 
O ptim al m anagem ent o f bam boo-based  m ixed species 
production system s, how ever, requires an understand
ing of bam boo spacing, roo t activ ity  and distribution 
o f bam boo roots, and the soil nu trien t capital o f the 
site. W e exam ined the perfo rm ance o f  turm eric as an 
understorey crop in 7-year old bam boo (D endroca la - 
mus strictus (Roxb.) N ees) stands o f vary ing  spacing 
treatm ents ( 4 x 4 ,  6 x 6 ,  8 x 8 ,  10 x  10 and 
12 x  12 m) at K erala A gricu ltu ra l U niversity  C am 
pus, Thrissur, K erala, India. In o rder to better under
stand turm eric and bam boo grow th param eters, soil 
physico-chem ical p roperties, understorey  light avail
ability and turm eric root activ ity  by soil in jection  of
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32P w ere determ ined  in m ixed (turm eric +  bam boo) 
and sole tu rm eric situations. To characterize root 
activity , 32P was applied  at 10 cm depth to the 
turm eric plants in raised  beds established betw een 
the two central row s o f  bam boo in all experim ental 
plots. G row th attributes o f bam boo w ere recorded and 
the soil w as analyzed fo r physico-chem ical properties 
before intercropping. R esults revealed that spacing 
treatm ents exerted  profound influence on bam boo 
grow th. F or instance, clum p height decreased by 19 % 
in the w idest (12 x  12 m ) bam boo spacing com pared 
to that o f the closest (4 x  4 m ) spacing. How ever, 
w idely spaced bam boo exhib ited  better clum p diam 
eter, crow n coverage and turm eric rh izom e yield, 
w hereas, c losest (4 x  4  m ) spacing o f  bam boo plot 
recorded least rh izom e yield o f 8 M g/ha; this was 
58 % less com pared  to w idest spacing o f 12 x  12 m 
(19.32 M g/ha). Soil N, P  and K at w idest spacing was 
56, 45 and 33 % less com pared  to that o f the closest 
spacing. N PK  uptake by turm eric also increased in the 
w ider spacing treatm ents. Factors contributing to 
reduction in grow th o f tu rm eric in the denser bam boo 
stands m ay be the high LA I (6.77 in 4 x  4 m spacing) 
as com pared to w idest spacing (0.44 in 12 x  12 m 
spacing) o f bam boo, low  understorey  P A R  (107 pm ol/ 
sec/m 2) and high root com petition . D ue to com petition 
by bam boo, 89 % decline in 32P  absorption by 
turm eric at c losest spacing o f bam boo was observed 
com pared to the bam boo-less plot. On a final note, 
turm eric, although a shade to leran t Z ingiberaceae
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crop, may perform  better if  light transm ittance is 
betw een 66 and 86 % and for op tim al perform ance o f 
the understorey tu rm eric in m ixed species system s, 
w ider bam boo spacings beyond  8 x  8 m  are 
recom m ended.

K eyw ords D endrocalam us strictus ■ In tercropping  • 
Root com petition • O leoresin conten t • L ight 
transm ittance • P hotosynthetically  active radiation  ■ 
R oot activity

In tro d u c tio n

A groforestry w ith bam boos has considerab le potential 
for providing food and nu tritional security  and for 
contributing to econom ic developm ent o f  developing 
countries in the tropics. F or exam ple , in W est Java, the 
bam boo ‘ta lun-kebun’ system  not only com bines short 
cycles o f food and w ood production  but also sustains 
ecosystem  in tegrity  (C hristanty  et al. 1997). A ccord
ing to them , “ the historical success o f the system  
appears to be largely due to the ‘nu trient pum ping ’ 
action of bam boo, the slow  decom position  o f its silica- 
rich litter, and the ex trem ely  high b iom ass o f bam boo 
fine roo ts” . Bam boos are m ajor w oody com ponents of 
m any traditional land use system s and/or its m odern 
variants in India too, w hich is hom e to m any species of 
bam boo. Fast grow ing solid bam boo [D endrocalam us  
strictus  (Roxb.) N ees] in particu lar has varied uses, 
and is suitable for agroforestry, p lan tation  forestry  and 
social forestry (John and N adagouda 1995). F urther
m ore, bam boos are d istributed across India and are 
culturally linked to the local people (N ath and D as 
2008).

Despite the w ide d istribution , occurrence o f bam 
boo is m ostly lim ited to farm  boundaries, hom esteads 
and m arginal areas, often m aking it a shrinking 
resource base (K um ar 1997; K um ar and D ivakara 
2001). A lthough D ivakara et al. (2001) evaluated  root 
distribution o f  boundary  p lan ted  bam boo and root 
com petition w ith associated  trees in tw o binary 
associations, very little inform ation is availab le on 
aspects relating  to in tercropping o f herbaceous crops 
with bam boo and on the com patib ility  o f  in tercrops for 
various m anagem ent ob jectives (Jha et al. 2004; S inha 
and N ath 2007; B anerjee et al. 2009; B hol and N ayak 
2014). Indeed, there is a tacit assum ption that the

profusely  grow ing fibrous root system s o f bam boo 
m ay out-com pete field /tree crops grow n in association 
(D ivakara et al. 2001; K um ar and D ivakara 2001). 
Furtherm ore, if  soil resources are lim ited, bam boo 
m ay be m ore effective in acquiring  these scarce 
resources than o ther species grow n in association 
(K leinhenz and M idm ore 2001).

D ivakara et al. (2001) reported that proxim ity of 
trees/crops m ay alter the below ground root architec
ture in bam boo based system s and m ay lead to deeper 
root penetration , im plying the role o f bam boo spacing 
and in tercropping practices in determ ining the m agni
tude o f  com petitive in teractions betw een bam boo and 
associated  crops. T h e  deeper spread o f tree roots is also 
effective in recycling  nu trien ts w hich leach out from 
the surface soil (safety net ro le o f tree roots: K um ar and 
D ivakara 2001; L ehm ann  and Schroth 2003; Smith 
2010). H ow ever, there is little or no inform ation 
available on the perfo rm ance o f understorey crops in 
d ifferentia lly  spaced  bam boo plantations. Probably 
w hat deters farm ers from  adopting such bam boo based 
po lyculture system s is the lack o f inform ation on 
m anagem ent o f bam boo based system s. Therefore, a 
study on optim ization  o f bam boo (D endrocalam us  
strictus  (Roxb.) N ees) spacing  and the perform ance of 
turm eric (C urcum a longa  L ., F am ily  Z ingiberaceae) in 
the understorey  w as taken up in order to optim ize 
m anagem ent strateg ies and tools fo r in tercropping with 
better y ield and productiv ity .

T urm eric is a po ten tia lly  im portant m edicinal and 
arom atic oil y ield ing herb w hich has great dem and in 
ayurvedic  industry  and for cu linary  uses in India 
(K irtikar and B asu 1988). A lthough N air et al. (1991) 
recom m ended  grow ing  o f turm eric and ginger (Z in 
g iber officinale  R oscoe; Z ing iberaceae) in coconut 
based land-use system s, there is little or no inform ation 
available on the perfo rm ance o f turm eric in the 
understorey  o f d ifferentia lly  spaced solid bam boo 
plantations. A gainst this backdrop, a field experim ent 
w as undertaken  to explore the feasib ility  o f bam boo- 
turm eric based agroforestry  in hum id tropical zone o f 
pen insu lar Ind ia and to evaluate the rhizosphere 
com petition using applied  32P and understorey tur
m eric grow th under varying spacings o f bam boo. The 
specific objectives o f  the study w ere to assess the 
grow th and productiv ity  o f understorey turm eric as 
influenced by p lan ting  density  in a bam boo based 
agroforestry  system , probe the root d istribution pat
tern, understorey  photosynthetically  active radiation
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(PAR) availability  and aboveground  and below ground 
production/carbon sequestra tion  as a function  of 
planting density o f bam boo.

M a te r ia ls  a n d  m e th o d s

Site description and experim ental setup

The study was conducted  in a 7 year old bam boo stand 
at V ellanikkara, T hrissur, K erala, Ind ia (10° 13' N  
latitude, 76° 13' E  longitude and 40.29 m elevation). 
This experim ental stand w as estab lished  in  2004 with 
five spacing treatm ents ( 4 x 4 ,  6 x 6 ,  8 x 8 ,  
10 x  10 and 12 x  12 m w ith corresponding  densities 
o f 625, 277, 156, 100 and 69 clum ps h a- 1 ) and a 
control plot (w ithout bam boo). T he trial w as laid out in 
a random ized block design w ith three rep lications and 
the individual plo ts w ere o f size 30 x  30 m.

T urm eric (var. P rath ibha) w as used fo r the in ter
cropping trial. T his is a tropical herb grow n on different 
types of soil under irrigated  and rainfed  conditions. It is 
a shade to lerant crop w ith shallow  roots su itab le for 
intercropping w here low to m edium  shade is available. 
T he average yield o f this varie ty  is 7.23 (dry) M g h a- 1, 
curcum in content is 6.20 %, o leoresin  16.2 %, essen
tial oil 6.20 % and duration 225 days. P rio r to planting , 
the turm eric rhizom es w ere treated  w ith  D ithane M  45 
@ 3 g L _1 and E kalux @ 1 m L L -1  as prophylactic  
m easure against pests and diseases. T he rh izom e o f 
average size 15 g w ere p lan ted  in  p lan ting  hole o f  5 cm 
depth at spacing o f  25 x  25 cm  in a bed area of 
300 x  120 x  30 cm  betw een  the tw o central rows of 
bam boo in each plot during M ay 2012. Im m ediately  
after sowing, farm  yard m anure (FY M ) at the rate o f 
35 M g ha-1 (w et w eight basis) was broadcast-applied  
on the beds as recom m ended  (KA U , 2011) and 
m ulched w ith leaves o f M acaranga p e lta ta  and Trema  
orientalis at the rate o f 15 M g h a-1 fresh w eight basis. 
M ulching was repeated  at the sam e ra te  during the 
second and third m onth (K A U , 2011). B eds w ere 
w eeded 60 and 120 days after p lanting. Fertilizers 
(50:50:50 kg N: P20 5: K 20  h a '1) w ere applied  at first 
w eeding w ith light tillage and earth ing  up w as done. To 
control rh izom e rot, w ilt and lea f spot diseases, 
P seudom onas fluorescens  P l/P G P R  II w as sprayed 
and soil drenched at 45 days after planting .

In addition to the turm eric p lan ting  in the under
storey as explained above, an abso lu te control (no

bam boo overstorey) was m aintained replication-w ise 
w here turm eric w as raised  in the open (part o f the 
original experim ental design).

T he precip ita tion  pattern  at the site is bim odal; both 
S o u th -w est (June-S ep tem ber) and N orth -east m on
soons (O c tober-D ecem ber) supply  m oisture, w ith a 
m ean annual rainfall o f  3062 m m , m ost o f w hich was 
received during the South-w est m onsoon. The m ean 
m axim um  tem peratu re during the experim ental period 
ranged betw een 29 .10 (July) and 35.49 °C (M arch). 
T he m ean m in im um  tem peratu re varied between 
22.19 and 24.83 °C in the m onths o f D ecem ber and 
M ay respectively . Soil o f  the experim ental site was a 
T ypic P lin thustu lt-V ellan ikkara series m idland later- 
ite (c . f  T hom as et al. 1998).

T rip licate  soil sam ples (0 -2 0  cm  layer) w ere 
co llected  from  all plo ts (three replications and six 
treatm ents) random ly  from  betw een the bam boo rows 
before turm eric p lan ting  (A pril 2012). Soil bulk 
density  w as determ ined  using a steel cy linder and soil 
pH  m easured in 1:2.5 soil: w ater suspension (Jackson 
1958). Total soil n itrogen  w as determ ined by K jeldahl 
m ethod (Jackson 1958), available phosphorus by Bray 
N o .l extraction fo llow ed  by reduced  m olybdate blue 
co lour estim ation  m ethod (W atanabe and Olsen 1965) 
and exchangeable po tassium  by neutral norm al 
am m onium  acetate  so lution  fo llow ed by flame pho
tom etry (Jackson 1958).

B am boo grow th observations

B am boo clum p heigh t and crow n w idth w ere m ea
sured w ith the help o f  m easuring  tape. D iam eter at 
sixth in ternode w as m easured using V ernier caliper. 
W e determ ined crow n w idths o f clum ps (April 2012) 
by pro jecting  the crow n on the ground, in two 
perpendicu lar d irections (NS and EW ) and com puting 
their m eans.

S tand leaf area index (LAI)

T he lea f area index o f  bam boo w as estim ated using a 
p lant canopy analyzer (LA I 2000, L I-C O R  Inc., 
L incoln, N ebraska, U SA ). This instrum ent com putes 
LA I indirectly  from  m easurem ent o f radiation above 
and below  the canopy, based on a theoretical relation
ship betw een lea f area and canopy transm ittance 
(S tenberg et al. 1994). C are w as taken to ensure that 
the unit was facing the sam e d irection  both inside and
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outside the stand during m easurem ent. A  sun-lit 
canopy was avoided by taking m easurem ents ju s t 
after sunrise and ju s t before sunset w hen the solar 
elevation is low. A  view  restric to r o f 90° prevented  
direct sunlight reaching the sensor and occluded the 
m easuring person from  the ‘v ie w ’.

U nderstorey photosynthetically  ac tive  radiation  
(PAR) m onitoring

W e m ade continuous understorey  m easurem ents 
(0800-1800  h) o f PA R  in all treatm ent com binations 
of each replication (18 p lots) from  M arch  12 to A pril 
22, 2012 using a line quantum  ind icator (LQ I 2404, 
K131, Li-Cor, L incoln, U SA ). W ith in  each  plot, the 
line quantum  sensor w as installed  on w ooden pla t
form s in random  bam boo alleys at 70 cm  above the 
ground on two consecutive days. T he line o f  the sensor 
was oriented eas t-w est d irection  so as to receive 
m axim um  incident radiation . P A R  inciden t above the 
canopy of each p lo t w as sim ultaneously  recorded by 
the data logger using a P oint Q uantum  S ensor (LI- 
COR L I-191) m ounted on a 10 m pole rising above the 
canopy. A battery pow ered data logger (LI 1000, LI- 
CO R Inc) integrated  the m ean flux o f  P A R  at hourly 
intervals (p  m oles s~ 2 m - 1 ). P A R  w as then converted 
to canopy transm ittance— the ratio  o f  ligh t below  the 
canopy to light incidence on the top o f  the canopy 
expressed as percentage.

M easurem ent o f crop grow th and y ield

To evaluate turm eric grow th, the crop w as harvested  at 
90, 180 and 230 days after p lan ting  (DAP). A t every 
sam pling a quadrat area o f 0.5 x  0.5 m 2 w as selected 
from  three random  locations per bed  per p lo t exclud
ing border plants. A ll tu rm eric clum ps in the selected 
quadrats w ere uprooted  and p lan t height, num ber o f 
tillers per hill and num ber o f leaves p e r p lan t recorded. 
T he leaves, tillers, residual rh izom es (planted) and 
rhizom es w ere thoroughly cleaned  and the above
ground com posite sam ples o f  leaves, tillers and 
below ground com posite portions o f roots and rh i
zom es w ere separated  and the ir fresh  w eights 
recorded. T he sam ples w ere then oven dried at 
70 °C until constan t w eights. T he tu rm eric  rh izom e 
yield at final harvest (230 D A P) was also determ ined. 
U sing the net harvested  area, dry  m atter production  
and rhizom e yield w ere scaled  up to p er hectare basis.

P hytochem ical analysis

F inely ground (pass th rough 2 m m  sieve size) leaf and 
shoot sam ples (one sam ple per replication) were 
analysed fo r N  (m icrokjeldahl m ethod, Jackson 
1958), P  (V anado-m olybdo phosphoric yellow  colour 
m ethod, K oenig  and Johnson 1942) and K (flame 
photom etry , P iper 1967). F inely  ground sam ples of 
dried m ature rh izom es w ere also analysed for oleo- 
resin conten t by so lven t extraction . F or this, a 10 g 
finely pow dered sam ple (one sam ple per replication) 
w as p laced  in a filter paper pouch  and distilled in a 
Soxhlet apparatus w ith  250 m l petro leum  ether (boil
ing po in t 6 0 -8 0  °C) fo r 8 h. The extract was then 
transferred  to a 250 ml flask, petro leum  ether was 
evaporated  and the d ifference in w eight o f flask 
recorded  fo r estim ating  o leoresin  content.

T racer studies to characterize root interaction

T his trial was in tended to provide insights into the 
extent o f root com petition  betw een turm eric and 
associated bam boo com ponent for nutrients applied 
to the form er as influenced by different spacing o f 
bam boo. F or understanding  the below ground in terac
tions and to characterize root com petition in inter
cropping system s w ithout d isturbing the root system , 
32P  technique is considered  as an appropriate m ethod 
and the sam e has been used  extensively  in agroforestry 
system s (e.g., G eorge et al. 1996; Thom as et al. 1998; 
L ehm ann et al. 2001). R adio iso tope tracer technique 
provides a very  fast and d irect m eans o f m easuring 
in situ root activ ity  (IA EA  1975). Soil in jection o f 32P 
was carried  out on 2 2 nd S eptem ber, 2012 to evaluate 
the turm eric and bam boo below ground interaction 
w hen the tu rm eric p lants w ere approxim ately
5 m onths old. T he experim ental units for 32P applica
tion w ere selected  on the basis o f uniform ity  of growth 
and spatial iso lation from  each other. M inim um  
d istance betw een any tw o treated turm eric beds was
6 m. T here w ere a ltogether 18 experim ental units 
representing  th ree rep licates o f five spacing and one 
control p lo t ( 5 x 3  +  3).

Sub plo ts o f size 1 x  1 m 2 (16 plants) at the center 
o f  each  tu rm eric bed w ere selected  from  each bam boo 
spacing and bam booless contro l (see Fig. 1) (open 
plot). F our tu rm eric p lants in a row  w ere selected and 
two holes w ere drilled  on either side o f the each plant 
(10 cm  deep and 10 cm  lateral d istance) such that
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Fig. 1 Schematic representation showing turmeric plants, 
bamboo clumps and access tubes for 3ZP application in the soil 
injection of 32P study

there w ere eight equid istan t holes p e r experim ental 
unit. A  day in advance o f  32P in jection , PV C  access 
tubes o f 1.25 cm  d iam eter w ere inserted  into these 
holes w ith about 10 cm  aboveground fo r ease of 
application and their open ends covered  w ith plastic 
caps to p revent entry o f  rain  w ater. Tw o m L  of 
1000 mg I-1  P hosphorus solu tion  containing 
1.176 m C i/plant o f 32P w as d ispensed  into the access 
tubes around turm eric p lan ts using specially  designed 
field d ispenser (W ahid et al. 1988). A fter dispensing, 
the radioactivity  rem ain ing  on the sides o f the access 
tube was w ashed dow n w ith  a je t o f  about 15 ml o f 
distilled w ater. H igh concentra tion  o f  P  w as used in 
the carrier solution to reduce the soil fixation o f the 
radioisotope.

L eaf sam pling and radioassay

T he m ost recently  m atured tu rm eric leaves from  the 
treated and neighbouring untreated  turm eric plants 
w ere sam pled for rad ioassay on 15, 30 and 45 days 
after application o f 32P. This was based on the 
assum ption that the rad ioactiv ity  associated  w ith the 
leaf sam ples could  be a reasonable ind icato r o f the root 
activity (W ahid et al. 1988; K um ar et al. 2001). 
Foliage sam ples from  neighbouring tu rm eric plants, 
sim ilarly situated w ere pooled  to m ake com posite 
sam ples, row-w ise. T he oven dried  leaf sam ples w ere 
assayed for 32P at the R ad io tracer L aboratory , K erala 
A gricultural U niversity , V ellan ikkara . T he m ethod 
consisted o f w et digestion o f  one gram  o f p lant sam ple 
using a 2:1 m ixture o f  H N 0 3 and H C L 0 4. T he digest

w as then transferred  into a counting vial and m ade up 
to 20 m L volum e. V ials w ere counted  in a liquid 
sc in tillation  counter (M odel: T rialther-H idex) by the 
C erenkov counting technique (W ahid  et al. 1985). 
B am boo clum ps adjacent to turm eric beds w ere.also  
sam pled to assess the ex ten t o f root interaction. For 
this, bam boo leaves w ere radio-assayed on 15, 30 and 
45 days after application  o f the isotope to the turm eric 
clum ps.

S tatistical analysis

The data on grow th o f bam boo and turm eric were 
analysed follow ing the SPSS statistics for W indow s at 
p <  0.05 follow ing random ized-block design, with 
spacing o f bam boo as treatm ents. Least significant 
d ifference (LSD) w as used for com paring differences 
betw een m eans. S tandard  error betw een the replications 
was also calculated. R egression equations were fitted 
linking rhizom e yield  o f  turm eric and m ean daily 
understorey PAR. C ount rates (counts per m inute, cpm) 
w ere corrected for background and decay and subjected 
to lo g 10(x + 1 )  transform ation. The data on recovery of 
32P  activity in the leaves o f turm eric and adjacent 
bam boo w ere analyzed using SPSS statistics for W in
dows. T he counts per m inute (cpm) corresponding to 15, 
30 and 45 days after 32P  application were decay- 
corrected and lo g 10 transform ed before being subjected 
to analysis o f  variance (RCB D ) in SPSS (Ver. 14) for 
evaluating the differences in 32P uptake patterns by 
treated and untreated  turm eric as a function o f popula
tion density o f  D. strictus  (p <  0.05). Also, to study the 
32P uptake by  bam boo in  response to lateral distance 
from  the treated turm eric plants, analysis o f variance 
(RCBD, SPSS ver 14) w as com puted.

R esu lts

G row th attributes o f  D. strictus

D ata presented in T able 1 clearly  highlight the effect o f 
planting density (spacing) on the height growth of 
bam boo. G reater heights w ere associated with closer 
spacing w hich decreased w ith increase in planting 
spacing (p <  0.05). F or instance, closest spacing 
(4 x  4 m) recorded the highest clum p height o f 
9.11 m, w hile the w idely spaced bam boo (12 x  12 m) 
show ed 19 % reduction in height. Conversely, clump
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Table 1 Growth parameters o f differentially spaced 7 year old bamboo (Dendrocalamus striclus) in central Kerala, India

Spacing (m) Height (m) Clump DBH (m) Crown width (m) Number of 
culms/clump

4 x 4 9.11 (0.06)d 1.03 (0.0 l )a 4.69 ( 0.10)a 47.66 (6.69)“

6 x 6 8.18 (0.12)c 1.28 (0.02)b 6.61 (0.13)b 75 (12.50)b

8 x 8 8.03 (0.03)c 1.44 (0.01)° 7.36 (0 .0 9 f 103.66 (5.69)c

10 x  10 7.6 (0.10)b 1.55 (0.004)d 7.79 (0.09)d 111.33 (1.85)td

12 x 12 7.31 (0.05)a 1.58 (0.003)d 8.13 (0.08)c 130 (5.36)d

Values in the parenthesis are standard error o f the mean
a.t>.c.d y a]ues followed by same superscript in a column do not differ significantly (p =  0.05)

diam eter and crown w idth w ere significantly (p =  0.05) 
higher in the w ider (12 x  12 m ) spacing com pared to 
the closer ones. N um ber o f  culm s per clum p also 
follow ed a sim ilar trend.

L eaf area index (LA I) and understorey  PAR 
availability

As can be seen from  Fig. 2, bam boo spacing and LAI 
w ere inversely related. LA I o f  bam boo in the 4 x  4 m 
spacing was 6 .8-fold h igher com pared  to  that o f 
12 x  12 m spacing. B am boo spacing also signifi
cantly influenced the understorey  PA R  availability  
(p <  0.05): the trends, how ever, w ere in con trast to 
LAI (Fig. 3). As the spacing o f  bam boo increased 
from  4 x  4 to 12 x  12 m, understorey  PA R  avail
ability  levels also increased. F or exam ple , at 14.00 h, 
the overstorey recorded h ighest PA R  (1248 pm ol s —1 
m ~ 2); the corresponding understorey  PA R  availability

l i . _
6x6 8x8 10x10 12x12

Bamboo spacing (m)

Fig. 2 Leaf area index (LAI) o f  7 year old bamboo (Dendro- 
calamus striclus) as influenced by different spacing treatments 
in central Kerala, India. Values followed by same superscript do 
not differ significantly (p =  0.05). Error bars indicate standard 
error of the mean values
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Fig. 3 Diurnal variation in transmittance o f photosynthetically 
active radiation (PAR) as influenced by varying spacing in 
7 year old bamboo (Dendrocalamus strictus) from 0800 to 
1800 h (March 12-April 22, 2012) in central Kerala, India

was only 10 % o f overstorey  PA R  in 4 x  4 m spacing, 
w hile it w as as m uch as 97 % under w idest spacing 
(12 x  12 m), im plying g rea ter interception o f the 
incom ing solar rad ia tion  by the canopy o f the closely 
spaced bam boo clum ps. H igher understorey PAR 
transm ittance w as also  associated  w ith w idely spaced 
bam boo such as 10 x  10 m (85 % o f overstorey 
m idday PAR). D iurnal variation  in understorey PAR 
also consisten tly  varied  w ith tim e w ith peak PAR 
during m idday (1 -2  pm ).

G row th and y ield  o f  turm eric

In general, height, num ber o f  tillers and rhizom e yield 
o f  turm eric increased over tim e (Fig. 4). Turm eric 
p lants w ere consisten tly  ta lle r at w ider spacing of 
bam boo. For instance, at 230 days after planting, 
turm eric plants in the 12 x  12 m spacing treatm ent 
w ere alm ost tw o-fo ld  ta ller than that in the closest 
spacing ( 4 x 4  m). A lso, the height grow th in this

8 10 12 14 16 18

Time in hours
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180 DAP ■ 230 DAP
12

4x4 6x6 8x8 10x10 12x12 Control

Bamboospacing(m)

4x4 6x6 8x8 10x10 12x12 Control

Bamboo spacing(m)

Fig. 4 Plant height (A) and number o f tillers (B) in understorey 
turmeric at various growth stages (90, 180 and 230 days after 
planting, DAP) as influenced by different spacing o f 7 year old 
bamboo (Dendrocalamus strictus) in central Kerala, India. 
Error bars indicate standard error o f the mean values

density regim e w as even h igher than the bam boo less 
control (p <  0.05). S im ilarly , the num ber o f  tillers/hill 
also w ere significantly  (p <  0.05) h igher in the w ider 
bam boo spacing w hich w as at par w ith bam boo less 
control. In general, m ost o f  the grow th attributes 
associated w ith the tu rm eric in tercrop under bam boo 
showed better perform ance under w ider spacing 
especially at 8 x  8 m, 10 x  10 m and 12 x  12 m 
w hich w ere m arginally  low er or at p a r w ith the 
turm eric grow th under open bam booless conditions.

Dry m atter production  and rh izom e yield also 
increased significantly w ith increasing spacing o f 
bam boo (p <  0.05) (Figs. 5 and 6) w hich were 
respectively 600 and 241 % m ore in the w idest 
spacing (12 x  12 m) com pared  to the closest spacing 
( 4 x 4  m). In terestingly , bam boo at w idest spacing 
registered h igher total dry m atter production  and 
rhizom e yield com pared  to the treeless open.

Strong functional relation is observed  in the present 
study betw een rh izom e yield and understorey  PAR
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Fig. 5 Dry matter production in understorey turmeric at 
various growth stages (90, 180 and 230 days after planting, 
DAP) as influenced by different spacing o f 7 year old bamboo 
(Dendrocalamus strictus) in central Kerala, India. Error bars 
indicate standard error o f the mean values

Planting density (Clumps h a 1)

Fig. 6 Rhizome yield o f turmeric (at harvest) as influenced by 
different spacing (spacing treatments: 4 x  4, 6 x  6, 8 x  8, 
10 x  10 and 12 x  12 m) o f 7 year old bamboo (Dendrocala
mus strictus) and bamboo-less control plot in central Kerala, 
India

w ith high coefficient o f  determ ination (r2 =  0.88) 
(Fig. 7). T he observed  increase in the rhizom e yield 
w ith increasing p lan ting  spacing is very m uch consis
tent w ith the corresponding  increase in understorey 
PAR. T he m idday PA R  (1 -2  pm ) in the overstorey 
(1248 pm ol/sec /m 2) did not significantly vary with 
that o f  understorey  PA R  in w ide spacing like 
10 x  10 m (1059 pm ol/sec /m 2) and 12 x  12 m 
(1210 pm ol/sec /m 2) w hich  im ply  that, nearly  sam e 
am ount o f  PAR reached  the ground in w ide spacing as 
that reached  in overstorey.

U ptake o fN P K  by tu rm eric significantly  (p =  0.05) 
increased w ith increasing spacing o f  bam boo 
(Table 2). The h ighest uptake o f  N (66.99 kg h a- 1 ) 
w as recorded fo r the w idest spacing (12 x 12 m),

*£) Springer
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0 20 40 60 80 100

Mean midday PAR (%)

Fig. 7 Relationships between mean photosynthetically active 
radiation (PAR) level and rhizome yield o f turmeric in central 
Kerala, India

which was 450 % m ore that o f  the 4  x  4 m  spacing. 
Likewise, the P and K uptake by understorey  turm eric 
in the w idest spaced bam boo w as 295 and 115 % 
higher com pared to closest spacing. The N PK  uptake 
by turm eric w ithout overstorey  bam boo w as by and 
large sim ilar to that o f  turm eric g row n under bam boo at 
8 x  8 m spacing, but w as clearly  inferio r to the 
nutrient uptake recorded in the spacing treatm ents 
w ider than that (e.g., 10 x  10 m and 12 x  12 m). 
O leoresin content o f turm eric w as low est (8 % ) in the 
closest spacing and was h ighest in bam booless plots 
(11.68 %), w hich w as sta tistica lly  at p a r w ith that o f 
12 x  12 m spacing o f  bam boo (Fig. 8).

32P tracer uptake by turm eric and bam boo 
in bam boo +  turm eric system

32P absorption by treated  tu rm eric increased with 
increase in bam boo spacing (Table 3) w hich was 
highest for the w idely spaced treatm ent (12 x  12 m)

15

S? 10
C
U)O)L_o

o
4x4 6x6 8x8 10x10 12x12 Control

Bamboo spacing (m)

Fig. 8 Oleoresin content o f turmeric rhizomes as influenced by 
varying spacing treatments o f 7 year old bamboo (Dendroccila- 
nuts strictus) in central Kerala, India

at all stages o f  m onitoring  (e.g., 15, 30 and 45 days 
after application). 32P uptake by treated turm eric 
plants in the bam booless plo ts w as statistically  sim ilar 
to that for 8 x  8, 10 x  10 and 12 x 12 m spacing 
treatm ents. 32P uptake by the neighbouring untreated 
turm eric plants decreased  drastically  as the distance of 
the untreated  p lants increased from  the treated 
turm eric plants (e.g., 25 and 50 cm aw ay from  the 
treated plants). F urtherm ore, it also increased as the 
inter row  spacing o f  bam boo increased. For instance, 
the untreated  turm eric at 25 cm  aw ay from  the treated 
p lant in closest spacing (4 x  4 m ) recorded 778 cpm  
and at sam e d istance under w idest spacing o f bam boo 
recorded 6039 cpm  at 15 days after 32P application. 
D espite the reduction  in 32P uptake by the untreated 
plants w ith increase in d istance from  the treated plants, 
there w as considerab le uptake at w ider spacing. For 
exam ple, w hile the absorption  by the untreated 
turm eric at 50 cm  aw ay from  the treated plant was

Table 2 Uptake (kg ha ') o f  N, P and K by understorey turmeric as influenced by varying spacing for 7 year old bamboo 
(Dendrocalamus strictus) in central Kerala, India

Spacing (m) N P K

4 x 4 12.15 (0.45)“ 2.41 (0.06)“ 31.38 (0.32)“
6 x 6 20.90 (0.80)b 3.98 (0.22)b 40.43 (1.02)b
8 x 8 33.35 (0.82)c 5.98 (0.41 )c 47.08 (0.9 l ) c
10 x  10 50.84 (0.54)c 7.38 (0.3 l ) d 57.33 (0.57)d
12 x 12 66.99 (0.67)f 9.52 (0.12)c 67.62 (2.78)°
Bambooless control 43.87 (2.58)d 6.00 (0.19)c 47.51 (0.53)c

Values in the parenthesis are standard error o f the mean
a.b.c.d.c.f y a|ues f0 | |0Wed by same superscript in a column do not differ significantly (p =  0.05)

£ )  Springer
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m erely  34 cpm  at 4 x  4 m  spacing, the corresponding 
uptake at 12 x  12 m was 2333 cpm .

T he recovery  o f 32P by bam boo located at half the 
p lanting spacing from  the treated turm eric varied 
significantly  (p <  0.05) w ith an expected  decline with 
increase in bam boo spacing (Table 4) till in term ediate 
distances (4 x  4, 6 x  6 and 8 x 8  m), beyond w hich 
no tracer activ ity  w as detected  in the bam boo plants. 
T he recovery  at closest spacing w as 154.27 cpm  at 
15 days after application , w hich decreased to 
40.65 cpm  under the in term ediate  spacing of 
8 x  8 m. A  sim ilar trend w as discernible at other 
stages o f sam pling also.

P hysico-chem ical properties o f  soil

B am boo clum ps exerted  favourab le im pact on soil 
bulk  density  w hich w as significantly  (p =  0.05) 
h igher (1.54) in the p lo ts w ithout bam boo cover than 
the plots w ith bam boo (Table 5). A m ong the varying 
spacing treatm ents o f  bam boo, w idest spacing 
(12 x  12 m) had the h ighest (1.44) and closest 
spacing (4 x  4 m ) had the low est (1.11) bulk density 
(Table 2). Soil pH  w as not substantially  altered by 
bam boo spacing. B ut N, P and K  content o f the soil 
significantly (p =  0.05) varied  w ith and w ithout 
bam boo. N PK  contents (0 -2 0  cm ) w ere consistently 
low er in the bam booless plots. As regards to bam boo 
spacing treatm ents, total N  content was highest 
(2198 kg h a-1 ) in the 4 x  4 m  spacing, which 
decreased  by 56 % in the 12 x  12 m treatm ent. 
L ikew ise, availab le  P  and exchangeable K w ere 
21.32 and 203.49 kg h a-1 ( 4 x 4  m), which 
decreased by 45 and 33 % respectively in the 
12 x  12 m spacing.

D iscussion

W idely  spaced bam boo clum ps, in general, w ere 
shorter in sta ture and had g rea ter clum p d iam eter and 
crow n coverage than closely  spaced bam boos, im ply
ing com petitive in teractions (Table 1). The ability  o f 
bam boo to grow  ta lle r in denser stands and to produce 
larger clum p size in less denser stands is consistent 
w ith the findings o f K ibw age et al. (2008). Less 
num ber o f culm s and reduced  crow n spread in close 
spacing m ay be attributed  to reduced grow ing space 
availab le above and below ground, im posing severe
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Table 4 Recovery of 32P by adjacent 7 year old bamboo (Dendrocalamus strictus) under varying spacing in central Kerala, India 

Bamboo spacing (m) 32P counts per minute (cpm g_ l /min) at 15, 30 and 45 days after application

15 30 45

4 x 4 154.27^ (2.18) 28.86“ (1.52) 4.30“ (0.79)

6 x 6 106.15b (2.06) 17.78b (1.34) 2.25b (0.35)

8 x 8 40.65“ (1.67) 12.72“ (1.22) 0.88“ (0.30)

10 x 10 0 0 0

12 x 12 0 0 0

Distance o f neighboring bamboo clumps from the treated turmeric plants is half o f the respective spacing

Values in the parenthesis are lo g )0 (x +  1) retransformed values o f cpm

“■b,c Values followed by same superscript in a column do not differ significantly (p =  0.05)

Table 5 Soil physico-chemical properties o f  differentially spaced 7 year old bamboo (Dendrocalamus striclus) plantation prior to 
understorey turmeric planting in central Kerala, India

Spacing (m) Bulk density (Mg m 3) Soil pH Total N (kg ha ') Avail. P (kg ha ') Avail. K (kg ha ')

4 x 4 - 1.11 (0.01)“ 5.83 (0.15)“ 2197.70 (34.76)e 21.32 (0.29)e 203.49 (0.47)d

6 x 6 1.18 (0.01)b 5.8 (0.05)“ 1807 (17.38)d 19.02 (0.26)d 202.39 (0.78)d

8 x  8 1.24 (0.01)c 5.93 (0.12)“ 1556.50 (5.77)c 17.20 (0.17)c 192.77 (1.79)c

10 x  10 1.31 (0.0 l ) d 6.0 (0.06)“ 1466.71 (17.38)b 15.99 (0.22)b 164.26 (0.3 l)b

12 x  12 1.44 (0.01)e 6.1 (0.10)“ 1404.97 (11.69)“ 14.73 (0.19)“ 153.26 (0.26)“

Bambooless control 1.54 (0 .0 l ) r 5.96 (0.09)“ 1396.41 (9.22)“ 14.43 (0.05)“ 152.86 (0.77)“

Values in the parenthesis are standard error of the mean

a.b.c.d.c.f y a|ues f0nOWed by same superscript in a column do not differ significantly (p =  0.05)

restriction  on resource acquisition  fo r optim um  
growth. Several previous researchers also reported 
that height grow th o f d ico t trees increased with 
decreasing spacing (e.g., H um m el 2000; K unham u 
et al. 2011). On the contrary, reports also suggest the 
insensitivity o f height to initial p lan ting  density. 
H eight grow th generally  rem ains unaffected  by stand 
density except w here the stand is extrem ely  dense or 
so open that the trees are d istinctly  iso lated  (Schm idt 
et al. 1976; Seidel 1984). H ow ever, early  faster 
increase in height grow th fo r closely  p lan ted  stands 
has been reported by Singh (2000) fo r A lntts nepalen- 
sis. The increase in clum p d iam eter w ith increasing 
p lanting density is again consisten t w ith growth 
observations for trees (S jolte-Jorgensen 1967; Sm ith 
2010). The trends w ere s im ilar fo r crow n w idth also 
both im plying the significance o f  density  regulation  on 
the growth and productiv ity  o f  bam boo. P robably  the 
effect o f p lanting  density  is m ore ev ident in term s of 
the increase in the num ber o f culm s per clum p.

Im plic it is the overw helm ing  im portance o f density 
regulation  on the productiv ity  o f bam boo.

L ea f area index assum e greater im portance in poly 
culture system s especially  w hen in tercrops are inte
grated as understorey . LA I, defined as the hem i- 
surface leaf area p er un it soil area (G ow er et al. 1999) 
w ould provide a pow erful m odel param eter and also a 
valuable indicator o f  m anagem ent practices and 
ecosystem  services in po lyculture system s such as 
agroforestry  (T augourdeaua et al. 2014). The close 
linkage betw een the understorey  productivity  and 
stand LA I is well estab lished  (W ythers et al. 2003; 
Jolly et al. 2004).

S tand m anagem ent practices such as density  regu
lation m ay influence the LA I w hich in turn can m odify 
the understorey  light regim es considerably. K now l
edge on the optim al LA I fo r m axim izing understorey 
productiv ity  needs to be evolved for various agro
forestry  system s. In the p resen t study, the higher 
bam boo LA I fo r the closely  spaced treatm ents (Fig. 2)
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